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Abstract 

 

Organic contaminants, dyes and antibiotics, discharged in wastewater systems, have 

posed great threats to the sustainability of the ecosystem. The photocatalytic oxidation 

technology has advantages of simple structure of equipment, mild reaction conditions, 

easy control of operation and strong oxidizing ability. Photocatalytic oxidation 

technology is a new type of water treatment technology with broad application 

prospects. Metals or metal oxides are widely used as photo/electro catalysts for 

environmental remediation or clean energy production. However, there are many issues 

related to these metal-based catalysts for practical applications, such as high cost, poor 

stability and detrimental environmental impact. Unlike the metal-containing 

photocatalysts that need expensive metal salts for preparation, carbon-based metal-free 

catalysts such as graphitic carbon nitride (GCN) have the potential to overcome these 

limitations. This study centered on the strategies for metal-free photocatalytic towards 

increasing photocatalytic performance. The resultant photocatalysts revealed prominent 

performances for total photodegradation of organic contaminants. The 

physicochemical properties are investigated using a set of characterizations ranging 

from XRD, XPS, FTIR, BET to SEM and TEM. The photochemical performance is 

evaluated by UV-vis DRS and photoluminescence. The degradation processes were 

investigated by in situ electron paramagnetic resonance (EPR). The mechanistic studies 

on the enhanced photoelectrochemical and photocatalytic performances were also 

conducted.  

In the first part of the thesis, graphitic carbon nitride (GCN) nanocomposites modified 

by four kinds of nanocarbons were successfully fabricated by straight forward one-pot 
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method. The resultant photocatalysts revealed prominent performances for total 

photodegradation of organic contaminants. The photocatalytic degradation difference 

is mainly stemmed from the higher contents of COOH and C=O functional groups. The 

intimate contact or interaction between the two phases of GCN and nanocarbon in the 

nanocomposites may further improve the activity. 

In the second part of my thesis, monodisperse nitrogen-doped carbon nanospheres (NC) 

were synthesized and loaded onto graphitic carbon nitride (g-C3N4, GCN) via a facile 

hydrothermal method for photocatalytic removal of sulfachloropyridazine (SCP). The 

nitrogen content in NC critically influences the physicochemical properties and 

performances of the resultant hybrids. The mechanism of the improved photocatalytic 

performance and band structure alternation were further investigated by density 

functional theory (DFT) calculations, which confirmed the high capability of the GCN-

NC hybrids to activate the electron-hole pairs by reducing the band-gap energy and 

efficiently separating electron/hole pairs.  

Thirdly, ZnO microflower cores were partially wrapped with Fe3O4 nanoparticles via a 

layer-by-layer self-assembly process. The degradation was triggered with in-situ 

photocatalytic formation of hydrogen peroxide over Fe3O4@ZnO. We explored 

possible mechanisms of the enhanced photocatalysis by quenching and radical trapping 

experiments. The magnetic separation was also performed to recover and reuse the 

spent catalysts. 

Lastly, a novel two-dimensional CdS@Ti3C2@TiO2 nanohybrids was developed by 

facile calcination and a subsequent hydrothermal process. The charge carrier sinking 

function of Ti3C2 in this three-phase Z-scheme catalyst was proposed based on UV-

visible spectroscopy band gap calculation, photoluminescence measurement and 

photoelectrochemical analysis. The electron paramagnetic resonance assay verified that 

both superoxide ions and hydroxyl radicals played crucial roles in the removal of 
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contaminants. 

In summary, this thesis shows a series of highly selective photocatalysts and provides 

insight in the design of highly efficient metal-free photocatalysts to better utilize the 

clean and free solar energy for environmental remediation. 
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Chapter 1. Introduction 

 

 1.1 Current issues and developing methods for environmental 

remediation  

 

The best estimates currently available suggest that the planet that we live on owns 

around 332.5 million cubic miles of water, however the proportion of freshwater that 

we can use directly for household and industrial consumption is quite limited (less than 

1%) [1]. Although Arctic and Antarctic pack an abundant and wide variety of 

freshwater ecosystems, almost all of them in polar regions are in limbo, which is 

impossible for practical application [2]. 

 

In the past a few decades, attending all the boons brought about by high-tech wonders 

have come some sufferings; and the extensive deterioration of the Earth’s ecosystem is 

manifest among them. Rampant deforestation has engendered vast soil erosion; worse 

yet, a multitude of chemical works, sewage disposal plants and textile factories 

discharge their toxic waste into streams, rivers or lakes. Approximately 80% of 

wastewater was endangered by the discharged sewage containing pharmaceutical 

compounds and pesticides which is far beyond the eco self-purification capacity[3]. 

Moreover, even tiny amount of organic pollutants such as dyes in water may cause 

knotty issue to the ecosystem [4]. Purification of sewage is indeed a growing concern 

all over the world, and thus it is necessary to develop effective way for sustainable 

development of human water issues [5, 6]. 

 

Chlorination, bio-flocculation and membrane technologies used to be employed to 
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combat this crisis. Nevertheless, the cons of multiple-stage processes, higher cost and 

halfway settlement of these technologies have become issues open to debate[7-9]. For 

example, flocculation and coagulation such as inorganic metal salts have been utilized 

as the most common measure to treat sewage from factories, but the secondary pollution 

to the water system will ensue due to introducing metal ions [10, 11].  

Up to now, advanced oxidation processes (AOPs) have regarded as more effective 

technique comparing to traditional methods. There is no denying that the objective of 

AOP is to generate commonly superoxide (•O2¯) and superhydroxyl (•OH) radicals for 

oxidation of contaminants. The hydroxyl radical has high oxidation potential (2.8V), 

which makes it easier for producing in natural water condition. Moreover, the short 

shelf life of these generated radicals within nanoseconds enables it to be self-eliminated 

during AOPs treatment. There are four main pathways for organic degradation using 

hydroxyl radicals: radical addition, hydrogen abstraction, electron transfer and radical 

combination [12]. 

 

Generally, AOPs can be divided into three pathways: Ozone based AOP, Fenton based 

AOP and Photocatalysis based AOP [12]. Ozone is a strong oxidant with high oxidation 

potential of 2.07 V. The OH· can be significantly increased with the participation of 

these additional oxidants. To date, the ozone based AOP can be classified to three types 

including ozonation, O3/H2O2 and photolysis of H2O2. However, direct O3 oxidation is 

a selective reaction, which demands ionized and dissociated form of organic 

compounds rather than natural form. Moreover, the limited pH value restricts the 

application of ozone degradation. Meanwhile, it is reported that iron is one of the most 

popular metals in activated generation of OH· from H2O2, which is called Fenton 

process. Three extended processes are exhibited on the base of classical Fenton process, 

they are Fenton-like, photo-Fenton and electro-Fenton reactions [5]. The only blemish 

exists that Fenton reaction needs to be carried out under acidic condition. On the other 

hand, the main step in photocatalysis based AOP is that the light energy induced 

electron of substrate transfers to molecular oxygen with ground state to produce highly 
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reactive oxidant species, which is an integral part of sewage treatment. Photocatalysis 

has been deemed as the most promising technology owing to its relative simple reaction 

process and through treatment of the persistent organic without introduction of 

secondary contaminate [13]. 

 

1.2 Research objectives  

Our present work involves the development of efficient, economical and re-usable 

materials for decomposing dyes, phenol and antibiotics in water system utilizing solar 

energy. Numerous materials have been considered as photo driven catalysts. The 

materials chosen in this study including carbon materials because of its highly inert 

nature, large specific surface area diverse morphologies and easy modification of band 

gap. Modification of absorption spectrum of carbon materials from UV to visible region 

has been the major challenge. Fenton reaction and the photochemically enhanced or 

assisted Fenton reactions are widely considered to be efficient processes for removing 

pollutants in aqueous solution, which based on the generation of highly oxidizing 

species from hydrogen peroxide and Fe ions. In addition, a two-dimensional (2D) 

transition metal carbides/nitrides material named MXenes has been targeted toward 

various applications due to the outstanding electronic properties. MXenes can be 

employed as co-catalyst in combination with certain photocatalysts in photocatalytic 

systems to enhance photogenerated charge separation, suppress rapid charge 

recombination, and convert solar energy into chemical energy or use it in the 

degradation of organics.  

 

Meanwhile, this work studies the intrinsic mechanisms for photocatalytic activation and 

radical evolution. Comprehensive studies integrating deliberate materials design were 

implemented, including morphology characterization, optical performance, electron 

paramagnetic resonance (EPR) and density functional theory (DFT) calculation. 

javascript:;
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Several objectives were set to develop novel photocatalytic materials or active device 

in visible region of light as follows:  

 

1. To optimize various parameters pertaining to synthesize materials with appropriate 

size and morphology. Experiment conditions such as sample concentrations, reaction 

times and temperatures will be studied and optimized. The morphology of materials 

will be studied using scanning electron microscope (SEM) and 

transmission electron microscope (TEM). X-Ray Diffraction (XRD) and X-ray 

photoelectron spectroscopy (XPS) can be employed to 

qualitative and quantitative analysis of samples. 

 

2. To establish suitable and reproducible methods for the preparation of semiconductor 

material using appropriate chemical routes. Hybridize the surface of semiconductor 

materials such as graphitic carbon nitride doped with nanocarbons.  

 

3. To compare the effects of the properties before and after modification and carry out 

studies of band gap energy. The extension of the absorption spectrum from UV region 

to the UV-visible region will be studied.  

 

4. To investigate the effects of heteroatom doping on carbon or MXenes materials for 

photocatalytic degradation with deliberate materials design and theoretical calculations.  

 

5. To probe the mechanisms unveiling the intrinsic active sites and identify the 

pathways of modified catalysts with mechanistic studies. 

 

6. To study the recyclability by using the photocatalytic system repeatedly on fresh 

contaminant solutions. The evaluation of the degradation rate will be carried out to 

estimate the stability of the obtained photocatalysts.  
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1.3 Thesis organization  

This thesis consists of seven chapters. Chapter 2 introduces latest progress of 

wastewater treatment. Chapters 3-6 details experimental studies that have been 

published. Chapter 7 concludes the thesis and presents future perspectives of this 

research. 

 

Chapter 1 ― Introduction ― Introduces the background and topic of this study that 

related to environmental pollution and sewage treatment in present-day society. 

Research objectives and thesis organization are conducted in this chapter.  

 

Chapter 2 ― Literature review ― provides a comprehensive review of recent progress 

in wastewater treatment, including various advanced oxidation processes (AOPs), 

classification of photocatalysts, synthesis methods and applications of photocatalysis. 

 

Chapter 3 ― Surface chemistry-dependent activity and comparative investigation on 

the enhanced photocatalytic performance of graphitic carbon nitride modified with 

various nanocarbons. J. Colloid Interface Sci. 2020; 1(569):12-21― goes about to 

prepare graphitic carbon nitride (GCN) nanocomposites modified by nanocarbons that 

revealed great performances for total photodegradation of organic contaminants.  

 

Chapter 4 ― Nitrogen-doped Carbon Nanospheres Modified Graphitic Carbon Nitride 

for Enhanced Photocatalytic Performances. Nanomicro Lett. 2020; 24(12): 1886― 

unravels a facile hydrothermal method to synthesize a metal-free material for 

photocatalytic removal of sulfachloropyridazine (SCP) remarkably. The nitrogen 

content in NC critically influences the physicochemical properties and performances of 

the resultant hybrids. The mechanisms are further investigated by density functional 

javascript:;
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theory (DFT) calculations.  

 

Chapter 5 ― Efficient photo-Fenton oxidation of nitrophenol driven by self-generated 

H2O2 from ZnO@Fe3O4 composite. Compos. Part B-Eng. 2020; 1(200): 108345― 

reports in situ generation of H2O2 for efficient nitrophenol oxidation by simply 

reversing the prototypical Fe3O4-ZnO core-shell structure to provide inexhausable Fe2+ 

and Fe3+ Fenton-active species on Fe3O4 shell. 

 

Chapter 6 ― MXene as non-metal charge mediator in 2D layered CdS@Ti3C2@TiO2 

composites with superior Z-scheme visible light-driven photocatalytic activity. Environ. 

Sci.: Nano 2019; 6: 3158-3169― synthesizes two-dimensional CdS@Ti3C2@TiO2 

nano-hybrids. The effect of CdS loading on the photocatalytic performance is 

elucidated. A charge carrier sinking function of Ti3C2 is first time fabricated and three-

phase Z-scheme catalyst was proposed.  

 

Chapter 7 ― Conclusions and perspectives ― highlights the meaningful findings in 

this study and proposes suggestions for further research in the field. discusses the 

remaining challenges and suggestions for further research in photocatalysis. 
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Chapter 2. Literature review 

 

2.1 Introduction  

 

Environmental challenges, ranging from the smog in cities to toxic groundwater, have 

been emerged with our civilization advancement. Fresh water has been closely 

associated with lives, not only the life of human beings, but also the lives of all kinds 

of plants and animals. Aquatic ecosystem has been largely ruined by agriculture and 

industry activities, especially unrestricted drainage of sewages, which cause 

irreversible damage to our plants. Numerous traditional techniques have been 

developed to address these environmental concerns, including coagulation, filtration, 

sedimentation, adsorption, reverse osmosis, and biological methods; but most of 

which have deficiency of low efficiency, incomplete purification, high energy 

consumption or causing secondary pollution. Therefore, an environmentally friendly 

technology with highly efficiency is urgently required. Photocatalytic degradation has 

shown great potential as a low cost and environmentally sustainable technology for 

water purification compared to conventional methods [1]. 

 

Since Prof. Fujishima and Honda discovered that the single crystal titanium dioxide 

could generate hydrogen by splitting water under ultraviolet irradiation, the potential of 

solar energy utilization has been revealed in photocatalysis area, which provides a novel 

way in solving the problems of energy crises and environmental pollution [2]. However, 

given the low efficiency of solar energy conversion and high recombination rate 

between photoelectrons and holes, photocatalysis techniques still has a long way to go 

in large-scale industrial applications. 

 

Photocatalysis blossomed in the past decades and several different types of 
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photocatalysts have been raised. Primarily, combinations of metal nanoparticles on the 

surface plasmon resonance have been investigated for degrading organic pollutants and 

carcinogenic materials [3]. The application of plasma metals as photocatalysts has 

flourished since the early 20th century and noble metal nanoparticles were deemed as 

the materials with strong localized surface plasmon resonance (LSPR) property. This 

kind of material has shown great potential in treatment of a wide range of organic 

pollutants under irradiation of solar light. Nevertheless, the noble metal nanoparticles 

are not earth-abundant and they suffer from high cost issues, which limit their 

widespread applications in industry [4].   

 

In contrast, semiconductor photocatalysts attract a great deal of attention as generally 

economical materials; however, their low photoactivity seriously restricts the practical 

applications in aspect of photocatalysis. Various strategies have been developed to 

enhance the photocatalytic performance of semiconductor photocatalysts [5].  

 

2.2 Applications of advanced oxidation processes (AOPs) in 

degradation of pollutants 

 

Recently, AOPs draw close attention to purify polluted water because of the ability in 

the degradation of a wide range of organics through oxidation and reduction reactions. 

AOP is suitable for specific impurities treatment, including removal of heavy metals, 

degradation of specific contaminants, sludge treatment, and reduction of color or odor. 

In addition, pollutants can be removed without disinfection in AOPs. 

 

Basically, AOPs arebased on electricity activation, light scattering, and catalysts (or 

oxidants) to generate free radicals with high reactivity (such as OH) during the reaction. 

After combination, substitution, electron transfer or breaking bonds, the 

javascript:;
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macromolecular organic substances can be oxidative degraded into low-toxic or non-

toxic substances with small molecule, or even be directly mineralized into CO2 and 

H2O. As one of the physicochemical treatment technologies, AOPs haveadvantages of 

high efficiency and thorough decomposition of organic substances. Various AOPs have 

been invented and studied for a couple of years and can be classified mainly into five 

different types, including chemical oxidation, electrochemical oxidation, wet oxidation, 

supercritical water oxidation and photocatalytic oxidation. 

 

The methods of chemical oxidation include Fenton oxidation, Fenton-like oxidation 

and ozone oxidation. Fenton technology was originated in the mid-1990s, proposed by 

a French scientist H. J. Fenton who found that tartaric acid could be effectively oxidized 

by H2O2 with catalysis of ferrous ions. The default Fenton principle is producing 

hydroxyl radicals from hydrogen peroxide with adding Fe2+: Fe2++ H2O2 → Fe3++ OH-

+ •OH. Fenton method shows superiority in treatment of some refractory organics such 

as phenols and anilines. However, it has limitations that most of these reactions must 

be performed under acidic conditions. The Fenton-like reaction is carried out utilizing 

Fe3+, iron-containing minerals or other transition metals (Co, Cd, Cu, Ag, Mn, Ni, etc.) 

to accelerate or replace Fe2+ in H2O2 catalysis. However, complexing agents (EDTA 

etc.) need to be introduced for enhancing catalytic activity. The ozone oxidation system 

owns high oxidation-reduction potential which can oxidize most organic pollutants. 

However, the ozone reaction is restricted by the target selectivity, and the outcomes of 

carboxylic acid organic substance express an incompletely degradation. Since ozone is 

extremely unstable in non-pure water, some strengthening means such as photocatalytic 

ozonation, alkali-catalyzed ozonation and ozone/ultrasonic methods have been 

developed to improve the efficiency. 

 

The electrochemical catalytic oxidation method was originated in 940s, which has 

advantages of wide range of applications, high efficiency of degradation, automatic 

operation, and flexible use scenarios. The strong electrochemical oxidation method has 

javascript:;
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been favored by researchers in dealing with high concentration and toxic phenol-

containing wastewater. However, limitations still exist and affect the wide-scale 

promotion of this method, such as high-power consumption, high cost of precious 

metals on electrodes, anodic corrosion, micro-kinetics, and thermodynamics research 

that needs perfecting. 

 

Wet Air Oxidation (WAO) needs to be carried out under high temperature and pressure 

conditions. To make the condition milder and shorten the oxidation time, catalysts 

(metal salts, oxides, and composite oxides) are brought into the reactions, which can be 

called Catalytic Wet Air Oxidation (CWAO). CWAO can be divided into homogeneous 

CWAO and heterogeneous CWAO, according to the form of catalysts. The catalyst 

exists as ions in homogeneous CWAO, which is difficult to recycle thus causes 

secondary pollution. Although insoluble solid catalyst in heterogeneous CWAO has 

overcome the deficiency in homogeneous CWAO, the degradation rate is dependent on 

the specific surface area of catalysts, which is the main limitation in heterogeneous 

CWAO.  

 

Supercritical water oxidation technology has made strengthening and improvement of 

CWAO, which employs supercritical water as medium to oxidize and decompose 

organic matters. Sourcing a proper catalyst with broad-spectrum catalytic performance 

is a key determinant of the development of this technique. 

 

The photocatalytic oxidation technology has a host of boons, including simple structure 

of equipment, mild reaction conditions, easy control of operation and strong oxidizing 

ability. Therefore, photocatalytic oxidation technology is a new type of water treatment 

technology with broad application prospects. Photocatalytic technology has received 

tremendous attention due to its potential application because it can mineralize various 

organic pollutants at room temperature and pressure without secondary 

pollution.  In recent years, more and more researchers focus on substantive 
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works and explorations in the field of semiconductor photocatalysis. In this paper, we 

will present various strategies for heterogeneous photocatalysts employing metal 

oxides, chalcogenides, carbonaceous and polymers. In addition, we will include the 

latest research and development progress in all aspects of heterogeneous photocatalysts. 

 

2.3 Photocatalysis 

 

Typically, the semiconductor materials are widely employed as photocatalysts, which 

can be divided into 5 categories as shown in Table 2.1.  

 

Table 2. 1 Typical semiconductive photocatalytic materials  

Semiconductor photocatalysts  

Nano metal oxide TiO2, Fe2O3, WO3, SnO2, CuO, Al2O3, ZnO 

Noble metal loaded on nano 

metal oxides 

Au, Pt, Rh, Ag, Co 

Surface-coupled nano-

semiconductors 

CdS-ZnO, CdS-SnO, CdS-TiO2, CdSe-TiO2 and 

SnO-TiO2 

Perovskite-type photocatalysts BaTiO3, SrTiO3, LaFeO3 

Supported metal oxide catalysts loading TiO2 or ZnO on adsorbent carrier (silica, 

zeolite, alumina, activated carbon 

 

Generally speaking, main steps of the activation of semiconductor photocatalyst are 

summarized in Fig.2.1 (A). (1) Upon light irradiation, e−/h+ pairs are produced through 

migration of photo-generated electrons from valence band (VB) to conduction 

band (CB). (2) The photogenerated electrons and holes are separated and migrate to 

catalytical active sites, imitating oxidation and reduction reactions on the surface 

of photocatalysts. (3) The photogenerated electrons and holes, producing reactive 

oxygen species including superoxide and hydroxyl radicals, which decompose 

https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/earth-and-planetary-sciences/valence
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/earth-and-planetary-sciences/conduction-band
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/earth-and-planetary-sciences/conduction-band
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/earth-and-planetary-sciences/oxidation
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/engineering/photocatalysts
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/earth-and-planetary-sciences/reactive-oxygen-species
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/earth-and-planetary-sciences/reactive-oxygen-species
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/earth-and-planetary-sciences/inorganic-peroxide
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/earth-and-planetary-sciences/hydroxyl-radical
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complex macromolecular organics into less hazardous organics or inorganic substances 

as following: 

 

semiconductor + hv → h+ + e−                                      (2.1) 

h+ +H2O → ∙ OH + H
+                                             (2.2) 

h+ + OH− → ∙ OH                                                  (2.3) 

h+ + pollutant → (pollutant)+                                       (2.4) 

e− + O2 → ∙ O2
−                                                    (2.5) 

∙ O2
− + H+ →∙ OOH+ H2O                                           (2.6) 

∙ OOH → O2 + H2O2                                                (2.7) 

H2O2 +∙ O2
− → ∙ OH + O2                                            (2.8) 

H2O2 + hv → 2 ∙ OH                                                (2.9) 

pollutant + (∙ OH, h+,∙ OOH or ∙ O2
−) → pollutant degradation            (2.10) 

 

Many publications have focused on the mechanisms of semiconductor-based 

photocatalytic processes. The band-edge positions and potentials for different redox 

couples are summarized and exhibited in Fig.2.1 (B). 

 

 

https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/earth-and-planetary-sciences/degradation-mechanism
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Fig. 2. 1 (A) Schematic illustration of semiconductor photocatalysts in degradating 

organic pollutants. (B) Band-edge positions and potentials for different redox couples 

of semiconductor photocatalysts. 

 

2.3.1 Classifications of semiconductor photocatalysis. 

 

To design a highly active photocatalyst, a lot of work is focusing on the design of 

heterojunction photocatalysts. Basically, inverse heterojunction (p-n) and 

homogeneous heterojunction (n-n) are two main categories of heterojunction structures 

according to the conductivity type of materials. Vast of studies have proved that both 

of p-n and n-n photocatalysts have outstanding performances in water splitting and 

contaminants degradation (Table 2.1). 
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Fig. 2. 2. (A)Type I, (B)Type II and (C)Type III heterojunctions depending on the 

relative position of the energy bands. 

 

Three types can be classified according to the relative positions of the energy bands of 

the semiconductors. The band diagrams of three types are shown in Fig.2.2. For type I, 

the band gap energy of one semiconductor material completely overlaps with the other 

one and produces discontinuity at the interface. For type II, parts of the band gap 

energies of the two semiconductors are overlapped. For type III, the forbidden bands of 

two semiconductors are completely staggered.   

 

In a single crystal semiconductor combined with P-type and N-type semiconductors, p–

n junction can be found at the interface. When a p–n junction forms, a stronger electric 

field is generated between the semiconductors, which accelerates the charge separation 

and reduces the charge recombination rate. Homojunction is a junction on the interface 

of alike semiconductor materials, which have similar band gaps but typically have 

diverse doping.  

 

Table 2. 2 summarizes different types of heterojunctions reported in literatures, 

illustrating that heterojunctions in photocatalysts can improve the reaction activity 

effectively.  

 

Table 2. 2. Different types of heterojunction 

 Photocatalysts Ref. 

Type I  BixOyIz/g-C3N4, V2O5/BiVO4 [6, 7] 

https://en.wikipedia.org/wiki/Crystal
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Type II  graphene/g-C3N4, Au/g-C3N4, and WO3/g-C3N4. [8] 

Type III H3PW12O40/TiO2-In2S3 [9] 

p-n junction Bi2O3/ZnO, NiO/ZnO [7, 10] 

Homojunction g-C3N4, Cd1−xZnxS [11, 12] 

 

2.4 Metal-based semiconductors 

It is revealed that loading metal related nanoparticles on the surface of semiconductor 

nanoparticles can overcome some limitations of semiconductor. For example: (1) it 

suppresses probability of recombination of photogenerated charge carrier by serving 

passive electron sinks and facilitating charges’ separation; (2) it promotes rapid 

dioxygen reduction to generate reactive free radicals; (3) it enlarges the response range 

of photocatalysts in the UV and visible ranges; (4) it acts as a trapping center to increase 

the longevity of carriers; (5) it can be directly activated under irradiation of visible light 

[13].  

2.4.1 Noble metal-based photocatalysts 

The existing problems of semiconductor photocatalysts are low utilization rates of solar 

energy and high rates of photo-generated carrier recombination, which can be effectively 

solved by noble metal doping, i.e. from gold (Au), silver (Ag), palladium (Pd) and 

platinum (Pt). When doped with metals, Schottky barrier (ΦB) could be formed on the 

interface of the semiconductors, which will establish an internal electric field to 

promote charge separation. Noble metal doping can increase the concentration of surface 

electrons and decrease the resistance of n-type semiconductors (i.e. SnO2, ZnO and 

TiO2). While for p-type semiconductors, it will decrease the concentration of holes and 

increase the resistance [14-16]. 

In 1979, Kiwi and Gratezl observed that Pt nanoparticles could be photo-excited in water 

splitting. Since then, Kiwi’s group has attempted to dope Pt nanoparticles on the surface 

https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemistry/silver
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemistry/palladium
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemistry/platinum
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/engineering/electron-concentration
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/materials-science/zno
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemistry/hole-concentration
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of TiO2 nanoparticles and a significant enhancement of hydrogen production (300ml/h) 

was observed compared to the pure Pt and TiO2 nanoparticles. Charge separation can 

occur when electrons are transferred from Pt nanoparticles to the conduction band of TiO2, 

and therefore the induced photocatalysis can split water.  

 

Ag has many advantages including low-cost, strong LSPR effect and controllable 

morphology. In 2008, Awazu et al. proposed that the photocatalytic activity of TiO2 might 

be enhanced by the assistance of Ag nanoparticles [17]. Many investigations indicated that 

Ag/semiconductors (Ag/TiO2, Ag/ZnO, Ag/AgBr, Ag/AgCl) showed efficient degradation 

of organics and hydrogen production under sunlight activation, which was ascribed to the 

strong LSPR of metallic Ag components that increased the absorption of visible light [18-

21].  Shen et al. reported a green synthesis of Ag modified ZnO catalyst via simplified 

hydrothermal method toward degradation of methylene blue (MB) under UV irradiation. 

The excellent performance is attributed to the separation of charge carriers and reaction 

space resulting in an effective degradation result. Under UV irradiation, generated 

photoelectrons in ZnO are captured by Ag because of efficient light absorption and 

charge transportation/separation, and these electrons produced hydroxyl radical for 

further degradation mechanism [22]. 

 

Au nanoparticle has a transformable LSPR performance by controlling the morphology of 

particles, which accordingly acquires the light in different optical bands. Tian and Tatsuma 

reported that Au played a pivotal role in controlling the rapid charge separation in the 

photocatalytic system, which offered new opportunities in treatment of organic/inorganic 

dyes [23].  

 

More prominently, it is possible to further expand the absorption range of Au doping 

by adjusting the size and morphology, which greatly improves the photocatalytic 

performance of the composites. It is found that, based on the variable LSPR effect of 

Au particles, an egg yolk-like hollow composite material could be synthetically tailored 
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across a broad spectrum from visible to near‐infrared region, thereby significantly 

improved the performance of catalytic oxidation of benzyl alcohol [24]. Similarly, in 

the study by Ye et al., the synthesized Au@TiO2 core-shell composites could strongly 

enhance the photocatalytic oxidation activity because of their ability to absorb more 

solar energy. 

2.4.2 Metallic oxides  

2.4.2.1 TiO2 and modified TiO2 counterparts 

Titanium dioxide (TiO2) has been widely utilized as a typical semiconductor, which can be 

divided into three main crystalline structures including brookite, anatase and rutile. Anatase 

TiO2, with band-gap energy of 3.2 eV, possesses great photo response activity among these 

structures.  

 

The anatase TiO2 catalysts have been intensively studied in the past few years. Five 

typical steps are ascertained on the surface of TiO2 during a photocatalytic process: (1) 

photoexcitation (light absorption and charge-carriers generation), (2) diffusion, (3) 

trapping, (4) recombination, and (5) oxidation [25]. Therefore, a variety of modification 

methods have been undertaken to control each step to improve the activity of 

TiO2 photocatalysts. 

 

Surface modification has been generally considered as an effective method to achieve 

photocatalytic promotion via changing the distribution of electrons and the surface 

properties of TiO2. Impregnation reduction method or photoreduction deposition method 

can be employed to deposit an appropriate amount of noble metal (Pt, Au, Pd, Rh, Ag and 

Nb) on the surface of TiO2, bringing about broaden response range of TiO2. The photo 

induced electrons will concentrate on noble metals, leading to a reduction density on TiO2 

surface. 
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When TiO2 combined with another material owning different energy levels, the 

photogenerated electrons will rapidly inject to the lower energy conduction band through 

the contact interface, which can reduce the recombination rate of the photogenerated carriers, 

thus broadening the response area of TiO2 to visible region. Metallic oxides and metallic 

sulfide with narrow energy gaps (i.e. Co3O4, Cu2O, WO3, ZnO/ZrO2 and ZnS/CdS) are 

extensively used in TiO2 compositional modification. Whereas these dopants are 

still subject to the insufficiencies including low thermal stability and poor quantum 

efficiencies. 

 

Dye sensitizations introduce organic sensitizers on the surface of TiO2 to absorb more 

photons for activating and injecting more electrons to the conduction band of TiO2, which 

broadens the excitation wavelength of TiO2, thus harvest visible light for photocatalysis. 

Phthalocyanine, eosin, chlorophyll copper trisodium, heteropoly blue, erythrosin B, 

porphyrin compounds and its derivatives can be used as effective sensitizers to improve 

the photoactivity of TiO2. 

 

Ion doping is to introduce metal or non-metal ions into the TiO2 lattices during the 

preparation of TiO2, therefore changing the charges and types of crystal lattices, which 

affects the movement of photogenerated carriers and the distribution in the system. The 

change of the valence band or the conduction band potential structure ultimately brings 

about an increasing photocatalytic activity of TiO2. 

 

Non-metal doped TiO2 has attracted extensive attentions because researchers found that 

dopped TiO2 with non-metallic elements (P, N, S, C, B, F, etc.) can extend the response range 

to the visible light region, consequently obtain enhanced solar energy utilization. A 

comparison of typical modification methods of TiO2 is summarized in Table 2.3.  

 

Table 2. 3. Comparison of typical modification methods to enhance the photocatalytic 

properties of TiO2. 
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Modification 

methods  

Catalyst Preparation 

method  

Activity Disadvantages  Ref. 

Noble metal 

dopping 

Pd/TiO2-CS Impregnation 

method 

99.5% 

MB 

Toxic and 

expensive 

[26] 

PdPt/TiO2 Chemical 

deposition 

96% CO [27] 

Ag-TiO2 Photodeposition 

method 

74.7% 

nitrate 

[28] 

Composite s

emiconducto

r 

WO3-TiO2 Sol-gel method 98.8% 

MO 

Toxic, unstable 

and 

photocorrosive 

[29] 

CdS/Pt/TiO2 

nanotubes 

Chemical 

deposition 

91.9% 

MO 

Dye sensitiza

tion 

Porphyrin 

sensitized 

TiO2/rGO 

Impregnation 

method 

85% MB Competitive 

adsorption 

[30] 

Metal ion 

doping 

Co/TiO2 Sol-gel method 97% RhB Narrow range 

of doping 

concentration 

[31] 

Fe/TiO2 hydrothermal 

method 

60%para

quate 

[32] 

Nonmetallic 

ion doping 

Graphene/N

/TiO2 

Sol-gel method 96.2% 

MO 

Narrow range 

of doping 

concentration 

[33] 

rGO/ TiO2 Hydrothermal 

method 

90% MB [34] 

 

2.4.2.2 Iron oxide  

It is difficult to recycle photocatalysts in particular in nanosize from reaction mixtures, 

which restricts the usage of heterogeneous photocatalysts in wastewater treatment. UV 

light only accounts for small proportion in solar spectrum (5-7%), while visible and 

infrared lights constitute 46% and 47% [8, 35], respectively. To resolve the 
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above problems, iron oxide nanoparticles including Fe3O4[36-39], α-Fe2O3[40], β-

Fe2O3[41], γ-Fe2O3[42], FeO and MFe2O4[43, 44], have been employed as rational 

materials due to the paramagnetism/ferrimagnetism, environmental-friendly nature and 

great stability [45]. Applications of magnetic iron oxide integrated photocatalysts are 

summarized in Table 2. 4. 

 

Table 2. 4. Applications of magnetic iron oxide integrated photocatalysts.  

Photocatalyst Preparation 

method  

Saturation 

magnetization  

Activity Ref 

Fe3O4@TiO2 Hydrothermal 

method 

32.9 emu/g 94% RhB in 60 min [38] 

g-

C3N4@Fe3O4@

BiOI 

Hydrothermal 

method 

8.7 emu/g 98% RhB in 240 min [46] 

Fe3O4@ZnO Hydrothermal 

method 

60.7 emu/g 94.8% phosphate in 

5 min 

[39] 

Fe3O4@TiO2 Precipitation 

titration 

52.6 emu/g 100% FCF in 60 min [47] 

rGO@Fe3O4@

TiO2 

Sol-gel and 

assembling 

method 

 100% MB in 9 min [37] 

γ-Fe2O3@ TiO2 Hydrothermal 

method 

75 emu/g 94% MO in 120 min [42] 

ZnO@Fe3O4 One-step 

synthesis 

route 

 100% RhB, 100% Ag+, 

80% Co2+, 89.7% Cu2+ 

and 91.6% Ni2+ in 40 

min 

[36] 

Fe3O4@ZnO Surfactant-free 

method 

2.81 emu/g 73.9 % Phenol in 180 

min, E. coli 

[48] 
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inactivation in 30 min 

Fe3O4@C@Zn

O 

One-pot method  99% MB in 60 min [49] 

γ-Fe2O3@ZnO Atomic layer 

deposition 

5.2 emu/g 90.3% ciprofloxacin in 

60 min 

[40] 

MFe2O4-Ag2O 

(M = Zn, Co, & 

Ni) 

hydrothermal 

method 

16.48, 22.71 

and 

19.62 emu/g 

95%, 80% and 95% 

MO in 5, 14 and 6 min, 

respectively 

[44] 

Fe2O3–MFe2O4 Laterite leach 

liquors 

9.0 emu/g 90.0% RhB in 90 min [50] 

2.4.2.3 ZnO and other metal oxide/ complex metal oxides photocatalysts 

ZnO nanoparticles have been effectively used in numerous fields, such as aser [51], 

sensor [52], solar cell [53] and field-emission device [54], due to its non-hazardous 

nature, low cost and high photoactivity [36]. ZnO is a n-type semiconductor possessing 

a direct and wide band gap (3.37 eV) and a big excitation binding energy (60 meV), 

which are close to anatase TiO2, the mostly used and classical photocatalytic material, so 

ZnO theoretically has similar photocatalytic ability as TiO2 [55]. In fact, ZnO owns a higher 

photocatalytic activity than TiO2, yet worse stability, because photocorrosion and 

unsatisfactory utilization efficiency of visible light often limit its photocatalytic activity 

[56-58].  Therefore, considerable amount of research efforts has been employed 

towards ZnO band gap engineering to improve charge separation and extend its 

response into the visible light region. 

 

In general, doping metallic elements (Na, Cu, and Fe) [59-61], non-metallic elements(N 

and C) [62, 63] and noble metals (Au, Ag, and Pt) [64-66] can effectively improve the 

visible-light response of ZnO. And coupling with other semiconductors is a preferable 

approach to enhance the photoactivity of ZnO. Binary (ZnO/Fe2O3, ZnO/CuO, 

ZnO/Bi2O3, ZnO/BiOI, ZnO/NiO, ZnO/Ag3VO4 and ZnO/CeO2) [67-73] and ternary 

https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/materials-science/zno
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ZnO-based nanocomposites have been confirmed to have higher light absorption, better 

suppression of photoinduced electron-hole pairs recombination and increased charge 

separation than the original materials. 

 

In addition, further studies showed that some other metal-oxide semiconductors are 

promising photocatalysts for water splitting and organics degradation due to the lower band-

gap energy and the more negative conduction band positions, including WO3 [74], In2O3 

[75], CuO [76], SnO2 [77], Ta2O5 [78] and Bi2O3 [79]. 

Involving two or more metals in semiconductors would make it easier to modulate the band 

structures, eg. band-gap energies and the positions of the VB and CB, therefore achieving 

the desired photocatalysis. The ideal perovskite type oxide has structure of cubic 

symmetry with general formula of ABOx, wherein A refers to rare-earth metals, and B 

refers to transition metal ions. Partial replacement of A or B with other metal ions will 

result in ionic defects, accordingly improving the photoactivity of the catalysts. Some 

compounds, such as KBiO3 [80], Ag3PO4 [81], CaBi6O10 [82], CuBi2O4 [83], Bi2WO6 [84], 

BiTaO4 [85], InTaO4 [86], SrSnO3 [87], Bi4Ti3O12 [88], LaTaON2[89] and Zn2GeO4 [90] 

have been proven to have strong absorption properties in the visible light region. 

2.4.3 Metal sulfides, nitrides (or oxynitrides) and carbide  

There have been several studies in literature reporting metal sulfides. In 1983, CdS was 

found to be able to produce hydrogen from water under visible-light photocatalysis [91]. 

With proper modification or hybridization, CdS has been frequently applied in 

photodegradation of organic pollutants in water system [92-94] and hydrogen production 

[95]. ZnS has been widely investigated as a good photocatalyst owing to the rapid 

generation of electron–hole pairs and the excellent reduction potential for the 

photodegradation of contaminants, hydrogen production [95, 96] and CO2 conversion 

[97]. Other metal sulfides, such as Bi2S3 [98, 99], CuS [100], In2S3 [101], Co3S4 [102], 

Ag2S [103] MoS2 [101], WS2 [99], NiS [104] have merited close attention due to their 

excellent photocatalytic performance under visible light irradiation and are widely used 
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for the wastewater treatment. Metal nitrides such as TiN [105], Mo2N [106], Ta3N5 

[107], and Ge3N4 [108] are widely investigated as visible-light photocatalysts. In addition, 

metal oxynitrides, such as TaON [109] and TiON [110] have also been regarded as a 

promising visible-light-driven photocatalyst for water splitting and organic degradation.  

 

2.4.3.1 Transition metal carbide/nitride materials 

Nowadays, two-dimensional (2D) materials have been consolidating their status as the 

chief means of photo driven materials, such as graphene, graphite carbon nitride, and 

molybdenum disulfide [111, 112]. Graphene with two-dimensional honeycomb 

structure has been most widely studied, which is composed of carbon atoms with sp2 

hybrid orbitals and confirmed to have high theoretical specific surface area of 2630 

m2g−1 and high electron mobility of 200,000 cm2v−1s−1. However, the weak van der 

Waals force between the interlayers and the complicated preparation process are the 

biggest obstacle for the further application of the graphene. MXene is a new two-

dimensional material with composition of metal carbide or carbonitride. In 2011, 

Naguib with his team successfully synthesized two-dimensional Ti3C2 MXene for the 

first time [113]. They selectively etched the metal Al atoms using hydrofluoric acid at 

room temperature to form layered hexagonal ternary carbide (Ti3AlC2).  

 

The MXene is generally prepared from Mn+1AXn, where M represents an early 

transition metal (Sc, Ti, Zr, Hf, V, Nb, Ta, Mo); while A is mainly from group III or IV 

elements and X indicates C or N; n usually refers to 1, 2, 3 [114-116]. Owing to their 

unique structure, superior photoelectronic conductivity and storage capacity, 

graphene-like MXenes with layer structure show various potential applications in 

different areas, such as energy storage, electromagnetic interference shielding [116, 

117], gas sensors [118], biological probe, wireless communication [119], water 

treatment [120, 121], solar cells [122-124], and catalysis [111, 125-128]. The general 

formula of MXenes is Mn+1XnTx, where Tx denotes surface functional groups from 
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etching process (–O, –OH, –F, or a mixture of several groups), the existing of which 

shows great chemical property in MXenes. Generally, wet chemical HF etching and in 

situ HF etching methods are most commonly used in MXenes preparation [129]. 

Meanwhile, other processes employing tetramethylammonium hydroxide (TMAOH) 

[130, 131], electrochemical [132], or etching with NaOH [132] and ZnCl2 [127] have 

also been reported. 

 

It is worth emphasizing that enormous potential of MXenes can be seen in aspect of 

catalytic applications, including electrocatalysis, photocatalysis and traditional 

heterogeneous catalysis, because of the rich compositions and surface chemistry, 

tunable structures, and outstanding thermal stability. Some representative MXene-

based materials are summarized in table 2. 5. 

 

Table 2. 5. Summary of representative MXene-based materials for applications in 

catalysis. 

Catalytic 

reaction 

Catalyst Photocatalytic activity Ref. 

HER MoS2/Ti3C2@C Overpotential of 135 mV @ 10 mA 

cm−2 in acid solution. 

[125] 

Mo2CTx Overpotential of 283 mV in 0.5 m 

H2SO4. 

[133] 

OER Co-P/Ti3C2 Overpotential of 298 mV @ 10 mA 

cm−2 alkaline electrolyte.  

[134] 

Ni0.7Fe0.3PS3@Ti3C

2Tx 

overpotential of 282 mV @ 10 mA 

cm−2 in 1 m KOH. 

[135] 

Photocatalytic 

CO2 reduction  

TiO2/Ti3C2 0.22 mol h-1 for CH4 production [136] 

Ti3C2/Bi2WO6 0.069 mmol/g CO2 adsorption [137] 

Photocatalytic 

H2 production 

CdS/Ti3C2Tx hydrogen production of 14 342  

mol h-1 g-1 

[138] 
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Cu/TiO2@Ti3C2Tx hydrogen production of 860  

mol h-1 g-1 

[139] 

Ti3C2/g-C3N4 hydrogen production of 72.3 mol 

h-1 g-1 

[140] 

ZnS/ Ti3C2 hydrogen production of 124.6 

mol h-1 g-1 

[141] 

Photocatalytic 

degradation 

CdS@Ti3C2@TiO2 Remove RhB, MB, SCP and phenol 

in 60, 88, 88 and 150 min 

[111] 

Ti3C2-OH/CdS Remove 97% RhB in 100 min [142] 

g-C3N4/Ti3C2 Remove ciprofloxacin in 150 min [121] 

a-Fe2O3/ Ti3C2 Remove 98% RhB in 120 min [143] 

 

2.5 Metal-free photocatalyst 

In the past decades, the metal-based photocatalysts have attracted a surge in attention 

in aspect of the application of solar energy for water purification, but the shortcomings 

of high cost, source scarcity, low selectivity, poor durability and environmentally 

toxicity cannot be ignored. In recent years, researchers have turned their focus on metal-

free materials. Unlike the metal-containing photocatalysts which need expensive metal 

salts for preparation, metal-free photocatalysts have unique advantages of earth 

abundance, low cost, simple structure, simple synthesis and environmental friendliness.  

 

In 2009, Dai and his colleagues developed a brand new kind of carbon nanotube 

material with high-efficiency ORR catalysis, which showed better performance than 

commercial Pt/C [144].  

 

According to the classification of the metal-free photocatalysts, it comprises three 

major parts, graphitic carbon nitride (g-C3N4)-based photocatalysts, graphene-based 

photocatalysts and elemental metal-free photocatalysts made of one single element 
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[145-149].  

 

2.5.1 Graphitic carbon nitride (g-C3N4) 

Carbon nitride (g-C3N4) is the most extensively studied material among metal-free 

photocatalysts. It is a polymeric layered material, structurally analogous to graphene. 

The van der Waals forces between layers bring about good thermal and chemical 

stabilities of g-C3N4 and it is insoluble in water, ethanol, acetone, dichloro carbon, N, 

and N-dimethylformamide. It can remain unchanged after heated to 600℃ in air. g-

C3N4 is a medium band gap semiconductor with band gap of 2.7 eV. Pertaining to its 

yellow color, the light absorption of g-C3N4 lies around 460 nm, resulting in a 

promising ability to harvest solar energy. Traditionally, g-C3N4 is generally synthesized 

by thermal condensation of N-rich precursors, such as urea, dicyandiamide and 

melamine. However, the popularization and application of g-C3N4 is restricted by the 

ineffective utilization of solar energy due to low specific surface, serious recombination 

of photogenerated electron–hole pairs, low quantum efficiency and broad band gap. It 

is imperative to develop optimized and modified methods to enhance photocatalytic 

efficiency of g-C3N4 [149].  

 

2.5.1.1 Structural modification of g-C3N4 

Although great progresses have been made in studies of g-C3N4, designing and 

preparing porous g-C3N4 materials with large surface area and pore volume are still 

challenges for researchers [150, 151]. Among various synthesis methods, the hard-

templating method is the most effective one. It can easily adjust the porosity, structure, 

morphology, surface area and the size of the samples, which provides more active sites 

on the surface of g-C3N4 [152, 153].  

 

The main steps of the hard templating method include: (1) immersing the nitrogen-rich 
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precursor in the mesoporous template; (2) calcining the powder after drying, the 

framework structure of g-C3N4 is condensed in the template channel; (3) employing 

NH4HF2 or HF to remove the hard template then obtaining g-C3N4 with ordered 

nanoporous structure. The mostly used agents are silica particles, porous alumina film 

and calcium carbonate particles. Cyanamide, dicyandiamide, melamine, urea, thiourea 

and other nitrogen-rich materials can be utilized as precursors, but most of the precursor 

molecules have cons of poor solubility in water, toxicity and high-cost. Therefore, the 

selection of suitable templates and precursors is crucial for the synthesis of g-C3N4 with 

various morphologies and carbon-nitrogen ratios. 

 

Liquid phase surfactant can be used as the soft template, which shows merits of shorter 

cycle, lower cost, and more environmentally friendly comparing with the hard 

templating. 

 

Zhang et al. prepared nanopores g-C3N4 via soft-templating using P123, F127, Triton 

X-100, Brij-30 and CTAB as surfactants. The obtained g-C3N4 had a high BET surface 

area (112 m2 g−1), but a nonuniformed and unordered pore distribution [154]. However, 

GCN intermediate polymer would inevitably decompose during the decomposition 

process of surfactant and the total yield was only 20%-30%, which was lower than that 

of hard templating. 

 

In 2013, Zhu et al. developed g-C3N4 with mesoporous structure by changing the 

calcining atmosphere. The obtained g-C3N4 had a high specific surface area of 201-209 

m2g-1 and pore volume of 0.50-0.52 cm3g-1, endowing high catalytic activity in 

photodegradation of methyl orange [155]. Additionally, the ultrasonic stripping [156, 

157], chemical stripping [158], gas loosening [159] and secondary calcining [160] were 

also widely used in pore-forming of block g-C3N4 or synthesized graphene-like g-C3N4 

nanosheets. Shanker et al. obtained the block nonporous g-C3N4 via direct calcining of 

melamine, and the specific surface area and pore volume were 8m2g-1 and 0.08cm3g-1. 
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Afterwards, the block g-C3N4 was placed in ethanol solution with 33Hz ultrasonic 

waves at room temperature for 5 hours. g-C3N4 with mesoporous structure was obtained 

after subsequent separation and drying. Both of specific surface area and pore volume 

increased to 121 m2g-1 and 0.39 cm3g-1. Meanwhile, the pore size was 3.9nm, and the 

distribution was relatively concentrated [161]. From the aspects of the cost, preparation 

cycle and environmental impact, the template-free method is naturally the most ideal 

for preparing mesoporous g-C3N4. However, the meso-porosity on g-C3N4 synthesized 

by soft templating and template-free methods is basically composed of disordered pores, 

and the distributions of pore sizes are relatively wide. Nevertheless, if high values of 

texture properties and ordered pores are not required (such as photocatalysis and fuel 

cells), the soft templating and template-free methods are undoubtedly preferred. 

 

Fig. 2. 2 Different dimensional g-C3N4 materials 

 

Fig. 2. 2 shows six different shapes of g-C3N4 photocatalysts: quantum dots, twisted 

nanorods, nanorods, nanospheres, nanosheets and nanostructured flowers. Wang et al. 

reported that the bulk g-C3N4 could be exfoliated into 2D nanosheets, 1D nanoribbons 
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and finally 0D quantum dots via directly thermal-chemical etching [162]. The obtained 

quantum dots exhibited blue emission and charge recombination with visible light 

activation. Zheng et al. synthesized g-C3N4 with twisted hexagonal rod-like 

morphology (diameter of 100–200 nm and length of 0.5–2.0 mm) via nanocasting 

technique [163]. This especial nanoarchitecture promoted charge separation and mass 

transfer of semiconductors, which showed efficient photocatalytic potential for water 

splitting and CO2 reduction. Antonietti fabricated uniform graphitic carbon nitride 

nanorods (CNR) by templating a chiral mesostructured silica nanorod [164]. The 

prepared CNR demonstrated excellent photocatalytic capability in H2 generation, 

although the BET surface area of CNR was 52 m2g-1 that was much smaller than the 

230 m2g-1 for mesoporous g-C3N4. Niu et al. synthesized graphene-like g-C3N4 

nanosheets with a thickness of around 2 nm, which could be easily obtained by thermal 

oxidation etching of bulk g-C3N4 in air [165]. A higher BET surface area of 306 m2g-1 

was obtained, compared to the bulk g-C3N4. Excellent photocatalytic hydrogen 

productivity could be observed owing to the increased band gap and better electron 

transport ability originating from the quantum confinement effect. Zheng et al. reported 

a hollow g-C3N4 nanosphere (HCNS) by incorporating aromatic motifs into the nanosized 

shells of hollow structure of g-C3N4, which resulted in an extension of π-conjugation 

and a red-shift of optical absorption [166]. Therefore, an enhancement of photocatalytic 

hydrogen evolution could be found under visible light irradiation.  

 

Recently, Wang et al. designed a single or few-layered polymeric carbon nitride (PCN) 

nanosheets via a facile and green one-step carbon/nitrogen steam reforming approach 

from precursors including urea, melamine, dicyandiamide and thiourea [167]. The 

obtained PCN exposed more active sites on the enlarged surface area and prolonged 

charge lifetime, which resulted in a great enhancement in hydrogen generation (261.1 

mmol h-1). Such a delamination method could be applied to other carbon‐based 2D 

materials for advanced applications. 
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Zhu et al. reported a P-doped g-C3N4 nanostructured flowers of in-plane mesopores by 

a co-condensation method without templates, which promoted light trapping, mass 

transfer and charge separation [168]. The open-up surface and well-defined mesopores 

enabled to enhance the catalytic activity in hydrogen production under visible light 

irradiation. 

 

2.5.1.2 Modification of g-C3N4 

Heteroatom doping is an efficient method to narrow the bandgap of g-C3N4. Several 

heteroatom elements doping of g-C3N4 have been demonstrated to narrow the bandgap. 

Both cations and anions, including metal irons (Fe [169-172], Zn [173, 174], Bi [175], 

Co [176, 177], Mn [178], Cu [179, 180], Na [181]) and nonmetal irons (C [182-184], 

N [185], O [186], S [187], P [188], F[189], I[190, 191]) have been extensively 

investigated. However, the doped heteroatoms are distributed on the surface of g-C3N4 

layers, which limited extension of the light-absorbing edge and improvement of 

photocatalytic activity. Combinations of g-C3N4 with some semiconductors, including 

Cu2O [192], Ni complex [193-195], Bi complex [6, 196, 197], red phosphor [198], 

grapheme [199], TiO2 [200], and CdS [200] have emerged as one of the most fascinating 

and exciting research directions in the past 10 years especially in arenas of 

environmental remediation, energy conversion, and energy storage. The moderate 

performances were attributed to the insufficient light harvesting and inefficient charge 

separation. Thus, more research efforts have been dedicated to further improve the 

efficiency.  

 

As we all know, organic dyes have been widely applied as a visible light harvesting molecule 

for taking advantage of solar energy effectively. In such a photoexcitation process, the 

photoinduced electrons were generated from dye molecules rather than g-C3N4, which were 

injected into the conduction band of g-C3N4, thus suppressing the charge carrier 

recombination [201]. Over the past a few years, dyes have been gradually used as a visible 

https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/engineering/anions-and-cation
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light harvesting molecule to extend the possibility of the reaction. Currently, eosin-Y [202], 

fluorescein [203] and perylene [204] dyes have proven to be efficient sensitizers during 

photocatalytic processes and they can significantly boost the photoactivity over the g-C3N4 

photocatalyst. Table 2. 6 compares typical modification methods above-mentioned. 

 

Table 2. 6. Comparison of typical modification methods to enhance the photocatalytic 

properties of g-C3N4. 

Modification 

methods 

Catalyst Preparation 

method 

Photocatalytic 

activity 

Ref. 

Metal ion 

doping 

Fe@ g-C3N4 one‐step pyrolysis 

process 

75% MB in 3h; H2 

536 μmol h−1 g−1 

[172] 

Na@ g-C3N4 one-pot, solid-state 

route  

98% EE2 in 2h [181] 

Co@ g-C3N4 one-step thermal 

polycondensation 

H2 

560 μmol h−1 g−1 

[177] 

Nonmetallic 

ion doping 

C@ g-C3N4 hydrothermal 

method 

97% MB in 2h [184] 

P-S@ g-C3N4 in situ thermal 

condensation 

100% MB in 3h [188] 

I-K@ g-C3N4 simple pyrolysis 

method 

100% SMX in 40 

min 

[189] 

Composite s

emiconducto

r 

g-C3N4@ Cu2O chemical 

precipitation 

method 

92% E. coli in 120 

min 

[6] 

CdS@ g-C3N4 In situ fabrication 100% MO in 

40 min 

[200] 

Dye sensitiza

tion 

Fluorescein/ 

Ag@ g-C3N4 

 H2 2014.20 

μmol h−1 g−1 

[205] 

https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/engineering/thermal-condensation
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/engineering/thermal-condensation
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/earth-and-planetary-sciences/pyrolysis
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemistry/precipitation-chemical
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemistry/precipitation-chemical
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Eosin Y /g-

C3N4/NiCoP 

 12.50 mmol g−1 h−1 [206] 

2.5.2 Nanocarbon material  

Numerous researchers have demonstrated that nanocarbon material can be classified to 

graphite, diamond, fullerene, carbon nanotubes and graphene, depending on the 

hybridization (sp, sp2, or sp3) of carbon atoms. Graphite is a kind of black, soft and 

stable conductor with strong covalent bonds in the carbon layers and weak van der 

Waals forces between the carbon layers. As a tough transparent material with 3D 

network structure, each crystal lattice of diamond is consisted of four carbon atoms (sp3 

hybridized). C60 produces a major branch of carbon material as a cage-shaped spherical 

material. Carbon nanotubes open a new space of material science and nanotechnology, 

which possess a unique 1 D coaxial tube with diameter of 2-20 nm and consist of 

hexagonal arrangement of carbon atoms. It has the peculiarities of strong elasticity, high 

strength, good quantitative, great thermal insulation, excellent stealth and strong 

infrared absorption. Fig. 2. 3 illustrates 2D graphene family nanomaterials with various 

morphologies and characteristics, including graphene, few-layer graphene, graphite, 

reduced graphene oxide and graphene oxide [207]. Carbon quantum dots (GQDs), new 

kind of zero-dimensional (0D) carbon nanomaterial (less than 10 nm in size), have been 

suggested to be promising photocatalytic candidate. CQDs’ capabilities of harvesting 

long wavelength light and exchanging energy with solution species endow 

them feasibilities to function as photocatalysts in organic syntheses. Different from 

spherical, tubular or nanosheets of carbon, CQDs exhibit distinctive electronic and 

optical properties because of their large edge effects and quantum confinement, which 

result in better peroxidase-like activities than others 

https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/earth-and-planetary-sciences/feasibility
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Fig. 2. 3. 2D graphene family nanomaterials. 

 

2.5.2.1 Graphene  

Since graphene was first fabricated through mechanical exfoliation in 2004, researchers 

invested intensively in studying this “dream material” [208]. Graphene, a flat single-

atom-thick sheet of sp2 hybridized carbon atoms, is arranged in a hexagonal lattice with 

a distance of 0.142 nm between two carbon atoms [26], which can be classified into 

four types: zero-dimensional (0D) fullerenes [209]; one-dimensional (1D) nanotubes; 

two-dimensional (2D) honeycomb lattice structure [210] and  three-dimensional (3D) 

graphite [211]. Among these types, 2D structure brings about the best photocatalytic 

effect. The mechanism of 2D graphene in photocatalysis can be attributed to three main 

aspects: 1. serving as the collectors and transmitters of photo excited electrons; 2. 

broadening the range of light absorption; 3. enhancing the adsorption ability. Recently, 

tremendous progresses have been achieved in development of 2D graphene family 

nanomaterials including graphene, few-layer graphene, graphite, reduced graphene and 

graphene oxide. 

https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemistry/hexagonal-space-group
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemistry/fullerene
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemistry/nanotube
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Since the conduction band energy of the Fermi level of graphene are lower than most 

of the semiconductors, photogenerated electrons can be easily transferred from the 

semiconductor to the graphene through the interface. Graphene involves a giant π-

conjugated system, which results in extraordinary mobility of charge carrier (up to 

1.5×10 4 cm2/(V•s)) transferring to the target reactant, accordingly forming superoxide 

radicals (hydroxyl radicals and peroxy radicals), then achieving non-selective 

oxidization of organic pollutants, photocatalytic sterilization, water splitting and CO2 

reduction. When graphene is combined with semiconductors, M-C or M-O-C (M 

represents metal) bonds may be formed on the surfaces or in a certain depth of graphene, 

causing a certain degree of red shift, thereby expanding the response to visible light 

range. Graphene involving π-conjugation and the single-atomic with two-dimensional 

planar has the largest specific surface area (2630 m2/g), thereby it exhibits higher 

photocatalytic efficiency compared to other carbon nanomaterials (graphite, carbon 

black, activated carbon, carbon fiber, carbon nanotubes, fullerenes, etc.) [208]. 

 

Non-metal doping methods can be divided in two categories: in-situ and post-

processing methods. In-situ method includes vapor deposition and ball milling, while 

post-processing method includes thermal decomposition and wet chemical method. 

Each method has its respective advantages and disadvantages as shown in Table. 2. 7. 

 

Table. 2. 7 Advantages and disadvantages of various preparation methods of non-metal 

doping graphene. 

 

Preparation 

method 

Advantages Disadvantages Ref. 

vapour deposition 

method 

Good controllability 

and uniform doping 

Complex procedures, low 

output, harsh conditions and 

tedious processes 

[212, 

213] 
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Wet chemical 

method 

Low cost, simple 

process, easy 

industrialization 

Long preparation cycle, low 

product purity and large 

particle radius 

[214, 

215] 

Thermal 

annealing method 

Low cost and 

environmentally 

friendly 

Poor uniformity, poor 

controllability, and low 

doping rate 

[216, 

217] 

 

Nitrogen atoms can be easily embedded in the graphene lattice, because of a similar 

size with carbon atoms. Compared to carbon atoms, one more electron can be found in 

the nitrogen atoms in the conduction band, which opens the band gap of graphene to 

obtain an n-type graphene semiconductor with nitrogen doped [217, 218]. Yang and 

colleagues [218] synthesized small-sized nitrogen doped graphene (S-NGR) via one-

step alkali-assisted hydrothermal method. Under visible light irradiation (wavelength 

of 405 ± 15 nm) for 6 h, 96% rhodamine B could be degraded, and the effect of the size 

of catalyst was further discussed in this work. Jiang [219] prepared N-doped graphene 

hydrogels (NGHs) with varying doping densities by one-pot hydrothermal method and 

used ammonium hydroxide as N precursor. NGHs were verified to have higher surface 

area, porous structure, better mechanical strength and lower weight. It was also found 

that NGHs could effectively degrade 70% of acridine orange (AO) solution within 5 h 

under visible light irradiation. Mohamed et al. [220] synthesized nitrogen-hybridized 

graphene (NG) via heating the mixture of GO and urea and at 900 ℃ for 10 h. The 

obtained NG photocatalyst was tested under visible light (λ> 420 nm, 160 W). The TOC 

removal rate reached 75% and 5% of methylene blue (MB) and phenol, respectively. 

Doping nitrogen into graphene sheets can vary the conductivity and the concentration 

of charge carriers, which developed a novel area to study photocatalysis. 

 

The composites of graphene and semiconductor can effectively reduce the 

recombination of photogenerated electrons and holes, which is a key determinant of the 

efficiency of photocatalytic reactions. The most prominent characteristic of graphene is 
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the staggering speed of electrons movement (1/300 of the light), which outdistance 

other conductors. Therefore, compounding can make it easier to separate the electron-

hole pairs, thus improving the efficiency of the photocatalyst. In addition, the large 

specific surface area of graphene brings about an improvement of adsorption capacity 

of target pollutants in the photocatalytic degradation reaction. 

 

TiO2 is a classic material in the field of photocatalysis due to its great performance of 

stability, non-toxicity, environmental-friendliness, chemical resistance, and photo-

corrosion resistance. Compared with graphene, the absorption range of TiO2 can be 

extended to the visible light region, which improves the photocatalytic efficiency 

effectively. 

 

The synthesis of graphene/TiO2 composites can be achieved by solvothermal, 

hydrothermal, sol–gel, electrospinning or in situ growth methods [221, 222]. Table 2. 8 

summaries the preparation methods and applications of graphene photocatalysts. 

 

Chemically bonded graphene/TiO2 nanorod hybrid composites with superior dispersity 

were prepared via a one-step in situ method using graphene oxide (GO) and TiO2 (P25) 

as starting materials [223]. Zhang et al. adopted hydrothermal method to obtain 

graphene TiO2 nanocomposites [224]. The photocatalytic degradation of sodium 

pentachlorophenol (PCP-Na) was investigated and exhibited 18.34 times higher 

activity than P25.  

 

Compared with titanium-based catalysts, tungsten-based catalysts have better response 

in the range of visible light. Introducing graphene into tungsten-based catalysts can 

promote the separation of photogenerated e- and h+, thereby improving the 

photocatalytic efficiency. 

 

Zhu et al. [225] prepared Bi2WO6 via a hydrothermal method, and subsequently 
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synthesized graphene-Bi2WO6 composite via a two-step method. A study of methylene 

blue degradation showed that the introduction of graphene increased the photocatalytic 

activity of Bi2WO6 effectively. The highest activity was observed when the graphene 

content was 1.5%, which was 5 times higher than that of the original Bi2WO6. 

 

ZnO has advantages of low price and non-toxicity, but it is unable to be band gap-

photoexcited and has photochemical corrosion inclination during photocatalytic 

reaction. As a macromolecular photosensitizer for ZnO semiconductors, the special 

interfacial interaction between graphene and ZnO plays a pivotal role in widening the 

band gap. The involvement of graphene can enhance the photocatalytic performance of 

ZnO and inhibits the occurrence of ZnO photocorrosion during reactions [226, 227]. 

 

Table 2. 8. Applications of graphene photocatalysts. 

Photocatalyst Preparation method  degradati

on object 

Activity Ref. 

TiO2/graphene sol-gel   method MB 0.201 mmol 

gcat
−1 h−1 

[221] 

graphene/TiO2  in situ growth method   MB 85% in 100 

min 

[223] 

graphene/TiO2 hydrothermal method PCP-Na 97% in 120 

min 

[224] 

Bi2WO6/graphene Hydrothermal method MB 88.1% in 2 h. [225] 

graphene−ZnO in situ wet chemistry 

process 

Cr(VI) 82% in 2 h. [226] 

graphene-ZnO Two-step 

Electrochemical Route 

MB 100% in 30–35 

min 

[227] 

Graphene/ BiVO4 facile sol–gel method MB 95% in 210 

min. 

[228] 

Bi/BiOBr/ One-pot synthesis RhB 100% in 90 [229] 

https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/materials-science/sol-gels
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graphene min 

Researchers have combined bismuth-based compound and graphene to prepare 

effective photocatalysts [229]. 

 

Gawande et al. [228] synthesized graphene wrapped BiVO4 photocatalyst via facile 

sol–gel method. The wrapping of graphene sheets in this composite showed a prominent 

enhancement of photocatalytic performance under visible light, which is attributed to 

the effective quenching of the photogenerated electron–hole pairs which was confirmed 

by photoluminescence spectra.  

 

Non-metal atom doped graphitic material has been regarded a promising non-metallic 

redox catalyst, which can be divided to two main types (surface transfer and substitute 

doping). Surface transfer doping is based on grafting of functional groups on the surface 

of graphene, which depends on the electrons provided or absorbed from graphene itself; 

thereby forming n-type or p-type doping. Substitute doping is achieved by replacing 

carbon atoms with heteroatoms in the graphene lattice. In general, introducing electron 

donor or electron atom into honeycomb lattices of graphene sheet is quite difficult, 

because the carbon atom with sp2 hybrid has great stability. Therefore, additional free 

charge carriers are usually introduced by adding dopant in substitute doping [230]. 

Chemical doping can also convert graphene into semiconductors via breaking the band 

gap. Meanwhile, the symmetry of the graphene lattice is broken by extraneous atoms, 

which forms the gap between π bond and anti-π bond, therefore consequently 

improving the photocatalytic activity of the graphene-based photocatalytic system. 

 

2.5.2.2 Graphene oxide (GO) and reduced GO (rGO) 

As an analog of graphene with many functional groups, graphene oxide (GO) has 

attracted a great deal of scientific interest, probably because of unique 2D structure and 

small lateral size [231]. Graphene oxide (GO) has a similar structure to pristine 

https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemistry/graphene-oxide
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graphene with some important functional groups (hydroxyl, carboxyl and epoxy groups) 

which can be seen on the surface (Fig. 2. 3) [207]. Important characteristics of GO 

include great hydrophilicity, intercalation performance and adsorption capacity. The 

band gap of GO is about 2.4~4.3 eV and the corresponding absorption wavelength is 

288 ~516 nm, therefore it can be excited under visible light illumination. GO and its 

composites have been proved as a promising photo-sensitive material for water 

splitting, water purification, and removal of air pollutants. 

 

Fig. 2. 4 Schematic illustration of the reduction of graphene oxide (GO) to reduced 

graphene oxide (RGO).  

 

Single-layered graphene oxide can be prepared by the oxidation of graphite using strong 

acid and oxidizing agent, then peeling it utilizing ultrasound treatment [232]. The GO 

sheet can be modified with oxygen-containing functional groups such as carboxyl, 

hydroxyl and epoxidized groups, thus GO sp2- and sp3- hybridized carbon atoms can be 

found on GO sheet. However, the oxygen-containing groups in GO can be cleared and 

the defects of conjugated π-electron can be repaired during the reduction process to 

greatly increase the capacity of light absorption as illustrated in Fig. 2. 4. Currently, GO 

https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemistry/hydroxyl
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemistry/epoxy-group
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/physics-and-astronomy/water-splitting
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/physics-and-astronomy/water-splitting
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemistry/water-purification
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/physics-and-astronomy/contaminants
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and rGO photocatalysts are favored by researchers in various fields as they can provide 

mechanical support and electric charge carrier for photocatalysts. Thus, the composite 

of GO/rGO with semiconductors such as TiO2, CdS, MoS2, α-Fe2O3, ZnO, WO3 and 

graphitic-C3N4 have attracted many attentions owing to their particular characteristics 

from hybridization. The catalytic activities of GO/rGO integrated photocatalysts 

heavily depend on the structure and interaction, and the preparation method of 

compounds is of paramount importance [233-235]. Up to now, hydrothermal method, 

solvothermal method, co-precipitation method and sol-gel method have been employed 

to prepare GO/rGO based photocatalysts, as summarizes in table 2. 9 [236].  

 

Table 2. 9. Applications of GO and rGO integrated photocatalysts.  

Photocatalyst Preparation 

method  

degradation  

object 

Activity Ref. 

N-

ZnO/CdS/GO 

Hydrothermal  ciprofloxacin  86% of CIP in 60 

min 

[235] 

GO/TiO2 Hydrothermal  methyl 

orange 

85.73% MO in 4 h [237] 

GO/g-

C3N4/MoS2 

solvothermal  MB, RhB and 

CV 

100%MB, 

77.2%RhB and 

70.3%CV in 60 min 

[233] 

Ag3PO4/GO/g-

C3N4 

co-precipitation  RhB 94.8% RhB in 50 

min, 

[238] 

ZnO–g-

C3N4/GO 

co-precipitation MB 99.5% MB in 15 

min  

[234] 

Fe3O4@SiO2@

TiO2–Co/rGO 

sol-gel  MB 98.87% MB in 160 

min 

[239] 

2.5.2.3 Carbon quantum dots (CQDs)  

Carbon quantum dots (GQDs), new kind of zero-dimensional (0D) carbon nanomaterial 

https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemistry/quantum-dot
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(less than 10 nm in size), have been suggested to be promising photocatalytic candidate. 

CQDs’ capabilities of harvesting long wavelength light and exchanging energy with 

solution species endow them feasibilities to function as photocatalysts in organic 

syntheses [240]. Different from spherical, tubular or nanosheets of carbon, CQDs 

exhibit distinctive electronic and optical properties because of their large edge effects 

and quantum confinement, which result in better peroxidase-like activities than others 

[241].  

 

Two more obvious features of CQDs are the strong absorption peaks in the ultraviolet 

region and the long tails in the visible region. Most of the absorption peaks are 

concentrated in the range of 260-320 nm, which usually show the maximum 

fluorescence emission wavelength and dependence of excitation wavelength [242]. 

Absorption shoulders also appear in some spectra, which are probably due to the π→π* 

transition of C=C bond and the n→π* transition of C=O bond. 

 

Furthermore, another outstanding feature of CQDs is the characteristics of 

photoluminescence. In general, CQDs with good water solubility can emit bright 

fluorescence under light irradiation and exhibit excellent optical stability [242]. 

Scientists believe that this photoluminescence phenomenon may be caused by the great 

storage capacity of energy via holes on the surface. Recent studies show that the 

photoluminescence spectrum of CQDs is related to the wavelength and intensity of 

emission spectrums, possibly due to the optical selectivity of nanoscale quantum effects 

on the surface of CQDs [243]. 

 

In addition, up-conversion photoluminescence (UCPL) is another CQDs’ favorable 

property, which suggests a potential for the fabrication of multi-functional composite 

materials [242]. Generally speaking, CQDs could only be excited by high-energy 

(short-wavelength and high-frequency) light and emitted low-energy (long-wavelength 

and low-frequency) light. Later some materials discovered could achieve the opposite 

https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/earth-and-planetary-sciences/feasibility
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/earth-and-planetary-sciences/fabrication
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effect to above-mentioned law, which is called UCPL. Some scholars believed that 

CQDs absorbed two or more photons at the same time so that it could absorb light at 

shorter wavelength and generate up-conversion fluorescence [244]. The UCPL property 

of CQDs has great prospects in applications of light microscope for cell imaging, 

efficient catalyst design, biological science and energy technology. 

 

In another aspect, traditional quantum dots are generally extracted from a mixture of 

plumbum, cadmium and silicon, but they have the issues of severe contamination of the 

ecosystem due to toxicity. Therefore, extracting quantum dots from benign compounds 

has been a focus of research to prevent the involvement of heavy metals in the 

preparation process of CQDs. Some studies even have directly extracted CQDs from 

food and beverages, such as egg white and winter melon. In addition, CQDs are 

chemically inert, because carbon is stable in nature and also has a high content in living 

organisms. At the same time, hydrophilic functional groups (such as carboxyl groups) 

on the surface of CQDs have excellent solubility in water. Therefore, compared with 

metallic quantum dot materials, CQDs are better choices in photocatalysis [245]. 

 

Over the past ten years, scientists have developed various methods for synthesizing 

CQDs. Depending on the carbon sources, methods can be divided into "top-down" and 

"bottom-up" synthesis [241]. The "top-down" synthesis method refers to physically or 

chemically stripping for a large-sized carbon source to a small-sized carbon quantum 

dot, carbon nanotubes, carbon fibers, graphite rods, carbon ash and activated carbon are 

generally used as carbon sources. Arc discharge, laser pin erosion and electrochemical 

synthesis are often employed to prepare CQDs by decomposing these carbon-rich 

substances. "Bottom-up" method is opposite to "top-down" method, which uses carbon 

materials in smaller size (such as molecular or ionic states) to synthesize CQDs. 

Organic molecules or oligomers are commonly used as carbon sources, such as citric 

acid, glucose, polyethylene glycol, urea and ionic liquids. Chemical oxidation, 

combustion, hydrothermal method, solvothermal method, microwave synthesis, and 
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template method are usually utilized as the "bottom-up" methods. 

 

2.6 Summary and perspectives 

With the global population swelling and the deterioration of environment, our hunger 

for energy has reached unprecedented levels, thus abundant and clean solar energy has 

been believed to be an excellent energy source to replace fossil fuels. Under this context, 

photocatalysis is a promising technology to decompose toxic organic pollutants such as 

textiles, dyeing and large amounts of synthetic organic effluents discharged by various 

industries.  

 

To date, researchers have focused on semiconductor materials as photocatalysts of 

energy and environmental applications. More than 150 kinds of semiconductor 

materials are probed for the solar energy conversion, including metal oxides/ 

sulfides/ carbides, sulfides/ nitrides and non-mental materials. Among various 

materials, metal-based materials have been widely employed owing the outstanding 

photocatalytic activity. TiO2 has been proven its value as one of the most popular 

photocatalytic materials. Besides the structure engineering, noble metal doping and 

coating with other methods, multiple phase compositing has been also investigated for 

the improvement in light harvesting, charge transporting and suppressing charge 

recombination. Moreover, various metal oxides have been evaluated as 

potential photocatalysts. The most prominent materials are  zinc oxide , iron oxide and 

tin oxide, which show great ability in fabricating electrodes. 

 

However, the secondary contamination caused by metal leaching has become a 

disturbed and alarmed issue to the environment. Therefore, researchers have dedicated 

efforts to fabricate clean, safe and economical photocatalysts for wastewater treatment 

process. In order to alleviate these problems, metal-free materials, as green catalysts, 

have been demonstrated as effective photocatalysts for water purification. Carbon 

https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemical-engineering/carbide
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemical-engineering/chalcogenides
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/earth-and-planetary-sciences/metal-oxide
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/engineering/photocatalysts
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/earth-and-planetary-sciences/zinc-oxides
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materials, particularly nanocarbon materials, are very promising materials to be 

adsorbents. Numerous studies have investigated the efficiency of organic pollutant 

removal from wastewater using nanocarbon as photocatalysts [145, 246]. 

 

Among these metal-free semiconductor materials, graphitic carbon nitride (GCN), has 

been deemed as a promising photocatalytic material due to economical-efficiency, its 

layered graphite-like structure, electronic structure for solar energy conversion and the 

simplicity of material synthesis [247-249]. But the relatively large bandgap energy of 

pure GCN causes poor absorption capacity and fast recombination of photo-introduced 

electron hole pairs. Hybridization with co-catalysts is conducive to improve the charge 

separation and prolong the lifetime of electrons on the surface. Carbon quantum dots 

(CQDs) reveal great visible light-excitable ability in degradation of organics, due to the 

wide light absorption at short and long wavelengths and light emission at both long and 

short wavelengths [250, 251]. As one of the most popular materials, reduced graphene 

oxide (rGO) composite materials obtained via the modified Hummers’ method are 

usually used as a modifier since the presence of abundant oxygen functional groups and 

the unique porous structure. Carbon nanotube (CNT) has demonstrated as an excellent 

catalytic oxidation activity due to the unique surface properties, superior electronic 

conductivity and charge transfer [252]. Carbon nanospheres (CNP) have also attracted 

intensive attention as a promising promoter to improve photo activity of carbon nitride 

in photocatalytic performance [253].  

 

Herein, this chapter highlights the recent development reported in the literature that 

can provide the insights on the modification of metal and metal free catalysts. Up to 

now, many works have been conducted on developing new photocatalytic materials 

to absorb visible light as a main part of solar spectrum. The applications for the 

degradation of organic pollutants and water splitting are also discussed.  

 

In recent years, great progress and breakthroughs have been made 
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in the field of photocatalysis. Despite of significant achievement, there are still many 

problems such as low solar energy utilization, low quantum yield, deficient separation 

of photogenerated electrons and holes, and poor stability. So far, all these studies about 

photocatalytic materials are limited in the laboratory stage, in-depth exploration to 

achieve greater breakthroughs for large scale applications in 

environmental conservation.  

 

The modification methods applied in these photocatalytic material systems share a 

certain similarity and each of these individual methods has its respective limitations. In 

another word, some common challenges are still facing the research community of the 

field. Element doping and noble metal deposition require precise control of the dosage; 

dye sensitization is limited by insufficient stability. Desirable morphology control is 

still difficult from nano-scale to micro-size. Some naked catalysts have displayed 

sufficiently high activity, but such a high efficiency could not be maintained once being 

prepared in supported form. The consensus of the reaction mechanism still has not been 

reached, such as N-type hybrid materials. In this regard, the Z-type semiconductor 

provides sufficient space for the catalyst modification strategy due to its unique 

structure.  

 

A careful comparison of the previous researches indicates the deficiency of single-

component material thus the multi-component composite materials should be 

developed in the future. In addition, the contamination of natural water system is 

complex with heavy metals and various organic pollutants, thus future research should 

be focused on the synergistic mechanisms of the substances in the reaction processes 

and environmental conditions. 
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Chapter 3. Surface chemistry-dependent activity and 

comparative investigation on the enhanced photocatalytic 

performance of graphitic carbon nitride modified with 

various nanocarbons 

 

Abstract  

Organic contaminants, dyes and antibiotics, discharged in wastewater systems, have 

posed great threats to the sustainability of the ecosystem. This study was performed to 

prepare graphitic carbon nitride (GCN) nanocomposites modified by nanocarbons, 

including carbon quantum dots (CQD), carbon nanotube (CNT), reduced graphene 

oxide (rGO), and carbon nanospheres (CNS), by a straightforward one-pot method. The 

characterization results suggest that after the modification with nanocarbons, GCN 

demonstrated slight red shift and stronger light absorption. The resultant photocatalysts 

revealed prominent performances for total photodegradation of organic contaminants. 

The degradation processes were investigated by in situ electron paramagnetic resonance 

(EPR). The mechanistic studies on the enhanced photoelectrochemical and 

photocatalytic performances were also conducted. Results indicate that GCN modified 

by the nanocarbon spheres displayed a substantial improvement in the degradation of 

sulfachloropyridazine (SCP) and dyes, compared favourably with other GCN samples 

modified by carbon nanotubes, quantum dots and layered graphene oxide. The 

photocatalytic degradation difference is mainly stemmed from the higher contents of 

COOH and C=O functional groups. The intimate contact or interaction between the two 

phases of GCN and nanocarbon in the nanocomposites may further improve the activity. 

This work provides insight in the design of highly efficient metal-free photocatalysts to 
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better utilise the clean and free solar energy for environmental remediation.  

 

The content of this chapter is published in J. Colloid Interface Sci. 2020, 569,12-21  
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3.1. Introduction 

Water pollution has become a serious concern in the biodiversity and ecological balance 

of groundwater, surface waters and beyond, which attracts extensively the attention of 

authorities and environmental professionals [1, 2]. Among the various sources to water 

pollution, organic contaminants in wastewater become an inescapable problem to be 

solved. For example, antibiotic and organic dyes have a complex molecular structure, 

biotoxic benzene rings, and NH2 functional groups, toward low biodegradability and 

good chemical stability in sewages [3]. Therefore, such artificial contaminants are 

arduous to be degraded by biological, physical and chemical treatments. Moreover, 

conventional chemical cleaning processes usually lead to the accumulation of 

concentrated sludge with excessive chemicals that creates a disposal issue and 

inevitably brings secondary contamination in the environment [4]. Recently, 

photocatalytic processes have emerged as a sustainable and efficient route for 

remediation of organic pollutants. Semiconductor materials, for example, TiO2, WO3, 

ZnO and CdS as UV or visible-light responsive photocatalysts, are effective for 

photodegradation of organics, but they are either of low visible light absorption or of 

secondary pollution via photocorrosion [5-8]. 

 

As a metal-free semiconductor material, graphitic carbon nitride (GCN) has been 

deemed as a promising photocatalyst material owing to its layered graphite-like 

structure, electronic structure for solar energy conversion, cost-effective and the 

simplicity of their production [9-11]. However, the band-gap energy of pristine GCN 

is relatively large, which leads to a poor absorption capacity and fast recombination of 

photo-introduced electron-hole pairs. Hybridization with another material helps to 

improve the charge separation and prolong the lifetime of photoinduced carriers. In 

order to avoid the high cost and dissolved toxic ions of transition metals or their oxides, 

metal-free materials as green catalysts have been used as effective co-catalysts for water 

purification. Carbon or nanocarbon materials, are promising to be applied as 

https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemistry/semiconductor
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/materials-science/zno
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adsorbents. A variety of nanocarbons have widely reported to be the co-catalysts for 

photocatalytic oxidation of organic pollutants in wastewater [12-15].  

 

Carbon quantum dots (CQDs) have revealed a great visible light-excitable ability in 

degradation of organics, owing to the wide light absorption at short and long 

wavelengths and the light emitting of both wavelengths (up and down conversion 

photoluminescence) [16-19]. As one of the most popular materials, reduced graphene 

oxide (rGO) that can be obtained via the modified Hummers’ method is usually used as 

a modifier because of the presence of abundant oxygen functional groups and the 

unique porous structure. As a result, rGO has been frequently applied as a co-catalyst 

with GCN for sustainable remediation of aqueous organics driven by sunlight 

irradiation [20]. Multi-walled carbon nanotube (CNT) has performed an excellent 

catalytic oxidation activity and fascinating up-conversion effect of GCN in 

photocatalysis, possibly due to the unique surface properties, superior electronic 

conductivity and charge transfer [21]. Carbon nanospheres (CNS) also have captured 

the imagination of researchers. These carbon spheres can be a promising promoter for 

improving photo activity on carbon nitride in photocatalytic performance [22, 23]. 

Depending on the applications, these different morphologies in CNT, CNS and CQD 

have their respective advantages. However, a systematic study of the morphological 

influence on one particular application has rarely been reported.   

 

In this paper, we look at the effects of various nanocarbon materials with different 

morphologies on the photocatalytic property of GCN composites. Herein, a wide 

variety of typical nanocarbons, including CQDs, rGO, CNT and CNS, are employed to 

prepare modified GCN photocatalysts, for sulfachloropyridazine (SCP) removal under 

UV-visible light irradiations. SCP is one of the most widely used veterinary 

pharmaceuticals to treat animal infections. The highly mobile antibiotic discharged 

into water and soil can easily enter into the food chain and pose a challenge to public 

health. It is crucial to develop efficient catalysts to degrade SCP. Systematic 
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comparisons were made to acquire the advantageous properties of catalysts in 

photocatalytic degradation.  

 

3.2 Experimental 

3.2.1. Materials 

All chemicals used were in analytical grade. Melamine (99.9%), ethanol (≥ 99.9%), 

glucose (≥ 99.0%), graphite (≥ 99.0%), sulfuric acid (98%), nitric acid (68 wt.% in 

H2O), sodium nitrate (> 99.5%), potassium permanganate (> 99.5%), resorcinol (≥ 

99.0%), formaldehyde (37% solution), 4-amino-3-nitrophenol (≥ 99%), aqueous 

ammonia (25% solution) and commercial carbon nanotube (CNT) (> 99.5%) were 

purchased from Sigma-Aldrich. Ultrapure water was used for all synthesis and reactions. 

 

3.2.2. Synthesis of nanocarbon modified GCN  

GCN was prepared by direct condensation of melamine. Briefly, melamine (10 g) was 

put in a 20 mL alumina crucible with 10 mL of methanol. After that, the crucible was 

transferred into an oven at 60 ºC for 24 h to remove methanol. The powders were then 

moved into a muffle furnace, annealing at 550 ºC for 2 h with a heating rate of 10 

ºC/min. Finally, yellow powers were harvested as GCN. A commercial CNT (1 g) 

sample was treated with diluted nitric acid (100 mL, 0.1 M) and stirring for 2 h at room 

temperature to remove residual impurities. CQDs were prepared following the method 

of Li et al. [24], and rGO was synthesized from graphite with Hummers’ method [25]. 

Carbon nanospheres (CNS) were synthesized via a direct hydration treatment in a same 

way to the reported literature [26].  

 

The nanocarbon modified GCN photocatalysts were prepared using the above 
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nanocarbon materials and GCN as the precursors by a hydrothermal treatment. 

Typically, 10 wt% nanocarbon materials were mixed with 1 g of the pristine GCN in 50 

mL of deionized water. After 3 h ultrasonic treatment, the mixed solution was stirred 

for 3 h at room temperature to generate a homogenous suspension. Then the suspension 

was transferred into a 100 mL Teflon-lined autoclave for a hydrothermal treatment at 

150 ºC for 12 h. The products were dried at 60 ºC and the obtained samples were 

referred to GCN/CQD, GCN/rGO, GCN/CNT and GCN/CNS, respectively. 

 

 

3.3. Photocatalytic activity testing 

The crystal structures were obtained on an Empyrean multipurpose research 

diffractometer (Panalytical Empyrean XRD) with a Cu Ka irradiation (λ=1.5418 Å). 

The morphologies and structures of the samples were acquired by using a transmission 

electron microscope (HR-TEM, JEOL-2010). The Brunauere Emmette Teller (BET) 

specific surface areas and pore size distributions were observed in an automated 

nitrogen adsorption/desorption analyzer using a Micromeritics Tristar II Plus. X-ray 

photoelectron microscopy (XPS) analysis was evaluated using a Thermo Escalab 250 

with the exciting source of Al Ka radiation to investigate the surface chemical properties. 

The UV-vis diffused reflectance spectra (DRS) were conducted in a Cary 100 UV–vis 

Spectrophotometer. Photoluminescence (PL) spectra were recorded utilizing a Cary 

Eclipse Fluorescence Spectrophotometer (Agilent, US). Electrochemical experiments 

were carried out in a three-electrode cell with a Pt electrode served as a counter 

electrode, Ag/AgCl as a reference electrode and 0.1 M Na2SO4 as the electrolyte 

solution using an electrochemical analyzer. Electrochemical impedance 

spectroscopy (EIS) and transient photocurrent responses were conducted using an 

electrochemical workstation. Electron paramagnetic resonance (EPR) were carried out 

using a Bruker EMS-plus instrument with Xeon software (Bruker) and DMPO acted as 

a spin-trapping agent to capture the free radicals. 

https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemistry/electrochemical-impedance-spectroscopy
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemistry/electrochemical-impedance-spectroscopy
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/earth-and-planetary-sciences/electron-paramagnetic-resonance
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/earth-and-planetary-sciences/free-radical
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The performances of various photocatalysts were evaluated by photodegradation of 

sulfachloropyridazine (SCP, 20 mg/L), methylene blue (MB, 20 mg/L), methyl orange 

(MO, 20 mg/L) and Rhodamine B (RhB, 20 mg/L) in aqueous solutions under artificial 

sunlight irradiations.  

 

In a typical run, a certain amount of catalyst (100 mg) was dispersed in a 100 mL of 

organic containing solution within a 500 mL double-jacket glass cylindrical reactor 

with a water circulating system at 25 ºC. Prior to the irradiation, the suspension was 

kept stirring for 30 min to ensure the establishment of the adsorption equilibrium. The 

reactor was placed 30 cm away from the light source. Two light sources were employed 

in this study, including UV–vis light with an intensity at 300 mW/cm2 with a cut-off 

filter (UV cut-off filter < 400 nm and visible light cut-off filter 400–700 nm). With 

turning on the light, 3 mL of solution was extracted with a pipette in a time interval and 

transferred to a centrifuge tube for centrifugation at 13,000 rpm for 15 min to remove 

the solid particles. SCP solutions were measured by a high performance liquid 

chromatography (HPLC, Thermo Scientific), and MB, MO and RhB solutions were 

analyzed by a UV-vis spectrometer (Perkin-Elmer Lambda 900UV/Vis/NIR). 

 

3.4. Results and discussion  

3.4.1 Physical properties of the different nanocarbon modified 

graphitic carbon nitride (GCN)  

Fig. 3. 1 displays TEM images of GCN/CQD, GCN/rGO, GCN/CNS and GCN/CNT 

and GCN exhibits a thin layered, buckled and porous structure. As can be seen in Fig. 

3. 1(A), the diameter of quantum dots in GCN/CQD is about 2 - 5 nm (marked by the 

dotted circles). According to Fig. 3. 1(B), the as-prepared rGO shows a thin-layered 

sheet-like and lapped structure, indicating a good exfoliation from the basal plane [27]. 
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As for the GCN/CNS sample, the CNSs (~ 200 nm) display a homogeneous and 

uniform dispersion on the surface of GCN (Fig. 3. 1(C)). Moreover, the morphology 

and microstructure of GCN were not negatively impacted by the introduction of CNS. 

Fig. 3. 1(D) verifies a uniform distribution of CNTs and GCN, illustrating a well-

connected porous network composed of CNTs coupled with GCN. 

 

XRD was employed to study the crystalline structures of the as-prepared samples. As 

shown in Fig. 3. 2, there are two peaks at 13.1° and 27.4° of bulk GCN, corresponding 

to the (100) and (002) planes, respectively [28]. No additional peaks assigned to guest 

species were observed in the other four patterns, illustrating that the compounds 

exhibited graphite-like stacking structure similar to GCN. Further observation reveals 

that the (002) diffraction peak of nanocarbon-modified GCN samples was shifted 

toward a higher 2θ value at 27.4° than that of pure GCN, which can be ascribed to the 

electronic interaction between the nanocarbon materials and GCN that took place at an 

atomic level; and the gallery distance between the basic layers of GCN decreased 

because of the carbon vacancy [29, 30].  
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Fig. 3. 1. FETEM images of GCN/CQD (A), GCN/rGO (B), GCN/CNS (C) and 

GCN/CNT (D). 

 

Fig. 3. 2. XRD patterns 
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Fig. 3. 3. Nitrogen sorption isotherms 

Fig. 3. 3. shows N2 adsorption−desorption isotherms of the photocatalysts, which 

exhibit a type IV with a H3 hysteresis loop and characteristic features of the mesopores 

[31]. As listed in Table 3.1, the BET surface area of GCN/rGO is the largest, reaching 

45.2 m2g−1, about three times higher than that of original GCN (12.3 m2g−1) and 

GCN/CQD (13.2 m2g−1), while over two times higher than that of GCN/CNT 

(20.0 m2g−1) followed by GCN/CNS at 34.8 m2g−1. In comparison with the pore volume 

of GCN of 0.103 cm3g−1, the samples of GCN/CQD, GCN/rGO, GCN/CNS and 

GCN/CNT show a larger pore volume of 0.212, 0.317, 0.246 and 0.233 cm3g−1, 

respectively, as the hydrothermal treatment created porosity inside the particles [32]. 

The average size of pores was detected at around 24 nm on the nanocarbon modified 

GCN samples, while 12.5 nm pores were observed on the original GCN. We found that 

the open porous structure and relatively large surface area were beneficial to provide 

more active sites for organics adsorption. Accordingly, the SCP adsorption rates in the 

first 30 min followed the order of GCN (3.5%) < GCN/CNS (6.0%) < GCN/CQD (6.7%) 

< GCN/rGO (10.3%) < GCN/CNT (15.8%), which is in accordance with the specific 

surface areas. 

 

Table 3. 1. Textural properties and SCP adsorption (in dark for 30 min) of various 

nanocarbons 

https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemistry/adsorption-and-desorption-isotherm
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemistry/ile-val
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/chemistry/hysteresis
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/materials-science/pore-volume
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Catalyst SBET (m2/g) Vpore (cm3/g) Pore size (nm) SCP adsorption (%) 

GCN 12.3 0.103 12.5 3.5 

GCN/CQD 13.2 0.212 24.3 6.7 

GCN/rGO 45.2 0.317 25.5 13.3 

GCN/CNS 34.8 0.246 23.0 12.8 

GCN/CNT 20.0 0.233 24.7 8.0 

 

The surface compositions and chemical states of the as-obtained samples were 

investigated by XPS, as displayed in Fig. 3. 4(A). Compared with the pristine GCN, the 

nanocarbon modified GCN samples show lower N contents but higher value of C, 

which follows the order of GCN/CNS (49.64%) < GCN/rGO (50.17%) < GCN/CNT 

(50.21%) < GCN/CQD (51.82%) < GCN (55.15%) for N1s, while GCN (44.87%) < 

GCN/CQD (46.43%) < GCN/rGO (47.91%) < GCN/CNT (48.02%) < GCN/CNS 

(48.50%) for C1s, respectively. The weak O1s signal in the hybrids might be ascribed 

to the adsorbed oxygen molecules or functional groups from the hydrothermal process. 

The C1s XPS spectra are presented in Fig. 3. 4(B-F). Four components of C1s XPS of 

GCN appear at 284.0, 284.9, 286.7 and 288.1 eV, respectively (Fig. 3. 4(B)), which can 

be attributed to aromatic C-NH-C, C=C, C-O and N-C=N linkages in the aromatic ring 

of typical GCN, respectively. Regarding to the GCN/CQD sample (Fig. 3. 4(C)), the 

C=O and COOH groups are detectable at 286.1 and 287.9 eV after the introduction of 

CQD. In Fig. 3. 4, the broad C1s peak of GCN/rGO or GCN/CNS can be observed at 

284.9 eV (C=C), 286.1 eV (C=O), 287.4 or 288.0 eV (N-C=N) and 289.6 eV (COOH), 

respectively. Similarly, four peaks at 284.9, 286.2, 287.4 and 289.5 eV in the C1s 

spectrum of GCN/CNT can be also correlated to the functional groups of C=C, C=O, 

N-C=N and COOH [33-36], respectively. From above five spectra, N-C=N and C=C 

were determined as the main carbon species for GCN in the hybrid systems.   
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Fig. 3. 4. XPS survey spectra of nanocarbon modified GCN samples (A); XPS C1s 

spectra of GCN (B), GCN/CQD (C), GCN/rGO (D), GCN/CNS (E) and GCN/CNT (F). 

 

The contents of elements in atomic percentage and the total contents of surface groups 

(COOH) and carboxyl carbonyl (C=O) are summarized in Table 3. 2. The surface 

COOH and C=O contents follows the order of GCN/CNS (16.2%) > GCN/rGO 

(12.4%) > GCN/CNT (10.9%) > GCN/CQD (7.7%) > GCN (~0), which is in agreement 

with the reported results that the catalytic oxidation activity can be improved by 
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introducing C=O [37, 38] or COOH [39, 40]. To further probe the effective species, the 

relative amounts of the surface groups that play a pivotal role in the photocatalysis 

process were determined. GCN/CNS possesses a larger amount of surface COOH and 

C=O (563.3) than that of GCN/rGO (560.1), GCN/CQD (438.6), GCN/CNT (218.4) 

and GCN (~0).  

 

Table 3.2. Total content and relative amount of COOH/C=O on the surface of the 

catalyst samples. 

Sample Carbon 

content on 

the surface 

(at.%) 

Molar ratio 

(at.%) 

COOH/C=O 

content on the 

surface (at.%) 

Relative amount of 

surface COOH/C=O 

(SBET×surface 

content) 

COOH C=O 

GCN 44.9 ~0 ~0 ~0 ~0 

GCN/CQD 46.4 5.4 11.2 7.7 438.6 

GCN/rGO 47.9 3.3 22.5 12.4 560.1 

GCN/CNS 48.5 8.8 24.7 16.2 563.3 

GCN/CNT 48.0 4.6 18.1 10.9 218.4 

 

3.4.2. Optical properties of graphitic carbon nitride (GCN) and 

nanocarbon composites    

The optical properties of GCN/CQD, GCN/rGO, GCN/CNS and GCN/CNT were 

investigated by ultraviolet-visible diffuse reflectance (UV-Vis) spectroscopy. In Fig. 3. 

5(A), GCN exhibits a typical photosensitive semiconductor characteristics at 460 nm, 

corresponding to a bang gap energy of 2.68 eV for photo-excited electron. As shown in 

the inserted graph, the lone pair electrons in valance band jump from π to π* at the C=N 

bonds in conductive band and from n to π* at the terminal C–N groups [41-43]. It can 

be seen that carbon modification can extend the absorption edge of GCN to 475, 468, 
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480 and 470 nm by adding CQD, rGO, CNS and CNT, respectively. The band gap 

energies of the carbon modified GCN materials were estimated by the Kubelka–Munk 

equation to be 2.61, 2.45, 2.58 and 2.64 eV, respectively, as depicted from the inset 

of Fig. 3. 5(A) [44]. The enhancement of optical properties demonstrates that the 

composition of carbon materials changes the energy levels between the instinct valence 

and conduction bands of original GCN. To determine the energy levels of the samples, 

Mott−Schottky relationships were acquired, which feature the typical n-type Mott–

Schottky plots of bulk GCN, GCN/CQD, GCN/rGO, GCN/CNS and GCN/CNT 

without light exciting. Importantly, flat-band potential was also measured here and the 

conduction band (CB) energies were determined to be -1.13, -1.28, -1.20, -1.19 and -

1.31 V, versus the saturated calomel electrode (SCE), respectively.  

 

 

 

Fig. 3. 5. (A) UV-Vis spectra, the inset shows plots of (αhv)2 versus photon energy (hv) 

for the band gap energy; (B) Mott-Schottky measurements; (C) PL spectra; (D) Band 
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gap structures and degradation mechanism of SCP solutions. 

 

As illustrated in Fig. 3. 5(C), the PL spectra show the fluorescence quenching by 

electron/hole pairs recombination. Along with an excitation wavelength of 325 nm, all 

the emission peaks of these five samples are at around 440 nm. GCN had the strongest 

PL emission, while GCN/CNS showed the weakest value. The results suggest that the 

GCN/CNS has a higher separation rate of the photoinduced carriers than other samples 

[45, 46]. Based on the Eg, the valence band (VB) positions were then calculated to be 

1.55, 1.33, 1.38, 1.26 and 1.33 V for GCN, GCN/CQD, GCN/rGO, GCN/CNS and 

GCN/CNT, accordingly. As a result, the genuine effect of band structures on 

photocatalytic efficacy encompass the photocatalytic potential can be addressed and the 

band structure diagrams are presented in Fig. 3. 5(D). The band gaps of nanocarbon 

modified GCN are narrower than that of GCN, which ensures a continuous supply of 

electrons converted and empowered a high production of photo exited electrons under 

visible-light irradiations, hence maintained a decent photocatalytic efficiency, which is 

discussed subsequently. 

 

3. 4. 3. Photocatalytic activities of graphitic carbon nitride (GCN) and 

nanocarbon composites    

The photocatalytic activities of the pristine GCN and nanocarbon modified GCN 

samples were evaluated by degradation of SCP in water under UV-visible light 

irradiations. It can be seen from Fig. 3. 6(A) that there is about 20% degradation via 

self-photolysis after 180 min, which means a good stability of SCP under UV-visible 

light irradiations for a long time. Besides, the as-obtained GCN, GCN/CQD, GCN/rGO, 

GCN/CNS and GCN/CNT samples adsorbed 3.5%, 6.7%, 10.3%, 15.8% and 6.0% SCP 

in 30 min in darkness (Fig. 3. 7(A)).  
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Fig. 3. 6. Control experiments of photolysis of organics under UV–visible light without 

catalyst (A); MB (B), MO (C) and RhB (D) removal profiles by the catalysts.  
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Fig. 3.7. (A) SCP removal profiles by GCN, GCN/CQD, GCN/rGO, GCN/CNS and 

GCN/CNT; (B) Comparison of the degradation rates of different organics by various 

photocatalysts; (C) Effects of reaction temperatures on SCP degradation and estimation 

of activation energy; (D) effect of reaction temperature on reaction rate and estimation 

of activation energy. 

 

After the light was switched on, the photo-induced degradation efficiency was up to 74% 

in 150 min on GCN as the photocatalyst. For comparison, 95% SCP removal was 

observed on GCN/CNT, which confirms that the visible light response was enhanced 

by CNT’s introduction. For an excellent photocatalytic efficiency of GCN/CNS 

composite, it took only 45 min for the complete removal of SCP, much quicker than 

that of GCN/CQD (90 min) and GCN/rGO (120 min) for the complete removal. It is 

hypothesized that some heterojunctions might be formed between CNS and GCN to 

play crucial roles in the transfer and separation of photogenerated carriers.  

 

Table 3. 3. Kinetic parameters in organic degradation. 

Organic Catalyst T 

(oC) 

k (min-

1) 

𝐯 

(ppm/min) 

R2 of k Ea 

(kJ/mol) 

R2 of Ea 

SCP GCN 25 0.0045 0.135 0.83 — — 

GCN/CQD 25 0.0146 0.438 0.98 16.6 0.98 

35 0.0182 0.546 0.98 

45 0.021 0.63 0.98 

55 0.028 0.84 0.99 

GCN/rGO 25 0.0099 0.297 0.92 31.2 0.99 

35 0.0179 0.537 0.98 

45 0.0264 0.792 0.98 

55 0.0398 1.194 0.99 

GCN/CNS 25 0.0221 0.663 0.99 16.0 0.97 
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35 0.0251 0.753 0.99 

45 0.0336 1.008 0.99 

55 0.0394 1.182 0.99 

GCN/CNT 25 0.0055 0.165 0.86 23.4 0.99 

35 0.0075 0.225 0.87 

45 0.0095 0.285 0.87 

55 0.0136 0.408 0.93 

MB GCN 25 0.0037 0.111 0.89 — — 

GCN/CQD 25 0.0046 0.138 0.89 — — 

GCN/rGO 25 0.0054 0.162 0.89 — — 

GCN/CNS 25 0.0072 0.216 0.94 — — 

GCN/CNT 25 0.0047 0.141 0.93 — — 

MO GCN 25 0.0033 0.099 0.93 — — 

GCN/CQD 25 0.0049 0.147 0.91 — — 

GCN/rGO 25 0.0054 0.162 0.96 — — 

GCN/CNS 25 0.0072 0.216 0.94 — — 

GCN/CNT 25 0.0049 0.147 0.97 — — 

RhB GCN 25 0.0029 0.087 0.94 — — 

GCN/CQD 25 0.0042 0.126 0.92 — — 

GCN/rGO 25 0.0047 0.141 0.94 — — 

GCN/CNS 25 0.0056 0.168 0.95 — — 

GCN/CNT 25 0.0039 0.117 0.91 — — 

 

To further confirm the optimal photocatalysts, MB, MO and RhB were employed as the 

degradation targets in this study and the results are listed in Fig. 3. 6. Fig. 3. 6(A) shows 

the control photolysis experiments of MB, MO and RhB without a catalyst. As can be 

seen, these three dyes were hardly degraded by photolysis with UV–visible light. 

However, around 71% of MB was decomposed by pristine GCN after 180 min under 
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UV-vis irradiations. Meanwhile the removals of MB increased to 89%, 94% and 100% 

using GCN/CQD, GCN/CNT and GCN/rGO, respectively. Complete MB removal was 

achieved by GCN/CNS in 150 min (Fig. 3. 6(B)). Fig. 3. 6(C) shows that 

photodegradation efficiencies of MO in roughly 180 min are about 63%, 95%, 97% and 

100% by GCN, GCN/CQD, GCN/CNT and GCN/rGO, respectively. Enhanced MO 

photodegradation was observed on GCN/CNS hybrids with complete degradation in 

150 min. Fig. 3. 6(D) shows the effect of nanocarbon materials on photodegradation of 

RhB under UV–vis irradiations, and pristine GCN removed 56% of RhB only in 180 

min. However, the photodegradation was substantially improved by introducing 

nanocarbon materials, with 80%, 95%, 100% and 77% removal efficiencies in 30 min 

by GCN/CQD, GCN/rGO, GCN/CNS and GCN/CNT, respectively. The first order 

kinetics (Eq (1)) was employed to evaluate the catalytic reaction rates (Table 3. 3). 

ln(C/C0) = -kt                                                       (1) 

 

Where C0 is the starting concentration of the organic pollutant and C is the 

concentration at the time (t), k is the first-order reaction rate constant. To compare more 

clearly and uprightly, the photodegradation rate constants of SCP, MB, MO and RhB 

by the five photocatalysts are provided in Fig. 3. 7(B). Based on the removal profiles, 

these five GCN based photocatalysts present better performance in SCP removal (0.135 

min-1 for GCN, 0.438 min-1 for GCN/rGO, 0.663 min-1 for GCN/CNS and 0.165 min-1 

for GCN/CNT) than degradation of the dyes. Not only for the SCP degradation, the 

GCN/CNS also demonstrated outstanding photocatalytic activities for the MB, MO and 

RhB degradation with reaction rates of 0.216, 0.216 and 0.168 min-1, respectively. The 

performances of the other photocatalysts in RhB removal under UV-visible light 

irradiations follow the order of GCN/rGO (0.141 min-1) > GCN/CNT (0.141 min-1) > 

GCN/CQD (0.126 min-1) > GCN (0.087 min-1). While, similar orders can be observed 

when the degraded targets become MB and MO: GCN/rGO (0.162 min-1) > GCN/CNT 

(0.141 min-1) > GCN/CQD (0.138 min-1) > GCN (0.111 min-1) for MB treatment and 

GCN/rGO (0.162 min-1) > GCN/CNT (0.147 min-1) = GCN/CQD (0.147 min-1) > GCN 
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(0.099 min-1) for MO treatment, respectively. The GCN/CNS exhibited better efficiency 

in degrading SCP than other dyes. The observation can be attributed to a combination 

of two factors. Firstly, as evidenced in Fig. 3. 5(A), SCP is more photosensitive than 

other dyes. Secondly, based on Fig. 3. 6 and Fig. 3. 7(A), we can see that GCN/CNS 

physically adsorbed 15.8 % SCP but < 9 % other dyes before starting the light 

irradiation. The amine groups contained in SCP molecules may interact strongly with 

the corresponding carboxyl groups of the catalyst through H-bonding. The intimate 

contact between the pollutant and catalyst will promote the degradation [47].  

 

It can therefore be seen that GCN/CNS exhibited a much higher photocatalytic activity 

than the initial GCN and other nanocarbon modified GCN samples in all the 

degradation systems under UV-visible light irradiations, indicating that the intimate 

contact or interaction between CNS and GCN is crucial for the formation of a charge-

separation heterojunction.  
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Fig. 3.8. Effect of reaction temperature on SCP degradation and estimation of activation 

energy for (A) GCN/CQD, (B) GCN/rGO, (C) GCN/CNT. 

 

Fig. 3. 7(C) and Figs. 3. 8(A-C) reveal the effects of reaction temperatures on SCP 

degradation employing GCN/CNS, GCN/CQD, GCN/rGO and GCN/CNT as the 

photocatalysts, and the comparison of the degradation rates of the various 

photocatalysts are shown in Fig. 3. 7(D). It is a general trend that the degradation 

efficiencies are greatly impacted by reaction temperatures, and a higher temperature 

brings about better activities. According to the first-order kinetics, the reaction rate 

constants at the different temperatures are calculated and the relationship is found to 

follow the Arrhenius equation (Table 3. 3). The activation energies of GCN/CQD, 

GCN/rGO, GCN/CNS and GCN/CNT are calculated to be 16.6, 31.2, 16.0 and 23.4 

kJ/mol, respectively. As observed, GCN/CNS presents the lowest activation energy than 

the others, which is easier for the photocatalytic reaction to take place. 

 

The photoelectric properties are shown in Fig. 3. 9(A). The transient photocurrent 

during on–off cycles was measured at room temperature with the irradiation and 

darkness switching for every 20 seconds. GCN was able to produce a density of 0.45 

µA photocurrent. GCN/CNS generated the highest photocurrent of 1.5 µA, due to the 

strong electron transfer from CNS into GCN, and that was stable in duration of 200 

seconds. The photocurrent responses were 1.0, 0.8 and 0.7 μA for GCN/CQD, 

GCN/rGO and GCN/CNT, respectively, revealing that CNS contributes to enhancing 

the separation and transfer of photon-generated carriers, such as electrons and holes, 

producing a higher-strength photoelectric current than pristine GCN, consistent with 

the trends of their photocatalysis activity. 
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Fig. 3.9. (A) Transient photocurrent responses; (B) EIS investigations; EPR spectra for 

(C) DMPO –•OH radical species (with •O2
− quenched by pBQ) and (D) DMPO–

•O2
− radical species (with •OH quenched by tBA).  

 

EIS was performed to further verify the relationship between photoactivity and 

electrochemical properties [48]. In this study, we used a platinum foil as the counter 

electrode, Ag/AgCl as the reference electrode and 0.1M Na2SO4 solution as the 

electrolyte. EIS measurements were performed and recorded in a typical Nyquist 

diagram as shown in Fig. 3. 9(B). It was well known that the semicircle with a larger 

radium refers to a higher charge transfer resistance of the electrodes [49]. The charge 

transfer resistances of synthesized samples follow the order of GCN/CNS < GCN/rGO 

< GCN/CNT < GCN/CQD < GCN. Coupling with carbon materials lowered the EIS 

values than the pristine GCN due to the higher surface region and easier path for 

electrolyte ions to pass through, which successfully reduces the internal resistance and 

makes more contribution to the improvement of photocatalytic activity [50]. This result 

javascript:;
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is in general agreement with the enhancement of photocatalytic activity and the above 

PL results. 

 

For further in-depth understanding of the photocatalytic reaction mechanism, electron 

paramagnetic resonance (EPR) study of the five samples was conducted using DMPO 

to trap radicals under full spectrum light illumination [51].  Two radical scavengers of 

tert-butanol (tBA) and p-benzoquinone (pBQ) were used to differentiate hydroxyl 

radicals (•OH) and superoxide anions (•O2
−) [52]. As shown in Fig. 3. 9(C), obvious 

signals of •OH were observed on each sample, indicating that all of the carbon modified 

GCN could produce •OH during the photocatalytic reaction processes. From Fig. 3. 

9(D), the characteristic signals of •O2
− were easily observed when utilizing GCN/CNS 

as photocatalyst, while the signals were weaker on other catalysts. Combining with the 

degradation results, it is inferred that the •OH played a pivotal role in the photocatalytic 

degradation of SCP, while the generation of •O2
− could further improve the 

photocatalytic ability.  

Considering the band structure of these GCN based samples, •O2
− radicals could be 

generated directly on the surface of these samples under visible light irradiations (-

0.056 eV for O2/•O2
−). The VB of these samples were lower than the electrode 

potentials of OH−/•OH (1.99 eV) and H2O/•OH (2.38 eV), therefore •OH could hardly 

be oxidized directly [53]. The •OH was derived from the further reaction of 

photogenerated electron with •O2
− (•O2

− → H2O2 → •OH) [54]. 
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Fig. 3. 10. Stability studies with repeated uses of GCN/CQD (A), GCN/rGO (B), 

GCN/CNS (C) and GCN/CNT (D) in SCP removal. 

 

Table 3. 4. Nitrogen sorption results of GCN/CNS after each reusability test  

Catalyst Reusability times SBET (m2/g) Vpore (cm3/g) Pore size (nm) 

GCN/CNS 1st run 32.33 0.272 21.4 

2nd run 29.11 0.227 20.5 

3rd run 26.79 0.213 18.9 

4th run 23.40 0.198 18.5 

heat treatment 30.97 0.226 19.8 

The stabilities of these nanocarbon modified GCN photocatalysts in SCP degradation 

were further evaluated (Fig. 3. 10). As can be seen, there are slight declines in 

degradation efficiency for GCN/CQD, GCN/rGO and GCN/CNT samples after four 

repeated runs, suggesting relatively good stabilities of those photocatalysts. Compared 
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to pristine GCN in the previous report, nanocarbon modification would improve the 

stability of GCN for SCP degradation [26]. Table 3. 4 shows that the specific surface 

area of GCN/CNS decreases from 34.8 to 23.4 m2/g after the four cycles of reaction 

while the pore volumes and average pore sizes have unobviously dropped, which would 

deactivate the catalysts. In terms of photocatalytic efficiency, the carbon catalysts are 

more favorable or superior to those conventional metal-based catalysts, despite that the 

stability needs to be improved.  

 

3.5. Conclusions 

To sum up, four typical nanocarbon materials with different morphologies were applied 

to modify GCN via the one-pot hydrothermal process and the composites demonstrated 

high photocatalytic activities in the degradation of various organics. The integration of 

all nanocarbon materials with the GCN would result in red shifts and stronger light 

absorption capabilities. In particular, the activity of GCN/CNS sample has been 

improved by a factor of 5 compared to the pure GCN. The outstanding activity can be 

attributed to the large number of active sites and the enhanced charge and mass transport 

abilities, owing to the optical property and chemical composition of GCN significantly 

modified by CNS. The electrochemical study reveals the critical roles of CNS in 

electrocatalysis of GCN for the increased electron and hole separation, which has been 

believed to increase the photocatalytic activity. Compared to other nanocarbon 

morphologies in nanotube, quantum dots and layered graphene oxides, the GCN 

composite with carbon nanospheres (CNS) gave the best performance in this particular 

application of organic photocatalytic degradation. This is probably due to the most 

favorably intimate contact or interaction between the GCN and the carbon nanospheres 

compared to others. Therefore, CNS modification of GCN provides a more feasible 

pathway for the development of highly efficient metal-free photocatalysts for more 

economic and environmental friendly solar energy applications.  
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Chapter 4. Nitrogen-doped Carbon 

Nanospheres Modified Graphitic Carbon 

Nitride for Enhanced Photocatalytic 

Performances 

 

Abstract  

Metals and metal oxides are widely used as photo/electro catalysts for environmental 

remediation. However, there are many issues related to these metal-based catalysts for 

practical applications, such as high cost and detrimental environmental impact due to 

metal leaching. Carbon-based catalysts have the potential to overcome these limitations. 

In this study, monodisperse nitrogen-doped carbon nanospheres (NC) were synthesized 

and loaded onto graphitic carbon nitride (g-C3N4, GCN) via a facile hydrothermal 

method for photocatalytic removal of sulfachloropyridazine (SCP). The prepared 

metal-free GCN-NC exhibited remarkably enhanced efficiency in SCP degradation. 

The nitrogen content in NC critically influences the physicochemical properties and 

performances of the resultant hybrids. The optimum nitrogen doping concentration was 

identified at 6.0 wt.%. The SCP removal rates can be improved by a factor of 4.7 and 

3.2, under UV and visible lights, by the GCN-NC composite due to the enhanced charge 

mobility and visible light harvesting. The mechanism of the improved photocatalytic 

performance and band structure alternation were further investigated by density 

functional theory (DFT) calculations. The DFT results confirm the high capability of 

the GCN-NC hybrids to activate the electron-hole pairs by reducing the band-gap 

energy and efficiently separating electron/hole pairs. Superoxide and hydroxyl radicals 

are subsequently produced by the photogenerated electron/holes, leading to the efficient 

SCP removal. 
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4.1. Introduction 

In recent decades, human being has enjoying the benefits of the technology 

development more than ever before in the human history. However, we are 

accompanied by sufferings from two issues: limited resources for raw materials and 

environmental pollution, one of which is water contamination. Some of the toxic 

pollutants are refractory to natural degradation, hence it is crucial to take stringent 

measures to battle the situation [1-3]. Sulfachloropyridazine (SCP) is one of the 

sulphonamides widely used against bacteria in aquaculture, animal husbandry and also 

in human medicine.  The antibiotic exhibits high environmental mobility, presenting 

in both surface- and ground-waters. It is crucial to develop efficient technologies to 

remove recalcitrant SCP from polluted effluents. Currently, solar energy has been 

regarded as an abundant, clean and sustainable resource. Solar energy has attracted 

worldwide attention in many fields as an alternative supply to the conventional fossil 

fuel-based energy which produces the harmful emissions and impacts on human health 

and ecological systems [4]. For environmental remediation, metal-based catalysts like 

manganese [5], iron [6] or cobalt [7] have been applied, but they are costly and 

sometimes associated with metal leaching to secondary contamination [8]. Therefore 

metal-free catalyst materials have been highly recommended as “green” photo- or 

electro-catalysts [3, 9]. It has been reported that carbon materials as metal-free 

sustainable catalysts, such as graphene [10], graphene oxide [1, 10], carbon quantum 

dots [11], carbon nanotubes [12], and carbon nanospheres [9], can effectively promote 

photocatalytic reactions.  

 

As a fascinating conjugated polymer, g-C3N4 (GCN) has become a new research 

hotspot and drawn broad interdisciplinary attention in solar energy conversion because 

of the excellent stability to photocorrosion and chemical corrosion, exceptionally high 

thermodynamic stability, nontoxicity, and low band-gap [13]. The polymer is composed 

of carbon and nitrogen, both of which are earth-abundant elements. Meanwhile 
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subsequent studies have shown that GCN based photocatalysts are effective for various 

applications, such as contaminant decompositions [14], hydrogen evolution reactions 

(HER) [15-17], oxygen evolution reactions (OER) [18], CO2 reduction [19], 

bioimaging and electricity generation. Yet the low electrical conduction of the pristine 

GCN and the rapid photo-electron depletion cause the undesirable photon harvesting 

[20]. A variety of protocols involving heteroatom doping [21, 22], morphology 

modification [3, 23], hybrid copolymerization [24, 25], exfoliation [26] and co-catalysts 

have been employed to overcome these barriers and enhance the photocatalytic activity.  

 

Among these methods, the modification by a carbon material [27] has become a hot 

focus, because of their potentials for enlarged specific area, good electronic 

conductivity and excellent rate of electron transfer [28-30]. In particular, our group has 

reported that size-tailored, uniformed carbon spheres can promote GCN toward 

enhanced photocatalysis [31]. Meanwhile, non-metal doping is demonstrated as an 

effective approach since the electronic structure and band gap would be changed 

dramatically via heteroatom doping [16, 32, 33] Nitrogen doped carbonaceous 

nanomaterials are found to be able to expedite the migration of photoinduced electron–

hole pairs and promote the generation of active sites during the photocatalytic reaction 

by forming delocalized p bonds [34-38].  

 

Herein, we integrate uniform nitrogen doped carbon nanospheres (NC) with GCN to 

form NC/GCN composites via a one-step hydrothermal process. The mechanism of the 

enhancement of NC/GCN in terms of optical and electronic properties has been 

explored. We also employed density functional theory (DFT) calculations [39] to 

investigate the GCN band gap energy (Eg) variation with the introduction of carbon 

nanosphere or N-doping. This work provides a facile way to modulate the intrinsic 

electronic and band structure of GCN, and would lead to a simple and effective 

approach to synthesize an efficient NC/GCN photocatalyst via N doping. 

 



115 

 

4.2. Experimental  

4.2.1 Materials  

Melamine powder (≥99.9%), resorcinol (≥99.0%), formaldehyde (37% solution), 3-

aminophenol (≥99%), 4-amino-3-nitrophenol (≥99%), aqueous ammonia (25% 

solution) and ethanol (≥99.9%) were provided by Sigma-Aldrich and used as received 

without any further purification.  

4.2.2 Synthesis of graphitic carbon nitride (GCN)  

A conventional condensation method was employed to prepare carbon nitride utilizing 

melamine as the precursor. In a typical process, 10 g of melamine and 10 mL of 

methanol were added into a 20 mL crucible and well mixed by stirring. The crucible 

with a cover was then placed in an oven at 60 ºC for 24 h to remove the methanol. 

Followed by transferring into a muffle furnace, the crucible was firstly heated up to 400 

ºC at a heating rate of 5 ºC/min and kept at this temperature for 2 h. Subsequently, the 

furnace was heated to 520 ºC at a rate of 10 ºC/min and kept this temperature for another 

2 h. When it was cooled down to room temperature, the resulting yellow powder was 

ground and denoted as GCN for further use. 

 

4.2.3 Synthesis of carbon nanospheres (C) and nitrogen-doped carbon 

nanospheres (NC) 

Monodisperse nitrogen-doped carbon nanospheres with diameter around 400 nm were 

synthesized. In a typical run, 0.5 mL of ammonia aqueous solution (NH3H2O) was 

added into 100 mL ethanol solution (volume ratio of ethanol and distilled water was 

2:5) at room temperature. Then 2.0 g of 3-aminophenol was added into the solution 

under stirring for 0.5 h. Afterwards, 2.8 mL of 37 wt.% formaldehyde was dropwise-

added continuously and kept stirring for 24 h. The obtained mixture was heated in an 
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oven at 100 ºC for 24 h. The carbonation process was completed in a tube furnace using 

a rate of 1 ºC /min up to 350 ºC under N2 flowing and dwelling for 2 h. After this, the 

temperature was increased to 700 °C at a rate of 1 ºC/min and kept for 4 h to obtain the 

black powder and labelled as NC (5.4). As shown in Table 1, the nitrogen content of 

this sample was 5.4% by elemental analysis. During the preparation of NC, the volume 

proportion of ethanol and water was changed to 1:6, and a NC sample with nitrogen 

content of 6.0 wt% was obtained and denoted as NC (6.0). Similarly, NC (11.9) was 

synthesized by changing 3-aminophenol to 4-amino-3-nitrophenol. Control carbon 

nanospheres with a similar size were prepared by the method reported by Liu et al. [7] 

and labelled as C. 

 

Table 4.1 Elemental analysis (weight percentage) of the nitrogen-doped carbon 

nanospheres 

Sample C% N% H% O% 

GCN 41.18 58.82 - - 

C 83.92 - - 16.08 

NC(5.4) 77.18 5.43 1.71 15.68 

NC(6.0) 76.74 6.02 1.70 15.54 

NC(11. 9) 72.45 11.90 1.52 14.13 

 

4.2.4 Preparation of GCN-NC and GCN-C  

The GCN-NC and GCN-C hybrid photocatalysts were synthesized by a hydrothermal 

treatment using the prepared graphitic carbon nitride and nitrogen-doped carbon 

nanospheres as the precursors. Firstly, 0.05 g of NC or C spheres together with 0.95 g 

of pure GCN were put into 50 mL of water and stirred for 3 h with subsequent 

ultrasonication for 4 h at room temperature to generate well mixed suspensions. 

Secondly, the suspension was transferred into the 100 mL Teflon-lined autoclaves 
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which were then heated at 150 ºC for 12 h. The autoclaves were cooled down to room 

temperature, and the obtained solids were washed thoroughly with ethanol and 

deionized water. After drying at 80 ºC overnight, the obtained samples were denoted as 

GCN-NC(5.4), GCN-NC(6.0), GCN-NC(11.9) and GCN-C, respectively. 

 

4.2.5 Characterizations  

The crystal structure of the prepared samples was investigated by X-ray diffraction 

(D/Max-2500, Rigaku Corp) with a Cu Kα radiation (λ = 1.5406 A) at a scan rate of 

0.05 °/s. The Brunauere-Emmette-Teller (BET) surface areas and the pore size 

distributions of the samples were measured by an automated gas adsorption–desorption 

analyzer (TriStar II Plus, Micromeritics, USA). Field emission scanning electron 

microscopy (FE-SEM) images of the samples were taken on Zeiss Neon 40EsB to 

analyze the morphology, size and textural properties of the as-prepared samples. The 

functional groups of the samples were evaluated by a Perkin-Elmer Fourier transform 

infrared spectroscopy (FTIR)-100 with a MIR detector. The surface chemical states 

were obtained by an X-ray photoelectron spectrometer on a Thermo Escalab 250 with 

an Al Kα X-ray radiation source. The light absorption properties of photocatalysts were 

collected on a UV–visible diffuse reflectance spectra (DRS) spectrophotometer 

(JASCO V670) with an Ø60 mm integrating sphere and BaSO4 as a reference material. 

Photoluminescence (PL) spectra were measured using a Hitachi F-4500 fluorescence 

spectrophotometer at room temperature. Electron paramagnetic resonance (EPR) 

experiments were performed on a Bruker EMX plus spectrometer (Germany) to analyze 

the generation of active radicals during the photocatalytic reactions. Electrochemical 

experiments were conducted on a Zennium electrochemical workstation in a 

conventional three-electrode cell with 0.2 M Na2SO4 solution as electrolyte, Hg/Hg2Cl2 

as the reference electrode, and a platinum wire as the auxiliary electrode. Four on-off 

cycles were performed by turning on/off light for 30 s. Electrochemical impedance 

spectroscopy (EIS) was obtained under an open-circuited potential with signal 
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amplitude of 5 mV and frequency ranges from 106 to 10-1 Hz. 

 

4.2.6 Photocatalytic activity testing 

Photodegradation tests were carried out in a conical flask containing 200 mL (30 mg/L) 

SCP solution at 25 ºC under CEL-LAX Xe lamp irradiations (UV cut-off filter < 400 

nm and visible light cut-off filter 400–700 nm). The picture of the photocatalysis setup 

is shown in Fig. S3. The reaction system was placed 30 cm away from the light source. 

Firstly, 100 mg photocatalyst was put into SCP solution, which was positioned in a 

double-jacket cylindrical reactor with water cycling and constantly stirred at 400 rpm 

for 30 min to obtain the adsorption–desorption equilibrium. The water cycling was 

connected with a temperature controller. After that the photocatalytic degradation was 

triggered by switching on the light source. At regular intervals, 1 mL sample aliquot 

was withdrawn and passed through a 5 mL syringe filter unit (0.45 µm pore) for analysis 

by high performance liquid chromatography (HPLC). The concentration was analyzed 

using the HPLC with an UV detector at wavelength of 270 nm. In the multi-cycle run 

experiment, the photocatalytic performance of composite catalyst is proceed 

continuously without recovery.  

 

4.2.7 DFT calculations 

The core electrons were treated by the ultra-soft pseudopotential, and the exchange and 

correlation effects were described by the Peidew-Burke-Ernzerhof (PBE) within 

generalized gradient approximation (GGA) [40]. In order to accurately describe the 

nonbonding van der Waals interaction along c-axis, the DFT+D method within the TS 

scheme was used in all calculations [41]. 
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4.3 Results and Discussion 

4.3.1 Physiochemical property of pre-pared samples  
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Fig. 4.1. (A) SEM images of GCN-C, (B) GCN-NC(5.4), (C) GCN-NC(11.9) and 

(D)GCN-NC(6.0). (E, F)TEM images of GCN-NC(6.0). (G) XRD patterns. (H) N2 

adsorption–desorption isotherms (f, inset: the textural properties) of samples 

 

SEM images reveal the morphologies of the four GCN based composites. As presented 

in Fig. 4. 1(A-D), the GCN base shows a typical lamellar morphology, and 5 wt.% 

nitrogen-doped carbon nanospheres are closely attached onto the surface of layered 

GCN homogeneously. NC spheres with uniform diameters around 400 nm are found in 

GCN-NC(5.4), GCN-NC(11.9) and GCN-NC(6.0) composites (Fig. 4. 1(B-D)). From 

TEM images (Fig. 4. 1(E.F)), we can see these carbon nanospheres could be 

immobilized onto GCN via hydrothermal method, and the size of carbon sphere was 

400 nm, which is suitable size to form strong interaction with GCN as observed 

previously [31]. X-ray diffraction (XRD) analysis (Fig. 1g) was performed to 

investigate the phase structure of the pristine GCN and hybrid GCN composite samples. 

The pristine GCN sample exhibits two characteristic reflections at 13.1° and 27.6 º 

corresponding to the diffraction planes of (002) and (100), respectively [12]. The two 

peaks were found to be in good agreement with reported results, illustrating the 

successful synthesis of GCN with interplanar stacking fused aromatic rings and in-

planar structure of triazine units. The main diffraction intensities of the GCN-NC 

composites are not substantially changed with the increase of nitrogen content in NC. 

It can be seen from Fig. 4. 2 that the FTIR spectra of pure GCN and carbon sphere 

loaded GCN composites show no noticeable difference. Peaks in the region of 3000-

3500 cm−1 originate from the adsorption of H2O and CO2 in the air. Several strong bands 

from 1200 to 1700 cm−1 are found in the samples and the peaks at 1570 and 1630 cm−1 

were corresponding to the C=N stretching [42]. The detection of characteristic peaks of 

the GCN indicates that the GCN was successfully formed via thermal polymerization. 

N2 adsorption and desorption isotherms of pristine GCN and GCN based composites 

were elucidated in Fig. 1h, which mirrors a type-IV adsorption behavior. The hysteresis 
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loops are H3 type with a mesoporous structure. GCN-NC(11.9) exhibited the largest 

surface area and pore volume, as illustrated in the inset table. The BET surface area of 

GNC-NC(6.0) was almost 5 times higher than GCN (33.1 vs 7.1 m2/g), thus GNC-

NC(6.0) can provide more active sites to promote the adsorption of reactant, favourable 

for catalytic reaction [43].  

 

 

 

 

 

 

 

 

 

Fig. 4. 2 FTIR spectra of all GCN-based photocatalysts 

 

Fig. 4. 3 (A) XPS full survey and (B) C 1s spectra of GCN, GCN-C, GCN-NC(5.4), 

GCN-NC(11.9) and GCN-NC(6.0)  

The chemical composition of GCN-NC nanocomposites was further investigated by X-

ray photoelectron spectroscopy (XPS) in the region from 0 to 800 eV. The full survey 

shows two typical peaks for GCN with the corresponding content of 56.62% and 43.38% 

for N1s and C1s (Fig. 4. 3(A)), respectively. The surface oxygen contents of the 
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compounds are relatively low from 1.80% to 2.83%, possibly stemmed from the partial 

oxidation by O2 and H2O during the hydrothermal process. The high resolution narrow 

XPS scan spectra show two overlapping C1s peaks corresponding to the sp2 bonded 

carbon (C-C/C=C) and the carbon adjacent with three N atoms (C─C═N) (Fig. 4. 3(B)) 

[44]. There was a small peak of sp2 bonded carbon in pristine GCN since it is common 

to have adsorbed graphitic or amorphous carbon on the surface. However, this peak was 

stronger when carbon nanospheres loaded on GCN and the density of which decreased 

with the nitrogen content in carbon nanospheres. The position shift of C1s peak in these 

samples also implies the interaction between GCN and carbon nanosphere. Based on 

peak deconvolution, the ratio of N1s spectrum in the composite is described in Fig. 4. 

4(A-E) and the relative amount of different nitrogen groups is summarized in Table 4.2. 

The N1s XPS spectrum is deconvoluted to four peaks. The one at 398.6 eV could be 

assigned to the sp2 hybridized N bonded with two carbon atoms (C─N═C) and the 

dominant nitrogen species in the GCN with tris-triazine structure with the carbon. 

Spectrum at 399.5 eV can be assigned to the tertiary N (N bonded with three carbon 

atoms, N-(C)3). The other two peaks at 400.8 eV and 397.7 eV correspond with the 

amino groups (C-NH) and N-graphene.  

 

Fig. 4. 4. N1 XPS spectra of GCN(A), GCN-C(B), GCN-NC(5.4) (C), GCN-NC(11.9) 

(D) and GCN-NC(6.0) (E) 
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Table 4. 2. Total content and relative amount of different nitrogen groups on the surface 

of the catalysts 

Sample N content on the 

surface (at.%) 

C-

N=C 

N-(C)3 C-NH  N-graphene 

GCN 56.62 60.21 17.67 10.69 11.44 

GCN-C 51.32 50.26 24.27 15.55 9.91 

GCN-NC(5.4) 53.33 48.82 22.23 13.71 15.25 

GCN-NC(11.9) 52.82 49.66 20.07 12.86 17.41 

GCN-NC(6.0) 53.41 42.29 21.11 22.29 13.31 

 

4.3.2 Photocatalytic property of pre-pared samples  

 

Fig. 4. 5. (A) UV–vis diffuse reflectance absorption and (B) Mott-Schottky of GCN and 

NC loaded GCN. The inset in (A) shows plots of (α𝜈h)2 vs. photon energy (hν) for the 

band gap energy; the inset in (B) shows the photoluminescence spectra of the samples 

In Fig. 4. 5(A), the optical absorption abilities of pristine GCN and NC modified GCN 

samples were analyzed using UV–vis absorption spectroscopy. The GCN sample shows 

a typical feature of photosensitive semiconductor with an intrinsic characteristic 

absorption peak at 435 nm, corresponding to a band gap energy of 2.46 eV for photo-
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excited electron, which is calculated based on the Kubelka–Munk formula as shown in 

the inset of Fig. 4. 5(A). Such observation is attributed to the lone pair electrons of 

nitrogen atom in valance band jumping into the π bonding electronic conduction band. 

The red-shift derived from hybridization can be observed, the absorption thresholds of 

GCN-C, GCN-NC(5.4), GCN-NC(11.9) and GCN-NC(6.0) were 463, 487, 491 and 520 

nm, respectively, and the band gap energies were then evaluated to be 2.29, 2.17, 2.12 

and 2.08 eV, respectively, which indeed reflect the changes at the interface with the 

integration of carbon spheres. Compared with GCN, carbon sphere and nitrogen doped 

carbon sphere have better visible light adsorption. Therefore, the absorptive capability 

of all composite materials was improved in the entire visible light region compared to 

pure GCN, especially for GCN-NC(6.0). The electrochemical Mott−Schottky plots 

were acquired to determine the energy levels, which features a typical n-type 

semiconductor in Fig. 4. 5(B). The conduction band potentials (CB) of GCN, GCN-C, 

GCN-NC(5.4), GCN-NC(11.9) and GCN-NC(6.0) were estimated to be -1.28, -1.21, -

1.16, -1.10 and -1.12 eV, respectively. Accordingly, the valence band positions (VB) 

were then estimated according to Eq. (1): 

Eg = EVC − EVB          (1) 

The band structures of the samples are compared in Scheme 4.1. It can be seen that the 

introduction of NC onto GCN resulted in a negatively shift of VB position. The 

photodegradation efficiency can be partially determined by the separation rate of the 

photoinduced carriers on the composite materials. The accelerated charge carrier 

transfer of bare GCN, GCN-C, GCN-NC(5.4), GCN-NC(11.9) and GCN-NC(6.0) were 

exhibited through the PL-emission (inset in Fig. 4. 5(B)) under 320 nm exciting 

radiations. From 400 to 550 nm, the single luminescence peak of GCN was stronger 

than the hybrid photocatalysts, indicating that the composite structure provided a 

synergistic effect for GCN to separate the photoexcited carriers from the valance band. 

In particular, the recombination rate of photoinduced charges of GCN-NC(6.0) 

decreases more significantly, whereas the electron-hole recombination of GCN-C is 



125 

 

slightly higher. In addition, when the exciting light irradiated on the GCN-NC 

composites, the PL spectrum has a slight dislocation to 450 nm compared with that of 

the pure GCN sample at 440 nm, which might further signal the interaction between 

GCN and NC.  

 

Scheme. 4.1. Proposed mechanism for photocatalytic process  

 

Fig. 4. 6. photocatalysis setup 
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Fig. 4. 7. Control experiments 

 

 

 

 

 

 

 

 

 

 

Fig. 4. 8. (A) Photocatalytic degradation of SCP over GCN, GCN-C, GCN-NC(5.4), 

GCN-NC(11.9) and GCN-NC(6.0) under UV light irradiation and (B) under visible 

light irradiation (C) Comparison of the degradation rate constants of GCN, GCN-C, 

GCN-NC(5.4), GCN-NC(11.9) and GCN-NC(6.0) photocatalysts under UV and visible 

light irradiations (D) the effect of temperature on degradation over GCN-NC(6.0) 

The adsorption and photodegradation of SCP were carried out to evaluate the 

remediation performance of the prepared samples. Fig. 4. 7 shows control experiments 

of SCP adsorption on GCN-NC(6.0) and photolysis of SCP without catalyst. Only 8.2% 

of SCP were removed due to adsorption on GCN-NC(6.0), and SCP could hardly be 

degraded under both UV and visible light without a catalyst. The photocatalytic 

degradation results under UV light irradiations are shown in Fig. 4. 8(A). It is observed 
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that the composite photocatalysts had a higher adsorption rate than GCN in dark. GCN-

NC(11.9) showed the best adsorption, which might be due to the largest specific surface 

area as revealed by BET analysis. As can be seen, SCP degradation reached 84% within 

180 min by employing GCN, while the degradation efficiency of GCN-C was up to 

100% in 150 min. GCN-NC(5.4) and GCN-NC(11.9) achieved complete degradation 

in 90 min. All of SCP was degraded by GCN-NC(6.0) within 60 min, manifesting that 

the hybrid photocatalysts can provide the best performance. The reaction rate constants 

of GCN-NC(6.0) was calculated to be 0.0205 min-1, 4.36 times higher than GCN 

(0.0047 min-1). The reaction rate constants of GCN-C, GCN-NC(5.4) and GCN-

NC(11.9) were 0.0076, 0.0154 and 0.0139 mg min-1, respectively, under UV light 

irradiation (Fig. 4. 8(C)) based on the following pseudo-first-order kinetics. 

In(C0/C) = −kt                            (2) 

where C0 is the concentration of the pollutant at the beginning of the reaction, C is the 

pollutant concentration at the time (t), k is the reaction rate constant. The calculated 

values of k and R2 are listed in Table. S1. It is found in Fig. 4. 8(B) and Table 4.3 that 

the photocatalysts demonstrated a similar trend under visible light irradiations. GCN-

NC(6.0) showed the highest photodegradation efficiency with complete SCP removal 

in 90 min, favorably to GCN-NC(11.9), GCN-NC(5.4) and GCN-C of 120, 150 and 

180 min, respectively. While the pristine GCN exhibited a poor activity with 18% of 

SCP remained after 180 min. And the degradation rates were also fitted by the first 

order kinetics. GCN-NC(6.0) presented the best photodegradation with the reaction rate 

constants of 0.0139  min-1, which is about 3.3 times higher than GCN (0.0042 min-1). 

The reaction rate constants of GCN-C, GCN-NC(5.4) and GCN-NC(11.9) were 0.0061, 

0.0077 and 0.0078 min-1, respectively. The observed less efficiency of GCN-C than 

GCN-NC in SCP photodegradation in Fig. 4. 8(A,B), illustrates that the nitrogen doped 

carbons are more favourable for charge transferring from GCN to adjacent carbon 

atoms, giving rise to positively charged sites (holes) to improve the photodegradation 

efficiency. It is interesting to note that the nitrogen content would impact the catalytic 
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performance in the photocatalytic reaction, but the catalyst with extra high N content 

would limit visible light absorption and reduce the conductivity, resulting in a lowered 

activity. Combining the elemental analysis and XPS in Tables 4. 1 and 4. 2, the solar 

activation did not show the same trend with the nitrogen content of the carbon spheres. 

The one with nitrogen content of 6.0% is more efficient than the others with 11.9% and 

5.4%. However, the nitrogen should be at an appropriate level, otherwise too higher 

level of nitrogen would result in a lower degradation. SCP degradation within a 

temperature range of 35-55 ºC was examined for GCN-NC(6.0) photocatalyst (Fig. 4. 

8(D)). An enhanced trend can be observed with temperature elevation. GCN-NC(6.0) 

provided 100% SCP removal in 60, 45, 30 and 20 min when the reaction took place at 

25, 35, 45 and 55 ºC, respectively. The results suggest an endothermic reaction in this 

catalytic process. The kinetic rate constants are presented in Table 4. 3. The ln k against 

1/T plotted in Fig. 4. 8(D) follows the Arrhenius equation and the obtained activation 

energy was 20.32 kJ/mol. Additionally, stability tests of the best photocatalyst were 

performed (Fig. 4. 9). SCP was decomposed in 90 min for the first run under visible 

light. For the subsequent two runs, GCN-NC(6.0) achieved 100% of SCP removal in 

120 and 150 min. In the forth run, 92% degradation (Fig. 4.9 (A)). It is also revealed a 

decrease trend of degradation ability under UV light irradiations (Fig. 4.9 (B)). As seen 

in Fig. 4.10, the deposition of the intermediates on the surface of catalysts resulted in 

the blockage of surface reactive sites. The deactivation of the photocatalysts could be 

ascribed to the alteration of surface charges and the detachment of nitrogen-doped 

carbon nanospheres during the photocatalysis processes. The samples after recycle 

experiments were detected by XRD and Uv-vis measurements (Fig. 4.11). The results 

indicated that the morphology and optical property of N-CNT/mpg-C3N4-15 did not 

significantly change after four times cycles. Thus, the GCN-NC(6.0) materials could be 

reused in practical pollution treatment. The correlation between pH and 

photodegradation of antibiotics by GCN has been well documented by previous studies 

[45, 46]. As the pH value increases, the proportion of neutral SCP decreases and the 

proportion of negatively charged species increased, thus, justifying an increase in direct 
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photolysis with the increase in pH. On the other hand, an increase in pH can also lead 

to an increase in indirect photolysis, favouring the oxidation of the SCP due to the 

generation of highly reactive radicals. 

Table 4.3. Kinetic parameters of SCP degradation on GCN-based photocatalysts 

Irradiat

ion 

Catalyst T 

(oC) 

k  

(min-1) 

v  

(mg/min) 

R2 of k Ea 

(kJ/mol) 

R2 of 

Ea 

 GCN 25 0.0047 0.141 0.84 - - 

 GCN-C 25 0.0076 0.228 0.84 - - 

 GCN-NC(5.4),  25 0.0154  0.493 0.88 - - 

UV GCN-NC(11.9) 25 0.0139 0.417 0.87 - - 

 GCN-NC(6.0) 25 0.0205 0.656 0.92 20.32 0.95 

 GCN-NC(6.0) 35 0.0287 0.861 0.85 - - 

 GCN-NC(6.0) 45 0.0392 1.254 0.87 - - 

 GCN-NC(6.0) 55 0.0423 1.269 0.81 - - 

 GCN 25 0.0042 0.134 0.96   

 GCN-C 25 0.0061 0.183 0.94   

Visible GCN-NC(5.4)  25 0.0077 0.231 0.92   

 GCN-NC(11.9) 25 0.0078 0.234 0.90   

 GCN-NC(6.0) 25 0.0139 0.417 0.98   

 

 

Fig. 4. 9. The stability evaluation of GCN-NC(6.0) under visible (A) and UV light (B) 

 



130 

 

Fig. 4. 10. SEM image of GCN-NC(6.0) after the multiple runs under visible (A-D) and 

UV (E-H) light. 
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Fig. 4. 11. XRD patterns (A.B) and Uv-vis results (C.D) of GCN-NC(6.0) after the 

multiple runs under visible and UV light. 

 

In Fig. 4.12(A), a comparison of the on/off photocurrent response of nitrogen-doped 

carbon decorated GCN under visible-light irradiations was studied. The photocurrent 

ascended until it reached a constant value with light on, then declined with light off, 

suggesting that these GCN-based samples were light-responsive materials. GCN 

produced a stable density of 1.8 µA/cm2 photocurrent, while all of the GCN-C, GCN-

NC(5.4) and GCN-NC(11.9) enlarged the photocurrents to around 2.0 µA/cm2. GCN-

NC(6.0) produced the biggest gap of photocurrent densities with the periodic 

irradiations, indicating that the lifetime of photogenerated carriers significantly 

increased. Initially, GCN-NC(6.0) had a photocurrent of 2.7 µA/cm2 but it decreased to 

2.0 µA/cm2 at the forth cycle. This distinguishable enhancement of photocurrent 

response reveals that introducing nitrogen-doped carbon spheres can accelerate the 

transport of the photoinduced carriers and the separation of photoexcited electron/hole 

pairs. To make further verification of the electrochemical properties, the EIS Nyquist 
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plots of the pristine GCN and nitrogen-doped carbon loaded GCN under visible light 

irradiations are recorded in Fig. 4.12(B). The smallest radius implied the fastest 

interfacial electron transfer. The Nyquist plot of GCN-NC(6.0) displayed a smaller arc 

radius EIS than other samples, suggesting that it possesses the lowest resistant barrier 

to electron transfer. All these results demonstrate that NC(6.0) can function as an 

efficient co-catalyst in the GCN-NC(6.0) composite to effectively reduce the charge 

recombination that favors for enhanced photocatalytic activity, which is in accordance 

with the PL spectra. Radical trapping experiments were carried out to differentiate the 

reactive oxygen species that play the key role in the photocatalytic process. Three 

radical scavengers, formate, tert-butyl alcohol and p-benzoquinone, were employed to 

quench photo-generated holes (h+), hydroxyl radicals (•OH) and superoxide radical 

(•O2
−), respectively. Fig. 4.12(C) illustrates that the removal rates of SCP were 

remarkably inhibited after the addition of quenchers and the decline rates follow an 

order of p-benzoquinone > tert-butyl alcohol > formate, testifying that photogenerated 

•O2
− and •OH were the major species for SCP degradation. In order to verify the 

quenching results, EPR spectra were recorded using DMPO as the trapping agent [47], 

tert-butanol alcohol as •OH differentiation and p-benzoquinone as •O2
− differentiation 

[48]. As displayed in Fig. 4.12(D), when the mixed suspension was irradiated by 

UV−visible light, the strong signals of spin-trapped •OH and •O2
− would be detected, 

indicating that the reactive radicals play essential roles in this aqueous system. The two 

radicals produced by the activation of the photocatalyst under irradiations have been 

well-recognized to be responsible for the degradation of organics. Based on these 

results and analysis, the mechanism for photocatalytic degradation under UV and 

visible light irradiations is thus proposed and depicted in Scheme 1. It shows that the 

CB potential of NC modified GCN composites is more positive than pure GCN. The 

low photocatalytic activity of GCN is mainly attributed to the weak light absorbance 

caused by the wide band gap. Once the GCN is loaded with nitrogen-doped carbon, the 

degradation rate will be highly enhanced. The outstanding photoactivity of GCN-

NC(6.0) originates from the appropriate N content and strong coupling between GCN 
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and NC, which provides a high concentration of active sites for fast charge carrier 

transport. 

 

Fig. 4.12. (A) Transient photocurrent and (B) EIS curves of the GCN, GCN-C, GCN-

NC(5.4), GCN-NC(11.9) and GCN-NC(6.0) in 0.1 M Na2SO4 solution (C) 

Photocatalytic activity of GCN-NC(6.0) for SCP degradation with radical scavengers 

(formate, tert-butyl alcohol and p-benzoquinone) under visible light irradiations (D) 

EPR spectra of GCN-NC(6.0) under UV-visible light irradiations with quenching of 

tert-butyl alcohol and p-benzoquinone 
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Fig. 4. 13. (A) The structure of GCN-C hybrid and (B) GCN-NC hybrid. In the 

simulation, a 2×2 supercell is taken, the grey, white, blue and red balls are standing 

for carbon, hydrogen, nitrogen and oxygen respectively 

 

Fig. 4. 14. (A) The band structures of pristine GCN, (B) C/GCN and (C) NC/GCN 

systems, the red dash line at energy 0 is the position of Fermi level 

 

Fig. 4. 15. (A) The PDOS of C/GCN, (B) NC/GCN systems and (C) GCN in different 
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systems. The vertical dash lines are the position of the Fermi level 

 

Fig. 4. 16. Mechanism scheme of GCN-NC in photocatalytic degradation of SCP 

In general, photoactivity is largely dependent on the band edge positions of the 

photocatalyst. In DFT calculations, three-dimensional periodic boundary conditions 

were taken in the simulation. The simulation cell consists of a 2×2 g-C3N4 supercell 

with a vacuum width of 24 Å above the graphite like GCN layer to minimize the 

interlayer interaction. The k-point was set to 2×2×1 when optimizing structures, and all 

atoms were allowed to relax. The density of states (DOS) were calculated with a net k-

point grid of 4×4×1. An energy cut off of 630 eV is used. For GCN-C, adsorption energy 

Ead is determined by: 

Ead = EGCN−NC − (EC + EGCN)        (3) 

where EGCN−NC,  EC and EGCN are total energies of the GCN-C system, the isolate 

carbon nanosphere and GCN layer in the same slab, respectively. DFT calculation was 

performed to obtain a microscopic insight on how the complex GCN-NC acts as the 

best transition in photocatalysis. Given the possible adsorption configuration of carbon 

nanosphere in the GCN sheet, the energetic favorable configuration of carbon 

nanosphere should be located at the hollow site of GCN layer as shown in Fig. 4.13(A). 

It is noted that a hydroxyl group was attached on the outer sphere to mimic the 
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experimental conditions. The calculated charge transfer rates between the carbon 

nanosphere and GCN in the most stable structures of GCN-C and GCN-NC system are 

0.06e and 0.04e, respectively. The distance between carbon nanosphere and GCN layer 

is 1.251 Å with adsorption energy of -0.54 eV, while those in nitrogen doping carbon 

nanosphere/g-C3N4 (NC/GCN) system are 1.289 Å and -1.45 eV, respectively. No 

chemical bond is observed in our simulation as shown in Fig. 4.13(B), and the carbon 

sphere still preferred to stay at the hollow site of the GCN layer. To better understand 

the photocatalytic properties of the composites, the band structures of pristine GCN, 

GCN-C and GCN-NC are shown in Fig. 4.14(A-C) for an in-depth analysis. Clearly, 

GCN has a band gap Eg of 1.53 eV, which agrees well with other reported calculation 

value of 1.54 eV using GGA functional [49]. After combining with carbon nanospheres, 

a remarkable decrease can be found in band gap to 0.54 eV, while the top of VB climbed 

to near the position of Fermi level. When introducing nitrogen into the carbon 

nanosphere, a further decrease in band gap can be observed, resulting in a direct band 

gap of 0.28 eV, with the bottom of CB dropping slightly and the top of VB nearly 

overlapping with the position of Fermi level, as shown in Fig. 4.15. To reveal the 

mechanism of the changes in GCN when composited with pristine carbon sphere and 

N-doped carbon nanosphere, the partial density of states (PDOS) calculations of GCN-

C, GCN-NC hybrids and GCN in different systems were performed as presented in Fig. 

4.16(A-C). As can be seen, the valence band maximum (VBM) of the PDOS of the 

whole systems was mainly contributed by the carbon nanosphere, while GCN made the 

greatest contribution to the CB bottom. After N-doping, the main features of the PDOS 

were maintained, except for the disappearance of the peak at -0.2 eV in carbon 

nanosphere and CB and VB of GCN changed toward the Fermi level especially. By 

comparing the PDOS of pristine GCN, GCN-C and GCN-NC systems (Fig. 4.16(C)), 

we infer the carbon nanospheres drastically reduce the band gap of GCN as the obvious 

changes were observed in GCN after loading nanospheres. A slight left shift was 

realized after introducing N into carbon nanospheres, which means that the CB moves 

downwards, consistent with the decrease in band gap of GCN-C material based on the 
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band structure calculation. It is found that the carbon nanosphere is physically adsorbed 

on the GCN layer with van der Waals interaction. The presence of carbon nanosphere 

can effectively reduce the band gap of GCN, and N-doping into carbon spheres would 

further reduce the band gap, improving the photocatalytic performance significantly. 

Based on experimental and theoretical exploration, the photocatalytic mechanism of 

GCN-NC can be proposed as schematically shown in Fig. 4.17. During the 

hydrothermal process, nitrogen doped carbon nanospheres can be well integrated on 

GCN with strong interaction on the interface via Van der Waals force, which provide 

tunnels for fast interfacial electron transfer. The introduction of nitrogen doped carbon 

nanospheres can improve the absorption capability of visible light of pristine GCN thus 

the band gap and electronic structure have been favorably altered in the resultant 

catalyst composite. GCN-NC with narrow band gap can effectively absorb UV/visible 

light, promoting the generation of electron/hole pairs (right part of Fig. 4.17). Due to 

the strong affinity of N atoms, the generated electrons can be transferred by the nitrogen 

doped carbon spheres more efficiently than that by pure carbon spheres, limiting the 

electron/hole recombination rates. Although the nitrogen doping can improve the 

photocatalytic performance of composite materials, the nitrogen content should be 

controlled in an appropriate level otherwise overdosage would decrease the light 

absorption and defer the charge transfer. As shown in Fig. 4.17, the photogenerated 

electrons reduce the dissolved oxygen to superoxide radical (•O2
-) and holes lead to the 

production of hydroxyl radicals, both of which are effective to remove SCP. Based on 

reported intermediates of other sulphonamides degradation study, major oxidized 

products (OPs) of SCP are 3-Amino-6-chloropyridazine, 4-Aminobenzenesulfonic acid 

and hydroxylated SCP [50]. Sun et al. have demonstrated that the biodegradation of the 

OPs is enhanced, while toxicity of OPs is less compared to the parent SCP [51]. 

4.4. Conclusions 

The atomic structure, chemical states and electronic properties of nitrogen-doped 
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carbon nanospheres (NC) on graphitic carbon nitride layer were characterized by SEM, 

XRD, FESEM, FT-IR, BET, UV–vis/DRS, XPS, EPR and EIS techniques. The 

absorption edges of GCN were extended to visible light region by the coupling of 6 wt.% 

nitrogen-doped carbon nanospheres with a similar size about 400 nm, while the effect 

of SCP degradation under visible light irradiations was affected by the nitrogen content. 

Among the tested samples, graphitic carbon nitride supported carbon nanospheres 

doped by 6 wt.% nitrogen exhibited the best catalytic efficiency for photodegradation 

of sulfachloropyridazine. Experimental results and DFT calculation imply that the 

carbon nanosphere is physically adsorbed on the GCN layer with van der Waals 

interaction. The presence of nitrogen-doped carbon nanospheres can significantly 

reduce the band gap of GCN, deferring the recombination rate of electron/hole pairs 

and thus improving the photocatalytic performance significantly. This study suggests 

that nitrogen-doped carbon and graphitic carbon nitride composite can be applied as a 

new class of metal-free photocatalysts not only for wastewater treatment but also for 

other applications. 
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Chapter 5. Magnetic ZnO@Fe3O4 composite 

for self-generated H2O2 toward photo-

Fenton-like oxidation of nitrophenol 

 

Abstract 

The present work focuses on the synthesis of a magnetically separable and stable 

catalyst for self-supplying H2O2 in photo-Fenton degradation of p-nitrophenol. 

Different from the most popular Fe3O4@ZnO core-shell structure, ZnO microflower 

cores were partially wrapped with Fe3O4 nanoparticles via a layer-by-layer self-

assembly process. Several characterisation techniques were employed to investigate the 

crystal structure, morphology, surface chemistry and optical properties of the produced 

composites. The band gaps of the ZnO and Fe3O4 were considerably decreased from 

3.05 and 2.60 to 2.35 eV after the assembly. The optimum Fe3O4 deposition layer 

number was found to be 5 for achieving 100% p-nitrophenol removal in 60 min. The 

degradation was triggered with in-situ photocatalytic formation of hydrogen 

peroxide over Fe3O4@ZnO. The exposed Fe3O4 nanoparticles provided Fe2+ and Fe3+ 

Fenton-active species for stable operation. We explored possible mechanisms of the 

enhanced photocatalysis by quenching and radical trapping experiments. The magnetic 

separation was also performed to recover and reuse the spent catalyst. 

 

The content of this chapter is published in Compos. B. Eng. 2020, 200, 108345 
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5.1. Introduction 

In recent decades, substantial quantities of wastewater containing organics with 

considerable toxicity were discharged by a multitude of chemical manufacturers, 

sewage disposal plants and textile factories to the ecosystem without proper treatments, 

which causes a series of terrible disasters to humans [1-4]. With high toxicity and high 

stability in the natural system, p-nitrophenol (p-NP) has caused emerging 

environmental issues and is listed as a priority controlled pollutant by various 

organizations [5, 6]. However, it is resistant to biological treatments and cannot be 

decomposed naturally, therefore arising an imperative requirement for sustainable and 

efficient remedies. The conversion from solar energy to chemical energies by 

photocatalysis has been believed as one of the most promising methods in p-NP 

treatment owing to non-selectivity, environmental-friendliness and low cost [7, 8]. 

 

Zinc oxide (ZnO) is a n-type semiconductor, which has attracted tremendous attention 

due to its remarkable physicochemical properties, easy availability, high chemical and 

photocorrosion stability, and environmental friendliness [9]. However, it is still a 

challenge to ensure sufficient photocatalytic activity of ZnO in practical applications 

due to the limited ability to work in UV region only and the unfavourably fast 

recombination of photogenerated electron–hole pairs [10]. For optimisation of the 

photocatalytic performance of ZnO, a variety of strategies have been attempted, 

including metal or non-metal doping [11, 12], dye sensitising [13], and semiconductor 

coupling [9, 14]. Many semiconductors, such as g-C3N4, CdS, AgBr, TiO2, and Ag2O, 

are introduced to improve the visible light photocatalytic activities for organic 

degradation compared with pristine ZnO [10, 12, 15-20]. Nanostructured Fe3O4 has 

attracted considerable attention because of a high surface-area-to-volume ratio and 

great catalytic activity in Fenton degradation of organic pollutants.  

 

The difficulty in separation of photocatalysts from the reaction system for recycle and 
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reuse is becoming a serious drawback, which severely hinders their further applications. 

The conventional separation methods such as filtration and centrifugation are costly 

and tedious. According to previous studies, magnetic photocatalysts were synthesized 

to make the subsequent separation easier from reaction systems, thus solving the 

problem of recovery [21-23].  

 

In most magnetite catalysed Fenton reaction, external H2O2 is provided and the 

dominant reactions on the iron oxide surface are presented below [24-27]:  

Fe(III) + H2O2 → Fe(HO2)
2+ + H+             (1) 

Fe(HO2)
2+ → Fe(II) + HO2                   (2) 

Fe(II) + H2O2 → Fe(III) + OH− +·OH          (3) 

Recently, in-situ generation of H2O2 at the catalytic site has been investigated to 

improve Fenton reagent efficiency and to avoid the potential hazards associated with 

the bulk H2O2 [28, 29]. It has been proven that H2O2 can be formed from photocatalytic 

processes at the ZnO/H2O interface [30-32]. The application of hybrid nanoparticles of 

Fe3O4 and ZnO can result in enhanced photocatalytic activities and recoverability than 

pure ZnO [29, 33-35], but such efficiency is limited and subjected to particle size 

matching.  

 

In this work, for the first time, we designed a partially wrapped ZnO with Fe3O4 

(ZnO@Fe3O4) composite for efficient photo-Fenton degradation of organic 

contaminants via the improved light absorption, presence of abundant Fe2+/Fe3+ pairs 

and more importantly the self-generation of H2O2 to produce reactive oxygen species. 

For this purpose, a constant temperature (isothermal) aging approach was employed for 

flower-like ZnO synthesis. Fe3O4 nanopowder was prepared by a simple air oxidation 

method. The ZnO@Fe3O4 composites (ZFCMs) were obtained with a layer-by-layer 

(LBL) self-assembly method. The overall objectives of this research were to examine 

the photocatalytic degradation of p-NP in the presence of ZFCMs nanocomposites, 

understand the degradation kinetics, clarify the influence of various parameters on the 
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degradation, identify the dominant active species in the reactions and assess the 

reusability of the new nanocomposites. 

5.2. Experimental 

5.2.1. Materials 

Analytical grade ferrous sulfate (FeSO4•7H2O), NaOH, Zn(CH3CO2)2, sodium dodecyl 

sulfate (SDS), H2SO4, ethylenediaminetetracetic acid (EDTA), tert-butanol (TBA), p-

benzoquinone (BZQ), tert-butanol, and p-nitrophenol (p-NP) were provided by Sigma-

Aldrich and used as received without any further purification. 

 

5.2.2. Preparation of Fe3O4 nano powder 

Fe3O4 nano powder was synthesized using a simple air oxidation method. In a typical 

procedure, 0.027 g of FeSO4•7H2O was dissolved in 100 mL deionized water to make 

a 0.001 mol/L of Fe2+ solution, which was vigorously stirred at room temperature. Then, 

6 mol/L NaOH solution was added gradually into the FeSO4 solution until a pH value 

of 11.0 was reached. Afterwards, an air flow was introduced and the system was 

maintained at 25 °C for 1 h. After filtration and washing with deionized water and 

ethanol, the obtained Fe3O4 nano solids were dried in an oven at 70 °C for further uses. 

 

5.2.3. Preparation of flower-like ZnO micro-powder 

In preparation of ZnO microparticles, 20 mL of zinc acetate solution (1 mol/L) and 30 

mL NaOH solution (4 mol/L) were mixed in a 100 mL volumetric flask. The mixture 

was then topped up with deionized water to make a 0.2 mol/L Zn2+ solution. Based on 

a constant-temperature aging method, the solution was placed in a water bath at 85 °C 

for 5 h to generate a well-mixed suspension. The obtained precipitate was thoroughly 
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washed with deionized water and ethanol and then dried at room temperature for 24 h 

to get flower-like ZnO. 

 

5.2.4. Preparation of ZnO@Fe3O4 composites (ZFCMs) 

ZFCMs were prepared by a layer-by-layer (L-B-L) self-assembly method. Briefly, 10 

g of ZnO microparticles obtained from the previous experiment were dispersed in 20 

mL of SDS (8 mol/L) solution in a 50 mL beaker to undertake surface modification. 

After continuously stirring at room temperature for 1 h, the mixed solution was filtered, 

washed and dried to generate negatively charged ZnO. After that, the surface modified 

ZnO was added into a 100 mL beaker with 50 mL of Fe3O4 suspension (7 g/L, pH = 4.8) 

and stirred at room temperature (25 °C) for 5 h. The obtained solids were filtered and 

washed thoroughly with ethanol. After drying in a vacuum oven at 70 °C for 6 h, the 

sample was denoted as ZFCM-1. The above process of SDS and Fe3O4 deposition was 

repeated in the same SDS and Fe3O4 solution to obtain other desired ZFCM-n with 

increasing Fe3O4 NPs percentage loading on the surface of ZnO microflower, where n 

is the deposited Fe3O4 layer number.  

 

5.2.5. Characterisation techniques 

The crystal structure of the prepared samples was investigated by a Bruker D8-

ADVANCE X-ray diffractometer with Cu-Kα radiation. The morphologies and element 

content of samples were measured by a scanning electron microscope (SEM Japan S-

570) equipped with energy-dispersive X-ray spectroscopy (EDS, Kevex Sigma TM 

Quasar, USA). The functional groups of the samples were evaluated by a Bruker Tensor 

27 Infrared spectrometer. The specific surface area of the iron oxides was determined 

by multipoint N2-physisorption analysis using an automated gas adsorption–desorption 

analyser (TriStar II Plus, Micromeritics, USA). The light absorption properties of the 
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photocatalysts were collected on a UV–visible diffuse reflectance (DRS) 

spectrophotometer (JASCO V670) with an Ø60 mm integrating sphere and BaSO4 as a 

reference material. Photoluminescence (PL) spectra were measured by a PerkinElmer 

LS55 luminescence spectrometer with a Xenon source at atmospheric temperature. 

Electron paramagnetic resonance (EPR) was measured using a Bruker EMXplus 

spectrometer. Photocurrent and Mott-Schottky curve measurements were accomplished 

on a Zennium workstation (Zahner, Germany) through a standard three electrode 

framework, in which Hg/Hg2Cl2 was applied as the reference electrode, a Pt wire as the 

counter electrode, and Na2SO4 solution (0.2 M, pH = 6.8) as an electrolyte. Five cycles 

were applied and the intermission for turning on/off light was 20 s. 

 

5.2.6. Photocatalytic activity assessment 

Photocatalytic performance of ZFCMs was investigated using 200 mL recalcitrant p-

NP (7 mg) as the target pollutant in a photocatalytic reactor under a 100 W incandescent 

lamp (spectrum range 400 - 1700 nm). The initial pH was adjusted to 3 by utilising 

sulfuric acid. Afterwards, 50 mg catalyst was added in the reaction system. Prior to 

illumination, p-NP solutions containing the catalysts were sonicated and mechanically 

stirred at a constant rate in the dark for 5 h to obtain the adsorption/desorption 

equilibrium. The photocatalytic degradation was triggered by switching on the light 

source. An air flow was introduced in the reaction system subsequently. At a fixed 

interval, 10 mL of the suspension was taken from the reactor. After centrifugal treatment, 

the supernatant was collected and evaluated by a UV-vis spectrophotometer (λ = 317 

nm) to measure the concentration. The degradation rate (DR) of p-NP was calculated 

according to the following equation: 

 

𝐷𝑅 = (1 −𝐶𝑡/𝐶0) × 100%                                       [4] 

 

Where, C0 = initial concentration of p-NP, and Ct = concentration of p-NP at time t. 
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The concentration of H2O2 in the degradation solution was determined using a H2O2-

photometer (Lovibond ET-8600 Germany) at LED 528 nm.  

5.3. Results and discussion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. 1 (A) Schematic illustration of ZnO@Fe3O4 composite formation via 

layer-by-layer deposition; SEM images of (B) ZnO and (C) ZFCM-5; (D, E) 

TEM images of ZFCM-5.  
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Highly oxygen-deficient flower-like ZnO was prepared by an isothermal aging 

approach. Fe3O4 NPs were prepared by air oxidation. As illustrated in Fig. 5. 

1(A), novel ZnO@Fe3O4 composites were constructed by consecutive L-B-L 

adsorption of sodium dodecyl sulfate (SDS) micelles. In this study, the isoelectric 

points of ZnO and Fe3O4 were 9.5 and 7.2, respectively. The pH of the synthesis 

system was 4.8, so the positively charged surface of Fe3O4 and ZnO could be 

counterbalanced by anionic SDS to initiate the assembly. The formed ZnO has 

hexagonal pyramid tips with the edge length of ~ 1.5 μm (Fig. 5. 1(B)). Spherical 

Fe3O4 NPs were started to accumulate on ZnO surface with the increasing of 

coating layers. Additional L-B-L process led to more densely packed NPs on the 

surface of ZnO (Fig. 5. 2(A-F), ESI†). The ZFCM-5 had a relatively sealed core-

shell structure in a size of 2.5-3.0 µm (Fig. 5. 1(C)). EDS results confirm that Fe 

content grew gradually with the increased Fe3O4 deposition cycles (Fig. 5. 3(A)).  
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Fig. 5. 2. SEM images of (A) ZFCM-1, (B) ZFCM-2, (C) ZFCM-3, (D) ZFCM-4, (E) 

ZFCM-6, and (F) ZFCM-7. 
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Fig. 5. 3. (A)The weight percentage of iron with different Fe3O4 layers in the composite. 

(B) FTIR spectra of SDS, ZnO, Fe3O4 and ZFCM-5 

 

In Fig. 5. 4(A), sharp XRD peaks at 32.1º, 34.8º, 36.4º, 47.9º, 56.8º and 62.9º of ZFCM-

5 could be assigned to the crystal planes of the (100), (002), (101), (102), (110) and 

(103) of ZnO (JCPDS 36-1451) [36]. Other peaks matched well with the planes of a 

face-centered cubic Fe3O4 structure (JCPDS 65-3107) [37]. Noticeably, the intensities 

of the diffraction peaks of ZnO in ZFCM-5 were reduced due to the core-shell structure. 

In FTIR spectra (Fig. 5. 3(B)), the adsorption bands at 1177.8 and 1068.8 cm-1 were due 

to the strong stretching vibrations of S=O/S–O in –OSO3 groups and –CH2–chain in 

SDS. The bands at 1382.4 and 1466.3 cm-1 were assigned to the C–O and C=O stretch. 

An absorption peak at 416.7 cm-1 could be attributed to Zn–O [38]. Two obvious peaks 

at 556.1 and 1641.9 cm-1 corresponded to the bending vibrations of Fe–O bond and –

OH groups [39], respectively. Both the XRD and FTIR results indicated that ZnO and 

Fe3O4 were held together by electrostatic interaction during the assembling process.  

 

Fig. 5. 4. (A) XRD patterns; (B) N2 adsorption-desorption isotherm and pore size 

distribution of ZFCM-5. 
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Fig. 5. 5. N2 adsorption-desorption isotherms measurements (A) and p-nitrophenol 

adsorption curves (B). 

 

To assess the textural properties of Fe3O4 and the composites, their nitrogen 

adsorption−desorption isotherms were acquired. As exhibited in Fig. 5. 5(A)and Table 

5. 1, the BET specific surface areas of the composites increased with the attached Fe3O4 

layer number from 1 to 5, ZFCM-5 displayed the highest surface area of 139 m2g−1, 

with 0.23 cm3 g-1 of pore volume and a prevalent pore size of ~8 nm (Fig. 5. 4(B)). 

Therefore, the higher specific surface area and pore volume of the ZFCM-5 provide 

more active sites for a contact with contaminants, which is favourable to the 

photocatalytic activity. However, the BET surface areas of the samples declined with 

further compounding (119 m2g−1 for ZFCM-6; 96.4 m2g−1 for ZFCM-7). In comparison 

with ZFCM-5, ZFCM-6 and ZFCM-7 showed lower pore volumes at 0.19 and 0.18 cm3 

g-1
, respectively, due to more Fe3O4 particle deposition on the surface of the samples, 

which was arranged closely to fill the surface voids. The type IV isotherm with a distinct 

H3 hysteresis loop indicates the presence of significant mesopores.  

 

Table 5. 1. Surface areas, pore volumes and adsorption parameters of as-prepared 

samples.  

Samples Surface 

areas (m2 g-1) 

Pore 

volumes 

Γmax ×10−5 

(mol g-1) 

Ka ×104  

(L mol -1) 

R2 

https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/materials-science/pore-volume
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(cm3 g-1) 

ZnO 

Fe3O4 

52.60 

63.68 

0.10 

0.09 

2.43 

2.56 

2.42 

2.50 

0.996 

0.996 

ZFCM-1 70.56 0.12 2.63 2.65 0.994 

ZFCM-2 80.02 0.15 2.78 2.78 0.997 

ZFCM-3 94.51 0.17 3.02 2.98 0.995 

ZFCM-4 115.34 0.19 3.18 3.11 0.997 

ZFCM-5 138.99 0.23 3.47 3.18 0.994 

ZFCM-6 119.60 0.19 3.30 3.07 0.997 

ZFCM-7 96.38 0.18 3.19 3.02 0.995 

 

The adsorption abilities of the ZFCMs samples were studied, which are in turn 

to evaluate the corresponding structure-effect relationship. As observed in Fig. 5. 

5(B), the pristine ZnO and Fe3O4 samples presented poor p-NP adsorption 

efficiencies of 10.8% and 11.6%, respectively, after 5h in dark. For comparison, 

17.7%, 21.3%, 30.5%, 37.6%, 49.1%, 40.7% and 37.4% removal of p-NP were 

observed by utilizing ZFCM-1, ZFCM-2, ZFCM-3, ZFCM-4, ZFCM-5, ZFCM-

6 and ZFCM-7, respectively. The adsorption abilities are in accordance with the 

BET variations, which confirms the enhancement of adsorption ability by 

increasing the specific surface area via hybridization. 

 

The isotherms are calculated to be well fitted with the linear form of the Langmuir 

isotherm model as expressed below: 

𝐶𝑒

Γ
=

1

Γ𝑚𝑎𝑥
𝐶𝑒 +

1

𝐾𝐿𝛤𝑚𝑎𝑥
 ,                                      [5]  

 

where 𝐶𝑒 is concentration of adsorbate at equilibrium, 𝛤𝑚𝑎𝑥  is the saturated adsorption 

capacity, and 𝐾𝐿 is the adsorption equilibrium constant. In line with the highest value 

of  𝛤𝑚𝑎𝑥  and 𝐾𝐿, ZFCM-5 exhibited the best adsorption of p-NP as shown in Fig. 5. 

5(B). 
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The favourable adsorption of p-NP by ZFCM-5 was also confirmed by the separation 

factor R𝐿, which was a dimensionless constant calculated by equation [6].  

            𝑅𝐿 =
1

1+K𝐿C0
                                                                 [6] 

Where, K𝐿  is the Langmuir constant (mg g−1) and 𝐶0  is initial concentration of 

adsorbate (mg g−1). Fig. 5. 6(A)(inset) indicated that the affinity between p-NP and 

ZFCM-5 was stronger than that with either ZnO or Fe3O4. 

 

 

Fig. 5. 6. (A) Adsorption isotherms of p-NP at 25 °C on ZnO, Fe3O4 and ZFCM-5. Inset 

is the lot of RL against initial concentration of p-NP; (B) Degradation rate of p-NP on 

different samples.  

 

After reaching the adsorption-desorption-equilibrium in 5 h, the incandescent lamp was 

switched on to start the reaction. As shown in Fig. 5. 6(B), the self-photolysis of 

recalcitrant p-NP was less than 5% after 150 min irradiation. Pristine ZnO and Fe3O4 

removed 28.0% and 56.3% of p-NP, respectively. In contrast, ZFCM-5 could degrade 

100% of the pollutant in 60 min. Fig. 5. 7 shows the concentration of the detected H2O2 

increased in the earlier stages of the reaction (0–15 min) which reached the highest vale 

(197 µmol/L) at 15 min. With the photocatalytic reaction proceeding, the concentration 

of H2O2 decreased gradually, indicating the self-generated H2O2 was consumed by Fe2+ 

to form Fe3+. 

 



159 

 

 

 

 

 

 

 

 

Fig. 5. 7. Changes of the H2O2 concentration with reaction time using ZFCM-5 as a 

catalyst under visible light irradiation. 

 

In addition, reaction temperature is a key operating factor in photocatalysis. p-NP 

degradation was examined within a temperature range of 15 to 45 °C for ZFCM-5, and 

the results are shown in Fig. 5. 8. All of these reaction profiles were then fitted with the 

first order kinetics, and the kinetic rate constants are presented in Table 5. 2. As can be 

seen, the calculated reaction rate constants (k) were 0.0157, 0.0213, 0.0291 and 0.0320 

min-1 at 15, 25, 35 and 45 oC, respectively. By applying the Arrhenius equation (the 

inset of Fig. 5. 8), the activation energy (Ea) of the catalytic reaction for ZFCM-5 can 

be calculated as 18.5 kJ/mol.  

 

 

Fig. 5. 8. Effect of reaction temperature. 
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Table 5. 2 Kinetic parameters in p-nitrophenol degradation 

Catalyst T(oC) k(min-1) R2 of k Ea(kJ mol-1) R2 of Ea 

ZFCM-5 15 0.0157 0.94 18.5 0.96 

  

  

  

25 0.0213 0.95 

35 0.0291 0.96 

45 0.0320 0.97 

 

ZFCM-5 presented the highest p-NP removal among the catalysts in Table 5. 3, 

compared to other reported values in the literature. In conventional Fenton-like 

heterogeneous p-NP degradation using pure Fe3O4 NPs, 620 mM external H2O2 was 

required to reach 95% removal with catalyst dosage and reaction duration 6 and 10 

times as high as these of ZFCM-5, respectively [40]. 

 

Table 5. 3. Comparison of p-nitrophenol degradation on various catalysts.  

Catalyst Ccatalyst 

(mg/L) 

Cp-NP 

(mg/L) 

Light 

condition 

Time 

(min) 

Degradation 

amount (%) 

Ref. 

ZnO@Fe3O4 

(ZFCM-5) 
250 35 100W lamp 60 100 

This 

work 

Fe3O4 + 620 

mM H2O2 
1500 35 No lamp 600 95 [40] 

ZnO 5000 30 Solar light 190 100 [41] 

Fe3+ - Doped 

ZnO 
1000 20 400W lamp 300 75 [45] 

Fe3O4@SiO2

@ZnO 
800 30 

300W Hg 

lamp 
120 99 [7] 

Fe3O4@ZnO 600 10 
250W Hg 

lamp 60 98.3 [46] 

ZnO 600 10 
250W Hg 

lamp 60 91.6 [46] 

 

In another study, 20 times more dosage of pristine ZnO was needed to degrade 100% 

p-NP in 190 min [41]. We hypothesize that the excellent performance of ZFCM-5 stems 
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from three factors: improved adsorption capacity by the interconnected mesopores, 

improved light absorption and e-/h+ transportation on Fe3O4-ZnO heterojunction, and 

most predominantly the in-situ generation of H2O2. More optical properties and band 

structure of ZnO, Fe3O4 and ZFCM-5 were probed to verify the reaction mechanism.  

The optical properties and band structures of ZnO, Fe3O4 and ZFCM-5 were 

investigated utilising UV–vis DRS, PL spectrum and room temperature Mott-Schottky 

analysis. As observed in Fig. 5. 9(A), the absorption spectrum of ZnO exhibited a steep 

edge at wavelength of around 325 nm, illustrating the main absorption in ultraviolet 

light region. While Fe3O4 revealed an extended absorption range, ZFCM-5 had an 

increased absorption at the wavelength ranging from 380 to 700 nm, mirroring the 

existence of the transition bands in ZFCM-5 composite. In general, alternation of light 

absorption is due to the impurities which result in more vacancies; these factors would 

further affect PL and photocatalytic properties.  

 

UV−vis DRS were converted into absorbance via the Kubelka−Munk function, as 

shown in equation [7]. 

F(R) =
(1 − R)2

2R
=
K

S
                               [7] 

Where, R is the diffuse reflectance, K is the absorption coefficient, and S is the 

scattering coefficient. The band gap energy values of ZnO, Fe3O4, and ZFCM-5 samples 

are about 3.05, 2.60 and 2.35 eV, respectively. Hence, it is observed that the band gap 

of the assembled ZnO and Fe3O4 composite sample considerably decreased.  

 

The accelerated transfer of charge carriers was investigated based on PL spectra (Fig. 

5. 9(B)). As shown, when the exciting light at 370 nm irradiated on the composites, the 

intensity of single luminescence peak of ZFCM-5 dropped remarkably between 380 

and 600 nm as compared with those of pristine ZnO and Fe3O4. Such an observation 

can help explain that the presence of impurities can exert a synergistic effect on 

separation and capture efficiency of the holes photoexcited from the valance bands of 

ZnO and Fe3O4, thereby inhibiting direct luminescent charge recombination. The 



162 

 

scattering effect of ZFCM-5 was also enhanced owing to an enlarged pore volume, 

which could provide more surface terminal sites for transfer and separation of the 

photoinduced holes. It is clear that the combination of Fe3O4 and ZnO can effectively 

inhibit the recombination of photo-generated electron-hole pairs, therefore improving 

the photocatalytic degradation performance [42-44].  

 

Fig. 5. 9. (A) UV-Vis diffuse reflectance spectra of the prepared samples, the inset 

shows the dependence of (αhv)2 on photon energy (hv); (B) PL spectra; (C) Mott-

Schottky plots; (D) Transient photocurrent responses. 

 

As shown in Fig. 5. 9(C), the flat band potentials of ZnO, Fe3O4 and ZFCM-5 were 

determined by the Mott−Schottky plots as −0.62, − 0.66 and −0.73 V, respectively, 

revealing a smaller barrier for charge transfer in ZFCM-5. Similar observations were 

reported in Fe-doped ZnO. However, the doped ZnO could only degrade 75% p-NP 

with catalyst dosage, lamp power and reaction duration being 4, 4 and 5 times higher, 

respectively, than these of ZFCM-5 [45]. Apparently, there must be other mechanism 

involved in the degradation.  
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The generation of H2O2 over illuminated ZnO has been well explored as follows [17]: 

𝑂2 + 2𝑒𝐶𝐵
− + 2𝐻+ → 𝐻2𝑂2          [8] 

2𝐻2𝑂 + 2ℎ𝑉𝐵
+ → 𝐻2𝑂2 + 2𝐻

+      [9] 

Even in the dark, H2O2 could be significantly produced from aqueous suspension of 

ZnO [47, 48]:  

𝑂2 + 𝑒
− → ˙𝑂2

−                      [10]                                             

˙𝑂2
− + 𝐻2𝑂 → ˙𝐻2𝑂 + 𝑂𝐻

−            [11] 

˙𝐻2𝑂 + ˙𝐻2𝑂 → 𝐻2𝑂2                 [12] 

Prasanna proposed that nano ZnO had singly ionized oxygen vacancy, i.e., oxygen 

vacancy with one electron. Oxygen from the atmosphere could react with an electron 

from the ZnO surface to form a superoxide radical as shown in Equation 10. Superoxide 

then reacted with water to form hydroperoxyl radicals and radicals could recombine to 

form H2O2 (Equation 11 and 12). 

 

It is reasonably to propose that the photo-Fenton degradation of p-NP involves the 

following reactions in our system. 

𝐹𝑒3+ + 𝐻2𝑂2 = 𝐹𝑒(𝐻𝑂2)
2+ +𝐻+                  [13] 

𝐹𝑒(𝐻𝑂2)
2+ → 𝐹𝑒2+ + 𝐻𝑂2                   [14] 

𝐹𝑒2+ + 𝐻2𝑂2 →  𝐹𝑒3+ + 𝑂𝐻− +  ∙ 𝑂𝐻          [15] 

∙ 𝑂𝐻 + 𝑝 − 𝑁𝑃 → 𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠          [16] 

In addition to providing Fe2+/ Fe3+ for Fenton reaction, Fe3O4 showed strong absorption 

up to a wavelength of 400 nm as displayed in Fig. 5. 9(A). Hence, Fe3O4 might also act 

as a photocatalyst in addition to its function as the Fenton catalyst.  
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Fig. 5. 10. (A) Reduced degradation efficiency of p-NP with the presence of hole 

and radical quenching agents. (B) EPR result of DMPO-•OH.  

 

As shown in Fig. 5.10(A), hole and radical scavengers, BZQ (•O2
− scavenger), Na2-

EDTA (photo-generated h+ scavenger), and tert-butanol (•OH scavenger), were 

employed to differentiate the major reactive oxygen species (ROS) in the degradation 

process [49-51]. The removal rates were remarkably inhibited by adding the quenchers 

and the quenching effect follows the order of tert-butanol > Na2-EDTA > BZQ, 

suggesting that photo-Fenton generated •OH plays a key role for p-NP degradation. 

EPR spectra were recorded using DMPO as the trapping agent [52]. As displayed in 

Fig. 5.10(B), when the mixed suspension is irradiated by UV−visible light, the strong 

signals of spin-trapped •OH could be detected, confirming the primary role of •OH in 

this degradation system. 

 

Fig. 5.11. Effect of pH values on p-nitrophenol degradation on ZFCM-5. 

Degradation experiments were carried out at pH = 3, 7 and 9 (Fig. 5.11). ZFCM-5 
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showed the best performance at pH of 3. The result is in consistent with the general 

observation that a pH range of 2 - 4 is optimal for Fenton reactions [53, 54]. One reason 

is the oxidation potential of •OH decreases as the pH of the reaction mixture increases 

[53]. Another reason is the catalyst activity is reduced by the formation of Fe(II) 

complexes such as [Fe(II) (H2O)6]
2+, which reacts more slowly with H2O2 [47]. 

 

 

Fig. 5.12 (A) Magnetization curve of ZFCM-5 recorded at room temperature. The inset 

shows the suspension of ZFCM-5 (a) and separation of ZFCM-5 by an external 

magnetic field (b); (B) Recycle tests on ZFCM-5. 

 

The magnetic behavior of ZFCM-5 was studied by room temperature VSM 

measurements. Fig. 5.12(A) exhibits that the saturation magnetization was 36.7 emu/g. 

The homogeneous dispersion of the ZFCM-5 microspheres could be separated quickly 

via an external magnet.  

 

As the reusability of the catalyst is an important parameter in the photodegradation 

process, the repetitive use of ZFCM-5 was investigated under identical conditions. As 

shown in Fig. 5.12(B), after each run, the catalyst was separated from treated solution 

by magnetic separation. Results indicate that the ZFCM-5 photocatalyst could be reused 

effectively for at least six times without an obvious loss of activity, agreeing well with 

the stable photocurrent density in Fig. 5.9(D). The excellent reusability is attributed to 

the smart design of Fe3O4 shell. Under UV-vis irradiation, Fe (III) can be reduced to Fe 
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(II) as depicted in equation 17,  

Fe3+ + H2O 
ℎ𝜈
→  Fe2+ + •OH + H+             [17] 

The Fe2+ can react with self-generated H2O2 to produce more •OH (equation 15) for p-

NP decomposition.   

 

5. 4. Conclusions 

H2O2 consumption is the critical component of the operating costs in Fenton technology 

to treat highly polluted industrial effluents. It will be desirable to achieve in-situ 

generation of H2O2 at the catalytic sites, which will increase the reaction efficiency, 

reduce the process cost and avoid the potential hazards of the bulk H2O2. This paper 

reports the intelligent layer-by-layer construction of ZnO@Fe3O4 composites for 

advanced oxidation of p-nitrophenol. In contrast to pure ZnO or Fe3O4, the customized 

ZFCM-5 provides enhanced catalytic performance with 100% removal of p-nitrophenol 

in 60 min under visible light irradiation. The ZFCM-5 possesses a surface area of 139 

m2g−1 and a pore volume of 0.23 cm3 g-1. The mesoporous structure of ZFCM-5 offers 

more active sites for efficient adsorption of target organics. Meanwhile, from the 

photochemical characterisation, the band gap of ZFCM-5 was reduced to 2.35 eV, 

which leads to a remarkable visible-light-responsive photocatalyst. Furthermore, 

ZFCM-5 showed not only the phenomenon of superparamagnetism, but also the 

presence of abundant Fe2+/Fe3+ pairs for Fenton reaction. Most importantly, with the 

self-generated H2O2, the composite outperformed conventional Fe3O4/H2O2 Fenton-

like reagents and ZnO@SiO2@Fe3O4 photocatalyst even when 6 (3.2)- and 10 (2)-fold 

less catalyst dosage and reaction time were used. The excellent reusability further 

endows the composite a promising candidate for sustainable wastewater treatment. 
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Chapter 6. MXene as non-metal charge 

mediator in 2D layered CdS@Ti3C2@TiO2 

composites with superior Z-scheme visible 

light-driven photocatalytic activity 

 

Abstract 

Exploitation of photocatalysts towards efficient organic pollutant degradation is highly 

desirable in the field of environmental remediation. Here, we report a rational synthesis 

of two-dimensional CdS@Ti3C2@TiO2 nanohybrids by facile calcination and a 

subsequent hydrothermal process. The physico-chemical properties of 

CdS@Ti3C2@TiO2 were investigated by a variety of characterization techniques. The 

effect of CdS loading on the photocatalytic performance was elucidated. When 

compared with Ti3C2 and Ti3C2@TiO2, the optimal ternary nanostructures exhibited 

significantly enhanced visible light-driven (λ ≥ 420 nm) degradation of 

sulfachloropyridazine, phenol and several typical dyes. The origin of improved 

photocatalytic performance mainly stems from the enhanced electron–hole separation 

efficiency. The charge carrier sinking function of Ti3C2 in this first time pre-fabricated 

three-phase Z-scheme catalyst was proposed based on UV-visible spectroscopy band 

gap calculation, photoluminescence measurement and photoelectrochemical analysis. 

The electron paramagnetic resonance assay verified that both superoxide ions and 

hydroxyl radicals played crucial roles in the removal of contaminants. 

The content of this chapter is published in Environ. Sci.: Nano, 2019, 6, 3158 
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6.1 Introduction 

In recent years, the growing interests in two-dimensional (2D) photocatalysts are driven 

by the apparent merits of cost-effective and environmentally benign routes for 

degradation of aqueous pollutants [1]. Especially, since the first synthesis of Ti3C2 by 

etching the Al atoms in layered Ti3AlC2, MXene material has become one of the most 

promising candidates due to its high specific surface area, narrow band gap and fast 

electron transfer ability [2,3].  However, MXene is associated with the problem of fast 

charge recombination which considerably limits its practical use.  To overcome this 

inherent problem, various methods have been developed, including stoichiometry 

engineering and coupling with other semiconductors. For example, based on density 

functional theory and the cluster expansion method, the Ti2(1–x)Zr2xCO2 alloy with x = 

0.2778 has been predicated to be the most promising water-splitting photocatalyst when 

compared with Ti2CO2 and Zr2CO2 [4]. A variety of semiconductors such as C3N4, 

Fe2O3 and TiO2 are coupled with MXene to form the heterojunction that promote 

photogenerated electron-hole separation and improve the light absorbance for 

photocatalytic reactions [5-7].  

 

Besides bandgap alteration and co-catalyst introduction, another strategy to boost 

photocatalyst performance is the formation of a cascading junction (Z-scheme) 

structure [8]. Successful ternary Z-scheme photocalysts often employ noble metals like 

Au and Ag, as the electron-transfer component [9-11]. A representative example is 

CdS@Au@C3N4 nanocomposite, where Au nanoparticles were designed to trap 

photoinduced conduction band (CB)-electrons of CdS and valence band (VB)-holes of 

C3N4. As a result, the reduction and oxidation catalytic centres were maintained in C3N4 

and CdS to minimize an undesirable back-reaction of photocatalytic products. Also, a 

larger overpotential was obtained due to a high conduction band minimum of C3N4 and 

a low valence band maximum of CdS [12,13]. To replace the prohibitively expensive 

metal nanoparticles, several promising noble metal-free electron mediators such as 
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[Co(bpy)3)
2+/[Co(bpy)3]

3+ (bpy=2, 2’-bipyridine) redox couple and reduced graphene 

oxide have been developed [14,15]. Most bare and terminated MXenes have very small 

bandgaps or possess metallic conductivity, which may make them a good substitute for 

noble metals. Nevertheless, reduced graphene oxide (rGO) is still widely used as solid 

electron mediators in the Z-scheme system, due to the difficulty in formation of intimate 

interfacial contact among multiple components imposed by the thick layer of Mxene. 

Recently, in-situ growth of TiO2 on the surface of multilayer Ti3C2 MXene has been 

realized by heating 2D Ti3C2 in air, hydrothermal process, or hydrolysis in the presence 

of tetrabutyl titanate [16]. These studies have paved the way for intimate coupling of 

TiO2 on 2D-Ti3C2 nanosheet as evidenced by the Schottky junctions formation thus 

Ti3C2 could act as electron sinks through Schottky barrier electron-trapping [17,18]. 

 

In this work, a novel composite of CdS-MXene-TiO2 was prepared for organic pollutant 

degradation. For this purpose, Ti3C2 was firstly calcified at 500 °C to get Ti3C2@TiO2 

with suitable band edge alignments for photogenerated electron to migrate from TiO2 

to Ti3C2 [18]. Afterwards, hydrothermally grown CdS were chosen for the third phase 

of Z-scheme catalyst due to its thermodynamically favourable energy levels. The 

rational construction of CdS@Ti3C2@TiO2 displayed excellent photocatalytic activity 

and recycling stability. The possible relative charge transfer models and photocatalytic 

mechanisms for organic degradation have been explored. This work provide useful 

insights on MXene usage as a non-metal charge mediator in Z-scheme photocatalysis.  

 

6.2. Material and Methods  

6.2.1. Material preparation 

6.2.1.1 Synthesis of layered Ti3C2 

The multilayered Ti3C2 was fabricated by selectively exfoliating the Al layers from 
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Ti3AlC2 with HF (49 wt %) at 60 °C for 25 h while stirring. Then the solid was 

centrifuged, thoroughly rinsed with DI water, and dried at 60 ℃ in a vacuum oven 

overnight. 

6.2.1.2 In-situ formation of Ti3C2@TiO2 

The obtained Ti3C2 powder was used to synthesize Ti3C2@TiO2 via one-step calcination 

approach [19]. 1 g of Ti3C2 were firstly added into 100 ml NaOH (3 mol/L) solution 

and the mixture was kept in air at 60 °C for 24 h with constant stirring to form a 

homogeneous suspension. The resulting suspensions were centrifuged and dried at 

60 °C in a vacuum oven overnight. Afterward, the treated product was calcined at 

500 °C for 2 h in a muffle oven. The obtained black powder was labelled as Ti3C2@TiO2. 

 

6.2.1.3 Synthesis of CdS@Ti3C2@TiO2 

In a typical hybrid construction process, 0.5 g of Ti3C2@TiO2 was firstly added into 

100 mL CdCl2 solution at 1, 2, 3 and 4 mol/L, respectively. Subsequently, Na2S solution 

was added into the mixture dropwise at room temperature with constant stirring. 

Molar ratio of Na2S to CdCl2 was 1:1. The pH of solution containing Ti3C2@TiO2, 

CdCl2, and Na2S was about 5.5. TiO2 nanoparticle is usually positively charged at this 

pH value therefore Cd2+ should be adsorbed preferentially on negative MXene surface. 

Subsequently, more CdS nanoparticles were formed in tight connection with MXene. 

The obtained yellow colloidal precipitate was then transferred into a 120 mL Teflon-

lined stainless steel autoclave and put into an oven for hydrothermal treatment at 200 ℃ 

for 6 h. After cooling, centrifugation and washing, the precipitate was dried at 85 ℃ in 

a vacuum oven overnight. The obtained samples were labelled as 1:1CTT, 2:1CTT, 

3:1CTT and 4:1CTT, respectively. 
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6.2.2. Material characterizations 

The phase composition was analysed by an X-ray diffractometer (XRD, Bruker D8 

Advance) using Cu Ka (λ=0.15418 nm) radiation at 40 kV and 15 mA. The morphology 

and microstructure of the prepared samples were revealed using field emission scanning 

electron microscope (FESEM, Japan S-570) equipped with an EDS (Kevex Sigma TM 

Quasar, USA).  The Brunauer–Emmett–Teller (BET) specific surface areas of as-

prepared samples were measured by N2 adsorption–desorption isotherm with a 

Quantachrome NOVA touch LX4 apparatus (Quantachrome Instruments, South San 

Francisco, CA, USA). The chemical composition and bond were studied by X-ray 

photoelectron spectroscopy (XPS, ESCALAB 250, Thermo Fisher Scientific) with Al 

Kα X-ray at 15 kV and 150 W. The optical properties of samples were investigated with 

UV–vis diffuse reflectance spectra (acquired by using UV–vis DRS, Hitachi U3010) 

and photoluminescence (PL) spectra was measured by a PerkinElmer LS55 

luminescence spectrometer with a Xenon source at room temperature. The transient 

photocurrent response test was performed with CHI 760A electrochemical analyser 

(CHI, Shanghai) using a 300 W Xe lamp (cutting off λ < 400 nm) to produce visible 

light irradiation. A platinum wire and saturated Ag/AgCl electrode was used as the 

counter and reference electrode, respectively.  To prepare working electrode, 5 mg 

samples were dispersed into 250 μL mixture of ethanol and Nafion under ultra-

sonication. Then 30 μl slurry was drop-coated onto the fluorine-doped tin oxide (FTO) 

glass substrate. The substrates were dried in an oven at 80 °C for 3 h. The photocurrent 

measurement was conducted in 0.5 M aqueous Na2SO4 solution at 0.8 V during on-off 

cycling of the visible light irradiation.  

 

6.2.3. Photocatalytic activity evaluations 

The performances of various photocatalysts were evaluated by the photodegradation of 

sulfachloropyridazine (SCP, 20 mg/L), methylene blue (MB, 20 mg/L), Rhodamine B 
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(RhB, 20 mg/L) and Phenol (20 mg/L) in water solution under visible light irradiations.  

Specifically, the designed amount of catalyst (0.05g) was dispersed in 200 mL of 

organic pollutant solutions which were poured into a 1 L cylindrical double jacketed 

glass reactor with a 25°C thermostatic water circulation system. Prior to irradiation, the 

suspensions were kept on stirring for 30 min to ensure the establishment of an 

adsorption equilibrium. The reactor was placed 30 cm away from the light source. The 

visible light source employed in this study has a light intensity of 300 mW/cm2 and 

wavelength between 400–1050 nm. After the light was turned on, 3 mL of solution was 

extracted in regular intervals and transferred to centrifuge tubes followed 

by centrifugation at 13,000 rpm for 15 min to remove the solid particles. SCP and 

phenol concentrations were measured by using high performance liquid 

chromatography (HPLC, Thermo Scientific); MB and RhB solutions were analysed by 

a UV-vis spectrometer (Perkin-Elmer Lambda 900UV/Vis/NIR)  

 

6.2.4. Reactive oxygen species (ROS) capturing experiment 

The electron paramagnetic resonance (EPR) measurement was carried out using a 

Bruker EMX-10/12 spectrometer with a 9.866 GHz magnetic field. 5,5- dimethyl-

pyrroline N-oxide (DMPO) spin-trapping EPR method was used to determine the 

generation of ROS in photocatalysis. 

 

6.3. Results and discussion 

6.3.1. Structures, morphologies and textural properties of as-prepared 

samples 
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Fig. 6. 1. (A) XRD patterns and (B) nitrogen adsorption–desorption isotherms of Ti3C2, 

Ti3C2@TiO2, 1:1CTT, 2:1CTT, 3:1CTT and 4:1CTT. 

 

Fig. 6. 1(A) shows the X-ray diffraction patterns of the as-prepared Ti3C2, Ti3C2@TiO2, 

and CdS loaded Ti3C2@TiO2. After HF etching, the intense peak at 2θ≈  39° 

corresponding to the (104) diffraction of Ti3AlC2 disappeared [20]. Moreover, the (002) 

and (004) peaks of Ti3AlC2 shifted to lower 2θ values, indicating the removal of Al 

layers form the parent MAX [21]. Li et al. reported the synthesis of MXene Ti3C2/TiO2 

through simple calcination of Ti3C2. Similarly, we obtained Ti3C2/TiO2 hybrid as 

confirmed by the additional peaks at 2θ of 25.4°, 48.2° and 54.1°, which correspond to 

(101), (200) and (105) diffraction planes of anatase-TiO2 [19]. The XRD results also 

verified the well crystalized CdS in the ternary composites. Peaks at 2θ= 43.6, 51.9° of 

(220) and (311) planes are assigned to cubic CdS [22].   

 

Table. 6. 1. Structural properties and organic pollutant adsorption (in dark for 30 min) 

of different samples. 

Samples SBET 

(m2/g) 

Vpore 

(cm3/g) 

Pore size 

(nm) 

Adsorption (%) 

SCP MB RhB Phenol 

Ti3C2 8.17 0.052 10 2.6 3.5 3.9 3.5 

Ti3C2@TiO2 16.83 0.073 20 4.4 3.3 5.7 4.3 

1:1CTT 31.05 0.081 30-80 5.2 6.9 9.1 5.7 

A B 



181 

 

2:1CTT 42.38 0.119 30-80 8.7 8.1 11.8 7.5 

3:1CTT 36.84 0.093 30-80 7.5 6.1 10.1 5.6 

4:1CTT 25.16 0.075 30-80 5.4 6.1 8.1 5.0 

 

The BET specific surface area (SSA) and pore size of the samples were evaluated by 

N2 adsorption (Fig. 6. 1(B) and Table 6.1). In Fig. 6. 1(B), all samples display a H3 type 

hysteresis loop without a plateau at high P/P0, indicating the multilayer structure with 

low degree of pore curvature. Compared with the Ti3C2 (8.17 m2/g), the SSA of 

Ti3C2@TiO2 was increased to 16. 83 m2/g. The pore size also increased from 10 to 20 

nm after calcination treatment. The hydrothermal process for CdS loading further 

improved the SSA of 1:1CTT because more nano-TiO2 were formed and the maximum 

value of 42.38 m2/g was obtained for the 2:1CTT sample. As expected, 3:1CTT and 

4:1CTT samples exhibited gradually decreasing SSA (36.84 and 25.16 m2/g) due to the 

blockage of CdS particles. These textural properties play important roles in organic 

molecule adsorption and degradation which will be discussed in the following sections.   
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Fig. 6. 2. FESEM images of Ti3C2 (A), Ti3C2@TiO2 (B), 1:1CTT (C), 2:1CTT (D), 

3:1CTT (E) and 4:1CTT (F). Top view SEM and HRTEM images of the 2:1CTT sample 

are shown in (G) and (H), respectively.   

 

Table 6. 2. Elemental analysis (weight percentage) of as-prepared samples. 

Samples Ti (at.%) C (at.%) O (at.%) S (at.%) Cd (at.%) 

Ti3C2 83.78 13.54 2.68 - - 

Ti3C2@TiO2 74.63 8.41 16.96 - - 

1:1CTT 62.54 7.23 13.22 3.81 13.20 

2:1CTT 50.06 5.69 10.81 7.35 26.09 

3:1CTT 37.52 4.03 8.12 11.39 38.94 

4:1CTT 24.19 2.45 5.21 15.37 52.78 

 

The morphological features and composition of the samples were further studied by 

FESEM, HRTEM, and EDX techniques. As shown in Fig. 6. 2(A), Ti3AlC2 was etched 

(E) (F) 

(G) 

(H) 
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into multilayered Ti3C2 with accordion-like structure. The spaces between 2D-

nanosheets were caused by the release of H2 during the exothermic reaction with HF 

[23]: 

𝑇𝑖𝐴𝑙𝐶2 + 3𝐻𝐹
∆
→ 𝑇𝑖3𝐶2 + 𝐴𝑙𝐹3 + 1.5𝐻2  

After air-calcination at 500 °C for 2h, the smooth surface of Ti3C2 became rough due 

to the in-situ transformation of MXene to TiO2 (Fig. 6. 2(B)). The SEM images of 

CdS@Ti3C2@TiO2 show that more particles are tightly attached on the surface of 

Ti3C2@TiO2 (Fig. 6. 2(C-F)). This intimate coupling between CdS and MXene derived 

supporting co-catalyst may provide efficient interfacial photo-induced charge diffusion 

upon visible-light irradiation [24]. The EDX results in Table 6. 2 indicate that the 

content of CdS increased when the concentration of CdCl2/Na2S changed from 1 to 4 

mol/L. However, CdS particles in loose contact with Ti3C2@TiO2 nanosheets are 

revealed in Fig. 6. 2(E, F). These particles occupied a considerably large volume of 

open spaces between the nanolayers thus leading to decreased BET surface area. Fig. 

6. 2(G) is a representative top-view micrograph showing a few clusters of nanoparticles 

attached on the Ti3C2 sheets. In Fig. 6. 2(H), the clear lattice fringes of 0.36, 0.34 and 

0.27 nm were attributed to the (101) planes of TiO2, (002) planes of CdS and (100) 

planes of Ti3C2, respectively. The direct contact of CdS with Ti3C2 suggests that when 

the CdCl2 solution was mixed with Ti3C2@TiO2, the negative charges at the surface and 

edges of the MXene sheets can strongly attract Cd2+ and facilitate CdS nucleation and 

further growth. This hypothesis is also supported by the study of Low et al.. They found 

a lot of voids existed in between TiO2 nanoparticles due to the production of CO2 gas 

during the calcination process [18].  
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Fig. 6. 3. XPS survey spectrum (A), C1s (B), Ti2p (C), O1s (D), S2p (E) and Cd3d (F) 

spectra of the 2:1CTT sample. 

 

In this study, XPS analysis was applied to investigate the formation of heterojunction 

on the 2:1CTT sample. The full XPS survey spectrum reveals the presence of carbon, 

oxygen, titanium, sulfur and cadmium elements (Fig. 6. 3(A)). In Fig. 6. 3(B), the C 1s 

peak at about 288.29 eV is attributed to sp2-hybridized carbon (C-O) and peak at 
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binding energies of around 284.8 eV correspond to the C-Ti on the surface of 2:1CTT. 

In addition, the C-Ti bond was further studied by high-resolution Ti 2p spectroscopy. 

As shown in Fig. 6. 3(C), the core levels at 460.0 eV and 465 eV are attributed to the 

lattice Ti–O bond in TiO2 [25], while the peaks at 455.3 eV and 458.6 eV are assigned 

to the lattice Ti–C bond in Ti3C2 [26]. As displayed in Fig. 6. 3(D) for O1s, three peaks 

with binding energies centered at 533.4, 531.9 and 529.8 eV,  are assigned to the 

bonding of -OH, O1s and Ti-O, respectively. For S2p XPS spectrum, after peak fitting, 

two peaks at 162 eV and 163.3 eV can be found in Fig. 6. 3(E), being ascribed to the S 

2p1/2 and S 2p3/2 doublet of S 2p in CdS. Two peaks at 405.49 eV and 412.2 eV can be 

fit into Cd 3d3/2 and Cd 3d5/2. These results confirmed the heterostructural generation 

on Ti3C2 nanosheets.  

6.3.2. Organic pollutants removal studies 

6.3.2.1 Adsorption of organic molecules 

Owing to their large specific surface area, hydrophilic nature and abundant negatively 

charged terminal groups (–O and –OH), Ti3C2Tx family members have an enormous 

capacity for adsorbing a variety of environmental pollutants, including metal ions and 

organic dyes [27]. For example, the spontaneous intercalation of cations into 2D Ti3C2 

layers has been exploited to adsorb and remove Ba2+ and radioactive Pd2+ from 

problematic water [28,29].  The adsorption mechanism of dyes on MXene is mainly 

electrostatic attraction therefore MXene matrix could take up more cationic methylene 

blue than anionic acid blue 80 [30].  

In this study, the adsorptive removal percentage of MB, RhB, SCP and phenol were 

tested under dark conditions. As show in Table 6.1, the adsorption capacities of SCP 

and phenol onto all prepared samples are comparable to cationic MB and RhB. The 

2:1CTT sample even accumulated more SCP than MB (8.7% vs 8.1%). These results 

imply that besides electrostatic attraction, the hydrogen-bonding interactions have also 

contributed to the adsorption of SCP and phenol on the surface of sorbents [31]. To 
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further enhance the pollutant removal percentage, photocatalytic degradation should be 

carried out. 

6.3.2.2 Photocatalytic activity and reusability 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. 4. Degradation curves of sulfachloropyridazine (SCP, A), methylene blue (MB, 

B), rhodamine B (RhB, C) and Phenol (D). 

 

At a temperature of 25 °C, the photo-degradation results of organic pollutants catalysed 

by the as-prepared samples under visible light are shown in Fig. 6. 4(A-D).  Ti3C2 

exhibited slightly positive effect on C/C0 reduction. The best decolourization rate of 

RhB by Ti3C2 was 30% after 180 min irradiation. Similarly, plain CdS showed low 

activity and the best decolourization rate of MB was 48%. Although Ti3C2@TiO2 

displayed enhanced activity, all the CdS-loaded samples had much higher 

photocatalytic performance, implying that CdS is the predominant photoactive species 
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in the composites. The degradation behaviour was found to depend upon the amount of 

CdS present in the Ti3C2@TiO2 matrix and follows the order of 2:1CTT > 3:1CTT > 

4:1CTT > 1:1CTT. Complete removal of RhB, MB, SCP and phenol was achieved by 

employing 2:1CTT catalyst after 60, 88, 88 and 150 min reactions.  

 

 

 

 

 

 

 

 

Fig. 6. 5. (A) Effect of reaction temperatures on SCP degradation and estimation of 

activation energy; and (B) Stability of 2:1CTT catalyst after subsequent reactions under 

identical conditions.  

 

Table 6. 3. Kinetic parameters in organic degradation. 

Catalyst T (oC) k (min-1) R2 of k Ea (kJ/mol) R2 of Ea 

2:1CTT 25 0.014 0.98 25.01 0.99 

35 0.019 0.97 

45 0.027 0.98 

55 0.038 0.98 

 

Fig. 6. 5 (A) reveals the effect of different reaction temperatures and the first-order 

kinetics fitting on SCP degradation by using 2:1CTT. According to Arrhenius equation, 

the reaction rate constants at 25, 35, 45 and 55 oC are calculated to be 0.014, 0.019, 

0.027 and 0.038 min-1, respectively. The activation energy of 2:1CTT are then 

computed to be 25.01 kJ/mol (Table 6. 3).  

(A) (B) 
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To evaluate the photostability of 2:1CTT, four successive cyclic SCP degradation tests 

under the same reaction conditions were performed (Fig. 6. 5(B)). No significant 

deterioration of activity was observed for 2:1CTT during four cycling tests.  

 

6.3.3 Proposed photocatalytic degradation mechanism 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. 6. (A) Diffuse reflectance UV-Vis spectra; (B) Plots of (αhv)2 vs. photon energy 

(hv) for the band gap energy of Ti3C2, Ti3C2@TiO2, 1:1CTT, 2:1CTT, 3:1CTT and 

4:1CTT. (C) Mott-Schottky measurements, the inset table shows the CB and VB of 

Ti3C2, Ti3C2@TiO2 and 2:1CTT and (D) PL spectra of Ti3C2@TiO2, 1:1CTT, 2:1CTT, 

3:1CTT and 4:1CTT.  

 

It is well known that efficient light absorption and charge separation and transportation 

are important factors in photocatalytic activity. To understand the origin of performance 

(A) 

(C) (D) 

(B) 
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enhancement by 2:1CTT, the optical features of all samples were investigated in detail. 

Firstly, Fig. 6. 6(A) compares the UV-Vis diffuse reflectance spectra of Ti3C2, 

Ti3C2@TiO2, 1:1CTT, 2:1CTT, 3:1CTT and 4:1CTT. The light absorption of Ti3C2 was 

observed from 200 to 700 nm due to the black colour nature of MXene. After 

calcination, the Ti3C2@TiO2 sample showed an absorption edge at about 465 nm, 

confirming a small portion of Ti3C2 was converted to TiO2 [18]. The pure CdS has poor 

absorbance intensity in the region of 550 to 800 nm [32], while 1:1CTT, 2:1CTT, 

3:1CTT and 4:1CTT displayed absorption edges at about 475, 491, and 486 nm, 

respectively [33]. These results indicate the higher capability of 2:1CTT in utilizing 

visible light. The bandgaps (Fig. 6. 6(B)) of these samples were estimated based on the 

Tauc plot and the following equation 

(𝛼ℎ𝜈)2 = 𝐴(ℎ𝜈 − E𝑔) 

where 𝛼, ℎ, 𝜈 , A and 𝐸𝑔 represent the absorption coefficient, Planck constant, light 

frequency, constant for direct transition and bandgap, respectively. The electronic 

properties of MXene family differ from metallic to semiconducting depending upon 

surface functional groups. In this study, the highly conductive Ti3C2 delivered the 

smallest bandgap of 0.87 eV which was in line with the results based on first-principle 

calculations [34]. The bandgaps of Ti3C2@TiO2, 1:1CTT, 2:1CTT, 3:1CTT and 4:1CTT 

were estimated to be 2.02, 1.94, 1.86, 1.96 and 1.97 eV.  

 

Secondly, Mott−Schottky relationships (1/C2 vs E, (MS)) were identified by UV−vis 

DRS to determine the changes of band structure of Ti3C2, Ti3C2@TiO2 and 2:1CTT. As 

can be seen in Fig. 6. 6(C), all of the as-prepared catalysts are n-type semiconductor 

[35]. The conduction band energies (CB) are then estimated to be -0.15, -0.12 and 0.07 

V for Ti3C2, Ti3C2@TiO2 and 2:1CTT, respectively. According to the above-mentioned 

band gap energies, the valence band (VB) of Ti3C2, Ti3C2@TiO2 and 2:1CTT are 

determined to be 0.72, 1.90 and 1.79 V, respectively.  

 

The steady-state photoluminescence (PL) spectra of Ti3C2@TiO2 and ternary 
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nanocomposites with different contents of CdS are recorded to study the separation and 

transfer process of photoinduced charge pairs. As shown in Fig. 6. 6(D), the samples 

are excited at 330 nm and exhibit emission peaks at round 340 nm. These PL emissions 

are caused by the energy relaxation from the electron-hole recombination. The high 

combining rate of electrons and holes results in high PL intensity. It is evident that 

2:1CTT shows the weakest emission peak, testifying its enhanced charge separation 

efficiency.  

 

 

  

 

  

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. 7. (A) Transient photocurrent responses of Ti3C2, Ti3C2@TiO2 and 2:1CTT, (B) 

Proposed composite and band gap structures and degradation mechanism of CdS loaded 

Ti3C2@TiO2 photocatalyst, and (C) DMPO trapping EPR spectra for 2:1CTT sample to 

detect ˙OH and ˙O2
−. 

 

To gain further insight into the charge separation and the electron transportation 

mechanisms in 2:1CTT, the transient photocurrent response tests were studied under 

(C) 

(A) (B) 
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visible light irradiation with 20 s on/off cycles (Fig. 6. 7(A)). Again, 2:1CTT catalyst 

shows the highest photocurrent density of 0.025 μA cm-2 compared with Ti3C2 and 

Ti3C2@TiO2, corresponding to the highest separation efficiency and the fastest electron 

transfer rate. In the transient photocurrent responses of Ti3C2 and 2:1CTT, a peak in the 

transient photocurrent is observed after light-on before a decay to the steady-state 

photocurrent level and a photocurrent decline tail is also observed after light-off. This 

phenomenon can be interpreted as the trap-mediated separation [36] with a slow 

electron detrapping rate in both Ti3C2 and 2:1CTT [37,38] as the positive photocurrent 

transient are associated with accumulation of holes in the electrode space charge layer 

under illumination [39]. The electron trap sites in Ti3C2 may be related to its unique 

energy level structure. In the ternary composite of 2:1CTT, Ti3C2 can work as the trap 

center, where the excited electrons on the CB of TiO2 can combine with the 

photogenerated holes left on the VB of CdS through the Ti3C2 as a mediator. Thus, the 

photogenerated holes on the VB of TiO2 can be accumulated rapidly, resulting in a high 

transient photocurrent. On the other hand, the light-on photocurrent peak and light-off 

decline tail are not clearly observed in the case of Ti3C2@TiO2 and the photocurrent 

shows a slight increase with the light-on time. This result can be contributed to the Type 

I heterojunction between TiO2 and Ti3C2 [36], where the photogenerated electrons and 

holes of TiO2 would recombine on Ti3C2. Due to the different charge transfer rates, it 

may take time to reach the equilibrium. Meanwhile, photocurrent responses maintain 

excellent stability after seven on/off cycles, indicating the catalyst can restrain 

photocorrosion, which is in accordance with the reusability results.     

 

Reaction mechanisms for organic pollutants degradation over 2:1CTT catalyst is 

proposed based on above results and revealed in Fig. 6. 7(B). Ti3C2 layer might act as 

a charge transmission bridge to form the CdS-TiO2 Z-scheme system [40]. The 

conduction band (CB) of TiO2 (-0.25 V vs. NHE) is more negative than the conduction 

band level of Ti3C2 (-0.15 V), the photogenerated electrons can be easily wired to Ti3C2 

due to its narrow band and carrier mobility. Moreover, the Schottky barrier formed at 
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the Ti3C2/TiO2 interface could prevent the electrons from flowing back to TiO2 [41]. On 

the other hand, the ECB value of CdS was ~ -0.8 V vs. NHE [24,33], the potential of 

valence band EVB was thus estimated to be 1.5 V vs. NHE. It is feasible for 

photogenerated holes to migrate to the valence band of Ti3C2, leaving the 

photoelectrons in the conduction band of CdS. Therefore, the photocatalytic 

performance was enhanced due to the formation of Z-scheme heterostructure in the 

system, which facilitated the separation of e--h+ pairs. Moreover, the hybrids possessed 

a higher redox ability because the photogenerated e- accumulated in the more negative 

CB of CdS and the photogenerated h+ are located in the more positive VB of TiO2 [42].      

 

 

 

 

 

 

 

 

 

 

Fig. 6. 8. The photocatalytic mechanism of conventional Type-II CdS@TiO2 

heterojunction 

 

The CB energy positon of CdS is higher than the potential of superoxide radicals (-0.80 

V vs -0.33V), it is likely O2 molecules can be reduced to ˙O2
ˉ [43]. The holes on TiO2 

are positive enough (2.84 V vs NHE) to generate ˙OH from the solution (Eo (•OH/H2O) 

= 2.38 V vs NHE) [44]. Both ˙O2
ˉ and ˙OH can degrade MB, RhB, SPC and phenol 

non-specifically [45]. To verify this speculation, electron spin resonance (EPR) 

technique was employed by using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as the 

trapping agent. Considering that ˙O2
− is unstable in aqueous media, the EPR spectra of 
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DMPO-˙O2
− is recorded in methanol. In Fig. 7C, clearly, no signals of DMPO-˙OH or 

DMPO-˙O2
− adducts can be detected in the dark. After 2 min illumination, the six 

characteristic peaks of the DMPO-˙O2
− adducts can be detected under light irradiation 

over the 2:1CTT photocatalyst [46]. Besides, the 1 : 2 : 2 : 1 signals of DMPO-˙OH 

species can also be found under visible light irradiation [47]. These results directly 

prove that superoxide radicals and hydroxyl radicals play a dominant role in the 

efficient photodegradation of MB, RhB, SPC and phenol under visible light irradiation. 

Importantly, the detected ˙O2
ˉ further support the Z-scheme mechanism in this catalyst 

system. In case the CdS NPs are mainly attached on the TiO2 NPs, the composite may 

follow the conventional Type-II heterojunction carriers transport rule as shown in Fig. 

6.8. The photoinduced electrons (holes) tend to transfer from the CB (VB) of CdS to 

the CB (VB) of TiO2. However, the CB potential of TiO2 was more positive (-0.25 V 

vs. NHE) than the standard redox potential of ˙O2
ˉ /O2 (-0.33 V vs. NHE) thus 

superoxide anion radical cannot be generated in this system [36]. 

6. 4. Conclusions 

In summary, we have demonstrated a novel 2D-layered CdS@Ti3C2@TiO2 hybrid 

synthesis via calcination and hydrothermal processes. The enhanced activity in 

degrading organic pollutants is attributed to the “sink” effect of MXene as well as the 

well matched band configuration of CdS@Ti3C2@TiO2. The photoexicited charge 

carriers in the Z-scheme type composite are separated efficiently and subsequently 

produce free radicals ˙O2
− and ·OH, which play important roles in oxidizing the 

aqueous contaminants. This work may open up new prospects for the application of 

low-cost MXene as efficient noble metal substitute in all solid Z-scheme photocatalysts. 

By combining with other co-catalysts, the system can generally be utilized in 

sustainable H2 production and CO2 reduction.  
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Chapter 7. Conclusions and Perspectives 

 

7.1 Conclusions  

To address the difficulty in treating organic refractory dyes in water, the project of this 

thesis was focusing on the synthesis and characterization of different types of novel 

hybrid photocatalysts. Results confirm the success of photocatalysts in improving both 

catalytic and adsorption efficiencies. In this thesis, general fabrication methods of novel 

photocatalytic materials and their recent applications in wastewater treatment are also 

discussed.  

 

Specifically, carbon nitride based composite catalyst materials were synthesized by 

simple hydrothermal method, and the adsorptive and oxidative degradation of organic 

matters were evaluated. The influences of textural properties, surface 

compositions/chemical states, surface functional groups and light absorbance of the 

obtained materials were studied and discussed. The temperature, PH value and 

repeatability were tested during the reaction. Meanwhile, the mechanistic investigation 

inferred that the •OH and •O2
− played a dominating role key role in improving the 

catalytic ability under the light excitation. 

 

ZnO@Fe3O4 composite was synthesized by simple layer-by-layer method, and the 

catalytic effect on the degradation of organics was investigated. The mechanism of self-

generated H2O2 was firstly studied by quenching and radical trapping experiments. Self-

generated H2O2 was observed and identified as a key determinant of the reaction. In 

addition, the magnetic separation ability was also verified to reuse the spent catalyst 

efficiently. 
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MXene was also applied as an efficient charge mediator in the 2D layered catalyst, due 

to its high specific surface area, narrow band gap and fast electron transfer ability. The 

obtained composites revealed superior Z-scheme visible light-driven photocatalytic 

activity in organic degradation. 

 

Different photocatalytic efficiencies and adsorption capacities from these developed 

catalysts are listed showed below: 

 

7.1.1 Surface chemistry-dependent activity and comparative 

investigation on the enhanced photocatalytic performance of graphitic 

carbon nitride modified with various nanocarbons.  

Four kinds of nanocarbon modified GCNs were synthesized via one-pot hydrothermal 

method and exhibited great activities in photocatalytic removal of various pollutants.  

 

1. GCN was prepared by direct condensation of melamine, and four nanocarbons (CQD, 

rGO, CNT and CNS) were prepared through four different processes. Nanocarbon 

modified GCN hybrids were prepared through hydrothermal treatment.  

 

2. From the BET and SCP adsorption results, it was found that open porous structure 

and relatively large surface area of GCN/rGO were beneficial to provide more active 

sites for organics adsorption. Combining the XPS with degradation results, increased 

catalytic oxidation activities could be observed by introducing C=O or COOH. 

 

3. The integration of all nanocarbon materials with the GCN would result in red shifts 

and stronger light absorption capabilities, which illustrated that the introduction of 

carbon materials changed the energy level of original GCN and increased the optical 

properties of the catalysts.  
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4. The photocatalytic activities of the four hybrids were systematically evaluated in 

degradation of sulfachloropyridazine, methylene blue, methyl orange and Rhodamine 

B under artificial sunlight irradiation. It was also found that GCN/CNS presented the 

highest activity in all degradation systems. 

 

5. Photocatalytic activation on GCN/CNS was investigated by in situ electron 

paramagnetic resonance (EPR). The in-depth mechanistic studies on the enhanced 

photoelectrochemical and photocatalytic performances were also conducted, which 

inferred that the •OH and •O2
−played a pivotal role in photocatalytic process.  

 

7.1.2 Nitrogen-doped Carbon Nanospheres Modified Graphitic 

Carbon Nitride for Enhanced Photocatalytic Performances.  

 

1. Monodisperse nitrogen-doped carbon nanospheres (NC) were prepared and loaded 

onto graphitic carbon nitride (g-C3N4, GCN) via a facile hydrothermal method. The 

prepared metal-free GCN-NC exhibited remarkably enhanced efficiency in SCP 

degradation. The nitrogen content in NC exerted a great influence on the photocatalytic 

activity due to the physicochemical properties and performances of the resultant hybrids. 

 

2. Through density functional theory (DFT) calculations, the mechanism of improved 

photocatalytic performance was studied. The GCN-NC hybrid showed an improved 

photocatalytic ability via reducing band gap energy and activating the effective 

separation of electron-hole pairs. Thereby, subsequent generation of superoxide and 

hydroxyl radicals could remove SCP effectively using light energy. 
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7.1.3 Efficient photo-Fenton oxidation of nitrophenol driven by self-

generated H2O2 from ZnO@Fe3O4 composite.  

 

1. ZnO@Fe3O4 was prepared using a layer-by-layer self-assembly process with ZnO 

microflower and wrapped with Fe3O4 nanoparticles with different deposition layers. 

The characterizations were revealed to investigate the crystal structure, morphology, 

surface chemistry and optical properties of the produced composites. 

 

2. Band gaps of the samples were also studied, and the band gap energy values of ZnO, 

Fe3O4, and ZFCM-5 samples were calculated to 3.05, 2.60 and 2.35 eV, respectively. 

From the PL spectra, the peak of ZFCM-5 dropped remarkably compared with pristine 

ZnO and Fe3O4, illustrating the combination of Fe3O4 and ZnO could effectively inhibit 

the recombination of photo-generated electron-hole pairs, therefore improving activity. 

 

3. The as-synthesized ZFCM-5 showed excellent p-NP degradation, due to in-situ 

photocatalytic formation of hydrogen peroxide over Fe3O4@ZnO. The mechanism of 

photocatalytic activation on ZFCM-5 was investigated by EPR, which suggested that 

photo-Fenton generated •OH played a key role during photocatalytic activation on 

ZFCM-5 and was determined to be the primary role in p-NP degradation. 

 

4. The magnetic behavior and reusability tests were carried out to testify a good magnet 

separatable behavior and excellent reusability, which further endowed a promising 

candidate for sustainable wastewater treatment. 
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7.1.4 MXene as non-metal charge mediator in 2D layered 

CdS@Ti3C2@TiO2 composites with superior Z-scheme visible light-

driven photocatalytic activity.  

 

1. Two-dimensional CdS@Ti3C2@TiO2 nanohybrids were synthesized using a facile 

calcination and a subsequent hydrothermal process. The physico-chemical 

characterizations of the as-synthesized materials performed a tight attachment of CdS, 

Ti3C2 and TiO2. 

 

2. The photocatalytic activities of the CdS@Ti3C2@TiO2 nanohybrids were elucidated 

in degradation of sulfachloropyridazine, phenol and several typical dyes. It was found 

that 2:1CTT presented an excellent activity. 

 

3. The effect of Ti3C2 in this three-phase Z-scheme catalyst was proposed based on UV-

visible spectroscopy band gap calculation, photoluminescence measurement and 

photoelectrochemical analysis. The EPR assay revealed that both superoxide ions and 

hydroxyl radicals contributed mainly to the organic degradation  

 

4. Excellent stability of 2:1CTT catalyst was proved after subsequent reactions under 

identical conditions. 

 

7.2 Perspectives for Future Research  

Research for this project was focusing on synthesizing different types of photocatalysts 

for the degradation of organics such as sulfachloropyridazine, methylene blue, methyl 

orange and rhodamine B in water under UV/visible light irradiation. The data presented 

an excellent result in completely degrading the refractory pollutants in wastewater. 
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However, there are still some challenging issues on the material development which 

need to be investigated before putting into industrial applications. Based on the 

research results, the following future studies are recommended:  

 

1. The photocatalytic experiments were carried out under artificial UV-visible light 

sources. Solar light should be encouraged to be applied in future works since it has a 

lower cost and possesses a greater practical application prospects.  

 

2. To increase  the efficiency of sewage treatment, further work can focus on the 

adsorption capacity and kinetics of the novel materials as adsorbents. 

 

3. Further research should be performed to clarify the mechanisms during the reaction. 

The active sites and the reaction pathways between the catalysts and oxidants should 

be investigated utilizing simulation methods. 

 

4. Future research in wastewater remediation can focus on industrial applications 

rather than experimental test in lab. It is highly recommended to realize large-

scale industrialization in the end. 

 

5. It is advised to design catalysts with ability to remove real industry pollutants 

consisting of multi-components from several persistent drugs including organics and 

inorganics.  
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