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Abstract 

Semiconductor-based heterogeneous photocatalysis, as one of the advanced oxidation processes 

that makes use of semiconductors and inexhaustible solar light, has recently been extensively 

studied and applied to water decontamination. However, due to low light absorption efficiencies 

and severe electron-hole recombination, modifications on semiconductor structures are required 

in order to enhance their photocatalytic performance. Heterogeneous photocatalyst composites, 

taking advantage of the improved light absorption efficiency as well as the facilitated electron-

hole separation at the interface between different semiconductors, have been proven to be a 

promising strategy. In this study, novel NaNbO3/Bi2WO6 photocatalyst composites with a type-

II heterogeneous alignment were successfully prepared via a facile wet impregnation method. The 

as-prepared photocatalysts were characterized by powder X-ray diffraction (XRD), scanning 

electron microscopy (SEM), high-resolution transmission electron microscopy (HRTEM), X-ray 

photoelectron spectroscopy (XPS), diffuse reflectance UV-Vis spectroscopy (DRS), photocurrent 

(PC) and electrochemical impedance spectroscopy (EIS) analyses. The 30 wt% NaNbO3/Bi2WO6 

composite exhibited the best performance for degrading an RhB (rhodamine B) aqueous solution 

under visible light irradiation (λ > 410 nm), which was ca. 40 times and ca. 2.5 times that of the 

pristine NaNbO3  and Bi2WO6 , respectively. The improved photocatalytic activity may be 

attributed to the enhanced electron-hole separation efficiency in Bi2WO6 with the assistance of 

NaNbO3, as well as the dye-sensitization effect of RhB itself. Radical quenching experiments 

revealed that h+ played the predominant role, and O2
•−

 functioned as well to some degree. The 

produced intermediates during the reaction and RhB degradation pathway were speculated and 

investigated as well. The excellent stability and reusability were verified by repetitively running 

for five times. Based on experimental results, a plausible functioning mechanism was proposed. 

Effects of several operation parameters on the catalyst performance including initial RhB 

concentration, catalyst dosage, reaction temperature and initial pH were also discussed. This study 

provides solid evidence for NaNbO3 to be a promising candidate for photocatalysis and gives out 

a novel photocatalytic mechanism of Bi2WO6-based type-II heterostructures. 
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Chapter  I  

Introduction 

 

1.1 Background 

Water is one of the most abundant resources of the world, covering 70% of the earth’s surface. 

However, only 0.65% of the total water mass can be directly used by human beings [1]. Moreover, 

the uneven distribution and severe contamination make available water increasingly deficient 

[2,3]. Therefore, it is urgent to explore proper strategies for wastewater treatment. 

Conventional contaminant treatments are usually based on biological (e.g., bacteria, fungi, plant 

extracts, etc.) and physical processes (e.g, adsorption, precipitation, laser pyrolysis, etc.) [4]. 

However, lots of organic pollutants are non-biodegradable, and physical treatments usually focus 

on concentrating and separating out the pollutants without decomposing or degrading them.  

Recently, advanced oxidation processes (AOPs), defined as aqueous or gaseous oxidation 

processes making use of powerful oxidizing agents (primarily, but not exclusively, hydroxyl 

radicals, OH) generated in situ to decontaminate water, have been extensively studied and applied 

to water purification [5]. Hydroxyl radical, with an oxidation potential of +2.8 eV vs. Normal 

Hydrogen Electrode (NHE), is such a strong oxidant (just behind Fluorine, +3.03 eV) that can be 

deemed non-selective towards organic molecules with rate constants on the order of 

10−6~10−9 M−1s−1 [2,6]. Also, AOPs normally lead to the best yields in organic destruction 

when biological treatments are unfeasible [7]. 
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As one of the AOPs, photocatalysis is capable of harnessing inexhaustible solar irradiation as the 

source of energy, and thus is known as a “green technology” [8]. Compared to homogeneous 

photocatalysis, catalysts in heterogeneous photocatalysis are easy to be separated after use, as well 

as retrieved and reused subsequently.  

In 1972, Fujishima and Honda first discovered the photocatalytic activity on titanium dioxide 

(TiO2) with respect to producing hydrogen by splitting water in a photoelectrochemical solar cell 

[9]. Since then, TiO2 has attracted significant attention in photocatalysis due to its high activity, 

strong stability to light illumination, low price, and nontoxicity [4,10–12]. Yet, it was not until 

Pruden and Ollis realized a complete mineralization of trichloroethylene in aqueous solutions that 

photocatalysis began to extensively develop for water decontamination [13]. In the recent decade, 

a vast amount of semiconductors, such as ZnO [14], WO3 [15], AgBr [16], Bi2WO6 [17], SrTiO3 

[18], etc., have demonstrated their efficiencies in degrading a wide range of organic pollutants into 

readily biodegradable compounds, which can be easily mineralized into CO2, H2O, and inorganic 

ions subsequently. Yet, the two primary challenges, low light absorption efficiency and poor 

electron/hole separation efficiency, inhibit their application in industries. In order to overcome the 

above problems, numerous strategies on photocatalyst modification have been proposed with 

respect to the physical, chemical, and energy-band structures of semiconductors. Type-II 

heterogeneous alignment takes advantage of the facilitated charge carrier transfer at the interface 

of different semiconductors, favoring the electron/hole separation, and thus is considered to be a 

promising modification approach.  

As a member of perovskite alkaline niobates, NaNbO3 has demonstrated its photocatalytic activity 

in water splitting [19], water treatment [20], as well as CO2 reduction [21] under UV irradiation. 

However, its application is restrained under visible light irradiation due to its wide bandgap (~3.5 

eV). Bi2WO6 , on the other hand, is an extensively used visible-light responsive photocatalyst 

owing to its narrow bandgap (~2.7 eV), but severe recombination between the photogenerated 

electrons and holes limits its further use. 
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1.2 Objectives 

In order to overcome the poor electron/hole separation in Bi2WO6 while maintaining its visible-

light-responsivity, multiple objectives of this project are listed below: 

i) Synthesis pure NaNbO3 and Bi2WO6 samples via hydrothermal methods separately; 

ii) Synthesis NaNbO3/Bi2WO6 heterojunction composites via a facile wet impregnation 

method; 

iii) Characterize the crystal structure, morphology, size, composition, element oxidation states, 

optical absorption properties, and electrochemical properties with XRD, SEM, HRTEM, 

XPS, UV-Vis DRS, PC, and EIS; 

iv) Explore a potential functioning mechanism of the composites in the case of photocatalytic 

degradation of RhB aqueous solution under visible light irradiation;  

v) Optimize the NaNbO3 content in the composites; 

vi) Investigate the effects of operation parameters, including initial RhB concentration, catalyst 

dosage, temperature, and initial pH, on photocatalytic performance. 

1.3 Thesis Outline 

The main body of this thesis consists of five parts: introduction, literature review, experimental 

results, conclusions, and appendix. Each of them was presented in their respective chapters, which 

are described as the following: 

❖ Chapter I: Introduction 

This part briefly introduces the urgency of proper wastewater treatment, the 

development of photocatalysis, as well as the properties of NaNbO3 and Bi2WO6.  

❖ Chapter II: Recent Meliorating Strategies on Semiconductor Photocatalysts for 

Organic Decontamination in Water: A Review 
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This part provides a comprehensive literature review on semiconductor-based 

heterogeneous photocatalysis. The involved fundamentals and principles are discussed 

in detail at the beginning of the chapter. Further, considering the two primary challenges, 

which are low light absorption efficiency and poor electron/hole separation efficiency, 

recent attempts on the modification of semiconductors are thoroughly reviewed, with 

their functioning mechanisms interpreted at first. In the end, a brief conclusion of 

challenges that heterogenous photocatalysis is faced with at this stage is provided, and 

the prospective works that can be expected in the future is proposed as well.  

❖ Chapter III: Facile Synthesis of 𝐍𝐚𝐍𝐛𝐎𝟑/𝐁𝐢𝟐𝐖𝐎𝟔 Heterojunction Composite 

with Enhanced Visible-Light-Driven Photocatalytic Performance towards RhB 

Degradation 

This chapter is written in journal article format, and covers the project scope and 

objectives. In this chapter, a series of novel NaNbO3/Bi2WO6  heterogeneous 

photocatalyst composites with different NaNbO3 content are successfully prepared and 

characterized. The functioning mechanism is investigated based on the photocatalytic 

degradation of RhB aqueous solution under visible light irradiation, which is quite 

different from previous reported heterostructure systems containing Bi2WO6 when it 

works as the electron reservoir and O2
⦁−

 is one of the primary reactive species Further, 

effects of multiple operation parameters including the initial RhB concentration, catalyst 

dosage, reaction temperature and initial pH are also explored.  

❖ Chapter IV: Conclusions and Recommendations 

This part makes a general conclusion based on the work in this project, as well as 

suggestions on the future work. 

❖ Appendix A: Supporting Information of Chapter III 

❖ Appendix B: Summary of Semiconductor Modification Strategies 
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❖ Appendix C: Effect of Operation Parameters on Heterogeneous Photocatalysis: A 

Brief Review 

❖ Appendix D: Strategies Coupling Photocatalysis with Other Treatment: A Brief 

Summary 

❖ Appendix E: Recent Development in Photoreactor Design: A Brief Review 

❖ Appendix F: Previously Failed Attempts 

This part summaries systems that have been tried but eventually failed. The involved 

principles and theories are stated, the expected effects are speculated, the experimental 

methods are described in detail, and the potential reasons for the failure are analyzed at 

last. 
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Chapter  II      

Inorganic Semiconductor-Based 

Photocatalysis Used for Water 

Decontamination: A Review 

2.1 Introduction 

As an advanced oxidation process (AOP), heterogeneous photocatalysis, taking advantage of mild 

reaction conditions, minimal generation of secondary waste and a wide range of applications for 

environmental decontamination, has emerged as an important destructive treatment for organic 

pollutants in water. However, the low quantum efficiency and poor reaction rate limit its further 

use [1]. To overcome the above deficiencies, considerable efforts attempting to extend light 

absorption spectra and enhance charge carrier separation have been made. 

Since heterogeneous photocatalysis was found to be effective on water decontamination, TiO2 has 

been mostly researched not only because it is the origin, but also due to its high activity, strong 

stability, low price, and nontoxicity [2–6]. Yet, considering that studies and applications of TiO2 

have been comprehensively and thoroughly investigated and summarized [2–6], this part focuses 

on novel semiconductors emerged in the last decade, which have demonstrated their efficiency in 

degrading a wide range of organic pollutants to readily biodegradable compounds that can be 

mineralized into CO2, H2O, and inorganic ions subsequently.   
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Although many reviews focused on semiconductor-based photocatalytic water decontamination 

have been published, most of them concentrate on a specific topic, such as strategies extending 

light absorption spectra [7], TiO2 -based photocatalysis [2–6], semiconductor oxide based 

photocatalysts [8], heterojunction photocatalysts [9–13], microsphere photocatalysts [14], 

semiconductor quantum dots [15], photodeposition [16], etc. The present review provides a 

comprehensive and systematic overview of novel semiconductor-based photocatalysis in water 

treatment developed in the recent decade, as well as a detailed introduction to the fundamentals 

and principles of photocatalysis. 

In this review, fundamentals and principles of semiconductor-based heterogeneous photocatalysis 

are discussed in detail. Further, considering the two primary challenges in semiconductor-based 

photocatalysis, which are poor light absorption and low electron/hole separation efficiency, a 

systematic and comprehensive summary of photocatalyst modification strategies that have been 

made in the last decade is given, along with each of the theoretical background is stated. In the 

end, we provide a brief conclusion of challenges that heterogeneous photocatalysis is faced with 

at this stage, as well as prospective works that can be expected in the future 

2.2 Fundamentals and Principles of Semiconductor-based 

Heterogeneous Photocatalysis 

2.2.1 Semiconductor Properties for Photocatalysis 

The energy structure of a given material consists of two energy bands: one is the valence band 

(VB) filled with valence electrons, and the other is the empty conduction band (CB). For 

semiconductors, there is an energy gap between the two bands, called the bandgap, in which 

electrons can transfer from the CB to the VB when triggered by external stimulations such as 

irradiation in photocatalysis.  

The CB energy represents the reducing capacity of the semiconductor; the higher (more negative) 

the CB, the stronger reducing capacity of the semiconductor. Only species (electron acceptors) 

with lower reduction potential than that of the CB can be reduced. The VB energy, on the other 

hand, represents the oxidizing capacity; the lower (more positive) the location of the top, the 
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stronger oxidizing capacity of the semiconductor, and only species (electron donors) with an 

oxidation potential higher than this limitation can be oxidized. In other words, the difference 

between the energy bands of the semiconductor and the redox potential of the redox couple 

determines the possibility for a photocatalytic reaction to happen thermodynamically. Energy band 

positions and bandgaps of some commonly used semiconductor materials are given in Figure 1. 

 

Figure 1  Absolute CB and VB energy potential values of various semiconductors and redox potential commonly used 

in photocatalysis with respect to the normal hydrogen energy (NHE) potential at pH=7. 

The bandgap energy (𝐸𝑔) determines the maximum light spectrum a semiconductor can absorb 

and use  [17]. According to Plank relation describing the band-edge wavelength (𝜆) and bandgap 

energy (𝐸𝑔) as shown by Equation (1) [18], 

λ (nm) = 1240/Eg (eV)             (1) 

the smaller the bandgap energy of a semiconductor, the longer the wavelength it can respond to. 

However, as the bandgap gets narrower, although the light-responsive region would be broader, 

decrease in redox capacities and faster recombination rates would also be inevitable. Therefore, 

the selected semiconductors should have proper bandgaps which balance the two considerations 

above.  

For a crystalline semiconductor, its optical absorption near the band edge follows the formula 

proposed by Tauc [19]: 

αhν = A(hν − Eg)
n/2             (2) 
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where α is the absorption coefficient, h is the Plank constant, ν is the light frequency, A is a 

constant, 𝐸𝑔  is the band gap of the semiconductor, and n is determined by the type of optical 

transition of a semiconductor (n=1 for direct transition, and for indirect transition n=4). Therefore, 

the bandgap of a semiconductor can be calculated from the plot of (𝛼ℎ𝜈)2/𝑛 versus (ℎ𝜈), as shown 

in Figure 2 [20].  

 

Figure 2  Plots of (αhν)1/2  and (αhν)2  versus hν  of BiOI  (indirect transition) and Bi2WO6 , (direct transition) 

respectively. Adapted with permission from [20]. Copyright (2015) Elsevier. 

To further estimate the band edge positions of a semiconductor at the point of zero charge, the 

following empirical formulas are usually used: 

ECB = χ − E
e − 0.5 Eg             (3) 

EVB =  Eg + ECB               (4) 

where 𝐸𝐶𝐵 is the conduction band edge potential, 𝐸𝑉𝐵 is the valence band edge potential, 𝜒 is the 

electronegativity of the semiconductor (the geometric mean of the constituent atoms), 𝐸𝑒 is the 

energy of free electrons on the hydrogen scale (~4.5 eV vs. NHE). [20] 

Since photocatalytic activity is strongly impacted by experimental conditions such as light source, 

pH, temperature, etc., it is necessary to find a parameter comparing the efficiencies of different 

systems. Quantum efficiency, also known as quantum yield, is defined as the percentage of the 

number of the reacted electrons to the total number of the absorbed photons from the irradiation 

as shown in Equation (5), suggesting the quantitative relationship between photoproduct formation 

rates and spectral irradiation. [21] 
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QY(%) =
Number of reacted electrons

Number of absorbed photons
× 100%          (5) 

However, it is infeasible to determine the absolute quantity of photons absorbed by a photocatalyst 

in a dispersed system due to light scattering [22]. Thus, the obtained quantum yield is actually the 

apparent quantum yield (AQY) [23] reflecting the uncertainty in photochemistry [21]. AQY is 

usually smaller than QY since the amount of incident photons is greater than that of absorbed 

photons. 

AQY(%) =
Number of reacted electrons

Number of incident photons
× 100%          (6) 

For studies in the stage of laboratory research, photocatalytic performance of photocatalysts is 

usually manifested by photocatalytic degradation efficiency, as indicated in Equation (7).  

E(%) =
Co−C

Co
× 100%              (7) 

where, 𝐶𝑜 and 𝐶 are the initial substrate concentration and substrate concentration at any time, 

respectively.  

The concentration of a chromatic substrate in photocatalytic experiments are usually converted to 

the absorbance at its characteristic peak. The linear relationship between absorbance and 

concentration is described by Beer-Lambert Law, 

A = a(λ) ∗ b ∗ C               (8) 

where A is the absorbance, 𝑎(𝜆) is the wavelength-dependent coefficient, b is the path length of 

irradiation going through, C is the concentration. 

2.2.2 Photocatalytic Degradation of Organic Substrates in 

Aqueous Systems 

From a microscopic point of view, a photocatalytic degradation process can be divided into three 

steps: (i) light absorption; (ii) energy conversion (from light energy to electrochemical energy); 

and (iii) substrate degradation. Yet, it is more often indicated from the microscopic perspectives, 

as shown is Figure 3.   
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Figure 3  Photocatalytic process on semiconductors in aqueous systems. CB and VB represent conduction and valence 

band of the semiconductor, respectively; Eg represents the bandgap; hν represents the energy of irradiation; e− and 

h+ represent photogenerated electrons and holes, respectively; Ox and Red represent oxidative and reductive species, 

respectively; S represents substrate molecules.  

When a semiconductor absorbs a photon with the energy greater than or equal to its bandgap 

energy (𝐸𝑔), a valence electron would be triggered to migrate to the conduction band, leaving 

behind a hole on the valence band where the electron used to be (step 1). Electrons and holes 

generated in this way are powerful reductants and oxidants, respectively, and are almost non-

selective to organic, inorganic, and microcontaminants [24]. The produced electron/hole pairs 

must separate in order to reach the semiconductor surface and take part in the subsequent reactions 

(step 2). On the other hand, recombination (step 3), as a rival of separation, is a spontaneous and 

thermodynamically inevitable process due to the Coulomb force between electrons and holes, 

prohibiting them from reacting with other species in the system. Electrons and holes that reached 

the semiconductor surface may oxidize the substrates directly (step 4-2a) or indirectly by 

producing reactive species such as superoxide radicals (step 4-1) and hydroxyl radicals (step 4-

2b). After multiple steps, the original substrates will be decomposed and mineralized into H2O, 

CO2, and other simple inorganic ions eventually 
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2.2.3 Mechanism 

Photocatalysis for water treatment is usually the oxidative degradation of the substrate pollutants. 

The mechanism can be classified into two groups according to the functioning reactive species: 

the direct mechanism is triggered by hVB
+

, while the indirect mechanism is induced by oxidative 

radicals generated from the interaction between eCB
− or hVB

+
 and other dissolved species in the 

system.  

The direct oxidation mechanism is also called the hole oxidation mechanism, meaning the organic 

substrates are oxidized and degraded by photoinduced holes directly. This usually happens when 

the oxidizing potential of the semiconductor VB is lower than that of the OH−/ • OH redox pairs 

and stronger than that of the substrates.  

The indirect oxidation mechanism is also called the free radical oxidation mechanism, meaning 

that the organic compounds are oxidized by oxidative radicals, which are normally but not limited 

to • OH and O2
•−

.  

The typical participation of holes is indicated by Equation (9-10), based on the oxidation potentials 

of the semiconductor VB and the redox pairs [25].   

hVB
+ + H2O → • OH + H

+             (9) 

hVB
+ + OH−  → • OH              (10) 

For photogenerated electrons, it may produce O2
•−

 via Equation (11) or • OH going through more 

complicated processed as revealed by Equation (12) or (13) in acidic and basic environment, 

respectively [4,26]. 

eCB
− + O2  →  O2

•−
               (11) 

eCB
− + O2  →  O2

•−
 

O2
•− + H2O →  H2O2, 

O2
•− + eCB

− + 2H+  →  H2O2 (Acid environment)          (12) 

H2O2  →  2 • OH 

eCB
− + O2  →  O2

•−
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O2
•− + H2O →  OH

− +• OOH (Basic environment)          (13) 

• OOH + H+  → • OH + OH− 

OH− + hVB
+  → • OH 

In order to further investigate the mechanism of a photocatalytic system, it is necessary to 

determine the functioning reactive species.  

By comparing the redox potential of band edges and reactive radicals, primary reactive radicals 

can be predicted theoretically. For example, during the decomposition of benzylic alcohols 

photocatalyzed by Bi2MoO6, since the reduction potential of CB (-0.33 eV) was more negative 

than that of O2/O2
⦁−

 (-0.28 eV), O2
⦁−

 could be produced by reducing adsorbed O2  with 

photogenerated electrons and further decompose the substrates afterwards. Due to the more 

positive oxidation potential of Bi2MoO6  VB compared to benzyl alcohol, holes were able to 

oxidize benzyl alcohol directly. Therefore, the degradation of benzylic alcohols was mainly carried 

out by O2
•−

 and h+. [27] 

Table 1  Examples of several commonly used scavengers 

Reactive Species Scavenger Ref. 

h+ 
Ethylenediaminetetraacetate (EDTA) [30] 

Triethylamine (TEA) [31] 

OH 
Isopropanol (IPA) [32] 

Tert-butyl alcohol (t-BuOH) [30] 

O2
•−

* p-benzoquinone (PBQ) [33] 

e−* 
Noble metal nanoparticles [34] 

Bromate ions (BrO3
−

) [26] 

*: Scavenge of superoxide radicals is usually realized by electron scavengers. 

**: Hydrogen peroxide and ozone act as both electron scavengers and hydroxyl radical providers.  

A more perspicuous way is to apply the quenching experiment. Scavengers with respective to 

different reactive species are applied separately. The stronger the blocking effect towards 

photocatalysis, the more important role the corresponding reactive species plays. In general, h+, 

O2
•−

 and OH are considered to be the main active groups involved in the photodegradation of 
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organic pollutants [28]. Examples of commonly used scavengers are exhibited in Table 1. In the 

study on light-driven removal of RhB over SrTiO3 modified Bi2WO6 composites, photocatalytic 

activity was found to be greatly suppressed by the addition of EDTA and IPA, indicating the 

predominant effect of h+ and OH, respectively. Thus, it was deduced that part of holes generated 

on Bi2WO6 VB flowed to SrTiO3 and oxidized RhB directly, while the rest of them stayed at the 

Bi2WO6 VB and produced OH active species for RhB degradation by oxidizing OH− ions. [29] 

An ESR (electron spin resonance) test gives a more intuitive way to determine the primary reactive 

species. Species with the strongest captured ESR signal functions the most. In the 

BiOBr/guanine/UV system, UV-generated electrons and holes recombined without the formation 

of • OH nor O2
•−

 in the absence of a substrate (Figure 4a and b). In contrast, the typical signals of 

the trapped DMPO −• OH and DMPO − O2
•−

 were observed to increase with the irradiation time. 

In addition, compared to the stronger signals of DMPO − O2
•−

, • OH payed an insignificant role. 

Also, considering the less positive oxidation potential of the BiOBr VB (2.25 eV) compared to the 

redox potentials of H2O/ • OH (2.27eV) and OH−/ • OH (2.7 eV) pairs, • OH was not produced 

by holes but derived from the reduction of the formed O2
•−

 following Equation (12). [35] 

 

Figure 4  ESR signals of DMPO −• OH in aqueous solution (a and c) and DMPO − O2
•− adducts in methanol solution 

(b and d) under UV light irradiation. a and b are in the absence of substrate; c and d are in the presence of guanine. 

Reaction conditions: guanine=10.0 mg/L, BiOBr=1.0 g/L and DMPO=0.4 mol/L. Reprinted with permission from [35]. 

Copyright (2014) Elsevier.  
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2.2.4 Kinetics 

The kinetics of photocatalytic degradation of aqueous pollutants is still a subject of debate [36]. 

Most studies claim that the initial reaction rate follows the pseudo-first-order kinetics which is 

rationalized in terms of the modified Langmuir-Hinshelwood model to accommodate reactions 

occurring at a solid-liquid interface. The influence of initial concentration of the substrates on the 

degradation rate can be expressed via the following equation: 

r = −
dC

dt
= krθr =

krKC

1+KC
              (14) 

where, 𝐶 is the substrate concentration at an arbitrary time, t is the reaction time, 𝑘𝑟 is the reaction 

rate constant, 𝜃𝑟  is the fraction of catalyst surface area covered by the substrate, and 𝐾 is the 

reactant adsorption equilibrium constant.  

The values of the C and K are typically in the level ppm (mg/L), which makes KC much lower 

than 1. Therefore, the above equation can be simplified as: 

−
dC

dt
= krKC = KappC              (15) 

where 𝐾𝑎𝑝𝑝 is the apparent reaction rate constant. The term “reaction rate constant” will refer to 

apparent reaction rate constant of pseudo-first order reaction unless specifically stated. Integrating 

with the limits of 𝐶 = C0  when 𝑡 = 0  and 𝐶 = C  when 𝑡 = t , where 𝐶  represents the 

concentration at any time, Equation (15) gives,  

ln
C0

C
= Kappt                (16) 

Because of the intermediates produced during the reaction, evaluation of photocatalytic efficiency 

through monitoring of the disappearance rate of initial substrates is not reliable. In this case, the 

reaction kinetics may be different. Therefore, total organic carbon (TOC) is used as a more 

convincing parameter to replace the substrate concentration.  

Considering that most studies focusing on the organic pollutant degradation upon semiconductor 

surface follow the pseudo-first-order mechanism, the reaction rate constants involved in this 

review are apparent reaction rate constants unless stated otherwise. 
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2.3 Modification of Photocatalysts 

2.3.1 Introduction 

As mentioned above, there are two main challenges in photocatalysis, low reaction rate and poor 

quantum efficiency [1]. Strategies focusing on modifying semiconductor nanoparticles can be 

summarized in two ways: the enhancement of light absorption and the inhibition of e−/h+ 

recombination.  

Since photocatalysis was applied on water decontamination, wide bandgap semiconductors such 

as titanium dioxide (TiO2) and zinc oxide (ZnO) have been most widely used. Although exhibiting 

promising photocatalytic performances, they only respond to UV irradiation, which is merely 3% 

of the total solar energy [37]. Plus, considering the inverse relation between the wavelength and 

energy of irradiation (Equation (1)), semiconductors with narrower band gaps have broader light 

absorption regions. Modification strategies narrowing down bandgaps include inducing impurity 

levels into the energy-band structures and taking advantage of the size effect, which usually occurs 

in quantum dots. Moreover, quantum dots have also been found to be capable of converting long-

wavelength irradiation to short-wavelength light that can be used by the semiconductor on which 

they deposit. Another effective method to enhance absorbance is by using the localized surface 

plasmon resonance (LSPR) effect of noble metal nanoparticles to provide electrons for the 

subsequent photocatalytic processes. The LSPR effect may also improve light absorption 

efficiency by photon scattering or near-field electromagnetic enhancement.  

As the competitor of surface redox reactions, recombination is detrimental to photocatalytic 

processes. The separation of electrons and holes not only decreases recombination, but also 

provides a higher chance for charge carriers to reach the semiconductors’ surface and take part in 

the subsequent reactions with the substrates either directly or indirectly by producing reactive 

radicals such as OH and O2
−

, etc.  

Additionally, other modifications on semiconductors surface by means of enhancing the 

interactions between reactive species and adsorbed substrates, such as increasing the surface area 



18 
 

by reducing the particle size or exposing more reactive sites with the assistance of surface defects, 

are also responsible for the promoted photocatalytic performance. 

In this section, attempts made for semiconductor modification in the last decade are systematically 

reviewed, starting with the interpretations of their principles and mechanisms. 

2.3.2 Doping 

Doping refers to the intentional introduction of impurities, which are usually ions or atoms, into 

the interior structures of a semiconductor. These impurities are also known as dopants. Depending 

on different dopants, doping can be classified as metal doping or non-metal doping. Some studies 

have also tried to co-dope metal and non-metal elements, or self-dope with dopants coming from 

the pristine semiconductor itself. 

2.3.2.1 Metal Doping 

Metal doping is achieved by substituting extrinsic metal ions for metal cations in the 

semiconductor lattice [38]. The size of the dopant and the original cation should be as close as 

possible in order to maintain a stable solid solution [38] and hence high solubility [39]. For 

instance, Cr3+ has similar ionic parameter as Zn2+, suggesting that Cr3+ can easily penetrate into 

ZnO crystal lattice and substitute for Zn2+ in the crystal [38]. Valence is another parameter that 

has impact on the stability of doped semiconductors. Only when valences of the dopant and the 

original cation are the same can a continuous solid solution be formed. When Ti4+ was doped into 

WO3 particles, the difference of valence between Ti4+ and W6+ led to the formation of a finite 

solid solution, and the solubility of Ti4+ dopant was approximately 10 mol% under the given 

experimental conditions [39]. Besides, since better adsorption of substrates on the catalyst surface 

facilitates its degradation, doping should be carried out near the semiconductor surface as well 

[40]. 

The most applied metals in metal doping are transition metals (e.g., Cr, W, Mn, Pd, Cu, Ti, Ag, 

etc.) and rare earth metals (e.g., Sn, Ga, Sm, Eu, etc.) due to their empty or partially filled atomic 

orbitals [40]. Some post-transition metal (Bi) [41] and alkali earth metal (Sr) [42] dopants are also 

able to enhance the photocatalytic performance of semiconductors. Two common mechanisms of 
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metal ion doping have been proposed and experimentally proven: (i) introduction of an impurity 

energy level; and (ii) increase of oxygen vacancies. 

i) Introduction of Impurity Energy Level 

When a foreign metal ion is doped in a semiconductor lattice, the hybridization of atomic orbitals 

between the conduction band electrons of the pristine semiconductor and the localized electrons 

of the metal ion dopant can lead to the formation of a new impurity energy level (NIEL) between 

valence and conduction bands [38]. These NIELs may function as electron trappers (Figure 5(a)), 

donors (Figure 5(b)), or both (Figure 5(c)) [36,40]. Meanwhile, a spatial charge layer will be 

generated on the semiconductor surface, facilitating electron transfer and inhibiting them from 

recombining with holes. [43] As a result, not only will the light absorption spectra be expanded, 

the electron/hole separation efficiency will be improved as well, thus leading to a better 

photocatalytic performance. 

 

Figure 5  Transfer pathways of photogenerated carriers when an impurity functions as electron: (a) trappers, (b) donors, 

and (c) both. Eg1 and Eg2 represent the original bandgap before and after doping, respectively; hν1 and hν2 represent 

the minimum light energy that can be absorbed before and after doping, respectively; Mn+ , M(n−1)+  and M(n+1)+ 

represent the ground state, reduction state, and oxidation state of the metal dopant, respectively.   

Figure 6 reveals an increasing light absorption of ZnO in the visible region with the rising W 

dopant concentration [44]. In the case of Cr-doped ZnO, the sp­d exchange interactions between 

the produced CB electrons in ZnO and the localized d electrons in Cr3+ ions which substituted 

Zn2+ ions broadened the UV-Visible absorption spectra of non-visible-light-responsive ZnO to 

nearly the entire range of visible light spectrum. The s­d and p­d exchange interactions between 

Cr3+ and Zn2+ led to a negative and a positive correction to CB and VB, respectively. The TOC 

removal of MO was improved from 5.4% up to 58.7% under visible light irradiation. [38,45]  
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Figure 6  Diffuse reflectance spectra of synthesized ZnO  nanoparticles and W­ZnO  nanocomposites with different 

amounts of W. Reprinted with permission from [44]. Copyright (2013) Elsevier. 

Metal dopants with partially filled atomic orbitals may act as electron acceptors. For instance, due 

to the partially filled 4f-orbitals, Sm3+ acted as a Lewis acid capturing e− produced in CuAlO4, 

which not only extended the light absorption spectra but facilitated electrpn/hole separation as 

well, and he degradation rate of MO was promoted from 65% to 85% as a result [46]. When the 

dopant works as electron donors, the situation is the opposite of that in the case of trapping 

electrons. Niishiro et al. found when Ni2+ was doped in SrTiO3, Eg remarkably decreased from 

3.2 eV to 1.6 eV, which was attributed to the electron transition from a donor level formed by Ni2+ 

3d orbitals in the forbidden band to the CB of the SrTiO3 host [47]. 

Group-I elements (Li, Na , and K) were found to function as both electron acceptors and donors 

simultaneously in ZnO [48]. By means of doping K+, Zhong et al. realized a drastically enhanced 

photodegradation efficiency towards RhB on ZnO. In this system, two NIELs between CB and VB 

were carried out simultaneously by the K+  dopants, leading to an obviously reduced bandgap 

energy and thus a greatly expanded light absorption spectra [49].  

ii) Increase of Oxygen Vacancies 

This phenomenon usually occurs when metal ions are introduced into metal oxide semiconductors. 

It has been reported that single oxygen vacancy (Vo
+) defects in metal oxides were capable of 
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trapping holes to form charged oxygen vacancy (Vo
++) defects (Equation (19)) [50], which would 

then react with OH− to give out • OH [51]. The possible process is shown as follows: 

Semiconductor (Metal Oxide) + hν → eCB
− + hVB

+          (17) 

eCB
− + O2 → O2

−
               (18) 

Vo
+ + hVB

+ → Vo
++               (19) 

Vo
++ + OH− →• OH               (20) 

Moafi et al. doped W6+ into ZnO via a sol-gel method, reducing the bandgap of ZnO from 3.2 eV 

to 2.85 eV, and the degradation efficiency of MB within 1 h was promoted from 49% to 87% under 

UV-Vis irradiation. W6+ could either substitute for or be interstitially introduced into the ZnO 

lattice to produce oxygen vacancies which would accelerate the nanocrystallite growth of wurtzite 

ZnO. [44] 

There is usually an optimal content of oxygen vacancies, above which the performance of the 

catalyst would deteriorate. On the basis Ni2+-doped SrTiO3, and with the consideration that the 

ionic radii of La3+  and Sr2+  are close, Jia et al. doped Ni2+  and La3+  into SrTiO3  lattice 

simultaneously by isomorphically substituting La3+  for Sr2+  without producing a large lattice 

strain, where Ni2+ donated electrons while La3+ decreased oxygen vacancies to a favorable level 

and increased the surface area. A complete degradation of MB was obtained under incandescent 

lamp light irradiation for 14 h, which was only 19% on the pure SrTiO3. [52] 

iii) Other Effects 

Metal ion dopants are also capable of increasing the specific surface area of the semiconductors, 

which provides more active sites for substrate adsorption and the subsequent degradation. Except 

for the commonly observed reduced particle size such as W6+ -doped ZnO [53], transition of 

semiconductors’ crystal morphologies is another reason for the increased specific surface area as 

well as reactive sites. Li et al. reported a conversion in ZnO crystal lattice from lamellar into a 

granule structure with decreased particle size as the result of K+ doping [49]. Wang et al. found 

the morphology of BiOBr  transferred from the tetragonal matlockite structure to hierarchical 

flower-like and the specific surface area was 3 times higher as the results of doping Ti4+ .  
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Photocatalytic tests showed a nearly 100% degradation of RhB within 3 h with a 60% higher 

reaction constant. [54] 

The degradation mechanism may also change when a semiconductor was doped by foreign metal 

ions. For example, as a thiazine dye, MB is easy to dimerize in aqueous solution. Voicu et al. 

claimed that pure ZnO  equally degrades MB and its dimer (MB)2 , while W6+ -doped ZnO 

transformed MB to (MB)2 before strongly degrading the latter. The degradation rate was promoted 

to 98.6% after doping while the bandgap energy almost remained the same. [55] 

Dopant concentration has a direct impact on photocatalytic performance. In general, there is an 

optimal dopant concentration, at which the photocatalytic efficiency is the highest and declines 

before and afterwards. As shown in Figure 7, the highest activity of decomposing MO occurred 

on the 1.46wt% Eu3+/BiVO4 sample, and decreased as the Eu content continuously increased, 

although the visible light responsive kept rising. This may be due to the short-circuiting mechanism 

of the coupled reaction, which occurred only at Eu3+ content above a certain level. At high doping 

of europium, since Eu3+ was confined on the catalyst surface, there was a high possibility for the 

trapped electrons to recombine with the holes. The reduction of Eu3+ to Eu2+ by photogenerated 

electrons was expected to be faster than the photocatalytic oxidation reaction by oxygen. In that 

case, the excess Eu dopants might act as recombination centers or cover the active sites on BiVO4 

surface and thereby reduce the charge separation efficiency. [56] Similarly, when the concentration 

of Sr dopant was too high, except for the formed recombination centers between the CB and the 

VB in the Bi2O3  host, an impurity phase of SrCO3  was also resulted, which might work as 

recombination and thus thwart photocatalysis. [42] 
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Figure 7  (a) UV–vis diffuses reflectance spectra of pure and Eu/BiVO4  series catalysts; (b) the degradation rate 

between ln(C0/Ct) and treatment time of as-prepared catalysts. Reprinted with permission from [56]. Copyright (2009) 

Elsevier. 

2.3.2.2 Non-metal Doping 

Although metal doping does improve photocatalytic efficiency, its drawbacks such as small 

adsorption and thermal instability are also notable [8,57]. In addition, it is inevitable for the metal 

ion dopants to dissolve in the solution, which may be more toxic than the pollutant substrates [58]. 

In order to avoid these deficiencies, non-metal doping has been investigated as an alternative 

strategy.  

Nitrogen, as the most intensively studied non-metal dopant, is usually introduced into 

semiconductors containing oxygen as an atom by hybridizing O 2p orbital with N 2p orbital and 

functions as the electron donor, thus elevating the VB of the semiconductor [59,60].  

Arunkumar and Vijayaraghavan doped N in ZnSb2O6  through facile urea assisted combustion 

synthesis, resulting in a reduction of 0.53 eV in the band gap of ZnSb2O6 and consequently a red-

shift of the absorption edge by ~90 nm. The complete decomposition of RhB was realized in 75 

min, compared to 180 min carried out by pure ZnSb2O6 [61]. Considering that it is also possible 

for non-metal dopants to work as recombination centers which may counteract or even override 

the positive effects, Meng et al. realized a decrement of 0.77 eV in the bandgap of La2Ti2O7 by 

doping N, which debased the CB and rose the VB simultaneously without introducing an NIEL. 

Approximately 92% of MO was degraded under visible light, while pure La2Ti2O7  was non-
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visible-light-active. [62] Doping N into BiVO4  lattice brought about not only a smaller Eg, but 

exposed more (040) facets as well. The doped composites exhibited twice as much activity as the 

pure BiVO4. [59] 

Interestingly, Chen et al. found N-doped ZnO  prepared by the decomposition of zinc nitrate 

converted the conductivity of ZnO from n-type to p-type. Under UV irradiation, the N-doped ZnO 

had a higher photocatalytic reduction activity but a lower oxidation activity compared to pure ZnO, 

which was attributed to the narrow-deep acceptor levels induced by the redundant holes suffering 

from the mutual exclusion effect near the VB. As a result, h+ transferred to the interior of the p-

type ZnO while e− moved to the surface, which was in favor of photoreduction while adverse to 

photooxidation. [63]  

Carbon and sulfur have been applied as dopants in oxygen-containing compounds by substituting 

for O as anions due to their similar electronic shell structures as O’s [64]. Meanwhile, oxygen 

vacancies may also be introduced, providing more active sites as well as electron traps and thus 

better photocatalytic efficiency.  

Yu et al. synthesized C -doped BiOCl  through a low temperature wet-chemical method with 

polyacrylamide (PAM) as both chelating and doping agents. From XRD results, the peak position 

of 0.2PAM BiOCl shifted slightly toward a lower 2θ value compared with 0PAM BiOCl, which 

was mainly ascribed to the large radius of C4− versus that of O2−, indicating that the C4− ions were 

introduced into the BiOCl lattice by replacing O2− with C4−. On the other hand, peak shift towards 

higher 2θ value for 0.3PAM, 0.4PAM, and 0.5PAM BiOCl samples suggested that the C4− ions 

occupy the interstitial site in the BiOCl lattice. Moreover, the binding energy peak at 282.68 eV 

shown in XPS results was ascribed to the generated Bi­C bond, indicating a successful substitution 

of O by C in the lattice of BiOCl as well. [65] 

Sulfur possesses similar an electronic shell structure with oxygen and thus similar physical and 

chemical properties, making it a suitable substitute for oxygen. Ma et al. doped S into non-visible-

light-responsive ZnO through a one-pot hydrothermal method with L-cysteine as the sulfur source. 

DRS results demonstrated a red-shifted absorption edge as S concentration increased. The intensity 

of the Photoluminescence (PL) peak remarkably decreased ascribing to electron trapping centers 
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brought about by the S  dopants. This indicated a highly improved electron/hole separation 

efficiency, which was further demonstrated by EIS test and the improved RhB degradation 

efficiency. [64] 

Iodine (I) is an element that can be doped at either the cation or the anion form with the formed 

NIELs trapping holes or electrons, respectively. Al-Hamdi introduced I5+  into SnO2  lattice 

through a wet-chemical process and extended the light responsive region of SnO2 to the visible 

region. Continuous states consisting of 5p and/or 5s orbitals of I5+ and the O 2p orbital of the VB 

were favorable for efficient trapping of holes at the I-induced states in SnO2 nanoparticle. Doping 

also decreased a crystallite size. Phenol degradation rate with 1% iodine doped SnO2 nanoparticles 

was over 10 times higher compared to the degradation achieved through undoped Sn O2 

nanoparticles under the same irradiation. [66] Lin et al. synthesized a novel I−-doped BiOBr. The 

slightly lower shifted angles of the (102) and (110) peaks observed in the XRD pattern with 

increasing doped I− amounts suggested that I− ions were homogeneously incorporated into the 

BiOBr lattice by replacing a portion of Br− ions, due to the larger ionic radius of I− (2.2 Å) in 

comparison with that of Br− (1.96 Å). SEM images exhibited that the particle structure of BiOBr 

transformed from solid microspheres to scattered flakes with broken microspheres, which carried 

out more active sites. Moreover, transient photocurrent responses became weaker after doping, 

indicating a facilitated electron/hole separation. As a result, a nearly complete degradation of MO 

under visible light was realized after doping, as compared to 55% over pure BiOBr. [67] 

Boron (B) is usually doped at its oxidation state, B3+, working as an electron trap. In B-doped 

BiVO4, B3+ substituted for O2− and caused more V4+ ions as well as oxygen vacancies, while no 

obvious change in morphology or crystal size was observed. All three species, B3+, V4+, and 

oxygen vacancies, were able to capture e−, facilitating e−/h+ separation and thus photocatalysis. 

Eg was decreased owing to the NIEL introduced by B3+ dopants just beneath the CB, leading to a 

red shift in the light absorbance area. B3+ also rendered an acidic surface of BiVO4, making it 

easier to adsorb polarized organic pollutants. The degradation efficiency of MB within 50 min 

under visible light irradiation was elevated up to 98% as the result of doping. [58]  

Same as metal doping, the effect of non-metal doping strongly depends on dopant concentration 

as well. Increasing the dopant concentration within a specific range may be beneficial to 
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photocatalysis. However, given that doping is generally realized by ion implantation, excessive 

dopants may occupy the interstitial positions in the semiconductor lattice, which would reduce the 

light transparency or even deteriorate the thermostability of the pristine semiconductor, and thus 

hinder light absorption [58]. Additionally, it should be noticed that the doping level may be limited 

due to the difference in the radii of dopant ions and the ions they substitute for. The research on 

doping C4− into BiOCl lattice is a good example, where the great difference in radius between C4− 

and O2− ions made the incorporation of C4− difficult, and the optimal dosage of C4− was 0.4g in 

the experimental setting, above which the excess C might aggregate and play the role of the 

recombination centers [65]. Ma et al. demonstrated a reducing bandgap energy of S2−-doped SnO2 

when the dopant concentration went up (Table 2). However, the highest photocatalytic activity 

showed up on S2 − SnO2, suggesting a balance between the positive and negative effects carried 

out by high dopant concentration. [64] 

Table 2  S content of the samples obtained from TG data and the estimated bandgap energy. Produced from data 

provided by [64]. 

Sample 𝐒/at% 𝐄𝐠/eV 

SnO2 - 3.61 

S1 − SnO2 7.13 3.01 

S2 − SnO2 15.28 2.63 

S3 − SnO2 31.45 2.46 

 

Considering that most non-metal-doped semiconductors are prepared or post-treated by 

calcination, the calcination temperature is another significant factor determining the photocatalytic 

performance of doped photocatalysts. Wang et al. synthesized N-doped Nb2O5 through annealing 

Nb2O5 particles under NH3 atmosphere at the relatively low temperatures of 400 ⁰C, 500 ⁰C, and 

600 ⁰C, followed by a hydrothermal reaction. The increase of the annealing temperature led to a 

greater amount of doped N and thus better visible-light responsivity but worse photocatalytic 

performance. This is because the excessive N  atoms doped into Nb2O5  lattice acted as 

recombination centers and thus inhibited photocatalysis. [60] In the research on F-doped TiO2, it 

was proposed that the high calcination temperature not only caused a reduced particle size, which 
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further resulted in few reactive sites, but transferred TiO2 from the high-active anatase to the low-

active rutile as well, and thus an increased photocatalytic efficiency [68]. Wang’s group doped N 

into the BiVO4  lattice by calcining the N source (hexamethylene tetramine, C6H12N4) and the 

BiVO4 precursor between 350 and 550 ⁰C for 5h. Results showed that the photocatalytic activity 

of N-doped BiVO4  measured by deconposing MO increased when the calcination temperature 

elevated from 350 to 500 ⁰C and then decreased as the temperature continuously rose. This was 

because high calcination temperature was good for the growth of N-doped BiVO4 crystallinity, 

resulting in better photocatalytic performance. However, when the temperature was higher than 

500 ⁰C, further grain growth might be caused, potentially leading to lower photocatalytic activity. 

[69] 

Hydrothermal treatment, as another way to realize doping, also has varying influences on the 

doping effect at different temperatures. Wang et al. investigated the reaction temperature on 

preparing N -doped (BiO)2CO3  by hydothermal treatment. XRD spectra exhibited that the 

relatively high temperature benefited the preferred crystal growth, which was also stable. 

However, from SEM images, the formed uniform (BiO)2CO3 hierarchical microflowers composed 

of 2D nanosheets under 150 and 180 ⁰C were destroyed at 210 ⁰C, and the best photocatalytic 

activity towards NO removal occurred at 180 ⁰C. It was speculated that at low temperatures 

vetween 150 and 180 ⁰C, the nanosheets could self-assemble to construct hierarchical 

microspheres. Nevertheless, the nanosheets could not be self-assembled as the treatment 

temperature increased to 210 ⁰C due to the accelerating hydrothermal reaction and the increasing 

thickness, forming randomly and irregularly arranged lamina-like nanoplates. [70] 

2.3.2.3 Metal and Non-metal Co-doping 

Metal and non-metal doping may introduce recombination centers as long as new impurity energy 

levels are generated. In addition, decomposition of a photocatalyst itself is somehow inevitable 

when they are prepared or post-treated by calcination, which is a usual case in doping. Although 

sometimes decomposition may give out desirable surface defects and/or oxygen vacancies and 

thus in favor of substrate adsorption, the dopant concentration and calcination temperature should 

be controlled carefully to avoid damaging the semiconductor crystal lattice. Considering the 

limited dopant concentration and potential compensating defects incurred by metal or non-metal 
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doping, co-doping may be a better choice. F  dopant was deemed to be responsible for the 

generation of excess reactive oxygen species caused by the free electrons created by the F− 

incorporation into the regular O2
−

 sites. The Mg  dopants, on the other hand, decreased the 

crystallite size and thus increased the specific surface area, the amount of defect states and singly 

ionized oxygen vacancies, which generated more hydroxyl radicals. [71] 

2.3.2.4 Self-doping 

As mentioned above, the introduction of foreign impurities not only brings about undesirable 

thermal instability of photocatalysts, but also increases the difficulty of tuning the redoxidative 

species during photocatalysis [72]. Meanwhile, eliminating excessive dopants also increases the 

complexity of photocatalyst preparation. Besides, the potential impacts of dopant itself and the 

doping process on the environment are not often considered. Therefore, self-doping, where dopants 

come from the pristine semiconductor itself, was proposed. Compared to doping with exotic 

elements, self-doping maintains a more homogeneous texture while enhancing light absorption 

[73]. 

Ding et al. implemented Bi3+ -self doped NaBiO3  through the hydrolysis of NaBiO32H2O  in 

HNO3 aqueous solutions, which promoted the degradation efficiency of both RhB and BPA within 

40 min to nearly 100% under visible light irradiation, with a respective 3.1 and 2.6 times higher 

reaction rate constant compared to that over pure NaBiO3 . Bi3+  was introduced into NaBiO3 

crystals by replacing Bi5+ in the BiO6 octahedra structure, accompanied with generated oxygen 

vacancies. These Bi3+ defects (Vo − Bi3+) produced isolated states in the band gap and acted as 

electron donors. Eg was decreased from 2.45 to 1.68 eV. Therefore, the electronic transmission 

from the VB to Vo − Bi3+ was deemed as the primary contribution to both the enhanced visible 

light absorption and the facilitated carrier separation. This process is exhibited in Equation (21), 

where the symbol □ represents an empty position originating from the release of O2
−

 ions in the 

lattice. [73] 

4Bi5+ + O2− → 4Bi5+ + 4e− ⃞⁄ + O2 → 2Bi
5+ + (Bi3+ −⃞− Bi3+) + O2    (21) 

In another research on Bi3+ -self-doping, dopants did not change redox potentials of the 

photogenerated carriers but promoted their separation in the BiWO6 lattice by replacing W atoms 
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with Bi. The substituted Bi atoms had much smaller charges than the W atoms and other Bi atoms. 

In addition, electrons of oxygen atoms around a substituted Bi atom in the doped composite were 

also decreased compared to the pristine BiWO6, suggesting a charge redistribution after doping. 

This redistribution changed the internal electric field of the photocatalyst, favoring electron/hole 

separation. As a result, the decolorization and TOC removal of pentachlorophenate in 5 h were 

promoted to 90% and 85%, respectively, with a 12 times higher reaction rate constant. The primary 

reactive species changed from h+ to O2
•−

 after doping. [72] 

Self-doping may be influenced by dopant concentration as well. The most common impact of 

excessive dopants is the redundant defects, which are potential recombination centers retarding 

photocatalysis. In the research of I− -self-doped BiOI  carried out by Zhang et al., both the 

photocatalytic activity and efficiency were decreased when the iodine content exceeded the 

optimal value as exhibited in Figure 8. [74] 

 

Figure 8  Variation on degradation efficiencies of BiOIx  towards methyl orange under visible light irradiation. 

Reprinted with permission from [74]. Copyright (2010) American Chemical Society. 

2.3.3 Metal Nanoparticle Loading (Deposition) 

When metal nanoparticles (NPs) are loaded on the semiconductor surface, two possible 

phenomena may happen at the interface: the Schottky barrier and the localized surface plasmon 

resonance (LSPR) effect [75]. Schottky barrier leads to photogenerated electrons in the 

semiconductor flowing into the loaded metal NPs and therefore contributes to effective 

electron/hole separation. LSPR effect, on the other hand, facilitates light absorption and thus 
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reactive species generation in three ways: photon scattering, LSPR sensitization, and near-field 

electromagnetic enhancement [76]. These two phenomena may occur separately or function 

synergistically based on excitation conditions.  

 

Figure 9  Charge carrier distribution before and after metal nanoparticles contact with n-type (a) and p-type (b) 

semiconductors. EF,M(0)  refers to the vacuum level. EF,M(0)  and EF,S(0)  refer to the Fermi levels of metal and 

semiconductor before contact, respectively. EF,M=S refers to the newly reached equilibrated Fermi level. ECB(0) and 

EVB(0) refer to the energies of the conduction band and valence band before contact, respectively. ECB and EVB refer 

to the energies of the conduction band and valence band after contact, respectively. χe refers to the electron affinity. 

ϕW,M and ϕW,S refer to the work function of the metal and semiconductor, respectively. ϕB refers to the Schottky 

barrier. 

For n-type semiconductors, their Fermi levels are generally higher than those of metals [75]. 

Therefore, when metal NPs are deposited onto an excited semiconductor, photogenerated electrons 

would migrate from the semiconductor to the metal until their Fermi levels reach an equilibrium. 

Thus, some electrons would accumulate on the metal side at the metal/semiconductor interface, 

while the holes would collect on the other side, forming a potential energy barrier, which is the so-

called Schottky barrier. Schottky barrier blocks electrons transferred to the metal from flowing 

back to the semiconductor so that they can participate in the subsequent reactions with the 

substrates before recombining. On the contrary, for metal NPs/p-type semiconductor 

photocatalysts, metal usually works as the electron donor, and the charge distribution is on the 
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contrary to in the case of n-type semiconductors [34]. The charge carrier distribution in metal/n-

type semiconductor and metal/p-type semiconductor components are indicated in Figure 9(a) and 

(b), respectively. 

Metals have no bandgaps, so that conduction (free) electrons in metal NPs move freely. Therefore, 

when metal NPs are illuminated by light with the wavelength far exceeding the NPs’ diameters, 

electrons can easily gain energy from the light [77]. This excites electrons in an NP redistribute to 

higher energy states from the lower levels, leading to a high density of electrons on one side and a 

low density on the other [75]. As a result, two electric fields with opposite directions inside and 

outside will be created, which is also called electron polarization, meanwhile oscillation of the 

metal surface electrons will be caused by their positive nuclei [75]. If the photon frequency 

matches the electron oscillation frequency, this phenomenon is called Localized Surface Plasmon 

Resonance (LSPR) [78]. So far, three mechanisms have been proposed to explain LSPR-enhanced 

photocatalysis: near-field electromagnetic enhancement, LSPR sensitization, and photon 

scattering [76]. 

 

Figure 10  Localized Surface Plasmon Resonance (LSPR) effect on metal nanoparticles. 

When there is a spectra overlap among the illumination source, the semiconductor absorption, and 

the metal NPs LSPR, an LSPR-induced electromagnetic field would form at the 

metal/semiconductor interface, which has the intensity of up to 100-10000 times that of the 

incident electric field of the semiconductor [79] . Since the e−/h+  pair generation rate is 

proportional to the local excitation light intensity, more active charge carriers will be produced, 

resulting in an enhanced photocatalytic activity [80]. Besides, the formed electromagnetic field is 

also capable of polarizing the nonpolar substrates and attracting charged and polarized substrates 
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due to Coulombic forces, which enhances substrate adsorption [81], and heats up the surrounding 

environment facilitating mass transfer and the surface redox reactions  [82]. The intensity of the 

above near-field electromagnetic enhancement is the highest at the metal/semiconductor interface, 

and decays nearly exponentially with the distance between the metal and the semiconductor [83]. 

During decaying, e− in the electron clouds formed in plasmon metal NPs can be injected to the 

semiconductor CB if they have sufficient energy to overcome the Schottky barrier, which is called 

“hot electron” [84,85]. The holes left behind in the metal nanocrystal have a mild oxidation ability, 

which can be utilized for chemoselective oxidation of some organic molecules [86]. When the size 

of metal particles increases, incident photons can be scattered by being reflected multiple times 

around the semiconductor before reaching its surface. This process not only prolongs the optical 

path lengths of the photons and thus improves the light absorption efficiency of the semiconductor, 

but leads to an enhanced electron/hole as well [87]. The relative contributions of absorption and 

scattering to the total optical excitation, described by Mie theory [88], strongly depends on the size 

of the metal NPs. Tcherniak et al. performed Mie theory calculated NP diameters ranging from 20 

to 300 nm, and elucidated that the scattering cross-section became larger than the absorption cross-

section for a NP size was larger than 102 nm as shown in Figure 9 [89]. Similarly, Christopher et 

al. indicated an effective scattering effect of Ag NPs on TiO2  when the Ag size was between 

30~100 nm [90].   

 

Figure 11  Mie theory prediction for scattering (black) and absorption (red) cross sections as function of NP size as a 

wavelength of 532 nm and with a medium index of refraction of 1.25. Inset: Ratio of scattering and absorption cross 

sections as a function of NP size. The dashed lines show how simplified power dependences are only accurate for NP 

sized below 80 nm. Reprinted with permission from [89]. Copyright (2010) American Chemical Society. 
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The earliest and most often applied metals loaded on semiconductors are noble metals, especially 

silver (Ag) and gold (Au). 

In Ag-loaded AgI composites, Ag and AgI were simultaneously excited under visible light to form 

e−/h+ pairs. Due to the lower Fermi level of Ag compared to that of AgI, electrons produced by 

AgI  flowed to Ag  and then trapped by the adsorbed O2  molecules to generate O2
−

 and OH. 

Degradation efficiency of RhB reached 97.4% within 20 min with a 1.6 times higher reaction rate 

constant compared to pure AgI. [91] Sampaio et al. reported a promoted decomposition efficiency 

towards phenol when Ag was deposited onto ZnO, where Ag NPs worked as the electron sink, and 

h+ played the main role [92]. Yet, Jiang et al. reported that electrons flowed from Ag to AgBr after 

loading due to the lower Fermi level of p-type AgBr [34]. Daupor and Wongnawa found that light 

source influenced the mechanism of LSPR-assisted photocatalysis carried out by Ag/AgCl. Under 

UV irradiation, AgCl was excited and the generated electrons moved to the deposited Ag NPs as a 

result of Fermi level equilibrium. Under visible light, on the other hand, AgCl  could not be 

triggered while Ag metal NPs were able to absorb photons from the irradiation through the intrinsic 

LSPR effect and produced e−/h+ pairs. The produced electrons transferred to the CB of AgCl and 

gave out reactive species O2
−

 by reducing O2. The generated holes left in Ag NPs could take part 

in the photocatalytic process in two ways. One was to oxidize Cl− ions to Clo atoms, which could 

oxidize orange G dye and then be reduced back to Cl− ions. The other was to produce OH from 

OH−. [93]   

Au  NPs loading is also studied. When Bi2O3  was loaded with Au  NPs, the RhB degradation 

efficiency was promoted from 26% to 80%. With respect to 2,4-dichlorophenol, not only did the 

degradation rate increase from 35% to 65%, the TOC removal rate was rose from 19% to 53% as 

well. The absorption shoulder center of Au/Bi2O3 composites located around 590 nm attributed 

to the LSPR effect of Au NPs, while there was no absorption observed in the region of 450~800 

nm for pure Bi2O3. Results also revealed that the loaded Au NPs played a critical role in charge 

carrier separation by capturing the electrons from the CB of the excited Bi2O3. [94] In another 

study carried out on Au-loaded Bi2O3, the degradation rate constant of AO 10 was promoted to 

1.8 times higher when Au was loaded [95]. The same effects have also been observed when Au 

NPs were loaded on WO3 for decomposing diverse organics, including RhB, MO, MB, and AF 
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illuminated by visible light [96]. Yet, instead of accepting electrons, Au NPs functioned as electron 

donors in Au/Bi2CuO4 composites due to their higher Fermi level compared to that of Bi2CuO4. 

Results showed the maxima of absorbance was red-shifted to 593 eV, and the degradation rate of 

ceftiofur sodium was promoted up to 56% [97].  

Other noble metals have also been investigated. The photocatalytic activity of Pt-loaded WO3 was 

much better than that of N-doped TiO2 under visible light and was almost comparable to TiO2 

under UV irradiation. The deposited Pt NPs were speculated to work as the electron pool and 

producer of O2
−

. [98] Yu et al. investigated the effects of three noble metals (Rh, Pd, and Pt) on 

the optical and photocatalytic performance for the degradation of AO II dye under visible light 

when they were loaded onto BiOX (Cl, Br, I) separately, and their efficiencies on BiOCl were in 

the order of Rh >  Pt >  Pd. They also found that the Pd and Pt over bismuth oxyhalides were at 

their metallic states while Rh existed as both metal and oxide species. [99]   

However, the expensive cost, possible toxicity and complicated postprocessing (leaching) of noble 

metals limit their widely practical applications [40]. Therefore, some transition and post-transition 

metals were explored. For instance, Cu-loaded BiVO4 revealed an enhanced catalytic efficiency 

compared with pure BiVO4 towards MB degradation attributed to its broadened absorption region 

and narrowed bandgap carried out by Cu NPs [100]. Bi-loaded Bi2WO6 indicated an improved 

activity compared to pure Bi2WO6, which was mainly attributed to the formed Schottky barrier on 

the Bi/Bi2WO6 interface as well as the increased local electromagnetic field in the metallic Bi 

NPs, which improved both the electron-hole separation efficiency and light absorption ability were 

intensely improved. [101] 

Yu et al. greatly promoted the degradation activity towards MO under visible light over Ag3PO4 

by loading Ag  NPs and Fe(III)  cocatalysts simultaneously. The Ag  NPs caused an obviously 

enhanced visible-light absorption due to its LSPR effect, producing more photogenerated carriers; 

the Fe(III) cocatalysts worked as effective active sites for the subsequent O2 reduction, generating 

O2
−

 as well as hindering recombination. The reaction followed a pseudo-first-order mechanism, 

and the rate constant (𝐾𝑎𝑝𝑝) of pure, Fe(III)-loaded, Ag-loaded and Fe(III)/Ag-coloaded Ag3PO4 

was listed in Table 3. [102]  
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Table 3  Comparison of reaction rate constants of pure and loaded Ag3PO4. Produced from data provided by [102].  

Sample 𝐊𝐚𝐩𝐩/𝐦𝐢𝐧
−𝟏 

Ag3PO4 0.024 

Fe(III)-loaded Ag3PO4 0.03 

Ag-loaded Ag3PO4 0.032 

Fe(III)/Ag-loaded Ag3PO4 0.038 

 

Wang et al. employed the synergetic effect of doping and loading and reduced the time of 

completely degrading RhB under daylight lamp from 3h to 1h by loading Ag onto the Ti-doped 

BiOBr surface. The irradiation activated both Ti-doped BiOBr and the loaded Ag NPs. The LSPR-

induced electrons in Ag NPs flowed to the CB of Ti-doped BiOBr and were subsequently trapped 

by O2  to form O2
−

. Meanwhile, Ag NPs that lost electrons transformed to its oxidation state 

Agn+, which was considered to be an active species oxidizing RhB and could subsequently return 

back to the ground state Ag. Moreover, the photogenerated holes could oxidize RhB both directly 

and indirectly by producing • OH. [103] 

The contribution of the LSPR effect of metal NPs is found to primarily depend on their shape and 

size [77]. Specifically, surface geometry changes in the particle shape or size may cause a shift in 

the electric field density on the surface, impacting the oscillation frequency of electrons, and then 

generate different cross-sections for optical properties including absorption and scattering [104]. 

In general, sharp corners have red-shifted peaks compared to rounded structures with the similar 

sizes, since the sharp features tend to increase charge separation and reduce the restoring force for 

the dipole oscillation such that a reduction in resonance frequency or red-shift in wavelength is 

expected [105]. TEM images of Ag triangular nanoparticles revealed an obvious blue shift in the 

absorption shoulder peak when they became rounder [106]. Furthermore, hollowing out a metal 

nanostructure has also been proven to be a powerful means to dramatically red-shift the LSPR 

peak while maintaining a compact size by Wang et al. The solid Ag NPs had an LSPR speak at 

~395 nm; in contrast, the peak position of Ag nanoshells with the same outer diameter as the solid 

NPs was red-shifted to 506 nm [107]. Fendler found that the LSPR peak of Ag solid nanocubes 

was located in the range of 320-550 nm, whereas that of Ag nanocages was red-shifted to ~530 nm 
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[108]. Also, as the particle size went up, not only did the light absorption edge have a red shift, the 

absorption band became broader as well, resulting in an improved photocatalytic activity [109]. 

As reported by Pawinrat and co-workers, the reaction rate of MB degradation on Au-loaded ZnO 

increased from 0.89 to 1.14 h−1 when the particle size of Au was rose from 4.1 to 6.3 nm [110]. 

Nevertheless, sometimes metal NPs with a relatively small size do not manifest LSPR 

performance. For instance, the LSPR effect of neither Au nor Pt NPs was observed when they 

were loaded on Cu2ZnSnS4 separately due to their relatively low concentration and very small size 

[111].  

Table 4  Specific surface area of the pure and noble metal loaded BiOCl. Adapted with permission from [99]. 

Copyright (2013) Elsevier. 

Sample 𝐒/(𝐦𝟐𝐠−𝟏) 

BiOCl 10.1 

Pd(0.5%)/BiOCl 8.3 

Pd(1%)/BiOCl 8.8 

Pd(2%)/BiOCl 6.1 

Pd(4%)/BiOCl 9.6 

Rh(0.5%)/BiOCl 9.8 

Rh(1%)/BiOCl 9.6 

Rh(2%)/BiOCl 8.5 

Pt(0.5%)/BiOCl 7.8 

Pt(1%)/BiOCl 7.0 

Pt(2%)/BiOCl 6.4 

Pt(4%)/BiOCl 6.3 

 

On the other hand, increasing particle size may also decrease both the specific surface area and 

active sites. The dielectric constant of both the loaded metal NPs and the semiconductor matrix 

have an impact on the intensity of the LSPR effect as well. Same as doping, there is an optimal 

concentration in loading, above which the photocatalytic processes may be impaired. Excessive 

metal NPs would cover a part of the semiconductor surface, especially active sites exposed to the 
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irradiation as well as pores, hampering light penetration and thus photon absorption [91,92,100]. 

Also, excessive loading content may weaken the anchoring factors, leading to a poor attachment 

among different particles [112]. Furthermore, excessive metal NPs may cause agglomeration and 

thus restrain photocatalysis due to the decreased specific surface area. On the Au-loaded ZnO 

composites, the average diameters of Au particle/cluster increased from 3 nm to 7 nm as the 

loading amount was rose from 1 wt% to 3 wt%. The photocatalytic activity was higher on 1 wt% 

Au-loaded ZnO than that when the Au content was 3 wt%, attributed to the lower LSPR intensity 

of Au NPs when the particle size went up as a result of the increasing content. [110] Finally, the 

excessive metal NPs may also act as recombination centers [75,101]. The research on depositing 

Pd, Rh, and Pt onto BiOCl is clearly illustrated in Table 4 [99]. 

2.3.4 Semiconductors Coupling 

2.3.4.1 Introduction 

It is inevitable that doped metal ions would dissolve in the solution and may be more toxic than 

the original substrates, or act as recombination centers [58]. As for metal nanoparticles loading, 

except for metal leaching and formed recombination centers, light-responsive area on deposited 

semiconductor may be shielded, negatively impacting on light absorption [91,92]. In addition, it 

is obvious that whether doping or loading, only one semiconductor is involved, so the enhancement 

in photocatalytic performance is limited. Also, although semiconductors with narrower band gaps 

have wider light absorption spectra, the energy resistance for recombination is low as well. 

Semiconductors coupling, on the other hand, is carried out between two or more semiconductors 

with distinctive band gaps, and effectively separates electrons and holes into different 

semiconductors. Depending on the relative bandgaps and electronic affinity, semiconductors 

coupling can be classified into three cases: type-I, type-II, and type-III band alignments as shown 

in Figure 12 [113].  
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Figure 12  Schematic energy band diagram of three types of semiconductor heterojunctions. 

For type-I heterojunctions, electrons and holes generated in both semiconductors accumulate in 

the same semiconductor with a narrower band gap and thus no enhancement in charge separation 

can be expected. For type-II heterojunctions, the staggered energy band arrangement makes the 

flow of charge carriers possible at the interface of the two semiconductors, thus facilitating 

electron/hole separation. For type-III heterojunctions, the energy differences between the 

corresponding band gaps are too high for charge carriers to overcome. 

For the above reasons, type-II band alignment is most preferred. The following discussions will 

focus on the type-II heterojunctions unless particularly stated. As shown in Figure 12, in a type-II 

heterojunction, the band energies follow a staggered structure. Depending on the movement of 

charge carriers as well as energy bands, there are three mechanisms: conventional heterojunction, 

p-n heterojunction, and Z-scheme heterojunction.  

2.3.4.2 Conventional Heterojunction 

Conventional heterojunction usually happens between semiconductors with the same type [7]. In 

a conventional heterojunction, electrons produced at the more negative CB transfer to the less 

negative one, while holes generated at the more positive VB move to the less positive one, as 

indicated in Figure 13. Whether both (Figure 13(a)) or one (Figure 13(b)-(c)) of the 

semiconductors respond to the irradiation, electrons and holes will be effectively separated in 

different semiconductors, leading to better photocatalytic performance. 

separated in different semiconductors, leading to better photocatalytic performance. 
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Figure 13  Transfer of photogenerated carriers in n- and n-type semiconductors coupling when: (a) both are excited 

by irradiation, and (b) only one is excited. 

Yan et al. fabricated a CdS/MnWO4 heterojunction via multi-step hydrothermal method, where 

MnWO4 and CdS correspond to SC1 and SC2 in Figure 13(a), respectively. UV–vis DRS showed 

a gradually red shifted absorption range of CdS/MnWO4 composites when increasing the amount 

of CdS. EIS Nyquist plots revealed a better electron/hole separation. The specific surface area of 

MnWO4 was also increased after CdS particles grew. Under visible light irradiation (λ>420 nm), 

91% of MB was degraded after 90 min on the CdS/MnWO4 composite, which was only 50% and 

7% of pure CdS and MnWO4, respectively. The degradation efficiency of MV within 60 min was 

also promoted. [114] 

A novel SnO2/ZnO/TiO2 ternary composite photocatalyst was successfully synthesized using sol-

gel and solid-state methods by Yang’s group and has been utilized for MO degradation. Results 

obtained from both UV and visible light irradiation showed an enhancement in the photocatalytic 

performance compared to each of the semiconductors working alone or any two of them coupled, 

which was mainly benefitted from the formed staggered type-II heterojunction as shown in Figure 

14. Meanwhile, combining TiO2  with SnO2  and ZnO  could promote the TiO2  phase transition 

from less-active anatase to more-active rutile. The increased specific surface area was also 

responsible for the enhanced catalytic efficiency. [115] Zhang et al. prepared SnS2/SnO2 

composites via an in situ hydrothermal oxidation of SnS2  nanoparticles in H2O2  aqueous 

solutions. Under visible light irradiation, SnS2  was activated while SnO2  was not. Electrons 

produced on the SnS2 CB migrated to of SnO2, while the holes remained in SnS2, which matched 

the configuration of Figure 13(b). The reaction rate constant of the composite for MO was 

promoted to 1.6 times that of pure SnS2. However, when the SnO2 content exceeded 18.1 wt%, 

not only did the light-sensitive and reactive sites on SnS2 were shielded, the attachment between 



40 
 

the two semiconductors also became slack due to the aggregation of SnO2 particles, suggesting a 

weakened interaction and thus an inferior electron transfer at the interface. [116] 

 

Figure 14  Schematic energy band structure and electron–hole pair separation process of SnO2/ZnO/TiO2 composite 

semiconductor system. Reprinted with permission from [115]. Copyright (2012) Elsevier. 

A one-dimensional BiOBr nanosheets/TiO2 nanofibers composite was obtained by solvothermal 

treatment. The movement of photogenerated electrons and holes under visible light followed the 

configuration of Figure 13(c), where BiOBr was excited while TiO2 was not. The enhancement in 

photocatalytic degradation of 4-NP was attributed to the extended absorption in the visible light 

region from the narrow band-gap of BiOBr and the more effective photogenerated electron-hole 

separation via the BiOBr/TiO2 heterojunction. [117] 

Core-shell configuration is a special scenario of type-II heterojunction. In a core-shell 

heterojunction, a narrower-band-gap semiconductor (SN) caps the entire surface of a wide-band-

gap semiconductor (SW) by forming an outer shell. SN works as not only a separation center for 

photogenerated electrons and holes, but also a sensitizer especially when SW is not responsive to 

the irradiation. Yang et al. observed a 90% degradation ratio for methyl blue in the presence of 

ZnIn2S4-capped TiO2 , which was 0% and 71% on pure TiO2  and ZnIn2S4, respectively. They 

proposed that electrons which moved to the TiO2 core were capable of capturing O2 to produce 

O2
−

, as expected in general coupling because of the non-compact deposition of ZnIn2S4. Since 

ZnIn2S4  nanosheets were uniformly grown on the surface of TiO2 , excessive aggregation of 

ZnIn2S4 was avoided, which further increased active sites and improved substrate adsorption as 

well. [118] However, when the shell semiconductor compactly disperses on the core surface, only 

one carrier, either electrons or holes, is accessible on the composite surface while the other one 
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gathers in the core, which renders a strong carrier transport barrier and thus inhibits the degradation 

process [119]. This deduction has been proven in a study by Huang’s group, where the ZnS shell 

layer reduced the photocatalytic efficiency of ZnO in the methyl orange degradation [120]. 

2.3.4.3 p-n Heterojunction 

In conventional heterojunctions, although photogenerated electrons and holes accumulate in 

different semiconductors, recombination is still serious. Moreover, migration of electrons from 

CB2 to the electron-rich CB1 and the corresponding migration of holes from VB1 to the hole-rich 

VB2 are physically unfavorable because of the electrostatic repulsion among same charge carriers.  

 

Figure 15  Band bending and built-in field in p- and n-type semiconductors coupling (a) before and (b) after contact. 

When a heterojunction is composed of an n-type and a p-type semiconductor, which are both 

excited, however, the difference between their Fermi levels drives energy bands to realign until a 

Fermi-level-equilibrium is reached. During this process, electrons flow from the n-type 

semiconductor to the p-type one, and holes move in the opposite direction simultaneously. Thus, 

electrons would accumulate on the p-type semiconductor side while holes on the other side at the 

interface, bringing about a band-bending, which is similar to Schottky barrier. As a result, a built-

in spatial charge layer is formed, driving electrons and holes to further separate to the n-type and 

p-type semiconductor, respectively, due to electrostatic attraction. The separated charge carriers 

would participate in the subsequent reactions, resulting in a better photocatalytic performance. It 

is worth to mention that although the aligned energy bands of the coupled semiconductors follow 
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the type-II heterojunction, they do not need to be a type-II configuration before alignment. Also, 

as the Fermi levels change to an equilibrium state, the levels of CBs and VBs of both 

semiconductors would also change to maintain the same bandgaps. 

By employing BiOI/CeO2  p-n heterojunction photocatalysts fabricated using a facile in situ 

chemical bath method, Wen et. Realized an improved decomposition efficiency with regard to 

both MO and BPA, compared to that when the two semiconductors worked separately. 

Photocurrent experiment and EIS measurements confirmed the enhanced electron/hole separation. 

The dominant species were indicated to be h+ and O2
•−

 radicals. The high stability and superior 

reusability of the BiOI/CeO2 composite was proven by recycling for four runs. [28] Upon the 

BiOBr/m­LaVO4 p-n heterocomposite synthesized by a two-step hydrothermal process, Ma et al. 

promoted the photodegradation rate of RhB under visible light irradiation within 60 min to 83%, 

up from 12% and 55% on pure m­LaVO4 and pure BiOBr, respectively. This enhancement was 

mainly ascribed to the facilitated charge separation at the composite interface carried out by the 

formed p-n heterostructure. The reduced of BiOBr  particle size induced by the deposition of 

m­LaVO4 might be another reason for the improved photocatalytic activity. [121] 

Peng et al. fabricated a one-dimensional BiOI/Bi2O2CO3/Bi4O5I2 ternary p-n-p heterojunction 

photocatalyst by a low-temperature solution method using Bi2O3 nanorods as sacrificial templates. 

The schematic diagram for energy bands and the formation of the p-n-p junction is illustrated by 

Figure 16. After the energy bands and Fermi levels rearranged, all of the three components were 

excited. Bi2O2CO3 worked as the electron reservoir while holes generated there migrated to the 

VBs of the other two semiconductors. Its superior photocatalytic activity under visible light 

irradiation was verified by degrading RhB. This enhanced photocatalytic performance was 

ascribed to the high separation rate of photo-generated carriers in the internal electric field due to 

the formation of p–n–p junctions and a relatively large BET surface area. More importantly, a 1D 

heterostructure was beneficial for the transport of photo-generated electron–hole pairs which 

further improves the rate of photocatalytic reaction. [122] 
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Figure 16  Schematic diagram for (a) energy band of BiOI, Bi4O5I2 and Bi2O2CO3 and (b) the formation of the p–n-p 

junction and the possible charge separation. Reprinted with permission from [122]. Copyright (2015) Royal Society 

of Chemistry.  

2.3.4.4 Z-Scheme Heterojunction 

Although conventional separation and p-n heterojunction models are capable of extending the 

spectral range of light absorption and facilitating electron/hole separation, redoxidation power of 

energy bands will be inevitably undermined [123]. Therefore, it is desirable to enhance the charge 

separation of composites while maintaining the strongest oxidation and reduction potentials. Z-

scheme heterojunction is carried out by the recombination between electrons and holes from 

different semiconductors whilst leaving the corresponding holes and electrons at their original 

locations. This process is thermodynamically and physically more favorable due to electrostatic 

attraction between electrons and holes [123,124]. As shown in Figure 17, there are two types of Z-

scheme heterojunction: one is the direct Z-scheme heterojunction without the assistance of 

mediators (Figure 17(a)), and the other is the indirect Z-scheme heterojunction which is realized 

in the presence of mediators (Figure 17(b)).  
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Figure 17  Electron transfer following the p-n type photochemical diode model: (a) without mediator, and (b) with 

mediators. 

A novel Z-scheme SnS2/BiOBr heterojunction photocatalysts were constructed via a facile in situ 

growth strategy. Under visible light irradiation, SnS2/BiOBr  composite exhibited superior 

photocatalytic activity towards the RhB degradation, which was 75 and 2.2 times of that on bare 

SnS2 and BiOBr, respectively. Through radical quenching experiments, O2
•−

 was found to be the 

predominant active species. However, since the reduction potential of the BiOBr CB is lower than 

the redox potential of O2/O2
•−

, O2
•−

 could not be produced by electrons on the CB of BiOBr. 

Therefore, the composition prefers a direct Z-scheme mechanism, where electrons on the BiOBr 

CB and holes on the SnS2 VB recombined, while electrons and holes with higher redox potentials 

produced on the BiOBr  CB and SnS2  VB were maintained and took part in the subsequent 

reactions. Also, the excellent photostability was reflected by the negligible efficiency decrease 

after four runs. [125] By means of employing CuS/WO3  composites synthesized by a facile 

solution method at low temperature, the degradation rate constant of RhB under visible light was 

promoted to 9.2 and 4.4 times higher than that on the bare CuS and WO3, respectively. Band 

structure analysis showed that the CB of WO3 was only ~0.01eV higher than the VB of CuS, and 

the dominant reactive species were h+  and O2
•−

 as indicated by quenching experiments. PL 

spectra revealed an intensely hindered recombination in WO3. This suggested that the electrons 

produced on the WO3 CB recombined with holes generated from the VB of CuS, resulting in a Z-

scheme heterojunction. [126] Yu et al. reported a controlled preparation of Bi2S3/SnS2/Bi2O3 

double Z-scheme ternary heterojunction photocatalyst by a simple one-pot solvothermal route. The 

experimental results with regard to RhB degradation showed a significantly enhanced catalytic 

activity of the as-fabricated heterojunctions compared to pure Bi2S3. By further investigating the 
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charge separation and migration behaviors with EIS and photocurrent response analysis, studying 

the band structure, as well as conducting the active species trapping experiments, a possible double 

Z-scheme photocatalytic mechanism was proposed, which highlighted the efficient e−/h+ 

separation while maintaining the strongest oxidation and reduction potential of VB holes generated 

in Bi2O3 and the CB electrons produced in Bi2S3, respectively, as shown in Figure 18. [127] 

 

Figure 18  Proposed mechanism for charge transfer path over Bi2S3/SnS2/Bi2O3  photocatalyst under sunlight 

irradiation: (a) traditional path and (b) double Z-scheme model. Reprinted with permission from [127]. Copyright 

(2017) Elsevier.  

 

Figure 19  (a) Comparison of degradation efficiencies of the RhB-contained wastewater under simulated sunlight 

irradiation in the presence of samples fabricated with various amount of SnCl4 • 5H2O, which was 0, 0.03, 0.05, 0.1, 

0.15, 0.2 and 0.25 mmol for BiS-0, BiS-1, BiS-2, BiS-3, BiS-4, BiS-5, BiS-6, respectively; (b) photocatalytic 

degradation kinetics of RhB solution over BiS-4 with methyl alcohol (MeOH), ammonium oxalate (AO), and 

isopropanol (IPA) working as scavengers of O2
•−, • OH, and h+, respectively. Reprinted with permission from [127]. 

Copyright (2017) Elsevier. 
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However, sometimes the difference in energy potential between the CB electrons and the VB holes 

from different semiconductors is too high to overcome, or the movability of the charges are too 

weak. Mediators with a redox potential in between the two energy levels will therefore be helpful. 

Mediators may work as either the electron-hole recombination center or the electron transportation 

system [128]. In the Z-scheme system consisting of BiVO4 and Ru/SrTiO3: Rh photocatalysts, the 

Rh4+/Rh3+ redox couple acted as the combination center capturing electrons from the VB of 

BiVO4  and holes from the VB of the Ru/SrTiO3: Rh [129]. Solid mediators, which are metal 

nanoparticles with high electron-conductivity in most cases, are more favorable in terms of catalyst 

recovery [130]. Li et al. constructed a Z-scheme photocatalyst BiOCl/Au/CdS  by a stepwise 

deposition of Au and CuS. The degradation of four different organic pollutants all exhibited 

evidently higher sunlight-driven photocatalytic activity of BiOCl/Au/CdS compared to the case of 

BiOCl, BiOCl/Au, and BiOCl/CdS. The radical trapping experiments indicated that O2
•−

 was the 

main reactive species responsible for the degradation of the oganic substrates. Based on 

examinations on photoelectrochemical properties, it was concluded that the Z-scheme structure 

was formed between BiOCl and CdS with the assistantce of Au nanoparticles functioning as the 

recombination center by capturing electrons from the CB of BiOCl and holes from the VB of CdS. 

[131] In fact, the metal NPs-assisted indirect Z-scheme heterojunctions usually takes advantage of 

the synergistic effect of metal NP loading and semiconductor coupling, which will be discussed in 

detail in Section 2.3.6.   

The primary differences of conventional, p-n, and Z-scheme heterojunctions are summarized in 

Table 5. 

Table 5  Comparison of conventional, p-n, and z-scheme heterojunctions 

Type of heterojunction 
Energy band and 

Fermi level 

rearrangement 

Enhancement mechanism 

Conventional 

Heterojunction 
No 

Transfer and accumulate e− and h+ into 

different semiconductors 
p-n Heterojunction Yes 

Z-Scheme Heterojunction No 

Recombine e− and h+ from different 

semiconductors, while remain the rest 

h+ and e− in each semiconductor, 

respectively. 
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2.3.4.5 Coupling with Functional Organics 

Coupling inorganic semiconductors with light-responsive organics is another coupling strategy, 

which happens on graphitic carbon nitride (g­ C3N4) and polyaniline (PANI) in most cases. 

Graphitic carbon nitride (g­ C3N4) is the most stable allotrope of carbon nitrides and has an optical 

bandgap of 2.7 eV, possessing an intrinsic semiconductor-like absorption in the visible light 

spectrum [132], and therefore has been introduced as a non-toxic metal-free organic photocatalyst 

for solar-driven applications [133,134]. Additionally, due to its high nitrogen content and facile 

synthesis procedure, g­ C3N4 may provide more active reaction sites than other N-carbon materials 

[135]. Furthermore, compared to bulk g­ C3N4, g­ C3N4 nanosheets exhibit a better performance 

due to their large surface area and fast charge transport [136]. Dispersing the non-visible-light 

responsive species KTaO3 on g­ C3N4 with a typical layered platelet-like morphology not only 

sensitized KTaO3 with injected electrons from the excited g­ C3N4, but also enlarged the specific 

surface area and thus facilitated substrate adsorption. The degradation efficiency towards RhB was 

promoted up to 1.5 times higher than that on pure g­ C3N4 [137].  

Polyaniline (PANI) is an extensively investigated conductive polymer mainly due to its high 

absorption coefficients in the visible range and high mobility of charge carriers [138]. PANI is 

responsive to both UV and visible light. Electrons and holes will be generated on its LUMO 

(equivalent to CB in inorganic semiconductors) and HOMO (equivalent to VB in inorganic 

semiconductors), respectively [138,139]. Furthermore, it is a good electron acceptor as well as an 

efficient hole provider when coupling with inorganic semiconductors. Therefore, PANI is usually 

loaded on semiconductors surface with broad bandgaps. The alignment structure is similar to a 

conventional type-II heterojunction so that the carrier separation is facilitated. The degradation 

rate of RhB on BiVO4 was 62% within 120 min under visible light; while with PANI coupling, a 

complete degradation was realized in 60 min, which was attributed to the synergetic effect between 

PANI andBiVO4 , promoting the migration efficiency of photogenerated charge carriers. [140] 

Zhang et al. found that dispersing PANI onto a ZnO surface not only increased the MB degradation 

rate up to 98% and maintained both the surface area and phase structure of the pristine ZnO, strong 

inhibition of photocorrosion on bare ZnO was also realized under UV irradiation. This is because 

when illuminated by UV irradiation, PANI was excited while ZnO was not. Holes generated on 
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the VB of ZnO , which was indicated as the main oxidant and the dominant reason for 

photocorrosion of ZnO , transfered to the HOMO of  PANI and took part in the subsequent 

reactions. [141]. Xiong et al. found that the surface of PANI dispersed in aqueous solution was 

usually positively charged, which guarantees a strong adsorption of anionic and neutral dyes, and 

thus enhanced their degradation [142]. 

Polyrrole (Ppy) is another photosensitive polymer that has been used in photocatalysis. With a 

narrow band gap of 2.2~2.5 eV, electrons at the LUMO of Ppy can be excited to the HOMO under 

visible light, leaving a hole at the LUMO (π∗ -orbital), just like the electron migration in 

semiconductors [143]. The energy band alignments of semiconductor/Ppy composites usually 

match the type-II heterojunction, where Ppy works as the electron donor and hole acceptor in most 

cases, leading to an effective electron/hole separation. By preparing Ppy/ZnIn2S4 composites via 

facile hydrothermal method in the presence of Ppy powder, the time required for a complete 

removal of CAP was reduced to 60 min from 120 min on pure ZnIn2S4. 48.5% TOC removal was 

achieved by Ppy/ZnIn2S4 after 3 h photocatalytic degradation, which was two times higher than 

that on ZnIn2S4. This enhancement was attributed to the synergetic effect of the improved light 

absorption efficiency carried out by Ppy and the promoted e−/h+ separation at the Ppy/ZnIn2S4 

interface. [144] Xu et al. reported a bifunctional role of Ppy in the Ppy/BiOI composites. Ppy 

functioned not only as the hole acceptor, facilitating photogenerated charge separation, but also 

increased the specific surface area which benefitted adsorption and generation of more active sites. 

Results showed more than 50% of the substrate RhB was adsorbed within 30 min in dark, and 

nearly 90% was degraded after 5 h under visible light; while the adsorption and degradation ratio 

of BiOI were only 1% and 15%, respectively. [145] Harraz et al. also found the amount of Ppy was 

responsible for the decreased particle size of Fe2O3, which was enhanced  light absorption and 

also improved the specific surface area [146]. 

On the other hand, while some other C-group materials are not able to employ light as the energy 

source, their satisfactory electron conductivity and large surface area are in favor of e−/h+ pair 

separation and adsorbing substrates as well as providing active sites for photocatalytic reactions. 

These organics usually work as supporting materials on which photocatalyst particles deposit. 

[147–149] The most common organic supporting materials are graphene and its derivatives.  
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Graphene, a single layer of carbon atoms densely packed into a two-dimensional benzene-ring 

structure, possesses high conductivity, superior electron mobility and extremely high specific 

surface area [10,150]. Gao et al. found the photocatalytic activity of Bi2WO6 towards degrading 

RhB under visible light was greatly enhanced when it was supported on graphene. This was 

attributed to the negative shift of the Fermi level and elevation  of the Bi2WO6 CB, which was 

caused by the electronic interaction and charge equilibration between graphene and Bi2WO6, as 

well as the inhibited photogenerated charge recombination. [151] Arshad et al. reported an 

improved solar-light-triggered catalytic performance with regard to MB decomposition in the 

presence of CuO/GNPs (graphene nanoplatelets) composites. A 99.44% photodegradation of MB 

was achieved after being irradiated for 80 min, which was much better than using pure CuO, for 

which the degradation was only 75%. This improvement was proposed as the subsequence of the 

combined effect of increased adsorption of dye molecules and delayed recombination of charge 

carriers due to the attachment of graphene nanoplatelets on the CuO nanosheets in an optimized 

ratio. [152]    

As a derivative of graphene, graphene oxide (GO) also possesses superior electron mobility and 

high conductivity, while its strong adsorption not only comes from the large specific surface area 

as graphene does, but the abundant surface oxygen-containing functional groups such as hydroxyl, 

carbonyl, carboxyl and epoxy groups as well. [153] Dispersing CdS nanoparticles on GO sheets 

not only prohibited electron/hole recombination due to the strong electron conductivity of GO 

sheets, the uniform deposition of CdS on GO sheets eliminated aggregation of CdS nanoparticles 

as well. More importantly, the strong interaction between GO and CdS  inhibited the 

photocorrosion of CdS as well as the leaching of Cd2+ considering its toxicity: only 3.5 wt% Cd2+ 

of GO­CdS was leached out while 38.6 wt% Cd2+ of CdS was lost after the reaction. [154] 

Reduced graphene oxide (rGO) has been used as a support of photocatalysts as well. For instance, 

under visible light, electrons were produced at the BiVO4 CB and then flowed to rGO and reduced 

O2 there to give O2
•−

, while holes stayed in BiVO4and took part in the RhB degradation by either 

giving out • OH from OH−/H2O or directly, thus that the effective electron/hole separation was 

realized. Meanwhile, RhB molecules adsorbed on the rGO surface made it easier to degrade. As a 

result, BiVO4/rGO composites exhibited an approximately 3 times higher degradation rate towards 

RhB compared with that on the pristine BiVO4. [155] 
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Carbon nanotubes (CNTs), taking advantage of high conductivity, large surface area, high 

chemical stability, nontoxicity and low price, have been recognized as an excellent electron-

acceptor/transport matrix in photocatalysis for retarding electron/hole recombination as well as 

enhancing light absorption efficiency [156,157]. Yang et al. synthesized a novel Cu2O/CNTs 

hierarchical chrysanthemum-like nanocomposites by a facile wet chemical method. Its excellent 

photocatalytic activity was attributed to the unique chrysanthemum-like structure of the composite, 

as well as the tight connection between Cu2O NPs and the highly conductive CNTs. The former 

improved both the range and the intensity of light absorption, while the latter facilitated electron 

flowing from the visible-light-excited Cu2O  to the CNTs. [158] Jiang et al. obtained a 

g­C3N4/CNTs/Bi2WO6  ternary Z-scheme heterojunction with CNTs  as the efficient electron 

mediator. Photocatalytic degradation towards TC under visible light indicated the highest activity 

in the presence of the g­C3N4/CNTs/Bi2WO6 ternary composite compared to any single or binary 

composite of them in the system. [159] Li and co-workers reported a novel heterostructure of 

multiwalled carbon nanotubes (NWCNTs) coated with BiOI nanosheets prepared via a simple 

solvothermal method. The remarkably enhanced photocatalytic activity for the degradation of 

RhB, MO, and 4-CP under visible light compared with pure BiOI was predominantly due to the 

significantly promoted electron/hole separation carried out by the strong coupling interface of the 

two components. [156] 

Other carbon group materials have also been employed in photocatalysis. The degradation 

efficiency of MO on Ag/AgCl composites was increased from 15.1% to 97.9% after being loaded 

on AC, taking advantage of strong adsorption of porous AC towards MO molecules, hot electrons 

produced by LSPR effect of Ag NPs, as well as the oxidation of Br−  to Bro  which was also 

deemed as a reactive species of MO degradation [160]. Fu’s group dispersed C60 molecules with 

a monomolecular layer state on the surface of ZnO  and formed the hybridized interaction 

betweenthem. The as-prepared C60-hybridized ZnO showed enhanced photocatalytic activity for 

the degradation of MB, and the photocorrosion of ZnO was successfully inhibited in the presence 

of C60 molecules. The former was due to the excellent electron movability at the interface of C60 

and ZnO, which was produced by the interaction of C60 and ZnO with a conjugative π-system. The 

latter could be attributed to the reduced activation of surface oxygen atom. The enhancement 

degree of photocatalytic activity was strongly depended on the coverage of C60 molecules on the 
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surface of ZnO nanoparticles, and the optimum hybridization effect was found at a weight ratio of 

1.5% (C60/ZnO), above which C60 tended to aggregate on the surface of ZnO, resulting in the 

slower transformation of the photoinduced electrons. [161]  

2.3.5 Synergetic Effects between Doping and Semiconductors 

Coupling 

Considering that doping and semiconductors coupling are both capable of improving the 

efficiencies of light absorption and electron/hole separation, the coexistence of them may further 

promote the photocatalytic efficiency.  

Shi et al. synthesized a series of Cr-doped Bi4Ti3O12/Bi2Ti2O7 (BTO) heterojunction fibers, 

where Cr was doped in both semiconductors. The band gaps of Bi4Ti3O12 and Bi2Ti2O7  were 

narrowed down due to the lower CB level brought about by Cr doping, resulting in a significant 

improvement of spectral absorption in the visible region. A conventional type-II heterojunction 

was formed between the two doped semiconductors, leading to an efficient e−/h+ separation, 

which exhibited a remarkably enhanced current intensity in the transient photocurrent response 

(Figure 20). A complete MO degradation was realized within 90 min on Cr-doped BTO, while the 

non-doped BTO was not visible-light-responsive. [162] Yang et al. obtained a magnetic N-doped 

FeVO4/Fe2O3 composite with a rod-like structure. XPS spectra showed a successful doping of 

N3− into the FeVO4 lattice, leading to the formation of an impurity level above i VB to capture 

electrons, which narrowed the bandgap of FeVO4 and thus expanded its light absorption spectra. 

After coupling with Fe2O3 and being excited by UV irradiation, photogenerated electrons flowed 

from FeVO4  to Fe2O3  while the holes moved in the opposite direction. The improved RhB 

degradation efficiency was attributed to the enhanced light absorption as well as the facilitated 

charge separation. [163] Li and co-workers found that doping might be induced by the interaction 

between two coupled semiconductors. In the N-doped P25 TiO2 /amorphous Al2O3  composites 

system, not only did the VB level of TiO2 get elevated by exotic N4− dopants, its CB level was 

also debased by domestic Al3+ dopants generated from the dissolved Al2O3 molecules, such that 

the TiO2 bandgap was intensely narrowed down and thus light absorption was expanded to the 

visible region. Under visible light, the doped TiO2 was excited while amorphous Al2O3 was not. 
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However, the defect levels in amorphous Al2O3 lattice were lower than the CB of TiO2, which 

provided electron trapping levels and thus facilitated carrier separation. The amorphous structure 

of Al2O3 also brought about a high specific surface area. As a result, the degradation rate of methyl 

orange under visible light was improved by up to 43.6 times that on pure TiO2. [33]  

 

Figure 20  Transient photocurrent response of Bi4Ti3O12/Bi2Ti2O7 and BTO − 0.08 (amount of Cr(NO3)3 • 9H2O in 

the precursor was 0.08g) in 0.5 M Na2SO4 aqueous solutions under visible-light irradiation at 0 V vs. Hg/Hg2Cl2. 

Reprinted with permission from [162]. Copyright (2015) Royal Society of Chemistry.  

Recently, a novel V4+ and Ce3+ self-doped BiVO4/CeO2 p-n heteojunction nanocomposite with a 

large surface area was synthesized by Chen's group. The V4+/V5+ pairs, coming from the doped 

V4+  and the pristine V5+  in the p-type BiVO4 , could form defect energy states, acting as 

electron/hole trap centers and thus prohibiting recombination. Additionally, the Ce4+/Ce3+ pairs 

in the n-type CeO2  not only efficiently separated e−/h+  pairs, but also produced more O2
•−

 

radicals. Moreover, a p-n heterojunction was formed at the interface between the V4+-self doped 

BiVO4 and the Ce3+ self doped-CeO2, which further facilitated charge separation. The remarkably 

enhanced photocatalytic activity towards degrading RhB under visible light could be mainly 

attributed to the formed p-n heterojunction nanostructures, the presence of defect states induced 

by oxygen vacancies, and self-doped V4+ and Ce3+ centers, as well as the large surface area. [164] 

2.3.6 Synergetic Effects between Metal Nanoparticles Loading and 

Semiconductor Coupling  

As aforementioned, metal NPs deposited on semiconductor surfaces are capable of helping 

electron/hole separation by forming the Schottky barrier at the interface of metal/semiconductor 



53 
 

and/or enhancing light absorption by LSPR effect. Considering the enhanced charge separation in 

semiconductor heterojunctions, attempts at combining coupling and metal NPs loading have been 

made to further optimize the photocatalytic performance.  

Lu et al. fabricated a new Bi2WO6/TiO2/Pt composite, where the Pt NPs were loaded on the TiO2 

surface and then coupled with Bi2WO6 to form a conventional heterojunction. UV-Vis DRS and 

photocurrent measurements displayed that the Bi2WO6/TiO2/Pt composite exhibited enlarged 

photoresponse range and enhanced charge transfer. Degradation of RhB and BPA under simulated 

sunlight irradiation on the Bi2WO6/TiO2/Pt  composite was the fastest compared to the 

photocatalysts containing one- component (TiO2 , Bi2WO6 ) or two components (TiO2/Pt , 

Bi2WO6/Pt). The enhanced photocatalysis benefited from the increased light harvesting due to the 

excitation of both TiO2 and Bi2WO6 and the high quantum efficiency due to the heterojunction 

between Bi2WO6  and TiO2 , as well as the Schottky barrier between TiO2  and Pt  where the 

conduction electrons flowed from TiO2 to Pt because of the lower Fermi level of Pt NPs [165] 

Wen’s group reported a Ag-decorated Ag2O/CeO2 p-n heterojunction, which exhibited enhanced 

photocatalytic activity for the photodegradation of EFA under visible light irradiation, which was 

3.5 and 122 times that with bare Ag2O and CeO2, respectively. The inverted "V-shape" Mott-

Schottky curve indicated the existence of a p-n junction. The improved photocatalytic activity was 

related to the inner electric field at the Ag2O/CeO2 interface facilitating electron/hole separation, 

as well as the LSPR effect of Ag NPs producing hot electrons which flowed to the CB of the p-

type Ag2O  and eventually reached that of the n-type CeO2  to participate in photocatalytic 

degradation by producing O2
•−

 from adsorbed O2  molecules. The stability of the Ag2O/CeO2 

heterojunction photocatalyst was also improved due to the efficient transfer of electrons from 

Ag2O. [166]   

The synergistic effects of semiconductor coupling and metal NPs loading are more common in Z-

scheme heterojunctions, where the metal NPs may work as the mediator for the formation of Z-

scheme heterojunctions and/or present the LSPR effect providing hot electrons to sensitizing non-

excited semiconductors. For example, a Z-scheme photocatalyst between Cu2O and BiPO4 was 

realized with the assistantce of Au  NPs, which not only worked as a mediator providing 

recombination centers for electrons on the BiPO4  CB and holes from the Cu2O VB , but also 

presented the LSPR effect. [167] For a ternary flower-like photocatalyst Ag@AgCl/Bi2WO6 
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synthesized by hydrothermal treatment and in situ oxidation reaction, a special Z-scheme 

heterojunction was formed at the interface of Bi2WO6  and Ag  NPs, where recombination 

happened between the electrons in the photoexcited Bi2WO6 and holes in Ag NPs generated from 

the LSPR effect under visible light. On the other hand, the hot electrons produced in Ag NPs 

migrated to the CB of the non-responsive AgCl. Thus, holes and electrons were separated and 

accumulated in Bi2WO6  and  AgCl , respectively. Moreover, holes dissolving in the substrate 

solution coming from Bi2WO6 could not only oxidize the pollutant molecules either directly or 

indirectly, but could also oxidize Cl− from AgCl to Clo which was responsible for the enhanced 

degradation of BPA. [168]   

2.3.7 Dye-sensitization 

Some organic dyes, such as RhB [169], MO [170], MB [171], rose Bengal [172], and RR120 dyes 

[173] are responsive to irradiation, exciting electrons in the HOMO to the LUMO, and the dyes 

themselves are excited to their excited states as the result [112]. When they are adsorbed on the 

semiconductor with a less negative CB compared to their LUMOs, electrons generated on excited 

dye molecules (also called dye-sensitizers) can be injected to the semiconductor and take part in 

the subsequent photocatalytic reactions. By this means, semiconductors without visible-light-

responsivity can be sensitized and the light absorption spectrum of the semiconductor/dye-

sensitizer system will be extended to the visible region. When the semiconductor responds to the 

irradiation as well, visible light absorbance would be enhanced in the presence of both the 

conventional excitation occurring on the semiconductor and the sensitization effect carried out by 

the dye-sensitizer. However, holes produced at the semiconductor VB would not migrate into the 

dye sensitizers in most cases. [8,40] 

Depending on the destiny of the excited dye molecules, dye-sensitization used for water 

decontamination is classified into two groups. One is the degradation of the dye-sensitizers itself 

as shown in Figure 21(a); the other is used to decompose foreign contaminates and the dye-

sensitizers can be regenerated by accepting electrons from electron donors, as shown in Figure 

21(b). 



55 
 

 
Figure 21  Electron transfer between the photocatalyst and the dye molecule when the dye acts as: (a) both the 

sensitizer and the substrate, and (b) only sensitizer in the presence of foreign electron donors. 

In the process of self-degraded sensitization, dye molecules on their ground and excited state can 

both be degraded [174]. Moreover, the excited dyes may be much easier to be decomposed and 

further mineralized than those on their ground state due to their higher energy level. Park et al. 

proved the contribution of the self-dye-sensitized mechanism during the degradation of MO, MB, 

and RhB in the presence of Ag- and Ti- loaded BiOI under visible light irradiation [170]. Another 

study also indicated an obvious degradation of MB when the photocatalyst,CaIn2O4 , poorly 

absorbed light irradiation. This was attributed to the dye-sensitization effect of MB, providing 

electrons for CaIn2O4 and bringing itself to an excited state which was much easier to decompose 

compared to its ground state. [175] Similarly, the degradation of MG carried out on SrTiO3 was 

proposed to be primarily attributed to dye sensitization because SrTiO3  on its own is almost 

inactive in the visible region [52]. The better performance of Zr/Ag -coloaded ZnO  towards 

oxidizing reactive red 120 (RR120) under visible light over UV irradiation further revealed the 

contribution of dye-sensitization considering the worse light absorption efficiency in the visible 

region. [176] 

Photoexcited dyes are also able to sensitize the semiconductors hosts to help with the degradation 

of other contaminations in the system. Muszkat et al. reported a significantly accelerated 

photocatalytic oxidation of bromacil on TiO2 in terms of the half-living time, t1/2, in the presence 

of sensitization effect brought about by methyl blue. [177] However, dye-sensitizers may be 

consumed severely. Ross et al. observed an only 15-min lifetime of the dye-sensitizer, rose bengal, 

in sensitizing TiO2 to decomposite terbutylazine under visible light [178]. This was because after 

transferring electrons to the semiconductor, the dye itself was converted to its cationic radical, 

which was easier to degrade compared with its ground state as mentioned above. Therefore, the 
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introduction of electron donors would be helpful for sensitizer regeneration [179]. An electron 

donor can be a molecule or a mediating redox couple in a regenerative cell, which produces 

electrons to reduce the excited dyes back to their ground state and thus hinders their decomposition. 

[180] Chowdhury and co-workers used TEOA as the sacrificial electron donor to prevent the 

corrosion of the dye-sensitizer, EY, in the system of decomposing phenol with TiO2 under visible 

solar light. It is well-known that TiO2  is not capable of responding to visible light. However, 

through the excitation of EY from its ground state (EY) to the excited state (EY∗), electrons were 

produced on EY  and then transferred to the CB of TiO2  to participate in the following 

photooxidation of phenol. Subsequently, EY∗ could interact with phenol, water, or the electron 

donor TEOA to return back to its ground state. As a result, the substrate phenol was completely 

degraded within 2h with the assistance of TEOA, which was less than 60% without TEOA. No 

significant loss of EY was observed. [179]   

2.3.8 Quantum Dots 

2.3.8.1 Inorganic Semiconductor Quantum Dots 

Inorganic semiconductor quantum dots (QDs) are defined as zero-dimensional particles with the 

size smaller than that of the exciton (photogenerated electron) Bohr radius, which is the 

characteristic distance between the exciton and its hole of a given semiconductor [181]. The small 

size confines the produced electrons and holes inside a semiconductor QD, and the energy structure 

of the QD budges as its particle size changes in accordance to what is called the quantum size 

effect [181]. Quantum size effect is an important property controlling the performance of inorganic 

QDs. As the size of a QD gets smaller, its Eg becomes higher leading to stronger redox potentials 

of energy bands, while a blue shift in light absorption spectrum would be caused as well. A 

comparison of MB degradation was carried out on ZnO  QDs with different sizes under UV 

irradiation. Results exhibited a much better performance on small QDs (5-8 nm) than on large QDs 

(15-20 nm) due to the higher crystallinity of the former which provided more active sites for the 

oxidation reactions. [182] Additionally, the interface between the QDs and the bulk semiconductor 

they deposited on would be increased, which facilitates photogenerated charge carriers flow 

between the two components and thus inhibits recombination. Yu’s group also found an increased 



57 
 

BET specific surface area when bulk CdS was fabricated to their QDs. When the size of CdS QDs 

increased from 4.5 to 7.2 nm, SBET decreased from 27.4 to 22.4 m2g−1, and Eg reduced from 2.36 

to 2.25 eV. As the size further rose to the bulk size (15.9 nm), SBET continuously decreased, while 

Eg did not reduce anymore after reaching the minimum value (2.14 eV). [183] As the size of QDs 

decreases (typically smaller than 10 nm), the quantum confinement effect would become 

increasingly dominant [184]. Therefore, semiconductor QDs exhibit highly size-dependent 

exceptional optical and electrical behaviors that are not found in their bulk counterparts, which 

would greatly increase the energy conversion efficiency [185,186]. One of the most striking ones 

is the multiple-exciton-generation (MEG) property as the result of absorbing one single photon 

with high energy [186]. CdS QDs were found to be more effective when degrading MB and RhB 

under visible light irradiation compared to the bulk CdSdue to the specific MEG property of QDs. 

[187]  

 

Figure 22  Comparison of MO degradation and small and large ZnO QDs. Reprinted with permission from [182]. 

Copyright (2014) Elsevier.  

QDs are easy to aggregate due to their relatively small sizes and fairly high surface energy, which 

makes stabilizing (passivation) agents necessary to cover the QDs surface in order to prevent the 

agglomeration and oxidization of the QDs [188]. For example, 2-mercaptoethanol, L-arginine, and 

poly vinylpyrrolidone (PVP) were used as the stabilizing agents for systems involving ZnS [181], 

CdS  [187] and ZnO  [182] QDs, respectively. Chitosan (a biopolymer) was also used as the 

passivation agent for ZnS QDs to reduce the number of dangling bonds on the particles surface 

and thus the recombination between electrons and holes [185]. However, these agents may have a 

negative impact on the superficial contact between the contaminant molecules and the QDs [189]. 
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To solve this problem, some researchers attempted to anchor QDs on a supporting matrix with a 

large surface area, which might be either organic or inorganic. Reduced graphene oxide (rGO) can 

function as not only a good stabilizer but also a good electron mediator, transporting electrons 

from the semiconductor particles to oxygen molecules. Sun et al. proved that rRO possessed such 

functions when acting as the support for Bi2WO6 QDs. Results revealed an 8-fold higher electron 

lifetime, as well as a higher degradation efficiency of both RhB and MB compared to the case of 

pure Bi2WO6 QDs working alone. [189] Inactive inorganics have also been used as the matrix for 

loading semiconductor QDs. ZnO-QDs/SiO2 composite exhibited not only a higher degradation 

efficiency of RhB under UV irradiation, but also a better photostability which was attributed to the 

strong Zn­O­Si bonds. The large surface area as well as excellent electron conductivity of SiO2 

guaranteed excellent substrate adsorption and satisfactory productivity of O2
−

, respectively. [190] 

Instead of working alone, semiconductor QDs are more often applied by being deposited onto the 

surface of other semiconductor particles as sensitizers or separation centers. In addition to the 

MEG property, QDs may also induce a greatly promoted specific surface area due to their 

relatively small sizes, as shown in the Cu2O-QDs/BiOBr  composite, where a 2 times higher 

specific surface area was obtained with a 3wt% loading rate of the Cu2O QDs. On the other hand, 

the overloaded Cu2O QDs tended to agglomerate to some extent which could decrease the specific 

surface area instead and reduce the active sites on BiOBr. Furthermore, the interfacial charge 

transfer might also be suppressed due to the unsuitable ratio between Cu2O QDs and BiOBr. [191] 

Rajabi and co-workers doped Fe3+ into ZnS QDs, the mechanism of the enhanced performance 

was declared to be the same as doped bulk ZnS particles [181].  

Most semiconductor QDs/bulk semiconductor systems follow the classical separation model as in 

bulk semiconductor coupling such as CdSe -QDs/ZnO  [120], CdSe -QDs/Bi2WO6  [192], CdS -

QDs/ Bi2WO6  [186], CdS -QDs/ BiOBr  [193], Cu2O -QDs/ BiOBr  [191] and Bi2O3 -

QDs/N­Bi3NbO7 [194]. Some of them are able to form a p-n heterojunction structure, such as 

Ag3PO4-QDs/BiPO4  [195], CuO-QDs/In2O3  [196], and AgBr-QDs/Bi2WO6  [197]. Wang et al. 

enhanced the degradation efficiency of MB under visible light upon mesoporous Bi2WO6  by 

depositing AgBr  QDs. AgBr  QDs in the AgBr-QDs/Bi2WO6  heterojunction structure not only 

responded to the irradiation and provided reactive sites, but also increased collisions between the 

fluid and the pore walls and thereby reduced the mean free path. [197] Meng et al. successfully 
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synthesized a p-n heterogeneous MoS2 QDs-interspersed Bi2WO6  via a simple bath sonication 

method. The MoS2 QDs were obtained during the ultrasonic treatment of MoS2 nanoflowers. The 

narrow bandgap and the relatively high specific surface area of MoS2 QDs brought about superior 

capacity of absorbing visible light and adsorbing substrate, respectively. The formed p-n 

heterostructure effectively separated the photogenerated electrons and holes to the CB of the n-

type Bi2WO6 and the VB of the p-type MoS2, respectively. Photocatalytic degradation of RhB 

exhibited a 3 times higher reaction rate constant to that in the presence of bare Bi2WO6. The 

reduction rate of TOC was promoted to 42% within 90 min compared to 6% and 1% in the presence 

of pure Bi2WO6 and MoS2, respectively. [198] 

Upconverted luminescence (UCL) is another exceptional property exhibited on semiconductor 

QDs. It refers to the process of a QD emitting low-wavelength (high-frequency) light by means of 

absorbing and converting long-wavelength (low-frequency) light. Three mechanisms for UCL 

have been reported: carriers can gain extra energy by phonon-assisted processes, multi-photon 

absorption, or Auger processes [199]. Meanwhile, the emission PL wavelength is proportional to 

the size of the QD; the larger the QD, the redder its color. [184] A study on CdSe QDs observed a 

size-dependent emission wavelength, in which the emission light shifted from red to blue when 

the diameter of the CdSe QDs reduced from 6 to 2 nm [200]. 

Several other semiconductor QDs have been found to possess this upconversion property, such as 

CdS [201], InAs [199], PbSe [202], CdTe [203], and ZnCdS [201]. However, applications of the 

UCL property for photocatalytic water decontamination is extremely scarce. This is because 

inorganic semiconductors taking advantage of the PL property are usually used for biological 

probes, and peaks of both the absorption and emission spectra are located in the long-wavelength 

visible region, which is meaningless for photocatalysis since semiconductors that can be excited 

by such a long-wavelength light is rare. Furthermore, inorganic semiconductor QDs luminesce 

only in specific surroundings. For example, the mostly researched CdSe QDs can only exhibit the 

desirable PL property in organic solutions. When the solution was mixed with water, luminescence 

was strongly inhibited. [204] Thus, the UCL property of inorganic semiconductor QDs may be 

infeasible for photocatalytic water decontamination. On the other hand, this property plays a vital 

role in carbon-containing QDs. 
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2.3.8.2 Carbon-containing Quantum Dots 

Different from inorganic semiconductor quantum dots, carbon-containing quantum dots (CCQDs) 

refer to those zero-dimensional carbon-containing nanoparticles with the size of generally 3-20 

nanometers [205]. In addition to the general functions inorganic carbon-containing materials 

provide, such as accepting electrons, facilitating charge separation, increasing surface area, and 

providing active sites [205–207], the most significant application of CCQDs is to sensitize 

semiconductors on which they deposit with their extraordinary upconverted luminescence 

property. Specifically, after absorbing one photon from NIR or IR light, multiple electrons can be 

generated in CCQDs and their recombination with holes emits visible light or UV, which can be 

absorbed by the host semiconductor [208–210]. Besides, the upconversion property of QDs is 

strongly size-dependent: as size becomes larger, Eg decreases, and the emissionn spectrum has a 

blue shift. This makes the CCQDs/semiconductor composites capable of effectively using the full 

spectrum of sunlight and thus extensively promotes the light absorption efficiency [209]. The most 

heavily researched CCQDs so far is carbon quantum dots (CQDs) and graphene quantum dots 

(GQDs). 

With the assistance of PL and electron capture carried out by CQDs, 90% of the initial MO was 

degraded under NIR in the presence of the CQDs/Cu2O composite. In comparison, pure Cu2O was 

not responsive to NIR directly. PL spectra examination showed that the incident NIR with the 

wavelength of larger than 700 nm was converted to the useful area (390-564 nm), which could be 

employed for exciting Cu2O. [206] Zhang et al. proposed an interesting mechanism when CQDs-

deposited Ag3PO4 was used for decomposing MO under visible light. By uniformly and compactly 

dispersing CQDs on the Ag3PO4  surface, the insoluble CQDs layer could effectively protect 

Ag3PO4 from dissolution in aqueous solution. During the photocatalytic process, CQDs acted as 

not only electron reservoirs by accepting redundant electrons from Ag3PO4 but converted incident 

with the wavelength longer than 530nm to shorter-wavelength photons that can triger  Ag3PO4 as 

well, which benefited from its upconversion property. Hence, both the photogenerated charge 

separation efficiency and light absorption ability was promoted, resulting in a much better 

photocatalytic performance, where the target MO was completely decomposed within 10 min in 

the presence of CQDs/ Ag3PO4  composite, while within 80 min on bare Ag3PO4 . [209] 

Furthermore, the conjugated structure of CQDs enables them to form a π-π interaction with 
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benzene structures, which is contributive to the degradation of pollutants containing benzene, such 

as MB [206]. Yu and Kwak deposited CQDs on mesoporous α­ Fe2O3 and intensely promoted the 

degradation efficiency of MB to up to 87.7%, which was attributed to the synergistic effects of the 

mesoporous structure of α­ Fe2O3 and the strongly conjugated network structure of CQDs [211]. 

Li et al. investigated the influence of the amount of CDQ layers, and found the heterostructure of 

CQDs/ZnO with four layers of CQDs exhibited the highest photocatalytic activity, which was 3 

times as that of the bare ZnO [212].  

Graphene quantum dots (GQDs) is another type of zero-dimensional material with a typical size 

range from 3 to 20 nm. The crystalline nature of GQDs has been demonstrated as similar to that 

of bulk graphene. [213] Similar to CQDs, GQDs possess the upconversion property as well. As 

shown in the research by Zhuo’s group, the excitation wavelength was converted from 500-700 

nm to an emission wavelength with the peak of approximately 407 nm, which could be used by 

rutile TiO2, so that the photocatalytic efficiency of degrading MB over CQDs/TiO2 reached 97% 

within 60 min under visible light. [214] Similarly, the upconversion property of g­ C3N4 quantum 

dots (CNQDs) have also been reported with regard to photocatalytic water decontamination. Wang 

et al. observed emissions in the range of 350-600 nm after being irradiated with 705-862 nm light 

on CNQDs. This indicated that CNQDs have the potential to be harnessed as a universal energy 

transfer component in photocatalysis. [215] 

2.4 Summaries 

Tables summarizing semiconductor modification strategies are provided in Appendix B. 

2.5 Conclusions, Challenges, and Perspectives 

With the rapid industrialization and urbanization occurring around the world, water pollution 

becomes an urgent problem that needs to be properly addressed. Heterogeneous photocatalysis has 

emerged as an environmental benign strategy for organic decontamination in water as it harnesses 

inexhaustible solar light as the energy source and takes advantage of easy catalyst recycling and 

reusing. On the other hand, suffering from narrow light absorption area and severe electron/hole 

recombination, traditional semiconductors need to be modified in order to realize a high quantum 
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efficiency. In this review, fundamental aspects and principles of heterogeneous photocatalysis was 

discussed in detail. Attempts made in the last decade on the modification of photocatalysts and 

their background mechanisms were illustrated. Investigations on operating parameters influencing 

photocatalyst performance was also explained, along with corresponding examples, explanations 

and conclusions stated. Strategies coupling heterogeneous photocatalysis with other treatments 

were mentioned and analyzed as well.  

Although numerous novel photocatalysts have been devised in the recent years, deep investigations 

on the preparation and function mechanisms of novel photocatalysts are still at the primary stage 

and not comprehensive. Also, research with respect to kinetics are not clear either. Most of the 

studies declare that the photocatalytic degradation of pollutant substrates follows the pseudo-first-

order model, but the presented data often shows a nonnegligible discrepancy. This is because the 

concentration of a substrate is usually indicated by the absorbance of its characteristic peak, and 

multiple intermediates would be produced during the reaction, whose characteristic peaks are 

different from that of the pristine substrate. As the reaction processing, the substrate solution 

becomes a mixture of the pristine substrate, the produced intermediates, and final productions, 

which makes the degradation process is with respect to not only the substrate, but some of the 

intermediates as well, so that the position and intensity of the cauterization peak of the mixture 

would be difficult to predict. Additionally, since it is the characteristic peak of the original 

substrate that is monitered during degradation, its intensity decreasing may not reflect the real 

concentration change of the substrate accurately.  

As the energy derivation of photocatalysis, light source controls the amount of generated 

electron/hole pairs and thus dominates the photocatalytic efficiency. However, the light source 

used by most of the present studies are artificial lamps, which have a great difference from the 

natural solar irradiation. On the other hand, endeavors extending the light absorption spectra of 

photocatalysts are usually focused on the visible region, while those regarding the near infrared 

area covering ca. 50% of the total irradiation energy are scarce.  

Most achievements made in heterogeneous photocatalysis are still at the laboratory stage and is 

far from industrial applications, which is primarily due to the operating difficulty and complexity 

as well as economic issues. For example, substrates used in the current studies are usually aqueous 
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solutions containing a single contaminant at a low concentration, which is quite different from real 

wastewater that contains multiple contaminants with much higher concentrations. Therefore, 

dilution is necessary in industrial applications since excessive substrate particles would cover 

active sites on the catalyst surface or screening the irradiation if they are colored. Also, real 

industrial wastewater normally contains multiple contaminants and may be corrosive, which 

necessitate high stability and reusability of the catalysts, especially for heterostructures containing 

multiple semiconductors where a tight interaction between the different components is required. 

Moreover, catalyst dosage in laboratory studies is pretty high (e.g., 1 g L⁄ ), while the daily 

processing amount of a medium-scale sewage plant is 107 − 108 liters, meaning that the total 

amount of catalyst would be tremendous. Although the reusability of photocatalysts has been 

reported by many works, the reported reuse times are 3-5 in most cases, which is still deficient for 

industrial applications. Also, industrial wastewater may be corrosive which would strongly 

undermine the stability of the catalysts. Additionally, the reported post-use treatments are realized 

by either filtering or centrifuging. The former may cause huge catalyst lost, while the latter requires 

specific equipment, resulting in a significant source of power consumption. 

Finally, the comparison of photocatalytic performance among the plentiful novel photocatalysts is 

difficult due to the complexity of photocatalysis, as the reaction conditions are different and hard 

to be converted to a uniform standard. To this end, quantum efficiencies of different photocatalytic 

systems are expected to be given out. 
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Chapter  III      

Facile Synthesis of 𝐍𝐚𝐍𝐛𝐎𝟑/𝐁𝐢𝟐𝐖𝐎𝟔 

Heterostructure with Enhanced Visible-

Light-Driven Photocatalytic Performance 

towards RhB Degradation and A New Insight 

into Photocatalytic Mechanism of 𝐁𝐢𝟐𝐖𝐎𝟔-

based Type-II Heterostructures 

 

Abstract 

In this study, a series novel NaNbO3/Bi2WO6 heterojunction composites with a type-II alignment 

were fabricated via a facile wet impregnation method. The as-prepared photocatalysts were 

characterized by powder X-ray diffraction (XRD), scanning electron microscopy (SEM), high-

resolution transmission electron microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS), 

diffuse reflectance UV-Vis spectroscopy (DRS), photocurrent (PC) and electrochemical 

impedance spectroscopy (EIS) analyses. The 30 wt% NaNbO3/Bi2WO6 composite exhibited the 

best performance in the case of degrading rhodamine B (RhB) aqueous solution under visible light 



77 
 

irradiation (λ > 410 nm), which was ~2.5 times and ~40 times that of pure Bi2WO6 and NaNbO3, 

respectively. The improved photocatalytic performance may be attributed to the enhanced 

electron-hole separation efficiency in Bi2WO6 with the assistance of NaNbO3, as well as the dye-

sensitization effect of RhB dye itself. Intermediates produced during the reaction and RhB 

degradation pathway were investigated as well. Radical quenching experiments revealed h+ 

played the predominant role; O2
•−

 functioned as well to some degree. Based on experimental 

results, the potential functioning mechanism was proposed, which is different from previously 

reported type-II heterostructure systems when Bi2WO6 works as the electron reservoir and O2
•−

 

is one of the dominant active species. The as-prepared photocatalyst composite exhibited excellent 

stability after repetitively running five times. Effects of several operating parameters on the 

catalyst performance including initial RhB concentration, catalyst dosage, reaction temperature 

and initial pH were also discussed. This study provides solid evidence for NaNbO3  to be a 

promising candidate for photocatalysis and gives out a novel photocatalytic mechanism of 

Bi2WO6-based type-II heterostructures. 

Highlights 

❖ Prepared novel NaNbO3/Bi2WO6  type-II heterostructures via a facile wet impregnation 

method. 

❖ The 30wt% NaNbO3  composite exhibited the best performance for RhB photocatalytic 

degradation.  

❖ Pointed out the hydrothermal infeasibility of previously reported mechanism of Bi2WO6-

based type-II heterostructures. 

❖ Proposed a novel mechanism interpreting the enhanced photocatalytic performance. 

❖ Investigated several functioning factors influencing photocatalytic activity.  

Keywords: 

Photocatalysis; NaNbO3/Bi2WO6 heterostructure; photocatalytic mechanism. 
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3.1 Introduction 

Water contamination, as a significant part in environmental crisis, is threatening not only the 

development of industries, but all kinds of life activities on Earth. Organic pollutants, especially 

chromatic dyes, have been widely applied in industries such as food, textile, cosmetics, dyeing and 

leather [1]. Rhodamine B is one of the most commonly used water-soluble xanthene dyes and is 

well-known for its toxicity, good stability and non-biodegradability [2,3]. Conventional strategies 

removing RhB from water are generally based on physical adsorption without chemical 

decomposition or degradation.  

Recently, advanced oxidation processes (AOPs), utilizing powerful oxidizing agents generated in 

situ for water decontamination, has drawn a lot of attention [3–7]. As a member of AOPs, 

semiconductor-based heterogeneous photocatalysis harnesses inexhaustible solar light as the 

source of energy in the presence of solid semiconductors, and thus is considered as 

environmentally benign.  

Perovskite sodium niobate (NaNbO3) has emerged as a wide-bandgap semiconductor due to its 

physical and chemical stability, high crystallinity, low-environmental impact, and low-cost [8]. Its 

photocatalytic performance has been proven in water splitting [9], water decontamination [10], 

and CO2 reduction [11] under UV irradiation. Although NaNbO3 does not respond to visible light 

due to its wide bandgap, it may work as the electron/hole separation center when coupled with a 

narrow-bandgap-semiconductor, such as Ag2S [12], BiOI [13], and Cu2O [14]. Bismuth tungstate 

(Bi2WO6 ), the simplest Aurivillius oxide with the general formula of Bi2An−1B𝑛O3n+3  (A =

Ca, Sr, Ba, Pb, Bi, Na  and K , B = Ti, Nb, Ta,Mo,W  and Fe ) that exhibits a layered structure 

constituted by alternating [WO4]
2− and [Bi2O2]

2+ sheets with shared corner-oxygen atoms, has 

been a promising candidate for photocatalyst in the recent decades [15,16]. Its conduction band 

consists of W 5d orbitals and its valence band is composed of hybridized O 2p and Bi 6s orbitals, 

which make Bi2WO6  possesses a narrow bandgap of ca. 2.7 eV, and thus a visible-light 

responsivity [17]. However, rapid recombination between photogenerated electrons and holes 

limits its further use. Therefore, strategies fabricating type-II heterojunction composites of 

Bi2WO6  with other semiconductors such as SrTiO3  [18], Ag2O  [19], BiOI  [20], MoS2  [17], 

Ag3VO4 [21], g– C3N4 [22], etc., taking advantage of the facilitated charge carrier transfer at the 
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interface, have been made to realize effective electron/hole separation. Yet, although numerous 

photocatalytic systems performed on bare Bi2WO6  or Bi2WO6 -based type-II heterojunction 

composites have been reported, their mechanisms when Bi2WO6 worked as the electron reservoir 

and O2
•−

 functioned as one of major active species were explained as that O2
•−

 generated from 

the reduction of O2 by electrons on the Bi2WO6 CB [23–32] . However, the less negative reduction 

potential of the Bi2WO6  CB compared to that of the O2/O2
•−

 makes this process 

thermodynamically impossible. This work provides a more thermodynamically favorable and 

exhaustive explanation on the mechanism for this kind of systems with the assistance of dye-

sensitization. 

Herein, a series of NaNbO3/Bi2WO6 heterojunction composites with a type-II alignment were 

successfully fabricated for the first time via a facile wet-impregnation method. The physical, 

chemical, and electrochemical properties of the samples were characterized by multiple 

techniques. The photocatalytic activities were estimated in the case of RhB degradation under 

visible light irradiation (λ > 410 nm), followed by intermediates produced during the reaction and 

possible degradation pathway identified and speculated. The reusability and stability were also 

verified. The thermodynamic impossibility of preciously reported photocatalytic mechanism of 

type-II heterostructures when Bi2WO6  works as the electron reservoir and O2
•−

 is one of the 

dominant reactive species is pointed out. A more plausible mechanism was proposed and discussed 

in detail to interpret the enhanced photocatalytic performance in the above-mentioned systems. 

Finally, operating parameters that may have influence on the photocatalytic performance were 

investigated as well.  

3.2 Experimental 

3.2.1 Materials  

Bismuth nitrate pentahydrate (Bi(NO3)2 • 5H2O), sodium tungstate dihydrate (Na2WO4 • 2H2O), 

acetic acid (CH3COOH), anhydrous ethanol (C2H5OH), rhodamine B (RhB), and nitric acid (HNO3) 

were purchased from Fisher Scientific. Sodium hydroxide (NaOH), niobium oxide (Nb2O5 ), 

ammonium oxalate (AO), p-benzoquinone (BQ), tert-Butyl alcohol (TBA), and Sodium sulfate 
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(Na2SO4) were provided by Sigma-Aldrich. All chemicals were of analytical purity and used as 

received without further purification. Deionized water (DDW) was obtained by using a Milli-Q 

water purification system by Millipore and was used throughout the entire experiment.   

3.2.2 Preparation of Photocatalysts  

Hydrothermal Synthesis of 𝐍𝐚𝐍𝐛𝐎𝟑 Microcubes. At first, 14g NaOH tablets were dissolved in 

30 ml DDW in a 100 ml beaker. After stirring for 30 min, 2g Nb2O5 was dispersed in the above 

concentrated NaOH solution. After magnetically stirring for 2h, the precursor was poured into a 

45 ml Teflon-lined stainless-steel autoclave and heated to 200 ⁰C. After reacting for 12 h, the 

autoclave was taken out of the oven and cooled down naturally to room temperature. The white 

precipitates were filtered and washed with DDW and ethanol for 3 times, respectively, and then 

dried at 60 ⁰C overnight. 

Hydrothermal Synthesis of 𝐁𝐢𝟐𝐖𝐎𝟔 Microflowers. At first, 33 mL of acetic acid was mixed 

with 100 ml DDW in a 250 ml Erlenmeyer flask. After stirring for 10 min, 4.37g of Bi(NO3)2 •

5H2O was dissolved in the above mixture and stirred for 30 min (Solution A). At the same time, 

1.56 g Na2WO4 • 2H2O was dissolved in 67 ml DDW in a 150 ml beaker and stirred for 30 min 

(Solution B). Then, Solution B was dropwisely added into Solution A slowly. After magnetically 

stirring for another 1h, the precursor was separated into two 125 ml Teflon-lined autoclaves and 

heated up to 180 ⁰C. After reacting for 12h, the autoclaves were taken out of the oven and cooled 

down naturally to room temperature. The pale-yellow precipitates were filtered and washed with 

DDW and ethanol for 3 times, respectively, and then dried at 60 ⁰C overnight. 

Facile Preparation of 𝐍𝐚𝐍𝐛𝐎𝟑/𝐁𝐢𝟐𝐖𝐎𝟔  heterojunction composites. The NaNbO3/Bi2WO6 

heterojunction composites with different NaNbO3  contents were fabricated via a facile wet-

impregnation method. Specifically, 20 mL EtOH was mixed with 10 mL of DDW in a 50 ml 

beaker. After magnetically stirring for 10 min, a specific amount of as-prepared NaNbO3 powders 

were added and ultrasonically treated in ice bath for 8h. After that, a designate amount of as-

prepared Bi2WO6 particles were dispersed into the above solution. After continuously stirring with 

naturally evaporating for 12 h, the slurry was heated up to 60 ⁰C under magnetic stirring until 

evaporation finished. The total weight of NaNbO3  and Bi2WO6  remained as 0.5g. Composites 
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with NaNbO3 content of 10, 20, 30, 40 and 50 wt% were prepared, and expressed as xwt% NBO 

(x represents the weight percentage of NaNbO3). The 0wt% NBO sample was prepared without 

the addition of Bi2WO6.  

3.2.3 Characterization  

X-ray diffraction (XRD) analysis was realized using a Rigaku Ultima IV Diffractometer with a Cu 

K(α) source (λ=0.15418 nm) operating at 40 kV and 44 mA. Morphologies of the as-prepared 

samples were investigated using a scanning electron microscope (SEM, JEOL JSM-7500F) 

technique accelerated at 2.0 kV and equipped with an energy dispersive X-ray spectroscope (EDS), 

and a high-resolution transmission electron microscopy (HR-TEM) technique. X-ray 

photoelectron spectroscopy (XPS) was carried out on a Kratos Analytical Axis Ultra DLD 

instrument operating at 140 W with mono-chromated Al X-rays, and the peaks were deconvoluted 

and analyzed via XPSPEAKK4.1 software. The Ultraviolet-visible (UV-vis) diffuse reflectance 

spectra (DRS) of the prepared catalyst samples were recorded on a Thermo Evolution 300 UV/Vis 

spectrophotometer equipped with a Praying Mantis diffuse reflectance accessory, and the spectra 

were scanned in the range of 200-700nm at a scan rate of 240 nm min−1.  

3.2.4 Photocatalytic Experiment  

3.2.4.1 Photoreactor 

Photocatalytic performance was quantified by the degradation of RhB aqueous solution as a model 

organic pollutant under visible light irradiation. The entire reaction system was kept in a 

constructed reflective housing to prevent irradiation exchange with the outside. The reactor was 

composed of a 250-ml beaker (Pyrex), a magnetic stirrer, and an external water-bath jacket to keep 

a constant operating temperature. Illumination was provided by a 300-W halogen tungsten 

projector lamp (Ushio, USA) with the main wavelength located in the range of 310-800 nm. The 

intensity was measured to be ~4.7 × 10−3 Einstein m−2 s−2 using a quantum meter (Biospherical 

QSL-2100; 400 nm < λ < 700 nm). A cut-off filter (Kenko Zeta, transmittance > 90%) was used 

to filter out the irradiation with a wavelength below 410 nm. The distance between the filter and 

the beaker was fixed at 10 cm, and the stirring rate was set up to 300 rpm. 
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3.2.4.2 RhB Photocatalytic Degradation 

For the photocatalysis tests, a specific amount of the as-prepared catalyst was dispersed into 100 

ml of RhB aqueous solution with a designated concentration kept at a constant temperature. The 

reaction suspension was allowed to equilibrate in the dark under magnetic stirring for 30 min in 

order to reach the adsorption-desorption equilibrium prior to each experiment. After light was 

turned on, 1 ml of samples were drawn periodically and centrifuged at 13,800 rpm in an accuSpin 

Micro 17 (Fisher Scientific) for 5 min to remove the suspended catalyst particles. The supernatant 

was then analyzed using a Biochrom Ultraspec 60 UV/Vis spectrophotometer with the wavelength 

fixed at 554 nm, which is the characteristic peak of RhB. A calibration curve was used to determine 

the RhB concentration from absorbance (Figure S1), which follows the Beer-Lambert law.  

The photocatalytic degradation efficiency was calculated by the following equation: 

E% = 
C0 − C

C0
 

where E%  is the degradation efficiency, C0  is the initial concentration of RhB (ppm) at the 

beginning of photocatalytic process after an adsorption-desorption equilibrium is reached in the 

absence of irradiation, and C is the concentration of RhB (ppm) at anytime (min) during the 

degradation process.  

Total organic carbon (TOC) removal measurement was realized on an Apollo 9000 TOC analyzer 

equipped with a Non-Dispersive Infra-Red (NDIR) detector. TOC removal efficiency was 

calculated by the above equation as well, where C represents TOC concentration in the reaction 

system. 

3.2.5 Electrochemical Measurement  

Electrochemical properties of the samples were measured on a three-electrode CHI 604E 

electrochemical analyzer with the electrolyte of 0.5M Na2SO4 solution. The working electrode 

was an indium tin oxide conductive glass (ITO, 75 X 25 X 1.1 mm, 15-25 Ω) with the as-prepared 

catalyst particles deposited on it. A platinum wire was used as the counter electrode, and a calomel 



83 
 

reference electrode was applied as well. The source of irradiation was the same as that in 

photocatalytic experiment, as well as the filter.  

3.3 Results and Discussion 

3.3.1 Characterization 

3.3.1.1 Crystal Structure 

The phase composition and crystal structure of the as-prepared samples were confirmed by XRD 

analysis, as shown in Figure 23. The strong and sharp diffraction peaks indicate high crystallinity 

of the prepared samples. The typical diffraction peaks of both pristine NaNbO3  and Bi2WO6 

exhibited orthorhombic phases, which could be indexed to JCPDS No. 01-079-7432 [33] and 

JCPDS No. 01-073-1126 [34], respectively. Peaks attributed to NaNbO3 and Bi2WO6 were both 

found in the composite spectra without new peaks appeared, and as the NaNbO3 content increased, 

the intensity of peaks corresponding to NaNbO3  became stronger while those identified as 

Bi2WO6 were weakened, which validated the coexistence of the two components in the composites 

as well as the negligible impurity production during preparation. Additionally, no significant shift 

of 2θ was observed in the spectra of the composites, suggesting that the lattice structure of the two 

components retained after coupling.  
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Figure 23  XRD patterns of pristine Bi2WO6, pristine NaNbO3, and NBO composites with different NaNbO3 contents. 

3.3.1.2 Morphology and Composition 

The micromorphology and microstructure of the as-prepared samples were investigated by SEM 

technique, as displayed in Figure 24. Figure A-2a shows that the as-prepared NaNbO3 particles 

agglomerated severely and became much smaller after being ultrasonically treated (Figure A-2b). 

Figure 24(a) exhibits the typical structure of ultrasonicated NaNbO3, which was a microcube with 

the side length of ca. 2 μm. As can be seen from Figure 24(b), the as-prepared pristine Bi2WO6 

exhibited a hierarchical flower-like microstructure composed of intercrossed nanoflakes, with the 

diameter of 3-4 μm. As clearly presented in Figure 24(c), the original morphologies of NaNbO3 

and Bi2WO6  remained after combination. The tight interaction and intimate interface between 

NaNbO3 microcubes and Bi2WO6 microflowers were obvious. The tiny fragments might be parts 

of the NaNbO3 and Bi2WO6  particles caused by long-time ultrasonication or magnetic stirring 

during preparation. EDS spectrum Figure 24(d) was provided to verify the element composition at 
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the NaNbO3/Bi2WO6  interface in the composites. Results demonstrate that the composite is 

composed of Na, Nb, Bi, W and O elements, and the C peak came from the graphite background. 

To further confirm the interaction between NaNbO3 and Bi2WO6, TEM analysis was carried out. 

Figure A-3 verifies the nanoflake structure consisting of Bi2WO6 microflowers. HRTEM image 

of the 30wt% NBO composite in Figure 25 displays a clear fringe spacing of 0.389 nm and 0.273 

nm, which corresponded to the (1 0 1) and (2 0 0) lattice plane of NaNbO3 (JCPDS No. 01-079-

7432) and Bi2WO6 (JCPDS No. 01-073-1126), respectively [35,36]. SEM, HRTEM, and EDS 

analyses proves the successful and tight combination of NaNbO3 and Bi2WO6, which may favor 

the electron/hole transfer at the interface. 

 

Figure 24  (a) SEM images of pristine NaNbO3 microcube, (b) pristine Bi2WO6 microflowers, (c) and 30wt% NBO 

composite, and (d) the corresponding EDS spectra.  
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Figure 25  HRTEM image of the 30wt% NBO composite. 

C 1s peak at 284.6 eV. In the XPS survey spectra of the 30wt% NBO composite (Figure 26(a)), 

signals assigned to Na, Nb, Bi, W, and O was detected, indicating the purity of the sample, which 

is in accordance with XRD and EDS results. High-resolution spectra of each element in the 

composite had lower intensities compared to those of the pristine semiconductors (Figure 26(b)-

(f)), which was attributed to the decreased surface concentration, implying the coexistence of 

NaNbO3 and Bi2WO6 in the composite. For 30wt% NBO, the single peak located at 1071.10 eV 

was assigned to Na 1s (Figure 26(b)), which agrees well with the previous report [37]. In Figure 

26(c), the spectrum of Nb 3d in the composite was deconvoluted into two peaks at 209.55 eV and 

206.80 eV, which are identified as Nb 3d3 2⁄  and Nb 3d5 2⁄ , respectively, revealing the Nb5+ 

oxidation state [38]. The peaks of Bi 4f Figure 26(d)) in the composite appeared at 164.45 eV and 

159.20 eV, corresponding to Bi 4f5 2⁄  and Bi 4f7 2⁄ , respectively, which was assigned to Bi3+ [39]. 

The two peaks at 37.35 eV and 35.20 eV ascribed to the W 4f5 2⁄  and W  4f7 2⁄  orbitals 

demonstrated W element was at its oxidation state of +6 (Figure 26(e)) [40]. As for the O 1s 

spectrum, the three main peaks located at 529.44 eV, 530.50 eV, and 533.89 eV in NaNbO3 

originated from Nb − O, C − O, and surface adsorbed H2O, respectively (Figure 26(f)) [32,41]. 

Those for Bi2WO6, appear at 529.80 eV, 530.67 eV, and 532.11 eV were indexed to Bi − O, W−

O, and surface adsorbed O2, respectively [42]. O 1s spectrum of the composite could be separated 

into three parts. The peak at 529.68 eV might result from Nb − O and Bi − O, which were too 

close to be convoluted. Similarly, the peak located at 530.62 eV between C − O and W−O might 
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come from the combination of these two peaks. The weak one at 532.11 eV was associated with 

surface adsorbed O2. Additionally, the slightly positive shift of Na 1s and Nb 3d peaks and the 

negatively budged Bi 4f and W 4f peaks in 30wt% NBO compared to those of the pristine NaNbO3 

and Bi2WO6, respectively, as well as the combined O 1s peaks, suggest that the composite was a 

heterojunction containing two components, NaNbO3  and Bi2WO6 , with a strong electronic 

interaction between them, instead of a physical mixture. 
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Figure 26  XPS (a) survey spectrum of 30wt% NBO; high-resolution spectra of (b) Na 1s, (c) Nb 3d, (d) Bi 4f, (e) W 

4f, and (f) O 1s. 

3.3.1.3 Optical Absorption Properties 

The optical absorption properties of the prepared samples were characterized by UV-Vis diffuse 

reflectance spectroscopy (DRS) in the range of 200-700 nm as shown in Figure 27. The absorption 

edge of pure NaNbO3 was ca. 385 nm, which is in the UV range; while the pristine Bi2WO6 had 

absorbance until λ > 460 nm, which validates its visible-light-responsivity. Absorption spectra of 

all the composites exhibited a red shift in terms of NaNbO3 and a blue shift compared to Bi2WO6, 

demonstrating the possible interaction between them. The slight difference in spectra of the 0wt% 

NBO  sample and the pristine Bi2WO6  might be attributed to the produced Bi2WO6  fragments 

during long-time stirring during preparation, which increased the exposed light-absorption site on 

Bi2WO6  surface. The bandgaps of pure NaNbO3  and pure Bi2WO6  can be calculated by the 

classical Tauc approach: 

αhν = A(hν − Eg)
n/2 
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where α is the absorption coefficient, h is the Plank constant, ν is the light frequency, A is a 

constant, Eg is the band gap of the semiconductor, and n is determined by the type of optical 

transition in a semiconductor (n=1 for direct transition, and for indirect transition n=4) [43]. 

Bandgaps of NaNbO3 (n=1 [44]) and Bi2WO6 (n=4 [45]) were determined to be 3.48 eV and 2.70 

eV, respectively (insert of Figure 27). 

 

 

Figure 27  UV-Vis absorption spectra of the prepared samples (insert: bandgap estimation based on Tauc approach). 

Energy potential of energy bands in a semiconductor can be estimated according to the following 

empirical equations: 

ECB = χ − E
e − 0.5 Eg 

EVB =  Eg + ECB 

where ECB and EVB are the edge potential of the conduction and valence band, respectively, χ is 

the electronegativity of the semiconductor ( χ = 5.44 for NaNbO3 [44] and 6.36 for Bi2WO6 [46]) 

and Ee is the energy of free electrons on the hydrogen scale (~4.5 eV vs. NHE) [20]. The calculated 

values are listed below: 
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Table 6  Calculated energy band potentials of pure NNO and BWO 

Component 𝐄𝐂𝐁/𝐞𝐕 𝐄𝐕𝐁/𝐞𝐕 𝐄𝐠/𝐞𝐕 

NaNbO3 -0.8 2.68 3.48 

Bi2WO6 0.51 3.21 2.70 

3.3.2 Photocatalytic Activity  

Photocatalytic activities of the samples were evaluated by the degradation of an RhB aqueous 

solution under visible light irradiation (λ > 410 nm). As exhibited in Figure 28(a), the 

photocatalytic activity was promoted as NaNbO3  content increased from 10 to 30wt% and 

decreased afterwards. Additionally, before NaNbO3 content reached 50wt%, the performance of 

all composites was better than that of the bare Bi2WO6. This is because NaNbO3 does not respond 

to visible light while Bi2WO6  does; the excessive NaNbO3  particles would cover the light-

responsive sites on Bi2WO6 surface and thus inhibit light absorption. Photolysis of RhB showed 

almost no concentration decrease, suggesting the negligible dye-sensitivity of RhB dye itself in 

the absence of photocatalysts. However, with the addition of NaNbO3, which does not respond to 

visible light irradiation, ca. 10% of RhB was degraded. This is possibly due to the enhanced dye-

sensitization of RhB with the assistance of NaNbO3, which will be discussed in detail in Section 

3.4. The activity of 0wt% NBO slightly increased compared to the pristine Bi2WO6. This is due to 

the fact that after long-time stirring during preparation, a few Bi2WO6 particles would be broken 

into fragments that exposes more light-responsive and reactive sites which used to be inside the 

microflowers, as demonstrated by the SEM (Figure 24(c)) and TEM (Figure 25) images. For the 

mechanical mixture, 0.03g NaNbO3  and 0.07g Bi2WO6  were added to the reaction system 

simultaneously without prior blending. The slightly improved activity compared to the pure 

Bi2WO6 might be caused by the synergistic effect among photocatalysis carried out by Bi2WO6, 

dye-sensitization of RhB itself, as well as the contact and probably minute amount of produced 

heterojunction between NaNbO3 and Bi2WO6 during stirring in the reaction system. Therefore, 

the enhanced photocatalytic performance of the composites is mainly attributed to the interaction 

between NaNbO3 and Bi2WO6, which was favorable for electron/hole separation.   
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Figure 28  (a) Photocatalytic performance and (b) kinetic linear simulation curves of RhB degradation (10 ppm) in the 

presence of prepared catalyst samples (1.0 g/L) with different NNO contents under visible light irradiation (λ>410 nm) 

at 20 ⁰C. 

For the kinetics study of photocatalysis involved with degradation of organic substrates in aqueous 

solution, the pseudo-first-order model is most commonly used, as expressed by the following 

equation: 

−ln (C C0⁄ ) = Kappt 

where C , C0 , Kapp , and t  represents the RhB concentration at arbitrary time, the initial RhB 

concentration when photocatalytic degradation begins, the apparent reaction rate constant, and the 

reaction time, respectively. The apparent reaction rate constant Kapp can be obtained by linearly 

fitting −ln (C C0⁄ ) as a function of t, as shown in Figure 28(b). The fitted values of Kapp  and 

coefficients of determination are listed in Table 7. The reaction rate constant of 30wt% NBO is ca. 

40 and 2.5 times that of the pure NaNbO3 and Bi2WO6, respectively. The results substantiate that 

the formation of heterojunction and the interaction between NaNbO3  and Bi2WO6  were 

responsible for the enhanced photocatalytic performance.  
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Table 7  Kinetic linear simulation data of RhB degradation (10 ppm) in the presence of prepared catalyst samples 

(1.0 g/L) with different NaNbO3 contents under visible light irradiation (λ>410 nm) at 20 ⁰C. 

Samplest 𝐊𝐚𝐩𝐩/𝐦𝐢𝐧
−𝟏 𝐑𝟐 

Bi2WO6 0.0244 0.9960 

0 wt% NBO 0.0269 0.9957 

10 wt% NBO 0.0340 0.9948 

20 wt% NBO 0.0376 0.9967 

30 wt% NBO 0.0595 0.9960 

40 wt% NBO 0.0449 0.9947 

50 wt% NBO 0.0198 0.9847 

NaNbO3 0.0015 0.9979 

RhB Photolysis - - 

Mechanical Mixture 0.0276 0.9953 

3.3.3 RhB Degradation Pathway 

To investigate the RhB photocatalytic degradation pathway over 30wt% NBO under visible light, 

UV-Vis spectra of samples taken at each time interval was performed. As can be seen from Figure 

29, the spectra intensity decreased as time prolonged, indicating a reduction in concentration of 

light-absorbing substances in the solution. The characteristic maximum absorbance peak (λmax) 

blue-shifted from 554 nm to 499 nm gradually with a broaden area, and then almost unchanged. 

Considering previously reported RhB degradation pathway [47,48], it can be speculated that RhB 

suffered from three processes, N-deethylation, chromophore cleavage and mineralization. N-

deethylation was responsible for the blue-shifted and broadened absorption area while 

chromophore cleavage and mineralization were the reasons for the decreased absorbance intensity. 

At the durst stage of degradation (0-75 min), N-deethylation dominated. RhB (λmax = 554 nm) 

was decomposed to rhodamine (λmax = 498 nm) through N, N, N’-triethyl rhodamine (λmax =

539 nm), N, N’-diethyl rhodamine (λmax = 522 nm), and N-ethyl rhodamine (λmax = 510 nm) 

step-by-step [31]. The unchanged characteristic peak after 75 min indicated the end of N-

deethylation. Chromophore cleavage and the subsequent opening ring and mineralization of 

rhodamine into CO2, H2O, and other simple inorganic molecules dominated afterwards [49–51].  
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Figure 29  (a) Temporal evolution of UV-Vis absorption spectra and (b) TOC removal efficiency of RhB solution (10 

ppm) in the presence of 30wt% NBO composite (1.0 g/L) under visible light irradiation (λ>410 nm) at 20 ⁰C. 

3.3.4 Electrochemical Measurement 

In order to compare the electrochemical properties of the pristine Bi2WO6 and the 30wt% NBO 

composite more perspicuously, photocurrent measurements were performed. From Figure 30(a), 

the photocurrent intensity at steady state produced by 30wt% NBO was ca. 7 times that of Bi2WO6, 

which elucidates the facilitated electron/hole transfer at the NaNbO3/Bi2WO6  interface. This 

conclusion was further proven by EIS Nyquist plot, as exhibited in Figure 30(b). The much smaller 

radius of 30wt% NBO revealed the improved electron/hole separation efficiency. The equivalent 

circuit is given in the insert, where Rs , Rct , and CPE  represent the electrode resistance, the 

interfacial charge transfer resistance between the photocatalyst and electrolyte, and the constant 

phase element for the semiconductor/electrolyte interface, respectively [52,53]. The fitted 

parameters are summarized in Table 8. The evidently reduced Rct of 30w% NBO, which was ca. 

1/10 of that of the pristine Bi2WO6, suggests the strongly enhanced interfacial charge transfer.  



94 
 

 

Figure 30  (a) Transient photocurrent response and (b) EIS Nyquist plot of Bi2WO6  (black) and 30wt% NBO 

composite (red) in a solution of 0.5 M Na2SO4 under visible light irradiation (λ>410 nm) at 20 ⁰C.  

Table 8  Fitted electrochemical parameters of the prepared pristine Bi2WO6 and 30wt% NBO composite 

Photocatalyst 

Electrochemical Parameter 

𝐑𝐬 (Ω) 𝐑𝐜𝐭 (𝐤Ω) 𝐂𝐏𝐄 (𝛍𝐅) 

Bi2WO6 46.38 9348 196.8 

30wt% NBO 45.32 783.6 532.7 

3.3.5 Proposed Photocatalytic Mechanism 

Since it is the reactive species produced in the reaction system that are responsible for substrate 

degradation, the predominant reactive species need to be determined in order to investigate the 

possible mechanism of the improved photocatalytic performance. Quenching experiments were 

carried out in the presence of 30wt% NBO composite with 1 mM ammonia acetate (AO) as the 

hole (h+) scavenger, 1 mM p-benzoquinone (BQ) as the superoxide radical (O2
•−

) scavenger, and 

1 mM tert-Butyl alcohol (TBA) as the hydroxyl radical (• OH) scavenger. Results (Figure 31) 

reveal that the photocatalytic degradation was greatly suppressed with the addition of AO but 

negligibly influenced by TBA and the effect of BQ was in between, which indicates h+ played the 

major role and O2
•−

 functioned to some degree as well.  
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Figure 31  Effect of reactive species scavengers on the photocatalytic degradation of RhB in the presence of the 30wt% 

NBO composite (1.0 g/L) under visible light irradiation (λ>410 nm) at 20 ⁰C.  

In previous studies, the mechanism of type-II photocatalyst composites in which the CB of 

Bi2WO6 was the most negative among the coupled semiconductors and thus worked as the electron 

reservoir and O2
•−

 was one of the dominant reactive species was explained that O2
•−

 were 

produced from the reduction of adsorbed O2 by photogenerated electrons accumulated on Bi2WO6 

CB. Unfortunately, this is thermodynamically infeasible due to the weaker reduction potential of 

the Bi2WO6 CB (ca. 0.25-0.5 eV) compared to that of the O2/O2
•−

 redox pair (-0.33eV).  

 

Figure 32  Previously reported Bi2WO6 -based photocatalyst composites when Bi2WO6  worked as the electron 

reservoir and O2
•− was one of the dominant reactive species. (a) is reprinted from permission from [51]. Copyright 

(2012) Elsevier. (b) is reprinted from permission from [52]. Copyright (2015) Elsevier. (c) is reprinted from permission 



96 
 

from [23]. Copyright (2013) Elsevier. (d) is reprinted from permission from [31]. Copyright (2017) Elsevier. (e) is 

reprinted with permission from [32]. Copyright (2016) American Chemical Society.  

 

Scheme 1  Proposed mechanism of RhB photocatalytic degradation over NBO composite under visible light irradiation 

(λ>410 nm). 

Based on experiment results as well as redox potential of the energy bands and involved redox 

pairs, a more thermodynamically favored mechanism was proposed, as shown in Scheme 1. Under 

visible light irradiation, Bi2WO6  was triggered and produced electrons and holes on the 

conduction and valence band, respectively; while NaNbO3 could not be excited. Due to the more 

positive VB of Bi2WO6  (3.21 eV) compared to that of NaNbO3  (2.68 eV), most of the holes 

generated on Bi2WO6  VB would flow to NaNbO3  and the rest of them would react with the 

substrate RhB molecules directly. Holes reached NaNbO3  VB could not produce • OH  by 

oxidizing adsorbed H2O molecules due to its lower oxidation potential compared to that of the •

OH/H2O redoxidation pair (2.73 eV), and therefore would react with the substrates directly as 

well. On the other hand, RhB molecules could produce a few electrons by absorbing photons from 

visible light owing to its dye-sensitization effect and transform from the ground state RhB to its 

excited state RhB*, which was easier to degrade. The produced electrons would flow to the CBs 

of NaNbO3  and Bi2WO6 , driven by the difference in reduction potential. Electrons arrive at 

NaNbO3 CB would react with adsorbed O2, yielding O2
•−

 for RhB degradation. This also explains 
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the weak degradation efficiency of RhB exhibited over the non-excited NaNbO3 under visible light 

in Figure 28(a). Electrons accumulated on Bi2WO6 CB would further migrate to the solution be 

consumed by positive species in the solution such as H+ (the natural pH of RhB solution was 

acidic) and dispersed h+ , or recombine with holes on the Bi2WO6  CB, as well as other 

intermediate cations produced during degradation. As a result, photogenerated electrons and holes 

would separate and accumulate in Bi2WO6  and NaNbO3 , respectively. The enhanced 

photocatalytic activity was realized by the synergistic effect of the enhanced interfacial charge 

carrier flow at the NaNbO3/Bi2WO6  interface and the production of O2
•−

 carried out by the 

improved dye-sensitization effect of RhB in the presence of NaNbO3.   

3.3.6 Reusability and Stability  

To evaluate the reusability and stability of the 30wt% NBO sample, five repetitive runs were 

carried out in terms of the photocatalytic degradation of RhB under visible light irradiation. The 

catalytic particles after each run were separated out by centrifugation and used in the next run 

without further regeneration. From Figure 33(a), no obvious decrease in catalytic activity or 

efficiency was observed after five runs. The slight change might be attributed to the weight loss 

during centrifugation separation. Furthermore, the XRD pattern (Figure 33(b)) of the recycled 

composite had no distinct discrepancy compared to the fresh one, which elucidates the superior 

reusability and stability of the as-prepared composite.  

 

Figure 33  (a) Cycling runs for the photocatalytic degradation of RhB (10 ppm) in the presence of the 30wt% NBO 

composite (1.0 g/L) under visible light irradiation (λ>410 nm) at 20 ⁰C; (b) XRD patterns of fresh (black) and five-

runs-cycled (red) 30wt% NBO catalyst particles.  
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3.3.7 Effect of Operating Parameters 

To investigate the influence of different operating parameters, the RhB photodegradation was 

carried out under various reaction environments. 

 

Figure 34  Effect of (a) initial RhB concentration (catalyst dosage: 1.0 g/L, reaction temperature: 20 ⁰C, natural pH: 

ca. 5), (b) catalyst dosage (initial RhB concentration: 10 ppm, reaction temperature: 20 ⁰C, natural pH: ca. 5), (c) 

reaction temperature (insert: Arrhenius plot) (initial RhB concentration: 10 ppm, catalyst dosage: 1.0 g/L, natural pH: 

ca. 5), and (d) initial pH (RhB concentration: 10 ppm, catalyst dosage: 1.0 g/L, reaction temperature: 20 ⁰C) on the 

photocatalytic degradation of RhB solution in the presence of 30 wt% NBO composite under visible light irradiation 

(λ>410 nm). 
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3.3.7.1 Initial RhB Concentration 

The influence of initial RhB concentration was performed over the concentration range of 5-50 

ppm, and the results are presented in Figure 34(a), where the inset exhibits the change of reaction 

rate. It can be seen that the degradation activity decreased as the initial RhB concentration 

increased. This is because at lower RhB concentration, more irradiation-responsive and reactive 

sites on the catalyst surface were available. The former was responsible for photon absorption and 

thus the production of electron/hole pairs; while the latter provided space for RhB adsorption and 

the subsequent degradation process to take place. As the RhB concentration increased, part of these 

functional sites would be covered by the adsorbed RhB molecules. Additionally, since RhB is a 

chromatic organic, high concentration would reduce the transmittance of the reaction suspension 

as well as scatter the irradiation, intercepting photons before they reach the catalyst surface, and 

thus jeopardize photocatalysis. 

3.3.7.2 Catalyst Dosage 

Catalyst dosage plays a significant role mainly due to its relationship with the cost. From Figure 

34(b), the activity was evidently enhanced when catalyst dosage rose from 0.2 g/L to 2 g/L, and 

almost remained the same after that. This phenomenon can be explained by the increased 

irradiation-responsive and active sites as the catalyst dosage rose up at a lower level. However, the 

excessive catalyst particles would increase the opacity of the suspension system, leading to a 

shorter penetration pathway of the photon, blocking and scattering them from reaching catalyst 

surface, and thus inhibit light absorption. 

3.3.7.3 Reaction Temperature 

The impact of temperature was studied in the range of 5-50 ⁰C, as shown in Figure 34(c). The 

linear relation between the reaction rate constant and temperature exhibited in the inset followed 

Arrhenius equation in the range of 5-40 ⁰C, which explains the accelerated reaction rate as 

temperature increases. On the other hand, high temperature may induce to a strong desorption of 

both the substrates and reactive species onto the catalyst surface and thus is unfavorable to the 

degradation process, which interprets the slightly retarded reaction rate above 40 ⁰C. 
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lnKapp = lnA −
Ea
R
∗
1

T
 

where, A  is the pre-exponential factor, which is independent with temperature, and Ea  is the 

activation energy, which can be regarded as a constant in a wide temperature range. 

3.3.7.4 Initial pH 

Since the natural pH of 10 ppm RhB solution is around 4.7, the influence of pH was investigated 

under three circumstances: pH=3, 5, and 7 (Figure 34(d)). The severely prohibited adsorption with 

increasing pH might be attributed to the large amount of OH−  in the solution, which would 

strongly combine with the cationic RhB molecules due to Coulomb forces, inhibiting them from 

adsorbing onto the catalyst surface and thus subsequent degradation. Moreover, it has been 

reported that the massive OH− ions in the reaction system could facilitate the production of OH 

carried out by h+; while for acidic solutions, the degradation of substrates would be realized 

predominately by h+  [56]. Considering that h+  was the predominant reactive species in the 

presence of 30wt% NBO  while OH  barely functioned, as substantiated in the quenching 

experiment, it interprets the similar degradation efficiencies at pH= 3 and 5, as well as the 

obviously restrained activity at pH=7.  

3.4 Conclusion 

In summary, a series of novel NaNbO3/Bi2WO6  heterojunction composites with a type-II 

alignment were successfully fabricated via a facile wet impregnation method. The 30wt% NBO 

sample exhibited the best photocatalytic performance towards RhB degradation under visible light, 

which was 40 and 2.5 times that of the pristine NaNbO3 and Bi2WO6, respectively. Based on the 

calculated energy band positions and quenching experiment results, the mechanism of the 

enhanced photocatalytic activity was proposed and discussed in detail. This novel mechanism 

mainly took advantage of the facilitated electron/hole separation and promoted O2
•−

 production 

by dye-sensitization effect of RhB in the presence of NaNbO3. The as-prepared composite also 

showed excellent photostability after five runs. This study provides evidence for NaNbO3 to be a 

promising cocatalyst in photocatalysis and proposed a new perspective when Bi2WO6 works as 
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the electron reservoir in type-II photocatalyst heterostructures and O2
•−

 is one of the dominant 

reactive species.  

3.5 Supplementary Information 

See Appendix A.  
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Chapter  IV  

Conclusions and Future Work 

4.1 Project Conclusions 

In this project, a series of novel NaNbO3/Bi2WO6  heterojunction composites with a type-II 

alignment were successfully fabricated via a facile wet impregnation method. Based on 

experimental results, the following conclusions can be summarized:  

❖ A heterojunction instead of a physical mixture was generated between the prepared NaNbO3 

microcube and Bi2WO6 microflowers, as confirmed by XRD, SEM, HRTEM, XPS, DRS, 

PC, and EIS analyses. 

❖ The bandgap of NaNbO3  and Bi2WO6  were evaluated to be ca. 3.48 eV and 2.70 eV, 

respectively.  

❖ The composite sample with the NaNbO3  content of 30wt% exhibited the highest 

photocatalytic activity towards RhB degradation under visible light irradiation, which was 

40 and 2.5 times that with the pure NaNbO3 and Bi2WO6, respectively. 

❖ Kinetics of the as-prepared samples followed the pseudo-first-order reaction model. 

❖ The RhB molecules suffered from N-demethylation, de-ethylation and mineralization 

synchronously. The decomposition of rhodamine B into rhodamine molecules played the 



107 
 

most important role at the first stage, and the mineralization of rhodamine dominated 

afterwards.  

❖ By means of the quenching experiment, the photogenerated holes were found to be the 

predominant reactive species and superoxide radicals functioned as well to some degree, 

while hydroxyl radical barely functioned.  

❖ The thermodynamic infeasibility of previously reported photocatalytic mechanism of 

Bi2WO6-based type-II heterostructures when Bi2WO6 worked as the reservoir and O2
•−

 was 

one of the dominant species was pointed out.  

❖ Based on calculated energy band potentials and the quenching experiment, a plausible 

mechanism of the enhanced photocatalytic performance on NBO composites was proposed, 

which was mainly attributed to the facilitated electron/hole separation at the NaNbO3/

Bi2WO6 interface, with the assistance of the dye-sensitization effect of RhB itself.  

❖ Effects of several operation parameters on the catalytic performance were investigated: 

➢ Initial RhB concentration 

The photocatalytic activity decreased with the increase in initial RhB concentration, 

which was associated with the reduced irradiation-responsivity and reactive sites on the 

catalyst surface, as well as the transmittance of the reaction suspension. 

➢ Catalyst dosage 

An optimized catalyst dosage at 2 g/L was obtained, after which the catalyst 

performance almost unchanged owing to the blocking effect of catalyst particles as well 

as the scattered photons.  

➢ Reaction temperature 

The reaction rate followed the Arrhenius equation before the reaction temperature 

reached 40 ⁰C. The slowly increased reaction rate afterwards was caused by the inhibited 

adsorption of both the substrates and reactive species on the catalyst surface. 
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➢ Initial pH 

RhB degradation in the presence of 30 wt% NBO under visible light irradiation was 

slightly promoted in an acidic environment while strongly prohibited in a basic 

surrounding, which was determined by the dominantly functioning reactive species.   

4.2 Recommendation of Future Work 

❖ Preparation conditions and methods were found to drastically affect the catalyst 

performance. Thus, further investigations in terms of the synthesis process may be required. 

For example, the total amount of NaNbO3 and Bi2WO6, the composition of the dispersion 

media, the reaction time and temperature, as well as the mixing approach during the facile 

wet-impregnation fabrication may be modified in the future.  

❖ Considering the experimental results of this project and the recent achievements in 

photocatalysis, recommendation of future work should be more focused on industrial 

applications. 

➢ As the source of energy in photocatalysis, irradiation controls the amount of generated 

electron/hole pairs and thus dominates photocatalytic performance. Illumination in this 

work was provided by an artificial lamp and only the visible region covering less than 

50% of the total solar irradiation was employed. Additionally, since photocatalysis is a 

surface process, the surrounding environmental parameters, such as temperature, 

humidity, brightness, etc., may have a great impact on the catalyst performance as well. 

Therefore, future works should utilize simulated or natural solar irradiation, as well as 

take the potential influence of the surrounding environment into consideration. 

➢ The substrate used in this study was RhB aqueous solution at low concentrations, which 

is quite different from real wastewater containing multiple contaminants with high 

concentrations and may also be corrosive. As exhibited by the TOC removal result, 60% 

of the initial TOC still remained after reacting for 135 min. Hence, more strategies 

would be expected to improve the photocatalytic mineralization efficiency as well as the 

stability of photocatalysts. 
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➢ The optimal catalyst dosage for NBO composites to work was found to be 2 g/L, which 

is pretty high for industrial utilization. Even though it showed excellent reusability and 

stability, the post-use treatment realized by centrifugation requires great power 

consumption.   
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Appendices 

Appendix A. Supporting Information of Chapter III 

 

Figure A- 1  Calibration curve correlating the concentration and absorbance (at λ=554 nm) of RhB solution: (a) RhB 

concentration in the range of 1-10 ppm, and (b) RhB concentration in the range of 10-50 ppm. 
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Figure A- 2  SEM images of the as-prepared pristine NaNbO3 particles (a) before and (b) after ultrasonication. 
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Figure A- 3  HRTEM image of the as-prepared pristine Bi2WO6 particle: (a) microflower and (b) fragments. 
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Figure A- 4  Two runs of mechanical mixture towards photocatalytic degradation of RhB under visible light irradiation 

(λ>410 nm) at 20 ⁰C. 

As shown in Figure A-4, the photocatalytic efficiency of the mechanical mixture had a minute 

enhancement in the second run of reaction compared to the first one, suggesting that the interaction 

between the pristine NaNbO3 and Bi2WO6 particles may increase as the reaction time prolonged. 

However, it was still not comparative to the enhancement realized by the produced 30 wt% NBO 

heterojunction composite.  
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Appendix B. Summary of Semiconductor Modification 

Strategies 

Table B- 1  Abbreviations 

Abbreviation Full Name  Abbreviation Full Name 

2,4-DCP 2,4-Dichlorophenol 
 

ER Erionyl Red 

4-CP 4-Chlorophenol 
 

EFA Enrofloxacin 

4-ABA 4-Aminobenzoic Acid 
 

MB Methyl Blue 

AA Acetaldehyde 
 

MG Malachite Green 

AB Acid Black 
 

MO Methyl Orange 

AF Acid Fuchsin 
 

MR Methyl Red 

AO Acid Orange 
 

NY Neutral Dark Yellow 

AY Acid Light Yellow 
 

RhB Rhodamine B 

BF Basic Fuchsin 
 

RR Reactive Red 

BL-G Active Black 
 

RY Reactive Yellow 

BPA Bisphenol A 
 

RZ Resazurin 

BR Bromacil 
 

SPC Sodium Pentachlorophenate 

CFS Ceftiofur Sodium 
 

ST dye Dafranine T dye 

CR Congo Red 
 

SD Antibiotic Sulfadiazine 

CV Crystal Violet 
 

TC Tetracycline Hydrochloride 

CY Cibacron Yellows 
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Table B- 2  Performance of photocatalysts doped with ions for organic pollutant treatment in aqueous media 

Photocatalyst Substrate 
Degradation 

Efficiency 
Effect(s) of Dopant(s) Dopant source 

Preparation 

Method 

Light 

Source 

Optimal 

Dopant 

Content 

Ref

. 

K-doped ZnO RhB 
95% 

in 80 min 

(i) Formed superficial defects, leading to more 

active sites; 

(ii) increased the specific surface area; 

(iii) narrowed down the bandgap, and therefore 

extended the photon absorption region to the 

visible region. 

KNO3 
Microwave 

hydrothermal 

method 

Vis 0.3 mol% [1] 

Cr-doped ZnO MO 
58.7% 

in 140 min 

(i) The s-d and p-d exchange interactions 

between the conduction band electrons of ZnO 

and the localized d electrons of the Cr3+ ions 

which the substituted Zn2+ ions led to a 

negative and a positive correction to the CB 

and the VB edges, respectively, resulting in a 

strong visible-light absorption;  

(ii) increased the specific surface area. 

Cr(NO3)3
• 9H2O 

Solvothermal 

method 
Vis 2.97 at.% [2] 

Cu-doped ZnO RZ 
~90% 

in 25 min 

(i) Introduced an impurity energy level trapping 

holes; 

(ii) increased the amount of surface oxygen 

vacancies; 

(iii) increased the specific surface area. 

CuCl2 
Vapor transport 

method 
UV 15 mol% [3] 

Ga-doped ZnO MO 
~90% 

in 60 min 

(i) Increased the specific surface area; 

(ii) changed the morphology of ZnO;  

(iii) improved the photogenerated carrier 

separate rate. 

Ga(NO3)3 
Parallel flow 

coprecipitation 

method 

Vis 1 mol% [4] 

Sn-doped ZnO MO 
100% 

in 120 min 

Introduced an impurity energy level in the 

presence of singly ionized oxygen vacancy 

defects which trapped holes, decreasing the 

bandgap and thus broadened the light 

absorption range to visible region. 

SnCl4 
Hydrothermal 

method 
Vis 5 mol% [5] 

W-doped ZnO MB 
87% 

in 60 min 

(i) Narrowed down the bandgap; 

(ii) facilitated separation of photogenerated 

carriers; 

(iii) reduced particle size, and thus increased 

specific surface area. 

Na2WO4 Sol-gel method UV 4 mol% [6] 
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La-doped 

NaTaO3 
ST dye 

~90% 

in 120 min 

The substitution of La3+ ions for Na+ ions 

might increase the n-type property of NaTaO3, 
resulting an increased electric conductivity and 

therefore a narrower bandgap.  

La(NO3)3 
Hydrothermal 

method 
UV 2 mol% [7] 

Eu-doped BiVO4 MO 
93.6% 

in 90 min 

(i) Enhanced light absorbance in visible region 

with the formation of a new absorption band; 

(ii) suppressed recombination between 

photogenerated electrons and holes; 

(iv) improved the adsorption ability of dye 

molecules over the catalyst surfaces. 

Eu(NO3)3 
Hydrothermal 

method 
Vis 1.46 wt% [8] 

Sr-doped 

α­Bi2O3 
MB 

90% 

in 120 min 

Formed a sheets-like structure, which induced 

charge carrier transfer and high crystallinity of 

the α­Bi2O3 phase.  

SrCl3 • 6H2O 
Hydrothermal 

method 
Vis 7.5 mol% [9] 

B-doped BiVO4 MB 
~98% 

in 20 min 

(i) Formed a monoclinic BiVO4 structure; 

(ii) increased the amount of V4+ and oxygen 

vacancies; 

(iii) enhanced the light responsivity in visible 

region.  

H3BO3 
Citric acid 

complex method 
Vis 

0.04 

mol% 
[10] 

N-doped BiVO4 RhB 
97% 

in 180 min 

(i) Decreased particle size; 

(ii) narrowed down the bandgap; 

(iii) introduced multi-atomic BiV4 centers and 

surface oxygen vacancies. 

NaN3 
Facile microwave 

hydrothermal 

method 

Vis - [11] 

C-doped BiOCl 
MO 

~100%  

in 30 min 
(i) Introduced an impurity energy level; 

(ii) enhanced photon absorption in visible 

region. 

Polyacrylamide 

(PAM) 

Low temperature 

Wet-chemical 

method 

UV 0.4g PAM [12] 

Phenol 
~70% 

in 180 min 

S-doped SnO2 RhB 
93% 

in 120 min 

(i) Narrowed down the bandgap; 

(ii) facilitated separation of photogenerated 

carriers.  
SnCl4 

One-pot 

hydrothermal 

method 

Vis 15.01 at% [13] 

I-doped BiOBr MO 
100% 

in 6 hr 

Introduced an impurity energy level, and thus 

narrowed down the bandgap. 
KI 

Chemical 

precipitation 

method 

Vis 
10.0 

mol% 
[14] 

I-doped SnO2 Phenol 

93.4% 

in 150 min 
(i) Introduced an impurity energy level; 

(ii) increased the amount of oxygen vacancies; 

(iii) decreased the crystal size.  

I2 Sol-gel method 

UV 

1 mol% [15] 
60% 

in 90 min 
Vis 

I−- self doped 

BiOI 
MO 

79% 

in 4 h 

(i) Narrowed down the bandgap; 

(ii) increased the specific surface area. 
KI 

Solvothermal 

method 
Vis 

nI Bi⁄

= 1: 1.5 
[16] 
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Bi3+- self doped 

Bi2WO6 
SPC 

90% 

in 60 min 

Facilitated the mobility and separation of 

photogenerated carriers without changing their 

redox power.  

Bi(NO3)3
• 5H2O 

Hydrothermal 

method 
Vis 

nBi w⁄
= 2.1 

[17] 

Bi3+- self doped 

NaBiO3 

RhB 
100% 

in 25 min 
(i) Enhanced photon absorption in visible 

region; 

(ii) facilitated separation of photogenerated 

carriers. 

NaBiO3
• 2H2O 

Hydrolysis of  
NaBiO3 • 2H2O 

Vis 

c(HNO3
c(NaBiO3)
= 0.2 

[18] 

BPA 
100% 

in 40 min 

F/Mg-codoped 

ZnO 

MB 88% in 45min 
(i) F dopant generated excess reactive oxygen 

species; 

(ii) Mg dopant decreased the the crystallite size 

and thus increased the specific surface area, 

more defect states and more singly ionized 

oxygen vacancies which produced more O2
•−

. 

NH4F 

MgCl2 • 6H2O 
Sol-gel method Vis 

12 at.% 

(Mg) 
[19] 

MG 97% in 30 min 
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Table B- 3  Performance of photocatalysts loaded with metal nanoparticles for organic pollutant treatment in aqueous media 

Photocatalyst Substrate 
Degradation 

Efficiency 
Effects of the Loaded Mental Nanoparticles 

Predominant 

Active 

Species 

Light 

Source 

Optimal 

Loading 

Content 

Ref

. 

Ag-loaded BiOCl 

RhB 

> Bulk BiOCl 

LSPR effect caused an enhancement in photon 

absorption in visible region, formed a Schottky 

barrier and facilitated e− transferring from Ag to 

BiOCl, leading to more production of O2
−

. 

- 

UV/ 

Vis 
0.46 at% 

[20] Pt-loaded BiOCl < Bulk BiOCl The loaded metal nanoparticles trapped h+ 

generated on the VB of BiOCl due to their lower 

work function (higher Fermi level), deteriorating the 

oxidative ability of the VB of BiOCl. 

UV 

0.18 at% 

Pd-loaded BiOCl < Bulk BiOCl 0.56 at% 

Rh-loaded BiOCl < Bulk BiOCl 0.49 at% 

Ag-loaded ZnO­t Phenol 

58% 

in 60 min 

(mineralizaion) 

(i) LSPR effect generated hot electrons, which could 

reduce O2 to produce O2
−

.  

(ii) captured e− from the CB of ZnO­t, facilitating 

the separation of photogenerated carriers. 

h+ Vis 0.25 at% [21] 

Au-loaded Bi2CuO4 CFS 
56% 

in 60 min 

(i) LSPR effect caused an enhancement in photon 

absorption in visible region; 

(ii) Hot electrons produced at Au NPs due to LSPR 

effect transferred to the CB of Bi2CuO4, promoting 

the generation of reactive species.  

OH Vis - [22] 

Au-loaded α­Bi2O3 

RhB 
80% 

in 180 min (i) LSPR effect caused an enhancement in photon 

absorption in visible region; 

(ii) captured e− from the CB of α­Bi2O3, facilitating 

the separation of photogenerated carriers. 

OH Vis 1.0 wt% [23] 

2,4-DCP 

65% 

TOC removal: 

53% 

(in 12 h) 

Au-loaded KNbO3 RhB 

47% 

in 160 min 
(i) LSPR effect caused an enhancement in photon 

absorption in both the UV and the visible region; 

(ii) captured e− from the CB of KNbO3, facilitating 

the separation of photogenerated carriers. 

OH, h+ 

UV 

8.0 wt% [24] 
82% 

in 110 min 
Vis 
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Nobel Metal (Rh, Pd, Pt)- 
loaded BiOX (Cl, Br, I) 

AO II 

Pt > Pd > Rh 

(i) LSPR effect caused an enhancement in photon 

absorption in visible region; 

(ii) captured e− from the CB of BiOX, facilitating the 

separation of photogenerated carriers. 

(iii) enhanced the adsorption of pollutant substrates. 

OH 

UV 

Pd

BiOBr
= 0.5wt% 

Pt

BiOCl
= 1wt% 

Pd

BiOCl
= 2wt% 

[25] 

Rh > Pt > Pd Vis 

Pd

BiOBr
= 4wt% 

Pd

BiOI
= 0.5wt% 

Rh

BiOCl
= 1wt% 

Bi-loaded Bi2WO6 RhB 
>90% 

in 25 min 

(i) LSPR effect caused an enhancement in photon 

absorption in visible region; 

(ii) captured e− from the CB of Bi2WO6, facilitating 

the separation of photogenerated carriers. 

h+, O2
−

 Vis 5.0 wt% [26] 

Ag-loaded & 

Fe(III)- doped Ag3PO4 
MO 

55.6% 

in 15 min 

(i) LSPR effect of the loaded Ag NPs caused the 

enhancement of photon absorption in visible region; 

(ii) Hot electrons generated on Ag clusters due to 

LSPR effect could transfer to the CB of Ag3PO4, 
facilitating the production of reactive species.  

(iii) h+ generated on the VB of Ag3PO4 was 

captured by the doped Fe3+ ions, facilitating the 

separation of photogenerated carriers.  

- Vis 
Ag: 20.3 at% 

Fe(III): 2.6 at% 
[27] 

Ag-loaded on 

Ti(IV)- doped BiOBr 
RhB 

100% 

in 1 h 

(i) LSPR effect of the loaded Ag NPs and the doped 

Ag+ ions (dissolved from Ag nanoparticles) caused 

the enhancement of photon absorption in visible 

region; 

(ii) enhanced the adsorption of pollutant substrates. 

- Vis 3 mol% (Ag) [28] 
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Table B- 4  Performance of photocatalysts coupled with other compounds for organic pollutant treatment in aqueous media 

Photocatalyst Type of Heterojunction Substrate 
Degradation 

Efficiency 

Degradation 

Rate 

Constant** 

Predominant 

Active Species 

Light 

Source 

Optimal 

Content* 

Ref

. 

SnS2/SnO2 Conventional heterojunction MO 
100% 

in 80 min 
1.56 ∗ KSnS2 - Vis 18.1 wt% [29] 

MoS2/BiOBr Conventional heterojunction RhB 
95% 

in 50 min 
2.5 ∗ KBiOBr h+ Vis 3 wt% [30] 

SnO2/ZnO/TiO2 
Ternary conventional 

heterojunction 
MO 

85% 

in 40 min 
- 

OH 

UV 
Molar ratio: 

5%/5%/90% 
[31] 

27% 

in 3 h 
- Vis 

Mass ratio: 

6%/6%/88% 

BiOI/Bi2O2CO3/Bi4O5I2 Ternary p-n-p heterojunction RhB 

100% 

in 3 h 

20 ∗ KBiOI 
12 ∗ KBi2O2CO3 

2.5 ∗ KBi4O5I2 
h+ 

Vis 
nBi2O2:I−:Bi3+

= 7.5: 2: 2 

(in precursor) 

[32] 

100% 

in 45 min 

40 ∗ KBiOI 
25 ∗ KBi2O2CO3 

10 ∗ KBi4O5I2 

Solar 

light 

Ag2O/Ag3VO4/Ag4V2O7 
LSPR-assisted  

conventional heterojunction 
RhB 

99% 

in 120 min 
- h+ Vis 

nAg:V
= 6: 1.5 

[33] 

ZnInS4/TiO2 
Core-shell heterojunction 

ZnInS4: core; TiO2: shell 
MB 

90% 

in 3 h 
- 

h+, OH Vis 

- 

[34] 

CuO/ZnInS4 Conventional heterojunction 
97% 

in 3 h 
- 10 mol% 

N-doped TiO2/Al2O3 
Doping-assisted 

conventional heterojunction 

MO 
75% 

in 30 min 
- h+, O2

−
 

Vis 60 mol% [35] 

MB 47.5% 3.2 ∗ KN/TiO2 OH 

Ag/AgCl-loaded Bi2WO6 
LSPR-assisted 

conventional heterojunction 
RhB 

~100% 

in 45 min 
5.4 ∗ KBi2WO6 h+ Vis 

10 wt% 

(Ag/AgCl) 
[36] 

BiOBr/ZnO 
p-n heterojunction 

BiOBr: p-type; ZnO: n-type 
RhB 

97% 

in 60min 

1.3 ∗ KBiOBr 
10.6 ∗ KZnO 

OH Vis 50 wt% [37] 

CuBi2O4/SrO 
p-n heterojunction 

CuBi2O4: p-type; SrO: n-type 
CR 

97.22% 

in 220 min 
26.5 ∗ KCuBi2O4 

O2
−

, OH, 

OOH 
UV 20 wt% [38] 
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BiOI/CeO2 
p-n heterojunction 

BiOI: p-type; CeO2: n-type 

MO 
97.35% 

in 50 min 

3.5 ∗ KBiOI 
21.7 ∗ KCeO2 h+, O2

−
 Vis nBi:Ce = 1: 1 [39] 

BPA 
92.02% 

in 90 min 

3 ∗ KBiOI 
7 ∗ KCeO2 

BiOI/Bi2O2CO3/Bi4O5I2 Ternary p-n-p heterojunction RhB 

100% 

in 3 h 

20 ∗ KBiOI 
12 ∗ KBi2O2CO3 

2.5 ∗ KBi4O5I2 h+ 

Vis 
nBi2O2:I−:Bi3+

= 7.5: 2: 2 

(in precursor) 

[32] 

100% 

in 45 min 

40 ∗ KBiOI 
25 ∗ KBi2O2CO3 

10 ∗ KBi4O5I2 

Solar 

light 

Ag­Ag2O/CeO2 
LSPR-assisted  

p-n heterojunction 

Ag2O: p-type; CeO2: n-type 

EFA 
88% 

in 120 min 

3.5 ∗ KAg2O 

122 ∗ KCeO2 
h+, O2

−
 Vis 

25.82 wt% 

(Ag2O) 
[40] 

SnS2/BiOBr Direct Z-scheme heterojunction RhB 
100% 

in 30 min 

75 ∗ KSnS2 

2.2 ∗ KBiOBr 
O2

−
 Vis 20 mol% [41] 

CuS/WO3 Direct Z-scheme heterojunction RhB 
100% 

in 150 min 

9.2 ∗ KCuS 
4.4 ∗ KWO3 

h+, O2
−

 Vis 1 wt% [42] 

Bi2S3/SnS2/Bi2O3 
Ternary direct double Z-scheme 

heterojunction 
RhB 

100% 

in 90 min 
- OH Vis 

nSn:Bi
= 0.15: 1 

[43] 

BiOCl/Au/CdS 
Metal NPs-mediated 

Z-scheme heterojunction 

MO 100% in 180 min 

- O2
−

 Vis - [44] 
RhB 100% in 30 min 

Phenol 100% in 100 min 

SD 100% in 4 h 

 

*: The optimal content refers to the weight (wt%) or molar (mol%) content of semiconductor 1 (before the slash) in the composite unless specifically stated. 

**: The model of degradation rate is pseudo-first-order model unless specifically stated. 
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Table B- 5  Performance of photocatalysts coupled with functional organics for organic pollutant treatment in aqueous media 

Photocatalyst Organic Metarial Substrate 
Degradation 

Efficiency 

Predominant 

Active 

Species 

Effect the of the Functional Organic Material 
Light 

Source 

Ref

. 

ZnO gC3N4 MB 

90 % 

in 60 min 

h+ 

(i) Accepted h+ from the excited ZnO, facilitating the separation 

of photogenerated carriers and protected ZnO from 

photocorrosion as well;  

(ii) π-π stacking between MB and gC3N4 enhanced the adsorption 

of MB on the catalyst composite surface. 

UV 

[45] 

72.3 % 

in 5 h 

(i) Responded to the irradiation and produced electrons and holes 

on its LUMO and HOMO, respectively. The electrons then flowed 

to the CB of the unexcited ZnO to participate in the subsequent 

photocatalytic reactions; 

(ii) π-π stacking between MB and gC3N4 enhanced the adsorption 

of MB on the catalyst composite surface. 

Vis 

AgI gC3N4 MB 
96% 

in 120 min 
- 

(i) Responded to the irradiation and produced electrons and holes 

on its LUMO and HOMO, respectively; 

(ii) formed a core-shell type-II heterostructure by coating onto the 

surface of AgI, which facilitated the separation of photogenerated 

carriers by providing electrons to the CB of AgI while accepting 

holes from the VB of AgI, as well as inhibited the dissolution of 

AgI in aqueous solution. 

Vis [46] 

N-doped ZnO gC3N4 RhB 
100% 

 in 60 min 
OH 

(i) Responded to the irradiation and produced electrons and holes 

on its LUMO and HOMO, respectively; 

(ii) formed a Z-scheme heterostructure by coating onto the surface 

of N-doped ZnO (NZO), which facilitated the separation of 

photogenerated carriers by providing electrons to the CB of NZO 

while accepting holes from the VB of NZO; 

(ii) π-π stacking between RhB and gC3N4 enhanced the adsorption 

of RhB on the catalyst composite surface. 

Vis [47] 

TiO2 
Polyaniline 

(PANI) 
MO 

TOC 

removal: 82% 

in 125 min 

h+, O2
−

 

(i) Responded to the irradiation and produced electrons and holes 

on its LUMO and HOMO, respectively; 

(ii) formed a type-II heterostructure with TiO2, which facilitated 

the separation of photogenerated carriers by providing electrons to 

the CB of TiO2 while accepting holes from the VB of TiO2; 
(ii) π-π stacking between MO and gC3N4 enhanced the adsorption 

of MO on the catalyst composite surface. 

UV 

[48] 96% 

TOC 

removal: 21% 

in 6 h 

Vis 
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ZnIn2S4 
Polyrrole 

(Ppy) 
Chloram-

phenicol 

100% 

in 60 min 

TOC 

removal: 

48.5% in 5 h 

O2
−

 

(i) Responded to the irradiation and produced electrons and holes 

on its LUMO and HOMO, respectively; 

(ii) formed a type-II heterostructure with ZnIn2S4, which 

facilitated the separation of photogenerated carriers by providing 

electrons to the CB of ZnIn2S4 while accepting holes from the VB 

of ZnIn2S4. 

Vis [49] 

BiOI 
Polyrrole 

(Ppy) 
RhB 

90% 

in 5 h 
h+, O2

−
 

(i) Accepted holes from the VB of BiOI, facilitating the separation 

of photogenerated carriers; 

(ii) Increased the specific surface area of the composite, which 

was in favor of the adsorption of the substrates, as well as 

generating more active sites.  

Vis [50] 

MoO3 and ZrO2 Carbon clusters MB 
77% 

in 180 min 
- 

Formed a Z-scheme heterostructure between MoO3 and ZrO2 by 

accepting photogenerated e− from the CB of MoO3 and 

transporting it to recombine with the h+ on the VB of ZrO2. 
Vis [51] 

ZnO C60 MB 
95% 

in 75 min 
- 

Facilitated the separation of the photogenerated carriers and 

inhibited the photocorrosion of ZnO due to the high conductivity 

towards electrons of C60 as well as the form conjugative π-system 

at the C60/ZnO interface. 

UV [52] 

Cu2O 
Carbon Nanotubes 

(CNTs) 
Phenol 

85% 

in 60 min 
- 

(i) Formed a hierarchical chrysanthemum-like morphology 

composite by being deposited on the Cu2O surface, which 

improved both the range and te intensity of light absoption; 

(ii) the tight connection between Cu2O NPs and the highly 

conductive CNTs facilitated electrons flowing from the visible-

light-excited Cu2O to the CNTs and thus the separation of 

photogenerated carriers. 

Vis [53] 

Bi2WO6 
Carbon Nanotubes 

(CNTs) 
and gC3N4 

TC 
87.65% 

in 90 min 
O2

−
 

Mediated to form a Z-scheme heterostructure between gC3N4 and 

Bi2WO6 by functioning as the recombination center for holes 

from the VB of gC3N4 and electrons from the CB of Bi2WO6, 
facilitating the separation of photogenerated carriers. 

Vis [54] 

BiOI Multiwalled CNTs 4-CP 
80% 

in 180 min 
h+, O2

−
 

Facilitated the separation of photogenerated carriers by accepting 

electrons from the CB of BiOI. 
Vis [55] 

BiVO4 Graphene 

MO 

99% 

in 300 min 
h+ 

Transported photogenerated e− from the CB of BiVO4 to adsorbed 

O2, producing reactive species O2
−

. 
Vis [56] 

MB 

RhB 

BL-G 

CdS Graphene Oxide AO7 dye 
100% 

in 30 min 
OH 

(i) Transferred photogenerated e− from the CB of CdS to adsorbed 

O2, producing reactive species O2
−

; 

(ii) made the after-use recovery of the composite easier; 

(iii) prevented CdS from leaching out with a strong adhesion. 

Vis [57] 
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Ag2O/Ag3VO4
/Ag4V2O7 

Graphene Oxide 

RhB 
99.2% 

in 45 min 
OH 

(i) Helped with the separation of photogenerated electrons and 

holes produced on all the three semiconductors; 

(ii) enhanced the adsorption of the substrates; 

(iii) inhibited photocorrosion of the silver species in aqueous 

solution by accepting photogenerated e−. 

Vis [58] 

MO 
92% 

in 45 min 

BiVO4 
Reduced Graphene 

Oxide 
RhB 

98.5% 

in 10 h 
h+ 

(i) Increased the specific surface area and thus enhanced the 

adsorption of dye molecules; 

(ii) transported e− generated on the CB of BiVO4 to produce O2
−

 

through reducing the adsorbed O2. 

Vis [59] 

Ag-loaded AgCl 
Reduced Graphene 

Oxide 
MB 

100% 

 in 60 min 
O2

−
, Clo 

Did not respond to the irradiation, but formed a Z-scheme 

heterojunction with AgCl by accepting photogenerated holes from 

the VB of the excited AgCl with the mediation of Ag NPs on the 

AgCl surface, which facilitates the separation of photogenerated 

carriers.  

Vis [60] 
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Table B- 6  Performance of photocatalysts with the assistance of dye-sensitization for organic pollutant treatment in aqueous media 

Photocatalys

t 
Dye-Sensitizer Substrate 

Degradation 

Efficiency 

Predominant 

Active Species 

Light 

Source 
Effect(s) of Dye-Sensitizer 

Ref

. 

ZnO RR 120 RR 120 

64% 

in 60 min 

O2
−

 

UV Dye-sensitization effect did not exhibit. 

[61] 
77% 

in 60 min 

Solar 

light 

Self-sensitizer with dual effects: 

(i) responded to the visible light irradiation, producing electrons and 

injected them to the CB of the unexcited ZnO and then participated in 

the subsequent photocatalytic reactions, which realized the 

sensitization of ZnO in the visible region; 

(ii) RR 120 molecules that responded to the irradiation lost electrons 

and transformed to their excited state, which was easier to be 

degraded compared to those on their ground state. 

Bi2S3/BiOCl RhB RhB 
98% 

in 12 min 
O2

−
, h+ Vis 

Self-sensitizer with dual effects: 

(i) responded to the visible light irradiation, producing electrons and 

injected them to the CB of the unexcited BiOCl and then participated 

in the subsequent photocatalytic reactions, which improved the light 

absorption efficiency of the Bi2S3/BiOCl composites; 

(ii) RhB molecules that responded to the irradiation lost electrons 

and transformed to their excited state, which was easier to be 

degraded compared to those on their ground state. 

[62] 

SrTiO3 MG MG 
100% 

in 60 min 
- Vis 

Self-sensitizer with dual effects: 

(i) responded to the visible light irradiation, producing electrons and 

injected them to the CB of the unexcited SrTiO3 and then 

participated in the subsequent photocatalytic reactions, which 

improved the light absorption efficiency of SrTiO3; 
(ii) MG molecules that responded to the irradiation lost electrons and 

transformed to their excited state, which was easier to be degraded 

compared to those on their ground state. 

[63] 
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Table B- 7  Performance of photocatalysts employing quantum dots (QDs) for organic pollutant treatment in aqueous media 

QDs Support Matrix 
Size of QDs 

(nm)* 
Substrate 

Degradation 

Efficiency 

Light 

Source 
Functions of QDs Ref. 

ZnO - 

5-8 

MO 

97% 

in 160 min 
UV 

(i) Possessed more active sites with higher crystallinity; 

(ii) responded to the UV irradiation as bulk ZnO does.  
[64] 

15-20 
59% 

in 160 min 

CdS - 7.44 

MB 

91.6% 

(Bulk: 43) 

in 90 min 
Vis 

(i) Broadened the light absorption band from 200 to 500 nm; 

(ii) responded to the visible light irradiation as bulk CdS does. 
[65] 

RhB 

44% 

(Bulk: 10) 

in 90 min 

ZnO SiO2 3-5 RhB 
100% 

in 50 min 
UV Responded to the UV irradiation as bulk ZnO does. [66] 

CdSe Bi2WO6 < 10 TC 
65.38% 

in 60 min 
Vis 

(i) Responded to the visible light irradiation as bulk CdSe does; 

(ii) increased the visible light response, producing more electron/hole pairs 

due to the quantum size effect; 

(iii) increased the specific surface area, facilitating the adsorption of 

substrates; 

(iii) accelerated electron transition between CdSe and Bi2WO6, facilitating 

the separation of photogenerated carriers. 

[67] 

Cu2O BiOBr 10 

Phenol 
86.2% 

in 5 h 

Vis 

(i) Responded to the visible light irradiation as bulk Cu2O does; 

(ii) formed a type-II band alignment with BiOBr, donating e− and 

accepting h+, and thus facilitated the separation of photogenerated 

carriers; 

(iii) improved visible light absorption and increased photon conversion 

efficiencies due to the quantum effects; 

(ii) increased the specific surface area, which was beneficial for the 

adsorption of substrates. 

[68] 

MB 
95% 

in 60 min 



127 
 

Bi2O3 N­Bi3NbO7 2-8 MB 
98.5% 

in 40 min 
Vis 

(i) Responded to the visible light irradiation as bulk Bi2O3 does; 

(ii) formed a type-II band alignment with N­Bi3NbO7, facilitating the 

separation of photogenerated carriers by accepting e− from the CB of 

N­Bi3NbO7 while donating h+ to the VB of N­Bi3NbO7; 
(iii) enhanced the light absorbance due to the multiple reflections in the 

heterostructure; 

(iv) increased the specific surface area, which was beneficial for the 

adsorption of substrates.  

[69] 

Ag3PO4 BiPO4 5 MO 
97% 

in 30 min 
Vis 

(i) Responded to the visible light irradiation as bulk Ag3PO4 does;  

(ii)enhanced visible light absorption due to the quantum size effect; 

(iii) formed a p-n heterojunction with the non-visible-light-responsive 

BiPO4, sensitizing it by injecting e− to its CB, which was also 

advantageous for the separation of photogenerated carriers. 

[70] 

CdS Bi2WO6 2-5 

MO 
97.1% 

in 3 h 

Vis 

(i) Responded to the visible light irradiation as bulk Cu2O does; 

(ii) strongly absorbed visible light due to multiple excitations from the 

absorption of a single photon, and thus improved the energy conversion 

efficiency of the system; 

(iii) formed a type-II band alignment with BiOBr, donating e− and 

accepting h+, which facilitated the separation of photogenerated carriers. 

[71] 

Phenol 
97% 

in 3 h 

AgBr 
Mesoporous

Bi2WO6 
10 MB 

100% 

in 60 min 
Vis 

(i) Responded to the visible light irradiation as bulk AgBr does;  

(ii) formed a p-n heterojunction with the mesoporous Bi2WO6, donating 

e− and accepting h+, which facilitated the separation of photogenerated 

carriers. 

[72] 

CdS Functionalized-

multi-walled 

carbon nanotubes 

1.3 

MO 

100% 

in 80 min 
UV Responded to the UV irradiation as bulk CdS and Ag2S do. [73] 

Ag2S 8.4 
100% 

in 110 min 

Bi2WO6 
Reduced 

graphene oxide 
3-5 

RhB 
95% 

in 15 min 
Vis Responded to the visible light irradiation as bulk Bi2WO6 does. [74] 

MB 
88% 

in 25 min 

ZnS Chitosan 3.8 MB 
87% 

in 120 min 
UV 

Significantly increased the absorption of UV irradiation compared to bulk 

ZnS due to the size confinement caused by the small dimension of the 

QDs, producing a higher redox potential in the system. 

[75] 
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Carbon Cu2O - MB 
90% 

in 240 min 
NIR 

(i) Upconverted the incident light with the wavelength of longer than 700 

nm to the range of 390-564 nm that could be absorbed by Cu2O, which 

improved the energy conversion efficiency of the photocatalytic system; 

(ii) accepted e− from the CB of Cu2O, facilitating the separation of 

photogenerated carriers; 

(iii) increased the specific surface area; 

(iv) formed a π-π interaction between the conjugated structure of CQDs 

and the benzene ring of MB, which facilitated the adsorption of MB. 

[76] 

Carbon 

BiOBr 

5 

RhB 
100% 

in 50 min 

Vis 

(i) Upconverted long-wavelength incident to shorter-wavelength emission 

that could be absorbed by BiOBr or BiOCl, which improved the energy 

conversion efficiency of the photocatalytic system; 

(ii) accepted e− from the VB of BiOBr or BiOCl, facilitating the separation 

of photogenerated carriers. 

[77] 

CIP 
68% 

in 4 h 

BPA 
55% 

in 3 h 

BiOCl 

RhB 
100% 

in 50 min 

CIP 
69% 

in 4 min 

Carbon 
Mesoporous 

α­Fe2O3 
3 MB 

87.7% 

in 90 min 
Vis 

(i) Facilitated e− transfer due to its conjugated network structure, which 

enhanced the separation of photogenerated carriers and produced more 

reactive species as well; 

(ii) increased the specific surface area, which was in favor of substrate 

adsorption. 

[78] 

Graphene TiO2 9.6 MB 97 Vis 

Upconverted the incident light with the wavelength in the range of 500-

700 nm to the useful area of ~407 nm that could be absorbed by rutile 

TiO2, which improved the energy conversion efficiency of the 

photocatalytic system. 

[79] 

*: This is the average diameter of the produced quantum dots.  

**: Pseudo-second-order reaction was sued as the models unless stated. 

Note: all degradation efficiency and rate constant are obtained under the optimal reaction conditions in each research. 
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Appendix C. Effects of Operation Parameters on 

Heterogeneous Photocatalysis: A Brief 

Review 

C-1 Introduction 

Heterogeneous photocatalysis processing in liquid media in the presence of solid semiconductor 

particles is influenced by the surrounding reaction environment. Irradiation, as the source of 

energy, influences photon absorption and thus the production of electron/hole pairs. Initial pH and 

temperature of the reaction suspension impact on the adsorption of substrates, reactive radicals, 

and other species in the system. Initial substrate concentration and catalyst dosage not only affect 

the interaction between the substrate and catalyst particles but may influence light absorption effect 

by changing the transmittance of the slurry reaction system as well. The presence of additional 

oxidants determines the amount of produced reactive species, and even the functioning mechanism 

in a specific system. The existence of other ions may also influence the production of reactive 

species by reacting with photogenerated charge carriers or the initially produced reactive species. 

C-2 Irradiation Source 

Light irradiation, as the source of energy, plays a significant role in photocatalytic water 

decontamination. The energy an emitted photon is related to its wavelength following Equation 

(1), while the total amount of photons input in a system depends on the intensity of the irradiation. 

Therefore, both the wavelength and intensity of the irradiation need to be considered.  

C-2.1 Light Wavelength 

Since only incident photons with the energy greater than or equal to the bandgap energy of the 

employed semiconductors can be absorbed and used for the subsequent surface reaction, and 

considering the inverse proportionality between energy and wavelength, there is a maximal 

wavelength of light that can trigger a specific semiconductor. Solar radiation reaching the earth 
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can be divided into three groups depending on the wavelength: UV (λ < 390nm), visible (390nm 

< λ < 700nm), and infrared irradiation (λ > 700nm).  

As the origin and most comprehensively studied catalyst of photocatalytic water decontamination, 

TiO2  makes use of UV irradiation, based on its bandgap energy (~3.2 eV), which makes UV 

irradiation the most common energy source. Conventional UV source in photocatalysis includes 

mercury vapor lamps [1–4], xenon arc Lamps (300-800W) [5,6], halogen lamps [7,8], tungsten-

halogen lamps [9,10], , etc.. The electromagnetic spectrum of UV irradiation can be classified as 

UV-A (315-400 nm, 3.10-3.94 eV), UV-B (280-315nm, 3.94-4.43 eV), and UV-C (100-280nm, 

4.43-12.4 eV) according to the emitting wavelength and energy.  

However, considering the disadvantages of traditional UV lamps, such as short lifetime, instability 

of the output power and the hazardous materials from the emitted wastes and harmful light to 

humans, novel UV sources have been proposed. Optical fibers were explored to be a novel light 

source by Ollis and Marinangeli as they realized the remote delivery of photon energy to the 

reactive sites on the photocatalyst [11], and have been applied in numbers of novel photoreactors 

[12–15] as the main development in improving the quantum efficiency. Yet, the most significant 

drawback of using optical fibers is that the light intensity decays exponentially along the axial 

direction of the coated fibers [16]. In 2005, Chen et al. used a novel UV LED as the radiation 

source for photocatalysis for the first time, which facilitated perchloroethylene degradation on 

Degussa P-255. UV LEDs take advantages of long-lasting, robust, small size and high efficiency, 

as well as narrow light-emission spectra and adjustable wavelength that can be designed to reach 

desirable positions. Plus, they do not contain mercury vapor as fluorescent lamps do. [17] Hence, 

they are regarded as a promising light source for photocatalysis. Shie et al. compared the effects 

of three light sources, UV-A, UV-C, and UV LEDs on the photocatalytic decomposition of 

formaldehyde using Ag-loaded TiO2. It can be seen from C-1 that with the similar decomposition 

efficiency, the energy effectiveness using 40 UV LEDs was 99 and 131 times to that using UVA 

and UVC as the light source, respectively. [18]  
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Table C- 1  Decomposition efficiency (ηD) and energy effectiveness (Ee) for the photocatalytic decomposition of 

formaldehyde using Ag/TiO2 in UV light reaction system. Adapted with permission from [18]. Copyright (2007) 

Elsevier. 

Light Source 𝛈𝐃 (%) Reaction time (h) 𝐄𝐞 (𝐦𝐠 𝐤𝐖
−𝟏 𝐡−𝟏) 

UV-A 96 7 0.0070 

UV-C 97 7 0.0053 

40 UV LEDs 95 7 0.6942 

 

In terms of visible light, the most applied radiation source is 300-500 W Xe lamp accompanied by 

a cut-off filter placed underneath to exclude the wavelength lower than 400 or 420 nm. The filter 

can be made by glass [19] or methyl methacrylate (PMMA) materials [20]. Sometimes high-

pressure Xe lamps and Xe-arc lamps with suitable filters are also employed, such as the research 

on RhB degradation on the BiOBr/g­ C3N4 composite [21] and CQDs/Bi2WO6 [22], respectively. 

Halogen and halogen-tungsten lamps with filters are also widely used as visible light sources [8,9]. 

Wang et al. investigated the photocatalytic activity of AgBr-QDs/Bi2WO6 composites using a Xe-

arc lamp with a 420 nm cut-off filter as the visible light source, and realized a complete degradation 

of methylene blue within 1 h [23]. Some other lamps being capable of providing visible light, such 

as regular daylight lamps [24], halide lamps [25], metal halide lamps [26], and Hg lamps [27], are 

also harnessed with filters eliminating the ultraviolet part.  

Same as UV LED irradiation, the energy saving effect was also found on 450 nm visible light LED 

illumination, as indicated by Dai et al. [28]. Furthermore, Wang et al. investigated visible-light 

photocatalytic degradation of Penicillin G using Ag­AgBr/TiO2/rGO under different colors of 

LED irradiation, LED-W (white light, emissino wavelength λ=450 nm), LED-B (blue light, 465 

nm), LED-G (green light, 523 nm), and LED-Y (yellow light, 589 nm). Results manifested that 

the degradation efficiencies were 99%, 88%, 50% and 28 % after 2h irradiated by LED-W, B, G 

and Y irradiations, respectively, as shown in Figure C-1. It was indicated that Ag­AgBr/TiO2/rGO 

could be photoexcited when the wavelength reached as high as 600 nm, while AgBr possessed a 

band gap of 2.6 eV and thus could be responsive to irradiation with the wavelength at less than 

477 nm. Therefore, it was implied that Ag NPs were responsible for light absorption in the region 

of 477 to 600 nm, which was attributed to its LSPR effect. [29]       



137 
 

 

Figure C- 1  Photocatalytic degradation of PG using Ag­AgBr/TiO2/rGO under different colors of LED irradiation. 

Reprinted with permission from [29]. Copyright (2013) Royal Society of Chemistry. 

In a dual Z-scheme BiVO4/Ag/Cu2O system using 300 W Xe lamp as the light source where Ag 

NPs acted as the mediator for photogenerated charge transfer, the effect of light wavelength was 

investigated by using and removing a UV cutoff filter (λ>420 nm). Towards TC decomposition, 

photocatalytic performance of the catalyst composite was better when the UV filter was removed. 

This was because without the filter, the photocatalysts could utilize the full spectrum of the Xe 

lamp, including the photons with the wavelength less than 420 nm, which possess higher energy 

than those with longer wavelength. [30] Similarly, in the photocatalytic degradation of MO with 

Bi4NbO8Cl , Bi3O4Cl , and anatase TiO2  working separately, the photocatalytic performances 

followed the order of Bi4NbO8Cl > Bi3O4Cl > anatase TiO2 with the full arc of 600 W Xe lamp, 

while it was Bi3O4Cl > anatase TiO2 > Bi4NbO8Cl with a cutoff filter at the wavelength of 405 

nm [31] . 

Additionally, some distinction effects in photocatalysis, such as the SPR effect of metal NPs, dye-

sensitization, and the upconversion property of QDs, may only exhibit in the presence of visible 

light, so that the photocatalytic performance may be better compared to in the case of UV 

irradiation. For example, Melorose et al. investigated the effect of N4−/Ag+-codoped ZnO with 

respect to the decomposition of MR under UV and visible light irradiation. Results showed that 

both the reaction rate and the degradation efficiency were higher when the system was illuminated 
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by visible light. This was explained by the SPR effect of Ago NPs generated from Ag+ accepting 

e− during the reaction under visible light irradiation. [32] 

C-2.2 Light Intensity 

Light intensity determines the amount of emitted photons at a given wavelength; the higher the 

light intensity is, the more photons emitted [33]. Furthermore, considering that energy needed for 

producing e−/h+ pairs is provided by absorbed photons, more carriers are expected to be produced 

with higher light intensity. Yet, since the produced carriers are involved not only in surface 

reactions, but also in recombination, there are no absolute relations between the light intensity and 

reaction rates, rather, the correlation differs as the intensity changes. The effects of light intensity 

on photocatalytic kinetics has been summarized as the follows: (i) at low light intensities, reaction 

rate increases linearly with the increasing light intensity; (ii) at medium light intensities, reaction 

rate depends on the square root of the light intensity and; (iii) at high light intensities, reaction rate 

is independent of light intensity  This can be explained as the following correspondingly: (i) at low 

light intensity, the formation of e−/h+ pairs predominates, and recombination is negligible due to 

the small amount of photogenerated carriers; (ii) as the light intensity increasing to a medium level, 

more carriers are induced, and recombination becomes a rival of carrier transfer, thereby the 

facilitation of photocatalysis carried out by the latter gets lower; (iii) when the light intensity raises 

so high that an absorption saturation is reached, reaction rate will not be affected anymore. [34,35]  

In a TiO2/UV system, investigations carried out at different light intensities indicated that the rate 

of EDTA degradation was proportional to the square root of the light intensity at moderate values 

and became independent from the light intensity at higher values [36]. Gupta et al. reported a linear 

relationship between the pseudo-first order rate constant and the light intensity at a low intensity 

level during the degradation of an azo dye Amaranth in the TiO2/UV process. The same conclusion 

was also manifested in the degradation of phenol and chloroform in a ZnO/UV system. Table C-2 

shows the comparison of efficiencies of different light intensities on the degradation rate of AB 14 

carried out on ZnO and TiO2. [37] However, Peill and Hoffmann proposed that the light intensity 

was inversely proportional to the quantum efficiency in photocatalysis [38], attributed to easy 

recombination of charge carriers at a relatively high intensity [39]. Therefore, the selection of light 

sources needs to be deliberate.  
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Table C- 2  Effect of light intensity on degradation rate of acid brown 14. Adapted with permission from  [37]. 

Copyright (2002) Elsevier. 

Light intensity 

(× 𝟏𝟎𝟓𝐥𝐱) 

𝐙𝐧𝐎 𝐓𝐢𝐎𝟐 

𝐊𝐀𝐩𝐩 𝐑 𝐊𝐀𝐩𝐩 𝐑 

0.28-0.39 3.08 3.08 0.33 0.33 

0.50-0.80 3.35 3.35 0.48 0.48 

0.85-0.90 3.58 3.58 0.83 0.83 

0.88-0.92 3.75 3.75 1.27 1.27 

0.92-1.21 4.17 4.17 1.40 1.40 

1.21-1.31 4.27 4.27 2.45 2.45 

1.24-1.32 5.27 5.27 2.70 2.70 

1.31-1.35 5.48 5.48 3.00 3.00 

1.32-1.37 7.48 7.48 3.08 3.08 

Where, KApp is the pseudo first-order rate constant (× 10−4, s−1), R is the initial reaction rate (×

10−8, mol L−1 s−1), concentration of acid brown 14 is 5 × 10−4 mol L−1, catalyst amount is 2.5 g L−1, pH is 9.41. 

It was also found that the illumination mode may also have an impact on the photocatalytic activity. 

For example, UV LEDs were reported to possess the genetic character of high-frequency periodic 

lighting capacity, which was 7-10 times higher than for those with continuous illumination [40]. 

Buechler et al. compared the photonic efficiency of two systems under the periodic and continuous 

UV light irradiation, respectively, and found the efficiency of the former was 4 times higher than 

that of the latter [41]. A similar result was reported by Wang and Ku, who investigated the effect 

of periodic illumination on the photocatalytic decomposition rate of RR 22, and found the overall 

photo efficiency ( 18.9 − 24.3 ×  10−3 ) was much higher than that (about 2.5 ×  10−3 ) 

conducted with continuous illumination [40]. Xu et al. applied two UV  radiation sources, a 

continuous-wave UV lamp and an excimer laser, for the photocatalytic oxidation of 2-propanol and 

acetone on TiO2  powders by in situ FTIR. Results indicated that the excimer laser source 

accelerated the degradation of 2-propanol while decelerated that of acetone as compared to the 

continuous-wave source. The reason was speculated that the laser source changed the reaction 

mechanism by introducing an abrupt temperature increase, and hence impacted on the thermal 

decomposition. [42]  
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Light intensity may closely relate with the employed photoreactors as well. During the MB 

decomposition in the TiO2/UV system, identical high-pressure mercury lamps were used for two 

different reactors: one had a cylindrical shape with a bottom optical window through which the 

suspension was irradiated, and the other was equipped with a plunging tube containing the lamp. 

With other reaction conditions remaining the same, the UV intensity reaching the reactor of the 

former was ~1.16 times that of the latter, which was attributed to the different reactor structures. 

[43]  

C-3 Initial pH 

Since the produced reactive radicals, intermediates and products during the reaction would 

influence the pH of a system, the effects of pH is usually with regard to the initial pH value before 

photocatalysis begins.  

pH plays multiple roles in photocatalysis due to its effects on surface charge properties [44], 

energy bands [45] of the catalysts, and production distribution [46], etc.. Furthermore, industrial 

wastewater is usually not neutral, but rather, very acidic or basic. Thus, the effects of pH are 

necessary to be taken into consideration.  

The most important effect of pH is its influence on the surface charge property of semiconductors 

[47,48]. For each catalyst, there is a particular pH value called the point of zero charge (pHPZC), 

at which its net surface charge is zero. There are three situations of the comparison between the its 

pHPZC and the initial pH and:   

i) When the initial pH> pHPZC , the semiconductor surface will be negatively charged by 

adsorbed hydroxyl ions in the reaction media. Therefore, the adsorption of cationic pollutants 

on the semiconductor surface will be enhanced, and the production of OH will be facilitated 

as well because of the large amount of adsorbed OH−, which is deemed as the source of OH 

following Equation (C.1), resulting in a better photocatalytic performance. On the contrary, 

the adsorption of anionic substrate adsorption would be hindered, and so would its 

degradation.  

hVB
+ + OH−  → • OH              (C.1) 
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ii) At pHPZC, the interaction among particles present in the system is minimal due to the absence 

of electrostatic force, and hence hard to be separated by interactional rejection. As a result, 

aggregation of substrates and sedimentation of catalysts will occur and uniform distribution 

cannot be guaranteed, which is in favored to photocatalysis. On the other hand, this property 

may be useful for catalyst recovery and reuse. It was reported that with such a neutralization 

strategy, almost 97% of the catalysts (TiO2) were successfully recovered [35]. 

iii) When the initial pH< pHPZC, the semiconductor surface will be positively charged with H+ 

ions in the reaction media, leading to a strong adsorption of anionic compounds while weak 

towards cationic substrates. Since the adsorbed H+ covers a large part of the catalyst surface, 

which would attract photogenerated electrons and hinder the adsorption of OH−, producing 

less OH. Thus,   h+ would be the primary reactive species in this case [44,46].  

From the investigation of the effect of pH on the photocatalytic degradation of BPA over C-doped 

ZnO, pHPZC of the photocatalyst was 7.5 measured by the pH drift method, while the pKa of BPA 

was approximately 9.6. Therefore, at acidic pH less than 7.5 both C-doped ZnO and BPA were 

positively charged, so that the poor interaction between them led to an inferior degradation. At pH 

between 7.5 and 9.6, C-doped ZnO was negatively charge while BPA was positively charged. At 

pH greater than 9.6, the catalyst and BPA were both negatively charged. As a result, the TOC 

conversion of the BPA photocatalytic degradation was ~22% and 31% at the pH of 3 and 11, 

respectively, while 50%~70% at pH between 7.3 (natural pH of 5 ppm BPA aqueous solution) and 

9. [49] During the photocatalytic decomposition of 2-NP on Bi2WO6/TiO2  nanotube array 

composite under visible light irradiation, pH influenced not only the adsorption of 2-NP on the 

catalyst, but the amount of • OH as well. At pH 6.0, both the adsorption of 2-NP on Bi2WO6/TiO2 

composites and the density of produced hydroxyl radicals reached the optimal condition and thus 

exhibited the highest photodegradation efficiency. [50] 

Except for the adsorption amount, adsorption mode may also be influenced by pH. For the as-

prepared Bi2WO6/SnS heterostructured composites, the attaching modes of RhB on the catalyst 

surface changed from via the carboxylic group to the amino group as pH increased, which favors 

the photosensitization of RhB under visible light irradiation because the benzene ring that links to 

the carboxylic group is twisted against the chromophoric group, making the electron injection 
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through the carboxylic group impossible. The pHPZCwas found to be 3.7 by zeta potential test. 

Thus, the influence of pH in this case depended on the synergistic effect of adsorption and 

photosensitization. Specifically, in the pH region from 2 to 6, photosensitization predominated, 

resulting in an increased photocatalytic efficiency although the adsorption amount of RhB 

decreased as pH rose in this range. While in the pH region from 6 to 9, adsorption decreased 

sharply and photosensitization was greatly inhibited as well, leading to a drastic decrease in 

photocatalytic efficiency. [51] 

The stability of catalysts and substrates under extreme pH is another factor influencing the 

photocatalytic performance. Liu et al. found the prepared Bi2WO6 was unstable in acidic solution 

and completely transformed into H2WO4  and Bi2O3 , and thus the decomposition of MB was 

severely deteriorated [52]. Yue et al. observed a dramatically increased photolysis of TC at pH 11, 

where more than 80% of the origin TC decomposed due to photolysis, so that the photocatalytic 

performance of the catalyst, a novel MWNTs­Bi2WO6, was hard to be determined [53]. 

Also, it was found that the band levels of semiconductors usually shift with a change in pH 

(0.059V/pH) for oxide materials, which was attributed to the adsorption-desorption equilibrium of 

H+ or OH− between the semiconductor surface and the solution [45,54]. 

Moreover, since surface charge properties is responsible for the product distribution given that 

redox reactions are very sensitive to modifications on semiconductor surface, the distribution of 

different products may also be influenced by pH [55]. McEvoy et al. prepared a novel Ag/AgCl-

activated carbon composite photocatalyst and applied it to degrade MO. From the obtained data, 

the reaction rate was greatly rose with a decreasing pH. This was attributed to the different states 

of MO, an anionic dye, which was anionic in aqueous solutions at pH 7 and above due to the 

sodium ion dissolution, while amphoteric in acidic conditions because hydrogen became attached 

to nitrogen in the azo bond associated with the ring structure (See Figure C-2) [56]. Since the 

surface of both the Ag/AgCl and MO in alkaline solution were negatively charged, Coulombic 

repulsion on the surface hindered the adsorption. This effect was not present in acidic media, where 

MO took on an amphoteric structure. [46] 
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Figure C- 2  Methyl Orange structure in (a) acidic media, and (b) basic media. Adapted with permission from [46]. 

Copyright (2013) Elsevier. 

C-4 Reaction Temperature 

Studies discussing the effects of operation temperature on photocatalysis have found that the 

relation between the apparent first order rate constant (Kapp ) and temperature T follows the 

Arrhenius equation (Equation (C.2)), which shows a positive correlation between Kapp and 1/T 

(Equation (C.3)). [47] 

Kapp = A ∗ exp (−
Ea

RT
)              (C.2) 

It can also be expressed as: 

lnKapp = lnA −
Ea

R
∗
1

T
              (C.3) 

where, A  is the pre-exponential factor, which is independent with temperature, and Ea  is the 

activation energy, which can be regarded as a constant in a wide temperature range. 

For photocatalytic processes, activation energy (Ea) is normally small due to being driven by the 

rapid carrier transfer [57] and slightly rises as temperature goes up in the optimizing range. For 

example, Ea of RhB degradation over Ag/AgI under visible light was calculated to be 20.05 kJ/mol 

in the temperature range of 0-25 ⁰C. The small activation energy indicated a weak effect of reaction 

temperature [26]. A similar conclusion was obtained in the ZnO/UV system decomposing C.I. 

Acid Yellow 23, where Ea was 12.39 kJ/mol [11].  

Theoretically, as temperature increases, activities of microscopic particles are promoted 

thermodynamically, leading to a strong product desorption from the surface of reactants and 

catalyst particles. On the other hand, a high temperature also retards the adsorption of substrates 

onto the semiconductor surface, and recombination would be facilitated as well, which is 
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unfavorable to the degradation process. [47] Therefore, the impact of temperature needs to be 

considered deliberately, and an optimized temperature region is usually indispensable. For most 

photocatalytic experiments carried out under the temperature lying in the optimizing range, both 

reaction rate and degradation efficiency will be promoted as the temperature goes up [58–60]. 

When ZnO was used to degrade C.I. Acid Yellow 23 under UV irradiation, Behnajady et al. found 

an increasing temperature helped the reaction to compete more effectively with e−/h+ 

recombination and resulted in a better reaction efficiency [11]. Alkaim et al. observed an enhanced 

photocatalytic activity of EDTA degradation in the presence of TiO2 at elevated temperature [36]. 

Chithambararaj et al. investigated the photocatalytic performance of a novel h­MoO3 towards MB 

degradation under various temperatures under visible light, and found it was highly temperature-

sensitive, reasonably attributed to the endothermic process in the suspension, which kinetically 

enhanced the interaction between h­MoO3 and MB, enhanced the radical (• OH) generation, and 

prohibited recombination as well [58]. 

However, when temperature gets too high, Ea increases greatly, which may make the substrate 

thermocatalysis dominates instead, such that the over-high temperature would be detrimental to 

photocatalysis, and the substrate adsorption would become the rate limiting step in this case [57]. 

As indicated by Liang et al., the degradation efficiency of RhB on Ag/AgI catalyst decreased with 

the reaction temperature increased from 25 to 40 ⁰C, mainly attributed to the reduced reactant 

desorption rate on the catalyst surface [26]. When temperature is lower than the minimum 

boundary of the optimizing spectrum, on the other hand, the apparent activation energy increases, 

and desorption of final products would be so restrained that become the rate-limiting step and turns 

to the heat of adsorption product adsorption. Meanwhile, recombination would compete more 

effectively with the photocatalytic reactions. [61] 

C-5 Initial Substrate Concentration 

Initial substrates concentration is another significant parameter controlling the photocatalysts 

performance. There is usually a low concentration range, in which both the photocatalytic activity 

and efficiency increase with the initial substrate concentration goes up due to the insufficient 

substrate supply. While when the concentration rose continuously, too much substrate molecules 

would be adsorbed on the catalyst surface, covering the effective photon-sensitive and reactive 
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sites. The former would reduce the number of absorbed photons and thus produce less e−/h+ pairs; 

while the latter would carry out less places for the photocatalytic processes to take place. 

Meanwhile, high concentration of chromatic substrates may decrease the transmittance of the 

reaction suspension as well as scatter the irradiation, intercepting photons before they reach the 

catalyst surface.  

Wang et al. observed that the MO degradation rate increased when the initial concentration of MO 

elevated from 5 to 10 mg/L and then decreased over 10 mg/L. This was because as the initial MO 

concentration increased, the MO adsorption on Ag/AgBr surface was enhanced while the light 

absorption of Ag/AgBr paticles was curbed due to the worse transmittance of the MO solution. 

When the initial MO concentration increased from 5 to 10 mg/L, the adsorption of MO on 

Ag/AgBr surface dominated its degradation; while when the concentration was over 10 mg/L, the 

transmittance of MO solution became more powerful. [62]  

The intermediates produced during photocatalysis may also occupy part of the limited adsorption 

and catalytic sites on the catalyst, as indicated by Li et al., where the degradation efficiency of 

RhB and MO over BiOI nanosheets both reduced as their initial concentrations rose [63]. A similar 

phenomenon was also found when a dual Z-scheme BiVO4/Ag/Cu2O nanocomposite was used to 

decompose TC [30].  

C-6 Catalyst Dosage 

Catalyst dosage plays an important role in semiconductor-based photocatalysis for water 

decontamination, primarily owing to its close relation with cost. Same as initial substrate 

concentration, there is usually an optimal catalyst dosage under a given reaction environment. 

When the dosage increases at a low level, the amount of photo-sensitive and active sites would be 

increased. The former facilitates light absorption and thus charge carrier production while the latter 

provides more places for substrate adoption and degradation [26]. However, as the catalyst dosage 

rises up continuously, collision of catalyst particles would occur, reducing the photo-sensitive and 

active sites [64]. In addition, photocatalyst overdose may also engender a screening effect. This is 

because excessive catalyst particles improves the turbidity while reducing the transparency of the 
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suspension system, shortening the penetrating path of photons, accompanied by more scattering of 

incident radiation, and thus a poor photon absorption [47]. 

Bechambi et al. found the increase in C-doped ZnO loading was beneficial to the production of 

photogenerated charge carriers and other reactive oxygen species that were responsible for the 

BPA degradation, while the excessive catalyst caused particle agglomeration and a reduced 

specific surface area, resulting in a depressed photocatalytic activity [49]. Malathi et al. 

investigated the influence of BiFeWO6/BiOI  dosage on RhB photocatalytic decomposition. 

Results exhibited an improved efficiency as the catalyst amount increased from 0.25 g/L up to 0.75 

g/L, and after that the degradation attained constant, which was attributed to the increased turbidity 

and the consequent decrease of light penetration. [9] Similarly, a retarded photocatalytic activity 

was also observed during the degradation of RR120 over ZnO nanocrystal when the catalyst 

loading exceeded 4 g/L, as shown in Figure C-3, which was explained as the aggregation of catalyst 

and its screening effect [65].  

 

Figure C- 3  Effect of catalyst concentration: dye concentration=2 × 10−4 M , pH=5, airflow rate =8.1 mL/s and 

irradiation time = 30 min. Reprinted with permission from [65]. Copyright (2010) Elsevier. 

C-7 Additional Oxidants 

The consumption of CB electrons and VB holes is expected to proceed simultaneously during 

photocatalysis, but in fact, the former is much slower than the latter [66]. Considering that electrons 

and holes are equally generated, electrons will accumulate at CB and thus a great possibility of 
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recombination will be caused. Therefore, it is essential to introduce appropriate electron acceptors 

in order to consume the redundant electrons and produce more reactive species as well [54]. The 

most common oxidants that have been proven to reach this goal include O2, O3, H2O2, Fenton 

reagent ( Fe2+ + H2O2 ) [67–70], etc.. Considering that O3  and H2O2  applied to water 

decontamination are AOP strategies as well, the combination of photocatalysis and ozonation or 

hydrogen peroxide are deemed as incorporations of two AOP approaches, which will be elaborated 

in Appendix D-2 and D-1, respectively.   

Dissolved oxygen (O2) has been found to either support or hinder the photodegradation process 

depending on the degradation pathway/mechanism of a given substrate [71]. Its primary function 

is to capture electrons, producing O2
−

 and retarding recombination. Plus, O2 in a slurry system, 

which is common in heterogeneous photocatalysis, also provides sufficient buoyant force for the 

suspension of catalyst particles [35]. By means of investigating the influence of oxygen partial 

pressure in the photocatalytic mineralization of 2- 2-CB in aqueous TiO2 suspensions, Wang and 

Hong proposed that a higher O2 partial pressure resulted in a faster rate of 2-CB transformation, 

which might due to the involvement of molecular oxygen in the cleavage of aromatic ring through 

decomposing the hydroxyl by-products, as indicated by the distribution profiles of aromatic 

intermediates. [72] However, dissolved oxygen molecules may have detrimental impacts as well, 

as proven by Shirayama et al. that O2 weakened the UV irradiation intensity due to its absorption 

bands at 185 and 254 nm [73].  

The mixture of ferrous ion (Fe(II)) and hydroxyl peroxide (H2O2) is called Fenton reagent, and if 

ferrous ions are replaced by ferric ions (Fe(III)) [68] or other metal ions [69], it is called Fenton-

like reagent [61]. A conventional Fenton process without irradiation produces OH following 

Equation (C.4). In the presence of light, the produced Fe3+ would be reduced back to Fe2+ and 

produce OH as well, as indicated by Equation (C.5). On the other hand, photolysis of H2O2 would 

also occur under UV irradiation following Equation (C.6).   

Fe2+ + H2O2 → Fe
3+ + OH− + OH           (C.24) 

Fe3+ + H2O + hν → Fe
2+ + H+ + OH           (C.5) 

H2O2 + hν → 2OH               (C.6) 
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In photocatalysis, Fenton-like reagent are more commonly used for the reduction of Fe3+ can be 

realized by photogenerated electrons (Equation (C.7)), which would not only prevent electron/hole 

recombination, but also enable the catalytic cycle of Fe2+/Fe3+ and thus maintain a considerable 

concentration of Fe3+  as an electron acceptor as well as provide more reactive OH , as 

experimentally proved by Kim et al., in which study an accelerated oxidative degradation of 

phenol, benzoic acid, and methanol was realized benefiting from a combination of TiO2 

photocatalysis and the Fenton-like reaction under at circumneutral pH. [67] The same efficacy of 

Fenton-like reagents was also observed in the WO3/Fe(III)/H2O2  system employed for the 

degradation of various probe compounds (benzoic acid, coumarin, and methanol). [74]  

Fe3+ + e− → Fe2+               (C.7) 

However, iron sludge may also be caused during the above process, preventing the desired reaction 

from moving on. Therefore, Xu et al. designed a novel Bi2WO6/Cu
o composite photocatalyst with 

the synergistic effect of a Fenton-like oxidation process by immobilizing zero valent copper on the 

Bi2WO6 surface. The production of OH followed Equations (C.8-9). Electrons generated on the 

Bi2WO6  CB were trapped by the produced Cu2+  and Cu+ , regenerating Cu+  and Cuo , 

respectively. This process not only inhibited recombination but prevented Cuo from leaching as 

well. As a result, the degradation efficiency of phenol was rose from less than 20% up to nearly 

60% and after five runs no significant loss of activity exhibited. [69] 

Cuo + H2O2 → Cu
+ + OH− + OH            (C.8) 

Cu+ + H2O2 → Cu
2+ + OH− + OH            (C.9) 

Peroxydisulfate ions (S2O8
2−

) have been found possessing higher oxidization than H2O2  and 

thereby have been drawing greater attention recently. The reason is that the sulfate radical anions 

( SO4
−

) produced from S2O8
2−

 decomposition, either thermally (Equation (C.10)) or 

photolytically (Equation (C.11)), are capable of capturing the excessive electrons and thus 

hindering recombination (Equation (C.12)) and producing high-reactive OH (Equation (C.13)), 

as well as oxidizing substrates and intermediates directly (Equation (C.14)). Shang et al. 

investigated the effect of S2O8
2−

 on the mineralization of a complex mixture of 10 commercial 
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pesticides. Results exhibited a highly promoted TOC removal rate while a greatly decreased 

energy consumption compared to in the case of no S2O8
2−

 applied. [75]  

S2O8
2− + eCB

− → SO4
2− + SO4

−
            (C.10) 

S2O8
2− + hν → 2SO4

−
              (C.11) 

SO4
− + eCB

− → SO4
2−

               (C.12) 

SO4
− + H2O → SO4

2− + OH + H+           (C.13) 

SO4
− + RH → Intermediates or,  

SO4
− + Intermediates → CO2 + H2O +Mineralization products      (C.14) 

Peroxymonosulfuric ions (HSO5
−

) have been reported to provide SO4
−

 via both photolysis 

(Equation (C.15)) and trapping electrons (Equation (C.16)). The former process produces not only 

reactive species OH, but also SO4
−

 ions, which can scavenge photogenerated electrons and 

produce more OH as indicated by Equation (C.12) and (C.13), respectively. However, excessive 

HSO5
−

 may waste the reactive OH. Through analyzing the effect of HSO5
−

 on the photocatalytic 

degradation of RR120 with ZnO nanocrystal, the degradation efficiency for 30 min irradiation was 

promoted from 76.9% to 99.8%, which was attributed to the immediate trapping of photogenerated 

electrons by HSO5
−

 and the subsequent production of • OH [65]. 

HSO5
− + hν → SO4

− + OH             (C.15) 

HSO5
− + eCB

− → OH− + SO4
−

            (C.16) 

HSO5
− + eCB

− → OH + SO4
2−

             (C.17) 

HSO5
− + OH → SO5

− + H2O             (C.18) 

Sun et al. did a comparative study of S2O8
2−

, HSO5
−

, and H2O2 on the photocatalytic oxidation 

of MB over rGO  modified TiO2  under visible light. Results suggested that H2O2  intensely 

improved the MB degradation activity, and HSO5
−

 was able to increase MB removal rate as well. 
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However, S2O8
2−

 showed a slightly negative effect. The different effects of the oxidants might 

result from their distinct photolysis behaviors. Specifically, the photolysis of one mole of H2O2 

produces two moles of OH , while one for HSO5
−

, and zero for S2O8
2−

, as manifested by 

Equations (C.6), (C.15), and (C.11), respectively. [76] 

Some other oxidants are also found to have influences. Selvam et al. reported different facilitating 

effects of various inorganic anion oxidants on the degradation of 4-fluorophenol, which were in 

the order of IO4
− > BrO3

− > S2O8
2− > H2O2 > ClO3

−
 in both UV/TiO2 and UV/ZnO systems. 

It is obvious that the most effective oxidant is IO4
−

 in this case. The higher reactivity of the 

UV/TiO2/IO4
−

 system was due to the production of highly reactive intermediate radicals such as 

IO3 (Equation (C.19)), OH (Equation (C.20)), and IO4 (Equation (C.21)). [77] 

IO4
− + hν → IO3+ O

−              (C.19) 

O− + H+ → OH               (C.20) 

OH + IO4
− → OH− + IO4             (C.21) 

The effects of a certain additional oxidant may variou in different systems, and may not always be 

favorable in some cases. For example, Sobana et al. found hydrogen peroxides inhered the 

degradation of AR 18 on ZnO due to the poor adsorption of  H2O2 molecules on the semiconductor 

surface [78]. 

C-8 Other Ions 

Since inorganic ions, such as NO3
−

, HCO3
−

, Cl− , SO4
2−

, Na+ , Ca2+  and Mg2+ , are naturally 

present in water [79], it is necessary to take their influences  into consideration when investigating 

photocatalytic water decontamination.  

Carbonate (CO3
2−

) and bicarbonate (HCO3
−

) are most considered. Both CO3
2−

 and HCO3
−

 

scavenge hydroxyl radicals, producing carbonate radicals ( CO3
•−

), an oxidant with higher 

selectivity but lower reactivity compared to • OH, according to the following reactions: 

CO3
2− +• OH → CO3

•− + OH−             (C.22) 
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HCO3
− +• OH → CO3

•− + H2O            (C.23) 

Behnajady et al. observed a significantly decreased decolorization of C.I. Acid Yellow 23 over 

ZnO photocatalyst by increasing the concentration of CO3
2−

 and HCO3
−

, which was mainly due 

to their scavenging effect. The blockage of active sites on the ZnO surface was also speculated to 

be a reason for the reduced photocatalytic performance. [47] Some studies also reported enhanced 

photocatalysis in the presence of carbonate and bicarbonate ions. For example, the photocatalytic 

transformation of norfloxacin (NOR) on BiOBr/Fe3O4 composites was promoted in the presence 

of HCO3
−

, which was related to the molecular structure of NOR. NOR has two aromatic aniline’s 

structures bearing electron-donating substituents and structures similar to amino acids, which ware 

easily oxidized [80]. Studies have found that carbonate radicals reacted rapidly with compounds 

possessing the above structures, which makes them significant reactants in the oxidation of sulfur-

containing compounds [80] . The complexes of bicarbonate on BiOBr/Fe3O4 surface was also 

speculated as one of the reasons for the degradation enhancement. [79] 

Nitrate (NO3
−

) was the major precursor of • OH under solar light, as indicated and proven by 

Guo’s work. The degradation of NOR photocatalyzed by BiOBr/Fe3O4 composites was slightly 

enhanced at low concentration (<1.0 mM) while inhibited in the concentration range of 2.0-10.0 

mM, which was contributed to the excessively adsorbed NO3
−

 ions competing for active sites on 

the catalyst surface with the substrate. [79]  

Some other inorganic anions, such as halogens, are also been found to influence photocatalysis, 

which is usually related to the generation of weak oxidative halogen species oxidized by holes 

[81]. Liang et al. has reported the contribution of Clo clusters on the photocatalytic degradation of 

RhB under visible light, produced from the hole-oxidization of Cl- came from the slightly 

dissolved AgCl. [82] The same effect was also found in Br− [62].  

Metal cations may also have impacts on the photocatalytic decomposition of organic substrates. 

Noble metal ions are the most commonly studies, for they can be reduced by electrons, producing 

noble metal NPs, which may inhibit the LSPR effect to facilitate photocatalysis, as interpreted in 

Section 2.3.3. Yet, the excessive metal ions may be jeopardized instead. Natarajan noticed an 

evidently thwarted adsorption and degradation of RhB on TiO2 photocatalyst in the presence of 

various metal ions (Zn2+, Ag+, Fe3+, Cu2+ and Cd2+) at the concentration of 100 µM, which was 
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attributed on the blockage of active sites on the catalyst surface as a result of the overdose of the 

employed metal ions [4].  Ferrous (Fe2+) and ferric (Fe3+) ions influences the photocatalytic 

activity by forming a respective Fenton or Fenton-like reagent with H2O2 under irradiation, which 

was mentioned in Appendix C-7. 
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Appendix D. Strategies Coupling Photocatalysis with 

Other Treatment: A Brief Summary 

AOPs are based on the generation of hydroxyl radicals, which is such a strong oxidative reagent 

that it can be deemed as non-selective. Therefore, the combination of two or more AOPs is 

expected to be more effective than either of them being used separately, which is attributed to the 

increased amount of generated OH [1].  

D-1 Coupling with Hydrogen Peroxide 

Hydrogen peroxide (H2O2 ) is able to decompose to produce OH  radicals both thermally 

(Equation (D.1-2)) and photochemically (Equation (D.3)) [2–4]. Besides, considering that the 

oxidation potential of OH generated from H2O2 is stronger than that of O2
−

 produced by O2, 

hydrogen peroxide is a better electron acceptor compared to oxygen [5]. It should be noticed that 

there is an optimum concentration range of H2O2, and different effects may be presented when it 

is outranged. Insufficient dosage doubtlessly facilitates the reactions, although not as much as the 

sufficient dose does. Overdose may have the same effect when the exceeding amount is not too 

much but plays a counterpart role when it gets too high. This is because at high H2O2 

concentration, it may decompose to give water and oxygen (Equation (D.4)), or scavenges 

photogenerated holes (Equation (D.5)) or hydroxyl radicals (Equation (D.6)), producing oxidants 

that are much weaker than the desired hydroxyl radicals. By introducing 0.25 mL of H2O2 into the 

photoreaction suspension containing RhB and PANI/BiVO4 composites, the degradation activity 

was increased about 18-fold compared to that of the without-H2O2 system [6]. In the investigation 

of photocatalytic activity of C-doped ZnO under visble light, the degradation and mineralization 

rates of BPA was promoted as the H2O2 concentration increased from 10−3 to 5 × 10−3 M, which 

was attributed to the photocatalytic election scavenging and thus inhibited recombination. When 

the H2O2 concentration increased to 10−2 M, however, the excessive H2O2 molecules consumed 

• OH and formed HO2 • following Equation (D.6), and thus suppressed the photocatalytic effect. 

[7] 

H2O2 + eCB
− → OH + OH−             (D.1) 
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H2O2 + O2
− → OH + OH− + O2            (D.2) 

H2O2 + hν → 2OH               (D.3) 

2H2O2 + hν → 2H2O + O2             (D.4) 

H2O2 + hVB
+ → O2 + 2H

+             (D.5) 

H2O2 + OH → H2O + HO2             (D.6) 

D-2 Coupling Ozonation 

Ozone is a powerful oxidant with an electrochemical oxidation potential of 2.07 eV (vs. NHE) [1], 

and has been used for dissociating various organics [8]. Under irradiation, an ozone molecule may 

generate one hydroxyl radical via a direct reaction with water (Equation (D.7)) or two via an 

indirect reaction (Equation (D.8-9)) [9,10].  

 O3 + H2O 
 hν 
→  OH + OOH + O2            (D.7) 

O3 + H2O 
 hν 
→  H2O2 + O2             (D.8) 

H2O2  
 hν 
→  2OH               (D.9) 

In the presence of semiconductor photocatalysts, O3 is more often working as the electron sink, 

which would not only restrain electron/hole recombination, but produce more OH  for the 

subsequent substrate degradation, as demonstrated by Equation (D.10-12). Zou and Zhu found a 

nearly 10 time and 1.6 times higher TOC removal efficiency of a O3/TiO2 system compared to 

the pure ozonation and TiO2 -photocatalysis treatment under UV irradiation [1]. The same 

mechanism also explained the enhanced catalytic performance of WO3 towards the degradation of 

IBP under visible light [11]. By means of introducing ozone into the reaction system, Mahmoodi 

rose the decomposition activity of  RR 198 RR120 over CuFe2O4 to 1.48 and 1.74 times higher, 

respectively, under UV irradiation [12]. 

O3 + e
− → O3

−
              (D.10) 
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O3
− + H+ → HO3              (D.11) 

HO3 → O2 + OH              (D.12) 

Kopf et al. claimed another theory. They indicated that it was O2  instead of O3  that trapped 

electrons. The produced O2
−

 reduced O3 to O3
−

 (Equation (D.13)), which took part in the next 

steps same as Equation (D.10-12). In addition to the strongly enhanced degradation efficiency of 

monochloroacetic acid and pyridine compared with ozonation and photocatalysis worked 

separately, the specific energy consumption was also greatly reduced as shown in Table D-1. [13] 

O3 + O2
− → O3

− + O2             (D.13) 

Table D- 1  Comparison of specific energy consumption among the three systems. Adapted with permission from 

[13]. Copyright (2000) Elsevier.  

Substrate 
Pure 

Photocatalysis 
Pure Ozonation Combination 

Monochloroacetic 

Acid 
19 110 5.4 

Pyridine 120 73 11 

Unit of specific energy consumption: kWh g⁄  DOC − reduction  

D-3 Coupling with Other Treatments 

The synergistic effect of photocatalysis and other AOP treatments, such as sonolysis- [14,15] and 

microwave- irradiation [16,17], have also been researched.  

Berberidou et al. investigated MG degradation in water in the presence of TiO2 under ultrasound 

irradiation. The superior sonophotocatalytic efficiency was attributed to the enhanced production 

of • OH. [14] Similarly, the simultaneous application of ultraviolet and ultrasound irradiation to 

photocatalytic degradation of RB5 resulted in an improved efficiency compared to photocatalysis 

and sonolysis operated separately, as well as the additive effect of the two processes, suggesting 

the synergistic effect between them [15]. 

Zhang et al. found a facilitated catalytic degradation of X-3B at high concentration on TiO2 using 

microwave electrodeless lamp as the light source, which was benefited from the enhanced • OH 
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generation [17]. Another research focusing on the decomposition of 4-CP by a microwave assisted 

photocatalysis method found that in addition to produce • OH , microwave likely generated 

additional defect sites on the TiO2 surface, which inhibited electron/hole recombination, resulting 

a more effective photocatalytic process [16].  
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Appendix E. Recent Development in Photoreactor 

Design: A Brief Summary 

E-1 Introduction 

Although photocatalytic water decontamination has been attracting extensive attention, most of 

them are concentrating on catalyst modification and design and operating parameter optimization, 

industrial practices are still limited due to scaling-up problems and the difficulties and complexity 

with regard to reactor design. The primary challenges concentrate on photon transfer limitation 

and mass transfer limitation [1,2].  

Photon transfer limitation results from photon loss during transmission from the light source to 

catalyst particles, as well as non-uniform illumination distribution throughout the reaction system 

[3]. The former can be addressed by  modifying or exploring novel light sources; the latter may be 

addressed by increasing the distance between the light source and the reaction system or increasing 

the amount of lamps around the reactor when artificial light sources are used. Yet, poor light 

absorption efficiency or high energy consumption may be caused. [4] 

Another major barrier to photoreactor development is the relatively slow reaction rate due to the 

low concentration levels of pollutant substrates, which can be further deteriorated by mass transfer 

limitation [2]. Except for maximizing the specific surface area of catalyst particles, increasing 

Reynolds numbers by improving the turbidity of the fluid and thus the collision between substrate 

and catalyst is also effective [4,5].  

E-2 laboratory UV-Activated Photoreactor Design 

Among the existing photocatalytic reactor configurations, slurry and suspension systems are most 

applied, taking the advantage of a strong interaction between react agents and catalysts with a large 

specific surface area. However, after-use separation of catalysts and non-uniform illumination 

distribution lead to high operation costs and poor energy efficiency, and thus restrict the 

industrialization and commercialization of these devices [1].  
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Alternative reactor configurations include fixed- and fluidized-bed reactors. In conventional fixed-

bed reactors, catalyst particles are coated on reactor walls, on solid-supported matrixes, or around 

the casing of the light source, in the form of thin films or sheets, in order to keep an effective 

access for substrates to catalyst surface [3,6]. Whereas, the thickness of a porous film- or sheet-

supported by catalysts would impact the internal mass transfer process since some substrates may 

not be able to reach the photocatalysts in the proximity of the support-catalyst interface [1]. 

Meanwhile, photon loss induced by irradiation scattering and small catalyst specific surface area 

are also notable barriers for the films or sheets to be applied to industries [7]. The above factors 

will result in a reduction in the photocatalytic performance of immobilization reactors compared 

to in the case of slurry reactors [1]. A comparative study of photocatalytic degradation of formic 

acid was proceeded among a traditional suspended system, an immobilized system with catalysts 

coated on the tube wall and another immobilized systems packed with coated glass beads. Results 

exhibited comparable quantum yields for the three systems, and only the second one suffered from 

mass transfer limitation [8]. Moreover, immobilized systems are not suitable for high catalyst 

loading because of the potential “screening effect”, which is adverse to photon absorption [6]. 

Instead of fixing catalysts, Ollis and Marinangeli focused irradiation onto the polished tip of optical 

fibers through a bi-convex lens, and realized the remote delivery of photon energy to reactive sites 

on the catalyst surface [9]. This strategy has been applied in numbers of novel photoreactors [3,10–

12] as the main development for quantum efficiency improvement [4]. Hofstadler et al. 

investigated the degradation of 4-cCP in a multifiber photocatalytic reactor, and obtained a 1.6 

times higher reaction rate compared to a conventional slurry reactor using a 400-W high-pressure 

Hg lamp working as the light source under comparable conditions [13]. Yet, optical fibers may 

suffer from exponentially light intensity decays along the axial direction of the coated fibers and 

requires deeper investigations. [10–12,14]. 

Fluidized-bed reactor is deemed as a reactor type between slurry and fixed ones, where the 

catalysts are confined but move freely inside the reactor so that not only the after-separation 

process can be avoided, sufficient contact between catalyst and substrates is garuanteed as well. 

However, the non-uniform illumination distribution is still unsolved [15], and the loss or “drifting” 

of photocatalysts is also inevitable [4]. Moreover, a continuously high feed flow rate to maintain 

turbulence is indispensable, which requires a large volume of input and thus a high power 

consumption.  
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From the above discussions, the two central problems with respect to photocatalytic reactor design 

can be extracted as needing a sufficiently high specific surface area of catalysts and a uniform 

distribution of illumination across the reaction system [1]. Efforts focusing on both issues have 

been carried out. A well-known example is the development of a thin film reactor based on slurry 

systems with a turbulent flow. In these reactors, there is only a thin water film between the light 

source and the catalysts, so that photon loss through absorption can be diminished [16]. For 

instance, a thin-film, slurry reactor was firstly devised by Ollis et al., which implemented an 

efficient photocatalyst excitation due to the superior light absorption of the slurry suspension, as 

well as a very large illumination area and thus a minimal mass transfer limitation [17]. On this 

basis, Puma and Yue devised a novel "fountain" photoreactor operated in a continuous flow 

(Figure E-1). With this configuration, photons emitted from the lamp could be absorbed by the 

reaction suspension in the water fountain. On the other hand, since the water fountain was thin, 

the photons could go through it and reflected by the baffle, and then reach the water fountain and 

take part in the reaction again, which prolonged the photon lifetime and inhibited photon losses. 

This design successfully avoided filming and sealing problems and breakage risks that were typical 

in reactor configurations where photons enter the reactor through a transparent window. [18,19]  

 

Figure E- 1  Schematic of the fountain photocatalytic reactor operated in continuous flow with external recycle. 

Adapted with permission from [18,19]. Copyright (2000) Elsevier and Copyright (2001) Elsevier, respectively.  

Some thin-film photoreactors are also devised in the form of falling flow reactors [20]. In order to 

overcome the after-use problem exiting in regular slurry system, they are usually proposed based 
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on fixed-bed reactors [21]. Catalyst-immobilized falling film reactors and rotating disk reactors 

are the two most commonly used configurations. In immobilized falling flow reactors, instead of 

operating at turbulence, there are three dimensionless velocity profiles at steady state: falling film 

laminar flow, plug flow, and slit flow [22]. A falling film closed loop step photoreactor was found 

to be valid for describing the degradation pathway and kinetics of chlorotoluron and metolachlor, 

respectively [21]. In 2000, the first rotating disk photocatalytic reactor operating in a falling film 

continuous flow mode was developed with immobilized TiO2 . The configuration is shown in 

Figure E-2. Its performance was tested by the photocatalytic degradation of 4-chlorobenzoic acid 

with a decent mass transfer efficiency. [23,24] Subsequently, a comparative study between a 

photon-effective rotating disk photocatalytic reactor and a rotating drum reactor revealed that an 

approximate 1.73-times-higher maximum initial photonic efficiency was reached in the former 

compared to the latter. An 11.2% increment in the amount of absorbed photons was also found in 

the rotating disk reactor due to the recapture of reflected photons realized by its corrugated surface 

[16]. Another comparison carried out between a rotating disk reactor and a conventional annular 

reactor achieved a 3 times higher average photonic efficiency and a 2 times larger maximum 

surface reaction rate in the former, suggesting that the former was significantly more efficient in 

light energy conversion and under the reaction condition the rate limiting step (either the oxygen 

adsorption of oxygen on catalyst surface or the electron transfer from the catalyst to the oxygen) 

was overcome to some degree, respectively [25].  

 

Figure E- 2  Schematic of rotating disk photocatalytic reactor. Adapted with permission from [23]. Copyright (2000) 

Elsevier. 
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Based on fixed-bed reactors, multiple-tube reactors with catalysts immobilized on the tube walls 

have also been devised. Ray and Beenackers proposed a distributive-type fixed-bed reactor system 

consisting of hollow tubes coated on its outside surface deposited with catalysts. These tubes 

functioned as both the light conductor and catalyst distributor. An approximately 4.5 times higher 

photocatalytic activity compared to in the case of a classical annular reactor was observed. The 

schematic is shown in Figure E-3. [2] 

 

Figure E- 3  Schematic of multiple tube reactor. Adapted with permission from [2]. Copyright (1998) Elsevier. 

In order to overcome the mass transfer limitation tubular reactors suffer from, Damodar and 

Swaminathan combined thin-film and tubular reactors in a continuous immobilized rotating tube 

reactor (Figure E-4), giving a zigzag flow path for liquid in the reactor. A color removal rate of 

90-99.99% and the TOC removal of 55-70% towards a reactive red dye (C18H11N8O10S3ClNa3) 

was realized, and flow rate was found to be significant on color removal and energy consumption. 

[26] 

 

Figure E- 4  Schematic of immobilized rotating tube photocatalytic reactor. Adapted with permission from [26]. 

Copyright (2008) Elsevier. 
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Li et al. developed a novel double-cylindrical-shell (DCS) photoreactor immobilized with TiO2-

coated silica gel beads. Two concentric columns were sandwiched with the beads. The inner one 

was inserted with an UV black light lamp in the center and the outer was covered with aluminum 

foil to reflect black UV light into the reactor. The reactor was equipped with a peristaltic that 

allowed continuous circulation of the reaction suspension through the photocatalytic system. Its 

performance was applied to the degradation of RhB and MO, exhibiting a superior catalytic 

efficiency with a low energy consumption, as well as an excellent repetitive operation 

performance. [27] Zhang et al. devised a novel capillary array photocatalytic reactor. Two 

trtrafluoroethylene tubes inserted with capillaries were fixed on two brackets up and down. An 11 

W UV lamp was inserted at the center of the two brackets providing irradiation source. Its success 

was disclosed by the enhanced photocatalytic degradation efficiency towards RhB and MO 

compared to the conventional batch reactor with P-25 TiO2  powder and TiO2  film as 

photocatalyst. [28] Rao et al. came up with a pebble bed photoreactor with TiO2 coated on silica-

rich white pebbles distributing in an orderly arrangement in a horizontal or inclined trough. The 

pebbles positioned in the horizontal direction performed a higher efficiency due to the lower degree 

of water by-passing and the better contact between the TiO2-coated pebbles and contaminated 

water, compared to the case of the inclined trough. The primary advantage of this reactor type was 

the low cost of catalyst supporter, and the only constraint for its industrial application might be the 

availability of space for sunlight collection. [29] 

E-3 Industrial Solar Collectors 

Although lots of efforts have been made with respect to optimizing and exploring novel 

photocatalytic reactors radiated by UV, outdoor industrial reactors under solar illumination still 

remain scarce. It is because scaling up photocatalytic reactors is a complex process with multiple 

interacting factors, such as the distribution and transfer of substrates and photocatalysts, reaction 

kinetics, irradiation characteristics, etc. [1]. It was suggested that the primary unit costs 

predominated the overall treatment cost under a satisfactory technical premise [30]. In industrial-

scale reactors, substituting natural solar irradiation for artificial UV lamps as the light source for 

photocatalysis will dramatically reduce the total cost of the treatment system. Therefore, solar 

thermal collectors have been modified to accommodate for solar photocatalytic reactors. Different 

from laboratory reaction systems usually operating at a constant temperature, industrial solar 
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collectors are often exposed to a natural temperature without a strict control due to financial 

consideration and that temperature has only a slight effect on the aqueous phase photoreactor. [31] 

A typical solar collector consists of an aperture plane, an absorber (usually in a tubular shape), and 

other support structures. The first two are most significant. 

The aperture plane is made of special materials that can reflect solar irradiation to the absorber as 

much as possible, and the aperture material determines the radiation intensity [32]. Traditional 

silver-coated mirrors have very poor reflectivity in the UV spectrum, and therefore is not suitable 

for photocatalytic applications [33]. Aluminum-coated materials is the only one that has high and 

stable reflectance in this case, and is no doubt the best option [34]. However, a freshly deposited 

aluminum surface would be so fragile that needs to be protected. Although the conventional glass 

cover does have resistance to weathering and abrasion, it also filters UV light significantly and the 

oxide layer formed naturally grows increasingly thicker, which would drastically curb UV 

reflectance. [35] Therefore, electropolished anodized aluminum and organic plastic films with 

aluminum coatings are considered as the most suitable surface at present [33].  

Absorbers in a solar collector for photocatalysis not only work for absorbing photons, but act as 

the reactor for the substrate degradation as well. Materials suitable for an absorber should have 

strong light absorbance and be inert to the catalysts, substrates, by-products during the reactions, 

as well as aggressive radicals (e.g., hydroxyl radicals and superoxide radicals). Resistance to low 

pH (inorganic acids are common in both by- and end-products in photocatalytic degradation) and 

high temperature of around 60-70 ℃ (due to the absorption of heat from solar irradiation) are also 

necessary. [33] 

Materials such as fluoropolymers, acrylic transmissions and some low iron-containing glasses 

have been proven to meet the requirements. Fluoropolymers can be deployed as films attributed to 

their excellent tear resistance at low pressure. However, at high pressure, thick walls would be 

necessary due to their fragility in the radical direction. [35] Quartz, on the other hand, is unfeasible 

because of high price, although their properties are suitable [36]. 

Since most research studying solar collectors for photocatalysis are carried out in the presence of 

TiO2, the catalysts involved in the following discussion are TiO2 unless stated otherwise.  
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E-3.1 Concentrating Collector 

The first industrial-scale outdoor solar-activated photocatalytic reactor was a converted solar 

thermal parabolic-trough collector, in which the absorber/glazing-tube combination was replaced 

by a simple Pyrex glass tube through which the contaminated water could flow [37]. Original 

photoreactor designs for photocatalysis are based on line-focus parabolic-trough concentrators 

(PTCs) [35]. It is the most promising and mature type of concentrating solar collectors that have 

been proven as effective for wastewater treatment [32]. A PTC has one or two motors controlled 

by the solar tracking system on one or two axes, respectively, keeping the aperture plane 

perpendicular to the solar rays, so that all available direct solar radiation can be reflected and 

concentrated on the absorber tube. The construction of a two-axes concentrating collector is shown 

in Figure E-5(a). The shape of apertures should be precise to ensure that the absorber locates right 

on the focal line of the aperture so that reflected sunlight can be focused on the absorber (Figure 

E-5(b), (c)).  

 

Figure E- 5  (a) Schematic of parabolic trough with two axes, (b) absorber locates on the focal line of the absorber, 

and (c) absorber does not locate on the focal line of the absorber. 
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Concentrating collectors usually have small size and length while receiving a large amount of 

energy per unit volume, and thus a high energy utilization efficiency would be carried out. A 

turbulent flow with less or no mass transfer limitation inside the reaction system is also easy to be 

maintained, and also, volatile compounds do not evaporate, which makes the handling and control 

of the inlet simple and cheap. [6,38] 

Yet, concentrating systems can only use direct solar radiation. In the wavelength range of solar 

radiation reaching the earth’s surface that can be absorbed by TiO2 , the direct and diffusion 

portions are almost equal. Therefore, only half of the incident irradiation can be used at most. [39] 

Additionally, both optical and quantum efficiency of concentrating collectors are pretty low [40], 

which can be explained by the square root rather than linear dependence of the reaction rate on the 

light flux [41,42]. Furthermore, the potential overheating may lead to leaks and corrosion of the 

reactor bodies [40]. This kind of reactors are usually expensive as well [41]. 

E-3.2 Non-concentrating Collector 

In order to avoid the aforementioned defects of concentrating collectors, especially to realize high 

efficiencies and low costs, non-concentrating collectors have been proposed (Figure E-6). A non-

concentrating solar collector usually consists of an immobilized flat plate orienting towards the 

equator at a specific inclination, depending on the latitude it locates. There is no solar tracking 

mechanism in non-concentrating devices, so that the difficulty and cost to build up such a system 

are both reduced. [32] In fact, tubes are widely used in non-concentrating collectors, but they are 

still regarded as a flat plate arrangement since the tubes are laid closely and side by side [33]. Also, 

the most significant difference between concentrating and non-concentrating collectors is that the 

latter makes use of both direct and diffuse solar radiation and no concentrating structure is needed 

[33,35,38]. Therefore, non-concentrating collectors have better optical efficiency and the quantum 

efficiency is not reduced by factors associated with solar tracking and concentrating as in 

concentrating collectors [37]. 
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Figure E- 6  Schematic of a non-concentrating collector. 

 Although non-concentrating collectors possess important advantages, scrupulous design of a 

robust sun-concentrating photoreactor is not trivial, since they must be weather-resistant, 

chemically inert and UV-transmissive [6]. In addition, the inlet is usually laminar, which may lead 

to mass transfer limitation problems, as well as reactant vaporization [33]. Furthermore, non-

concentrating systems require significantly large photoreactor surface and must be able to support 

high operating pressures in order to pump the fluid [32]. It is also more difficult to pipe the fluid 

into non-concentrating designs compared to in the case of parabolic troughs [6].  

E-3.3 Compound Parabolic Collector 

From the discussions above, it can be summarized that concentrating solar collectors are more 

efficient in energy conversion, while non-concentrating collectors bring about higher optical and 

quantum efficiencies. As a result, a successful attempt combining the advantages exhibited by both 

of the two collectors have been approached, which is the so-called compound parabolic collector 

(CPC) [6,32,43]. CPCs come under the category of non-concentrating solar collectors and are 

considered to be the most efficient and mature design in industrial-scale photochemical 

applications [6,32]. It is because CPC reactors provide the best optic properties for low-

concentration systems and can be designed with a concentration ratio close to one, benefiting from 

their ingenious design [44]. A CPC is made of two halves of a parabola with closely located focal 

points and their axes inclined to each other. As such, both direct and diffuse incident solar radiation 

within the angle between the two axes (i.e., acceptance angle of the CPC) can be reflected with 



172 
 

single or multiple reflections towards the absorber and so that be available for photocatalysis 

[6,32,33,43].  

The concentration factor (CCPC) of a two-dimensional CPC collector is given by Equation (E.1): 

CCPC = 1/Sinθ               (E.1) 

where θ is the acceptance semi-angle, which is normally between 60 and 90° for photocatalytic 

applications; when it reaches 90°, a non-concentrating collector system would be obtained [43]. 

Based on the geometric configuration of absorber, CPCs are divided into four types: flat, tube, fin, 

and vee [45]. Yet, only the first two types are suitable for photocatalytic applications. Their cross 

section schematics are given by Figure E-7 (a) (flat) and (b) (tubular) [6,32,43]. CPCs with flat 

absorbers have a high optical transmission due to their large shape factors for direct radiation [46]. 

Same as regular non-concentrating solar collectors, the flat absorber in such a CPC is actually an 

array of tubes set side by side. In CPCs with tubular absorbers, on the other hand, light reflected 

by the CPC is distributed around the tubular absorber so that its complete perimeter, rather than 

just the “front” as in conventional non-concentrating collectors would be illuminated [33,43,47]. 

Thereby, only half as much absorber material would be required, resulting in lower material cost, 

smaller conductive loss to the back, and gains in performance due to the improved transient 

response [45]. Higher concentration ratios and light captivity efficiencies with a smaller aperture 

area were also observed. However, in tubular absorber CPCs, incident photons are uniformly 

distributed, while the absorbed irradiation intensity is not, which is attributed to the photon loss 

during multiple reflections. This would cause high radiation intensity areas and thus hot spots on 

the absorber surface, resulting in a poor working efficiency and potential overheat areas eventually. 

[48] In order to minimize the radiation thermal loss from the absorber, Khonkar and Sayigh 

modified the absorber surface by introducing tiny cavities at the circumferential area with 

relatively high solar intensities. The contact area between the absorber and the fluid inside was 

increased as well. [47]  
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Figure E- 7  Cross section schematics of CPCs with (a) flat absorber, and (b) tubular absorber. 

CPCs take advantages of turbulent flow conditions, making use of both direct and diffuse solar 

radiation, low prices, avoiding vaporization of volatile compounds and thus high optical and 

quantum efficiencies [32,33,43] However, CPCs have not been widely applied in industries due to 

insufficient evidence in the commercial scale. Factors inhibiting its performance at commercial 

scale include slow overall rates, low quantum yields, low-order dependence of rates on light 

intensity, poisoning and fouling of the catalyst, and scavenging of active oxidizing agents by 

spectator species. Solar energy experiences cycle diurnally and annually, and vary with weather 

patterns , which makes its industrial performance hard to be precisely predicted. Also, the inlet 

may contain chemicals that can block the critical wavelengths necessary for photoactivity and may 

require pre- or post-treatment. [42] 

Except for technological and economical requirements, climate conditions are important in 

outdoor operations as well. A comparative study of the photocatalytic oxidation of 2,4-

Dichlorophenol using TiO2 suspensions under natural solar radiation at pilot-plant scale between 

PTC and CPC exhibited a comparative effect when operated on clear days but an obvious better 

performance under cloudy conditions [49].  

  



174 
 

References: 

[1] C. McCullagh, N. Skillen, M. Adams, P.K.J. Robertson, Photocatalytic reactors for environmental 

remediation: A review, J. Chem. Technol. Biotechnol. 86 (2011) 1002–1017. doi:10.1002/jctb.2650. 

[2] A.K. Ray, A.A.C.M. Beenackers, Development of a new photocatalytic reactor for water purification, Catal. 

Today. 40 (1998) 73–83. doi:10.1016/S0920-5861(97)00123-5. 

[3] P. Du, J.T. Carneiro, J.A. Moulijn, G. Mul, A novel photocatalytic monolith reactor for multiphase 

heterogeneous photocatalysis, Appl. Catal. A Gen. 334 (2008) 119–128. doi:10.1016/j.apcata.2007.09.045. 

[4] T. Van Gerven, G. Mul, J. Moulijn, A. Stankiewicz, A review of intensification of photocatalytic processes, 

Chem. Eng. Process. Process Intensif. 46 (2007) 781–789. doi:10.1016/j.cep.2007.05.012. 

[5] H. Lin, K.T. Valsaraj, Development of an optical fiber monolith reactor for photocatalytic wastewater 

treatment, J. Appl. Electrochem. 52 (2006) 2271–2280. doi:10.1002/aic.10823. 

[6] S. Malato, J. Blanco, A. Vidal, C. Richter, Photocatalysis with solar energy at a pilot-plant scale: An 

overview, Appl. Catal. B Environ. 37 (2002) 1–15. doi:10.1016/S0926-3373(01)00315-0. 

[7] M.F.J. Dijkstra, H. Buwalda, A.W.F. De Jong, A. Michorius, J.G.M. Winkelman, A.A.C.M. Beenackers, 

Experimental comparison of three reactor designs for photocatalytic water purification, Chem. Eng. Sci. 56 

(2001) 547–555. doi:10.1016/S0009-2509(00)00259-1. 

[8] M.F.J. Dijkstra, H. Buwalda, A.W.F. De Jong, A. Michorius, J.G.M. Winkelman, A.A.C.M. Beenackers, M. 

Dijsktra, H. Buwalda, A.W.F. De Jong, A. Michorius, M. Benackers, A. Winkelman, Experimental 

comparison of three reactor designs for photocatalyitic water purification, Chem. Eng. Sci. 56 (2001) 547–

555. doi:10.1016/S0009-2509(00)00259-1. 

[9] F. Yoshikawa, N. Namiki, Y. Otani, P. Biswas, A titanium dioxide-silica glass granule packed bed reactor 

for degradation of airborne organic compounds, J. Chem. Eng. Japan. 37 (2004) 503–513. 

doi:10.1252/jcej.37.503. 

[10] W. Choi, J.Y. Ko, H. Park, J.S. Chung, Investigation on TiO2-coated optical fibers for gas-phase 

photocatalytic oxidation of acetone, Appl. Catal. B Environ. 31 (2001) 209–220. doi:10.1016/S0926-

3373(00)00281-2. 

[11] N.J. Peill, M.R. Hoffmann, M.M.K. Laboratories, Development and Optimization of a TiO2-Coated Fiber-

Optic Cable Reactor : Photocatalytic Degradation of 4-Chlorophenol Development and Optimization of a 

Ti02-Coated FiberiOptic Cable Photocatalytic Degradation of 4-Chlorophenol, EnvironSciTechnol. 29 

(2002) 2974–2981. doi:10.1021/es00012a013. 

[12] R.-D. Sun, A. Nakajima, I. Watanabe, T. Watanabe, K. Hashimoto, TiO2-coated optical fiber bundles used 

as a photocatalytic filter for decomposition of gaseous organic compounds, J. Photochem. Photobiol. A 

Chem. 136 (2000) 111–116. doi:10.1016/S1010-6030(00)00330-0. 

[13] K. Hofstadler, R. Bauer, S. Novalic, G. Heisler, New Reactor Design for Photocatalytic Waste-Water 

Treatment With TiO2 Immobilized on Fused-Silica Glass-Fibers: Photomineralization of 4-Chlorophenol, 

Environ. Sci. Technol. 28 (1994) 670–674. doi:10.1021/es00053a021. 

[14] W. Wang, Y. Ku, The light transmission and distribution in an optical fiber coated with TiO2 particles, 

Chemosphere. 50 (2003) 999–1006. doi:10.1016/S0045-6535(02)00641-0. 

[15] P.S. Mukherjee, A.K. Ray, Major challenges in the design of a large-scale photocatalytic reactor for water 

treatment, Chem. Eng. Technol. 22 (1999) 253–260. doi:Doi 10.1002/(Sici)1521-

4125(199903)22:3<253::Aid-Ceat253>3.3.Co;2-O. 

[16] L. Zhang, W.A. Anderson, Z. (Jason) Zhang, Development and modeling of a rotating disc photocatalytic 

reactor for wastewater treatment, Chem. Eng. J. 121 (2006) 125–134. doi:10.1016/j.cej.2006.05.011. 



175 
 

[17] D.F. Ollis, E. Pelizzetti, N. Serpone, Heterogeneous photocatalysis in the environment: Application to water 

purification., in: N. Serpone, E. Pelizzetti (Eds.), Photocatal. Fundam. Appl., Wiley, New York, 1989. 

doi:10.1017/CBO9781107415324.004. 

[18] G. Li Puma, P.L. Yue, A novel fountain photocatalytic reactor: model development and experimental 

validation, Chem. Eng. Sci. 56 (2001) 2733–2744. doi:10.1016/S0009-2509(00)00528-5. 

[19] G.L. Puma, P.L. Yue, The modeling of a fountain photocatalytic reactor with a parabolic profile, Chem. 

Eng. Sci. 56 (2001) 721–726. doi:10.1016/S0009-2509(00)00281-5. 

[20] G. Li Puma, P.L. Yue, Enhanced Photocatalysis in a Pilot Laminar Falling Film Slurry Reactor, Ind. Eng. 

Chem. Res. 38 (1999) 3246–3254. doi:10.1021/ie9807607. 

[21] B. Stephan, L. Ludovic, W. Dominique, Modelling of a falling thin film deposited photocatalytic step 

reactor for water purification: Pesticide treatment, Chem. Eng. J. 169 (2011) 216–225. 

doi:10.1016/j.cej.2011.03.016. 

[22] G. Li Puma, P.L. Yue, Modelling and design of thin-film slurry photocatalytic reactors for water 

purification, Chem. Eng. Sci. 58 (2003) 2269–2281. doi:10.1016/S0009-2509(03)00086-1. 

[23] D. Dionysiou, Rotating disk photocatalytic reactor: development, characterization, and evaluation for the 

destruction of organic pollutants in water, Water Res. 34 (2000) 2927–2940. doi:10.1016/S0043-

1354(00)00022-1. 

[24] H.C. Yatmaz, C. Wallis, C.R. Howarth, The spinning disc reactor - studies on a novel {TiO}_2 

photocatalytic reactor, Chemosphere. 42 (2001) 397–403. doi:10.1016/S0045-6535(00)00088-6. 

[25] I. Boiarkina, S. Norris, D.A. Patterson, The case for the photocatalytic spinning disc reactor as a process 

intensification technology: Comparison to an annular reactor for the degradation of methylene blue, Chem. 

Eng. J. 225 (2013) 752–765. doi:10.1016/j.cej.2013.03.125. 

[26] R.A. Damodar, T. Swaminathan, Performance evaluation of a continuous flow immobilized rotating tube 

photocatalytic reactor (IRTPR) immobilized with TiO2 catalyst for azo dye degradation, Chem. Eng. J. 144 

(2008) 59–66. doi:10.1016/j.cej.2008.01.014. 

[27] D. Li, H. Zheng, Q. Wang, X. Wang, W. Jiang, Z. Zhang, Y. Yang, A novel double-cylindrical-shell 

photoreactor immobilized with monolayer TiO2-coated silica gel beads for photocatalytic degradation of 

Rhodamine B and Methyl Orange in aqueous solution, Sep. Purif. Technol. 123 (2014) 130–138. 

doi:10.1016/j.seppur.2013.12.029. 

[28] Z. Zhang, H. Wu, Y. Yuan, Y. Fang, L. Jin, Development of a novel capillary array photocatalytic reactor 

and application for degradation of azo dye, Chem. Eng. J. 184 (2012) 9–15. doi:10.1016/j.cej.2011.02.057. 

[29] N.N. Rao, V. Chaturvedi, G. Li Puma, Novel pebble bed photocatalytic reactor for solar treatment of textile 

wastewater, Chem. Eng. J. 184 (2012) 90–97. doi:10.1016/j.cej.2012.01.004. 

[30] J.I. Ajona, A. Vidal, V. A, The use of CPC collectors for detoxification of contaminated water: Design, 

construction and preliminary results, Sol. Energy. 68 (2000) 109. doi:10.1016/S0038-092X(99)00047-X. 

[31] D. Yogi, M. Daniel, Cleaning up with sunshine, Sol. Energy. 118 (1996) 56–59. 

[32] M. Tanveer, G. Tezcanli Guyer, Solar assisted photo degradation of wastewater by compound parabolic 

collectors: Review of design and operational parameters, Renew. Sustain. Energy Rev. 24 (2013) 534–543. 

doi:10.1016/j.rser.2013.03.053. 

[33] S.M. Rodríguez, J.B. Gálvez, M.I.M. Rubio, P.F. Ibáñez, D.A. Padilla, M.C. Pereira, J.F. Mendes, J.C. De 

Oliveira, Engineering of solar photocatalytic collectors, Sol. Energy. 77 (2004) 513–524. 

doi:10.1016/j.solener.2004.03.020. 

[34] G.J. Jorgensen, R. Govindarajan, Ultraviolet Reflector Materials for Solar Detoxification of Hazardous 

Waste, in: C.M. Lampert, C.G. Granqvist (Eds.), Proc. SPIE 1536, 1991: pp. 194–205. 



176 
 

doi:10.1117/12.49224. 

[35] S. Malato, P. Fernández-Ibáñez, M.I. Maldonado, J. Blanco, W. Gernjak, Decontamination and disinfection 

of water by solar photocatalysis: Recent overview and trends, Catal. Today. 147 (2009) 1–59. 

doi:10.1016/j.cattod.2009.06.018. 

[36] D.M. Blake, K. Magrini-bair, E. Woifrum, E.K. May, E. Wolfrum, E.K. May, Materials issues in solar 

detoxification of air and water, in: C.M. Lampert, C.G. Granqvist, M. Graetzel, S.K. Deb (Eds.), Proc. SPIE 

3138, 1997: pp. 154–162. doi:10.1117/12.290206. 

[37] D.Y.Goswami, A Review of Engineering Developments of Aqueous Phase Solar Photocatalytic 

Detoxification and Disinfection Processes, J. Sol. Energy Eng. 119 (1997) 101. doi:10.1115/1.2887886. 

[38] K. Kabra, R. Chaudhary, R.L. Sawhney, R. Kabra, Kavita. Chaudhary, Rubina. Sawhney, K. Kabra, R. 

Chaudhary, R.L. Sawhney, Treatment of Hazardous Organic and Inorganic Compounds through Aqueous-

Phase Photocatalysis: A Review, Ind. Eng. Chem. Res. 43 (2004) 7683–7696. doi:10.1021/ie0498551. 

[39] R.E. Bird, R.L. Hulstrom, L.J. Lewis, Terrestrial solar spectral data sets, Sol. Energy. 30 (1983) 563–573. 

doi:10.1016/0038-092X(83)90068-3. 

[40] D. Bockelmann, D. Weichgrebe, R. Goslich, D. Bahnemann, Concentrating versus non-concentrating 

reactors for solar water detoxification, Sol. Energy Mater. Sol. Cells. 38 (1995) 441–451. doi:10.1016/0927-

0248(95)00005-4. 

[41] D.F. Ollis, Solar-assisted photocatalysis for water purification: issues, data, questions, Kluwer Academic 

Publishers, 1991. doi:10.1017/CBO9781107415324.004. 

[42] Y. Parent, D. Blake, K. Magrini-Bair, C. Lyons, C. Turchi, A. Watt, E. Wolfrum, M. Prairie, Solar 

photocatalytic processes for the purification of water: State of development and barriers to 

commercialization, Sol. Energy. 56 (1996) 429–437. doi:10.1016/0038-092X(96)81767-1. 

[43] S. Malato, P. Fernández-Ibáñez, M.I. Maldonado, J.J.J. Blanco, W. Gernjak, D.C. Alarcón, M.I. Maldonado, 

P. Fernández-Ibáñez, W. Gernjak, D.C. Alarcon, M.I. Maldonado, P. Fernandez-Ibanez, W. Gernjak, D.C. 

Alarcón, M.I. Maldonado, P. Fernández-Ibáñez, W. Gernjak, Photocatalytic decontamination and 

disinfection of water with solar collectors, Catal. Today. 122 (2007) 137–149. 

doi:10.1016/j.cattod.2007.01.034. 

[44] J. Blanco, S. Malato, B. Milow, M.I. Maldonado, H. Fallmann, T. Krutzler, R. Bauer, T. Ciema, P.S. De 

Almeria, C. Senes, Techno-economical assessment of solar detoxification systems with compound parabolic 

collectors, J. Phys. 9 (1999) 259–264. 

[45] A. Rabl, N.. Goodman, R. Winston, Practical design considerations for CPC solar collectors, Sol. Energy. 22 

(1979) 373–381. doi:http://dx.doi.org/10.1016/0038-092X(79)90192-0. 

[46] R. Siegel, J. Howel, Thermal radiation heat transfer, McGraw-Hill, New York, 1972. 

[47] H.E.I.Khonkar, A.A.M.Sayigh, Optimization of the tubular absorber using a compound parabolic 

concentrator, Renew. Energy. 6 (1995) 17–21. 

[48] R.W. Matthews, Photo-oxidation of organic material in aqueous suspensions of titanium dioxide, Water Res. 

20 (1986) 569–578. doi:10.1016/0043-1354(86)90020-5. 

[49] S. Malato, J. Blanco, C. Richter, D. Curcó, J. Giménez, Low-concentration CPC collectors for 

photocatalytic water detoxification: Comparison with a medium concentrating solar collector, Water Sci. 

Technol. 35 (1997) 157–164. doi:10.1016/S0273-1223(97)00021-8. 

 

  



177 
 

Appendix F. Previously Failed System 

F-1 Carbon Quantum Dots Deposited on 𝐀𝐠/𝐀𝐠𝐁𝐫 Surface 

F-1.1 Principles and Theories 

Different from inorganic semiconductor quantum dots, carbon-containing quantum dots (CCQDs) 

refer to zero-dimensional carbon-containing nanoparticles with the size of generally several 

nanometers [1]. The mostly researched CCQDs so far is carbon quantum dots (CQDs). Other than 

the general functions such as accepting electrons, facilitating charge separation, increasing surface 

area, and providing active sites as inorganic carbon-containing materials do [1], [2], [3], the most 

significant application of CCQDs is to sensitize semiconductors with their extraordinary 

upconverted luinescence property. Specifically, after absorbing one photon from NIR or IR light, 

multiple electrons can be generated in OQDs and their recombination with holes emits visible light 

or UV, which in turn triggers the semiconductor particles to process conventional photocatalytic 

reactions [4], [5], [6]. The upconversion property of QDs is strongly size-dependent: as size 

increased, Eg  decreases, and the emissionn spectrum has a blue shift. This makes the 

CCQDs/semiconductor composites be capable of effectively using the full spectrum of sunlight 

and thus extensively promote the photocatalytic efficiency [5]. The superior conductivity of CQDs 

have also been reported [7], which facilitated electron/hole separation of the photocatalyst it 

deposited on.  

Silver bromide (AgBr ) has attracted much attention in the recent years for its visible-light-

responsivity due to narrow bandgap (ca. 2.6 eV). However, AgBr photocatalysts are not stable 

considering Ag+ would be easy reduced by the photogenerated electrons. On the other hand, the 

produced Ag nanoparticles (NPs) produced on the AgBr surface under UV or visible irradiation 

exhibit the localized surface plasmon resonance (LSPR) effect, which is able to extensively 

enhance photocatalytic performance of the semiconductor it deposited on. So far, three functioning 

mechanisms of the LSPR effect have been proposed: near-field electromagnetic enhancement, 

LSPR sensitization, and photon scattering [8]. When there is an overlap between the illumination 

source spectrum, semiconductor absorbance spectrum and metal NPs LSPR spectrum, the LSPR-
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induced electromagnetic field of the metal NPs will form at the metal/semiconductor interface, 

which has the intensity of up to 100-10000 times higher than that of the incident electric field of 

the semiconductor, and more electron s and holes would be produced as a result [9]. The formed 

electromagnetic field also polarized the nonpolar substrate and attract charged and polarized 

substrates due to Coulomb’s force, which enhances substrate adsorption, as well as heats up the 

surrounding environment and thus further facilitating the photoredox reactions [10], [11]. On the 

other hand, as the decay of the optically excited plasmons, electrons in the electron cloud from the 

plasmon metal NPs would be released. If the electrons are able to overcome the Schottky barrier 

at the metal/semiconductor interface, they would be injected to the semiconductor conduction band 

and sensitize the semiconductor as a result [12], [13]. Otherwise, they can oxidize substrates in an 

aqueous solution due to their mild oxidation potential [14]. WIth the NP size rises, incident photos 

may be scattered by reflection before reaching the semiconductor surface, leading to an improved 

light absorption efficiency [15]. 

F-1.2 Expected Effects 

Based on the theories and the reported mechanisms of enhanced photocatalytic performance 

involved with CQDs and Ag/AgBr, the photocatalytic activity of Ag/AgBr was expected to be 

promoted with the deposition of CQDs on the surface by either converting the NIR and IR 

irradiation into the visible and UV region accomplishing a higher light absorption efficiency of 

Ag/AgBr; or accepting the photogenerated electrons from the AgBr conduction band and hence 

realizing a sufficient charge carrier separation as well as enhancing the photostability of AgBr.  

F-1.3 Experiment 

F-1.3.1 Photocatalyst Preparation 

Synthesis of carbon quantum dots. The CQDs were synthesized by a facile electrochemical 

etching method. Two graphite rods (99.99%, 0.242in dia x 6in long, Alfa Aesar) with a distance 

of ca. 7.5 cm were inserted into an aqueous solution containing 199 ml deionized water (DDW), 1 

ml ethanol (99%, Fisher Scientific) and 0.3587g NaOH (99%, Sigma-Aldrich). A direct current of 

ca. 0.7 A was applied on the above system. After reacting for 7 h, the obtained brown solution was 
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neutralized by 1M HNO3  aqueous solution and dialyzed with a dialysis cassette (2K MWCO, 

Fisher Scientific) for 48h. Then, the diluted solution was centrifuged at 6000 rpm for 60 min. The 

supernatant was refrigerated in a brown glass vial.  

Synthesis of CQDs-deposited Ag/AgBr. To deposit CQDs onto AgBr surface, two methods have been 

tried.  

i) Hydrothermal method. At first, 0.2g of Polyvinylpyrrolidone (PVP, 95%, Fisher 

Scientific) was dissolved in 40 ml mixture of CQDs solution and DDW, and then 0.357g 

KBr (99%, Sigma-Aldrich) and labeled as solution A. In the meanwhile, 0.3825g AgNO3 

(99%, Fisher Scientific) was dissolved in 40 ml DDW and labeled as solution B. After 

magnetically stirred for 30 min, solution B was dropwisely added into solution A. After 

stirring for another 30 min, the precursor was poured into a 100 ml Teflon-lined stainless-

steel autoclave and kept at 120 ⁰C for 12h. After being centrifuged and washed with DDW 

and ethanol for 3 times, respectively, the pale yellow precipitate was redispersed in 30 ml 

DDW and magnetically stirred under visible light irradiation (300W tungsten halide bulb 

(Ushio) equipped with a cutoff (Kenko Zeta, transmittance > 90%, λ > 410 nm )) for 30 

min. The as-obtained grey particles were centrifuged and dried at 60 ⁰C overnight. Pure 

Ag/AgBr was prepared without the addition of the CQDs solution. The influence of the 

amout of CQD solution, the time to add CQD solution into the precursor, the reaction time 

and temperature of the AgBr precursor were investigated. 

ii) Facile wet-impregnation method. The CQDs and pure AgBr were synthesized separately 

as described above. Then, a designated amount of the as-prepared CQDs and AgBr 

particles were dispersed into an organic liquid aqueous solution and magnetically stirred in 

air until evaporation finished. The influence of the amount of CQD solution and AgBr, the 

reaction time and temperature of the AgBr precursor, the composition and volume of the 

dispersion media, and the stirring time and temperature were investigated.  

F-1.3.2 Photocatalytic Experiment  

Same as described in Chapter III. 
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F-1.4 Result Analysis 

No enhancement was observed in terms of RhB degradation on the CQDs-deposited Ag/AgBr 

compared to the pure Ag/AgBr. There are three possible reasons for the failure: 

i) The size of the prepared carbon particles may not reach the quantum level and even though 

carbon quantum dots were fabricated successfully, they may aggregate in the solution, 

which prevented the quantum effect from exhibiting.  

ii) The CQDs might not successfully deposited onto the AgBr surface, which might be 

attributed to the inappropriate preparation method.  

Due to financial considerations, no characteristic of the prepared sampled were performed.  

F-2 N-doped 𝐍𝐚𝐍𝐛𝐎𝟑 

F-2.1 Principles and Theories 

Perovskite sodium niobate (NaNbO3) has emerged as a wide-bandgap semiconductor due to its 

physical and chemical stability, high crystallinity, low-environmental impact, and low-cost [16]. 

Its photocatalytic performance has been proved in water splitting [17], water decontamination [18], 

as well as CO2 reduction [19] under UV irradiation. Although NaNbO3 does not respond to visible 

light due to its wide bandgap, it may work as the electron/hole separation center when coupled 

with a narrow-bandgap-semiconductor, such as Ag2O [20], BiOI [21], and Cu2O [22].  

Nitrogen, as the most intensively studied non-metal dopant, is usually introduced into oxygen-

containing semiconductor lattice by hybridizing O 2p orbital with N 2p orbital, which would 

elevate the semiconductor valence band and thus improve the light absorption efficiency. [23], 

[24] 

F-2.2 Expected Effects 

Although N-doped NaNbO3 has been reported before, it was realized by conventional solid-state 

reaction [25], [26]. N-doped NaNbO3 with enhanced photocatalytic activity under visible light 
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irradiation was expected to be realized by hydrothermal preparation.  

F-2.3 Experiment 

F-2.3.1 Photocatalyst Preparation 

Synthesis of 𝐍𝐚𝐍𝐛𝐎𝟑. At first, 14g NaOH tablets were dissolved in 30 ml DDW in a 100 ml 

beaker. After stirring for 30 min, 2g Nb2O5  was dispersed in the above concentrated NaOH 

solution. After magnetically stirring for 2h, the precursor was poured into a 45 ml Teflon-lined 

stainless steel autoclave and heated to 200 ⁰C. After reacting for 12 h, the autoclave was taken out 

of the oven and cooled down naturally to room temperature. The white precipitates were filtered 

and washed with DDW and ethanol for 3 times, respectively, and then dried at 60 ⁰C overnight.  

Synthesis of 𝐍-doped 𝐍𝐚𝐍𝐛𝐎𝟑 . Nitrogen doping was realized by either adding the nitrogen 

source in the precursor during of NaNbO3 via a one-pot hydrothermal method, or redispersing the 

as-prepared NaNbO3 in the solution containing the nitrogen source and hydrothermally treated via 

a two-step hydrothermal method. Urea (99%, Sigma-Aldrich), Triethanolamine (TEOA, 99%, 

Fisher Scientific), NH3 • H2O (28wt% in H2O), thiourea (99%, Fisher Scientific), methylamine 

solution (40wt% in H2O , Sigma-Aldrich), ethylamine solution (66-72wt% in H2O , Sigma-

Aldrich), hydrazine hydrate solution (24-26wt% in H2O , Sigma-Aldrich), EG (99%, Fisher 

Scientific), and ethanol (99%, Fisher Scientific) were employed as the nitrogen source. The 

influence of type, amount and addition time of nitrogen source, the temperature and time of 

hydrothermal treatment and calcination have been investigated. 

F-2.3.2 Photocatalytic Experiment  

Same as described in Chapter III. 

F-2.4 Result Analysis 

No enhancement was observed in terms of RhB degradation on the N-doped NaNbO3 compared 

to the pure NaNbO3. There are three possible reasons for the failure: 
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i) From DRS plot in terms of various nitrogen sources (samples with the strongest absorbance 

of each nitrogen source was exhibited), no significant enhancement except for the one used 

TEOA was found in the visible region, indicating the light absorption was not enhanced as 

expected. This might be attributed to the inappropriate preparation method.  

ii) For the sample with TEOA as the nitrogen source, although there was a slight absorption 

enhancement at ca. 360-500 nm, the photocatalytic performance reduced instead. Also, 

samples obtained from the two-step hydrothermal method were found to aggregate 

compared to the pristine NaNbO3 . This may because NaNbO3  is not stable in organic 

environment and high temperature and pressure.  

 

Figure F- 1  DRS spectra of N-doped NaNbO3 samples with various nitrogen sources. 
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