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ABSTRACT 

The speed of industrialization and modernization has been increasing rapidly, resulting 

in serious consequences of environmental pollution. The work presented in this dissertation dealt 

with the organic dyes contaminants that released to waste water from textual industry by using 

titanium oxide-based composite photocatalysts. The main statement is to produce photocatalysts 

which can be applied under normal visible light irradiation. 

In Part II related to improve titanium dioxide/reduce graphene oxide (TiO2/rGO) 

photocatalysts by introducing transition metals, i.e. doping copper-Cu into the lattice of TiO2 and 

incorporating nickel-Ni. The Cu-doped TiO2/RGO film photocatalysts showed better 

performance in the photodegradation of methylene blue than an undoped TiO2/RGO film. Doping 

Cu could narrow the bandgap of TiO2, thereby influencing the reduction of graphene oxide and 

enhancing the hydrophilicity of the materials. The synergetic interaction of Cu with the 

photocatalyst system improved its photocatalytic activity in the decolorization of methylene blue 

(MB). Relationship between wettability and photocatalytic activity has been clarified as the more 

hydrophilic film surface, the higher photoreduction upon MB induced and reversed. In the other 

hand, Ni-incorporated titanium dioxide (TiO2)/graphene oxide composite photocatalysts were 

prepared by anchoring the TiO2 and Ni onto the surface of graphene oxide (GO) sheets by a 

straightforward microwave-assisted with one-pot method (N1) and two-steps (N2) method. The 

as-prepared composite photocatalysts N1 with high Ni content (40-50 wt%) showed good 

adsorption capacity in the dark and high reaction rate constants under visible illumination while 

the composite photocatalysts with low Ni content (5-10 wt%) exhibited weak activity. Increasing 

the Ni content up to 40 and 50 wt% induced not only a structural change affording high porosity 

but also a narrowing of the band gap to 2.51 eV. Meanwhile, the presence of GO in the composite 

photocatalysts inhibited the agglomeration of Ni particles regardless of the Ni content. GO also 

played an important role as an adsorbent as well as a charge separator. The incorporated Ni 

existed mainly in Ni metal and a small amount of NiTiO3 was formed only at high Ni content, 
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which provided a favorable photocatalytic activity under visible light irradiation. As for the N2 

photocatalyst, the role of nickel loading and the interactions between Ni, TiO2 and graphene 

oxide on the materials were investigated as a function of the Ni content. The interactions between 

Ni-Ti and graphene oxide at high Ni content in resulted in a novel photocatalyst with fine 

adsorbility and high photocatalytic activity under visible irradiation. Due to the presence of larger 

amount of ilmenite NiTiO3, which is a well-known structure for visible light-driven 

photocatalytic reactions, the photocatalytic activity of N2 composites are calculated to be higher 

than that in N1 catalysts. 

In Part III studied of the NiTiO3 and g-C3N4, where NiTiO3 was replaced TiO2 based on 

its visible-driven ability and g-C3N4 was applied as a semiconductor to support more efficient 

charge transfer model. Several steps to improve the composites were conducted including (i) 

control the crystallite size and reduce recombination rate of NiTiO3 by doping molybdenum-Mo, 

(ii) monitor the thermal polymerization of dicyandiamide (DCDA) to graphitic carbon nitride (g-

C3N4) in the presence of nickel titanium trioxide (NiTiO3), (iii) g-NiTiO3 precursors selection for 

composites and the last step is (iv) synthesize the final Mo-doped NiTiO3/g-C3N4 composites 

(CMNT) and study of their photocatalytic reactions. The highly crystalline MNT catalysts in step 

(i) were successfully synthesized via modified Pechini methods to enhance the properties of pure 

NiTiO3. The role of Mo doped into NiTiO3 materials was to not only enhance optical properties 

by increasing absorption rates and inhibiting recombination processes, but to also create defects 

within the lattice structure, leading to a decrease in grain sizes and an improvement in porosity. 

In step (ii), CNT photocatalysts were investigated to understand the influence of the presence of 

NiTiO3 on the thermal formation of g-C3N4 layers from DCDA and to find an optimal processing 

temperature for fabricating CNT photocatalysts at T = 500 ℃ under N2 flow environment. The 

NiTiO3 inorganic phase in the composite photocatalysts acted as a catalyst to accelerate the 

thermal polymerization to form the g-C3N4 structure and as a promoter to increase the 

photocatalytic activity during photodegradation. Step (iii) related to synthesizing CNT 

composites using different type of nitrogen rich precursors (DCDA, melamine, urea and thiourea). 
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Among the precursors, melamine and urea are unfavorable to involve in thermal polymerization 

with the presence of NiTiO3 due to phase segregation consequence and early decomposition 

behavior, respectively. In contrast, DCDA and thiourea exhibit good interaction between 

components in the as-prepared catalysts by the formation of Ti-N and Ti-S bonding during 

thermal treatment process. Final products of CNT using DCDA and thiourea in composite 

processing could overcome the disadvantage in fast recombination rate of pristine g-C3N4 and 

NiTiO3 and applicable in producing active species for photocatalytic reactions. Finally, CMNT 

contributed in step (iv) are composite of MNT in step (i) and g-C3N4 from DCDA (step (ii) and 

(iii)). CMNT composites have higher photocatalytic activity than both g-C3N4/TiO2 (CT) and 

CNT composites, implying the more effective charge transfer system following Z-scheme model. 

The performance of CMNT photocatalyst are controlled by several parameters such as particle 

size of metal oxide, the thin layer of g-C3N4, the interaction between components, the 

arrangement of band positions, the charge transfer model, etc.  
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PART I – OVERVIEW OF DISSERTATION 

Chapter 1. Introduction 

 

1.1. Overview 

1.1.1. Dyes in the industry and human life 

Textile and clothing is one of the largest and oldest industries present globally. There are 

three main categories of textile industry including: cellulose fibers (cotton, rayon, linen, ramie, 

hemp and lyocell), protein fibers (wool, angora, mohair, cashmere and silk) and synthetic fibers 

(polyester, nylon, spandex, acetate, acrylic, ingo and polypropylene). Nowadays, cotton and 

polyester are the most important textile fibers and their production has continuously grown over 

the years. In nature, fibers usually have white, yellow or brown color and dyeing them is the only 

way to bring brighter colors, and so dyes are become very important to the commercial. Before 

3500BC, people have been found the use of natural dyes extracted from vegetables, fruits, 

flowers, certain insects and fish. These natural dyes however gave a limited in the range of colors 

and quickly fade when exposed to washing and sunlight. As a result, natural dyes were soon 

replaced by synthetic dyes, provide a wider range and more eye-catching colors as well as 

avoiding significant discoloration. The industry in which it boomed, people can mix whatever 

color they want, people can dye anything they need, and people can also get rid of color very 

quickly. 
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Figure 1.1. World consumption of synthetic dyes in 2013 (Source: IHS Markit). 

 

 “Color the earth beautiful and kill it with sweet poison!!” – Rita Kant, India, was quoted 

in a report on textile dyeing industry [1]. Working with dyes is dangerous in many ways, from 

synthesis process, applying in industry and later in washing. The danger is not just for people to 

work directly, it also covers the human community and the living being in the land. Dyes are 

often released with water, easily permeable to soil, groundwater, thus affecting all life around it. 

Nowadays, some famous companies such as Adidas, Ikea, Nike, Levi’s, H&M, etc. are leading 

the “Dry Dye” trend, reduce up to 90% waste water during dyeing. They used air and CO2 instead 

of water to dilute dyes and called them waterless methods. Although these methods have existed 

for over 25 years, there is still a challenge in investment for small company and so, the rest of 

the world are still dyeing normally with a huge amount of water. Local dye houses have long 

dumped wastewater into the local river, rendering groundwater undrinkable and local farmland 

ruined. The city's residents, not multinational textile companies, pay the price. Dye houses in 

India and China are notorious for not only exhausting local water supplies, but for dumping 

untreated wastewater into local streams and rivers. 
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Figure 1.2. Comparison of Air Dyeing (yellow) and Traditional Wet Dyeing (purple) process 

for 25,000 medium men’s t-shirts: (a) Water (gallons); (b) Energy (Mega joules); (c) 

Greenhouse Gas (kg CO2 equivalent emissions) [1]. 

 

It will take a long time for the world to improve in dyeing methods. Currently dyeing 

method are heavily dependent on water. The best we can do is to minimize the amount of dyes 

in waste water. Waste water treatment discharged from the textile industries undergoes a 

complicated physio-chemical process, such as flocculation, coagulation and ozonation followed 

by biological treatments for the removal of nitrogen, organics, phosphorous and metal. Within 

the scope of this essay, we focus only on a small aspect of the whole picture, removal of synthetic 

dyes from waste water by combination of adsorption and photocatalysis reactions. 

Keeping up with the demands of the textile industry has created significant problems 

related to treating organic dyes in waste water [2]. Organic dyes and other textile chemicals are 

released down the drain after dyeing. These compounds are toxic and have an adverse impact on 

the environment. Some dye compound contains a toxic group, which becomes a harmful 

chemical after disposal. Organic dyes are significantly toxic to the central nervous system of 
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humans and has deleterious effects on ecological systems [3]. Thus, discarding organic dyes 

causes many problems that harm both habitats and organisms. There are several techniques that 

can be used to remove dye from water, including physical, chemical, and biological methods 

(Figure 1.3) [1-4]. Specifically, physicochemical techniques utilize semiconductors as an 

adsorbent, and photocatalysts are widely used to remove dyes from aqueous media [5-8]. 

 

Figure 1.3. Treatment method for removal of dyes in waste water [9]. 

 

1.1.2. Renewable energy demand 

Energy efficiency will improve faster than global economic growth due to the rapid 

electrification of the world’s energy system. All countries in the world, whether they are 

developing or developed, face specific challenges in terms of energy shortages and energy 

security in the future, although the specificities of the shortfall are different but challenging in 

energy is a common concern. The time of global energy crisis becomes increasingly urgent, not 
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only a threat to world economic growth but also a direct threat to world peace. Fossil fuel (oil, 

gas, coal, etc.), the precious gift of nature bestowed on man, is exhausted. Demand of energy is 

keep rising because many countries are speeding up industrialization where there are not 

mainstream alternative to kerosene. That is the issue that the international community must pay 

attention to. 

With the deepening impact of the global energy crisis, many countries and regional 

organizations have actively researched and deployed solutions to the crisis. Increasing oil 

production to lower oil prices were only temporary measure rather than the original solution. 

Therefore, all countries are seeking new energy sources, calling for savings in the use of 

petroleum, gas, coal, electricity, and conflict resolution in hot spots. has its limitations and takes 

time as well as money. 

 

Figure 1.4. Estimated renewable energy share of total final energy consumption 2015 (Source: 

Renewables 2017 Global Status Report). 

 

Solar energy is the cleanest and most abundant renewable energy source available. 

Modern technology can harness this energy for a variety of uses, including generating electricity, 

providing light or a comfortable interior environment, and heating water for domestic, 
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commercial, or industrial use. Solar energy including heat and light energy, can be exploited by 

photovoltaics (also called solar electric), solar heating and cooling, concentrating solar power 

and passive solar. Solar energy is so popular that its global capacity is so high, and this number 

surprisingly higher than other renewable energy. The power capacity of solar energy is about 300 

gigawatts for the world, only lower than wind power (Figure 1.5). 

 

Figure 1.5. Renewable Power Capacities in World, BRICS, EU-28 and Top 6 Countries, 2016 

(Source: Renewables 2017 Global Status Report). 

 

It is reasonable to take advantage of solar energy to clean our world. Even without 

catalysts, all the subjects are affected when directly exposure under sun light for a long time. 

Photocatalysts are played a role of acceleration of photoreaction in the presence of catalysts. The 

photocatalyst if used at suitable wavelength can produce electron-hole pairs (e--h+) which 

generate reactive species (hydroxyl radicals •OH, superoxide anion (•O2
-) able to oxidation-

reduction organic contaminants in aqueous or even gaseous media. 
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1.1.3. Motivation 

As stated above, the more developed textile technology, the more serious problems from 

organic dyes. It does not only directly affect to the environment in a short time but also creating 

potential hazards. With a regard to contribute to solve these problems, the present study promotes 

a method to deal with organic dyes before discharging to the environment: Removal of organic 

compounds at low concentration at ambient temperature by adsorption and photocatalysis under 

UV or visible-irradiation. 

 

1.1.4. Research objectives 

The overall goal of the present research is to improve the adsorption activity as well as 

photocatalytic activity of titanium oxide based (including TiO2 and NiTiO3) composite catalysts. 

The metal oxide semiconductor photocatalysts were first chose based on the following points: 

(i) A suitable band gap for electron transfer under illumination, 

(ii) Strong oxidizing power, 

(iii) Long life times of excited electrons to avoid bulk/surface charge recombination, 

(iv) Non-toxicity and low cost. 

The study is focus on the preparation of metal-doped, metal-loaded TiO2/reduced 

graphene oxide composites and metal-doped NiTiO3/carbon nitride composites. Each component 

in the composite helps to overcome the nature disadvantages of TiO2 and NiTiO3, thus contribute 

better performance of photocatalysts. 

 

1.2. Outline of dissertation 

This research focus on development of titanium oxide based photocatalyst and their 

application in removal of organic dyes. The structure of this dissertation contains three main parts 

as followed: 
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o Part I. Overview of dissertation 

Chapter 1 presents of organic dyes, the important role for human life and their 

environmental toxic effects, followed by introduction of basic mechanism of photocatalysis in 

aqueous media. The objectives and overview of the dissertation are presented. The next part in 

this chapter gives an introduction of titanium dioxide, graphene oxide and their role in the 

photocatalysis reactions. It also gives a brief introduction of nickel titanium trioxide, composing 

with graphitic carbon nitride, a two promised semiconductor in photocatalysis with visible-

response properties. Here also present drawbacks of this material and review some methods to 

overcome those disadvantages. 

o Part II. Improvement of titanium dioxide/ reduced graphene oxide by introducing 

transition metal 

Chapter 2 introduces copper doped titanium dioxide/ reduced graphene oxide composite 

as a hydrophilic photocatalyst. Herein the role of copper dopant was studied and clarified the 

effect of hydrophilic properties to the photocatalytic behavior of titanium dioxide-based 

photocatalysts. 

Chapter 3 promotes a method for visible-driven titanium dioxide-based photocatalyst by 

introducing nickel. As for nickel-loaded titanium dioxide/reduced graphene oxide, the 

interactions between Ni-Ti and graphene oxide at high Ni content resulted in a novel 

photocatalyst with fine adsorbility and high photocatalytic activity under visible irradiation. Also, 

in this study, we observed and asserted the significant role of nickel titanium trioxide in the 

catalysis under visible-irradiation. 

o Part III. Nickel titanium trioxide and its composites in visible-light photocatalysis 

Chapter 4 studied of molybdenum-doped nickel titanium trioxide, the effect of 

molybdenum in the structure to optical and electrical properties of nickel titanium trioxide. 

Doping with different valance number element in to framework leads to defects, results in 

reduction in crystallite size. Molybdenum also plays an important role in inhibiting 

recombination rate of electron-hole pairs. 
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Chapter 5 is a modification of nickel titanium trioxide by incorporating with graphitic 

carbon nitride. The interesting point in this study is the interaction between organic and inorganic 

components. Nickel titanium trioxide play a role as a catalyst in the thermal polymerization 

process of carbon nitride; whereas carbon nitride promotes an adsorption sites and a charge 

transfer in photocatalysis reactions. 

Chapter 6 focus on titanium oxides/graphitic carbon nitride composites. The research is 

about the effect of carbon nitride precursors on the polymerization of carbon nitride. It is 

developed from the study in Chapter 5 which nickel titanium trioxide with DCDA as one of 

nitrogen-rich precursors, beside melamine, urea and thiourea. The composites were then checked 

their properties and photocatalytic activity under liquid phase. 

In Chapter 7, the combination of g-C3N4 and Mo-doped NiTiO3 has developed to 

overcome disadvantages of each components. The NiTiO3/g-C3N4 has been reported to inhibit 

the recombination rate charge carriers and thus improve their photocatalytic activity under visible 

irradiation. In the other hand, Mo-doped NiTiO3 performs beneficial in reduction of particle size 

and promote impurity state that fix the CB band thus narrower band gap of NiTiO3. The promoted 

Mo-doped NiTiO3/g-C3N4 builds up a Z-scheme charge transfer model where electrons and holes 

are separated, thus enhance the photocatalytic activity under visible light.  
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Figure 1.6. The main structure of dissertation. 

 

1.3. Introduction of materials 

1.3.1. Metal oxides  

1.3.1.1. Titanium dioxide (TiO2) – A traditional photocatalyst applied under UV-irradiation 

Titanium dioxide (TiO2), also known as titanium (IV) oxide or titania powders has been 

commonly used in paints and pigments from ancient times. However, TiO2 is active under UV 

light irradiation, including some chemical reactions that lead to the flaking of paints and the 

degradation of fabrics incorporating TiO2 under sunlight. In 1967, after a series of reports on the 

photobleaching of dyes, TiO2 was first discovered their photocatalytic properties by chance by 

Akira Fujishima, a graduate student working under the guidance of Associate Professor Kenichi 

Honda. Fujishima reported that TiO2 can be applied in photoelectrochemical solar energy 

conversion for water-splitting [10]. This has changed the fate of TiO2 from the normal white 

pigment to a common photocatalyst that is widely applied in environmental remediation, 

including air purification, water treatment, and hydrogen and oxygen conversion, owing to its 
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high photocatalytic activity, strong oxidizing power, high chemical stability, good thermal 

stability, non-toxicity, and inexpensive. 

In nature, TiO2 exists in dozens of mineral forms but the three common phases for 

photocatalysis are anatase, rutile and brookite (Figure 1.7) [11]. Anatase and brookite are 

metastable phases that tend to transform into the more stable rutile phase under high temperature. 

Among them, anatase has been found to have greater activity than the two other phases, rutile 

and brookite. TiO2, an n-type semiconductor has a wide-bandgap ~ 3.2 eV that shows 

photocatalytic activity under UV irradiation (absorb light below the wavelength of 387.5 nm) to 

degrade organic pollutants into harmless substances, ideally gaseous carbon dioxide and water 

[12, 13]. Nevertheless, titanium dioxide still possesses some disadvantages: there are almost no 

response under visible light due to its short absorptive wavelength, a high rate of recombination 

of photoinduced electron–hole pairs, and low utilization rate. 

 

Figure 1.7. Crystal structure of main mineral forms of TiO2: anatase, rutile and brookite [11].  
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When a photocatalyst absorbs light (energy of light E must higher than band gap energy 

Eg), negative electrons (e-) will be excited and jump to conduction band, remains positive holes 

(h+) in the valance band. This stage is known as “photo-excitation” state of semiconductor 

materials or charge-carrier generation. The excited h+ react with hydroxyl group (OH-) of 

moisture in air, produce hydroxyl radicals (•OH). The excited e- react with oxygen in the 

atmosphere forming superoxide anions (•O2
-). These species are extremely active, •OH radicals 

directly reduce organic pollutants and •O2
- anions are powerful oxidants for attaching to the 

intermediate products in the oxidative reactions to form peroxides or changing to H2O2 and then 

to water. In brief, TiO2 involves in oxidizing and reducing organic compounds, convert them into 

smaller and harmless molecules, ideally CO2 and water. 

The basic mechanism of photocatalysis can be display in Figure 1.8 and in chemical 

equation as below: 

TiO2 + hν (≥ Eg) → TiO2(h+ − e−) 

h+ − e− → hVB
+ + eCB

−  

hVB
+ + OHads

− → •OH 

hVB
+ + 2OHads

− → •OH + OH− 

H2O2 → 2•OH 

eCB
− + O2ads → •O2

− 

•O2
− + H+ → HOO• 

2HOO• → H2O2 + O2 

eCB
− + H2O2 → •OH + OH− 

•OH + pollutant + O2 → products (CO2, H2O, etc. ) 
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Figure 1.8. Basic mechanism of photocatalysis of TiO2 catalyst [14]. 

 

1.3.1.2. Brief introduction of nickel titanium trioxide 

Over the past few decades, multi-metal oxide systems have gained a large number of 

applications with regard to photocatalytic progress, including water splitting, photo oxidation of 

organic compounds, photocatalytic reduction of CO2, electrocatalysis, deodorization, and air 

cleaning systems, due to the beneficial synergistic effects of their components. Multi-metal 

oxides have shown promise as solutions to certain problems with pure metal oxides like TiO2, 

such as their optical properties and agglomeration. There have been many scientific publications 

with regard to various multi-metal oxides, such as BiVO4 and Ag3VO4 with sufficiently narrow 

band gap values for visible light driven photo-oxidation [15] or In2TiO5 as a UV-induced catalyst 

[16]. 

Nickel titanium trioxide or nickel titanate (NiTiO3), a double transition metal oxide, has 

exhibited excellent properties for a photocatalytic material containing Ni and Ti with an 

octahedral coordination [MO6] [17]. With regard to NiTiO3, key factors for the development of 

a highly efficient semiconductor photocatalyst include (i) a suitable band gap for electron transfer 

under illumination, (ii) strong absorption of photon energy, and (iii) long life times of excited 

electrons to avoid bulk/surface charge recombination. A suitable band position is mostly related 

to the characteristics of a material; NiTiO3 is a bright candidate with a narrow band gap, Eg = 

2.14-3.08 eV. Thus, electrons can be excited to the conduction band under UV range and extend 
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to visible region that can be replaced for TiO2 which is well-known as UV active catalyst [18-

20].  However, NiTiO3 has been limited by its poor quantum efficiency and fast recombination 

rate when applied as an individual phase photocatalyst. 

 

1.3.2. Layered structure materials 

1.3.2.1. Graphene oxide and reduced graphene oxide 

Discovered in 2004, graphene is a rising star in the field of material science. Graphene  

sheets, i.e., one-atom-thick (0.35–1.6 nm in thickness), two-dimension layers of sp2 bonded 

carbon, have attracted interest due to their amazing thermal conductivity, fracture strength, 

electronic and photoelectronic properties [21-23]. Graphene is a single atom from graphite such 

as is found in ordinary pencils. In addition to the aforementioned properties, the catalytic industry 

needs catalysts with good adsorption capacity, which has focused research attention on graphene 

due to its uniquely high surface area. Lately, graphene has been recommended by many 

researchers for photocatalysis due to its electric conductivity and adsorption ability. 
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Figure 1.9. Graphene from graphite: Graphite is a basic material found in nature. When taken 

apart graphite sheets become graphene. A rolled-up layer of graphene forms a carbon nanotube, 

folded up it becomes a small football, fullerene. Hidden inside graphite, graphene was waiting 

to be discovered (Source: Nobel Foundation. "Nobel Prize in Physics 2010 for graphene -- 

'two-dimensional' material." ScienceDaily. ScienceDaily, 5 October 2010). 
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Until 2008, Dai's group overcome the issue of aggregation of graphene by using oxidized 

formed – graphene oxide (GO). In comparison to other carbon-based materials such as carbon 

nanotube (CNT), fullerene, nanoribbons, GO exhibits some merits like “low cost of productions, 

extremely large surface area for efficient drug binding and lesser toxic metallic impurities from 

fabrication process” [24]. A large number of oxygen containing groups presented in GO leads to 

serious difference with graphene. However, GO can be easily reduced to remove oxygen 

containing groups to graphene-like sheets form, named reduced graphene oxide (rGO or RGO) 

(Figure 1.10). 

 

Figure 1.10. Preparative protocol of RGO from graphite [25]. 

 

1.3.2.2. Graphitic carbon nitride g-C3N4 

Polymeric g-C3N4 is a fascinating conjugated polymer with a graphite-like structure. g-C3N4 

has become a new research hotspot as a metal-free and visible-light-responsive photocatalyst. This 

application benefits from its earth-abundant nature, attractive electronic band structure, and good 

physicochemical stability. The structure of g-C3N4 was reprinted from literature and presented in 

Figure 1.11 [26].  In a single layer of g-C3N4, both the triazine and tri-s-triazine ring have been initially 

considered as its tectonic units. However, the tri-s-triazine later on redefined as the tectonic units due 

to its superior stability [27-30]. 
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Figure 1.11. The schematic diagram of the s-heptazine unit and s-triazine unit structure [26]. 

 

Although graphite-like structure, polymeric g-C3N4 is a semiconductor with band gap about 

2.7 eV. However, g-C3N4 has weak catalytic activity due to its poor electronic conductivity, low 

specific surface area, and limited visible-light photoactivity, which seriously restrict the applications 

[31]. If GO – a conducting material – plays a role as charge trapping center in the composite, then g-

C3N4 could create a more effective charge transfer model when compositing with metal oxide. Thus, 

the application of g-C3N4/metal oxide is extensive to many fields. 
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PART II – IMPROVEMENT OF TITANIUM DIOXIDE/REDUCED 

GRAPHENE OXIDE BY INTRODUCING TRANSITION METALS 

Chapter 2. Cu-doped TiO2/Reduced Graphene Oxide Thin Film 

Photocatalyst 

2.1. Introduction 

There have been numerous studies with the goal of improving the photocatalytic 

properties of titanium dioxide. Graphene oxide, a promising promoter for TiO2-based 

photocatalysts, has unique carbonaceous structure with outstanding mechanical, physical and 

chemical characteristics [32-35]. Graphene oxide contains a range of reactive oxygen functional 

groups, making it suitable for forming hydrogen bonds or Van der Waals bonds with TiO2. 

Chemical or thermal reduction of graphene oxide can restore its -network, therefore recovering 

its electrical conductivity [36-42]. 

Doping of transition metals into TiO2 materials has recently been reported as a mean to 

provide charge trapping, inhibiting electron–hole recombination and narrowing the bandgap [43-

47]. Some studies have shown that copper doping not only enhanced materials’ photocatalytic 

activity, but also increased their hydrophilicity, improving the photoreduction of organic 

contaminants under UV irradiation [13, 45, 48]. 

In the present study, copper-doped titanium dioxide/reduced graphene oxide (Cu-

TiO2/RGO) powders were prepared using a hydrothermal method, and sols containing these 

powders were sprayed onto quartz substrates to prepare Cu-TiO2/RGO thin film photocatalysts. 

We investigated the roles of copper and reduced graphene oxide in photocatalysis by observing 

the catalyst properties and photocatalytic behaviors of these materials under UV irradiation. We 

characterized properties of the materials such as particle size, crystal structure, contact angle, and 

carried out methylene blue decolorization experiments in aqueous solution to study the 

photocatalytic activities of the Cu-TiO2/RGO materials under UV light. Doped Cu could narrow 
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the bandgap of TiO2, thereby influencing the reduction of graphene oxide and enhancing the 

hydrophilicity of the materials, and thus producing the observed increase in photocatalytic 

activity. The relationships between hydrophilicity and photocatalytic activity are discussed 

herein. 

 

2.2. Materials and analysis technologies 

2.2.1. Reagents 

All listed of the following chemicals were used as purchased without further purification. 

• Expandable graphite (grade 1721, Asbury Graphite Mills, Inc.) 

• Sulfuric acid 99.999% (H2SO4, Sigma-Aldrich Co.) 

• Potassium permanganate (KMnO4, Sigma-Aldrich Co.) 

• Hydrogen peroxide (H2O2, DCC) 

• Hydrochloric acid (HCl, Sigma-Aldrich Co.) 

• Copper chloride (CuCl2, Aldrich) 

• Titanium n-butoxide (TBOT, Aldrich) 

• Acetyl acetone (AcAc, Junsei) 

• Ethyl alcohol (EtOH, SK Chemicals) 

• Methylene blue (MB, Aldrich)  

 

2.2.2. Preparation procedures 

2.2.2.1. Synthesis of GO by modified Hummer’s method 

A desirable amount of expandable graphite was heated for 10 s in a microwave oven, 

resulting in a 150-fold increase in volume. A three-necked flask containing 500 ml of 

concentrated H2SO4 was chilled in an ice bath to 0ºC, and 5 g of expanded graphite were 

gradually added under mechanical stirring. Then, 30 g of KMnO4 were slowly added so that 
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the temperature did not exceed 20ºC. The temperature was then elevated to 35ºC, and the 

suspension was stirred for 2 h.  

The flask was subsequently chilled again in an ice bath, and 1 l of deionized water 

was slowly added to maintain the temperature below 70ºC. The mixture was stirred for 1 h, 

diluted and added to 50 ml of H2O2 (30 wt%). Vigorous bubbles appeared as the color of the 

suspension changed from dark brown to yellow. The suspension was centrifuged and washed 

with aqueous HCl (10%), followed by centrifuging at 10,000 rpm and washing with 

deionized water to fully remove the acid until the pH of the GO dispersion reached 6. The 

as-synthesized GO dispersion was in paste form, and the concentration of GO was 8 ~ 10 

mg/ml, which was determined by vacuum-drying at 80ºC for 24 h. 

2.2.2.2. Synthesis of Cu-doped TiO2/RGO powder 

The Cu-doped TiO2/RGO photocatalysts with molar ratio Cu:Ti were 0, 0.01, 0.05, or 

0.075 and all contained 5 wt% of GO. In a typical procedure, a solution of CuCl2 was mixed with 

60 ml of anhydrous ethanol at room temperature for 15 min, followed by the addition of deionized 

water (5 ml) and hydrochloric acid (37 wt%, 8.5 ml). Separately, a mixture of 29.7 g of TBOT 

and 17.42 g of AcAc was prepared by stirring for 15 min. This titanium solution was added 

dropwise into the copper solution, followed by the addition of 10 ml of EtOH. The Cu-Ti mixture 

was dissolved by continuous stirring for 30 min at room temperature and then 90 min at 40ºC. 

A 5 wt% GO dispersion in water (10 mg/ml) was then added to the Cu-Ti precursor 

solution under vigorous stirring at 40ºC. To ensure that the GO was well dispersed, this mixture 

was sonicated for 15 min before being continuously stirred for 4 h at 40ºC. The entire solution 

was hydrothermally treated in a water bath at 80ºC for 12 h. The solid products were recovered 

by washing with ethanol and drying overnight at 80ºC. The obtained Cu-doped TiO2/RGO 

composites were denoted as i-CTG-5, where ‘i’ represents to the 0, 1, 5, or 7.5 mol% Cu content. 
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2.2.2.3. Preparation of CTG thin film 

CTG thin films were fabricated by using a handmade hot plate spray coating apparatus, 

using ethyl alcohol as the solvent. As-prepared CTG composites of 0.02 g and 20 ml of solvent 

were mixed and then ultrasonicated to ensure good dispersion. Then, 16 ml of this catalyst 

solution was spray-coated onto a 2 cm × 2 cm preheated quartz substrate at 150ºC; the speed was 

hand-controlled by adjusting the N2 gas flow through the spray gun. The thin film was further 

dried for about 5 min and was then stored in the dark. 

 

2.2.3. Characterization techniques 

The samples were investigated by field-emission scanning electron microscopy (FE-

SEM, JSM-600F, JEOL, Japan) and high-resolution transmission electron microscopy (HR-TEM, 

JEM-2100F, JEOL, Japan) to obtain information on the particles’ sizes and uniformity. Cu-TiO2 

powders were casted on carbon-coated Cu or Au grids. Composition of graphene oxide was 

detected by Thermogravimetric analysis (TA Q50, USA) under air flow combined with Universal 

Analysis 2000. The crystalline structures of the composites were investigated by X-ray 

diffraction (XRD, Rigaku D/MAZX 2500V/PC high-power diffractometer, Japan). The X-ray 

source was Cu K radiation of wavelength  = 1.5415 Å, and the scan rate used was 2° (2) min-

1. Raman spectra were observed by using a DXR Raman microscope (ThermoFisher Scientific, 

USA) with 633 nm laser excitation. UV-visible diffuse reflectance spectra (UV-Vis-DRS) from 

200 to 800 nm were collected by using a SPECORD 210 Plus spectroscope (Analytik Jena, 

Germany). The porosity characteristics of the photocatalysts were measured by means of N2 

sorption analysis using a Micromeritics ASAP 2020 instrument (USA). Surface hydrophilicity 

was determined by using an optical tensiometer (Theta Lite, Biolin Scientific, Norway). 

2.2.4. Photocatalytic performance 

The CTG composites were tested for their photocatalytic activity in the decolorizing of 

MB dye. The reactions were performed on a quartz bed reactor, using one catalyst thin film 
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immersed in 35 ml of MB (Co = 10 ppm). First, an adsorption test was conducted in the dark for 

60 min. After MB totally adsorbed on the surface of the test material, reaching equilibrium, a 

photocatalytic test was carried out under UV irradiation, using a 300 W UV light source from 

Osram that produced mainly UV-A light ( = 315–400 nm) and some UV-B light ( = 280–315 

nm). The concentration of MB was determined by using a UV–Vis absorbance microplate 

spectrophotometer (Spectra Max Plus 384) at max = 662 nm. 

 

2.3. Results and discussions 

2.3.1. Crystalline structure and specific surface area of Cu-doped TiO2/RGO 

Morphology of photocatalytic materials were characterized by field-emission scanning 

electron microscopy (FE-SEM) and results were shown in Figure 2.1. In the overview, there 

were almost similar morphology of CTG series, although different from loading Cu content. This 

could be claimed by the well-dispersion of low concentration of Cu (1 to 7.5 wt%). More in 

details, we can recognize nicely wrinkle layer shape and number of particles deposited randomly 

on the surface of them. These particles becoming smaller. These layering structures obviously 

assigned for rGO, and the fully covered granules determine the good interaction between rGO 

and other components. Thickness of thin film was characterized approximately 1.48 m (Figure 

2.1(c)). In Figure 2.2 is the EDS spectrum illustrates the presence of four components in 7.5-

CTG-5 sample. The mapping demonstrated rich Ti and O element attribute to TiO2 main 

composition. There were lower concentration of C and poor Cu, authenticate small amount of 

GO and Cu appeared in composite.  
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Figure 2.1. FE-SEM images of (a) 0-CTG-5, (b) 7.5-CTG-5 and (c) cross-sectional images of 

7.5-CTG-5. 
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Figure 2.2. Typical EDS elemental mapping of 7.5-CTG-5. 
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Figure 2.3. HR-TEM images of 7.5-CTG-5 (inset of c is the corresponding FFT pattern). 

 

HR-TEM images of 7.5-CTG-5 composites show spherical nanoparticles of fairly 

uniform in size well-decorated randomly over the large surfaces of GO sheets (Figure 2.3). 

However, these particles were preferentially located at the edges rather than on the internal 

surface of the sheets. This can be explained by the higher concentration of oxygen-containing 

functional groups at these positions, which easily produce attractive force with metal oxide 

particles in aqueous solution [49]. The crystalline lattice spacing was determined to be 0.19 nm, 

indicating the (2 0 0) plane of the anatase phase. Inset of Figure 2.3(c) is 2-D fast Fourier 

transformation (FFT) of selected nanocrystals revealed a lattice structure with d(200) = d(020) = 0.19 
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nm, d(12̅3) = 0.15nm and d(111) = 0.22 nm, which represented for anatase crystal structure [50, 

51]. This result demonstrated the successful forming anatase crystalline structure, however, 

cannot prove the attendance of Cu in photocatalysts. 

The actual content of rGO were then characterized by TGA and results performed in 

Figure 2.4. The decomposition process containing three major weight loss steps: (i) dehydration 

of physiosorbed water molecules in range of approximately 30C - 150C, [52] burning of 

residual organic solvents and oxygen-containing functional groups of GO from approximately 

150C to around 320C and last step is (iii) is present for the carbon skeleton burning with 

temperature over 320C to 550C [53]. The actual mass of rGO was calculated by the weight 

loss of steps (iii) and values were expressed in Table 2.1. 

 

Table 2.1. Textural parameters of CTG-5 composites. 

Sample 

Nominal 

Cu content 

[at%] 

Actual 

Cu 

content 

[at%]a 

Nominal 

rGO 

content 

[wt%] 

Actual 

rGO 

content 

[wt%]b 

SBET 

[m2/g]c 
Vt [cm3/g]c 

0-CTG-5 0 0 5 7.02 303.4 0.274 

1-CTG-5 1 1.117 5 7.07 288.8 0.252 

5-CTG-5 5 6.499 5 5.96 293.7 0.246 

7.5-CTG-5 7.5 7.198 5 6.37 303.3 0.255 

a Calculated from EDS spectrum. 

b Determined from weight loss in air by TGA. 

c  Specific surface area and pore volume, estimated from N2 adsorption–desorption measurements using 

Brunauer–Emmett–Teller (BET) and Barret–Joyner–Halenda (BJH) methods. 

 



27 

 

 

Figure 2.4. (a) TGA and (b) DTG curves of Cu-doped TiO2/RGO composites. 
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XRD patterns of the doped and undoped composites were collected (Figure 2.5); all 

showed a series of (1 0 1), (0 0 4), (2 0 0), (1 0 5), (2 1 1), (2 0 4), (1 1 6), (2 0 0), and (2 1 5) 

reflections at 2 = 25.2, 37.8, 48.0, 53.9, 55.1, 62.7, 68.8, 70.5, and 75.0°, respectively, indexed 

to the anatase phase only (JCPDS No. 21-1272), with no detectable trace of crystalline rutile 

(JCPDS No. 21-1276). On the other hand, no diffraction peaks for Cu (JCPDS No. 04-0836), 

CuO (JCPDS No. 45-0937), or Cu2O (JCPDS No. 05-0667) were detected, demonstrating 

complete dissolution of Cu2+ cations to form Cu–O–Ti bonds [43]. The (1 0 1) diffractions in the 

CTG samples decreased in intensity and broadened as the Cu content was increased, 

demonstrating that the average size of the TiO2 nanoparticles was decreased [54]. The crystalline 

size of the metal oxide was calculated based on the (1 0 1) peak by means of the Debye–Scherrer 

equation: 

𝑑 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
 

Where d represents the crystalline size, 𝜆 represents the wavelength of the incident X-rays, and 

𝛽  is the full width at half maximum (FWHM) of the diffraction peak corresponding to the 

scattering angle θ. The average crystalline sizes of 0-CTG-5, 1-CTG-5, 5-CTG-5 and 7.5-CTG-

5 were calculated to be 4.86, 5.07, 5.82, and 5.33 nm, respectively. This evidenced that the 

presence of Cu species in the TiO2 matrix can accelerate the growth of TiO2 crystalline 

nanoparticles on GO sheets. Additionally, the (1 0 1) reflection plane of the doped materials was 

slightly shifted to higher diffraction angles as the Cu content was increased (Figure 2.5(b)), 

confirming that Cu was incorporated into the TiO2 lattice. Other reports have given strong 

evidence that Cu2+ could be substituted in the Ti4+ position due to their similar ionic radii (Ti = 

0.68 Å, Cu = 0.72 Å) [48, 55, 56]. Contrastingly, Tsai et al. [45] also prepared Cu-doped TiO2 

with the major size of approximately 10–20 nm, and Zuas et al. [55] synthesized Cu3%-TiO2 

with the average crystalline size of 9 nm. Compared to these previous reports, the crystalline 

sizes obtained herein were much smaller, demonstrating that the presence of GO might inhibit 

the growth of TiO2 nanoparticles. There was no graphene oxide peak in the XRD patterns of any 
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of the composite catalysts, indicating that the presence of graphene oxide did not affect the 

structural changes [57]. 

 

 

Figure 2.5. XRD patterns of i-CTG-5 composites. 

 

Interactions between RGO and inorganic components were evaluated by means of 

Raman spectra (Figure 2.6). Peaks appearing at 146.6 cm-1 (Eg), 194.73 cm-1 (Eg), 391.9 cm-1 

(B1g), 508.9 cm-1 (A1g + B1g), and 627.2 cm-1 (Eg) indicated the anatase phase in the composites 

[58]. This result agrees completely with the XRD patterns presented above. And, although 

graphene oxide sheets could not be identified by XRD, they were clearly visible in the Raman 

spectra, with the D band at 1341 cm-1 and the G band at 1589 cm-1, clarifying that graphene oxide 

was present in the composite materials. The relative intensity ratios of these bands (ID/IG) were 

1.38, 1.66, 1.67, 1.69 for 0-CTG-5, 1-CTG-5, 5-CTG-5, and 7.5-CTG-5, respectively. The higher 

the relative ratio, the more graphitic domains are formed and the higher sp2
 cluster number [59], 

implying good reduction efficiency of the Cu doping. 
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Figure 2.6. Raman spectra of i-CTG-5 composites. 

 

UV-Vis diffuse reflectance spectra of photocatalysts were collected (Figure 2.7); all 

samples showed a strong adsorption edge around 350 nm representative of 0-CTG-5 sample, 

which overlapped adsorption peaks of RGO (about 235 nm) and anatase TiO2 (about 300–400 

nm) [32]. Previous studies demonstrated the band of tetrahedrally coordinated Ti is located in the 

range 230-280 nm, while the band around 300-400 nm corresponds to octahedrally coordinated 

Ti [60, 61]. A new peak appeared at approximately 280 nm when Cu dopant was added and was 

reduced intensity as well as redshifted into longer-wavelength regions as the Cu content was 

increased. This result confirmed that Cu2+ selectively substitutes for tetrahedrally coordinated Ti 

in the lattice. The bandgaps of the photocatalysts were calculated to be 3.72, 3.46, 3.32, and 3.40 

eV, corresponding with the increasing copper contents, denoting that the addition of copper 

slightly narrowed the bandgap. M. Sahu et al. [47] reported that copper doped into the TiO2 lattice 

resulted in the rearrangement of neighbor atoms to compensate for charge deficiencies, thereby 

shifting the bandgap. 
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Figure 2.7. (a) UV-Vis-DRS spectra and (b) corresponding Tauc plots of i-CTG-5 composites. 

 

Table 2.1 lists porosity characteristics of the photocatalyst particles. The surface area 

and pore volume decreased as the copper content was increased. This might be due to a pore 

blocking effect occurring when copper nanoparticles were highly dispersed among titanium 

dioxide and reduced graphene oxide sheets, changing the microporosity and pore size distribution 

[62]. However, comparing doped materials, the BET specific surface area increased as the Cu 

content was increased, accompanied by a slight change in pore volume. This can be explained 

by the fact that substitution of Ti4+ atoms in the lattice by Cu2+ tends to create more defects in the 

structure, thereby increasing the porosity of highly doped materials. 

 

2.3.2. Hydrophilic property and photocatalytic behaviors of Cu-doped TiO2/RGO 

Figure 2.8 shows images of water droplets on the surfaces of the CTG photocatalytic 

materials. The contact angle was obviously reduced by increasing Cu content: the contact angles 

were 45.18, 38.25, 31.23, and 27.98° for the copper contents of 0, 1, 5, and 7.5 wt%, respectively. 

The photodegradation rates of MB under UV irradiation also increased with increasing Cu 

content (Figure 2.9). The adsorption of MB was approximately 1.7–10%, indicating that the 
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adsorption was not significant except for well-dispersed catalysts in aqueous solution. After 60 

min stirring in the dark, the UV light source was applied. The decomposition of MB over the 0-

CTG-5, 1-CTG-5, 5-CTG-5 and 7.5-CTG-5 photocatalysts was measured to be 28.11, 43.33, 

54.93, and 63.44%, respectively. Apparent first-order reaction rate constants were evaluated from 

the slope of the plot of ln(C/Co) = -kappt (as seen in Figure 2.9(b)), showing that the highest kapp 

= 0.0049 corresponded to the sample with the highest Cu content, 7.5-CTG-5. The rate constant 

of kapp = 0.0015 was obtained for undoped TiO2/RGO, kapp = 0.0023 was obtained for 1-CTG-5, 

and kapp = 0.0036 was obtained for 5-CTG-5. This can be explained by the relationship between 

hydrophilicity and photocatalytic activity [13, 45, 47, 48, 63-65]. The role of Cu-doping on 

hydrophilic and mechanism of photoreaction was performed in Figure 2.10. The hydrophilicity 

of photocatalysts was increased by increasing Cu content in two different ways. First, copper was 

doped into the titanium dioxide lattice by means of substituting Cu2+ for Ti4+, and the resulting 

difference in valence created unbound oxygen. These oxygen atoms tended to separate from the 

surface and generate oxygen vacancies. The other way was related to the photocatalytic activity 

of TiO2. Under UV irradiation, electron–hole pairs were generated within the materials, 

whereupon electrons could reduce Ti (IV) to Ti (III) and holes could oxidize oxygen anions, 

resulting in the ejection of these oxygen atoms from the lattice structure and the creation of 

oxygen vacancies. These oxygen vacancies could then be occupied by water molecules, 

producing adsorbed –OH groups on the surface that tended to increase its hydrophilicity. 

Simultaneously, the photocatalytic phenomenon occurred. When the materials were excited by 

light energy equal to the bandgap, electrons from the valence band moved to the conduction band 

and reacted with oxygen in air to produce superoxide radical anions (•O2
-). Photogenerated holes 

in the valence band reacted with water or moisture in air to produce hydroxyl radicals (•OH). 

Both •O2
- and •OH are highly reactive and can decompose organic contaminants [46]. For these 

reasons, increased hydrophilicity positively affected the photocatalysis. 
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Figure 2.8. Water droplet images of i-CTG-5 composites. 
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Figure 2.9. (a) Photocatalytic degradation of MB under UV irradiation and (b) apparent first-

order kinetics over i-CTG-5 composites. 
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Figure 2.10. The role of Cu in i-CTG-5 composites on hydrophilicity. 

 

On the other hand, graphene oxide can act as an electron acceptor by means of a 

percolation mechanism [66]. Copper doped into the TiO2 crystal structure also supplies a trapper 

center due to the unfilled 3d orbital of Cu2+ [48]. Therefore, electrons move from TiO2 to copper 

and then transfer to the graphene oxide sheets, where the electrons are trapped. As a result, 

recombination is delayed. As shown in UV-Vis spectra, the doped Cu could narrow the bandgap 

energy, inducing better photocatalytic performance. The doping of Cu into TiO2/RGO played an 

important role in its photocatalysis due to this synergetic interaction between Cu and RGO. 

 

2.4. Conclusions 

Copper-doped titanium dioxide/reduced graphene oxide photocatalysts were 

successfully prepared under hydrothermal conditions and by means of a spraying method. We 

investigated the role of Cu in the photocatalysts. The doped Cu was mainly incorporated into the 

TiO2 lattice matrix, narrowing its bandgap and increasing the material’s hydrophilicity. The 

synergetic interaction of Cu with the photocatalyst system improved its photocatalytic activity in 

the decolorization of MB. Relationship between wettability and photocatalytic activity has been 

clarified as the more hydrophilic film surface, the higher photoreduction upon MB induced and 

reversed. 
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Chapter 3. Influence of Nickel/Titanium Dioxide Deposited on Graphene 

Oxide on the Removal of Rhodamine B under Visible Light 

 

3.1. Introduction 

Titanium dioxide (TiO2)-based materials have been used as photocatalysts for centuries 

and have been widely commercialized in the last two decades. Among their favorable properties 

of high photoactivity, low cost, low toxicity, good chemical and thermal stability, TiO2, an n-

type semiconductor provides amazing electrical conductivity under UV-irradiation [13, 46, 67]. 

However, solar UV radiation is limited to around 3 to 5% of the sunlight’s incident energy of the 

at the Earth’s surface. Therefore, modification of TiO2 to shift from processes that respond to 

UV-irradiation to processes that respond to visible light irradiation is required to harness visible 

light from the sun (42-43% of sunlight). 

Many researchers have modified TiO2 materials by adding graphene or graphene oxide 

or by metal incorporating (Sn, Cu, Pt, and Ni) to improve the photocatalytic activity of TiO2 

particles. The former improved the photocatalytic activity due to enhancement of adsorption 

capacity and enhanced transfer of excited electrons [13, 34, 68, 69]. The latter changed the 

bandgap and then shifted the photoresponse toward lower excitation energies [46, 70]. In this 

regards, Ni-containing photocatalysts are a potential candidate for visible light driven technology, 

since Ni is an earth-abundant element with low cost, good durability and high efficiency [71]. 

Rodríguez-González et al. prepared Ni-TiO2 by a simple sol-gel method for the photo-

degradation of alizarin red S dye [72]. Sharma et al. synthesized Ni-doped TiO2 with a suitable 

amount of Ni (2-10 mol%) to shift the absorption edge to longer wavelength, which could remove 

about 51% methyl orange [73]. Additionally, the combination of Ni2+ and Ti4+ with O2- at high 

Ni amounts could form nickel titanate (NiTiO3), a perovskites structure which was a promising 

material for photocatalysis under visible light irradiation due to narrow band gap (2.1-2.2 eV) 

[74-79]. 
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In this study, for the first time, we fabricated nickel (Ni)-loaded TiO2 on GO 

photocatalysts by a microwave-assisted one-pot and two-step method which is a convenient and 

fast way to synthesize photocatalytic materials. Diverse amounts of Ni species were impregnated 

into the photocatalysts in order to investigate the formation of NiTiO3 over the photocatalysts and 

the extension of the photo response of the material towards lower energy excitation. GO, a high-

surface-area material, was used not only to increase the adsorbability of organic contaminants 

but also to make a positive interaction with Ni and Ti species. The characterization data 

confirmed that the two-step method generated more of the NiTiO3 phase in the materials than 

one-pot method. In the photocatalytic tests, the composites clearly exhibited better photocatalytic 

decomposition for RhB under visible irradiation than UV, and this is beneficial for visible-driven 

photocatalytic reactions.  

 

3.2. Materials and analysis technologies 

3.2.1. Reagents 

All listed of the following chemicals were used as purchased without further purification. 

• Nickel nitrate hexahydrate (NiNHH, Sigma-Aldrich Co.) 

• Titanium n-butoxide (TBOT, Sigma-Aldrich Co.) 

• Ethylene glycol (EG, Samchun Chemicals) 

• Rhodamine B (RhB, Sigma-Aldrich Co.) 

3.2.2. Preparation procedures 

3.2.2.1. Synthesis of Ni-loaded TiO2/GO through a one-pot microwave-assisted method 

Firstly, to obtain good precursor dispersion, a solution of 50 ml of containing 0.5 g 

NiNHH and 7.67 ml TBOT was sonicated for 1 h to afford a light green solution. Separately, GO 

powders produced by the Hummer’s method were dispersed in 30 ml of EG to a concentration 

of 5 wt% by sonicating for 45 min. This GO solution was added to the solution of precursors and 
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the combined mixture was subsequently sonicated for 30 min. The mixture was then transferred 

to a conventional microwave oven (MWO-20MK1, China). Reactions took place using a medium 

power setting for 10 cycles of 10 s each (15 s break between cycles), followed by 5 cycles of 20 

s each (20 s break between cycles). The resultant black precipitate was washed several times in 

ethanol, collected by centrifugation, and then dried overnight at 80C. The resultant solid was 

calcined in nitrogen gas at 600C for 5 h with a heating ramp rate of 2C/min. The black powder 

was collected and is referred to hereafter as N1-5 (i.e., 5 wt% Ni). Other catalysts with different 

Ni concentrations were prepared using the same procedure except for the Ni-Ti precursor weight 

ratio, which was adjusted as necessary. The final samples were designated as N1-i, where i 

represents the Ni wt% (i= 0, 5, 10, 40, 50). In addition, pure TiO2 prepared by the same method 

from TBOT was used a control sample to compare the photocatalytic efficiency of the materials. 

3.2.2.2. Synthesis of Ni-loaded TiO2/GO through a two-step microwave-assisted 

method 

NiNHH green powder was dispersed in 50 ml of ethylene glycol in a flask with TBOT. 

The mixture was sonicated for 1 h, and it became a light green solution. The solution containing 

precursors was then transferred to a conventional microwave oven. After 10 cycles (interval of 

10s) followed by 5 cycles (interval of 20s) of microwave irradiation, the sample was cooled to 

room temperature rapidly using air (60s) and water (240s). The solution turned turquoise after 

cooling. 

Simultaneously, GO was dispersed in 30 ml ethylene glycol in a beaker and was 

sonicated for 45 min. The GO solution was then added to the above suspension and was sonicated 

for 5 min or until a homogeneous mixture was obtained. This mixture was then irradiated in a 

microwave oven for 10 cycles (intervals of 10 s) and was subsequently cooled rapidly to room 

temperature using air (60 s) and water (240 s). The black precipitate was washed several times 

in ethanol and was collected by centrifugation. The precipitate was dried at 80C overnight. 

Finally, the solid was calcined in high-purity nitrogen at 600C for 5 h with a 2C/min heating 
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ramp. The final samples were denoted as N2-i, where i is either 0, 5 or 50 wt% of nominal nickel 

content over the total weight. In the composite materials, GO content was fixed at 5 wt%. 

 

3.2.3. Characterization techniques 

To obtain information on the morphology of the composite materials, the samples 

were investigated using field emission-scanning electron microscopy (FE-SEM, JSM-600F, 

JEOL, Japan) and high-resolution transmission electron microscopy (HR-TEM, JEM-2100F, 

JEOL, Japan). Samples were cast onto carbon-coated copper grids.  

The wide-angle powder X-ray diffraction (XRD, Rigaku D/MAZX 2500V/PC high-

power diffractometer, Japan) with an X-ray source employing Cu K radiation of maximum 

wavelength max = 1.5415 Å and a scanning rate of 2° (2)/min were used for investigating 

crystalline structures of the composite materials. Raman spectra were observed by using a 

DXR Raman microscope (Thermo Fisher Scientific, USA) with 533 nm laser excitation.  

X-Ray photoelectron spectroscopy (XPS, Thermo Fisher Co.) with a K-alpha system 

was utilized to determine the chemical state of the components. 

UV-visible diffuse reflectance spectra (UV-Vis-DRS) from 200 to 800 nm were 

collected by using a SPECORD 210 Plus spectroscope (Analytik Jena, Germany). The as-

prepared powder was dispersed in ethanol and spray onto a 2 cm × 2 cm × 1 mm placed on a 

hot plate. 

The porosity characteristics of the photocatalysts were measured by means of N 2 

sorption analysis using a Micromeritics ASAP 2020 instrument (USA). The specific surface 

area, pore volume and pore size distribution were determined by the Brunauer-Emmett-Teller 

(BET) and Barret-Joyner-Halenda (BJH) calculations. 
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3.2.4. Photocatalytic performance 

Removal of RhB was first carried out in the dark on a quartz bed reactor in order to 

investigate the adsorption ability. The reactor was placed between four surrounding UV-light 

sources (Daytime, Korea,  max = 365 nm) or visible-light source (Osram, Korea, 20 W, max = 

545 nm). This system was arranged inside a chamber with a cooling fan. RhB dye pollutant was 

prepared by dissolving RhB powder (Sigma-Aldrich) in deionized water with initial 

concentration fixed at 10 mg/L. In order to carry out the reaction, a 100 ml of RhB-containing 

quartz bed reactor was put into the chamber and was stirred simultaneously. Subsequently, 0.2 

g/L of catalyst was added quickly (denoted time as 0 min). The instantaneous concentration was 

determined using an UV-Vis absorbance microplate spectrophotometer (Spectra Max Plus 384) 

at max = 552 nm. 

 

3.3. Results and discussions 

3.3.1. Characterization of photocatalysts 

3.3.1.1. N1-i synthesized by one-pot microwave-assisted method 

XRD analysis was used to investigate the crystal structure of the catalysts. XRD patterns 

are with the JCPDS database to aid in phase identification. Figure 3.1 indicates that a tetragonal 

anatase phase with space group I41/amd (JCPDS 21-1272) existed in all cases with a series of 

peaks at 25.3, 38.1, 48.1, 54.3, and 62.9, corresponding to (1 0 1), (0 0 4), (2 0 0), (1 0 5) 

and (2 1 3) diffraction planes, respectively. Because of the calcination at high temperature 

(600C), the anatase phase was partially transformed into a tetragonal rutile phase with space 

group P42/mnm (JCPDS 21-1276), characteristic diffraction signals of which were observed at 

2 = 27.4 (1 1 0), 36.0 (1 0 1), 41.3 (1 1 1), and 69.2 (3 0 1) [54]. The XRD pattern of N1-0 

shows only characteristic peaks of anatase phase, i. e., no trace of rutile phase. However, in the 

case of N1-i catalysts except N1-0, the TiO2 peak intensity decreased with increasing Ni content, 
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indicating a reduction in grain size and crystallinity [80, 81]. Table 3.1 shows the crystallite sizes 

of anatase TiO2 as calculated by the Debye–Scherrer equation [82-85]: 

d =
kλ

βcosθ
 (1) 

where d represents the crystalline size, λ the wavelength of the incident X-rays, and β 

the full width at half maximum (FWHM) of the characteristic peak of 2 = 25.3 (1 0 1) for 

anatase [82], 2 = 27.4 (1 1 0) for rutile and 2 = 44.5 (1 1 1) for Ni [83] corresponding to each 

scattering angle θ. 

 

Figure 3.1. XRD patterns of N1-i catalysts. The black lines are the standard curve of the 

corresponding phase according to JCPDS database. 

 

By the comparison with pure TiO2, the addition of Ni dramatically reduced the crystallite 

sizes of TiO2 from 42.5 nm to 13.6-18.4 nm for anatase phase and from 55.1 nm to 29.7-31.9 nm 

for rutile phase, respectively (Table 3.1). In the other hand, the incorporated Ni appeared in the 
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form of face-centered-cubic metal particles with Fm3m space group (JCPDS 04-0850) at 2 = 

44.5 (1 1 1), 51.8 (2 0 0) and 76.4 (2 2 0) but no trace of perovskite NiTiO3 (rhombohedral 

phase, space group 𝑅3̅, JCPDS 33-0960), as has been previously reported [74, 86]. The grain 

size of Ni calculated on the basis of (1 1 1) characteristic signal gave high dimensions of 

approximately 43 nm. When Liu et al. [9] prepared 6 molar percent Ni-loaded TiO2 

photocatalysts, the Ni nanoparticle sizes were sized around 10-20 nm, i.e., smaller than in our 

work, indicating that microwave-assisted treatment was capable of accelerating the speed of 

reaction as well as the grain growth. In another aspect, the participation of GO helped evenly 

distribute the Ni crystal nuclei and inhibit the sintering of Ni metal through the interaction 

between GO and Ni metal. Therefore, the crystallite sizes of Ni were similar even for the catalysts 

with high Ni content (N-40 and N1-50). 

 

Table 3.1. The physico-chemical and optical properties of the catalysts. 

 
dA 

(nm)a 

dR 

(nm)a 

dN 

(nm)a 
E

g
 (eV)b SBET 

(m2/g)c 

Vt 

(cm3/g)c 

L (nm) 
c 

TiO2 42.5 55.1 - 3.01 77 0.180 9.11 

N-0 18.4 - - 2.95 123 0.117 3.80 

N-5 13.6 30.4 42.5 2.93 120 0.106 3.18 

N-10 14.1 31.9 41.3 2.81 153 0.148 5.18 

N-40 15.1 29.7 42.6 2.57 181 0.196 4.70 

N-50 15.1 29.9 42.1 2.51 157 0.170 4.21 

a Calculated average grain sizes obtained based on (1 0 1) diffraction of anatase (A) phase, (1 1 

0) diffraction of rutile phase and (1 1 1) diffraction of nickel (N) phase by the Debye–Scherrer 

equation. 

b Band gap observed from Tauc plot of (Ah)2 vs photon energy Eg. 

c Determined by N2 adsorption-desorption isotherm measurements. 
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Figure 3.2 shows Raman spectra of the photocatalysts. Relatively strong vibration 

frequencies were observed in the N1-i catalysts around 151, 408, 511, and 617 cm-1 

corresponding to Eg(1), B1g(1), B1g(2)+A1g and Eg(3) Raman active modes of tetragonal anatase TiO2, 

respectively [8]. These results are in good agreement with the XRD patterns. In Figure 2, the Eg(1) 

mode of pure TiO2 at 138 cm-1 clearly shifted to higher values and decreased its intensity in the 

case of N1-i materials due to the decrease in the TiO2 particle size of the N1-i materials [87]. 

Nonetheless, in the Raman spectra, several additional frequencies were observed only for N1-40 

and N1-50 materials. Bands near 232, 280, 338, 386, 610, 696, and 753 cm-1 were assigned to 

NiTiO3 [74, 88]. Some of the missing NiTiO3 peaks in the present study were attributed to low 

peak intensity [88]. In this case, since the formation of NiTiO3 could not be clearly inferred from 

the XRD data, we attributed this to low crystallinity and/or the presence of very fine NiTiO3 

particles. Raman spectroscopy can also be used to measure the properties of GO. Particularly, we 

observed characteristic signals of GO at around 1335-1337 cm-1 (D band) and 1581-1585 cm-1 

(G band) that correspond to defects and lattice vibrations in GO, respectively [8]. The intensity 

ratio of the D band to the G band (ID/IG) correlated with the average size of sp2 domains, which 

was related to the reduction of GO. The presence of Ni particles helped to reduce the GO sheets, 

which gradually increased the ratio with increasing Ni content. The increase in this ratio was 

associated with the smaller size of sp2 domains, which implies that the amorphous region of GO 

was diminished [43, 89-91]. 
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Figure 3.2. Raman spectra of pure TiO2, unloaded N1-0 and nickel loaded composites N1-i. 

The table inset shows ID/IG ratio corresponding to the properties of GO. 

The functional groups of the composite materials were detected through FTIR analysis. 

In Figure 3.3, the broad band around 3300-3600 cm-1 were associated with stretching vibration 

of O-H groups of adsorbed water or the C-OH groups from graphene surface [22]. This band 

intensity was relatively low since water was almost removed before analysis and GO was reduced 

to RGO, which is in good agreement with the Raman spectra. Furthermore, the bands around 

1600 cm-1, 1450 cm-1, 1370 cm-1 and 1186 cm-1could be identified as the characteristic band of 

GO attributed to C=C skeletal vibration, C-C, C-OH and C-O stretching modes, respectively [22, 

92, 93]. The broad bands around 500-900 cm-1 were due to Ti-O-Ti and Ti-O-C vibration modes, 
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indicating the chemical interactions between TiO2 and GO [94, 95]. A band at 458 cm-1 could be 

assigned as Ni-O bond corresponding to the NiTiO3 phase [96-98]. 

 

Figure 3.3. FTIR spectra of TiO2 and N1-i catalysts. 

 

Figure 3.4 illustrates the morphology of the prepared TiO2 and composite materials at 

low and high magnification. Pure TiO2 prepared by microwave-assisted method contained 

uniformly spherical nanoparticles with diameter of less than 50 nm. Incorporating with GO and 

Ni led to the dramatic changes in the shape and size of particles. For N1-0, the growth of TiO2 

particles on the GO surface under the fast heating condition of microwave created thin 

rectangular pad-like particles with GO sheets. Low level Ni loading (5 and 10 wt%) induced the 

formation of irregular particles (Figure 3.4 (c-d)), whereas high Ni loading induced prism-like 

and partial drum-shape crystals (Figure 3.4 (e-f)). With increasing Ni loading, surface of the 
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catalysts became rougher due to the appearance of small white granules. At high Ni loading, N1-

40 showed well-defined prism particles. The greater abundance of Ni led to aggregation and 

generation of smaller, drum-shaped crystals on the surface (marked in Fig 3.4 (f)). 

The generation of crystalline particles of N1-40 is displayed in Figure 3.5. The SEM 

image in Figure 3.5a shows that N1-40 had an uneven hexagonal prism shape and was covered 

with GO sheets. Interestingly, these prismatic structures were built up from drum-shape crystal 

seeds. According to previously reported results, the precursors mixture was rapidly heated up to 

the boiling point of solvent using EG with a boiling point of approximately 193.7C under 

microwave conditions where nucleation took place. The nucleation process was accelerated to 

form abundant crystal nuclei or crystal seeds. Owing to favorable conditions, crystal growth 

occurred nearly simultaneously with the nucleation process and resulted in irregularly sized 

particles [74]. In this work, the grain growth underwent two stages: (i) drum-shaped seeds grew 

isotropically until reaching 60 – 70 nm in diameter and were self-assembled into prism-like 

particles, after which (ii) the particles grew along the c-axis. Eventually, the photocatalysts 

contained prism-like structure particles with similar diameter but different length. All of the 

randomly sized crystal seeds were covered with GO. A detailed view of the GO planes revealed 

a uniform distribution of regular TiO2 nanoparticles and Ni metal nanoparticles (Figure 3.5b). 

TiO2 and Ni were distinguishable based on the contrast of the TEM images where TiO2 is shown 

as light spots and Ni as dark spots [99]. The high magnification of the TEM images and the 

corresponding FFT in Figure 3.5 (d-g) confirmed the presence of three crystalline phases in the 

composite: anatase (lattice spacing 0.24 nm for (1 0 3) plane), rutile (lattice spacing 0.32 nm for 

(1 1 0) plane) and nickel metal (lattice spacing 0.20 nm for (1 1 1) plane). No trace of NiTiO3 

was identified even in the SEM and TEM images, suggesting that NiTiO3, proved by Raman 

measurement, has negligible crystallinity.  
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Figure 3.4. Morphology and surface characteristic (inset of b-f) via FE-SEM images of TiO2, 

and N1-i catalysts. 
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Figure 3.5. (a) FE-SEM images of prism-like particles formed from drum-shape-like seeds and 

graphene oxide (GO) layers and (b-d) details of seeds by HR-TEM images, which correspond 

to the enlarged yellow box from the preceding photograph over N1-50. (e-f) show the 

corresponding FFT patterns of (d). Note that (b) presents the structure of drum-shape-like seeds 

separately and is not related to the prismatic particle of (a). 

 

In Figure 3.6a, N2 adsorption-desorption isotherms of N1-i samples showed a type IV 

isotherm representing mesopores with capillary space between parallel plates or open slit shaped 

capillaries. TiO2, N1-0, N1-5 and N1-10 exhibited H3-type hysteresis loop characterized as 

meso- and macro-porous materials, whereas N1-40 and N1-50 showed a mixture of type H2 and 
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H3 with additional narrow and wide sections as well as interconnecting channels of pores 

(IUPAC classification) [100-103]. The pore size distributions exhibited a wide range of 

mesopores around 4 nm, in which the pore volumes of N1-40 and N1-50 were significantly higher 

than those of N1-5 and N1-10. Irrespective of the GO loading, the measured Brunauer–Emmett–

Teller (BET) specific surface area (SSA) was enhanced to a maximum of 181 m2/g at 40 wt% of 

Ni and dropped to 157 m2/g at 50 wt% of Ni (Table 3.1). In comparison with N1-5, N1-10 had 

more mesopores and a larger micropore volume (pores with diameter less than 2nm) (as shown 

in Figure 3.6b). Thus, N1-10 had large SSA nearly equal to that of N1-50. In addition, the trend 

in pore volume along with Ni content was similar to that in SSA. N1-40 showed the highest value 

for pore volume (0.196 cm3/g). 

 

Figure 3.6. (a) N2 adsorption-desorption isotherms and (b) Barrett-Joyner-Halenda (BJH) pore 

size distribution plots of pure TiO2 and N1-i catalysts. Inset of (b) is enlarge in the range of 1.8 

nm to 6 nm pore diameter. 
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Numerous studies have postulated both light absorption and migration of the light-

induced e-h as key factors for controlling photocatalyst reactions. The optical properties of N1-i 

catalysts were analyzed using UV-Vis spectroscopy, as shown in Figure 3.7a. The spectra 

showed a definite band edge in the visible region  ≥ 400 nm, which was attributed to photo-

excitation from the valence band to the conduction band, giving high potential for a photocatalyst 

reaction under visible irradiation and even under solar light. [13, 46, 104-106]. The optical 

absorption near the band edge was displayed using Tauc plots of (Ahν)2 versus photon energy, 

as shown in Figure 3.7b and Table 3.1. The obtained band gap (Eg) for N1-i catalysts narrowed 

with increasing Ni loading, which suggests that the optical properties were strongly dependent 

on the Ni content. The electronic properties of the samples were further investigated by PL 

spectroscopy. Figure 3.7c shows the PL spectra of pure TiO2, and N1-i catalysts under 473 nm 

excitation. TiO2-containing photocatalysts had visible luminescence bands centered at 541 nm 

associated with anatase phase. Near-infrared luminescence bands centered at 705 nm was due to 

the presence of rutile phase [107]. The band intensity were dramatically reduced with the 

presence of GO and along with the increase in Ni content, implying that the recombination rates 

were inhibited in the composites since GO and Ni could act as charge separators [108, 109]. 
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Figure 3.7. (a) UV-Vis spectra, (b) plots as transformed Tauc function versus energy of light 

and (c) PL spectra of TiO2 and N1-i catalysts. 
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Other researchers demonstrated that Ni played an important role in the formation of 

perovskite nanoparticles. According to Rodríguez-González et al. [7], the structure of NiTiO3 

appeared at a heat treatment temperature of 600C with 6 wt% of Ni. Otherwise, co-precipitation 

synthesis with up to 5 at % of Ni doping and annealing at hotter than 600C led to the formation 

of anatase and nickel titanate as major phases and a small amount of NiO appeared at lower 

annealing temperature (400-500C) [88]. In this study, the heat treatment was performed in a N2 

atmosphere to create a hypoxic environment atmosphere to suppress the combustion of GO. This 

process also unexpectedly induced difficulties in trying to form bulk NiTiO3 rather than pure 

nickel metal. As described above, nucleation and grain growth occurring in microwave-assisted 

reaction promoted drum-shape nuclei prism particles. In the subsequent heat treatment, two 

processes occurred: (i) the phase transformation of amorphous TiO2 to anatase and rutile and (ii) 

the formation of Ni nanoparticles deposited on the surface of GO sheets. Process (i) was well 

supported by the numerous studies in which the transformation of TiO2 was significantly 

dependent on the sintering temperature, implying that the higher the temperature, the higher the 

content of crystallite anatase and (or) rutile [110, 111]. Notwithstanding, process (ii) was more 

complicated. Basically, Ni species from the precursor were assumed to be deposited randomly 

on the surface of GO and react with Ti species, leading to the establishment of titanium–nickel–

glycolate complexes after reaction under microwave conditions [74]. Continuous heat treatment 

in a nitrogen atmosphere might induce the formation of TiO2, and the remaining bare Ni atoms 

were further redeposited to larger particles via Ostwald ripening phenomenon [112]. At the same 

time, the scarce oxygen existing in the complexes could be partially dedicated to form NiTiO3. 

However, the obstructed interaction of Ni-TiO2 and the microwave-assisted method led to more 

aggregation of Ni. Therefore, the sharp peaks with high intensity demonstrated that Ni particles 

were quite larger (crystallite size of approximately 41.3 nm to 42.6 nm) and had a higher 

crystallinity compared with TiO2. However, the existence of GO inhibited the further aggregation 

of Ni through the interaction between Ni and GO, resulting in similarly sized Ni particles even 

at high Ni content.  
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3.3.1.2. N2-i synthesized by two-step microwave-assisted method 

The characteristic data for the catalysts are listed in Table 3.2. X-ray diffraction patterns 

were monitored (Figure 3.8) to investigate the crystal structure of the N2-i materials. First, for 

all samples, a series of peaks at 25.3, 37.8, 48.1, 55.1, 62.8, 70.3, and 75.1 corresponding 

to (101), (004), (200), (211), (204), (220), and (215) planes, respectively, belong to the tetragonal 

anatase phase with an I41/amd space group (JCPDS 21-1272). Along with the anatase phase, a 

tetragonal rutile phase with a P42/mnm space group (JCPDS 21-1276) was also detected through 

a sequence of peaks at 27.4 (110), 36.1 (101), 41.3 (111), 54.1 (211), 56.7 (220), and 69.0 

(301). Moreover, XRD analysis was used to identify Ni metal with a face-center-cubic structure 

(JCPDS 04-0850), space group Fm3m, appearing at 44.5 (111), 51.8 (200) and 76.4 (220). 

While the peak intensities of the anatase TiO2 are inversely related to Ti content, the peak 

intensities for Ni metal are proportional to Ni content in the N2 materials, indicating the 

enhancement of Ni crystallinity. However, no trace of NiTiO3 (JCPDS 33-0960, space group R3̅) 

was found in the XRD patterns. This implies that NiTiO3 was well-dispersed on the GO-TiO2 

background or that it cannot be identified by XRD due to low crystallinity [113]. 

  



54 

 

Table 3.2. Summary of physicochemical properties of P25 and N2-i materials. 

Sample 

Nominal content 

(wt%) 

dA(101) 

(nm) a
 

dR(110) 

(nm) a 

dN(111) 

(nm) a 

E
g
 

(eV)b 

S
BET

 

(m²/g) 

c 

Pore 

volume 

(cm3/g) 

c
 

Pore 

size 

(Å) c Ni TiO2 GO 

TiO2 - - - 45.05 58.94 - 3.34 44.0 0.15 16.03 

N2-0 0 95 5 16.12 27.61 - 3.13 102.1 0.081 39.58 

N2-5 5 90 5 13.83 21.85 37.15 2.57 135.9 0.082 29.83 

N2-50 50 45 5 12.60 22.31 37.45 1.86 135.5 0.134 43.84 

 a Obtained from (1 0 1) diffraction of anatase (A), (110) diffraction of rutile (R) and (111) 

diffraction of nickel (N) phase in XRD patterns. 

b Band gap observed from Tauc plot of (Ah)2 vs. photon energy. 

c Determined by N2 adsorption-desorption measurements. 

 

 

Figure 3.8. XRD patterns of P25 and N2-i materials. 
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Figure 3.9 shows Raman spectra of N2-i materials. According to group theory, the 

tetrahedral anatase structure has six Raman active modes with two formula units per unit cell 

[114]. The Raman peaks of N2-5 recorded at 148.3, 198.1, 393.3, 513.4 and 634.9 cm-1 were 

assigned to Eg(1), Eg(2), B1g(1), B1g(2)+A1g and Eg(3) modes of the anatase TiO2 phase, respectively, 

and these results were consistent with the results from XRD patterns. In contrast, the 

characteristic Raman peaks for nickel titanate ilmenite structures appeared only in N2-50. Since 

crystals were grown under high purity N2 gas, Ni metal would be the main structure formed from 

Ni precursor, as observed by XRD. Ni2+ could also incorporate into the TiO2 lattice during 

synthesis process to form ilmenite NiTiO3. Previous studies showed that Ni at room temperature 

could also be easily oxidized to form a monolayer of NiO [115, 116], which came into contact 

with adjacent TiO2 nanoparticles to create NiTiO3 [113]. The NiTiO3 phase was too small to be 

detected by XRD, but could be identified using Raman spectroscopy due to the non-zero 

transition polarizability [117].  

Moreover, Raman spectra also indicated the partial transformation of GO to reduced 

graphene oxide (RGO) through a relative band intensity comparison of the disorder band caused 

by graphite edge defects (D band) and in-plane vibration of symmetric sp2 on a graphite lattice 

(G band) at approximately 1337.6 and 1579.0 cm-1, respectively [118]. For RGO, the intensity of 

the G band is lower than that of the D band, while the opposite is true for GO [89, 119]. The 

intensity ratio ID/IG was calculated to verify the reduction of GO, and the results are listed in 

Figure 3.9. ID/IG ratios for N2-0 and N2-5 were lower than 1, implying that most sheets were 

GO. The ratio increase observed for N2-50 suggested a decrease in the average size of sp2 

domains resulting from the transformation from GO to RGO [59, 89]. 
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Figure 3.9. Raman spectra of P25 and N2-i materials. 

 

FE-SEM was used to investigate the overall structure of the nano-sized materials (Figure 

3.10). Irregularly distributed nano-sized agglomerates were observed on the surfaces of all the 

materials (Figures 3.10 a and b), but the distribution of each element was clearly uniform, 

irrespective of Ni content as displayed in EDS mapping (see Supplementary materials, Figure 

3.11). Additional evidence for the existence of a NiTiO3 structure in N2-50 was further collected 

from TEM images. The results in Figures 3.10 c-f show that TiO2 and Ni nanoparticles deposit 

randomly onto the surface of GO sheets. For N2-5, nanoparticles denoted as anatase and rutile 

phases of TiO2 and Ni metal were observed (Figures 3.10 c and d), whereas the NiTiO3 phase 
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was additionally observed for N2-50 (Figures 3.10 e and f), which is consistent with the Raman 

spectra observations. 

 

Figure 3.10. FE-SEM images of (a) P25, (b) N2-0, (c) N2-5, (d) N2-50 and HR-TEM images 

of (e, f) N2-5, (g, h) N2-50. Inset of (h) is lattice spacing of nickel and nickel titanate. 
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Figure 3.11. Elemental distribution of N2-5 and N2-50 by FE-SEM. 
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X-Ray photoelectron spectroscopy (XPS) was applied for investigating the chemical 

state of Ti and Ni (Figure 3.12). Ti2p3/2 and Ti2p1/2 binding energies were observed at 459.0 eV 

and 464.7 eV, respectively, in sample N2-5. These values corresponded to octahedrally 

coordinated Ti4+. The spectra of the catalysts were very broad and slightly shifted to lower 

binding energies due to the presence of a peak at around 458.8 eV, which indicated the partial 

reduction from Ti4+ to a lower oxidation state Ti3+ [54, 120]. The positions of Ni 2p3/2 and Ni 

2p1/2 around 852.8 eV and 857.9 eV corresponded to Ni metal, whereas a multiplet-split of NiO 

appeared around 856.2 – 862.3 eV (Ni 2p3/2) and 873.4 – 878.0 eV (Ni 2p1/2). The presence of 

Ni2+ confirmed the incorporation of Ni into the TiO2 crystalline structure as well as the 

transformation to NiTiO3 [120-124].  

 

Figure 3.12. High resolution XPS spectra of (a, c) N2-5 and (b, d) N2-50. 

 

UV/Vis diffuse reflectance spectra of N2-i materials were collected (Figure 3.13). N2-i 

materials have low reflectance in the UV region but a strong absorption band shift toward the 
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visible range (  400 nm). These absorption bands increased with increased Ni content, implying 

that Ni loading changes the optical properties of the catalysts. The band gap was calculated to 

clarify the advantage of Ni incorporation based on the Tauc method presented in Figure 3.13b 

and Table 3.2. It is obvious that attachment with GO and loading higher Ni content led to a 

significantly narrower band gap. The existence of NiTiO3 simultaneously shifted the absorption 

band into the visible range and reduced the band gap [125]. 

 

Figure 3.13. (a) Diffuse reflectance spectra UV-Vis absorption spectra of P25 and N2-i 

materials and (b) Plot as transformed Tauc function versus energy of light. 
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3.3.2. Adsorption kinetics and photocatalytic degradation of Rhodamine B (RhB) 

The adsorption of contaminants onto the surface of a catalyst is an important factor that 

affects the photocatalyst performance. Figure 3.14 presents the adsorption – desorption 

equilibration of RhB in the dark for 90 min. The fast decrease in residual RhB concentration 

implies strong adsorption interaction between the surface of catalysts and pollutants. The value 

of qt (mg/gcatalyst) was calculated based on the Langmuir model according to Eq. (2) [68]: 

𝑞𝑡 =
(𝐶0−𝐶𝑡)×1000×𝑀𝑊×𝑉0

𝑚𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
 (2) 

Here, C0 and Ct (g/L) are the initial concentration and concentration at time t for the dye, 

respectively. MW = 479.02 g/mol is the molecular weight of dye. V0 (L) is the volume of the 

aqueous dye solution, and mcatalyst (g) is the mass of the catalyst. 

As shown, N1-0, N1-5 and N1-10 had low adsorption and reached equilibrium after 

approximately 30 minutes. The removal of RhB was different for each sample even at the same 

GO loading, which suggests that Ni also contributed to the adsorption process. Higher adsorbed 

quantities of RhB, qt, were observed for higher Ni content at any given time in all cases. 

Depending on Ni content, the adsorption ability of the catalysts varied over a high range (N1-5 

and N1-50 could remove about 11 mg/gcatalyst and 42 mg/gcatalyst of RhB, respectively), 

demonstrating the significant role of Ni in the occupation of adsorption active sites. 

 

Then Equation (3) was used to estimate the equilibrium adsorption capacity qe 

(mg/gcatalyst) and the adsorption rate constant kads (gcatalyst/mg.min) from the intercept and slope of 

the plot of (t/qt) against t, assuming pseudo-second-order adsorption kinetics with a correlation 

coefficient R2  0.98 [68]: 

𝑡

𝑞𝑡
=

1

𝑞𝑒
𝑡 +

1

𝑞𝑒
2𝑘𝑎𝑑𝑠

 (3) 

The data evaluated from the linear transform of (t/qt) versus time are presented in Figure 

3.14a. The inset of Figure 3.14a shows the adsorbed RhB amount per unit mass of different 
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adsorbents. Herein, the amount of remaining RhB was lower at higher Ni content. The 

experimental equilibrium adsorption amount (qt) of N1-0, N1-5, N1-10, N1-40 and N1-50 were 

27.2, 11.6, 26.6, 38.9 and 41.8 mg/gcatalyst after contacting time of 90 min, respectively. These 

values were similar to the calculated qe in Table 3.3. The results revealed that an appropriate 

amount of Ni helped to enhance SBET and thereby increase the catalysts’ adsorption ability. 

Figure 3.14b shows the good agreement between SSA and uptake RhB along with the Ni 

loading. Moreover, Raman spectra showed that the reduction degree of GO increased with 

increasing Ni content. This was one of the key factors to enhance the adsorption capacity in the 

removal of organic contaminants [126, 127]. 

 

Table 3.3. Adsorption abilities and photocatalytic activities of the N1-i in removal of RhB. 

 Adsorption kinetics  Photocatalytic kinetics 

 
qe 

(mg/gcatalyst)
a 

kads 103 

(gcatalyst/mg.min)a 
R2 a 

 k
app

  103 

(min-1)b 
R2 b 

TiO2 22.2 10.6 0.981  0.196 0.995 

N1-0 30.1 8.59 0.999  0.150 0.983 

N1-5 12.3 19.2 0.995  0.096 0.923 

N1-10 29.0 3.31 0.981  0.465 0.963 

N1-40 45.4 1.47 0.999  3.71 0.992 

N1-50 45.3 3.13 0.999  4.12 0.999 

a Equilibrium adsorption capacity, pseudo second-order adsorption rate constant and 

corresponding correlation coefficient, estimated from the plot of 
𝑡

𝑞𝑡
=

1

𝑞𝑒
𝑡 +

1

𝑞𝑒
2𝑘𝑎𝑑𝑠

. 

b Apparent first-order reaction rate constant and corresponding correlation coefficient, 

evaluated from the slope of the plot ln(C/C0) = -kappt. 
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Figure 3.14. (a) Second-order kinetic plots of Rhodamine B removal by adsorption and (b) 

relationship between quantities of RhB adsorbed (circle), BET surface area (triangle) and Ni 

concentration. Inset of (a) shows the effect of Ni content on the dye adsorption. 
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After adsorption in the dark for 90 min, the light sources were switched on to promote 

further photocatalytic reactions. The RhB degradation experiments were conducted in water 

under simulated visible light to assess the photocatalytic activity of the materials. Figure 3.15a 

shows the remaining RhB concentrations of the aqueous solutions as a function of reaction time. 

Then kinetic models were developed to describe zero-, first- and second-order degradation 

reactions from the generic model of Equation (4) [128]: 

𝑟 = −
𝑑𝐶𝑡

𝑑𝑡
= 𝑘𝐶𝑡

𝑥 (4) 

Where r is the rate of reaction, dCt/dt the rate at which the concentration of reactant is 

changing with time, k the reaction rate constant and x the order of reaction. The reaction rate 

constants were determined from the best fit line, in this case, the apparent first-order plot 

described in Equation (5) [129, 130]: 

ln
𝐶𝑡

𝐶0
= −𝑘𝑎𝑝𝑝𝑡 (5) 

Figure 3.15b and Table 3.3 show the plots of ln(Ct/C0) versus irradiation time and kapp 

observed from the slopes, respectively. In Table 3.3, kapp increased significantly with increasing 

Ni content, implying that the activity of the catalyst was strongly dependent on the presence of 

Ni. Herein, the doped Ni acted as a scavenger for photoinduced electrons, accelerated the charge 

transfer, and therefore inhibited the recombination rate of electron-hole pairs [131]. Furthermore, 

Liu et al. also mentioned the effect of nickel nanoparticles since Ni was an electron acceptor site 

from the conduction band of TiO2, narrowing the general band gap of the composites [99]. The 

incorporated Ni and GO shifted the absorption band toward the visible region by reducing the 

energy gap between the valance band and the conduction band. Figure 3.15c displays a great 

leap of band gap between N1-10 and N1-40, indicating the strong dependence of both optical 

properties and photocatalytic activity on Ni content. Moreover, the formation of a small amount 

of NiTiO3 at high Ni content (as proven by Raman spectra and FTIR) with a narrow band gap of 

about 2.51 eV, could improve the photocatalytic activity under visible light irradiation [74, 75, 

121]. Even though NiTiO3 has unfavorable adsorption properties due to low SSA and inhibit 
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adsorption process of materials, the partial formation of NiTiO3 structure accelerated the 

photocatalytic reaction rate by making the band gap closer to maximum wavelength of the light 

sources (max = 545 nm). In this study, N1-40 and N1-50 were better catalysts under visible light 

irradiation due to the partial formation of NiTiO3 and high SSA.  

 

Table 3.4. Adsorption abilities and photocatalytic activities of the N2-i in removal of RhB. 

Sample qe (mg/gcatalyst)
a 

kapp × 103
 (min-1)b

 

UV Vis 

TiO2 39.49 29.3 8.3 

NTG-0 45.91 4.4 4.0 

NTG-5 34.12 6.3 5.0 

NTG-50 73.15 12.4 22.8 

a Pseudo-second-order evaluated from the slope of the plot 
𝑡

𝑞𝑡
= 𝑓(𝑡) (Eqn. 2). 

b Apparent first-order reaction rate constant under UV and visible-irradiation, evaluated from 

the slope of the plot 𝑙𝑛
𝐶

𝐶0
= −𝑘𝑎𝑝𝑝𝑡. 
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Figure 3.15. (a) Photo-decolorization of RhB by time under visible light illuminated on N1-i, 

(b) apparent first-order kinetics of photocatalytic degradation of RhB over N1-i composites and 

(c) effect of nickel on photo-sensitivity and photo-activity of catalysts. 
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Figure 3.16.  Photodegradation of RhB by (a) UV and (b) visible-irradiation over N2-i. 

 

In another story, removal efficiency of RhB over the N2-i materials was performed under 

UV or visible irradiation, and the results were recorded in Table 3.4 and Figures 3.16 and 3.17. 

Incorporation of GO and Ni with TiO2 showed good results. Overall, N2-5 showed not only a 

low adsorption capacity, but also poor photocatalytic activity, resulting in the removal of 45.6% 

(UV) and 37.4% RhB (Visible) after a reaction time of 120 min, while N2-50 removed 69.4% 

(UV) and 91.2% (Visible). Under UV and visible-irradiation, approximately 31.2% and 32.7% 

of RhB degraded in the presence of N2-0, respectively. When shifting to the visible range, the 

activity of the catalyst changed significantly. Herein, N2-50 was the best photocatalyst under 

visible irradiation, resulting in much more RhB removal than either N2-0 or N2-5. 
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Figure 3.17. Apparent first-order reaction rate constant for photodegradation of RhB under (a) 

UV and (b) visible-irradiation. 

 

The significant increase in photocatalytic activity of N2-50 can be explained by the 

presence of NiTiO3 in the materials. The formation of NiTiO3 has been shown to have great 

potential for use in photocatalysis [75, 132]. At low Ni content, Ni loaded on the material was 

incorporated into the TiO2 structure or formed Ni metal, whereas in N2-50, highly Ni-loaded 

catalysts contained another catalytic phase, ilmenite NiTiO3, which is a well-known structure for 

visible-driven photocatalytic reactions. In the other hand, the hybridization of p orbital of GO 

and d orbital of metals Ni-TiO2 phases brought beneficially in charge transfer between them: 

metal sites could generate photoexcitation electrons while GO act as electrons acceptor and 
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transformer. The separation of e-h pairs reduce the recombination rate, thus accelerate 

photodegradation rate [133]. Therefore, under visible-irradiation, N2-50 showed much stronger 

activity due to the synergetic effect of the photocatalysis of NiTiO3 and high adsorption ability 

of GO.  

 

3.4. Conclusions 

In this study, composites materials composed of Ni, TiO2 and GO were successfully 

prepared by a facile, one-pot microwave method and 2 steps microwave method for the first time. 

The materials consisted mainly of anatase and partly of rutile TiO2 crystals covered with GO 

sheets. The incorporated Ni existed mainly in Ni metal and a small amount of NiTiO3 was formed 

only at high Ni content (N1-40, N1-50 and N2-50), which provided a favorable photocatalytic 

activity under visible light irradiation. More interestingly, using N2-i could prepare novel 

photocatalyst that removed over 91% of RhB from aqueous solution. GO played an important 

role as an adsorbent as well as a charge separator. The synergistic effect of the Ni-TiO2/GO 

composite photocatalysts demonstrated a promising potential for improving TiO2-based catalysts 

for use under visible irradiation.  Most importantly, the attendance of ilmenite NiTiO3 that 

provides beneficial for visible-driven photocatalytic reactions was proved.
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PART III –NICKEL TITANTANIUM TRIOXIDE AND ITS 

COMPOSITES IN VISIBLE-LIGHT PHOTOCATALYSIS 

Chapter 4. Optical and Structural Properties of Molybdenum-doped 

NiTiO3 Materials 

 

4.1. Introduction 

Among transition metals, molybdenum (Mo) was applied to extends the absorption edge 

and decreases the interfacial charge transfer resistance by retarding the e-/h+ recombination. Many 

researchers were used Mo dopant for modification optical and electrical properties of oxide 

semiconductors, and in some cases, it also brings exciting transitions. Such as, Štengl discovered 

Mo-TiO2 for enhancement of photocatalytic degradation of orange II in UV and visible regions, 

at the same time Mo caused the changes in morphology [134]; or Mo doped In2O3 could increase 

optical properties, charge carrier mobility and reduction in particle size as compared to original 

In2O3 [135]. Thus, the doped samples exhibited smaller crystallite size due to the limited in grain 

growth, show better absorption performance from the absorption spectra and restrict the 

recombination rate based on charge transfer mechanism. 

In this study, the transition metal ions Mo5+/Mo6+ served as n-type dopants of NiTiO3 

semiconductors, which were capable of modifying structural properties as well as the optical 

response of NiTiO3. For the sake of good response under visible light, Mo/NiTiO3 (MNT) 

samples were expected to enhance quantum effects and prolong the life times of excited electrons 

due to synergistic effects of the mixed components. We employed a modified Pechini method, a 

popular method of synthesizing multi-metal oxide materials, to prepare nanosized and single-

phase MNT samples with a high specific area and porosity. The aim of this paper was to prepare 

high purity MNT samples and investigate the influence of Mo doping on the structural and optical 

properties of MNT materials through diverse characterization methods. 
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4.2. Materials and analysis technologies 

4.2.1. Reagents 

During the course of our study, we used the following chemicals as purchased without 

further purification. 

• Nickel nitrate hexahydrate (NiNHH, Sigma-Aldrich Co.) 

• Titanium n-butoxide (TBOT, Sigma-Aldrich Co.) 

• Ammonium molybdate tetrahydrate (NH4)6Mo7O24.4H2O, Sigma-Aldrich, 

Kyuonggi, South Korea) 

• Citric acid monohydrate (C6H8O7.H2O, OCI Company Ltd.) 

• Anhydrous ethyl alcohol (C2H5OH 99.9%, Samchun Pure Chemical Company 

Ltd., South Korea) 

4.2.2. Preparation procedures 

To prepare 0.5 g of final product, 0.75 g of citric acid was mixed with 100 ml of ethyl 

alcohol and magnetically stirred for 15 mins. Afterwards, ammonium molybdate tetrahydrate 

was added. The liquid was continuously stirred for 30 mins until achieving a homogeneous 

mixture. Nickel nitrate hexahydrate and titanium n-butoxide were then respectively dissolved to 

the mixture. The transparent light green sol was mixed for an hour prior to being transferred to a 

Teflon-lined stainless-steel autoclave. After solvothermal treatment at 160 C for 6 hrs. (ramp 

2C/min), precipitates were collected via centrifugation and were washed several times with ethyl 

alcohol, followed by drying in air and calcination at 600 C for 5 hrs. (ramp 2C/min). The final 

products were denoted as MNT-x, where x is the molybdenum content (x = 0, 0.5, 1, 3, 5, 7, 10 

wt.%) over the total weight of Mo-doped NiTiO3. The content of precursors was calculated to 

balance the molar number of nickel and titanium as the ratio of 1:1. The nominal and actual 

content of mixed components in the final products can be seen in Table 4.1. 
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Table 4.1. Relative nominal and actual composition (calculated from EDS analysis) of Mo-doped 

NiTiO3. 

Sample name 

Nominal content 

(wt.%) 
Actual content (wt.%) 

Mo NiTiO3 Mo NiTiO3 

MNT-0 - 100 - 100 

MNT-0.5 0.5 99.5 0.41 99.59 

MNT-1 1 99 0.85 99.15 

MNT-3 3 97 2.32 97.69 

MNT-5 5 95 3.68 96.32 

MNT-7 7 93 5.20 94.84 

MNT-10 10 90 7.37 92.63 

 

4.2.3. Characterization techniques 

Morphologies of the MNT-x materials were investigated via field-emission scanning 

electron microscopy (FE-SEM, JSM-600F, JEOL, Japan) and high-resolution transmission 

electron microscopy (HR-TEM, JEM-2100F, JEOL, Japan). Samples were deposited onto 

carbon-coated Cu grids. Crystalline structures were determined via X-ray diffraction (XRD, 

Rigaku D/MAZX 2500V/PC high-power diffractometer, Japan) with a Cu K X-ray source 

(wavelength  = 1.5415 Å, scanning rate 2° (2) min-1). Raman spectra were obtained with a 

DXR Raman microscope (ThermoFisher Scientific, USA) under 533 nm laser excitation. 

Functional groups of the catalysts were verified via a Nicolet 380 Fourier transform infrared 

(FTIR) spectrometer (Thermo Electron Co., USA). UV-visible diffuse reflectance spectra (UV-

Vis-DRS) were collected with a SPECORD 210 Plus spectroscope (Analytik Jena, Germany). 

Photoluminescence (PL) measurements (Andor Technology, Ireland) were performed at room 

temperature with a 473 nm diode laser. The specific surface area and other porosity 

characteristics of MNT-x were measured via N2 adsorption isotherm processes using a 

Micromeritics ASAP 2020 instrument (USA). X-Ray photoelectron spectroscopy K-alpha (XPS, 
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ThermoFisher) was applied to measure the elemental composition empirical formula, chemical 

state and electronic state of the elements that exist within a material. 

4.3. Results and discussions 

4.3.1. Morphology and structural properties 

First, Mo-doped NiTiO3 material morphologies were analyzed via field emission 

scanning electron microscopy. Although not presented here, it was noticeable that oxide seeds 

grew irregularly and formed particles of random shapes and sizes in all cases. However, when 

closely looking at the particle surfaces, there were some uniform features inside the clusters. 

Figure 4.1 presents an overview of the MNT-x surfaces at high magnification. For all cases, 

regular micro-sized particles existed in the form of uneven fragment aggregates that were 

constructed from a uniform coalescence of nanoparticles with distinct grain boundaries between 

the particles. Up to a concentration of less than 1 wt. % of Mo doping did not influence the size 

of nanoparticles but rendered them more shape stable, as clearly seen in the SEM and TEM 

images. Interestingly, while increasing the Mo doping content up to 10 wt.%, the size of the 

coalesced nanoparticles decreased from 80-120 nm to less than 20 nm. This size reduction 

phenomenon will be discussed more in depth later. 

Crystalline phases of the Mo-doped NiTiO3 materials were determined from X-ray 

diffraction patterns, as shown in Figure 4.2. When comparing PDF databases, the nickel 

titanium oxide phase – NiTiO3 (JCPDS card no. 33-0960, space group R3̅, trigonal crystal 

system) was detected in all samples. No diffraction lines attributed to Mo containing phases 

were observed, implying that Mo was substituted the cations in the lattice without changing 

the original crystal structure [134]. However, peak intensity is decreased with a higher Mo 

content reflected that the crystallinity has been affected by Mo. In the other hand, the 

broadening in characteristic peaks is related to the changing in crystallite size [80, 81]. Herein, 
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we applied the Debye-Scherrer equation to calculate the average crystallite size (d(104)) from 

signal information of the (1 0 4) diffraction plane (Table 6.2). This equation is given as follows: 

d(104) =
kλ

βcosθ
  

where the Scherrer constant k is assumed to be 0.94 for spherical crystals, λ = 0.15415 

nm is the incident X-ray wavelength, and β is the full width at half maximum (FWHM) of 

the (1 0 4) characteristic peak at 2 = 33.11. The calculated size of pure NiTiO3 is 84.09 nm 

(sample MNT-0), and the crystallite size are continuously reduced until only 24.88 nm for 

MNT-10, suggesting the increase in particle size with increment in Mo doping content. 

 

Table 4.2. Physical and optical properties of MNT-x materials. 

Sample 

name 

d(1 0 4) 

(nm)a 

SBET
 

(m2/g)b 

Vt 

(cm3/g)b 

L 

(nm)b 

Band gap 

(eV)c 

MNT-0 84.09 11.76 0.096 20.77 2.29 

MNT-0.5 78.02 26.21 0.114 15.02 2.58 

MNT-1 52.65 31.47 0.104 10.90 2.12 

MNT-3 43.30 48.86 0.143 9.221 2.19 

MNT-5 36.09 51.42 0.175 9.927 2.35 

MNT-7 32.74 65.38 0.176 7.973 2.54 

MNT-10 24.88 77.23 0.181 7.257 2.57 

a Calculated average crystalline size d obtained based on (1 0 4) diffraction of the ilmenite 

phase via the Debye–Scherrer equation. 

b Specific surface area, pore volume, and average pore sizes determined via N2 adsorption-

desorption isotherm measurements. 

c Estimated from the Tauc plot (Ah)1/2 vs Eg. 
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Figure 4.1. FE-SEM surface images of (a) MNT-0, (b) MNT-0.5, (c) MNT-1, (d) MNT-3, (e) 

MNT-5, (f) MNT-7, and (g) MNT-10. Inset shows HR-TEM images of the corresponding 

materials. 
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Figure 4.2. XRD patterns of doped and un-doped NiTiO3. 

 

HR-TEM and fast Fourier transform (FFT) were effective methods to measure the 

distance between atomic planes. Through the atomic plane, we could determine the (h k l) 

index of a perspective plane and compare it with the XRD results. The images in Figure 4.3 

represent a clear lattice manifestation of crystalline particles from undoped MNT-0 and Mo-

doped MNT-1 and MNT-10 materials. From these images, FFT analysis results within the 

square area represented lattice distances of around 0.35 nm and 0.18 nm, corresponding to 

the (0 1 2) and (0 2 4) planes of a NiTiO3 ilmenite structure, respectively. These results were 

consistent with those obtained from XRD. 
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Figure 4.3. HR-TEM images of (a) MNT-0, (b) MNT-1, and (c) MNT-10. Inset shows 

corresponding FFT patterns of the selected square area. 
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Raman spectra of the MNT materials were also collected (Figure 4.4a). A series of 

peaks at 204, 239, 256, 302, 356, 406, 477, 492, 717, and 783 cm-1 corresponded to the 

rhombohedral structure of NiTiO3 [136-138]. The peak at 717 cm-1 was the highest frequency 

mode due to symmetric stretching of the MO6 octahedral [136]. According to the calculation 

performed by Ruiz Preciado, et al., the main peak (717 cm-1) could be assigned to ilmenite 

NiTiO3, whereas the peak at 623 cm-1 could be attributed to amorphous NiTiO3 [139]. The 

gradual increase in Mo content may have affected lattice bonding and structural defects, thus 

resulting in weaker Raman signal detection. In regard to doped materials with Mo 

concentrations higher than 1 wt.%, a new Mo-O-Mo asymmetric stretching mode peak 

appeared at 873 cm-1, confirming the presence of Mo within the materials [15]. There was a 

small signal for the terminal Mo=O stretching mode at 945 cm-1, which could be assigned to 

surface Mo species [140]. On the other hand, decreasing particle dimensions to the nanometer 

scale led to phonon confinement, therefore causing wavenumber shifting and Raman peak 

broadening [141-143].  

Fourier transform infrared (FTIR) spectra of the MNT-x samples can be seen in Figure 

4.4b. The major phase of NiTiO3 was identified in all the samples. The broad and complex 

vibration peaks at 559 cm-1 and 640 cm-1 were assigned to Ni-O stretch and Ti-O stretch 

vibrations of the NiTiO3 structure, respectively, and the sharp characteristic peak at 452 cm-

1 corresponded to the stretch vibration of Ti-O-Ni bonds [144, 145]. On the other hand, an 

indication of Mo was also determined through a small peak at 956 cm-1, whose intensity 

gradually increased when increasing the Mo concentration. The appearance of the Mo peak 

was due to symmetric stretching of the surface terminal Mo=O vibration band [5, 146, 147]. 

The vibrational modes of the asymmetric Mo=O stretch were IR inactive; thus, they could 

not be detected [148]. 
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Figure 4.4. (a) Raman and (b) FTIR spectra of prepared MNT-x materials. 

 

In this study, Mo doping led to the transition of a pore structure in pure NiTiO3. 

According to IUPAC convention, the adsorption isotherm curves of MNT materials are type 

V, which contain mesopores and possess a high energy of adsorption (Figure 4.5). MNT 

samples with higher Mo content, denoted as MNT-3, MNT-5, MNT-7, and MNT-10, 

possessed an H2 hysteresis loop, indicating that they had a narrow neck and wide body or 

“ink bottle” pores with network effects; whereas, MNT samples with lower Mo content, 

denoted as MNT-0, MNT-0.1, MNT-0.5, and MNT-1, were assigned as porous materials 

consisting of agglomerates on the basis of a type H1 hysteresis loop. In fact, materials 

exhibiting the H2 hysteresis loop contained a more complex pore structure compared to the 

H1 hysteresis loop [149]. As the Mo doping content increased, the transition from an H1 
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hysteresis loop to H2 demonstrated that porous structures were highly affected by the 

addition of Mo.  

 

Figure 4.5. N2 adsorption-desorption isotherms for the MNT-x samples. 
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According to the N2 adsorption-desorption isotherm analysis, the specific surface area 

calculated by the Brunauer–Emmett–Teller (SBET) method was gradually increased with Mo 

doping (Table 4.2). In the case of pure NiTiO3, other researchers reported SBET values in the 

range of 7 – 15 m2/g (three-dimensional shape) [86], 25-58 m2/g (two-dimensional shape) [75, 

121], 52 m2/g (one-dimensional shape) [75], or 3 - 27 m2/g (particles) [16, 17]. In this study, 

pure NiTiO3 prepared via modified Pechini methods featured a relatively low SBET of 11.76 

m2/g, with a pore volume of 0.096 cm3/g, and a pore dimension of 20.77 nm. However, the 

addition of Mo to NiTiO3 continuously increased SBET up to 77 m2/g (MNT-10), which could 

be explained due to a decrease in crystallite size as mentioned in the FE-SEM results. 

Accordingly, Mo doping played a role with regard to controlling the grain growth of MNT 

materials during the preparation process [15, 150]. 

 

4.3.2. Electrical and optical properties 

XPS studies were applied to investigate the chemical nature of the various oxides. From 

the survey results, it could be seen that the solid materials contained Ni, Ti, O, C, and Mo (Figure 

4.6a), among which C could be attributed to hydrocarbon contamination [136, 151]. For the 

chemical state of NiTiO3, high-resolution curves fitted to the XPS spectra revealed doublets in 

the binding energy at 854.7 eV and 872.5 eV, corresponding to the Ni2p3/2 and Ni2p1/2 states, 

respectively (Figure 4.6b) and in this case, broad satellite peaks at 861.8 eV and 879.5 eV were 

characteristic of Ni2+ [136]. The positions of Ti2p3/2 and Ti2p1/2 at 458.4 eV and 463.8 eV were 

assigned to the Ti4+ oxidation state; the binding energies at 456.6 eV and 462 eV corresponded 

to Ti3+ at a relatively lower level than Ti4+ (Figure 4.6c) [17]. The incorporation of Mo into the 

NiTiO3 lattice induced a slight shift in the binding energy of Ni2p and Ti2p, as shown in Figures 

4.7 (a-b); this shift phenomenon could be explained due to complicated interactions between the 

doped Mo component and the structured Ni, Ti, and O molecules [152]. Peak fitting for all the 
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MNT-x materials reported in Figure 4.8 could be used to approve the presence of Ni2+ and 

Ti3+/Ti4+ in the materials and hence confirm that the chemical states of Ni2p and Ti2p remained 

almost unchanged after modification; this can be used to thoroughly study the effects of Mo 

addition. Complex Mo3d spectra from the MNT materials were deconvoluted into multiple peaks. 

Three different states of Mo3d5/2, Mo6+, Mo5+, and Mo4+, were noticed to be 232.6 eV, 231.2 eV 

and 230.1 eV, respectively [153]. In Figure 4.8, all materials contained mixed oxidation states 

of Mo(IV), Mo(V), and Mo(VI), by which Mo(IV) accounted for only a negligible part. Zang, et 

al. suggested that a lower oxidation state of molybdenum could be detected with the presence of 

other metals (including Ni and Ti in this study) in the solid mixture [147]. Due to the complexity 

of the overlapping peaks, the shapes of the Mo3d XPS spectra were different for each sample 

(Figure 4.7 (c)). 

 

Figure 4.6. (a) Survey XPS patterns of MNT-x samples (ordered from bottom to top: x = 0, 0.1, 

0.5, 1, 3, 5, 10); (b-d) chemical state of Ti2p, Ni2p, and Mo3d of MNT-10 (black bubble: 

analysis value; red lines: cumulative fit curve; blue and cyan lines: identification peaks; green 

lines: satellite signals; black lines: baselines). 
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Figure 4.7. Core level spectra of (a) Ni2p, (b) Ti2p, and (c) Mo3d (ordered from bottom to top: 

x = 0, 0.5, 1, 3, 5, 7, 10). 

 

Molybdenum is an acidic transition metal that has been widely employed in the field of 

oxidation catalysts. Doping Mo into semiconductor lattices could modify its optical properties 

and enhance photon absorption. In some cases, their behavior was different from that of pristine 

materials [134, 151, 154]. In this study, undoped NiTiO3 (MNT-0) absorbed fewer photons and 

exhibited a near flat absorption line (Figure 4.9a). With an increase in Mo doping levels, the 

absorbance bands enlarged steadily within the UV range, with almost no response under visible 

irradiation. The enlargement in absorption spectra suggested a quantum enhancement effect of 

MNT materials due to Mo doping. Band gaps of the MNT materials were estimated via the Tauc 

plot (Ah)n vs Eg, where n was 1/2 for an indirect band gap; this plot is listed in Table 4.2. 

Particularly, with the Mo content in range of 1-3 wt.%, the band gap decreases from 2.29 eV 

(MNT-0) to 2.12 eV (MNT-1) and 2.19 eV (MNT-3). Less or more adding Mo into the structure 

result in increment of forbidden gap and thus affect to optical properties of materials. 
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Figure 4.8. Core level spectra of MNT-x (ordered from bottom to top: x = 0, 0.5, 1, 3, 5, 7; 

ordered from left to right: Ni2p, Ti2p and Mo3d; black bubble: analysis value; red lines: 

cumulative fit curves; blue, green and orange lines: identification peaks; gray lines: satellite 

signals; black lines: baselines). 
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Photoluminescence spectroscopy (PL) is a practical method for exploring the electronic 

structure of nanomaterials, the transfer of electron-hole pairs in semiconductors, and 

recombination rates. The PL emission spectra of MNT-x excited by a 473 nm diode laser can be 

seen in Figure 4.9b. There were two main peaks for the transitions between the range of 610-

828 nm, (peak A) and the range of 843-1000 nm (peak B). Spectral patterns for all the MNT-x 

materials were consistent with that of pure NiTiO3, which argued that the presence of Mo did not 

generate a new luminescence center [151]. The MNT-0 sample possessed the strongest PL 

intensity due to its naturally rapid recombination rate. Compared with that of pure NiTiO3, Mo 

doping led to broadening of the emission spectra and a reduction in relative intensity. According 

to Filho, et al., broadening of the emission spectra in the doped samples with an increase in 

doping concentration was due to the generation of impurity levels from Mo4d or oxygen vacancy 

states [155]. Furthermore, the PL emission intensity was directly related to the recombination 

rate by which a gradual reduction in the emitted luminescence intensity with Mo content implied 

a delay in excited electron-hole pair recombination [156].  

 

 

Figure 4.9. (a) Diffuse reflection spectra and (b) photoluminescence spectra of MNT-x 

catalysts. 
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4.3.3. The role of Mo doping in NiTiO3 

Mo(IV)/Mo(V)/Mo(VI) possess excess valence electrons compared to Ti(IV) and Ni(II). 

According to the first point of Goldschmidt’s rules of substitution, if two ions for substitution 

possessed ionic radii with a difference less than 15%, they could enter a solid solution for a given 

mineral. In this case, a cation possessing a higher charge would be preferentially incorporated. 

Therefore, Mo5+ (0.61 Å) and Mo6+ (0.59 Å) theoretically prefer to substitute at the Ti4+ (0.605 

Å) positions (type A and type D in Figure 4.10), whereas Mo4+ (0.65 Å) can substitute with Ni2+ 

(0.69 Å) or Ti3+ (0.67 Å) in the lattice due to small deviations in each radius. The third point in 

Goldschmidt’s rules noted that when two ions such as Mo6+ and Mo5+ possessed similar radii, the 

ion with a higher charge (Mo6+) would be easier to captured with regard to replacing Ni2+/Ti4+ 

sites, because it can form stronger ionic bonds (type C and type D). On the other hand, 

Ringwood’s rule mentioned that substitution may be limited by a difference in electronegativity, 

amid the cation possessing suitable charge and size. Since the electronegativity values of 42Mo, 

28Ni, and 22Ti were 2.16, 1.91, and 1.54, respectively, the alternative advantage belonged to Ni. 

This meant that Ni octahedral sites were preferable to Ti sites with regard to Mo replacement 

within the lattice. Consequently, both laws indicated that Mo4+/Mo5+/Mo6+ possessed a higher 

potential to replace the Ni2+ positions (type A and type B) in the lattice to form stronger ionic 

bonds as opposed to Ti4+ sites. Additionally, since Mo6+ salt was used as a precursor and Mo6+ 

yielded a limited reduction to Mo4+ during synthesis, Mo5+/Mo6+ appeared in the MNT materials 

at greater rate over Mo4+. However, competition between cations for substitution was 

complicated; thus, it was difficult to reach a clear conclusion. 
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Figure 4.10. Schematic of substitution of Mo(V) and Mo(VI) in the nickel titanate structure 

during doping led to lattice defects and stretching. 

 

Although Ni2+ sites were preferentially taken during the substitution of Mo6+/Mo5+ into 

the lattice, such a large difference in charge would lead to defects within the structure. 

Considering the multi oxidation states of Mo as doping cations, we proposed possible defect 

states within the lattice in accordance with Kröger–Vink notation. The substitution equations 

were simplified by skipping the effects of low content cations such as Ti3+ and Mo4+ due to a 

reduced ability with regard to substitute competition. Herein, Mo6+/Mo5+ occupied Ni2+/Ti4+ sites 

within the NiTiO3 structure, giving rise to extra positive charges in the metal sites and free 

electrons through the following defect Equations (1-4): 

MoO3 (Doped Mo6+) ↔ MoNi
•••• + 2OO +

1

2
O2 + 4e−  (1) 

MoO5/2 (Doped Mo5+) ↔ MoNi
••• +2OO +

1

2
O2 + 3e−    (2) 

MoO3 (Doped Mo6+) ↔ MoTi
•• + 2OO +

1

2
O2 + 2e−  (3) 

MoO5/2 (Doped Mo5+) ↔ MoTi
• + 2OO +

1

2
O2 + 1e−  (4) 

The alternative to a metal deficient oxide NiTiO3 created metal vacancies is as follows: 

MoO3 (Doped Mo6+) ↔ MoNi
•••• + 4OO + 4VNi

′′   (5) 

MoO5/2 (Doped Mo5+) ↔ MoNi
••• +3OO + 3VNi

′′   (6) 
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2MoO3 (Doped Mo6+) ↔ 2MoTi
•• + 6OO + VTi

′′′′  (7) 

2MoO5/2 (Doped Mo5+) ↔ 2MoTi
• +5OO +

1

2
VTi

′′′′  (8) 

where MoNi/MoTi are molybdenum ions at nickel/titanium lattice sites, OO is oxygen at 

anion sites, VNi/VTi are nickel/titanium vacancies, a dot (•) represents a positive charge, and a 

prime (′) represents a negative charge. On the other hand, the substitution of higher valance 

cations could be accompanied by oxygen vacancies (VO
••). The equations above proved that Mo 

doping of NiTiO3 lattices would result in structural defects, including metal vacancies and 

oxygen vacancies. At higher Mo content levels, more vacancies occurred, causing line defects 

and plane defects across the nanoparticles, gradually leading to broken particles and a reduction 

in nanocrystallite grain size in the MNT materials (Scheme 4.11) [157, 158]. 

 

Figure 4.11. The role of Mo dopants regarding the structural and optical properties of MNT 

catalysts. 
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Apart from the defects mentioned above, structural changes could also be affected by the 

synthetic methods. The modified Pechini method is known to be an effective polymerizable 

complex method to produce highly crystalline nanoparticles and has become popular with regard 

to multi-metal mixed oxide synthesis where the mobility of metal cations is reduced due to 

chelation with a complexation agent (citric acid) and then cross-linking to form a gel [159]. Metal 

cations were uniformly distributed within the gel structure [104]. Moreover, with regard to Mo 

doping of NiTiO3 lattices, the modified Pechini method generated interconnections between 

pores, followed by breaks in nanoparticles, resulting in grain size reductions in the MNT 

materials (outer process-like graphic in Scheme 4.11). Therefore, compared to the solid state 

route [16] or solvothermal method [86], MNT materials prepared via modified Pechini methods 

exhibited well-defined nanoparticles and high porosities, enhancing the structural properties of 

the materials.  

It was reported that NiTiO3 exhibited low quantum effects and a fast recombination rate 

[17]. Speaking more clearly, NiTiO3 is a near transparent material under irradiation, absorbing 

very little energy with most passing through the rest of the excitation photons. NiTiO3 possessed 

the strongest PL spectrum signal, implying that even if a small quantity of electrons in the valance 

band could be excited to the conduction band, their lifetimes would be very short by returning 

immediately back to excited electrons in the valance band. Based on the PL spectra results, we 

promoted a full description of electrical properties for the MNT materials, which can be seen in 

Scheme 4.11. In terms of energy levels, Mo dopants (Mo3d) and oxygen vacancies generated 

impurity states in the band structure. Excited electrons in the conduction band preferred to 

transfer to impurity states as opposed to returning to the valance band. In this way, electrons and 

holes were separated; hence, recombination processes in MNT materials were inhibited. With 

regard to structural substitutions, the incorporation of Mo into the NiTiO3 lattice structure 

induced multiple positions with a lack of negative charges in the lattice, which could be 

designated as charge centers (including MoNi, MoTi, and VO
••). Excited electrons would migrate 
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from structural Ni and structural Ti atoms to the charge centers, leaving positive holes in their 

original locations and thereby reaching a similar result with regard to a reduction in the 

recombination rate. 

 

4.4. Conclusions 

In this study, highly crystalline Mo-doped NiTiO3 materials were successfully 

synthesized via modified Pechini methods to enhance the properties of pure NiTiO3. Diverse 

characterization methods revealed good performance results with regard to its optical properties 

and porosity, which are beneficial to photocatalytic processes. MNT-10 exhibited the highest 

specific surface area of 77 m2/g, which was seven times higher than that of pure NiTiO3, yielding 

a high quantum efficiency and good separation of active electron-hole pairs. The role of Mo 

doped into NiTiO3 materials was to not only enhance optical properties by increasing absorption 

rates and inhibiting recombination processes, but to also create defects within the lattice structure, 

leading to a decrease in grain sizes and an improvement in porosity. 
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Chapter 5.Thermal Formation Effect of g-C3N4 Structure on the Visible 

Light Driven Photocatalysis of g-C3N4/NiTiO3 Z-scheme Photocatalysts 

 

5.1. Introduction 

Nickel titanium trioxide (NiTiO3) has been investigated for photocatalysis under visible-

light irradiation due to its direct band gap (ca. 2.1-2.9eV). NiTiO3 can be easily synthesized via 

wet methods (e.g., hydrothermal, solvothermal, microwave-assisted, or the Pechini method) [20, 

121, 160, 161]. However, NiTiO3 still has weak points as a photocatalyst, including its low 

adsorption ability and high recombination rate. One method used to overcome these drawbacks 

is incorporating NiTiO3 with carbon-based materials (e.g., graphene oxide, carbon nanotubes, 

carbon nitride) [16-18, 20, 136]. With special attention, graphitic carbon nitride (g-C3N4) can 

also be a good candidate to incorporate with NiTiO3 [162-164]. g-C3N4 is a semiconducting 

material that can be individually used as a visible light-driven photocatalyst [165]. The g-C3N4 

structure can be easily produced from nitrogen-rich chemical sources (e.g., urea, thiourea, 

cyanamide, dicyandiamide, and melamine) by a thermal polymerization process. 

Several researchers have investigated fabricating g-C3N4/NiTiO3 composite materials. 

Zeng et al. published a report on g-C3N4/NiTiO3 composite materials that have strong light 

adsorption and effective charge separation for water splitting [160]. Additionally, Wang et al. 

synthesized mesoporous g-C3N4/NiTiO3 composite materials and used them to remove 

nitrobenzene under visible-light irradiation. They showed good adsorption and photocatalytic 

activity and had a large surface area [18]. Despite the fabrication and photocatalytic application 

of these g-C3N4/NiTiO3 composite materials, none of the previous reports discussed the thermal 

polymerization of nitrogen-rich precursors to generate the g-C3N4 structure in the presence of 

NiTiO3. The interaction between these two components during the thermal polymerization 

process is also not understood. 
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In this study, we investigate the incorporation of NiTiO3 with g-C3N4 in order to fabricate 

a composite photocatalyst that improves both the adsorption ability and photocatalytic activity 

for the visible-light photodegradation of MB in aqueous media. The thermal polymerization 

process of dicyandiamide (DCDA) to g-C3N4 in the presence of NiTiO3 is studied to understand 

the effect of NiTiO3 on the formation of g-C3N4 layers from DCDA and to find the optimal 

thermal treatment temperature for fabricating g-C3N4/NiTiO3 composite (CNT) photocatalysts. 

 

5.2. Materials and analysis technologies 

5.2.1. Preparation of catalysts 

Herein, titanium (IV) n-butoxide Ti(OC4H9)4, and nickel (II) nitrate hexahydrate 

NiNO3.6H2O were used as starting reagents to fabricate NiTiO3 by the modified Pechini method. 

The procedure and characterization of NiTiO3 were described in another report [166]. Pure g-

C3N4 was produced by thermal treatment of dicyandiamide (DCDA) in air in a muffle furnace or 

in a tube furnace with nitrogen flow; these samples are denoted as CN[air] and CN[N2], 

respectively. 

The as-synthesized composite was produced by simply grinding crystallite NiTiO3 with 

DCDA in a mortar for 10min; the mass ratio between NiTiO3 and DCDA was fixed at 1:1. This 

mixture is denoted as as-CNT and was used to simulate the thermal treatment process in air or 

nitrogen by thermal gravimetric analysis (TGA) and derivative thermal gravimetric analysis 

(DTG). 

After mixing in a mortar and performing analysis via TGA-DTG, the as-synthesized 

sample was then transferred into a ceramic crucible reactor and heated to a different temperature. 

This was followed by washing with DI water, drying in air at 80C, and grinding into a powder. 

These samples are referred to as CNT[N2]T, where T = 400, 450, 500, or 550C. CNT[air]500, 

which was synthesized in air with the same procedure, was used for comparison. 

5.2.2. Characterization 
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Field-emission scanning electron microscopy (FE-SEM; JSM-600F) and high-resolution 

transmission electron microscopy (HR-TEM; JEM-2100F) were used to study the morphologies 

of photocatalysts. Samples were cast onto carbon-coated Cu grids before analysis. Crystalline 

structures were determined via X-ray diffraction (XRD) with a Rigaku D/MAZX 2500V/PC 

high-power diffractometer utilizing a Cu K X-ray source with a wavelength of 1.5415Å and a 

scanning rate of 2° (2) min-1. Functional groups of the catalysts were verified with a Nicolet 

380 Fourier transform infrared (FTIR) spectrometer (Thermo Scientific Nicolet iS5 with an 

adopted iD1 transmission accessory). The specific surface area and other porosity characteristics 

were measured via N2 adsorption isotherm processes using a Micromeritics ASAP 2020 

instrument. A Thermo Scientific K-Alpha X-ray photoelectron spectroscopy (XPS) system was 

applied to measure the elemental composition empirical formula, chemical state, and electronic 

state of the elements in a material. The absorbance of photons was investigated via UV-visible 

diffuse reflectance (UV-Vis-DRS; SPECORD 210 Plus spectroscope). The recombination rate 

of charges was measured by a Cary Eclipse fluorescence spectrophotometer (PL; Agilent 

Technologies) at room temperature with a 473nm diode laser.  

5.2.3. Photocatalysis reactions 

A methylene blue (MB; Sigma-Aldrich) aqueous solution with an initial concentration 

of 10mg/L was used as an organic dye contaminant. First, 10mg of catalyst was immersed in 

50mL of the MB solution with continuous stirring in the dark for 30min to reach the equilibrium 

adsorption. Subsequently, four surrounding visible-light sources (model GB22100(B)EX-D 

Eltime, 100W) were used to irradiate the reaction solution for 150min. The instantaneous 

concentration of MB solutions was determined using a UV-Vis absorbance microplate 

spectrophotometer (Spectra Max Plus 384) at max = 662 nm. 

 

5.3. Results and discussions 

5.3.1. Effect of the presence of NiTiO3 on the thermal polymerization of DCDA 
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The structure of g-C3N4 consists of condensed melon units. These units can be generated 

from nitrogen-rich source materials such as cyanamide, melamine, urea, and thiourea. In this 

study, we use dicyandiamide (DCDA) as a precursor to participate in the thermal polymeric 

condensation chain to generate melamine, melam, melem, melon, and finally g-C3N4 [167, 168]. 

First, the whole process is simulated and analyzed via TGA-DTG measurements at a heating rate 

of 10C/min; these results are displayed in Figure 5.1. All TGA profile curves clearly show 

similar patterns, indicating that the thermal condensation of DCDA follows the same steps. 

However, the last two weight loss steps (step 4 and step 5) occur earlier and faster in air 

(DCDA[air] in Figure 5.1A) than in N2 (DCDA[N2] in Figure 5.1A). These steps are assigned 

to the decomposition of carbon-containing compounds to form g-C3N4; this process is accelerated 

in air due to the involvement of combustion. Alternatively, for the as-synthesized composite 

samples, the condensation reactions of DCDA to melem (steps 1-3) are observed at the same 

temperature as those of pure DCDA. These steps are related to the chemical reactions of low–

molecular-weight compounds; DCDA melting occurs at around 209C, the condensation to 

melamine at 230C (step 1), the condensation to melam at 329C (step 2), and the conversion of 

melam into melem at 368C (step 3). Thereafter, the melem plays a role as a monomer for further 

polymeric reactions, where melon is generated at 444C for the composite materials and at 508C 

for DCDA only (step 4). Finally, g-C3N4 is formed between 468 and 512C for the composite 

materials and at 550C for DCDA only (step 5). Since the conditions for the thermal treatment 

process are unchanged, with the exception of the presence of NiTiO3, the shift of the thermal 

polymerization temperature in steps 4 and 5 for the as-CNT samples is ascribed to the presence 

of the NiTiO3 phase. Compared with the DCDA sample, the highly stable NiTiO3 phase behaves 

as a catalyst during the polymeric reactions to form g-C3N4. The details of this point will be 

discussed later in combination with the XPS data. 
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Figure 5.1. (a) Thermal treatment processes were simulated under air and N2 flows by TGA 

(top) and DTA (bottom) analyses for NiTiO3, DCDA, and the as-synthesized CNT composites 

and (b) the schematic of thermal condensation of dicyandiamide corresponds to steps 1-5, as 

shown in the TGA curves. 
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g-C3N4 produced under flowing N2 is more durable than g-C3N4 produced under flowing 

air due to the pure N2 environment and the lack of combustion during the thermal treatment 

process. Therefore, we fabricate the CNT composite photocatalysts under N2 flowing conditions 

in subsequent experiments. Based on our TGA-DTG data, the polymeric reactions to form g-

C3N4 occur between 400 and 550C. Therefore, CNT composites are fabricated under N2 flow at 

T = 400, 450, 500, and 550C to investigate the effect of thermal treatment temperature on the 

formation of g-C3N4 and the interaction between NiTiO3 and organic components. The 

morphologies of the CNT composite materials and each starting component are shown in Figure 

5.2 (see Supplementary Materials), respectively. The organic contents in the composites are 

presented in Table 5.1. NiTiO3 is composed of nanoparticles, which is consistent with the results 

reported previously, and this nanostructure is observed in all of the composite photocatalysts 

[166]. Conversely, pure g-C3N4 exhibits aggregates of layered structures with a flat, large-scale 

surface. As explained earlier, DCDA melts and then covers the NiTiO3 nanoparticles. The 

condensation of the low–molecular-weight compounds (melamine, melam, and melem) occurs 

at temperatures up to 400C, regardless of the NiTiO3 nanoparticles. Subsequently, a thick and 

large surface-layered structure forms in the CNT[N2]400 composite. When the treatment 

temperature increases, the NiTiO3 phase becomes involved in the polymeric reactions as a 

catalyst. In the presence of NiTiO3, the polymeric reactions take place at a temperature ca. 50C 

lower than when only DCDA is used; thus, CNT [N2]450 contains melons with an almost sheet-

like shape that align in the same direction as the NiTiO3 surface. CNT[N2]500 shows fish-scale-

like thin layers of g-C3N4 and NiTiO3. However, although pure g-C3N4 is stable up to 600-700C 

[169], the g-C3N4 in the CNT composite materials begins to decompose above 520C. Therefore, 

the morphology of CNT[N2]550, as observed from FE-SEM and HR-TEM images, shows NiTiO3 

nanoparticles with traces of leftover g-C3N4. For the CNT[air]500 sample, the decomposition of 

g-C3N4 occurs even faster under the O2-containing environment, and it is difficult to recognize 

the small fractions of graphitic sheets in the TEM images. N2 adsorption-desorption isotherm 
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analysis provides additional evidence for this explanation (Table 5.1). The surface areas (SBET) 

of the CNT[N2]T composite materials continuously increase up to T = 500C due to the thermal 

growth of the fish-scale-like g-C3N4 layers on the NiTiO3 surface; however, the surface area 

suddenly drops at T = 550C due to thermal decomposition. Alternatively, the CNT composite 

materials synthesized under air show significantly higher SBET values, indicating that smaller 

fragments of g-C3N4 are produced. 

 

Table 5.1. Composition and textural parameters of g-C3N4, NiTiO3, and their composites 

prepared under different conditions. 

Sample name 

Composition (wt%)a 

SBET
 (m2/g)b Vt (cm3/g) b L (nm) b 

Organic NiTiO3 

C3N4[air] - - 13.02 0.035 11.61 

C3N4[N2] - - 12.33 0.023 11.26 

NiTiO3 - - 11.76 0.096 20.77 

CNT[N2]400 28.64 69.09 13.82 0.021 5.92 

CNT[N2]450 31.68 65.11 16.62 0.040 9.33 

CNT[N2]500 4.428 72.68 29.51 0.056 6.82 

CNT[N2]550 5.73 92.81 17.28 0.085 14.90 

CNT[air]500 16.35 81.53 39.85 0.098 10.16 

a The organic content was estimated based on the weight loss of TGA curves. 

b BET surface area, pore volume and pore size of materials. 
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Figure 5.2. FE-SEM images of (a) C3N4[air], (b) C3N4[N2], (c) NiTiO3, (d) CNT[air]500, and 

(e-h) CNT[N2]T (T = 400, 450, 500, and 550℃ correspond to e, f, g, and h, respectively). Insets 

are corresponding HR-TEM images. 
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Figure 5.3 displays the X-ray diffraction (XRD) patterns of the CNT composite 

materials and their individual components. The C3N4[N2] XRD pattern shows a strong 

characteristic peak at 2 = 27.07, which represents the stacking of the conjugated - system in 

the aromatic units of graphitic carbon nitride. This matches the (0 0 2) diffraction plane and 

indicates a d-spacing d(002) = 0.329nm, which corresponds to the distance between layers. The 

small peak at 2 = 13.08 of the (1 0 0) plane is assigned to the structural packing motif, and the 

interlayer d-spacing d(100) = 0.676nm [169]. The XRD pattern of C3N4[air] is similar to that of 

C3N4[N2], except for some shifting in peak positions and varying sharpness in peak intensities. 

The (0 0 2) peak shifts toward a higher angle, reflecting the narrowing of the gap between layers, 

whereas the (1 0 0) diffraction signal shifts to a lower angle, which indicates the increase in 

interlayer d-spacing [170, 171]. The d-spacing values of the (1 0 0) and (0 0 2) diffraction planes 

for C3N4[air] are calculated to be 0.694nm and 0.322nm, respectively. The broader and lower 

intensity of the (0 0 2) peak (and vice versa for the (1 0 0) peak) indicate a smaller number of 

condensed layers and shorter-range order along the sheets in the atomic arrangements [172]. 

Alternatively, the CNT composite photocatalysts are identified to contain the NiTO3 ilmenite 

phase (JCPDS card no. 33-0950). This phase shows no shift in peak positions and no additional 

phases. The characteristic XRD peaks of NiTiO3 are listed at 23.96, 32.95, 35.54, 40.70, 

49.31, 53.85, 57.33, 62.31, 63.96, and 71.66, corresponding to the (0 1 2), (1 0 4), (1 1 0), 

(1 1 �̅�), (0 2 4), (1 1 �̅�), (0 1 8) (1 2 �̅�), (3 0 0), and (1 0 10) planes, respectively. The narrow and 

sharp peaks observed for the NiTiO3 phase represent high crystallinity, regardless of the high-

temperature treatments. The characteristic XRD peaks for C3N4 are difficult to recognize due to 

the relatively low intensity (Table 5.1) [173]. The XRD patterns for the NiTiO3 phase in the 

composite photocatalysts do not depend on the environmental treatment; however, the 

crystallinity does decrease continuously as the thermal treatment temperature increases. 
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Figure 5.3. XRD patterns of (A) C3N4[air], (B) C3N4[N2], (C) NiTiO3, (D) CNT[air]500, and 

(E-H) CNT[N2]T (T = 400, 450, 500, and 550℃ correspond to E, F, G, and H, respectively). 

 

FTIR spectra of the CNT[N2]T composite photocatalysts and C3N4[N2] are obtained to 

understand the interaction between g-C3N4 and NiTiO3; this is done by measuring the vibrations 

of their functional groups (Figure 5.4). Peaks corresponding to Ni-O, Ti-O, and Ni-O-Ti 

vibrations appear below 700cm-1, as noted by the orange-colored lines in the graph [166]. The 

blue ticks in the range of 1200-1650cm-1 correspond to the typical stretching modes of carbon 

nitride aromatic rings [174]. The bands at 1241 cm-1, 1323cm-1, and 1410cm-1 are assigned to the 

vibration modes of aromatic C-N in the structure. Peaks at 1564cm-1 and 1642cm-1 correspond to 

C=N stretching in the tri-s-triazine ring in the g-C3N4 structure. The sharp band at 807cm-1 is 

attributed to out-of-plane bending of s-triazine units and can be considered as a main peak 

representing the existence of g-C3N4. At T = 400C, the characteristic peaks related to g-C3N4 

are unclear and have low intensity relative to the two adjacent peaks from the NiTiO3 phase (i.e., 

the peaks at 794cm-1 and 807cm-1). This indicates that the tri-s-triazine ring structure in g-C3N4 
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is not fully developed at this temperature. Even at T = 450C, the peaks become sharper and 

stronger, but the peak positions of the C-N and C=N stretching vibrations are not the same as 

those in g-C3N4. The peaks at 1606cm-1, 1469cm-1, and 1304cm-1 are assigned to the melem 

structure [175]. This result is in a good agreement with the TGA-DTG data of the as-synthesized 

CNT samples and the SEM images of the CNT composite photocatalysts. However, in the 

CNT[N2]500, the FTIR peak positions are the same as those of C3N4[N2], which implies full 

development of the g-C3N4 structure. Therefore, we determined that T = 500C is the most 

suitable thermal treatment temperature for the fabrication of CNT composite photocatalysts. This 

is based on the finding that g-C3N4 is not well-formed at a temperature lower than 500ºC and 

decomposes at T = 550C. Even though the vibrations of the functional groups in the FTIR 

spectrum of the CNT[N2]550 composite are not significantly changed (Figure 5.4e), the TEM 

images display small fractions of the layered structures in Figure 5.2. 

 

Figure 5.4. FTIR spectra of (A) C3N4[N2] and (B-E) CNT[N2]T (T = 400, 450, 500, and 550℃ 

correspond to B, C, D and E, respectively). 
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XPS analysis is employed to investigate the chemical states of NiTiO3, g-C3N4, and their 

composite photocatalysts under different conditions. The XPS survey spectra of all samples are 

presented in Figure 5.5a, and Figure 5.5(b-e) show the XPS data of the main elements in 

CNT[N2]500. This sample is a typical composite photocatalyst containing both NiTiO3 and g-

C3N4; it was synthesized under suitable conditions. The chemical states of C1s demonstrate the 

existence of external carbon contaminants (283.9eV) and the C-(N)3 coordination (287.1eV) of 

the g-C3N4 structure [18, 167]. The minor peaks at 285.6eV and 288.9eV are assigned to the O-

C-O and O-C=O vibrations of oxygen-rich groups, respectively (Figure 5b). Core levels of the 

N1s signal can be deconvoluted to three contributions (i.e., 397.6eV, 398.4eV, and 399.8eV), 

corresponding to N bound to C-N-C, C-N=C, and N-(C)3 groups, respectively [176, 177]. In 

Figure 5.6, the binding energies of C1s and N1s of the other composite samples are also 

presented. CNT[air]500 and CNT[N2]550 contain large amounts of C-C contaminants (at 

283.9eV) due to decomposition. The intensities of O-C-O and O-C=O bonds are increased in the 

presence of the NiTiO3 phase and by the N2 flow treatment, suggesting that the oxygen atoms in 

the bonds can be dislocated from the lattice of NiTiO3. Meanwhile, Ni2p peaks can be 

distinguished from multiple signals, symbolizing the presence of Ni2p3/2 (854.7eV), Ni2p1/2 

(872.4eV), and their satellite at 860.7eV – 878.7eV. There is no difference in the center of the 

Ni2p peaks between the NiTiO3 only sample and the composite photocatalysts (Figure 5.7). The 

Ti2p spectra show the appearance of Ti4+ and Ti3+ cations, which is in good agreement with 

previous results [166]. In addition, the peaks appearing at 456.0eV and 460.9eV in the spectra 

are due to the electron transition from N to Ti atoms, which occurs widely in the range of 450C 

≤ T < 550C (Figure 5.5e and Figure 5.7) [178]. This is also confirmed by the appearance of a 

Ti-N peak at 396.6eV in the N1s spectrum (Figure 5.5c). The atomic percentages of Ti-N, Ti3+, 

and Ti4+ are calculated on the basis of the ratio of each peak area to the total area of Ti2p peaks; 

these results are shown in Figure 5.5f. From the calculation, the thermal treatment at 500C 

generates the highest proportion of Ti-N bonding, implying a strong interaction between NiTiO3 
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and g-C3N4. However, unsaturated Ti3+ ions seem to be reduced and transformed into saturated 

Ti4+ ions when a higher thermal treatment temperature is used.  

 

Figure 5.5. (a) XPS survey spectra of (A) C3N4[air], (B) C3N4[N2], (C) NiTiO3, (D) 

CNT[air]500, and (E-H) CNT[N2]T (T = 400, 450, 500, and 550C correspond to E, F, G, and 

H, respectively); (b-e) high-resolution XPS core level C1s, N1s, Ni2p, and Ti2p spectra of 

C3N4[N2], NiTiO3, CNT[N2]500; and (f) the dependence of atomic percentage of the Ti2p 

chemical state on thermal treatment temperature. 
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Figure 5.6. High resolution XPS core level spectra of C1s and N1s in C3N4[air] and the 

composite series. 
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Figure 5.7. High resolution XPS core level spectra of Ni2p and Ti2p in the composite series. 

 

Characterization techniques can be used to better understand the interaction between 

NiTiO3 and DCDA derivatives during the thermal polymerization process used to produce CNT 

composite photocatalysts. In this process, DCDA consecutively condenses to melamine, melam, 

melem, melon, and finally g-C3N4. The organic components in step 1, step 2, and step 3 displayed 

in Figure 5.1b are not disturbed by the NiTiO3 phase. Heating above 400C causes Ti atoms on 

the surface of the NiTiO3 phase to become more activated, and they attract the N atoms in the 

amide groups of melem to form the Ti-N bonds observed in the XPS data of N1s and Ti2p. In 

the same manner, melem attaches onto the NiTiO3 phase via Ti-N bonding; simultaneously, the 

polymeric condensation proceeds to melon and g-C3N4. Interestingly, the directional distribution 
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of organic compounds into Ti molecule sites leads to smaller g-C3N4 sheets, which adopt a fish-

scale-like morphology. As the size of the graphitic structure becomes smaller, the specific surface 

area increases. The conceptual structure of CNT[N2]500 is illustrated in Figure 5.8. 

 

Figure 5.8. A conceptual illustration of the CNT[N2]T composite photocatalyst. 

 

5.3.2. Optical properties of CNT composites 

The optical behavior of photocatalysts directly affects the photocatalytic reactions. To 

study the photon absorption ranges and the corresponding band gaps of the CNT composite 

materials, UV-visible spectra are obtained under ambient conditions (Figure 5.9a). The 

absorption edge of pure NiTiO3 is found to be g = 436nm, corresponding to the optical band gap 

Eg = 1240/g = 2.8eV. The band gaps obtained from the UV-visible measurements are plotted in 

Figure 5.9b. The band gaps of C3N4[N2] and C3N4[air] indicate that they have the potential to be 

used for visible light-driven photocatalysis. Combining g-C3N4 and NiTiO3 in the CNT[N2]500 

photocatalyst expands the absorption range to ca. 537nm with Eg = 2.23eV.  
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Figure 5.9. (a) UV-Vis spectra; (b) band gap energies and (c) room temperature 

photoluminescence (PL) emission spectra of C3N4[air], C3N4[N2], NiTiO3, CNT[air]500, and 

CNT[N2]T. 
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In photocatalysis, active species are created by the reaction of excited electrons and holes 

with oxygen and water molecules under appropriate reaction conditions. Since both NiTiO3 and 

g-C3N4 suffer from fast recombination rates, excited electrons can be quickly relaxed to their 

initial state in the VB, resulting in the high emission intensity of the photoluminescence (PL) 

spectrum with a corresponding excitation at 330nm (Figure 5.9c) [179]. Compared with pure 

materials, the CNT[N2]500 composite photocatalyst exhibits weaker emission but undergoes 

very little change in peak positions. This clearly demonstrates that, in the composite photocatalyst, 

the recombination process of the photogenerated electrons and holes is inhibited. This issue can 

also be explained by the Z-scheme charge transfer model; excited electrons migrate from NiTiO3 

to g-C3N4, and the holes generated in the VB of NiTiO3 remain [180]. In this way, the excited 

electrons and holes can be separated and participate in photocatalytic reactions to degrade organic 

contaminants, as opposed to recombining back to their initial states.  

 

5.3.3. Photocatalysis degradation of methylene blue 

We explore the photocatalytic activity of CNT composite photocatalysts and their 

components by analyzing their adsorption in a dark environment for 30min in order to obtain the 

saturation state, and the subsequent photodegradation of MB under visible-light irradiation 

(Figure 5.10 and Table 5.2). The MB adsorption kinetics data follow the pseudo-second-order 

model: 

𝑡

𝑞𝑡
=

1

𝑞𝑒
𝑡 +

1

𝑘𝑎𝑑𝑠𝑞𝑒
2 

Where qt is a MB amount adsorbed on catalyst surface (mg/g) at time t, qe is a MB amount 

adsorbed on catalyst surface (mg/g) at equilibrium, kads is the adsorption rate constant (g/mg.min) 

for the pseudo-second-order kinetics model. The values of qe and kads were determined by the 

linear regression method to fit t/qt vs t. 
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Table 5.2. Adsorption capacity qe, adsorption rate constant kads, apparent rate constant kapp and 

their corresponding R-square values of photocatalytic degradation of MB under visible 

irradiation. 

Sample name 

Dark adsorption Visible irradiation 

qe (mg/g) 
kads ×103 

(g/mg.min) 
R2  

k
app

103 

(min-1) 

R2  

C3N4[air] 61.35 13.63 0.996 3.51 0.985 

C3N4[N2] 62.50 25.63 0.999 4.37 0.983 

NiTiO3 66.23 11.18 0.998 3.41 0.992 

CNT[N2]400 60.75 6.89 0.995 5.14 0.999 

CNT[N2]450 64.68 10.91 0.978 5.53 0.995 

CNT[N2]500 71.02 63.54 0.999 7.92 0.984 

CNT[N2]550 57.77 16.03 0.998 5.45 0.996 

CNT[air]500 68.03 5.28 0.997 6.40 0.974 

 

CNT[N2]400 shows a lower adsorption capacity (qe) than C3N4 and NiTiO3, even though 

it has a higher surface area. This reduction in qe can be explained by the formation of melem at 

the treatment temperature; melem not only contains a lower adsorption capacity for MB, but it 

also covers the NiTiO3 phase, thereby blocking MB adsorption onto NiTiO3. The relationship 

between thermal treatment temperature and qe is plotted in Figure 5.10c, which looks like a 

volcano curve. The highest adsorption capacity belongs to CNT[N2]500, at qe = 72.02 mg/g, and 

the qe of CNT[N2]550 decreases with reduction of SBET. These phenomena strongly depend on 

the formation of g-C3N4. The T = 500C treatment is optimal to form g-C3N4, resulting in higher 

surface area and adsorption capacity. In addition, the qe of CNT[air]500 is lower than that of 

CNT[N2]500, even though it has a higher SBET. As mentioned before, CNT[air]500 contains small 

fractions of g-C3N4, due to the combustion reaction in the presence of oxygen, so that it has a 

lower adsorption capacity despite a higher SBET compared with CNT[N2]500. 



110 

 

 

Figure 5.10. Effects of NiTiO3, C3N4[N2], and CNT[N2]500 on the (a) adsorption and (b) 

photocatalytic degradation of a 10ppm MB solution under visible irradiation. (c) Adsorption 

quantity qe and apparent photocatalytic reaction rate constant kapp (first ordered) vs. thermal 

treatment temperature and (d) Z-scheme charge transfer model with the CNT photocatalyst. 

 

The photocatalytic performances of the photocatalysts during the photodegradation of 

MB under visible-light irradiation are compared by analyzing the apparent rate constants (kapp) 

obtained by fitting in the presence of NiTiO3, g-C3N4, and their composites. The rate constants 

of the CNT composite photocatalyst are higher than those of pure components, indicating the 

better photocatalytic performance of the CNT composite photocatalysts. Among the CNT 

composites, CNT[N2]500 shows the highest kapp value, which is similar to the observed 

adsorption behavior (Figure 5.10c). To understand the photocatalytic performance of the CNT 

composites, we adapt two plausible explanations: i) a suitable band gap for visible-light 

irradiation and ii) the Z-scheme charge transfer model. To exhibit high photocatalytic activity 

under visible-light irradiation, the CNT composite photocatalysts should have an appropriate 
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band gap where visible light can excite electrons and holes. In Figure 5.9b, it can be seen that 

the band gaps of all the CNT composites are compatible with visible-light irradiation. 

Photocatalysts used for dye photodegradation should also have the ability to separate charges in 

different phases, allowing oxidation and reduction to take place continuously in parallel. 

Although both NiTiO3 and g-C3N4 can be utilized as individual visible photocatalysts, combining 

them in the CNT composites is more suitable for generating active species, such as •O2
- and •OH, 

at the same time. This results in higher kapp values (Figure 5.10b and Table 5.2). The active 

species can be described by the following equations: 

 𝐎𝟐 + 𝐞− → •𝐎𝟐
−(1)  

 𝐇𝟐𝐎 + 𝐡+ → •𝐎𝐇 + 𝐇+(2) 

The connection of two semiconductors (e.g., NiTiO3 and g-C3N4) in the CNT composite 

photocatalysts can inhibit the recombination process and generate more active species for 

photocatalysis compared with using pure components. Liu et al. introduced two possible charge 

transfer models: the typical heterojunction model and the Z-scheme charge transfer model [180, 

181]. The CNT composite photocatalysts should follow the Z-scheme charge transfer model 

since the electrons can be excited to the conduction band (CB) of NiTiO3 and migrate to the 

valence band (VB) of g-C3N4, where they can be excited again [182-185]. The disparate CB and 

VB energies are estimated on the basis of the following equations: 

 𝐄𝐕𝐁 = 𝚾 − 𝐄𝐞 +
𝟏

𝟐
𝐄𝐠 (3) 

 𝐄𝐂𝐁 = 𝐄𝐕𝐁 − 𝐄𝐠(4) 

Here, 𝐄𝐕𝐁 , 𝐄𝐂𝐁  , X, and 𝐄𝐞 are the VB and CB edge potentials, Mulliken’s absolute 

electronegativity (defined by the geometric mean of the absolute electronegativity of the 

constituent atoms), and the energy of free electrons vs. hydrogen, respectively. 𝚾 values for 

NiTiO3 and g-C3N4 are calculated to be 5.79eV and 4.73eV, respectively, and 𝐄𝐞  is 

approximately 4.5eV [14, 33, 34]. A simplified calculation roughly estimates the VB and CB 

edge potentials to be 2.74eV and -0.16eV for NiTiO3 and 1.40eV and -1.06eV for C3N4[N2]. A 

schematic diagram for the Z-scheme charge transfer process in CNT[N2]500 is presented in 
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Figure 5.10d. Since the standard redox potentials E0 for OH-/•OH and O2/•O2
- are 2.29V and -

0.33V vs. NHE, respectively, active photogenerated electrons can be obtained in both NiTiO3 

and g-C3N4 phases in the composite photocatalyst [186]. Liu et al. also found that the active 

species produced during electron transfer in the Z-scheme model were superoxide anion radicals 

(•O2
-) in the g-C3N4 phase and hydroxyl radicals (•OH) in the VB of NiTiO3[18]. The active 

species play a significant role in the photocatalysis process. In this study, the coupling of two 

semiconductors (NiTiO3 and g-C3N4) in CNT[N2]500 can create a novel composite photocatalyst 

that has a narrower band gap (Eg = 2.23eV) and generates more active species, both of which 

play a significant role in the photocatalytic reactions. 

Alternatively, the highest kapp value of CNT[N2]500 is due to the optimal thermal 

polymerization to g-C3N4 at this temperature. Similar to the adsorption capacity, the 

photocatalytic activity of the CNT composite photocatalysts strongly depends on the purity of 

the g-C3N4 structure and the morphology of the composites. If the thermal polymeric reaction to 

g-C3N4 is incomplete or the composite photocatalyst is overheated, the CNT composite 

photocatalysts will contain organic derivatives. The presence of these derivatives can inhibit the 

photocatalytic reaction rate. 

5.4. Conclusions 

In summary, we fabricated g-C3N4/NiTiO3 (CNT) composite photocatalysts and 

investigated the interaction between the two components during the thermal polymerization 

process and the photocatalytic performances during the photodegradation of dyes. The presence 

of the NiTiO3 phase in the CNT composite photocatalysts accelerates the polymerization 

reactions from melem to g-C3N4 by catalyzing the formation of Ti-N bonds. As a result, the CNT 

composite photocatalysts are optimized by fabricating them under N2 flow with thermal treatment 

at T = 500C, which is a much lower temperature than what is used for pure g-C3N4. The 

CNT[N2]500 composite photocatalyst exhibits the highest photocatalytic activity during MB 

photodegradation under visible-light irradiation; this is the case because g-C3N4 is well-

developed over the CNT[N2]500 composite photocatalyst due to the good interaction between 

NiTiO3 and g-C3N4 at 500C. 
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Chapter 6.The Influence of g-C3N4 Precursors on the Interaction between g-

C3N4 and NiTiO3 in the Thermal Formation of g-C3N4/NiTiO3 Composite 

Materials 

 

6.1. Introduction 

The aim of this chapter is to understand the influence of different types of g-C3N4 

precursors on thermal formation of g-C3N4/ NiTiO3 composites and their properties. In addition, 

melamine, urea and thiourea were used as precursors to generate g-C3N4 and compared with 

DCDA used in the previous chapter [187]. The reaction pathways from different precursors to g-

C3N4 was expressed in Figure 6.1 [188]. Studies on the thermal polymerization of nitrogen-rich 

precursors have been published [189, 190].  DCDA, urea and thiourea are small molecules which 

react at high temperature to release gases (NH3, CO2, H2S, etc.), convert into an intermediate 

(melamine), and then condense to polymeric g-C3N4. Due to their difference in the chemical 

structures, the performances and properties of the prepared composites are significantly diverse. 

The presence of impurities including oxygen and sulfur in urea and thiourea plays a role in the 

formation of pristine g-C3N4 and g-C3N4/NiTiO3 composites. 
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Figure 6.1. The thermal polymerization paths of g-C3N4 over DCDA, melamine, urea 

and thiourea [188]. 

 

6.2. Materials and methods 

6.2.1. Preparation of C3N4 and their composites with NiTiO3 

The pristine g-C3N4 were synthesized with various precursors including dicyandiamide 

(DCDA), melamine, urea and thiourea (the chemical structures of these precursors are shown in 

Figure 6.2). Firstly, original white powder precursors were purchased from Sigma-Aldrich 

Korea (Geounggi, South Korea) and ground for 10 min in a mortar. We put the white powder on 

a crucible boat covered with aluminum foil containing poked holes and then placed the crucible 

boat in the middle of a tube furnace. N2 gas was purged through the tube for 30 minutes to remove 

all of the air inside before starting thermal treatment conducted at 550C for 4 hours (ramp rate 

= 10C/min). After the thermal treatment, the solid sample was taken outside at room temperature, 

ground again, washed with DI water – ethanol mixture, and finally dried at 80C overnight. The 
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pristine g-C3N4 samples were denoted as dC, mC, uC and tC, corresponding to the starting g-

C3N4 precursors, DCDA, melamine, urea and thiourea, respectively. 

 
 

  

DCDA Melamine Urea Thiourea 

Figure 6.2. Chemical structure of g-C3N4 precursors. 

 

The composites were produced through almost the same procedure with pristine g-C3N4 

except a step where NiTiO3 was added together into a crucible boat, and the procedure that the 

mixture was heated at 500C for 4 hours (ramp rate = 10C/min). The mass ratio between the 

precursors and NiTiO3 was fixed at 1:1, which is to the same as that in the previous chapter. The 

prepared composites are designated as dCNT, mCNT, uCNT and tCNT corresponding to DCDA, 

melamine, urea and thiourea, respectively.  

 

6.2.2. Characterization methods 

Field-emission scanning electron microscopy (FE-SEM; JSM-600F) and high-resolution 

transmission electron microscopy (HR-TEM; JEM-2100F) were used to study the morphologies 

of photocatalysts. Samples were cast onto carbon-coated Cu grids before analysis. Crystalline 

structures were determined via X-ray diffraction (XRD) with a Rigaku D/MAZX 2500V/PC 

high-power diffractometer utilizing a Cu K X-ray source with a wavelength of 1.5415Å and a 

scanning rate of 2° (2) min-1. Functional groups of the catalysts were verified with a Nicolet 

380 Fourier transform infrared (FTIR) spectrometer (Thermo Scientific Nicolet iS5 with an 

adopted iD1 transmission accessory). A Thermo Scientific K-Alpha X-ray photoelectron 



116 

 

spectroscopy (XPS) system was applied to measure the elemental composition empirical formula, 

chemical state, and electronic state of the elements in a material. The optical properties of the 

materials were studied by absorbance of photons via UV-visible diffuse reflectance (UV-Vis-

DRS; SPECORD 210 Plus spectroscope) and he recombination rate of charges by Cary Eclipse 

fluorescence spectrophotometer (PL; Agilent Technologies) at room temperature with a 473nm 

diode laser. The ultraviolet photoelectron spectroscopy (UPS; Thermo Fisher Scientific, model 

ESCALAB 250XI) obtained using a He(I) = 21.2eV light source at resolution of 0.02eV. 

 

6.3. Results and discussion 

Figure 6.3 shows XRD patterns of pristine g-C3N4 and their corresponding composites. 

As seen, the C3N4 in dC has clear graphitic structure with characteristic peaks at 13.10 and 

27.07 corresponding to the (100) and (002) diffraction planes, respectively. In contrast, uC 

contains amorphous C3N4 structure since its characteristic XRD peak is very broad. Based on the 

intensity of the characteristic XRD peak, the crystallinity of C3N4 decreases as follows: dC > mC 

> tC > uC. As can be seen in Figure 6.1, NH3 gas is the necessity for the formation of the 

melamine intermediate when polymerized from urea or thiourea precursor. Therefore, in the 

thermal formation process under N2 flow in a tubular furnace, the lack of NH3 gas for self-

supporting reaction causes the reduction in crystallinity of tC and uC since N2 gas flow partially 

drags NH3 gas outside. The Bragg’s equation was applied to calculate interlayer d-spacing and 

the distance between layers based on (100) and (002) peaks, which is presented in Table 6.1. The 

d-spacing of g-C3N4 sheets in dC and mC can be calculated whereas. in uC and tC, it is hard to 

find the diffraction peak of (100) plane due to low crystallinity. The peak of (002) plane was used 

to calculate distance between layers and an order of the values is tC > dC > mC. The peak of mC 

slightly shift toward higher diffraction angle determine that the structure is bared tensile stress 

and vice versa for tC, as compare with dC. In the case of the CNT composites, all of the samples 

clearly show characteristic peaks for ilmenite phase (JCPDS 33-0960) at 23.96, 32.95, 35.54, 
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40.70, 49.31, 53.85, 57.33, 62.31, 63.96, and 71.66, corresponding to the (0 1 2), (1 0 4), 

(1 1 0), (1 1 3̅), (0 2 4), (1 1 6̅), (0 1 8) (1 2 4̅), (3 0 0), and (1 0 10) planes, respectively. There 

is no shift in peak positions, indicating that the thermal formation process does not affect the 

NiTiO3 crystal structure. Based on the peak for (104) diffraction plane at 33.11 , and the Debye-

Scherrer’s equation, average NiTiO3 crystallite sizes can be calculated. The values are almost 

similar despite different g-C3N4 precursors, implying that NiTiO3 phase in the CNT composites 

are not affected by the g-C3N4 precursors. However, for all of the CNT composites, the 

characteristic XRD peaks for g-C3N4 are not detected at all.  

 

Figure 6.3. XRD patterns of C3N4 and their composites over different precursors. 
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Figure 6.4. FTIR spectra of catalysts derived from different precursors. 

 

Table 6.1. Structural parameters and band gaps of the prepared materials. 

Sample 
d-spacing (nm)a Crystallite size 

d(104) (nm) b 
Eg (eV) c 

(100) (002) 

dC 0.676 0.329 - 2.21 

mC 0.680 0.326 - 2.40 

uC - - - 1.99 

tC - 0.330 - 2.28 

dCNT - - 0.270 2.31 

mCNT - - 0.270 2.42 

uCNT - - 0.271 2.23 

tCNT - - 0.271 2.49 

a
 Lattice spacing calculated from (100) and (002) planes of XRD diffraction spectra by Bragg’s 

law n = 2d(hkl)sin. 

b Crystallite size of NiTiO3 phase from (104) diffraction plane observed from Debye-Scherrer’s 

equation d(104) =
kλ

βcosθ
 . 

c Estimated band gap from UV-Vis spectra where Eg = 
1240

𝜆
. 
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FTIR spectra were collected in order to investigate the functional groups present in C3N4, 

NiTiO3 and C3N4/NiTiO3 composites. As seen in Figure 6.4, the unique functional groups of g-

C3N4 structure was observed in dC, mC, uC and tC. The major signal at 807 cm-1 corresponds to 

breathing mode of s-triazine, which is most important characteristic peak of C3N4. Several peaks 

in the wavenumber range of 1200-1700 cm-1 represent the stretching vibration of aromatic rings. 

The peaks centered at 1241, 1323 and 1410 cm-1 are assigned for vibration of aromatic C-N. The 

C=N stretching in the tri-s-triazine ring produces signals at 1567 and 1642 cm-1. These 

characteristic peaks of C3N4 can be detected in dCNT and tCNT in a very small absorption 

intensity. In uCNT, the broad band within 1200-1700cm-1 implying that there are some C-N 

bonds in this sample, but it is not clear assignment for C3N4. Finally, no trace of C3N4 signals can 

be found in mCNT. In the other hand, all of the composites show clear signal of Ni-O, Ti-O, and 

Ni-O-Ti vibrations appear at 453, 561, 695cm-1 which is assigned for NiTiO3. 

The thermal stability and content of organic components in the CNT composite are also 

measured via TGA analysis (Figure 6.5a). Briefly, the TGA curves of dC, mC, uC and tC show 

the same pattern but different decomposition temperatures in decomposition process. dC and mC 

have a sharp DTG peak with a steep edge at higher temperatures, reflecting the higher thermal 

stability but faster decomposition at around 650-660C. DTG peaks of uC and tC appear at 

549.3C and 630.2C, respectively, with a broad peak width. The earlier decomposition of uC 

and tC could be due to low crystallinity of pristine g-C3N4. The decomposition temperatures 

increase as follows: uC < tC < mC < dC, which is inversely proportional to the crystallinity of 

pristine g-C3N4 structure. The presence of impurity elements such as oxygen or sulfur that 

weaken the structure and cause poor thermal stability even less than 600C. In this range, the 

high weight loss of uC and tC reveal that these samples contain a large amount of low molecular 

substances. The nonmetallic materials over different nitrogen-rich precursors are totally 

decomposed at temperature below 700C. 

 When compared with those of pristine g-C3N4, DTG curves of the CNT composites are 

completely different (Figure 6.5b). In general, the organic matter existing in each material are 
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rapidly decomposed at lower temperature than 600C but the trend in the DTG curve are different 

depending on the g-C3N4 precursors. uCNT shows a broad and small peak at 374C, which is 

consistent with very small content of C3N4 in uCNT and weak thermal stability of uC. mCNT 

also exhibits only one sharp peak at 428C, reflecting simple g-C3N4 structure. However, dCNT 

and tCNT show multiple decomposition steps: two steps at 450C and 489C for dCNT and three 

steps at 466C, 540C and 663C for tCNT, indicating that the carbon nitride precursors for 

dCNT and tCNT interact with NiTiO3 during the thermal formation process, and generate various 

g-C3N4 structures that decay at different decomposition temperatures in DTG curves. For dCNT, 

the decomposition with a major peak of 489C proceeds slowly from about 350C to 600C 

establish the firmness of C3N4 skeleton structure. Opposite, three separated decomposition steps 

in tCNT bring the message that C3N4 was not fully generated. Besides, it is necessary to compare 

the amount of each components in composites, the results are reported in table inset of Figure 

6.5b. Among the composites, dCNT has high concentration of 27.34 wt% of C3N4 and so the 

mixture of DCDA/NiTiO3 has great potential for creating g-C3N4/NiTiO3 under current thermal 

treatment conditions. The concentration of C3N4 in mCNT is 18.10 wt% but it decomposes at 

low temperature with single DTG peak suggested that C3N4 in this case could have weak skeleton 

structure despite of less impurities. tCNT has highest thermal stability of C3N4 (663C) but it can 

only generate 14.14 wt%. The low content of g-C3N4 in tCNT as well as the multi derived peak 

in DTG curve assign that if using thiourea to make composite, the demand of heat energy to 

complete thermal polymerization reactions is higher. Finally, it is hard to determine whether 

C3N4 or low molecular compound in uCNT when total organic fraction in this sample only 2.34 

wt%. Pristine uC also has low thermal stability, so it is reasonable to have similar results in uCNT. 
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Figure 6.5. TGA analysis of pristine C3N4 and composites. 
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In Figure 6.6, FE-SEM and HR-TEM images display the morphology of each material. 

mC and tC are thick and smooth layers on a large scale and look very similar to compact structure 

of dC in the previous chapter while uC shows wrinkle and fragile sheets with curved edges and 

large pores. Even though melamine is an intermediate in the formation of g-C3N4 structure, the 

morphology of mC is far different from uC. The unique structure of uC is due to more gas release 

during the thermal polymerization, causing ultrathin 2D sheets [190]. In the heating stage under 

N2 flow, urea condenses to the intermediate and release NH3, H2O, and CO2 at the same time. As 

a result, urea/thiourea forms thin porous layered C3N4 structure with low crystallinity at 500C. 

Although urea and thiourea differ from one atom, O or S in the chemical structures, gas emission 

in tC is less than uC, resulting in large dense thick layers of tC [189]. In the case of the CNT 

composites, the morphology depends on the precursors. For mCNT, g-C3N4 structure is located 

separately from NiTiO3 phase. There are segregated fragments with stacked layered structure 

deposited randomly on NiTiO3 nanoparticles, it is hard to find any interactive structure between 

the organic and inorganic components. In the other hand, the morphology of uCNT is similar to 

that of NiTiO3 itself since the organic content in uCNT is very low (2.34%). However, uCNT 

also contains g-C3N4 structure, which is also segregated from NiTiO3 phase. tCNT shows again 

the different morphology, a layered structure that encloses the metal oxide nanoparticles. The 

tCNT morphology is very similar to that of dCNT. The g-C3N4 structure covers the NiTiO3 

nanoparticles by the strong interaction between the precursor and NiTiO3. 
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Figure 6.6. FE-SEM images pristine C3N4 and composites. Insets are corresponded HR-TEM 

images. 

 

Figure 6.7 displays the XPS core level spectra to investigate surface composition and 

chemical state of C 1s and N 1s of g-C3N4 in the prepared materials. Briefly, there is no significant 

change in XPS data of C1s in the pristine C3N4. The C 1s spectra can be deconvoluted into four 
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peaks at 284.1, 285.5, 287.4 and 288.7 eV. The peaks at around 284.1 eV is assigned for C-C for 

adventitious carbon contaminants and defects containing sp2 hybridized carbon atoms in 

graphitic domains. The major peak at 287.4 eV is related to tertiary C-(N)3 coordination. The 

peaks at 285.5 and 288.7 eV are ascribed for C-NH2/C-S and sp2 bonded C in N-C=N/O-C=O. 

As compared to the pristine g-C3N4, the CNT composites reveal a serious change in relative peak 

area ratio. Based on the C1s spectra deconvolution, g-C3N4 structure in the CNT composites has 

less graphitic domains (C-(N)3 and N-C=N) than that of the pristine g-C3N4. In the case of N1s, 

the peaks at 397.6, 398.4 and 399.8 eV are characteristic of C-N-C, N-(C)3 and C-N=C bonds, 

respectively. An additional peak of Ti-N is found in dCNT and tCNT at around 396.6 eV, 

suggesting that N atoms play an important role in creating chemical bonds between the organic 

and inorganic components. 
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Figure 6.7. Peak area from fitted peaks of XPS core level spectra of C1s and N1s. 

 

The XPS data of Ti 2p, Ni 2p and O 1s are obtained from NiTiO3 phase (Figure 6.8). 

While characteristic peaks at 457.4 and 463.1 eV in Ti2p spectra correspond to Ti3+ state, peaks 

at 458.6 and 464.2 eV are assigned as Ti4+ state. For the dCNT and tCNT composites, additional 

peaks at 456.1 and 460.9 eV imply the interaction between Ti in NiTiO3 lattice and N in graphitic 

skeleton of g-C3N4 structure. The relative peak area ratios of Ti3+ to Ti4+ in dCNT and tCNT are 

lower than those in NiTiO3, uCNT and mCNT, indicating that the strong interaction between g-

C3N4 and NiTiO3 in dCNT and tCNT composites causes this difference. Ti3+ donor electrons and 
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converted to more stable Ti4+ state. In reverse, mCNT and uCNT show larger amount of Ti3+ than 

Ti4+ which is similar compared to NiTiO3. Meanwhile, there is no remarkable difference in Ni2p 

core level spectra of all the CNT composites, implying that Ni atoms have durable oxidation state 

and barely make any bonds with g-C3N4 structure. 

 

 

Figure 6.8. The XPS spectra presents oxidation state of elements belongs to the inorganic 

components and the notable appearance of sulfur in tCNT. 

 

The XPS data demonstrate that dCNT and tCNT create interconnections between NiTiO3 

and g-C3N4 structure whereas mCNT and uCNT do not have. Since the precursors involve at the 

beginning of the thermal polymerization process in the presence of NiTiO3, the polymeric 
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condensation of the precursors is strongly affected. In the case of DCDA, the chemical structure 

containing of the C≡N triple bond (two  bonds and one  bond) shows strong activity and makes 

it susceptible to be attacked. The  bonds in the precursor are intent to break down and make a 

single  bond with another DCDA molecule, finally forming g-C3N4 structure. The  bonds also 

attract Ti atoms in the NiTiO3 lattice and make a Ti-N bonding. In the case of thiourea, sulfur 

plays an important role. Sulfur locates in group VIA of periodic table with higher electron affinity 

than nitrogen and has higher reactivity in polymer reactions. Therefore, S atoms in thiourea are 

active and can link with Ti atoms in the NiTiO3 lattice. Although urea has oxygen which is very 

reactive in its structure, these oxygen atoms accompanied with other carbon tend to escape as 

gases under N2 flow, resulting in the thermal formation of a negligible amount of g-C3N4 structure 

in the uCNT composite. Melamine has the most stable aromatic ring structure among the 

precursors and prefers segregated formation of g-C3N4 structure to the interaction with NiTiO3 

lattice under the thermal formation condition. 

The schematic in Figure 6.9 illustrates the thermal polymerization process over g-

C3N4/NiTiO3 composites. As discussed above, dCNT and tCNT have strong interaction between 

g-C3N4 and NiTiO3 due to the highly reactive precursors. The reactivity of DCDA and thiourea 

molecules plays a decisive role in the formation of Ti-N and Ti-S bonding within the composites, 

respectively. However, melamine generates segregated g-C3N4 from NiTiO3 with no linking has 

been found. In another story, urea releases a large amount of oxygen-containing gas during 

thermal treatment that leads to low condensation to g-C3N4 in the composites. 
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Figure 6.9. Schematic of thermal polymerization process over g-C3N4/NiTiO3 composites. The 

blue octahedral structure represents for trigonal NiTiO3 ilmenite phase. 

 

The UV-Vis spectra are collected to study the optical properties of these materials, 

including absorption region and band gap calculation. The absorption peaks of all samples locate 
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in the UV range with a shoulder widened to the visible range (Figure 6.10). Therefore, the band 

gap estimated by 𝐸𝑔 =
ℎ𝑐

𝜆
=

1240

𝜆
 are listed in Table 6.1, informing that all C3N4 can be applied 

under visible light with Eg < 3.1 eV ( > 400 nm). Herein, the order of band gap is uC < tC < mC 

< dC. The VB and CB of C3N4 might be different, influencing the band gaps in the composites 

(uCNT < dCNT < mCNT < tCNT). In the sign of photocatalyst, band gap is one of the most 

important factors. Based on UV-Vis spectra and calculated band gap energy, the pristine g-C3N4 

and their composites with NiTiO3 are confirmed to absorbed photons in UV range and can be 

extended to visible region. 

 

Figure 6.10. UV-Vis absorption spectra of C3N4 and CNT composites. 

The PL emission spectra are used to investigate the recombination rate of free charge 

carriers.  In Figure 6.11 shows the broad luminescence peak of g-C3N4 structure centered at 

around 450 nm with certain shifts in peak positions. The PL peak intensity reflects the radiative 

recombination rate of charge carriers. Hence, mC has very strong PL emission peak, revealing 

fast recombination rate of the photogenerated electrons-holes pairs. In contrast, uC and tC has a 
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benificial property in charges seperation. The imperfection of g-C3N4 structure with numberous 

defects (such as the uncondensed -NH-, -NH2 groups) could capture the charge carriers, resulting 

in low intensity PL emission signal [189]. The shift in the peak positions is in good agreement 

with the variation in the band gaps estimated from the UV-Vis absorption spectra. PL emission 

peaks of mC and uC are associated with NiTiO3 in the mCNT and uCNT composites, resulting 

in a lower PL emission intensity peak for the mCNT and uCNT composites. However, PL 

emission spectra patterns of mCNT and uCNT are similar to those of pure mC and uC since g-

C3N4 structure in mCNT and uCNT is segregated. The synergistic combination of the organic 

and inorganic components can reduce the recombination rate compared witht hose of the pristine 

g-C3N4 and NiTiO3. The PL emission intensities of mCNT and uCNT are lower than those of mC 

and uC but still much higher than that of pristine NiTiO3, which is explained by the segregation 

of g-C3N4 structure from NiTiO3 phase. In the other hand, the synergistic combination in dCNT 

produce an excellent optical property of lower recombination rate than even that of pristine 

NiTiO3. tCNT shows a peak around 475-490 nm with a fast recomnination rate in this excitation 

wavelength. 

 

Figure 6.11. PL emission spectra of C3N4, NiTiO3 and composites. 
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One of the important information on the CNT composite to satisfy the criterion of 

conduction band (CB) that decide whether charge separation is possible or not. The UPS data in 

can be applied to determine the position of VB in the samples. The work function values () 

determining the distance between vacuum level and Fermi energy (EF) were obtained from the 

cut-off region of Figure 6.12a. The position of valance band energy (EVB) located below EF with 

a distance is (EVB – EF) as reported in the table inset of Figure 6.12b. Through the UPS data, the 

energy of VB band versus vacuum level can be determined. The CB are calculated by the 

equation  

ECB = EVB – Eg 

where Eg is band gap energy estimated from UV-Vis spectroscopy. After axial 

displacement calculation from E vs. vacuum to E vs. NHE (Evac = 0 is equal to ENHE = -4.5eV), 

final band edge of dC, mC, uC, tC and NiTiO3 with both CB and VB are shown in Figure 6.12c. 

As explained in the previous chapter, a necessary condition to create Z-scheme charge transfer 

model is that the VB and CB of g-C3N4 must be lower than VB and CB of NiTiO3 or vice versa. 

In this case, only dC and tC are sufficient. Furthermore, the generation of active species in the 

present of light energy is the main factor that directly involved in photocatalytic activity of 

materials for degradation of organic contaminants. In order to create active species, at first the 

material must have the appropriate band position. If the VB is more positive than E OH-/•OH) = 

2.7eV and CB is more negative than E(O2/•O2
-) = -0.0046eV, then the materials has cable to 

generate •OH and •O2
- from water and oxygen in the environment, respectively. Hence, the 

coupling of mC and uC with NiTiO3 are not suitable for producing photocatalyst, On the contrary, 

dCNT and tCNT could form a Z-scheme charge transfer model where reduction reactions take 

place at CB of g-C3N4 and oxidation reaction occur at VB of NiTiO3.  

Figure 6.13 shows the photocatalytic degradation of methylene blue (MB 10 ppm) over 

pristine g-C3N4 and composites within 150 min after the adsorption processes achieves steady 

state for 30 min. Adsorption stage obeys the pseudo-second-order kinetic model and the 

adsorption capacity of MB qe is observed from the slope and intercept of plot t/qt vs t as follow: 
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𝑡

𝑞𝑡
=

1

𝑞𝑒
𝑡 +

1

𝑘𝑎𝑑𝑠𝑞𝑒
2 

with qt (mg/g) is the quantity of MB adsorbed on photocatalyst surface at specified time 

t, qe (mg/g) is adsorption capacity – quantity of MB adsorbed on photocatalyst surface at 

equilibrium, kads (g/mg.min) is the pseudo-second-order adsorption rate constant. Adsorption 

processes achieves steady state after 30 min. Basically, there is no significant difference between 

the adsorption capacity of pristine g-C3N4 and composites. The high values of qe found in uC and 

tC might be due to the imperfection of their layered structure. 

The MB degradation experiments were conducted in water under simulated visible light 

to assess the photocatalytic activity of the materials. It shows the remaining MB concentrations 

of the aqueous solutions as a function of reaction time. The reaction rate constants were 

determined from the apparent-first-order kinetic model described as [129, 130]: 

ln
𝐶𝑡

𝐶0
= −𝑘𝑎𝑝𝑝𝑡 

The plots of ln(Ct/C0) versus irradiation time t and kapp observed from the slopes, 

respectively. Among g-C3N4 catalysts, the high kapp value of uC is due to its porous structure, dye 

molecules are easily migrated through the thin layers and degraded. It can be seen that the rate 

constant of uC > dC > tC > mC have a correlation with their band gap energy uC < dC < tC < 

mC. The dCNT and tCNT displayed the most prominent photocatalytic activity, increasing kapp 

implies that the activity of the catalysts was strongly dependent on the intrinsic interaction of 

composites, i.e. Ti-N and Ti-S bridges. Since mCNT and uCNT do not consist bonding between 

g-C3N4 and NiTiO3, the photocatalytic reactions are not influenced by the synergistic effects but 

vice versa, they inhibited by the mutual pore blocking. Thus, the kapp in mCNT and uCNT are 

lower than both pristine g-C3N4 and NiTiO3 (kapp = 3.41 min-1) [187]. 
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Figure 6.12. UPS spectra of pristine C3N4 and NiTiO3 at (a) cut-off region, (b) valance 

band region and (c) band diagrams. 
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Figure 6.13. Effects of pristine g-C3N4 and their composites on removal of MB by (a) 

adsorption in the dark and (b) photocatalytic degradation under visible irradiation. The table 

inset of (a) and (b) are corresponded adsorption capacity qe and apparent photocatalytic reaction 

rate constant kapp. 
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6.4. Conclusions 

Herein, various pristine g-C3N4 and corresponding composites with NiTiO3 were 

synthesized from different precursors such as DCDA, melamine, urea and thiourea under N2 flow 

condition. The characteristic results showed that dCNT and tCNT produced strong interaction 

between inorganic-organic components through the Ti-N and Ti-S bonds, respectively. Due to 

the strong interactions, dCNT and tCNT have better optical properties and lower recombination 

rate comparing with mCNT and uCNT. The band diagram of dC and tC confirm the suitable band 

position to create Z-scheme charge transfer model with NiTiO3 to apply in photocatalytic 

degradation of organic contaminants. Finally, the enhancement of photocatalytic activity in 

dCNT and tCNT confirms the significant role of Ti-N/Ti-S bridge between g-C3N4 and NiTiO3. 



 

Chapter 7.g-C3N4/Mo-doped NiTiO3 Composite Materials for Visible-Light 

Driven Z-scheme Photocatalysis 

 

7.1. Introduction 

The development of visible-light driven photocatalysts has attracted a remarkable 

attention from scientists and engineers since it can provide an alternative way to environmental 

remediation and renewable energy issues. Recently, nickel titanium trioxide ilmenite 

semiconductor (NiTiO3) is well-known as a visible-light active photocatalyst due to narrow band 

gap (about 2.1-2.9 eV). However, NiTiO3 also brings high recombination rate of photogenerated 

hole–electron pairs and low quantum efficiency, which significantly hinder photocatalytic 

activity when using individually as a photocatalyst [191].  

Doping or coupling NiTiO3 with transition metals (Sn, Fe), noble metal (Ag) or even 

non-metal element (N) is a simple method to inhibit the recombination of charge carriers in 

semiconductors [20, 136, 161]. Several metallic oxides such as TiO2, SiO2, CdS, In2TiO5, 

Ag3VO4, FeCrO3, CoTiO3, NiFe2O4, etc. have also been incorporated with NiTiO3 in order to 

enhance photocatalytic activity due to good charge separation at the heterogeneous interface 

[192]. Currently, heterogeneous NiTiO3 composite photocatalysts with non-metallic materials 

are more favorable due to high efficiency, low cost and eco-friendly characteristic. Graphitic 

carbon nitride (g-C3N4) is a metal-free semiconductor with narrow band gap of c.a. 2.7 eV. g-

C3N4 also falls into the same situation as NiTiO3, low photocatalytic activity despite the ability 

to excite electrons under visible light. Interestingly, the composing two poor materials creates a 

new substance that works well in photocatalytic degradation of organic pollution under visible-

light irradiation [18, 160, 191].  

In this chapter, the g-C3N4/Mo-doped NiTiO3 composite are synthesized based on the 

knowledge and information gained from previous chapters. The g-C3N4/NiTiO3 composite 

photocatalysts inhibited the recombination rate of charge carriers, resulting in improvement of 



 

their photocatalytic activity under visible-light irradiation [187]. In the other hand, doping Mo 

into NiTiO3 structure increased surface areas due to the reduction in nanoparticle sizes and 

inhibited the recombination process because of the generation of defect sites in the NiTiO3 lattice 

[166]. The novel combination of g-C3N4 and Mo-doped NiTiO3 as a composite photocatalyst can 

bring synergistic effect a s novel Z-scheme photocatalyst where photogenerated electrons and 

holes are efficiently separated, enhancing the photocatalytic activity under visible-light 

irradiation. 

 

7.2. Materials and methods 

7.2.1. Preparation of C3N4 and their composites with NiTiO3 

The MNT-1 and MNT-3 in Chapter 4 were selected as an inorganic part in composite 

photocatalysts due to their advantages in high surface areas, low recombination rates and good 

optical properties (Figure 7.1). Based on the results on Chapter 5 and Chapter 6, DCDA was 

chosen as a g-C3N4 precursor for composites. The process of synthesis composite was reported 

as the same in Chapter 5 and Chapter 6. The samples were denoted as in Table 7.1. For 

comparison between TiO2-based composites and NiTiO3-based composites, sample CT was also 

prepared. The ratio between the g-C3N4 precursor and metal oxides was set at 1:1. 



 

 

Figure 7.1. Diagram of relativity of crystallite size, band gap energy, specific surface area and 

PL max intensity correspond to Mo content over Mo-doped NiTiO3 catalyst. 

 

Table 7.1. The information of samples in this study. 

Sample Descriptions Phase a d (nm)b Eg (eV)c 

C Pristine g-C3N4 g-C3N4 - 2.45* 

T Pristine TiO2 Anatase - Rutile 42.54 3.30 

NT Pristine NiTiO3 Ilmenite 84.09 2.90* 

MNT1 Mo-doped NiTiO3 (Mo = 1 wt%) Ilmenite 43.30 2.15 

MNT3 Mo-doped NiTiO3 (Mo = 3 wt%) Ilmenite 52.65 2.20 

CT g-C3N4/TiO2 Composite Anatase - Rutile 45.87 3.55 

CNT g-C3N4/NiTiO3 Composite Ilmenite 68.72 2.23* 

CMNT1 g-C3N4/MNT1 Composite Ilmenite 54.48 2.23 

CMNT3 g-C3N4/MNT3 Composite Ilmenite 47.98 2.18 

a Phase information of metal oxide components. 

b Calculated average grain sizes obtained based on (1 0 1) diffraction of anatase phase, (1 1 1) diffraction 

of (104) ilmenite phase by the Debye–Scherrer equation. 



 

c Band gap energy estimated from UV-Vis spectra. 

* Data has been reported from the previous study in references [187] (Chapter 6). 

 

7.2.2. Characterization methods 

Field-emission scanning electron microscopy (FE-SEM; JSM-600F) and high-resolution 

transmission electron microscopy (HR-TEM; JEM-2100F) were used to study the morphologies 

of photocatalysts. Samples were cast onto carbon-coated Cu grids before analysis. Crystalline 

structures were determined via X-ray diffraction (XRD) with a Rigaku D/MAZX 2500V/PC 

high-power diffractometer utilizing a Cu K X-ray source with a wavelength of 1.5415Å and a 

scanning rate of 2° (2) min-1. Functional groups of the catalysts were verified with a Nicolet 

380 Fourier transform infrared (FTIR) spectrometer (Thermo Scientific Nicolet iS5 with an 

adopted iD1 transmission accessory). A Thermo Scientific K-Alpha X-ray photoelectron 

spectroscopy (XPS) system was applied to measure the elemental composition empirical formula, 

chemical state, and electronic state of the elements in a material. The optical properties of the 

materials were studied by absorbance of photons via UV-visible diffuse reflectance (UV-Vis-

DRS; SPECORD 210 Plus spectroscope) and he recombination rate of charges by Cary Eclipse 

fluorescence spectrophotometer (PL; Agilent Technologies) at room temperature with a 473nm 

diode laser. The UPS obtained using a He(I) = 21.2eV light source at resolution of 0.02eV. 

 

7.3. Results and discussion 

XRD patterns of T, MNTx and the composites were collected (Figure 7.2). Firstly, XRD 

pattern of TiO2 showed a series of (1 0 1), (0 0 4), (2 0 0), (1 0 5), (2 1 1), (2 0 4), (1 1 6), (2 0 

0), and (2 1 5) reflections at 2 = 25.2, 37.8, 48.0, 53.9, 55.1, 62.7, 68.8, 70.5, and 75.0°, 

respectively, indexed to an anatase phase (JCPDS No. 21-1272). A small amount of a rutile phase 

(JCPDS No. 21-1276) are detected with the characteristic peaks at 27.4 (110), 36.1 (101), 41.3 

(111), 54.1 (211), 56.7 (220), and 69.0 (301). The CT composite also shows almost the same 



 

XRD pattern with that of T but much low in peak intensity, implying that the crystallinity of 

metal oxide significantly decreases in the CT composite and there is no transformation of metal 

oxide phase. Composites with Mo doped-NiTiO3 seem to follow the same pattern with pristine 

MNTx. Namely, there are characteristic peaks at 23.96, 32.95, 35.54, 40.70, 49.31, 53.85, 

57.33, 62.31, 63.96, and 71.66, corresponding to the (0 1 2), (1 0 4), (1 1 0), (1 1 3̅), (0 2 4), 

(1 1 6̅), (0 1 8) (1 2 4̅), (3 0 0), and (1 0 10) planes of NiTiO3 ilmenite phase (JCPDS 33-0960), 

respectively. Obviously, reduction in intensity of XRD signals is directly related to enhancement 

increase in average crystallite size calculated by the Debye–Scherrer equation (Table 7.1). It is 

unable to detect the characteristic XRD peaks of graphitic carbon nitride in all composite samples, 

which can be explained by the low content of g-C3N4 or high concentration of amorphous C3N4 

in the composites. 

 

Figure 7.2. XRD patterns of TiO2, MNTx and their composites. 

 

The presence of g-C3N4 in the composites can be detected by FT-IR spectra (Figure 7.3). 

A series of peaks at 453, 561, and 695 cm-1 are denoted as metallic functional groups of Ni-O, 



 

Ti-O and Ni-O-Ti (or Ti-O-Ti) vibrations, respectively. The characteristic FT-IR peaks of g-C3N4 

fully match with the results reported previously [187]: a sharp peaks at 807 cm-1 corresponding 

to s-triazine vibration, broad peaks at 1241,1323, and 1410 cm-1 due to the stretching vibration 

of aromatic C-N, two peaks at 1564 and 1642 cm-1 for C=N in tri-s-triazine rings that generates 

two signals of. Moreover, the broad band around 3000-3600 cm-1 region assigned to residual 

amino N-H groups and the -OH band from adsorbed water appears more clearly in CMNTx than 

CT [193]. When DCDA condense to g-C3N4, it releases NH3 gas and makes crosslink of g-C3N4, 

the higher condensation degree, the more ideal graphitic structure and less N-H groups remained. 

From this fact, lower intensity of N-H groups means less condensation degree from precursors 

over CMNTx, as compared with CT. 

 

 

Figure 7.3. FR-IR spectra of composites. 

 

The morphology of CT, CMNT1 and CMNT3 were examined by FE-SEM and HR-TEM 

measurements (Figure 7.4). Three composite materials have similar morphology: the inorganic 



 

components such as MNT and T were covered with g-C3N4 structure. For the CT sample, a 

layered structure of g-C3N4 covers the aggregated TiO2 particles. In sample CMNT1, the MNT1 

particles are less agglomerated but larger in a size than TiO2 particles. The layered structure of 

g-C3N4 creates stronger attachment of g-C3N4 onto MNT1. The SEM image of CMNT1 can 

verify the rough surface of the composite caused by big metal oxide nanoparticles and a thin 

layer of g-C3N4. For CMNT3, due to the smaller particle size of MNT3, blanket-like thin layers 

of g-C3N4 fully cover MNT3 nanoparticles. As a whole, the strong interaction between g-C3N4 

and the inorganic components generates a core-shell composite structure. 

 



 

 

Figure 7.4. FE-SEM and HR-TEM (inset) images of composites. 



 

The thermal behavior of g-C3N4 in the composites were investigated by the TGA-DTG 

analysis in air with the ramp rate of 5C/min from room temperature to 900C (Figure 7.5). The 

small weight loss from 100-300C is due to the loss of bounded moist and residual organic 

contaminants. It can be seen that sample C (pure g-C3N4) has much higher thermal stability than 

the composites. The pure g-C3N4 starts to decompose at the temperature higher than 

approximately 550C. Herein, the existence of metal oxides in the composites not only 

accelerates the condensation reactions but also the decomposition process. The thermogram of 

CT exhibits a sharp single weight loss peak at 470 C, reflecting a less polymerized pure g-C3N4 

structure or fast burning of g-C3N4 by TiO2 nanoparticles. In contrast, the thermograms of 

CMNTx show a bimodal pattern with a main peak at 485 C and a shoulder at 420 C, which 

indicates that the combustion of g-C3N4 in CMNTx composites is composed of two steps. 

Whereas CT exhibits homogeneous weight loss step of g-C3N4 of higher purity, CMNTx 

composites contains at least two types of burning steps of g-C3N4. Based on the shape of DTG 

curves, the types of g-C3N4 in C and CMNTx composites are far different from that of CT, but 

CT contains higher purity of g-C3N4. However, such a large shifting in the temperature indicates 

the strong interaction between organic-inorganic components [194]. The inorganic components 

such as MNT and T act as a catalyst for the combustion of g-C3N4. The homogeneous g-C3N4 

combustion over the CT composite implies a single active site. The g-C3N4 contents in the 

composites estimated by The TGA analysis are equivalent in the range of 33-37 wt%. 

 



 

 

Figure 7.5. TGA-DTG curves of pristine g-C3N4 and composites. Inset of TGA results is table 

perform the estimated g-C3N4 weigh percentage. 

 

In Figure 7.6, UV-Vis diffuse reflectance spectra of the composites are shown. The 

combination of g-C3N4 and TiO2/MNTx produce materials that have absorption peak in UV 

region at around 300 nm. More importantly, the UV-Vis absorption shifting effect of the 

composites depends on the type of metal oxides and MNT-x is more favorable to absorb visible 

light. The equation 𝐸𝑔 =
ℎ𝑐

𝜆
=

1240

𝜆
  was employed to estimate the band gap of these materials 

and the results are listed in Table 7.1. The narrower band gap of CMNTx composites than MNTx 

is estimated, which is consistent with those of other g-C3N4 composites. In the other hand, the 

photoluminescence (PL) was used to investigate the efficient separation of photogenerated 

electron-hole pairs. The separation of charge species in either NiTiO3 or g-C3N4 is projected to 

be upgraded by compositing each other. Herein, the MNTx exhibits weak PL band around 400-

550 nm which attributed to intrinsic defects of ilmenite structure and surface oxygen vacancies. 



 

MNT1 has a slightly stronger emission due to less structural defects caused by the Mo doping. 

The PL intensity for the composites decreases  when compared with strong PL emission of g-

C3N4, which is in good agreement with other researchers’ observation [195-197]. The coupling 

of two semiconductors can follow the Z-scheme charge transfer model; photogenerated electrons 

and holes are migrated to CB of g-C3N4 and VB of NiTiO3, respectively. The intensities of PL 

emission peak are in order of CT > CMNT1 > CMNT3, implying that the charge migration in 

CMNTx is more favorable than that in CT. The charge transfer models of photocatalysts are 

presented in Scheme 1. This is in good agreement with XPS results, since CMNTx composites 

have stronger bonds between metal oxides and graphitic structure than CT. 

 

Figure 7.6. (a) UV-Vis spectra and (b) PL spectra of composites and their metal oxide 

components. 



 

 

Scheme 1. Promotion of charge transfer model of (a) Mo-NiTiO3, (b) g-C3N4/NiTiO3 and (c) g-

C3N4/Mo-NiTiO3. 

 

XPS analysis was employed to investigate the chemical states of the prepared composite 

photocatalysts and the XPS data for CMNT3 are presented in Figure 7.7. The C1s and N1s core 

level spectra are utilized to study the oxidation state of g-C3N4 part. C1s core level spectra can 

be deconvoluted into four peaks of external carbon contaminants (283.9 eV), the C-(N)3 

coordination (287.1 eV) of the g-C3N4 structure and O-C-O / O-C=O vibrations of oxygen-rich 

groups at 285.6 eV and 288.9 eV, respectively [18, 167]. Similarly, there are signals of N bound to 

C-N-C, C-N=C, and N-(C)3 groups at 397.6 eV, 398.4 eV, and 399.8 eV, respectively [176, 177]. 

The small peak at 396.6 eV corresponds to Ti-N bonding, which is consistence with other study 

[187]. The relative amounts of N bound to Ti-N group were calculated by the area ratio between 



 

the Ti-N peak and the total area of N1s peak with the unit of atomic percentage (at%). The higher 

at% of Ti-N are observed in CMNTx, especially when increasing Mo content up to 3wt%, 

denoting that the interaction between the organic – inorganic components is stronger in CMNTx 

than in CT, and even for higher doped Mo wt%. Meanwhile, the Mo-doped NiTiO3 can show Ti 

2p, Ni 2p, O 1s and Mo 3d spectra. Similar to previous report, Ti 2p spectra shows Ti3+, Ti4+ and 

Ti-N (2p3/2-2p1/2) peaks at 457.4-463.1 eV, 458.6-464.4 eV and 456.0-460.9 eV, respectively 

[166, 178]. So far, the existence of Ti-N bond has been confirmed by the generation of the Ti-N 

peak in N1 s and Ti 2p XPS data. Ni 2p peaks can be distinguished from Ni 2p3/2 (854.7 eV), Ni 

2p1/2 (872.4 eV), and their satellites at 860.7 –878.7 eV. The Ni 2p core level spectra imply that 

Ni element has not been significantly affected by Mo dopant or g-C3N4 incorporation. More 

importantly, the O1s spectra can be deconvoluted into three peaks at 529.9 eV, 531.5 eV and 

533.0 eV. The first peak at 529.9 eV is assigned as the oxygen at the lattice point crystal structure 

of metal oxides (Olat). The second peak are due to oxygen vacancies (VO) and the last peak is 

from O in the form of H2O adsorbed on the surface (H2Oads). It can be seen that the oxygen 

vacancies occupy the majority of oxygen sites owing to Mo doping effects. When comparing the 

Olat and VO atomic percentage of pristine NiTiO3, the content of Olat become exhausted and thus 

VO increase gradually. At last, even at low doping content of 3 wt%, Mo 3d still shows up major 

peaks ascribed for Mo6+ at 232.1 eV (Mo3d5/2) and 235.8 eV (Mo3d3/2). Mo4+ and Mo5+ exist in 

very small quantities that can be assumed as negligible states. 



 

 

Figure 7.7. XPS core level spectra of CMNT3. Insets of N1s and O1s spectra is the atomic 

percentage of Ti-N groups, oxygen vacancies (VO) and oxygen in lattice (Olat), respectively. 

 

The composite materials are produced to improve the separation of charge carriers, to 

narrow the distance between VB and CB for visible-light-driven excitation electrons, finally to 

generate novel Z-scheme charge transfer photocatalysts to suit the photocatalytic reaction under 

visible-light irradiation. The photocatalysts were first examined their chemical adsorption ability 

over MB 10 ppm solution in the dark for 30 min and then used for the photocatalysis under visible 



 

light lamp for 150 min. The first 30 min adsorption test is to understand about the migration of 

MB molecules into photocatalytic pores as well as to ensure the system stability (Figure 7.8a). 

During this period, all of the samples follow the pseudo-second-order kinetic model with high R2 

values (Table 7.2) and MNT3 has highest adsorption capacity qt tat 76.69 mg/g. 

 

Figure 7.8. (a) Adsorption quantity in dark and (b) photocatalytic degradation of MB 10ppm 

followed apparent-first-order kinetics model. 



 

Table 7.2. Adsorption capacity qe, adsorption rate constant kads, apparent rate constant kapp and 

their corresponding R-square values of photocatalytic degradation of MB 10ppm under visible 

irradiation. 

Sample name 

Dark adsorption Visible irradiation 

qe (mg/g) kads ×103 (g.mg-1.min-1) R2  k
app

103 (min-1) 
R2  

T 44.54 83.72 0.9988 6.53 0.9964 

CT 71.53 36.53 0.9998 5.32 0.9853 

MNT1 68.92 31.19 0.9997 7.47 0.9956 

MNT3 76.69 30.42 0.9997 9.41 0.9901 

CMNT1 67.98 69.13 0.9997 16.74 0.9672 

CMNT3 51.20 12.76 0.9878 28.08 0.9891 

 

The photocatalytic degradation of MB was experimented under visible-light irradiation 

and the results are reported in Figure 7.8b and Table 7.2. Originally, the reactions follow the 

apparent-first-order kinetic model where apparent adsorption rate constant kapp were calculated 

from the slope of the plot of ln(C/C0) vs t. Sample T and CT have low reaction rate constants 

under visible-light irradiation due to the nature of TiO2 that is only photo-sensitive in UV 

environment and needs higher energy to excite electrons from VB to CB. The rate constants of 

MNT1 and MNT3 are 7.47×10-3 and 9.41×10-3 min-1, higher than pristine NiTiO3 in previous 

study (3.41×10-3 min-1). The doping effects of Mo into NiTiO3 causing structural defects play a 

role in enhancement of photocatalytic activity. By coupling with g-C3N4, the Z-scheme charge 

transfer can be created, and photo-excited electrons can move from CB of NiTiO3 to VB of g-

C3N4 and excited again to CB of g-C3N4. Thus, the charge carriers are separated: holes mostly 

located in VB of NiTiO3, electrons on CB of g-C3N4 and the redox reactions taking place in these 

positions. As a result, the rate constants of CMNT1 and CMNT3 are much higher than MNT1 

and MNT3. The prominence in photocatalytic activity of CMNT-x composites can be explained 

by the influence of Mo doping method where Mo can generate an additional state for charge 

transfer as well as promotes defects on the structure which is beneficial for the formation of g-

C3N4 – NiTiO3 bonds. Since MNT3 has advantage over surface area, its activity is higher than 



 

that of MNT1 and their composites also follow this trend. Moreover, Tan et al. reported that the 

presence of oxygen vacancies in the crystal lattice plays a role as charge center which is beneficial 

for the enhancement of light absorbance and photocatalytic reaction [198]. On the chemistry side, 

increase in the quantities of Ti-N bonds and VO (based on the XPS data) in CMNT3 could lead 

to the significant enhancement of photocatalytic activity. From a physical perspective, the optical 

properties could be explained for the charge transfer behavior inside the photocatalysts.  Excited 

electrons from VB of NiTiO3 could migrate to multiple state the CB of g-C3N4, Mo impurity 

states or VO states. The Mo doped NiTiO3/g-C3N4 composites creates more effective system for 

electrons motion that directly involves in the photocatalytic degradation of organic dyes. In 

general, the CMNT3 has better performance than pristine materials, CT, CMNT1 or even 

NiTiO3/g-C3N4 in previous study [187]. 

 

 

Figure 7.9. N2 absorption isotherm curves of composites. The table inset are corresponding 

surface area (SBET), pore volume (Vt) and pore radius (D). 

7.4. Conclusions 



 

In conclusion, doping of Mo into lattice structure of NiTiO3 enhance the structural 

defects that leads to stronger interaction with g-C3N4 through Ti-N bonds. The Z-scheme charge 

transfer model between metal oxide and non-metal catalyst is proposed with an additional of Mo 

and VO impurity states. This model has effective electron-hole pairs separation where electrons 

can move across multiple locations including CB of MNTx, CB of g-C3N4, and impurity states. 

As a result, the CMNT3 in this study is the best visible-light active photocatalyst due to the 

suitable band gap and the synergistic effects of reasonable quantity of defects – oxygen vacancy 

– interaction Ti-N. 

 



 

SUMMARY 

In summary, this research is based on the idea of developing a highly efficient 

semiconductor photocatalyst based on three key factors: 

• A suitable band gap for electron transfer under illumination, 

• Strong absorption of photon energy under visible region, 

• Long life times of excited electrons to avoid bulk/surface charge recombination. 

We systematically investigated the chemical-physical properties of titanium oxide-based 

photocatalysts and their applications in photocatalytic degradation of organic dyes. Basic 

characterizations were carried out by XRD, FTIR, Raman, FE-SEM and HR-TEM to determine 

the phase composition and their morphology in materials. One of the important properties of 

photocatalysts, optical properties, were evaluated by UV-Vis and PL spectroscopy. The 

interactions between different components within the materials were identified by XPS core level 

spectra. Finally, photocatalysts are applied in the removal of organic dyes under dark, UV or 

visible-irradiation and check their adsorption capacity as well as photocatalytic degradation rate 

constant. 

The doping of Cu and Ni into TiO2 lattice as well as the synergistic effect between doped-

TiO2 and rGO in the composite narrow the bandgap of TiO2, significant enhanced photocatalytic 

activity. After 180 min of UV irradiation, 7.5-CTG-5 (7.5 wt% of Cu and 5 wt% of RGO) 

photocatalyst removed 63% of MB from aqueous solution with an initial concentration of 10 

ppm, whereas 0-CTG-5 (0 wt% of Cu and 5 wt% of RGO) decomposed only 28% of the MB. 

Doped Cu was mainly incorporated into the TiO2 lattice matrix, narrowing its bandgap and 

increasing the material’s hydrophilicity. The more hydrophilic film surface, the higher 

photoreduction upon MB induced and reversed. In another story, the as-prepared composite 

photocatalysts with high Ni content (40-50 wt%) showed good adsorption capacity in the dark 

and high reaction rate constants under visible illumination. Raman measurements identified a 

small fraction of NiTiO3 only at high Ni content. The formation of NiTiO3 and the increase in 



 

the specific surface area for 40 and 50 wt% Ni-loaded catalysts improved the adsorption capacity 

and photocatalytic activity upon exposure to visible light, resulting in very effective removal of 

dye contaminants under visible light irradiation. Increasing the Ni content up to 40 and 50 wt% 

induced not only a structural change affording high porosity but also a narrowing of the band gap. 

Meanwhile, the presence of GO in the i-CTG-5, N1-i and N2-i composite photocatalysts inhibited 

the agglomeration of TiO2 particles, resulting in small particle size deposited randomly on the 

rGO surface. 

Alternative UV-active TiO2 by visible-active NiTiO3 photocatalyst is a transition step in 

order to harvest longer wavelength radiation (visible region) contained in 42-43% of solar light. 

The modification of NiTiO3 by Mo doping leads to increase optical properties and porosity. The 

measured surface area increased proportionally with Mo content due to a reduction in grain size 

of the materials, it is originally caused by the generation of defects in the crystal structure. In 

addition, the compositing of g-C3N4/NiTiO3 is fabricated in flowing nitrogen gas at 500C 

showed the high photocatalytic activity, which was caused by the optimal morphology of g-C3N4 

in the composite photocatalysts. Herein, g-C3N4 are involved to produce a Z-scheme charge 

transfer model for heterojunction catalyst. The formation of g-C3N4 in a presence of NiTiO3 are 

directly affected by different type nitrogen-rich precursors. Among DCDA, melamine, urea and 

thiourea, DCDA and thiourea performed as suitable precursors for generating g-C3N4/NiTiO3 

composites that have rational charge transfer system and high photocatalytic activity. Finally, the 

combination of Mo-doped NiTiO3 and g-C3N4 promote a material that have more effective 

electron-hole pairs separation effects due to introducing of Mo and VO impurity states in NiTiO3. 

The better photocatalytic activity under visible-irradiation of CMNT3 than pristine g-C3N4, 

pristine NiTiO3, CT and CNT imply that there are synergistic effects of reasonable quantity of 

structural defects, oxygen vacancy in lattice and Ti-N bond between inorganic-organic 

components. 

  



 

RECOMMENDATIONS FOR FUTURE WORK 

In this study, the combination of g-C3N4 with Mo-doped NiTiO3 exhibited the high 

photocatalytic degradation of organic dyes under visible-irradiation. Therefore, improving of 

such photocatalysts are necessary for further research. 

As for intensive research, some of these points can be generated: 

• Determining the concentration of active species in reactions to understand 

deeply of specific photocatalysis mechanism. 

• Applying this material for different types of organic contaminants, study their 

selectivity and duration on the photodegradation reactions. 

As for extensive research, there are some possible directions for long-term studying: 

• Investigating the influence of various dopants (transition metals, noble metals or 

nonmetals). 

• Expanding the compositing of NiTiO3 with other metal-free semiconductors 

(oxidized g-C3N4, porous g-C3N4, boron nitride, carbon sheets, etc.). 
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