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Increasing demand and shortage of energy resources and clean water due to the 

rapid development of industry, population growth and long term droughts have become 

an issue worldwide. As a result, global warming, long term droughts and pollution-related 

diseases are becoming more and more serious. The traditional technologies, such as 

precipitation, neutralization, sedimentation, filtration and waste immobilization, cannot 

prevent the pollution but restrict the waste chemicals only after the pollution emission. 

Meanwhile, most of these treatments cannot thoroughly degrade the contaminants and 

may generate toxic secondary pollutants into ecosystem. 

Heterogeneous photocatalysis as the innovative wastewater technology attracts 

many attention, because it is able to generate highly reactive transitory species for total 

degradation of organic compounds, water pathogens and disinfection by-products. 

Semiconductor as photocatalysts have demonstrated their efficiency in degrading a wide 

range of organics into readily biodegradable compounds, and eventually mineralized 

them to innocuous carbon dioxide and water. But, the efficiency of photocatalysis is 

limited, and hence, it is crucial issue to modify photocatalyst to enhance photocatalytic 

activity.   

In this thesis, first of all, two literature views are conducted. A survey of materials 

for photocatalysis has been carried out in order to summarize the properties and the 



applications of photocatalysts that have been developed in this field. Meanwhile, the 

strategy for the improvement of photocatalytic activity have been explicit discussed.  

Furthermore, all the raw material and chemicals used in this work have been listed 

as well as a specific experimental process and characterization method has been described. 

The synthesize methods of different photocatalysts have been depicted step by step. 

Among these cases, different modification strategies have been used to enhance the 

efficiency of photocatalyst on degradation of organic compounds (Methylene Blue or 

Phenol). For each case, photocatalytic experiments have been done to exhibit their 

photocatalytic activity.The photocatalytic experiments have been designed and its process 

have been explained and illustrated in detailed.  

Moreover, the experimental results have been shown and discussion. All the 

findings have been demonstrated in detail and discussed case by case. Eventually, the 

mechanisms on the improvement of photocatalytic activities have been clarified by 

characterization of samples and analysis of results. As a conclusion, the photocatalytic 

activities of selected semiconductors have been successfully enhanced via choosing 

appropriate strategy for the modification of photocatalysts.  

Keywords: Heterogeneous photocatalysis, Modification, Water treatment, Methylene 

Blue, Solar light, Total Organic Carbon 
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1 Introduction 

1.1 Fundamental knowledge of semiconductors 

In this section, some essential definitions, concepts and theoretical knowledge 

about semiconductor and photocatalysis are briefly introduced and explained. All the 

following description in this section is based on the published literatures and references 

[1–4].  

Based on the fundamental knowledge of inorganic chemistry, the electronic state 

of a single atom or a single molecule could be described by means of electron orbitals 

with  certain  energy  level,  which  are  called  atomic  orbital  and  molecular  orbital  (MO) 

theory, respectively. According to this theory, when a compound consist of a large 

number of atoms or molecules, electron orbitals with similar energy level combine to 

form a so-called energy band. The development of molecular orbital by the interaction 

of atomic orbitals is depicted in Figure 1.1. It is clearly showed in the figure that energy 

band is a group of molecule orbitals (MOs) that the energy differences between them are 

so small that the system behaves as if a continuous, non-quantized variation of energy 

within the band is possible. It is assumed that electrons can move easily within an energy 

band if it is not fully occupied. Atomic or molecular orbitals with different energy levels 

form different  energy  bands.  According  to  this  fundamental  concept  of  band  theory,  a  

simplified band structures of metal, insulator and semiconductor is illustrated in Figure 

1.2. The insulator consists of a fully occupied band separated from another empty band 

by a large energy gap. However, metal consists of the overlap of an occupied and a vacant 

band.  
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Figure 1.1 The development of molecular orbitals. The interaction of two atomic orbitals leads 

to the formation of two MOs. When three atomic orbitals included, three MOs are formed, and so 

on. For n molecular orbitals with similar energy, a band of obitals are constituted.   

 

Figure 1.2 The simple band diagram of insulator, semiconductor and metal. CB and VB represent 

conductor band and valence band, respectively; the Eg is the band gap between CB and VB.  
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For semiconductors, their electronic structure is characterized by a fully occupied 

band, which is separated from an unoccupied band by a small energy gap. The fully 

occupied band is so-called valence band (VB), the unoccupied band is so-called 

conduction band (CB), and the small energy gap is so-called band gap (Eg). A typical 

energy band structure of semiconductor material is shown in Figure 1.3. The highest 

energy level in the valence band is called the valence band edge or Highest Occupied 

Molecular Orbital (HOMO), which is usually used to describe the energy of valence band. 

The lowest energy level in the conduction band is called conduction band edge or Lowest 

Unoccupied Molecular Orbital (LUMO), which is usually used to describe the energy of 

the conduction band. Semiconductor usually have band gap between 0.2 and 4.0 eV, and 

as a result, electrons can move to empty band and among atoms by external excitation, 

such as light irradiation. In addition, semiconductor materials could be classified into two 

group: n-type and p-type semiconductors. In n-type semiconductors, electrons are the 

majority carriers and holes are the minority carries. On the contrary, p-type 

semiconductors have a larger hole concentration than electron concentration. Figure 1.4 

illustrates the band structure of n-type and p-type semiconductors.  

 

Figure 1.3 A typical energy band structure of semiconductor material. 
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Figure 1.4 The band structure of n-type and p-type semiconductors: In a p-type semiconductor, 

electrical conductivity arises from thermal population of an acceptor level which leaves vacancies 

(positive holes) in the lower band; In an n-type semiconductor, a donor level is close in energy to 

the conduction band. 

Another important concept about semiconductor is the Fermi level (EF), which is 

the term used to describe the top of the collection of electron energy levels at temperature 

of absolute zero. In another words, the Fermi level is energy levels that no electron will 

have enough energy to rise at absolute zero degree [1]. Generally, it is only related to the 

composition of material and environmental temperature. In the n-type semiconductor, the 

Fermi level is close to the edge of conduction band because of its major mobile carriers 

are electrons. On the contrary, the Fermi level of p-type semiconductor lies closer to the 

valence band than the conduction band because of its major mobile carriers are holes.  

One of the most important properties of semiconductor is its optical property. 

Because the band gap is relatively low, the light with adequate photo energy is able to 

excite electrons from the valence band to the conductor band, and consequently, the photo 

energy is converted to electric or chemical energy (Figure 1.5). In order to reach the 

excitation requirement, the photo energy must be equal or greater than the band gap of 

semiconductors, or the wavelength of light must be equal or lower than a certain threshold 
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value. The relationship of the threshold wavelength and the band gap of semiconductor 

can be expressed as below: 

 ( ) = 1240/  ( )                                               (1.1) 

For example, if one semiconductor has the band gap of 3.0 eV. The threshold 

wavelength is equal to 1240/3.0, which is about 413 nm. Hence, only the light with 

wavelength equal or lower than 413 nm can excite electrons from the valence band to 

conductor band of this semiconductor.  

 

Figure 1.5 Basic process of charge carrier generation upon light irradiation of a semiconductor. 
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1.2 Fundamentals of Heterogeneous Photocatalysis 

1.2.1 Brief History of Heterogeneous Photocatalysis  

Heterogeneous photocatalysis, as one of Advanced Oxidation Processes (AOPs), 

refers to a generative process of highly reactive transitory species on the surface of 

photocatalysts, usually semiconductors, under light exposure with sufficient energy [5]. 

Due to this characteristic, heterogeneous photocatalysis could be a potential, innovative 

and promising technology for the decomposition of wastewater containing organic 

contaminants because it is able to mineralize organic molecules to CO2 and  H2O, and 

hence, unlike several other treatment methods, avoids the secondary pollution challenge. 

In addition, heterogeneous photocatalysis have extended their feasible application to 

waste water treatment by other traits, such as ambient operating temperature and pressure; 

low operating cost. 

The earliest work associated with photocatalysis that we have been able to access 

dates back to 1921 at the University of Lugano, Switzerland [6]. It was reported that 

oxides like TiO2, CeO2, Nb2O5 and Ta2O5 were partially reduced during illumination with 

sunlight in the presence of an organic compound, such as glycerol. As a result, the color 

of oxides changed from white to dark (such as grey, blue and black). In 1924, Baur and 

Perret were firstly reported that metallic silver could be produce by photocatalytic 

deposition of a silver salt on zinc oxide [7].  At the same period, a phenomenon has been 

noticed that titania-based exterior paints tend to undergo “chalking” under strong sunlight. 

It means that white powder-like substrate tends to form on the surface of paints, similar 

to the chalk on the blackboard. After investigation, the scientists proposed that titania acts 

as catalyst to accelerate the photochemical oxidation [8]. In other words, titania is able to 

decompose the organic component of paint. During the 1950s, more photocatalytic 

phenomenon have been observed on different compounds [9–13].  

The 1960’ was a very important period for the study and development of the 

photocatalysis. Firstly, in England, Stone firstly studied the photocatalytic oxidation of 



Introduction 23

CO on the ZnO and further switched to titania under rutile phase for oxygen photo-

adsorption [14] and selective isopropanol oxidation in acetone [15]. Meanwhile, in 

Germany, Hauffe was also studying the photocatalytic oxidation of CO on ZnO and first 

time included the term ‘photocatalysis’ in the title of article. Inspired by this publication, 

Fujishima and Honda published their work on the photo-electrolysis of water using a UV-

irradiated titania-based anode [16]. However, from 1972 onwards when they re-published 

their work in the “Nature” [17], the photocatalysis attracted considerable attention from 

scientists all around the world. Nowadays, many of scientist consider this was the starting 

point of photocatalysis. In addition to this initial work from photo-electrochemistry, lots 

of meaningful achievements have been made from different fields: photochemistry, 

electro-chemistry, analytical chemistry, radiochemistry, material chemistry, surface 

science, electronics and catalysis. All these contributions are also very important for the 

understanding of photocatalysis. Based on these fundamental knowledge, many 

investigations and environmental applications of photocatalysis have been carried out. 

Since all these fundamental discoveries, researchers began to pay more attention 

to the photocatalytic technology with first energy crisis and increasing awareness of 

environmental protection at the beginning of the 1980s.  A large number of reports and 

books on the topic of photocatalytic treatment of organic and inorganic compounds have 

been published since 1980 [18]. Photocatalysis is not only an advanced oxidation 

technology for the elimination of organic compounds from wastewater and air, but it also 

can be used for the reduction of many inorganic compounds from wastewater. Different 

aspects of photocatalytic reaction have been widely studied, such as the kinetic processes, 

degradation and mineralization of pollutants from different sources, the influence of 

various parameters and the analysis of various intermediates.  

1.2.2 Principles of Heterogeneous Photocatalysis 

In general, an integral photocatalytic reaction comprises three basic steps [5, 19, 

20]: 1) excitation of charge carriers under light illumination; 2) separation and diffusion 
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of charge carriers to the surface; 3) photocatalytic reaction on the phocatalyst surface. A 

Schematic of semiconductor photocatalysis process has been depicted in Figure 1.6.  

 

Figure 1.6 Schematic illustration of basic mechanism of a semiconductor photocatalysis process 

[21]. 

In the first step, when semiconductor material absorbs lights with photon energy 

equal to or higher than its band gaps (   Eg), the lone electrons (e ) will be excited from 

valence band to conduction band and, at the same time, an empty valence band holes (h+) 

are left behind. As a result, a photon-excited electron-hole pairs is formed. Taking TiO2 

which usually has band gap energy about 3.2 eV (anatase phase) or 3.0 eV (rutile phase) 

as example, to overcome such bang gap, the light wavelength needs to be shorter than 

400 nm (anatase phase) or 420nm (rutile phase), respectively. This process could be 

expressed by the equation below: 

Photoexcitation: +                                                   (1.2) 

After the electron-hole pairs have been formed under light illumination, the charge 

carriers start to diffuse from inside to the surface of photocatalyst particles. The valence 

band holes and conduction band electron diffused to the surface of photocatalyst particles 

are so called surface trapped electron and holes, respectively, and it could be expressed 

as Equations 1.3 and 1.4. It was reported that these trapped carriers usually do not 
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recombine immediately after photon excitation [22]. During the process of charge carrier 

diffusion, however, the recombination of charge carriers can occur via different 

mechanism in nanoseconds with simultaneous release of heat energy (Equation 1.5). The 

major pathway is the photogenerated electrons back into the VB, which can directly 

happen  from  the  CB.  A  possible  pathway  of  electrons  and  holes  within  a  particle  is  

depicted in Figure 1.7 [23,24]. Since the photoefficiency can be reduced by the electron-

hole recombination, it is crucial to prevent this process for optimizing the photocatalysis.  

 

Figure 1.7 Fate of electrons and holes within a spherical particle. 

Charge carrier trapping: ;                                         (1.3) and (1.4) 

Electron-hole recombination:                                   (1.5) 

In the presence of oxygen, the excited photocatalyst is able to donate the electron 

to oxygen molecular as electron acceptor to form superoxides radical (O2 ), which could 

be further protonated to form hydroperoxyl radical (HO2•) and subsequently becoming 

H2O2 (Equation 1.6-1.10). At the same time, the highly reactive hydroxyl radicals (OH•) 
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could not be formed without the presence of water molecules. Therefore, both 

superoxides radical and hydroperoxyl radical could prolong the recombination time of 

the charge carriers in the entire photocatalysis reaction. It is worth to notice that all these 

occurrences in photocatalysis were corresponding to the existence of dissolved oxygen 

and water molecules. 

Photoexcited e- scavenging: ( ) + •                                                    (1.6) 

Oxidation of hydroxyls: •                                                            (1.7) 

Protonation of superoxides: • + • •                                                  (1.8) 

Co-scavenging of e-: • +                                                                  (1.9) 

Formation of H2O2:                                                               (1.10) 

When the reactive OH• radicals are formed, the degradation of organic 

compounds take place on the surface of photocatalyst. Aromatic compounds like phenol 

or Methylene Blue, could be hydroxylated by OH• radicals and the intermediate product 

could be further carboxylated to produce harmless carbon dioxide and water. It should be 

noted that all these reaction in photocatalytic process were attributed to the presence of 

dissolved oxygen and water, otherwise the highly reactive hydroxyl radicals (OH•) could 

not be generated.  

Degradation by OH•: +  • • +                                                (1.12) 

Degradation by photoexcited holes: •                                               (1.13) 

1.2.3 Kinetic study of heterogeneous photocatalysis 

Chemical kinetic study of heterogeneous photocatalysis is a very essential issue, 

because it deals with the quantity of a substance (usually concentration) as a function of 

time. In other words, chemical kinetics give insight into the reaction rate and throughput, 

which are important criteria for evaluation of photocatalytic activity. It enables us to 
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design and optimize photocatalytic reaction by proper utilization of kinetic model for 

interpreting experimental data.  

Various photocatalytic processes have been described by different kinetic models 

such as pseudo zero order, pseudo first order and second order models. However, the most 

common model has been observed from photocatalytic degradation of organic 

compounds is the first order rate law. The Langmuir-Hinshelwood model usually is the 

most commonly used model to describe the kinetics of photocatalysis and it is expressed 

by the following equation [4,25]: 

= =                                          (1.14) 

The photocatalytic reaction rate (r) is proportional to the fraction of surface 

coverage by the organic compound ( ). The k is  the  reaction  rate  constant,  C  is  the  

concentration of organic molecule and K is the Langmuir adsorption constant. However, 

this model could not be applied unless one of four possible situations is valid [26]: 1) 

reaction takes place between two adsorbed components of radicals and organics; 2) the 

reactions are between the radicals in water and adsorbed organics; 3) reactions take place 

between the radical on the surface and organics in water; 4) reaction occurs with both 

radical and organics in water.  

When the  C  1,  the  equation  can  be  simplified  to  the  apparent  rate  of  order  

equation as follow [27,28]: 

ln = =   =                    (1.15) 

where Kapp is the apparent first order rate constant given by the slope of the graph 

of ln(C0/C) versus t; C0 and Ct are the concentration of the organic compound at time of 

0 and t.  The apparent first order constant could be readily used to describe the 

photocatalytic reaction rate over different photocatalysts under various conditions. 
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1.2.4 Influence of operational parameters on the kinetics 

Excluding its own properties of photocatalyst, operational parameters also affect 

the efficiency of photocatalysis. The following chapters summarize the influence of 

operating parameters on the photocatalytic reaction for wastewater treatment.  

 pH value 

In the heterogeneous photocatalysis, pH value is one of the most important 

operating parameters since it affects surface charge properties of the photocatalyst, size 

of photocatalyst aggregates and even the positions of conductance [29]. Any variation in 

the operating pH of photocatalytic water system is known to affect the isoelectric point 

of the photocatalyst used. Many researchers have measured the point of zero charge (PZC) 

of suspend solution to study the influence of pH on the photocatalytic oxidation 

performance [30–32]. The PZC is a certain pH value that the surface charge of 

photocatalyst is zero and its value depends on the photocatalyst used. At PZC, the 

interaction between photocatalyst particles and water contaminants is minimal due to 

absence of electrostatic force. When pH  PZC, the surface charge for the photocatalyst 

becomes positively charged and gradually attract the negatively charged compounds and 

consequently promote the photocatalytic reaction. When pH  PZC, the surface of 

photocatalyst will be negatively charged and repulse the anionic compounds in water and 

further suppress the photocatalytic reaction.  

 Temperature 

Although heat energy under sunlight or lamp irradiation is inadequate to activate 

the photocatalyst, most of investigations state that an increased temperature in the reaction 

promotes the recombination of charge carriers and disfavor the adsorption of organic 

compounds onto photocatalyst surface. At a reaction temperature greater than 80 °C, the 

photocatalytic activity is decreased. It could be explained by Langmuir-Hinshelwood 

model, which described above (Equation 1.14). The increasing temperature does not 

favor adsorption, which becomes the inhibitor of the reaction. By contrast, the decreasing 
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temperature favors adsorption because the spontaneous exothermic phenomenon and 

further improving photocatalytic activity. As a consequence, the optimum temperature is 

generally between 20 and 80 °C [23].  

 Loading of photocatalyst 

The amount of photocatalyst is directly proportional the overall photocatalysis 

reaction rate [5,33]. A linear dependency holds until certain extent when the reaction rate 

starts to aggravate and became independent of photocatalyst concentration. However, 

when the amount of photocatalyst increase above a certain value (optimum value), the 

reaction rate starts to decrease, because the excess photocatalyst particle can create a light 

screening effect that reduces the surface area that is exposed to light illumination and the 

photocatalytic efficiency. Therefore, the use of excess photocatalyst should be avoided 

and efficient photons absorption during photocatalytic reactions should be ensured. The 

optimum mass of photocatalyst depends on the geometry and the working condition of 

the reactor for different photocatalysts [30,31,34]. 

 Contaminants and their loading 

Under similar operating conditions, a variation in the initial concentration of the 

water contaminants will result in different irradiation time necessary to achieve complete 

degradation. The kinetic studies by Langmuir-Hinshelwood mechanism indicate that 

heterogeneous catalysis reaction rate varied proportionally with the coverage . For 

solution with low concentration, KC  1 and the reaction rate is of the apparent first 

order, whereas for high concentration contaminant solution, KC 1, the reaction rate is 

maximum and of the apparent order. In other words, the reaction rate will reach the 

maximum when the initial concentration is too high. Moreover, excessively high 

concentration of organic substrates is known to simultaneously saturate the photocatalyst 

surface and reduce the photonic efficiency leading to photocatalyst deactivation [35].  
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 Light intensity, Radiant flux and Quantum yield 

Last but not the least, the photonic nature of the photocatalysis reaction has 

outlined the dependency of the overall photocatalytic rate on the light source used. To 

achieve a high photocatalytic reaction rate in wastewater treatment, a relatively high light 

intensity is required to provide photocatalyst particle enough photons energy. It has been 

shown that the reaction rate is proportional to the radiant flux  [36]. However, above a 

certain value the reaction rate becomes proportional to 1/2, indicating strong electron-

hole recombination [37,38]. In practice, quantum yield is usually used to evaluate the 

utilization of light. By definition, the quantum yield is equal to the ratio of the reaction 

rate in molecules converted per second to the incident efficient photonic flux in photons 

per second. This kinetic definition is directly related to the instantaneous efficiency of a 

photocatalytic system. The theoretical maximum value of quantum yield is equal to 1, but 

it may vary with the nature of photocatalyst, the experimental condition or the nature of 

the reaction considered. The quantum yield is a very useful parameter to evaluate the 

photocatalysis. It enables to compare the activity of different photocatalysts for the same 

reaction, to estimate the relative feasibility of different reaction and to calculate the 

energetic yield of the process and the corresponding cost.  
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2 Literature review 

2.1 A survey of photocatalytic materials for environmental 

remediation 

In this section, a survey of heterogeneous photocatalytic material is conducted in 

order to review basic information on their photocatalytic properties and the status of 

investigation.  

2.1.1 Binary compounds 

 AB2 type 

TiO2: As the most commonly used and the pioneer of heterogeneous 

photocatalyst, titanium dioxide, also known as titania, has attracted constant attentions 

from researchers and a large number of article, books have been published for the past 

decades. TiO2 includes three major different crystal structures: rutile, anatase and 

brookite. Titanium oxide is typically an n-type semiconductor due to oxygen deficiency. 

The  band bag  energy  is  3.0  eV for  rutile,  3.2  for  anatase  and  brookite  [39].  But,  only  

stable rutile and metastable anatase are mainly used in photocatalytic reaction because 

their efficient reaction rate. Brookite generally does not show appreciable photocatalytic 

activity and is difficult to synthesize. Because of its high photo-activity, low cost, low 

toxicity and good chemical and thermal stability, TiO2 is the most widely investigated 

and used photocatalyst. In the past few decades after 1972, there have been several 

exciting breakthroughs is related to titanium oxide [20,40–43]. All these remarkable 

findings  have  broaden  the  way  of  TiO2 in practical application. Nowadays, TiO2 

photocatalysis is widely used in a variety of applications and products in the 

environmental and energy fields, including self-cleaning surfaces, air and water 

purification systems, sterilization, hydrogen evolution, and photo-electro/chemical 
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conversion [44–50]. All of this essential applications owing to its extraordinary physical 

and chemical properties. 

In spite of its excellent properties and outstanding photocatalytic performance, 

TiO2 still has shortcomings as a photocatalyst. First of all, it can be only excited by UV 

light, which limits its application under solar light, because solar spectrum contains only 

4% of UV light. Moreover, the recombination of photo-generated charge carriers 

(electrons and holes) is the major limitation in semiconductor photocatalysis. When 

recombination occurs, the photo-generated electrons and holes do not react with adsorbed 

species but recombined at valence band, and therefore reduce the overall quantum 

efficiency. In order to overcome these drawbacks, various strategies have been develop, 

which could be sorted into three kinds: morphological modification, chemical 

modifications and composite system [51]. 

For the morphological modification, not only the particle size and porosity of TiO2 

photocatalyst,  but  also  its  microstructure  (sphere,  fiber,  tube,  and  sheet)  could  be  well  

controlled by tuning synthetic condition with appropriate method. The TiO2 with tailored 

morphology give benefits from high surface area and low recombination of charge 

carriers that results in enhanced photocatalytic performance.  

Even though the photocatalytic performance has significantly been enhanced via 

morphological modification, the chemical modification is still needed to develop visible 

light  active  TiO2 photocatalyst.  The most commonly used chemical modification is 

doping. By doping non-metal or metal element with TiO2 nano-material, its band gap 

could be effectively narrowed and thereby giving rise to the absorption of visible light 

[18,52–60]. In addition, another widely used chemical modification is to couple different 

semiconductors as composite system [61–64]. The synthesized composite systems are 

considered as promising materials to develop a high efficient visible light activated 

photocatalyst, because they can compensate for the disadvantages of the components, and 

induce a synergistic effect to decrease the recombination rate of the photo-generated 

electron-hole pairs and further significantly enhance the photocatalytic activity.  



Literature review 33

ZrO2: Compared to TiO2, the efficiency of the ZrO2 was significantly lower. 

However, the photocatalytic degradation of various organic or inorganic contaminants 

over ZrO2 have been tested, such as 2-propanol, aniline, 4-chlorophenol, 4-nitrophenol, 

nitrite, EDTA and Cr(VI) [65–68].  

CeO2: CeO2 is an n-type semiconductor with a band gap of 2.94 eV, which can 

be activated by light near UV-vis range. Although CeO2 is inactive for the photocatalytic 

degradation of MB, it was able to degrade toluene in gas phase and also other dyes [69–

73]. It is more efficient than P25 for degradation of acid orange 7 under visible light due 

to the excellent adsorption capability of CeO2.  

 AB type 

ZnO: Zinc oxide, as one of the very important II-VI semiconductor materials with 

the direct band gap of 3.0 eV at room temperature, has widely been used for various 

applications [74–76], including the degradation of various pollutants present in water and 

wastewaters. Due to the position of the valence band of ZnO, the photogenerated holes 

have strong enough oxidizing power to decompose most organic compounds (such as 

dyes [77–81], pesticides [82–84], pulp mill wastewater [85] and others pollutants) and 

inorganic contaminants [86]. Meanwhile, the occurrence of photocorrosion has 

significantly limited its application in photocatalysis. However, the photoactivity and the 

photostability of single crystal ZnO samples strongly depend on the crystallographic 

orientation [87]. Therefore, stable ZnO with enhanced photocatalytic activity could be 

prepared by proper approaches. Hydrothermal and solvothermal processes are two most 

commonly used methodes to prepare ZnO [88–91]. A large number of literatures have 

reported that the ZnO with different morphologies, tuning orientation or various particles 

size could be controlled by varying synthetic parameters, such as zinc sources [92], 

solvent [93–95], alkali sources [96–98], additives [99–105], heating procedure and post-

treatment. In addition, several synthetic methods, such as sol-gel [106–110], thermal 

hydrolysis [111–119], chemical bath deposition [120–127], thermal decomposition 
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[107,128], thermal evaporation [129,130] and combustion [131], are also used to prepare 

zinc oxide for different purposes. 

NiO: The band gap of NiO is in the range of 3.6-3.8 eV [132,133]. By using sol-

gel method, cubic NiO nanoparticle with higher purity, well-dispersed and narrow size 

distributions ranging from 6 to 10 nm were successfully synthesized. Efficient 

photocatalytic degradation of phenol over prepared NiO under light with 266 nm was 

achieved [134]. In addition, the degradation rate was increased significantly by raising 

the  initial  pH  of  the  solution.  Furthermore,  the  architecture  of  NiO  is  controllable  via  

solvothermal method [135]. The NiO hollow hierarchical structures showed significantly 

higher activities to decompose acid red 1 under UV irradiation than NiO hollow tubes, 

NiO solid spheres and NiO rods.  

Sulfides: Except oxides semiconductor, some transition metal sulfides have been 

found as photocatalysts for the removal of organic pollutants due to their narrow band 

gap and proper band potentials. Among these sulfides, Cadmium sulfides have been 

extensively studied for their photocatalytic activity on the production of hydrogen from 

water and removal of organic pollutants under visible light because the direct band gap 

energy is only about 2.42 eV [136]. However, the stability of CdS under light irradiation 

is poor and consequently it will not only reduce the photocatalytic activity but, more 

seriously, release toxic cadmium ions in solution. To overcome this disadvantage, lots of 

efforts have been made to protect CdS from photo-corrosion by coating or associating it 

with other compounds [137–140].  

In addition, other heavy metal sulfides such as Bi2S3, ZnS, MoS2 and Sb2S3 have 

also been tested for the photocatalytic degradation of organic pollutants [141–144]. For 

some particular compounds, these sulfides showed better photocatalytic activity than 

TiO2 under visible light. For example, ZnS nano-particles showed much greater activity 

for the photodegradation of eosin B than those of P25 [142]. In addition, Sb2S3 

synthesized by solid-state reaction showed high efficiency on photocatalytic degradation 

of MO under visible light [141].  
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 A2B3 type 

Bi2O3: Monoclinic -Bi2O3, with a direct band gap of 2.8 eV, can be excited by 

visible light and showed much more activity than commercial Bi2O3. By selecting proper 

raw materials and methods, a very active powder could be prepared for the photocatalytic 

degradation of 4-chlorophenol under visible light [145]. Meanwhile, the particles size of 

-Bi2O3 could be controlled by synthetic method and additives and their photocatalytic 

performance was better than P25 under visible light [146,147].  

Fe2O3: Iron oxides absorb light up to 600 nm and most of them have been studied 

as photocatalysts [148]. Lots of organic compounds could be successfully degraded under 

UV or visible light [149–154]. The rate of degradation was varying with their solid phase. 

The order is as followed: -FeOOH > -Fe2O3 > -Fe2O3 > -FeOOH. The high 

photocatalytic activity of -FeOOH was attributed to its crystal structure. However, the 

shortcoming of iron oxides as photocatalysts is the recombination of electron-hole, which 

takes place very fast.  

Ga2O3: Ga2O3 is semiconductor with wide band gap (4.8 eV) that can be excited 

only by UV light [155]. Although its conduction band is much higher than that of TiO2, 

its photocatalytic performance is still worth to be noticed. Under UV illumination, three 

polymorphs of Ga2O3 showed different efficiency on the decomposition of benzene, 

toluene and ethylbenzene in dry air stream [156]. The efficiency of the polymorphs 

followed the sequence -Ga2O3 > -Ga2O3 > -Ga2O3 and much higher than commercial 

TiO2. In addition, a new environmental persistent organic pollutant, perfluorooctanoic 

acid was significantly decomposed by -Ga2O3 [157]. 

 A2O5 

Ta2O5 with a band gap of 3.0 eV, has been seldom used as photocatalyst. However, 

its good photocatalytic performance for the degradation of organic pollutant under UV 

light irradiation has been reported [158,159]. 
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V2O5 nanowires could be easily grown on sapphire and ITO coated glass 

substrates and it is able to degrade toluidine blue O dye under UV light irradiation [160]. 

Moreover, the V2O5 with different morphology could be readily controlled via adjusting 

the raw material. V2O5·0.9H2O nanobelts and V2O5·0.6H2O nanorolls were synthesized 

by a simple hydrothermal growth method using NH4VO3 as the raw material in the 

presence of H2SO4 and  CH3COOH, respectively [161]. The nanorolls exhibited better 

photocatalytic activity than the nanobelts for the degradation of RhB because the larger 

surface area and lower water content of nanorolls. 

 Others 

Cu2O: Cu2O is a p-type semiconductor and its band gap energy is about 2.0-2.2 

eV. The photocatalytic performance Cu2O are strongly dependent on the shape of the 

crystals. Cu2O crystal with octahedral shows better photocatalytic activity than that of 

cube, because the [111] facets are more active than [100] facets due to the dangling bonds 

of [111] surfaces, but [100] facets have saturated chemical bonds and no dangling bands 

exist [162,163]. Moreover, a recently published article reported that a mixed 26-facet and 

18-facet polyhedra of Cu2O microcrystals have been successful prepared by a 

hydrothermal process with stearic acid as a structure-directing agent [164]. The results 

shows that mixed 26-facet and 18-facet polyhedral Cu2O with dominant [110] facets have 

a higher adsorption and photocatalytic activity than Cu2O octahedral with dominant [100] 

surfaces. The reason could be attributed to the higher surface energy and bigger density 

of dangling bonds on [110] facets of 26-facet and 18-facet polyhedral Cu2O.  

WO3: As a visible light activated photocatalyst, WO3 is able to absorb light up to 

480 nm. Its photocatalytic performance on the degradation of pollutants is low, because 

the high recombination rate of the photo-generated electron-hole pairs [165]. However, 

proper method could be used to prepare WO3 with good photocatalytic activities [166–

168].  
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2.1.2 Ternary compounds 

A survey of binary semiconductors shows that they are not without drawbacks as 

efficient photocatalysts for photocatalytic degradation of organic pollutants. 

Semiconductors like TiO2 or ZnO are efficient, but the photocatalytic reaction they 

involved usually could not be driven under visible light. Photocatalysts like Cu2O, B2O3 

or metal sulfides have a low band gap, but the recombination of photo-generated 

electron/hole pairs reduces the reaction rate significantly. Although there are lots of 

alternative approaches such as doping and composite system, new or more efficient 

visible light photocatalysts are still needed in order to meet the requirements of future 

environmental and energy technologies driven by solar energy. According to this proposal, 

a large number of alternative photocatalysts have been developed. These novel 

photocatalysts exhibit different crystalline structures, such as scheelite, iron spinel, 

perovskite and perovskite-related structures. Some excellent samples will be discussed 

below. 

 ABO3: Perovskite and perovskite-related structure  

The perovskite oxide structure with the general formula ABO3 (A2+B4+O3) is one 

of  the  most  common  structures  in  inorganic  chemistry.  This  structure  could  

accommodates most of the metallic ions in the periodic table together with a significant 

number of other anions. The ideal perovskite structure is usually composed of a three-

dimensional framework of corner-sharing BO6 octahedron. However, the differences in 

radii between both cations can in fact distort BO6 octahedron and many of the physical 

properties of materials essentially depend on the precise details of distortion.  

Among these photocatalysts, NaBiO3 has been tested on the decomposition of 

organic compounds under visible light irradiation [169]. The band gap of NaBiO3 is 2.6 

eV and its photocatalytic activity on degradation of MB was significantly higher than that 

of N-doped TiO2. Its excellent photocatalytic properties have also been reported for the 

decomposition of various dangerous organic pollutants [170–172]. BaBiO3 is another 

compound with perovskite which exhibits two kinds of distorted octahedral in the 
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structure [173]. The adsorption of this material is up until 650 nm and its efficiency on 

the photocatalytic degradation of MB and acetaldehyde is much higher than that of 

CaBi2O4 and ZnBi12O20 under visible light due to its large portion of s orbital components 

in the valence and conduction bands resulting in narrow band gap and higher mobility of 

charge carriers [174]. Other examples of perovskite structural photocatalyst are correlated 

to the ferrite compounds, such as LaFeO3, SrFeO3, BaFeO3 and BiFeO3 [175–180] In 

addition to good photocatalytic performance, these ferrite compounds also have other 

properties. Bismuth ferrite (BiFeO3) with a band gap of 2.1 eV exhibit magnetic 

properties which leads to an easy way for separation of photocatalyst after photocatalytic 

reactions [181]. 

In addition to the standard perovskite structure, there are other perovskite-related 

compounds (A3+B5+O3), which are derived from the presence of excess anions or the 

incorporation of other components in the structure. Brownmillerite (A2B2O5), Aurivillius 

and Ruddlesden-Popper are typical phases. Among these perovskite-related structures, 

Aurivillius phases embraced lots of successful photocatalysts that provide outstanding 

photocatalytic results. Bismuth tungstate and Bismuth molybdate are most widely studied.  

Bi2WO6 has been used as photocatalyst since 2004 [182]. It was reported that, 

under visible light, the photocatalyst is not only able to generate O2 with the initial 

evolution rate of 2.0µmol/h, but also to mineralize both CHCl3 and  CH3CHO 

contaminants. The bang gap of Bismuth tungstate was also determined to be 2.69 eV. 

From then on, this compound has attracted lots of attention as visible light driven 

photocatalyst for the treatment of wastewater. It was reported that, under visible light, the 

photocatalyst is not only able to generate O2 with the initial evolution rate of 2.0µmol/h, 

but also to mineralize both CHCl3 and CH3CHO contaminants. The bang gap of bismuth 

tungstate was also determined to be 2.69 eV. Instead of traditional solid state reaction, a 

hydrothermal synthetic procedure has been widely reported as an alternative to prepare 

Bi2WO6 [183]. It has been noted that the experimental parameters employed in the 

hydrothermal synthesis as well as the use of additives (surfactants and templates) was 

capable of controlling the morphology, shape and the photocatalytic activity of the 
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obtained bismuth tungstate [184–188]. Various organic contaminants could be efficiently 

degraded over bismuth tungstate under visible light [189–193].  

The second sample of photocatalyst with Aurivillius structure is Bi2MoO6 and its 

crystal structure is similar to Bi2WO6 [194–197]. It was reported that the band gap of 

Bi2MoO6 was about 2.7 eV and nanocrystalline Bi2MoO6 samples were more efficient 

than P25 for the decomposition of RhB under visible light irradiation[194,198]. Similar 

to Bi2WO6, the photocatalytic activity of Bi2MO6 could be adjusted via selecting synthetic 

routes and tuning experimental parameters [199–202].  

 ABO4: Scheelite structure 

The Scheelite structure compounds could usually be described with formula 

ABO4. Among this family, some vanadate and phosphate exhibit tremendous 

photocatalytic properties. Two good examples are BiVO4 and BiPO4.  

The layered BiVO4 (Eg = 2.30 eV) has attracted considerable attention as 

photocatalyst [203,204]. Bismuth vanadate exists in three crystalline phases: monoclinic 

scheelite-type, tetragonal scheelite-type and tetragonal zircon-type, but only the 

monoclinic scheelite phase exhibits appreciable visible light photocatalytic properties 

[205–207]. Therefore, many methods have been employed for the synthesis of BiVO4. 

The findings show that, in general, monoclinic BiVO4 is obtained by high temperature 

processes, tetragonal BiVO4 is, however, obtained in aqueous media at low temperature. 

Meanwhile, the presence of certain additives like cetyltrimethylammonium bromide 

(CTAB) is favorable to the formation of monoclinic phase at mild temperature[208]. A 

similar result was also achieved by using hydrothermal method for the preparation of 

BiVO4 [209]. The degradation rate over the hydrothermal prepared BiVO4 was superior 

to that of BiVO4 prepared by an aqueous method and much higher than that of a BiVO4 

sample prepared by solid-state reaction. The high efficiency was attributed to the 

existence of an impurity level in the band gap.  
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BiPO4 as a new photocatalyst was reported by Zhu and his coworkers at first [210]. 

In  spite  of  BiPO4 has  an  optical  indirect  band  gap  of  3.85  eV,  it  is  found  that  the  

photocatalytic activity of BiPO4 is twice higher than that of P25 for the degradation of 

MB. The inductive effect of PO4
3- helps the separation of photo-generated electron-hole 

pairs, which plays an important role in its excellent photocatalytic activity. As BiVO4, the 

photocatalytic activity of BiPO4 is also determined by its crystalline phase[211]. Three 

common phase: hexagonal phase (HP), low-temperature monoclinic phase (LTMP) and 

high-temperature monoclinic phase, could be found up to now. The LTMP phase BiPO4 

exhibit the best photocatalytic activity for the degradation of MB because it has the most 

distortion PO4 tetrahedron. 

Except these two, other Scheelite structure compounds also have been tested for 

their photocatalytic activity. In vanadate, InVO4, CeVO4, PrVO4 and NdVO4 all exhibit 

good photocatalytic properties [212–214]. Meanwhile, tungstate like ZnWO4 [215–218], 

CdWO4 [219,220] and PbWO4 [221–223] also have good photocatalytic performance 

under UV light illumination.  

 AB2O4: Spinel structure 

Spinels have a common structural arrangement shared by many oxides of the 

transition metals. Their formula is AB2O4, and the oxide anions are arranged in a cubic 

close-packed lattice. The cations A and B occupy some or all of the octahedral and 

tetrahedral sites in the lattice. Some compounds with this structure have been used for the 

photocatalytic degradation of organic pollutants under visible light irradiation.  

CaIn2O4 has been investigated for the photocatalytic degradation of MB dye [224]. 

The study demonstrated that MB could be degraded largely over the CaIn2O4 

photocatalyst under visible light irradiation and the high photocatalytic activity could be 

kept in a wide visible light region up to 580 nm. Afterwards, the same research group 

report the effect of M2+ ions on the structural and photocatalytic properties of MIn2O4 (M 

= Ca, Sr, Ba) [225]. The substitution of cations from Ca2+ to Ba2+ lead to a decrease in 

photocatalytic activity. The variation of photocatalytic properties of MIn2O4 might be 
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attributed to the effect of the mobility of the charge carriers caused by the radii difference 

of the M2+ ion.  

CaBi2O4 semiconductor was found to be a visible light driven photocatalyst for 

the degradation of various contaminants [226]. It exhibited a high photocatalytic activity, 

not only on the decomposition of MB dye, but also in the degradation of acetaldehyde 

under wide range visible light irradiation. The hybridization of the Bi 6s and O 2p levels 

makes the valence band of CaBi2O4 largely dispersed, which is beneficial to the mobility 

of photoholes in the VB and consequently resulting in high photocatalytic activity.   

Among spinel structure photocatalysts, ZnFe2O4 has a relatively narrow band gap 

of 1.90 eV which attracted attention in different fields because of its visible light response, 

good photo-chemical stability, and low cost [227]. The photocatalytic activity of ZnFe2O4 

for the degradation of phenol was higher than that of ZnO or Fe2O3 but lower than that of 

P25 [228]. Moreover, ZnFe2O4 is a magnetic semiconductor and hence it can be easily 

recovered from solutions after the reaction without any loss [229,230].  

Some photocatalysts, like ZnGa2O4, Zn2SnO4 and Zn2GeO4, have spinel structure 

but large band gap. However, these materials usually have high oxidizing power for the 

photocatalytic degradation of stable aromatic pollutants. Porous nano-crystalline 

ZnGa2O4, prepared by a soft chemical method at low temperature, was more efficient than 

TiO2 for the oxidation of benzene, toluene and ethylbenzene to CO2 [231]. There was no 

obvious decrease in efficiency after 80 h reaction. Similar results were also obtained with 

Zn2GeO4 nanorods [232]. Nanosized Zn2SnO4 with a typical inverse spinel structure and 

a band gap of 3.6 eV, were active for the decomposition of various organic compounds 

under UV light [233–235]. It exhibited better performance than P25 for the degradation 

of MB [236]. 

 A3BO4 type 

In this type, there is a very efficient photocatalyst, which is silver phosphate. 

Ag3PO4 exhibits excellent photooxidative capabilities for O2 evolution from water and 
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organic dye decomposition under visible light irradiation [237]. This photocatalyst can 

achieve quantum efficiencies of up to 90% at wavelengths greater than 420 nm. Moreover, 

the study of rhombic dodecahedral and cubic Ag3PO4 indicated that the rhombic 

dodecahedrons exhibited much higher photocatalytic activity than cubic, which may be 

because of its higher surface energy of (110) facet [238]. Although Ag3PO4 has a good 

photocatalytic performance, it is easily decomposed under the exposure of light.  

Ag3VO4 as a photocatalyst could be easily prepared by coprecipitation and it 

exhibited remarkable photocatalytic activity on the degradation of acid red B and Rh B 

under visible light [239,240]. 

2.2 Strategy for improvement of photocatalytic activity 

In spite of various photocatalyst have been developed in recent years, a strategy 

is still needed to further enhance their photocatalytic activity. In general, there are three 

fundamental approaches to enhance photocatalytic activity: 1) Modulation of band gap, 

2) Modification of Morphology and 3) Formation of semiconductor composites. In this 

section, a detailed introduction and discussion about these three methods will be given.  

2.2.1 Modulation of Energy Band 

The essential property relevant to the photocatalytic activity of a semiconductor 

is its energy band configuration, which determines the absorption of incident photons, the 

photoexcitation of electron-hole pairs, the migration of carriers, and the redox capabilities 

of excited-state electron and holes [241]. Therefore, energy band engineering is a 

fundamental aspect of the design and fabrication of semiconductor photocatalysts. For 

the purpose of effectively utilizing solar energy, energy band engineering represents an 

effect approach to the exploration and development of visible light sensitive 

photocatalysts with advanced performance. In order to narrow the band gap of 

semiconductors to extend the absorption of light into the visible region, three approaches 
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have been widely used: modification of the VB, modification of CB, and continuous 

modification of the VB and/or CB.  

 Modification of Valence Band 

In most oxide semiconductors, the maxima of valence band (HOMO) are 

significantly positive with respect to the oxidization of H2O (versus NHE).Therefore, 

raising the top of VB, usually, is the first choice to narrow the band gap, because it is 

beneficial for the stability of material.  Three most effective dopants are: 1) 3d transition 

elements, 2) cations with d10 or d10s2 configurations, and 3) non-metal elements. 

In the early studies, 3d transition  elements  (such  as  Cr,  Fe,  Co,  Ni,  Zn)  were  

usually  used  to  narrow  the  band  gap  of  TiO2 and lots of successful works have been 

reported [242–245]. By doping these metal ions, the absorption of TiO2 have been 

extended into visible light region and its photocatalytic activity have also been improved. 

The theoretical studies on ab initio band structure calculations revealed that the localized 

3d levels shift to lower energy with increasing atomic number of the dopants [246]. Thus, 

the split 3d states can mix with CB or VB to further narrow the band gap. The electronic 

structure could be more complicated while various chemical valences and spin states were 

taken into account. Another excellent sample is In xMxTaO4 (M = Sc, Ti, V, Cr, Mn, Fe, 

Co, Ni, Cu, Zn) [247,248]. This material has been used as a photocatalyst to perform 

overall water splitting under visible light irradiation. Among various M-doped 

In xMxTaO4, the Ni-doped InTaO4 photocatalysts showed the best photocatalytic activity 

under visible light irradiation (  > 420nm). The theoretical calculation indicated that the 

number of 3d electrons and the state of 3d orbital splitting in the octahedral crystal field 

played a key role on the electronic structure. However, 3d transition elements may also 

act as recombination sites for the photogenerated electron-hole pairs and the localized d 

states in the electronic structure suppress the migration of carriers.  

Cations with d10 or d10s2 electron configurations are also promising dopants to 

raise the top of VB (HOMO). Ag+, Pb2+ and Bi3+ based compounds are typical examples. 

Na2ZnGeO4 is  a  semiconductor  with  band  gap  of  4.89  eV.  However,  the  Ag2ZnGeO4 
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prepared by cation exchange method showed that its band gap is only 2.29 eV, which 

means that it could be excited easily under visible light [141]. The study of band structure 

of Ag2ZnGeO4 indicated that Ag 4d10 orbitals make a significant contribution to the 

valence band top of Ag2ZnGeO4, and that the highest occupied molecular orbital (HOMO) 

levels are mainly composed of the hybridized O 2p6 and Ag 4d10 orbitals. Similar findings 

have also been found by studying other Pb2+ and Bi3+ based oxides [226,249].  

Apart  from  metal  ions,  nonmetal  ions  are  also  able  to  adjust  the  band  gap  of  

semiconductor  oxide  via  replacing  O  with  different  anions.  Nitrogen,  which  has  a  

comparable atomic size with oxygen and high stability, can easily substitute O site in 

oxides.  N-doped TiO2 was produced for the first time via a sputter deposition method 

under N2/Ar atmosphere [52]. The prepared N-doped TiO2 showed an improvement in 

photocatalytic degradation of MB and gaseous acetaldehyde under visible light. Another 

successful case of narrowing band gap via nitrogen doping is HNb3O8 [250]. This layered 

structure solid acid has a band gap of 3.5 eV. However, its lamellar structure provide a 

diffusion channel and strong absorption site for a nitrogen source. The N-doped HNb3O8 

has been readily prepared via solid state reaction with urea. The obtained sample showed 

a reduction of 0.8 eV in the band gap without destroying the structure. Under visible light 

irradiation, N-doped HNb3O8 showed superior catalytic activity to P25 as well as to N-

doped Nb2O5 and TiO2 samples. Furthermore, other nonmetal ions have also been used 

to narrow the band gap of semiconductors, like C, S, F and B [53,251–253].  

 Modification of Conduction Band 

To narrow the band gap of semiconductor, another way is to lower the bottom of 

conduction band (LUMO).  However, this process have to be performed carefully, 

because of the position of CB determines not only whether photogenerated electrons can 

form oxidative •O2  radical, but also the efficiency of photocatalytic activity.  

The substitution of alkali metal or alkaline-earth elements is known to be effective 

in lowering the level of LUMO. It was reported that a series of perovskite photocatalysts 

MCo1/3Nb2/3O3 (M = Ca, Sr, and Ba) were synthesized by a solid-state reaction method 



Literature review 45

[254]. The band gaps of the semiconductors were reduced from 2.77 to 2.27 eV with the 

variation of radius from Ca to Ba. Similar results have also been found from other 

photocatalysts such as AInO2 (A = Li, Na), NaSbO3, MIn0.5Nb0.5O3 (M = Ca, Sr, and Ba) 

and MSnO3 (M = Ca, Sr, and Ba) [255–258].  

The p-block cations with a d10 electronic configuration can also be potential 

dopant to manipulate the level of the CB. Taking -AgMO2 (M  =  Al,  Ga,  In)  as  an  

example, a theoretical calculation of electronic structure indicates that the CBs are mainly 

composed of Ag 5s5p and M sp states,  the VBs are composed of the Ag 4d and O 2p 

states [259]. Hence, these semiconductors have a similar levels of VBs but the values of 

CBs varying with M ions. Recently, a series of -AgAl1-xGaxO2 solid-solution materials 

were explored as novel visible-light-sensitive photocatalysts [260]. These Ag-based solid 

solutions possess band gaps from 2.19 to 2.83 eV by decreasing the ratio of Ga/Al in the 

solid solution. The photocatalytic experiment showed that their photocatalytic activity on 

the degradation of iso-propanol is related to the variation of the chemical compositions. 

Among  them,  the  -AgAl0.6Ga0.4O2 sample showed the highest photocatalytic 

performance, which is 35 and 63 times higher than -AgAlO2 and -AgGaO2, 

respectively 

Another approach to manipulate the CB minimum is based on substitution with 

d-block cations that have a d0 electronic configuration. For example, InMO4 (M = Nb, Ta) 

and BiMO4 (M = Nb, Ta) photocatalysts were developed for watering splitting [261,262]. 

It  was  found  that  the  band  gaps  of  InMO4 and  BiMO4 were reducing with increasing 

amount of Nb dopant in the semiconductors. The formation of conduction band changed 

from Ta 5d to Nb 4d during this process. 

2.2.2 Modification of morphology 

In addition to its band structure, the surface chemistry of semiconductor also plays 

a key role in the influence of photocatalytic activities. The surface energy and 

chemisorption could affect the transfer of electrons and energy between substances at the 

interface, selectivity, rate and overpotential of redox reactions on the photocatalyst 
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surface, and the susceptibility of the photocatalyst toward photo-corrosion [263,264]. 

Therefore, photocatalyst with small particle size could be one way to optimize the 

efficiency. The most challenging part of manipulating the morphology of photocatalysts 

is thermodynamic growth mechanisms of crystals. The selective absorption of polymers 

or ions on high-energy facets has been employed to suppress the growth rate along their 

axes. In recent years, notable progress has been made in the shape-controlled synthesis of 

photocatalytic materials and investigations of relationship between the morphological or 

structural characteristics and photocatalytic properties. Different photocatalytic materials 

could be designed and prepared from zero-dimension to three-dimension via distinctive 

approaches and additives. A plenty of photocatalysts, including TiO2,  CdS,  ZnO,  and  

Bi2WO6, have been widely studied and it has been proven that the morphology of 

photocatalyst has an influence on their photocatalytic activity [51,122,186,265]. Bi2WO6 

with tyre- and helix-like shapes are obtained by hydrothermal approach with surfactant 

[186]. The morphology of Bi2WO6 could be well controlled from 3D flowerlike 

superstructure to a 2D plate-like structure by adjusting pH and dosage of surfactant. The 

obtained samples exhibit shape-controlled optical properties and photocatalytic activity 

for the degradation of RhB under visible light irradiation.  

In general, a higher surface energy yields higher photocatalytic activities. 

However, it is worth to notice that it is not always the case that the smaller the particle 

size, the higher the efficiency. Although, small particle sizes imply that carriers migrating 

to surface have favorably short distances to travel, this migration requires a suitable 

concentration gradient or potential gradient from the core of the particle to the surface, 

which is closely correlated with morphology, structure and surface properties of 

nanostructured materials. Additionally, when the size (radius) of solid particles becomes 

smaller than their Bohr radius, the bottom of the conduction band and the top of the 

valence band shift in negative and positive position, respectively, resulting in expansion 

of the band gap [266].  

Because photocatalytic reactions take place on the surface of semiconductors, the 

exposed crystal facets play a key role in the efficiency of photocatalytic activity. Thus, 
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the reaction rates may vary with the exposed reactive crystal facet. For example, the [001] 

facet of anatase TiO2 is especially more reactive, comparing with [101] facet [124]. 

Accordingly, the synthesis of single crystals with exposed highly reactive facets has 

attracted interest for the improvement of photocatalytic performance.  

In order to achieve this objective, both organic polymers and inorganic ions have 

been employed to direct the growth of crystal. TiO2 with 47% of [001] facet could be 

readily prepared with hydrofluoric acid (HF) as capping agent. In this same procedure 

with the assistance of 2-propanol as synergistic capping agent, 64% of exposed facets is 

[001] facet. However, the directing agent or template used for tuning the crystal growth 

are usually needed to be removed by certain treatment, which may destroy the reactive 

site on the exposed facets. Excepting the use of additives, crystal with desirable facets 

could be prepared by varying the synthesis parameter in the process of fabrication. Well 

defined m-BiVO4 nanoplates with exposed [001] facets have been synthesized via a facile 

hydrothermal route by only using ethanolamine to control the pH of precursor [267]. The 

as-prepared m-BiVO4 nanoplates exhibit great improvement on the visible light 

photocatalytic degradation of organic contaminants. Additionally, raw materials could 

also be used to prepare photocatalyst with particular facets. The single crystal of Ag3PO4 

with rhombic dodecahedron and cube shapes could be readily prepared via using 

CH3COOAg and [Ag(NH3)2]+ complex as Ag sources, respectively [238]. The Ag3PO4 

dodecahedrons were formed by 12 well defined [110] planes, and the cubic Ag3PO4 

confined by [100] facet. Under visible light irradiation, the dodecahedrons exhibited 

higher photocatalytic activity for the degradation of MO and Rh B dyes than the cubes. 

These results reveal that [110] facet is more reactive than the [100] facet.  

2.2.3 Formation of semiconductor composite 

As mentioned in the beginning of this section, the principal of photocatalysis 

could be considered in three steps: 1) photoexcitation of charge carrier (electron and 

holes); 2) charge carrier separation and diffusion to the photocatalyst surface; 3) oxidation 

and  reduction  reaction  on  the  photocatalyst  surface.  For  the  first  step,  it  could  be  
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controlled by modifying the band structure of photocatalyst. However, in the second step, 

the recombination of photogenerated electron and hole occurs in photocatalysts, which 

means that the photoexcited charge carriers could recombine each other before the 

formation of oxidative radicals. The recombination of charge carriers reduces the 

quantum efficiency and thus, the efficiency of photocatalytic reaction could be improved 

via restraining or postponing the recombination electron-hole pairs.  

Several methods could be used to inhibit recombination, such as increasing the 

crystallinity of photocatalyst for decreasing the density of crystal defect; and reducing the 

particle size of photocatalyst for shortening the diffusion pathway. One favored strategy 

is using different co-catalyst to reduce charge carrier recombination probability. Three 

types of co-catalyst are usually used, metal nanoparticle, conductive material and other 

photocatalysts.  

 Composite photocatalyst 

In contrast with other strategy, combing two or three different photocatalysts to 

form heterojunction composites in order to reduce charge carrier recombination is widely 

used and reported. The basic principle for a photocatalyst composite in direct contact will 

be explained in the following part and corresponding examples will also be provided to 

support.  

A system containing two different components will be adopted to clearly explicate 

the fundamental principle behind photocatalyst composite. In that case, the formed 

heterojunction composite could be classified into three different types, which are depicted 

in Figure 1.8.  
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Figure 2.1 Different types of semiconductor heterojunctions 

For type I heterojunction composite, both the VB and CB of semiconductor B are 

higher than that of semiconductor A. Hence, the photogenerated electron can transfer 

from CB (semiconductor B) to CB (semiconductor A); and the holes are simultaneously 

transferred from VB (semiconductor A) to VB (semiconductor B). As a result, electron 

and holes are spatially separated from each other and consequently, the reduction of 

charge carrier recombination are accomplished. CdS/TiO2 composite is a typical example 

of type I heterojunction composite system and have been widely investigated. The band 

gaps of CdS and TiO2 are 2.4 and 3.2 eV, respectively [268,269]. However, because the 

VB of CdS (+1.5 V vs SHE) is smaller than the VB (+2.87 V vs SHE) of TiO2 and the 

CB of CdS is higher than the VB of TiO2, thus the composite of these two photocatalysts 

belongs to the type I heterojunction composite. Under visible light irradiation, the photon 

can only excite electron-hole pairs in CdS but not in TiO2. Therefore, photogenerated 

holes accumulate in the CdS and the electrons transfer to TiO2 resulting in the separation 

of charge carrier. The as-prepared CdS/TiO2 composite have been widely used for the 

degradation of organic compounds or H2 production [270–273]. The photocatalytic 

activity of CdS/TiO2 has been significantly improved under visible light, comparing with 

that of each component. Afterwards, CdS have been combined with various photocatalyst, 
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such as ZnO, K4Nb6O17, Ta2O5 and ZnFe2O4 for enhancing photocatalytic activity [274–

277]. Nowadays, several of type I photocatalytic composite systems have been developed 

to enhance photocatalytic activity [19,278,279].  

For type II heterojunction composite, the transfer of charge carriers is as same as 

in type I. The only difference is that the band positions are even further so that the VB of 

semiconductor B is higher than CB of semiconductor A. This arrangement of band 

position is also known as broken-gap situation. However, this model have hardly been 

used to improve the separation of charge carriers for photocatalysis.   

For type III heterojunction composite, the VB of semiconductor B is lower than 

that of semiconductor A, and the CB of semiconductor B is higher than that of 

semiconductor A. When the charge carriers are generated by photon with enough energy, 

the electrons can transfer from CB (semiconductor B) to CB (semiconductor A); and the 

holes  cans  be  transferred  from VB (semiconductor  B)  to  VB (semiconductor  A).  As  a  

result, all charge carriers are accumulated on semiconductor A and thus charge carrier 

separation could not be achieved. BiOI/TiO2 composite is a typical heterojuction 

composite with type III [280,281]. The photocatalytic experiment proved that BiOI/TiO2 

(1:1) exhibit significantly improvement on degradation of MO under visible light, 

comparing with that of each individual component. A rational explanation is that, under 

visible light illumination, electrons in the valence band of BiOI could be excited up to a 

higher position, which is more active than that of TiO2, and hence, photogenerated 

electrons  on  the  BiOI  would  easily  transfer  to  TiO2. In this way, the photogenerated 

electrons and holes are effectively separated and therefore, the BiOI/TiO2 composite 

could exhibit better photocatalytic properties than that of BiOI or TiO2 on the degradation 

of MO under visible-light irradiation.  

 Metal nanoparticle or conductive material loading 

Another important strategy for the separation of photogenerated electrons from 

semiconductor to reduce charge carrier recombination is to produce composite with metal 

nanoparticle. When metal nanoparticle is in contact with semiconductor, electrons prefer 
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to transfer from the semiconductor to nanoparticle due to fact that the Fermi energy of 

metal nanoparticle is usually lower than that of semiconductor [282–284]. The most 

commonly used metal for this purpose is noble metals, such as platinum, palladium, gold, 

cobalt, nickel and rhodium [285–289]. In addition to being an electron scavenger, these 

metal nanoparticle also provide a more efficient active sites for the photocatalytic 

degradation reaction [285].  

Beside metal nanoparticles, the composite consists of photocatalyst and 

conductive materials is also an option to prohibit charge carriers recombination. The most 

commonly used material is carbon compounds; graphene and C3N4 are widely studied 

[290–293]. All these material are outstanding conductors with high electron mobility, so 

the photogenerated electrons prone to transfer from the CB of semiconductor to carbon 

conductor, and hence, are readily separated from photocatalyst.  

2.3 The summary of literature review 

Heterogeneous photocatalysis has received increased interest and 

comprehensively studied during the past three decades due to its potential applications in 

photo-decomposition of hazardous substances, generation of fuels (hydrogen via water 

splitting or solar cells), sterilization, photo-induced hydrophilicity and artificial 

photosynthesis by the utilization of solar energy. Over years of fundamental studies, 

certain progresses have been made in terms of reaction mechanism, and numerous 

photocatalysts have been developed.  From TiO2 and ZnO could only be activated under 

UV light as the first generation of photocatalyst to BiVO4 and Ag3PO4 could be activated 

under visible light with high efficiency as modern photocatalyst. The current trend is to 

develop direct and narrow bandgap semiconductor material with high surface energy field 

as ideal photocatalyst in order to achieve a high quantum yield.  

In addition to the development of novel photocatalyst, the modification of 

photocatalyst via different ways in another solution for the enhancement of photocatalytic 

activities. The essential three steps of photocatalytic reaction are a) photoexcitation of 
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charge carriers; b) charge carrier separation and diffusion to the photocatalyst surface; 

and c) oxidation and reduction on the catalyst surface. Correspondingly, three approaches 

designed to modify the photocatalyst 1) modulation of band gap; 2) formation of 

semiconductor composites; and 3) adjustment of morphology. Therefore, the new 

possibilities for the development of photocatalysis may arise via modification of existing 

photocatalyst for improving efficiency.  
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3 Research objective 

The main objective of this work focus on the development of semiconductor based 

photocatalysts with enhanced photocatalytic activity on organic contaminant degradation. 

This purpose will be achieved by the following strategies: 

a. To reduce the particle size of photocatalyst for a high surface area. 

b. To enhance the charge carrier separation during photocatalysis. 

c. To extend the utilization of light. 

In order to achieve these goals, some possible approaches have been outlined 

based on the literatures review. 

1. Development of novel approach in order to prepare photocatalyst with high purity 

and surface area as well as improved photocatalytic properties especially in the 

visible and solar light.  

2. Synthesis of semiconductor composite for enhancing charge carrier separation or 

extending the absorption of light to improve photocatalytic activity.  

3. Investigation into the influence of doping metal in the photocatalytic activity of 

semiconductor based photocatalyst.  

4. Characterization of the as-prepared semiconductor photocatalyst for structural, 

chemical and optoelectronic properties and to understand mechanism behind the 

enhancement of photocatalytic activities.  

5. Study of photocatalytic degradation of representative harmful pollutants present 

in aqueous environment. 

Among various photocatalysts that have been investigation, Bi-based 

photocatalysts have attracted much interest because of their high photocatalytic activities. 

Many Bi-based compounds have narrow band gaps, which exhibit good photocatalytic 

activity under visible light. This is because of the hybridized O 2p and Bi 6s2 valence 

bands  and  the  empty  6s  orbital  of  Bi5+. Therefore, the synthesis, characterization and 

photocatalytic properties of bismuth related compounds have been widely studied. To 
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improve the photocatalytic performance, several achievements have been made by the 

adjustment of composition, morphology and structure. Despite of the significant progress 

that has been made, further effort is still needed to be accomplished on various aspects to 

further advance the use of bismuth related photocatalyst as efficient visible light 

photocatalyst.  

Also, the photocatalysts containing PO4
3- ions usually have high photocatalytic 

performance, which is due to the high separation efficiency of electron and hole pairs. 

This high separation efficiency is mainly attributed to the PO4
3- ions, which have large 

dipole that prefer the photogenerated charge separation. This inductive effect has been 

observed in many compounds, especially phosphate salts like LiFePO4, LiCoPO4 and 

Ag3PO4 [237,294,295]. In addition, PO4
3- contains a large electron clound overlapping 

density that prefers to attract holes and repel electrons [210]. 
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4 Materials and methods 

4.1 Raw Materials 

The chemicals used in the synthesis and experimental were obtained from the 

different manufacturers: Indium nitrate (In(NO3)2), calcium nitrate (Ca(NO3)2•4H2O), 

bismuth nitrate (Bi(NO3)3•6H2O), erbium nitrate (Er(NO3)3•5H2O), yttrium nitrate 

(Y(NO3)3•6H2O), Thulium nitrate (Tm(NO3)3•5H2O), aluminum chloride (AlCl3), 

calcium carbonate (CaCO3), sodium phosphate (Na3PO4•12H2O), oxalic acid ((H2C2O4) 

•2H2O), ethylene glycerol (EG), diethylamine ((CH3 CH2)2NH), indium oxide (In2O3), 

TiO2 (P25, 21 nm) and ZnO were all bought from Sigma-Aldrich, Finland; phenol, 

acetone, citric acid monohydrate (C6H8O7•H2O), ethylene glycerol (EG) and ammonia 

(25%) were bought from Merck KGaA, Germany. Ultrapure water used in the 

experiments  was  purified  with  a  SG  Water  2004  Ultra  Clear-system  (Siemens  AG,  

Barshüttel, Germany). All chemicals were used for different purposes.  

4.2 Target contaminant 

Methylene Blue (C16H18N3SCl)  and  phenol  (C6H5OH) bought from Sigma-

Aldrich (Finland) and Merck KGaA (Germany), respectively, were used as contaminant 

in the photocatalytic experiment in order to evaluate the photocatalytic activity of 

prepared photocatalysts.  

4.3 Synthesis and modification of photocatalyst 

4.3.1 Synthesis of CaIn2O4  

The In(NO3)2 and Ca(NO3)2•4H2O in stoichiometric ratio (2:1) dissolved in 30 ml 

pure water. Meanwhile, oxalic acid (20% excess) was also dissolved into water solution 

and diethylamine was added to adjust the pH at 11. Then, the aqueous solution of nitrates 

was dropwisely added to oxalic acid solution with vigorous magnetic stirring.  The pH 
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was constantly maintained at 11 by adding ammonia solution (25%) during the whole 

coprecipitate process. Finally, the oxalate precipitates precursors were obtained by 

filtration, washing with deionized water with pH = 11 and dried in the air at 80 °C for 18 

hours. In order to obtain powder CaIn2O4, the precursors were calcined in air at 800, 900 

and 1000 °C for 6 hours and named as CIO-800, CIO-900 and CIO-1000. In order to 

compare the difference between calcium indate compounds synthesized from different 

routes, CaIn2O4 prepared by solid-state reaction (SSR) method was also conducted by 

stoichiometric mixing CaCO3 and In2O3 with 20 ml ethanol solution and sintering at 900 

and 1050 °C, individually, for 12 hours in air. The final product is designated as CIO-

SSR (I).  

4.3.2 Synthesis of BiPO4 and rare-earth elements doped BiPO4  

BiPO4 was synthesized through a hydrothermal process and three different 

approaches were used to prepare BiPO4 with different morphology and improved 

photocatalytic properties (II, III and V).  

Approach I: Firstly, 9 mmol of Bi(NO3)3•6H2O and an equal amount of 

Na3PO4•12H2O were dissolved into two beakers with 30 ml of HNO3 aqueous solution 

(2 ml of 65% HNO3 and  28  ml  of  ultra-clean  water)  and  150  ml  of  ultra-clean  water,  

respectively. Then bismuth nitrate solution was added dropwisely into the beaker with 

sodium phosphate solution at room temperature. The whole process was conducted under 

vigorous stirring to form a homogeneous solution. Finally, the pH was adjusted to 1 by 

dropwisely adding HNO3 solution. The resulting precursor was transferred into a Teflon-

lined stainless steel autoclave and heated to 180 °C for 72 hours. The final products were 

obtained by filtering, washing with distilled water several times, and subsequently drying 

at 80 °C for 24 hours (V). 

Approach II: It has been reported that the acidity of precursor solution and the 

temperature significantly affect the photocatalytic properties of BiPO4.  Hence,  a  

solvothermal approach with high concentration of phosphoric acid have been used to 

prepare BiPO4 under  lower  reaction  temperature.  Firstly,  180  mL  H3PO4 (12M) were 
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poured into a beaker containing 18 mmol Bi(NO3)3•6H2O  and then magnetically stirred 

for 1 hour to make a uniform solution at room temperature. Afterwards, the obtained 

precursor suspension was transferred into a Teflon-lined stainless steel autoclave and then 

heated at 100 °C for 72 hours. After natural cooling to room temperature, the final 

products were obtained by filtering, washing with distilled water and dried at 80 °C for 

24 hours, subsequently (II and III).  

Approach III: In  order  to  control  the  particles  size  of  prepared  BiPO4, a two-

steps solvothermal procedure have been developed with the help of ethylene glycerol 

(EG). In the first step, 3 mmol Bi(NO3)3·5H2O was firstly dissolved into a beaker with 

100 mL of ethylene glycerol (EG) under magnetic stirred at room temperature. Then, the 

bismuth nitrate completely dissolved, an equal amount of sodium phosphate 

(Na3PO4·12H2O) were added into the beaker under vigorous stirring for 15 hours. As a 

result a white suspension was gradually formed during the entire stirring process. The 

precursor was obtained by separating the white suspension from EG with high speed 

centrifugation (11000 rpm, 10 min) and subsequently washed with ethanol three times. 

In the second step, the as-obtained precursor and 30 mL of H3PO4 solution (12 M) were 

transferred into a Teflon-lined stainless steel autoclave and heated at 160 °C for 6 hours. 

Then final product was attained via filtering, washing with ethanol three times, and 

subsequently drying at 60 °C for 24 hours. Other BiPO4 samples were also prepared 

following the same procedure varying the EG/H2O ratio, temperature and concentration 

of H3PO4 in order to study their effect on final product (II). 

Er and Tm doped BiPO4: The Er3+ and Tm3+ BiPO4 were synthesized by a facile 

solvothermal method. Firstly, stoichiometric amount of Bi(NO3)3•5H2O and lanthanide 

elements (Er(NO3)3 •5H2O and Tm(NO3)3•5H2O)  were  dissolved  in  30  mL  of  glacial  

acetic acid at room temperature under vigorous magnetic stirring. After all the raw 

materials were completely dissolved, 3 mmol of Na2HPO4 (Sigma-Aldrich,   98.5  %)  

was then added gradually into the above solution, and then, the precipitate appeared 

immediately. The suspension was continually stirring for 30 mins before it  was 

transferred into a Teflon-lined stainless autoclave and heated at 160 °C for 12 hours. The 



 Materials and methods 58

obtained samples were then cooled to room temperature, filtered, thoroughly washed with 

ethanol and water, and subsequently dried overnight at 80 °C 

4.3.3 Synthesis of Er3+:YAlO3-loaded BiPO4 composites  

The upconversion luminescence agent Er0.01Y0.99AlO3 was synthesized with a sol-

gel approach [296]. Primarily, two beakers were used to dissolve proper amount of metal 

sources with distilled water; one beaker was for erbium and yttrium nitrate and another 

was  for  aluminum chloride.   Hereafter,  two solutions  were  mixed  and  then  citric  acid  

monohydrate (molar ratio of citric acid and metal ions was 3:1) was added into the mixed 

solution. A yellow viscous gel was obtained after the solution was evaporated at 85 °C in 

water bath. After 24 hours drying at 130 °C, the obtained white powder was grinded with 

a pestle and mortar and then sintered at 1100 °C for 2 hours. The final product was 

acquired after cooling to room temperature (III). 

Finally, the Er3+:YAlO3-loaded BiPO4 composites were prepared by heat 

treatment. The different mass percent of Er0.01Y0.99AlO3 to BiPO4 were firstly well mixed 

together. The mixture were then put into a beaker with 50 mL de-ionized water and well 

dispersed with ultrasonic for more than 15 min. The well-suspended solution was heated 

for 30 min under boiling point with constantly magnetic stirring.  After filtering and 

washing with distilled water, the separated mixtures were put into crucible and sintered 

in a muffle furnace at 500 °C for 50 min with a heating rate of 2 °C/min (III).  

4.3.4 Preparation of PANI coated Ag3PO4 

The silver phosphate (Ag3PO4) samples were synthesized via a readily operable 

ion-exchange method. Initially, 0.003 mol of AgNO3 and 0.001 mol of (NH4)2HPO4 were 

dissolved into 20 ml and 30 ml de-ionized water, respectively. Afterwards, (NH4)2HPO4 

aqueous solution was dropwisely added into prepared AgNO3 solution under vigorous 

stirring. The mixed solution was further stirred for another 30 min to ensure sufficient 

reaction time. Hereafter, the yellow precipitate was separated from mixed solution by 
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filtrating. Finally, the sample was washed with ethanol and distilled water for 3 times, 

and then dried at 60 °C for 10 hours (IV). 

The PANI/Ag3PO4 photocatalysts with different proportions were synthesized as 

follows: different masses of PANI were dissolved in tetrahydrofuran (THF) to obtain 

solutions with concentration of 0.2, 0.4, 0.5 and 0.6 g/L, respectively, and then 

appropriate amount of Ag3PO4 was added to 50 ml of PANI/THF solution, sonicated for 

30 min, and stirred for 24 hours. The PANI/Ag3PO4 samples were separated from solution. 

The products were washed three times with water and ethanol, and then dried at 80 °C for 

24 hours. By following this procedure, PANI/Ag3PO4 composite photocatalysts with 

mass ratios 1.0, 2.0, 2.5 and 3.0% were fabricated and labeled respectively as 

PANI/Ag3PO4-1, PANI/Ag3PO4-2, PANI/Ag3PO4-2.5 and PANI/Ag3PO4-3 (IV). 

4.4 Characterization 

4.4.1 Powder X-ray diffraction (PXRD)  

The structural analysis of the prepared photocatalyst was performed via a powder 

X-ray diffraction for identifying their crystal structure. The used diffractometer and 

characterization method have been listed in Table 3.1. 

Table 3.1 The diffractometer used in characterization and procedure 

Name of diffractometer Parameters Scanning procedure 

Siemens D-501 
diffractometer (II and III) 

Ni filter and graphite 
monochromator 
 =0.15406 nm 

2  = 10° to 80° with a 
scanning step of 0.05°/s 

RINT 2000 (I and IV) Graphite monochromator 
 =0.15406 nm 

2  = 20 to 80 ° with a 
scanning speed of 0.02 °/s 

PANalytical X’Pert Pro 
Multi Purpose X-ray 
Diffractometer (V) 

 = 0.15419 nm  = 10° to 80° with a 
0.034°/s scanning rate 
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4.4.2 Electron Microscopy 

The morphology and microstructure of prepared photocatalyst were characterized 

by a Field-Emission Scanning Electron Microscopy (FE-SEM, Hitachi S-4800), which 

was equipped with an Energy-dispersive X-ray spectrometer ((EDAX Genesis 2)) that 

could be used for the qualitative and quantitative analysis of chemical composition of 

samples (I-V). The back scattered electrons (BSE) were used for analysis (I-V). 

Transmission Electron Microscopy (TEM) was carried out in a 200 kV Schotty 

field-emission microscope (JEOL JEM-2100F). In order to minimize artefacts during 

sample preparation, TEM samples were prepared by crushing and the powders were 

deposited on Cu supporting grid with holey carbon supporting films (IV). 

4.4.3 X-ray photoelectron spectrometer (XPS) 

X-ray photoelectron spectroscopy (XPS) was conducted with a Sigma Probe 

(ThermoVG, U.K.) X-ray photoelectron spectrometer, of which the source is Al K  

radiation (1.486 eV). The photoemitted electrons from the sample were analysed in a 

hemispherical energy analyzer at a pass energy of Ep = 20 eV. All spectra were obtained 

with an energy step of 0.1 eV and a dwell time of 50 ms. A software package (Avantage 

Thermo VG) was used to analyze the XPS data. For survey spectrum, the binding energy 

scanned from 0.00 to 1000.00 in 1.00 eV steps. In slow scanning mode, the scanning step 

is 0.10 eV (IV). 

4.4.4 UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS) 

The absorption  spectrum of  the  samples  was  recorded  in  the  wavelength  range  

between 200 and 800 nm using UV-vis diffuse reflectance spectrum (Shimadzu, AV2101 

or V-670, JASCO), with BaSO4 as a reference. From the absorption edge, the band gap 

values were calculated by the extrapolation method (I-IV). 
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4.4.5 BET surface area 

BET surface area and porosity measurements were carried out by N2 adsorption 

at -196 ºC using a Micrometrics ASAP 2010 instrument (II). 

4.4.6 Total Organic Carbon (TOC) analysis 

Total  Organic  Carbon  of  aquatic  samples  was  determined  by  a  TOC  Analyzer  

(Shimadzu TOC-V CPH) to evaluate the mineralization of contaminant solution over 

photocatalyst (I and V).  

4.5 Photocatalytic experiment 

In order to evaluate the photocatalytic activity of as-prepared photocatalysts, 

photocatalysis reactor systems were designed for different experiments. In a typical 

experiment, certain amount of photocatalyst was firstly mixed with artificial pollution 

(MB or phenol solution) in a Pryrex glass reactor with a cooling water jacket, and then 

the suspensions were ultrasonically dispersed for 3 min at room temperature. The well 

dispersed suspension was magnetically stirred in the dark condition for 30 min to reach 

the adsorption/desorption equilibrium. The lamp was placed above the surface of 

suspension or in the center of reactor tube. After the lamp was turned on, 3 mL of aqueous 

samples, at certain time intervals, were taken and centrifuged to separate photocatalyst 

form suspension. The temperature of the suspensions was controlled at ~25 °C throughout 

the entire experiment. Finally, the separated aquatic samples were analyzed via UV-Vis 

spectrometer (Lambda 45, PerkinElmer) to determine the changes in concentration during 

the experiment. The residual concentration of contaminant was calculated by means of 

the characteristic absorbance of sample solution in the UV-Vis spectrometer based on the 

following equation: 

=                                              (4.1) 
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The  C0 and  Ct are the concentrations of sample solution at the beginning of 

reaction and at time t. The A0 and  At represent the characteristic absorbance of target 

contaminant at initial time and after reaction at time t, respectively. 

Since the band gap of used photocatalysts are diverse, different light sources are 

selected in the photocatalysis experiment depend on the optical properties of as-prepared 

photocatalyst. The basic information on the light system used are listed in Table 3.2.  

Table 3.2 The light source and their parameters 

Name Parameters 
Xenon lamp (PLS-SXE300C) (I-III) 300 Watt,  = 300-800 nm 
UV-C lamp (IV) 8 Watt,  = 254 nm 
Sodium lamp (Osram SON-TS) 150 Watt,  = 400-800 nm 
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5 Results and Discussion 

5.1 Improving photocatalytic activity by novel preparation approach 

5.1.1 CaIn2O4 

Conventionally, CaIn2O4 has  been  prepared  by  the  solid-state  reaction  (SSR)  

method. Although the photocatalytic activity is good, the SSR method does not mix the 

precursors at the molecular level so that the agglomeration may occur, and therefore, the 

final products have low surface area and high impurity.  

In order to develop a more efficient method for preparing CaIn2O4 with improved 

photocatalytic activity, a thermal decomposition of metal oxalate precursors at high 

temperature was adopted. The photocatalytic performances of CaIn2O4 samples obtained 

from different sintering temperatures and methods were studied. The results exhibit that, 

after 3 hours of reaction, the degradation rates of CaIn2O4 prepared at 800, 900 and 

1000 °C were 81%, 95% and 78%, respectively (Figure 5.1). It indicates that calcining 

temperatures obviously have an influence on the photocatalytic performances of CaIn2O4 

obtained from metallic oxalate precursor. A few reasons may lead to this difference: the 

CaIn2O4 prepared at 900 °C provided the best photocatalytic performance on MB 

degradation due to its high purity, moderate particle size, and high adsorption edge 

(Figure 5.2). The stability of photocatalyst is a very important property in practice. To 

evaluate the stability of CaIn2O4, recycle photocatalytic experiment was conducted and 

its results are shown in Figure 5.3. It was found that the degradation rate decreased from 

98% to 92% after the first recycle, but it was still more than 90% after 4 times recycles 

of photocatalyst. As a result, CaIn2O4 possesses excellent photostability under visible 

light irradiation.  
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Figure 5.1 A): Time-dependent degradation rate of methylene blue (10 mg/L) over different 

photocatalysts; B): (Inset) TOC measurement of MB solution over CIO-900 for different reaction 

time (I). 

 

Figure 5.2 A) The XRD patterns of samples from different methods and sintering temperatures. 

The ( ) denote the peaks of impurity, In2O3. B) The  UV-Vis  DRS  spectrum  of  CaIn2O4 

photocatalysts from different synthetic routes; (Inset) Adsorption edges and Band gaps of CaIn2O4 

prepared in different method and temperature (I). 
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Figure 5.3 Cycling degradation performance of MB in the presence of CIO-900 (I). 

A possible mechanism of improved photocatalytic degradation of MB over 

CaIn2O4 prepared by thermal decomposition method can be deduced based on the 

characterization. For CaIn2O4 prepared by thermal decomposition method, the purity of 

samples is very high which provides better photocatalytic activity. However, for CaIn2O4 

synthesized by solid-state reaction method, a high amount of impurity In2O3 exists in the 

samples that leads to a decrease of reaction rate.  

5.1.2 BiPO4  

BiPO4 as a photocatalyst was first studied in 2010. It was found that the 

photocatalytic degradation of MB over BiPO4 was twice more efficient than that of TiO2 

P25. However, the surface of BiPO4 is only one tenth of TiO2 P25. For this reason, the 

study of novel preparation methods leading to highly photoactive BiPO4 with improved 

structural and surface properties attracts great interest. In this work, submicron BiPO4 



 Results and Discussion 66

was prepared via a novel designed two-steps solvothermal approach with EG in order to 

control the particle size.  

The photocatalytic activities of BiPO4 prepared by this novel two-steps 

solvothermal method have been investigated under solar light irradiation (Figure 5.4). 

Comparing with traditional one-step approach, the BiPO4 prepared by two-steps 

solvothermal approach has clearly better photocatalytic activity on MB degradation than 

that of synthesized via one-step approach. The calculated apparent first-order constant 

rate kapp shows that a 67% enhancement on photocatalytic activity has been achieved 

(Table 5.1). Therefore, the proposed two-steps method clearly induces a marked 

difference in the photocatalytic performance. 

 

Figure 5.4 Photocatalytic degradation of MB over BiPO4 samples prepared by different 

approaches: A) degradation rate of MB versus reaction time; B) Plots of calculated kapp constants 

(II). 
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Table 5.1 The BET surface area, Band gap and Reaction rate constants of BiPO4 samples obtained 
in different synthetic conditions (II). 

In order to have a better understanding of the operating parameters and their 

relationship with photocatalytic activity, BiPO4 samples were prepared via the two-steps 

method under different conditions. In Figure 5.5, the photocatalytic activities of BiPO4 

samples prepared under different synthetic condition have been illustrated by plotting 

their apparent rate constant k in histograms. First of all, the degradation rates for BiPO4 

system prepared using different EG/H2O solutions appear somewhat affected (Figure 5.5 

A). Thus, the reaction rate was as high as 0.3118 min-1 when only EG was used to prepare 

precursor. But, it was decreased to 0.2367 min-1 when  the  EG/H2O was 2:1. Further 

decreasing EG/H2O ratio to 1, the degradation rate was only 0.1717 min-1, which is similar 

to that of BiPO4 prepared by one-step method. Additionally, the photocatalytic activities 

of BiPO4 prepared at various concentration of H3PO4 on the degradation of MB are shown 

in Figure 5.5 B. In this case, the degradation rate of BiPO4 samples gradually increased 

with the decrease of H3PO4 concentration. In addition, different BiPO4 samples were 

prepared by varying the solvothermal treatment temperature. Last but not the least, the 

influence of synthetic temperature on photocatalytic activity was also studied. In Figure 

5.5 C clearly points out that the photocatalytic activity showed an optimum value for 160 

ºC; especially at 200 °C, the apparent rate constant k reduced more than 40%. 

Sample kapp/ min-1 BET surface 
area/m2 g-1 

Absorption 
edge/ nm 

Band gap 
energy/ eV 

BPO-1 0.187 2 293 4.23 
BPO-2 0.312 8 290 4.28 
BPO-3 0.237 6 291 4.26 
BPO-4 0.172 3 293 4.23 
BPO-5 0.350 15 289 4.30 
BPO-6 0.381 11 294 4.22 
BPO-7 0.324 11 291 4.26 
BPO-8 0.219 9 290 4.28 
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Figure 5.5 The degradation rate of BiPO4 prepared under diverse condition; A): different EG/H2O 

ratio, B): different concentration of H3PO4, C): different synthetic temperature (II). 

Based on the experimental results and characterization findings, a possible 

mechanism is  proposed.  It  is  well  known that  the  crystallization  process  involves  two 

steps: initial nucleation stage and crystal growth stage [297–299]. In this case, the bismuth 

salts firstly formed Bi3+-EG complexes in EG solution. When Na3PO4 was added into the 

solution,  bismuth  complexes  reacted  with  Na3PO4 to form BiPO4 nuclei, and then 

growing BiPO4 crystals  on  the  surface  of  nuclei.  Hence,  the  diffusion  rate  of  reactant  

molecule in the EG solvent strongly affects the crystal growth. Because pure EG as a 

solvent has a high viscosity, which leads to low diffusion rate of reactant during crystal 

growth stage, the BiPO4 precursor with small particle size was obtained as a consequence. 

Therefore, when pure EG was used, the obtained BiPO4 had uniform shape and narrow 

grain size distribution. Once the EG/H2O solution was used to prepare precursor, the 

obtained BiPO4 final products show a rather heterogeneity in shape and grain size, which 

is increasing as EG/H2O ratio decrease (Figure 5.6). At the same time, the surface area 

is also decreasing with decreased EG/H2O (Table 5.1). Therefore, it could be concluded 

that the existence of water in the precursor preparing period could accelerate the crystal 

growth, further reducing the surface area of final product, and consequently declining 

their photocatalytic activity. For the synthesis temperature, it significantly affects the 

crystallinity and grain size in the synthetic process. When high temperature was used, it 

enhanced crystal growth and the average grain size, and reduced the surface are in the 

final product, which leads to a decrease of photocatalytic activity. On the other hand, the 

average grain size and surface area was increased when low temperature was used and 



Results and Discussion 69

yet the crystallinity of BiPO4 was poor, which could be proved based on their XRD 

pattern (Figure 5.7).  

 

Figure 5.6 SEM images of BiPO4 samples; A): BPO-3, B): BPO-4, C): BPO-5, D): BPO-6, E): 

BPO-7, F): BPO-8 (II). 
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Figure 5.7 XRD patterns of BiPO4 samples prepared at different conditions (II).  

5.2 Improving photocatalytic activity by luminescence loading 

Upconversion luminescence agent loaded composite system is considered as an 

alternative to enhance the photocatalytic activity of photocatalyst with narrow band gap, 

because upconversion luminescence agent is able to emit a photon at shorter wavelength 

than the one in excitation, for instance an emission of ultraviolet light under visible light 

excitation [300]. Among the various luminescence, erbium ions hosted oxide have drawn 

considerable attentions because lots of studies show that erbium ions doped oxide could 

emit ultraviolet light under visible light irradiation and their application on the 

enhancement of photocatalysis have also been reported in recent [231,301–304]. 

Therefore, the Er3+: YAlO3-loaded BiPO4 composites were prepared as photocatalyst and 

their photocatalytic efficiency under solar light irradiation have been investigated.  

The photocatalytic activity have been conducted by degrading MB under a 

simulated solar light irradiation and the results have been shown in Figure 5.8. Firstly, 

the photocatalytic performance is significantly improved by the introducing Er3+:YAlO3 
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as upconversion luminescence agent. In the absence of upconversion luminescence, more 

than 18% of MB molecules still remain in the solution after 12 min irradiation. By 

contrast,  the  residual  of  MB  is  as  low  as  2%  in  the  presence  of  merely  1  wt%  of  

Er0.01Y0.99AlO3 after  10  min  photocatalytic  reaction.  Moreover,  the  loading  amount  of  

Er3+:YAlO3 also leads to a slight effect on the efficiency. The loading amount increasing 

from 1 to 7 wt% give rise to the enhanced photocatalytic performance. It took only 8 

minutes to totally degrade MB solution while the loading amount of Er0.01Y0.99AlO3 

composite  is  7  wt%.  However,  an  excessive  loading  amount  has  prolonged  the  entire  

photocatalytic process. This decline in efficiency could take place because the excessive 

particles indirectly retard the contract between photocatalyst and light. The relationship 

between the loading amount and reaction rate is depicted in Figure 5.8 B). The recycling 

test have also been conducted on the selected sample to examine the reactive stabilities 

of prepared composite photocatalyst. In Figure 5.9, the degradation curves were plotted 

to compare the difference. The efficiency was not significantly decreased after each 

reaction. The degradation rate was still as high as 97% after recycling four times. 

Therefore, the prepared Er3+:YAlO3 loaded BiPO4 photocatalyst does not only improve 

photocatalytic degradation performance, but also retains its chemical stability. 

 

Figure 5.8 A): Photocatalytic performance of Er3+:YAlO3 loaded  BiPO4 photocatalysts; B): 

Calculated reaction rates for different loading amount (III).  
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Figure 5.9 The photodegradation performance of MB in the presence of Er3+:YAlO3/BiPO4-7 in 

the first use and different recycles (III). 

The UV-Vis DRS results indicate that the absorption edge of composite 

photocatalyst  only  had  slight  shift,  but  it  is  clear  that  the  absorbance  of  Er3+:YAlO3-

loaded BiPO4 is enhanced, especially in the range of 200-300 nm, which is prompted by 

luminescence agent (Figure 5.10). These phenomena imply that the Er3+:YAlO3 

enhanced the absorption process in BiPO4 by upconversion, utilizing the longer 

wavelengths of light. Based on these findings, a possible mechanism on enhanced 

photocatalytic activity of Er3+:YAlO3-loaded BiPO4 have been derived and a schematic 

diagram is proposed in Figure 5.11.  The  solar  light  with  a  broad  range  of  spectra  

irradiates the luminescence agent loaded photocatalyst at first. Expecting the light ray that 

could directly trigger the photocatalytic reaction of BiPO4,  the  other  light  with  big  

wavelength may up-converted to ultraviolet light via luminescence agent. The emitted 

ultraviolet light from Er3+:YAlO3 could be further absorbed by BiPO4, thereby favorably 

affecting the photodegradation rate of MB. 
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Figure 5.10 UV-vis diffuse reflectance spectrum of BiPO4 and Er3+:YAlO3/BiPO4-7 (III). 

 

Figure 5.11 Schematic diagram of the enhanced photocatalytic degradation of Er3+:YAlO3 loaded 

BiPO4 (III). 
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5.3 Improving photocatalytic activity by doping 

Excepting erbium ions doped YAlO3, others rare-earth ions doping solid-state 

materials could be alternative up-conversion material and their up-conversion properties 

is significantly related to the host lattice and dopants. It was reported that lanthanide ions 

doped LaPO4 exhibit large photo energies. Meanwhile, lanthanide doped BiPO4 was 

successfully synthesized via a facile route and the obtained samples present different 

upconversion emissions by varying the variety and concentration of the dopants Ln3+ (Yb, 

Er,  Tm and Ho) in the excitation of 980 nm laser diode. Herein,  Er3+ and Tm3+ doped 

BiPO4 were prepared via a readily solvothermal route in order to utilize up-conversion 

property of lanthanide doped BiPO4 for enhancing its photocatalytic activity.  

The photocatalytic activities of the as-prepared samples were first evaluated by 

the degradation of MB and oxygen evolution under different light irradiation. The results 

indicate that the enhancement of photocatalytic activity of erbium and thulium doped 

BiPO4 was apparent,  no matter it  was under UV-C or simulated solar light irradiation. 

The 0.25 molar percent erbium doped and 0.75 molar percent thulium doped samples 

provided the best photocatalytic activity among erbium and thulium doped BiPO4 

samples, respectively. The calculated degradation rate was plotted in Figure 5.12. It could 

be concluded based on the photocatalytic experiment that selected lanthanide ions doped 

BiPO4 was able to improve its photocatalytic performance on MB degradation under light 

irradiation. Furthermore, the photocatalytic O2 evolutions over selected samples in an 

aqueous solution containing AgNO3 as sacrificial reagent under sunlight irradiation were 

also carried out and the results are shown in Figure 5.13. It is obvious that lanthanide 

ions doped BiPO4 improved O2 evolution. The 0.75 mol% doped BiPO4 reached 

maximum O2 evolution rate, which is 0.7 times more than that of bare BiPO4. It is also 

worth to mention that O2 evolution seems still continuing after 120 min of reaction, which 

means the reaction was very stable.  
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Figure 5.12 The calculated degradation rate of Er- and Tm-doped BiPO4 sample under UV-C and 

solar light irradiation. 

 

Figure 5.13 The  O2 evolution and O2 rate of lanthanide ions doped BiPO4 under sunlight 

irradiation. 

The characterization of lanthanide ions doped BiPO4 proved that few 

photoluminescence emission peaks appeared in the UV-vis diffuse reflectance absorption 

spectra, which caused by doped lanthanide ions. These luminescence emissions could be 

assumed as a reason for the improvement of photocatalytic activity, because the 

increasing number of photons with appropriate energy to overcome the band gap of BiPO4. 

Under UV light irradiation, on the other hand, the down-conversion process occurred, 

which means that the erbium doped BiPO4 sample absorbed one photon with high energy 
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and further converted into two or more photons with lower energy. These photons all 

have sufficient energy to overcome and band gap of BiPO4 and activate the photocatalytic 

reaction. The whole process enriched the utilization ratio of photons and further improved 

the photocatalytic efficiency. A possible mechanism has been described in Figure 5.14.  

 

Figure 5.14 Proposed mechanism on enhanced photocatalytic activity under UV-C and solar 

light irradiation. 

5.4 Improving photocatalytic activity by coating 

Silver orthophosphate (Ag3PO4) is excellent photocatalyst that can efficiently 

degrade organic contaminants under visible light irradiation. However, it is easily 

decompose when exposed to light, which limits its application in practice. Polyaniline 

(PANI) is a conducting polymer and attracts a great interest among researchers for anti-

photocorrosion since its unique electrical and optical properties as well as excellent 

environmental stability [305] and lots of successful cases have been reported 

[139,306,307]. Herein, we coated monolayer of polyaniline on Ag3PO4 surface via a 



Results and Discussion 77

readily chemisorption approach in order to restrain the photocorrosion of Ag3PO4 under 

visible light. 

The photocatalytic properties of PANI/Ag3PO4 were evaluated by degradation of 

MB under a visible light lamp irradiation and the results have been plotted in Figure 5.15. 

It is shown that the loading amount of PANI considerable influences the photocatalytic 

activity. Except pure Ag3PO4,  1  wt%  PANI  loaded  Ag3PO4 showed  the  best  

photocatalytic activity. Meanwhile, the recycling test of pure and 1 wt% PANI loaded 

Ag3PO4 were conducted in order to investigate their stabilities in photocatalytic 

degradation of MB (Figure 5.16). After four times cycling, the photocatalytic efficiency 

of 1 wt% PANI loaded Ag3PO4 was as high as 88.8%. However, the efficiency of Ag3PO4 

had been halved after four times recycling. These indicate clearly that the photocorrosion 

of Ag3PO4 was inhibited under the PANI layer protection. 

 

Figure 5.15 Plots of degradation and reaction time with different PANI/Ag3PO4 photocatalysts 

(IV). 

The mechanism of anti-photocorrosion of PANI-Ag3PO4 photocatalyst is depicted 

in Figure 5.17. The valence band position of Ag3PO4 (2.90) [237] is lower than the 
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highest occupied molecular orbital (HOMO) of PANI (0.70) [308]. Therefore, the hybrid 

photocatalyst photogenerated holes tend to move to the latter. When the photocatalytic 

experiment was launched under visible light, both PANI and Ag3PO4 are  excited  and  

hence generate the charge carriers. The excited electrons in PANI can readily transfer to 

the conduction band in Ag3PO4 and further react with O2 to yield •O2
 (O2/•O2 , 0.48 V 

vs. Ag/AgCl). Simultaneously, the photogenerated holes in valence band of Ag3PO4 can 

easily move to the HOMO of PANI and acts as reactive oxygen species to degrade organic 

molecule. Thus, the decomposition of Ag3PO4 by light is significantly reduced because 

the electrons and holes were consumed in the production of hydroxyl radical and •O2 , 

respectively. 

 

Figure 5.16 Cycling photodegradation performance of MB in the presence of Ag3PO4 (solid line 

with cube symbol) and PANI/Ag3PO4–1 (dash line with dot symbol) (IV). 
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Figure 5.17 The Schematic diagram of visible light photocatalysis on the PANI/Ag3PO4 system 

(IV). 

5.5 Photocatalytic mineralization of phenol over BiPO4 

Phenol and its derivatives are present extensively in industrial wastewaters 

originating from resin manufacturing, petrochemical and oil refineries, paper making, 

coking, iron smelting, etc. [309]. High concentrations of phenolic compound are highly 

toxic, carcinogenic and persistent in the receiving aquatic environment. Therefore, it is 

essential to correctly treat wastewater containing phenolic compounds. Phenolic 

wastewaters are usually treated by biological methods, thermal decomposition and 

adsorption [310–314], but all of them have noticeable limitations. As an alternative, 

photocatalytic degradation of pollutants is able to mineralize the organic molecules 

completely into harmless carbon dioxide and water [315–319]. In addition to TiO2 (P25) 

and ZnO, BiPO4 recently has been discovered to have excellent photocatalytic activity 

for methylene blue (MB) degradation and mineralization and its efficiency is double than 

that of TiO2 (P25) [210,320]. Therefore, the mineralization of phenol by photocatalytic 

process with BiPO4 was accomplished here under UV-C lamp irradiation. The influence 
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of different experimental parameters such as catalyst loading, pH value, initial 

concentration and additives were also examined systematically.  

The photocatalytic experiment shows that the concentration of phenol after UV 

light irradiation is obviously different in the absence and presence of BiPO4, as depicted 

in Figure 5.18. 10 ppm phenol solution was entirely degraded photocatalytically in the 

presence of BiPO4 after 5 hours reaction with the loading of 1 g/L. Meanwhile, the TOC 

results show that more than 95 % of organic carbon in phenol solution was oxidized to 

carbon dioxide. It clearly demonstrates that the mineralization is very efficient. 

 

Figure 5.18 The residual amount of phenol (red lines) and TOC (black lines) in the process of 

photolysis and photocatalysis with BiPO4 (V). 

In order to investigate the influence of operating parameters on the mineralization 

of phenol over BiPO4, catalyst loading, pH value, initial concentration and additives were 

examined systematically. The optimum photocatalyst loading amount was 1 g/L and both 

insufficient and overloaded photocatalyst had negative effect on the photocatalytic 

degradation of phenol. The histogram in Figure 5.19 clearly shows the relationship 

between loading amount and degradation ratio. For the effect of initial concentration of 

phenol, increasing the initial concentration decreased the degradation and mineralization 



Results and Discussion 81

of reaction and hence could be considered as an unfavourable factor (Figure 5.20). 

Moreover,  pH value  is  also  a  critical  parameter  for  photocatalytic  degradation.  In  this  

case, five different initial pH values have been tested to study the influence of pH value. 

It was found that the optimal pH value is 4, at which the mineralization ratio was more 

than 75% (Figure 5.21). Last but not least, additives like hydrogen peroxide and S2O8  

have been shown to improve photocatalytic efficiency [321,322], so the effect of some 

common anion additives on the photocatalytic degradation of phenol over BiPO4 was also 

studied in this case. Figure 5.22 shows  the  influence  of  SO4
2-, Cl- and  H2O2 on the 

TOCt/TOC0 of phenol. It could be clearly noticed that both SO4
2- and Cl- accelerated the 

mineralization of phenol solution. It is because that Sulphate ion can enhance the 

decomposition due to the formation of SO4
•-, which acts as strong oxidizing agent or 

initiates the formation of hydroxyl radical. Additionally, halides can be 

thermodynamically oxidized by valence band holes and further accelerating the 

degradation. However, hydrogen peroxide has no significant effect on reaction rate.  

 

Figure 5.19 Effect of catalyst loading on the degradation and mineralization ratio of phenol. 

Initial concentration = 10 ppm and the reaction time 5 hours (V). 
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Figure 5.20 Effect of initial concentration on the A) photocatalytic degradation and B) TOC 

removal (Catalyst loading = 1 g/L). (V) 

 

Figure 5.21 Effect of pH value on photocatalytic degradation of phenol (Initial concentration = 

20 ppm; Catalyst loading = 1g/L). (V) 
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Figure 5.22 Influence of additives on phenol mineralization. (Initial concentrations = 20 ppm; 

Catalyst loading = 1 g/L; additive concentrations = 20 ppm). (V) 
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6 Conclusions and Future Works 

Heterogeneous photocatalysis as an advanced oxidation processes (AOPs) has 

shown its great potential as a low cost, environmental friendly and sustainable wastewater 

treatment technology. The ability of this advanced oxidation technology has been widely 

demonstrated to remove persistent organic compounds and microorganism in water. In 

this work, some selected heterogeneous photocatalysts have been prepared and/or 

modified via different approaches in order to enhance their photocatalytic activities under 

light irradiation. Based on the principle of semiconductor photocatalysis and sufficient 

literature review, different methods such as solvothermal, hydrothermal, thermal 

decomposition with the assistant of additives have been used to prepare photocatalyst and 

improve their photocatalytic activity under light irradiation. A wide range of experiments 

was carried out at similar conditions to degrade Methylene Blue for evaluating the 

photocatalytic activity of modified semiconductor photocatalyst. The mechanisms have 

been proposed based on the characterization findings of as-prepared photocatalyst.  

As the results, first of all, the photocatalytic activities of CaIn2O4 and BiPO4 have 

been successfully improved via novel preparation approaches. The photocatalytic 

degradation of MB over the prepared photocatalyst indicate that the semiconductors 

prepared via novel method have better photocatalytic activity. CaIn2O4 prepared by 

thermal decomposition have higher purity than that prepared by solid-state reaction and 

therefore, it is favorable for photocatalytic degradation of MB under visible light. A novel 

two-steps solvothermal approaches developed in this work could produce BiPO4 with 

small particles size. Comparing with BiPO4 prepared by hydrothermal method, BiPO4 

prepared by this solvothermal method have higher surface areas and hence it shows higher 

photocatalytic activity. Meanwhile, this solvothermal method needs less time than 

hydrothermal method. All these findings indicate that proper preparation method could 

produce efficient semiconductors for photocatalysis. 

Except to use novel synthetic route, another strategy, up-conversion luminescence 

agent  loading,  has  been  taken  to  improve  the  photocatalytic  activity  of  BiPO4. Firstly, 
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Er3+: YAlO3-loaded BiPO4 composite has been prepared for utilizing the visible light to 

generate UV light and further to improve the photocatalytic activity of BiPO4. It is 

obvious that the photocatalytic activity of Er3+: YAlO3-loaded BiPO4 had improved due 

to the fact that up-conversion luminescence agent increased the utilization of solar light. 

Moreover, by directly doping lanthanide ions to BiPO4 is another routine was developed 

to improve its photocatalytic activity. The prepared both Er and Tm ions doped BiPO4 

could apparently enhance the photocatalytic activity on MB degradation and O2 evolution.  

Furthermore, the photo-stability of Ag3PO4 was improved by polyaniline coating. 

The photocatalytic experiment results indicate that the photo-stability of silver phosphate 

have been significantly improved. This is attributed to remarkable delocalized conjugated 

structure of PANI.  

Last but not least, the photocatalytic mineralization of phenol has been 

systematically studied in the presence of BiPO4. The influence of catalyst dosage, pH 

value, initial concentration and additives on mineralization behavior have been 

investigated and the findings confirmed that the mineralization was efficient under 

optimized conditions. It was also found that the intermediate process between 

photocatalytic degradation and mineralization is negligibly short.  

As a conclusion, in this work, the photocatalytic activity of selected photocatalyst 

has been successfully improved by adopting different approach. This project appears to 

offer a great deal of hopes in handling hazardous and toxic chemical wastes into harmless 

end products at ambient temperature with minimum intermediates. For the future works, 

more approaches could be used to further enhance their photocatalytic activity, such as 

charge carrier separation, modification of energy band. The developed and optimized 

photocatalytic techniques evolved out of research may encourage the application of this 

technique to treat other industrial effluents.  
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ABSTRACT: Visible light-activated photocatalyst calcium indate (CaIn2O4) has been successfully prepared by a new approach
with lower temperature calcinations. The sub-micrometer-sized samples were characterized by X-ray diffraction, field-emission
scanning electron microscopy, energy-dispersive X-ray spectroscopy, X-ray photoelectron spectroscopy, and UV−vis diffuse
reflectance spectroscopy. High-purity CaIn2O4 particles were synthesized by controlling the sintering temperature and their
photocatalytic performance were evaluated. Under visible light irradiation, 10 ppm of methylene blue solution was effectively
degraded in 3.0 h. The excellent photocatalytic activity of CaIn2O4 is attributed to the high purity, small particle size, and large
surface area because of lower sintering temperature by thermal decomposition of metal oxalate precursor.

1. INTRODUCTION

Since the semiconductor TiO2 electrode was reported to
undergo electrochemical water splitting, heterogeneous photo-
catalysis has drawn considerable attention for environmental
remediation applications.1−4 Photocatalytic degradation of
organic dyes, in particular, have been studied extensively5

because dye removal from industrial effluent is one major
environmental issue that urgently needs to be solved. However,
the traditional photocatalysts such as TiO2 and ZnO only work
under UV light due to their wide band gaps. This drawback
seriously limits their applications under solar light because the
solar spectrum contains only 4% of UV light. Therefore, visible
light active photocatalysts, such as CdS,6 In2S3,

7,8 Bi2WO6,
9 and

CaIn2O4
10 have been developed.

Calcium indate (CaIn2O4), spinel compound, is a semi-
conductor with orthorhombic structure.10 As a photocatalyst,
CaIn2O4 was first investigated for methylene blue (MB) dye
photocatalytic degradation under visible light irradiation in
2003.11 It is reported that 100 mL of MB solution (the
concentration was about 47.8 μmol/L and the initial pH value
of the solution was nearly 7) could be completely degraded
over 0.3 g of CaIn2O4 under visible light irradiation for 120
min. The photocatalytic efficiency is still as high as nearly 50%
MB degradation while the incident light wavelength is longer
than 580 nm. Hereafter, a series of MIn2O4 (M = Ca, Sr, and
Ba) semiconductors were synthesized and the substitution
effects of M2+ ions on the structural and photocatalytic
properties for MB dye degradation were systematically studied
in 2004.12 It was found that CaIn2O4 has outstanding
photocatalytic performance. The high sintering temperature
(>1050 °C), however, has a negative effect on its photocatalytic
degradation of MB because the larger crystalline synthesized
under high temperature has smaller surface area. For instance,
the surface area of CaIn2O4 prepared at 1000 and 1050 °C were
1.27 and 0.86 m2/g. The remarkable photocatalytic perform-

ance could be attributed to the crystal structure of CaIn2O4.
13

The structure contains a significantly distorted InO6 polyhedral
network with great dipole moment promoting the charge
separation that is beneficial for the photoelectrons transfer.
Conventionally, CaIn2O4 has been prepared by the solid-

state reaction (SSR) method. The starting materials are mixed
and calcined at elevated temperature for a particularly long
reaction time.14 However, the SSR method does not mix the
precursors at the molecular level so that the agglomeration may
occur; and therefore, the final products have low surface area
and high impurity.15 To improve the preparation process, some
other approaches have been suggested. Ge first developed a
sol−gel method with citric acid and polyethylene glycol.16 After
annealing at 1000 °C, CaIn2O4 with low impurity was obtained.
In 2009, a solution-combustion method was also invented to
synthesize CaIn2O4 rods at 200 °C by using glycine as fuel with
postannealing at 1100 °C for 12 h in air.15 The prepared sample
was ordinary CaIn2O4 rods with a diameter of 300 nm and
length of 2 μm with significantly high photocatalytic activity for
MB degradation.
In this paper, we synthesized CaIn2O4 by thermal

decomposition of metal oxalate precursors at 800, 900, and
1000 °C. The obtained samples were characterized by X-ray
diffraction (XRD), field-emission scanning electron microscopy
(FE-SEM), energy-dispersive X-ray (EDX) spectroscopy, X-ray
photoelectron spectroscopy (XPS), and UV−vis diffuse
reflectance spectroscopy (DRS), and their photocatalytic
properties were examined via degradation of MB under visible
light irradiation.
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2. EXPERIMENTAL SECTION

2.1. Raw Materials. Indium nitrate (In(NO3)2), calcium
nitrate (Ca(NO3)2·4H2O), oxalic acid ((H2C2O4)·2H2O),
diethylamine ((CH3−CH2)2NH), ammonia (25%), calcium
carbonate (CaCO3), indium oxide (In2O3), TiO2 (P25, 21 nm),
and ZnO were all analytical-grade materials (Sigma-Aldrich,
Finland). The nitrate salts, In(NO3)2 and Ca(NO3)2·4H2O,
were used for introducing metal elements. The precipitating
agent was oxalic acid. The diethylamine (CH3−CH2)2NH and
ammonia solution were used to control pH. The deionized
water was used during the entire synthesis procedure.
2.2. Sample Preparations. The preparation of calcium

indate was achieved by a modified coprecipitation method.17

The In(NO3)2 and Ca(NO3)2·4H2O in stoichiometric ratio
(2:1) dissolved into 30 mL of nitric acid aqueous solution
(4.3%). Meanwhile, oxalic acid (20% excess) was also dissolved
into water solution and diethylamine was added to adjust the
pH at 11. Then the aqueous solution of nitrates was added
dropwise to oxalic acid solution with vigorous magnetic stirring.
The pH was constantly maintained at 11 by adding ammonia
solution (25%) during the whole coprecipitate process. Finally,
the oxalate precipitates precursors were obtained by filtration,
washing with deionized water with pH 11, and drying in the air
at 80 °C for 18 h. To obtain powder CaIn2O4, the precursors
were calcined in air at 800, 900, and 1000 °C for 6 h and named
as CIO-800, CIO-900, and CIO-1000.
To compare the difference between calcium indate

compounds synthesized from different routes, CaIn2O4
prepared by the solid-state reaction (SSR) method was also
conducted.12 The stoichiometric amounts (1:1) of CaCO3 and
In2O3 were mixed with 20 mL of an ethanol solution. After fully
blending, the mixture was dried in air at 250 °C for 5 h and
calcined at 900 °C for 12 h. Eventually, the calcined samples

were vigorously grounded and eventually sintered at 1050 °C
for 12 h in air. The final product is designated as CIO-SSR.

2.3. Characterization of CaIn2O4. The structural analysis
of the final products were performed using a (RINT 2000) X-
ray diffractometer equipped with graphite monochromatized
radiation Cu Kα1 (λ = 1.5406 Å). An accelerating voltage of 40
kV and emission current of 1000 mA were adopted for the
measurements. For each sample, the scanning range was from
20 to 80° and the scanning speed was 0.02° per second. The
morphology and microstructure were characterized by FE-SEM
(Hitachi S-4800, Japan). This microscope was equipped with an
EDX spectrometer (EDAX Genesis 2, USA), which was used
for qualitative and quantitative analysis of chemical composi-
tion. XPS was conducted with a Sigma Probe (ThermoVG,
U.K.) X-ray photoelectron spectrometer, of which the source is
Al Kα radiation (1.486 eV). The photoemitted electrons from
the sample were analyzed in a hemispherical energy analyzer at
a pass energy of Ep = 20 eV. All spectra were obtained with an
energy step of 0.1 eV and a dwell time of 50 ms. A software
package (Avantage Thermo VG) was used to analyze the XPS
data. For survey spectrum, the binding energy scanned from
0.00 to 1000.00 in 1.00 eV steps. In slow scanning mode, the
scanning step was 0.10 eV. The absorption spectrum of the
samples in the diffuse reflectance spectrum mode was recorded
in the wavelength range between 200 and 1000 nm using a
spectrophotometer (V-670, JASCO, Japan), with BaSO4 as a
reference. From the absorption edge, the band gap values were
calculated by the extrapolation method.

2.4. Evaluation of Photocatalytic Behavior. The
photocatalytic activities of samples were evaluated by photo-
catalytic degradation of MB under a 150 W xenon lamp with
visible light filter (PLS-SXE300C, Beijing Perfectlight Co. Ltd.,
Beijing, China). For each experiment, 0.3 g of catalyst was
mixed with 100 mL of MB aqueous solution (10 ppm) in a

Figure 1. The XRD patterns of the samples prepared by different methods and temperatures (CIO-800: 800 °C; CIO-900: 900 °C; CIO-1000: 1000
°C and CIO-SSR: 1050 °C). The (▼) denote the peaks of In2O3.
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photocatalytic Pyrex glass reactor with a cooling water jacket.
The light source was placed about 10 cm apart from the MB
solution surface. After the pH was adjusted to be 7 by 0.1 M
NaOH and HCl, the suspension was treated under magnetic
stirring for 30 min at room temperature in the dark to ensure
the homogeneous dispersion of photocatalyst and adsorption/
desorption equilibrium. When the photocatalytic reaction
started, the suspensions solutions were taken at certain time
intervals and centrifuged at 4000 rpm for 5 min to separate
photocatalyst from suspension solution. The reaction temper-
ature was maintained at ∼20 °C. The supernatants were
collected to evaluate the concentration of MB by a UV−vis
spectrometer (Perkin Elmer Lambda 45 UV−vis spectrometer).
The absorbance of MB at 664 nm was used to calculate the
degradation rate according to the following equation:

=
−

=
−

D
C C

C
A A

A
% 0 t

0

0 t

t (1)

where C is the concentration of MB and A represents the
measured absorbance of MB at 664 nm. The subscripts “0” and
“t” denote the initial state and the reaction time, respectively.
Total organic carbon analyzer (Shimadzu TOC-V CPH, Japan)
was also used to study the mineralization of the prepared
sample during degradation. Nonpurgeable organic carbon
method was adopted for all samples.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure Characterization. Powder X-ray
diffraction was used to study the crystallization behavior of
samples. The XRD patterns of CaIn2O4 samples calcined at
different temperatures and approaches are shown in Figure 1.
By indexing the diffraction peaks with references, the samples
contain only CaIn2O4 (PDF no. 00-017-0643) and In2O3 (PDF
no. 01-073-6440) phases. The CIO-800 sample includes mainly
CaIn2O4, but the peaks at 2θ = 30.57°, 35.45°, and 51.07°
denote that a certain amount of indium oxide existed. The
impurity of CIO-800 was attributed to inadequate annealing
temperature or time. The quantities and intensities of the
reflections of In2O3 were reduced after the precursor was
annealed at 900 °C. After calculation, the purity of CIO-900
was 99.79%, which indicates that the majority of the sample was
CaIn2O4 phases and only a minor proportion of In2O3 was
present. The purity of CaIn2O4 sintered at 1000 °C is further
improved to 99.86%. Hence, the purity of CaIn2O4 phase was
increased with elevated sintering temperatures. The XRD
pattern of the sample prepared by conventional solid-state
reaction method is also represented in Figure 1 for comparison.
Even though the samples CIO-SSR were sintered at 900 and
1050 °C for 12 h, respectively, the impurity was still fairly high
(about 50%). The poor purity of CaIn2O4 in CIO-SSR sample
was the result of agglomeration during calcinations.15 There-
fore, CaIn2O4 with high purity is able to be produced via
thermal decomposition of metal oxalate precursor at a lower
temperature and in a shorter reaction time.
3.2. Microstructure and Compositional Analysis. The

FE-SEM images in Figure 2 illustrate the morphology and
microstructure of CaIn2O4 samples prepared by thermal
decomposition of coprecipitate precursor under different
temperatures. It is clearly seen that most of the particles had
irregular shapes and diverse sizes; few crystals with facets also
were observed. The rodlike particles ranged from 100 nm to a
few hundred nanometers. Most of the particles were connected

with each other, corresponding to the diffusion effect during
sintering. Moreover, the particle size had obviously enlarged
with increasing calcination temperature.
The quantitative elemental analysis of the CaIn2O4 samples

was performed by EDX. As a typical spectrum shows in Figure
3, only calcium, indium, oxygen, and carbon exist. The small
amount of carbon was detected because of the carbon
conductive tapes on the sample holder. The atomic ratio of
Ca, In, and O in the samples were calculated and are listed at
Table 1. Since the In Lb peak was overlapped with Ca K peak,
the atomic ratio of In and Ca may have a tiny difference with
their theoretical values. The small variation between the
measured and theoretical atomic ratio could be caused by

Figure 2. SEM images of samples: (A) CIO-800, (B) CIO-900, and
(C) CIO-1000.
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various reasons, such as the thickness variation, particle size,
and the existence of pores.

3.3. XPS Analysis. To further investigate the chemistry of
samples, XPS analysis was conducted. The XPS spectra are able
to show the quality and composition of the samples. Figure 4
shows a typical spectrum of CIO-900 recorded by XPS. In
Figure 4A, the survey spectrum of the CIO-900 contains no
peak other than In 3d, O 1s, Ca 2p, and C 1s. The existence of
the carbon peak was attributed to the adsorption of the residue
of organic chemical (chelating agent or oxalic acid) during the
synthesis process. The XPS spectra for O 1s, In 3d, and Ca 2p
were also recorded in slow scanning mode and are illustrated in
Figure 4B,C. The O 1s contains two peaks at 529 and 531.5 eV.
This asymmetric XPS spectrum indicates that different oxygen
species exist in the near surface region. It is known that metallic
oxide (O2−) contributes to the peak at 529 eV18 and a similar
spectrum also has been observed in previous work.16 Another
peak at 531.5 eV may arise from oxidized hydrocarbon. The
two strong peaks at 443.5 and 451.1 eV are corresponding to
the binding energy of In 3d5/2 and In 3d3/2, respectively,

18

which can be assigned to the In3+ state. The Ca 2p spectrum
observed in Figure 4D are Ca 2p3/2 and Ca 2p1/2 at 347.0 and
350.5 eV, respectively, which are consistent with the data in the
reported literature.19

3.4. UV−Vis DRS Study. To inspect the optical properties
of the CaIn2O4 compounds prepared under different sintering
temperatures, the UV−vis diffuse reflectance spectroscopy

Figure 3. EDX spectrum of a CaIn2O4 sample (CIO-900).

Table 1. Atomic Ratio of Samples Determined by
Quantitative Analysis via EDX

sample name

atomic ratio CIO-800 CIO-900 CIO-1000

O 60.415 59.43 58.48
In 25.12 25.18 24.50
Ca 13.88 15.39 17.02

Figure 4. XPS analysis of the CaIn2O4 (CIO-900): (A) survey spectrum, (B) oxygen spectrum, (C) indium 3d spectrum, and (D) calcium spectrum.
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(DRS) was used to record the spectra of samples in the
wavelength range between 200 and 800 nm, shown in Figure 5.

The determined adsorption edges and band gaps of prepared
CaIn2O4 were also listed in the graph. It confirmed that MB
solution was directly decomposed by CaIn2O4 under visible
light irradiation. It is also worth noticing that CIO-900 and
CIO-1000 have similar adsorption spectra, which is consistent
with the previous study of pure CaIn2O4.

11 In contrast, the
CIO-800 and CIO-SSR have different adsorption spectra,
which may be related to the impurity In2O3 that exists in these
two samples. In2O3 is an n-type semiconductor with a bad gap
of about 2.5 eV.20 The coexistence of In2O3 and CaIn2O4 as a
composite may change its light adsorption.16

3.5. Photocatalytic Degradation Performance. The MB
degradation under visible light irradiation by a xenon lamp at

room temperature was investigated. The time-dependent
degradation rates of MB over photocatalysts are shown in
Figure 6A. The absorbance of MB at 664 nm was used to
determine the concentration of MB solution. After 3 h
irradiation time, it is obvious that CIO-900 has the best
photocatalytic performance on MB degradation among tested
photocatalysts. More than 95% of MB has been degraded over
CIO-900 under visible light. For CIO-800 and CIO-1000, only
81% and 78% of MB were degraded after 3 h of reaction,
respectively. To compare the photocatalytic activity among
different photocatalysts, TiO2 and ZnO were used as references
to test their efficiency on MB degradation. The results showed
in Figure 6A indicate that both TiO2 and ZnO adsorbed a lot of
MB molecule before the photocatalysis reaction started. This is
because TiO2 (35−65 m2/g) and ZnO particles used in this
case have large surface area. However, the concentrations of
MB over TiO2 and ZnO were reducing much more slowly than
that over CaIn2O4 under light irradiation when the adsorption
equilibrium was reached. Therefore, it proves that CaIn2O4 is
more efficient than TiO2 and ZnO on MB degradation under
visible light irradiation. As a comparison, MB degradation by
CIO-SSR was also conducted with the same procedure. It is
found that CaIn2O4 prepared by solid-state method has also
good photocatalytic performance. More than 87% of MB was
degraded, which is higher than CIO-800 and CIO-1000 but still
lower than CIO-900. Therefore, comparing photocatalytic
performance of calcium indate obtained via solid-state
approach, the thermal decomposition of coprecipitate precursor
could obtain high crystalline phase of CaIn2O4 with high
photocatalytic degradation rate of MB.
The photocatalytic performances of CaIn2O4 samples

obtained from different sintering temperatures and methods
were also studied. The results exhibit that, after 3 h of reaction,
the degradation rates of CIO-800, CIO-900, and CIO-1000
were 81%, 95%, and 78%, respectively. It indicates that
calcining temperatures obviously have influence on the
photocatalytic performances of CaIn2O4 obtained from metallic
oxalate precursor. A few reasons may lead to this difference:

Figure 5. UV−vis DRS spectrum of CaIn2O4 photocatalysts from
different synthetic routes. (inset) Adsorption edges and band gaps of
CaIn2O4 prepared from different methods and sintered at different
temperatures.

Figure 6. (A) Time-dependent degradation rate of methylene blue (10 mg/L) over different photocatalysts; (B) TOC measurement of MB solution
over CIO-900 for different reaction times.
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First of all, as we confirmed from XRD pattern, the 800 °C
calcined temperature could prepare samples with only a certain
amount of impurity, which may have a negative impact on its
photocatalytic behavior. However, the growth of the crystal
accelerates if the sintering temperature is too high. In this case,
the particle size of CaIn2O4 calcined at 1000 °C may be too big
to provide enough reaction sites on the surface of the particles.
Moreover, the adsorption edges of prepared samples also varied
with sintering temperature. The UV−vis spectrum illustrated
that CIO-900 has the highest adsorption edges among prepared
CaIn2O4 samples. To sum up all the factors, the CaIn2O4
prepared at 900 °C provided the best photocatalytic perform-
ance on MB degradation due to its high purity, moderate
particle size, and high adsorption edge. However, the TOC
results (Figure 6B) illustrate that the total organic carbon
concentration did not change as much as MB concentration.
After 6 h of reaction, the TOC reduced only 10%. This finding
indicates that CaIn2O4 could efficiently degrade MB molecule,
but it will take a very long time to mineralize the organic dye to
CO2 and H2O.
3.6. Stability of CaIn2O4. The stability of photocatalyst is a

very important property in practice. To evaluate the stability of
CaIn2O4, CIO-900 was used to conduct recycle photocatalytic
experiment and its results are shown in Figure 7. The reaction

time of 3.5 h was taken for each experiment for thoroughly
degrading MB. It is found that the degradation rate decreased
from 98% to 92% after the first recycle, but it was still more
than 90% after 4 recycles. As a result, CaIn2O4 possesses
excellent photostability under visible light irradiation.
3.7. Mechanism Discussion. A possible mechanism can be

deduced based on the characterization and photocatalytic
experiments. For CaIn2O4 prepared by thermal decomposition
method, the purity of samples is very high but the band gap
varies with sintering temperature. Therefore, CIO-900, which
has a small band gap value, provides the best photocatalytic
efficiency. However, for CaIn2O4 synthesized by solid-state
reaction method, a high amount of impurity In2O3 exists in the
samples. The high photocatalytic activity may be related to the
In2O3−CaIn2O4 composite.21 In this system, the photoexcited
electrons in the conduction band of CaIn2O4 inject into the
lower conduction band of In2O3 and the photoexcited holes in
the valence band of In2O3 also jump to the valence band of

CaIn2O4. Moreover, In2O3 is able to trap the photoexcited
electrons efficiently.21

4. CONCLUSIONS

The visible light-activated photocatalyst CaIn2O4 with high
purity was successfully synthesized by coprecipitation method
at pH 11. The final products were obtained after thermal
decomposition of oxalate precursor at elevated temperature for
6 h. The solid-state reaction was also adopted to prepare
CaIn2O4 for comparison. By powder XRD assessment, CaIn2O4
with high purity was obtained from coprecipitation method
when the sintering temperature is at or above 900 °C.
However, the sample prepared from solid-state reaction had
poor purity, even though it had undergone calcinations at 900
and 1050 °C for 12 h. Hence, the coprecipitation method has
several advantages over conventional solid-state method: (1)
lower sintering temperature, (2) shorter processing time, (3)
high purity, and (4) smaller particle size, i.e., larger surface area.
The photocatalytic degradation experiments proved that
synthesized samples have excellent activity on decomposition
of MB under sodium lamp irradiation. In the 3.0 h reaction,
almost 95% of methylene blue is degraded over CaIn2O4
sintered at 900 °C. Also, the efficiency of CaIn2O4 is higher
than TiO2 (P25).
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a  b  s  t  r  a  c  t

Nano-sized  BiPO4 has  been  successfully  synthesized  via  a novel  designed  two-steps  solvothermal  route
using  ethylene  glycol  as solvent.  Comparing  with  traditional  hydrothermal  method,  the  novel  approach
could  readily  prepare  BiPO4 with  shorter  time.  The  photocatalytic  activity  of  prepared  BiPO4 has  been
tested  via  degradation  of methylene  blue  (MB)  under  light  irradiation.  The  experimental  results  show  that
the BiPO4 prepared  by novel  route  had  enhanced  photocatalytic  activity  and  the  synthetic  parameters
also  impact  the  reaction  rate  meaningfully.  Finally,  the  obtained  samples  have  been  widely character-
ized  by  means  of  powder  X-ray  diffraction  (XRD),  Brunauer–Emmett–Teller  (BET)  surface  area,  scanning
electron  microscopy  (SEM),  UV–vis  diffuse  reflectance  spectra  (DRS)  and  Fourier  transformed  infrared
(FTIR)  spectra.  BiPO4 prepared  by this  novel  approach  have  a  particles  size  below  100  nm, which  is a  big
improvement  by  comparing  with  previous  works  (few  micrometer).  The  effect  of EG  during  the formation
of BiPO4 has  been  discussed  and  a possible  formation  mechanism  is proposed.

© 2015  Elsevier  B.V.  All rights  reserved.

1. Introduction

As an advanced oxidation process (AOP), heterogeneous photo-
catalysis is capable of decomposing waste water containing organic
pollutants [1,2], such as dyes [3], pesticides [4] and pharmaceutical
compounds. [5] Heterogeneous photocatalysis could be a potential
technique for the degradation of these organic compounds since
it allows to mineralize organic molecules to CO2 and H2O, and
hence, avoids the secondary pollution. In this process, the prop-
erty of photocatalytic material plays an important role, and thus,
numerous photocatalysts have been developed to achieve the goal
[6]. Moreover, the structural and morphological features of these
photoactive materials have been demonstrated to be crucial.

Bismuth phosphate (BiPO4), as a novel nonmetal oxy-acid salt
photocatalyst, has firstly been reported by Pan and Zhu [7]. It
was found that in spite of the surface area of BiPO4 is only one
tenth of TiO2 (P25, Degussa), the photocatalytic degradation of MB
over BiPO4 was twice more efficient than that of TiO2 P25. It was
reported that MB  was completely degraded over BiPO4 in 20 min
under 254 nm UV lamp. Moreover, the TOC experiment stated a

∗ Corresponding author. Tel.: +34 954489500.
∗∗ Corresponding author. Tel.: +358 400205215.

E-mail addresses: yunfan.zhang@lut.fi (Y. Zhang), gcolon@icmse.csic.es
(G. Colón).

notably high MB  mineralization ratio, as high as 84% after 25 min
irradiation when BiPO4 used as photocatalyst. Afterwards, other
authors reported that BiPO4 is also able to degrade different pollu-
tants such as methyl orange [8,9], phenol [10,11] and Rhodamine B
[12,13]. In all cases, the outstanding photocatalytic activity of BiPO4
is attributed to its exceptional optical and electronic properties. As
it has been reported, the conduction and valence band position of
BiPO4 are −0.63 and 3.2 eV, leading to a large band gap value and the
necessity of excitation by under UV-A light [14]. At the same time,
higher valence band energy may  stimulate the holes generated to
react with OH− for producing active •OH radicals. Furthermore, it
has been reported that the inductive effect of PO4

3− plays a key
role in the electron–hole separation and further, accelerates the
photocatalytic degradation reaction. Last but not least, as a final
consideration BiPO4 is non-hazardous and inexpensive.

All these outstanding merits of BiPO4 are significantly related
to its crystal structure, which is affected by its synthetic meth-
ods. Hydrothermal method is the most common used process to
synthesize BiPO4, and moreover, temperature, reaction time and
acidity of solution are three main factors for tuning their photo-
catalytic activity [15,16]. Since, the physical properties of BiPO4
are closely related to its crystal structure, the adequate choice of
the synthetic parameters appears crucial for the optimization of
the photocatalytic performance of BiPO4 [17]. It has been reported
that bismuth phosphate crystallizes in three different structures

http://dx.doi.org/10.1016/j.molcata.2015.03.011
1381-1169/© 2015 Elsevier B.V. All rights reserved.
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Scheme 1. Detailed preparation routes followed for Methods I and II.

with hexagonal (space group: P3121),  low temperature monoclinic
BiPO4 (space group: P21/n) and high temperature monoclinic BiPO4
(space group: P21/m). The most stable form is the low temperature
monoclinic (LTMP) that can be converted into high temperature
monoclinic structure (HTMP) by calcination at high temperature.
Both LTMP and HTMP have closely related crystal structures. This
difference in reactivity among the BiPO4 polymorphs might be
related to their geometric and electronic structures. Thus, LTMP
exhibits the highest photocatalytic activity because of its most
distorted PO4 tetrahedron and the largest dipole moment [15].
Such distortion would dominate the electron–hole separation and,
therefore, the final photocatalytic activity.

In addition to the acidity of reaction solution, synthesis time also
plays a key role to produce BiPO4 with highly efficient photocat-
alytic activity [12]. This is because the presence of lattice defects
seems to decrease with increasing synthesis time. These defects
could form recombination centers, which would limit the trans-
fer of the carriers to produce hydroxyl and super oxide radicals.
However, excessive synthesis time could also cause the decrease in
the photocatalytic activity by decreasing of surface OH groups, the
main source of hydroxyl radicals. As a consequence, the adequate
synthesis time could grow the crystals better, and thus, reduce the
lattice defects.

Beside its advantages, one of the limitations concerning to BiPO4
is related to its low surface area [18]. For this reason, the study
of novel preparation methods leading to highly photoactive BiPO4
systems with improved structural and surface properties appears
of great interest. In the present paper, submicron BiPO4 was  pre-
pared via a novel designed two-steps solvethermal approach with
EG in order to control the particle size. The crystalline structure,
micro-morphology and optical properties of the yield products
were characterized and their photocatalytic activity have been
evaluated by degrading MB solution under solar light. To further
understand the configuration of BiPO4 synthesized via this method,
the formation mechanism was also discussed.

2. Experimental

2.1. Sample preparation

The syntheses of BiPO4 have been carried out with two different
solvothermal procedures (Scheme 1). The experimental conditions
are summarized in Table 1. All chemicals used were analytic grade
reagents without further purification.

Method I: The synthesis was accomplished by following a
two-steps solvothermal procedure. In the first step, 3 mmol
Bi(NO3)3·5H2O was firstly dissolved into a beaker with 100 mL  of
ethylene glycerol (EG) under magnetic stirred at room temperature.
Then, the bismuth nitrate completely dissolved, an equal amount

of sodium phosphate (Na3PO4·12H2O) was added into the beaker
under vigorous stirring for 15 h.

As a result a white suspension was  gradually formed during
the entire stirring process. The precursor was  obtained by separat-
ing the white suspension from EG with high speed centrifugation
(11,000 rpm, 10 min) and subsequently washed with ethanol three
times. In the second step, the as-obtained precursor and 30 mL of
H3PO4 solution (12 M)  were transferred into a teflon-lined stainless
steel autoclave and heated at 160 ◦C for 6 h. Then final product was
attained via filtering, washing with ethanol three times, and sub-
sequently drying at 60 ◦C for 24 h. Other BiPO4 samples were also
prepared following the same procedure varying the EG/H2O ratio,
temperature and concentration of H3PO4 in order to study their
effect on final product. The names of samples and their experimen-
tal parameters are listed in Table 1.

Method II: The BiPO4 was  also prepared by a previously
reported solvothermal procedure. In this typical procedure, 3 mmol
Bi(NO3)3·6H2O was directly mixed with 30 mL  of phosphoric acid
(12 M)  and then transferred into a teflon-lined stainless steel auto-
clave and heated at 160 ◦C for 6 h. Then final product was obtained
via filtering, washing with ethanol three times, and subsequently
drying at 60 ◦C for 24 h.

2.2. Characterization

The X-ray diffraction patterns of the synthesized product were
measured by a Siemens D-501 diffractometer with Ni filter and
graphite monochromator. The Cu K� radiation with wavelength
of 0.15406 nm was  used as X-ray source and all the patterns were
recorded from 2� = 10◦ to 80◦ with a scanning step of 0.05◦.

The morphology of samples was  characterized by means of field
emission scanning electron microscope (FE-SEM) (Hitachi S 4800).
The samples were dispersed in ethanol using an ultrasonicator and
dropped on a carbon grid.

The UV–vis diffuse reflectance spectrum (Shimadzu, AV2101)
were recorded in the wavelength range between 220 and 800 nm.
The BaSO4 was used as a reference.

BET surface area and porosity measurements were carried out by
N2 adsorption at −196 ◦C using a Micromeritics ASAP 2010 instru-
ment.

2.3. Evaluation of the photocatalytic performance

The photocatalytic performance of as-prepared samples was
evaluated by the degradation of methylene blue solution under
simulated solar light. The light source was obtained by a 300 Watt
Xenon lamp (PLS-SXE300C, Beijing Perfect light Co., Ltd., China).
The lamp emission spectrum ranged from 300 to 800 nm. In each
experiment, 50 mg photocatalyst was firstly mixed with 50 mL  of
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Table 1
Experimental conditions for the preparation of BiPO4 photocatalysts.

Name Method Temperature/◦C Concentration of H3PO4/M EG/H2O Volume ratio

BPO-1 II 160 12 1:0
BPO-2 I 160 12 1:0
BPO-3 I 160 12 2:1
BPO-4 I 160 12 1:1
BPO-5 I 160 6 1:0
BPO-6 I 160 2 1:0
BPO-7 I 100 2 1:0
BPO-8 I 200 2 1:0

10 ppm MB  solution in a pyrex glass reactor with a cooling water
jacket, and then the suspensions were ultrasonically dispersed for
3 min. The well dispersed suspension was magnetically stirred in
the dark condition for 30 min  to reach the adsorption/desorption
equilibrium. The Xenon lamp was placed about 70 mm above the
surface of suspension. After the lamp was turned on, 3 mL  of aque-
ous samples were taken and then centrifuged in order to separate
photocatalyst form suspension. The temperature of the suspen-
sions was controlled at ∼25 ◦C throughout the entire experiment.
Finally, the separated MB  aquatic samples were analyzed via UV–vis
spectrometer (Lambda 45, PerkinElmer) to determine the changes
in concentration during the experiment. The residual concentration
of MB was calculated by means of the characteristic absorbance of
MB  solution at 664 nm.

3. Results and discussion

3.1. Photocatalytic activity study

The photocatalytic activities of BiPO4 prepared by both Method
I and II were firstly studied via degrading MB  solution under solar
light irradiation and the results are shown in Fig. 1A. As it can be
observed, BiPO4 prepared via Method I was clearly better than
that of synthesized by Method II. Meanwhile, the adsorption of
MB over BiPO4 has been studied (see Fig. S1 Fig. S1 in Support-
ing information). The results showed that only slight amount of
MB molecule is adsorbed on the surface of BiPO4 after 90 min.
So, we might conclude that the adsorption–desorption equilibrium
has been established after 15 min  of adsorption in the dark. The
degradation process is fitted to pseudo-first-order kinetics, and
the values of the apparent first-order rate constants kapp are equal
to the corresponding slope of the fitting line. Fig. 1B shows the
kapp constants calculated, based on the photocatalytic degradation
of MB  over BiPO4 sample prepared by two different approaches.
The obtained kapp constants are 0.312 and 0.187 min−1 for BiPO4

prepared by Method I and II, respectively, which indicate that we
achieved a 67% enhancement in photoactivity for BiPO4 obtained
by Method I. Therefore, the proposed two steps method clearly
induces a marked difference in the photocatalytic performance of
the obtained material. Moreover, it is worthy to mention that the
present photoactivity obtained under solar-like irradiation clearly
overcome most of the reported ones, leading in our case to the
complete degradation of MB in less than 15 min  [10,14,19,20,21].
Attending to the low amount of photon available below 350 nm
from the solar-like lamp, it can be stated that the obtained samples
exhibit notably high photon efficiency.

3.2. Characterization of BiPO4 synthesized via Method I and II

In order to find the cause of the improved degradation rate,
a wide characterization of BiPO4 by different methods has been
carried out. Firstly, the powder X-ray diffraction patterns of two
bismuth phosphate samples have been measured and shown in
Fig. 2A.

By observing the XRD pattern for the starting precursor pre-
pared in EG solution, the diffraction lines can be indexed to low
temperature monoclinic BiPO4 (LTMP, PDF 15-0767), showing very
broad peaks, which would indicate the poor crystallinity of the pre-
cursor. Therefore, by simply precipitation, it is possible to achieve
the formation of crystallize BiPO4. For the BiPO4 prepared by two-
steps solvothermal method (Method I), all the obtained peaks can
be indexed with standard pattern (PDF 15-0767), which indicate
the sample contains only bismuth phosphate with low temperature
monoclinic structure (LTMP, space group: P21/n), similar to the pre-
cursor sample. In this case, it can be noticed narrower diffraction
peaks indicating that subsequent solvothermal treatment induces
a higher crystallinity. Indeed, the calculated crystallite size from
(1 2 0) line broadening are 52 nm for BPO-2 vs 36 nm obtained for
the precursor sample. Thus, the further hydrothermal treatment
leads to an important crystallite growth of LTMP phase.

Fig. 1. Photocatalytic degradation of MB  over BiPO4 samples prepared by different approaches: (A) degradation rate of MB versus reaction time; (B) calculated kapp constants.
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On the other hand, for the BiPO4 prepared by one-step
solvothermal method (Method II), although most of peaks from
the X-ray diffraction pattern were matched well with LTMP struc-
ture, other peaks were also observed, which indicate the presence
of a second crystalline phase in the sample. The additional peaks
found can be assigned to the standard pattern of bismuth phosphate
with high temperature monoclinic structure (HTMP, space group:
P21/m and PDF 43-0637). The calculated crystallite sizes for LTMP
and HTMP phases found in BPO-1 sample from each corresponding
main lines broadening gives 57 and 60 nm,  respectively. From these
results, it appears that the preparation by a single step leads to the
simultaneous formation of the HTMP and LTMP phases during the
solvothermal treatment. Thus, the treatment with H3PO4 proposed
in Method I points out a clear stabilization of the starting LTMP
phase formed by direct precipitation during the solvothermal treat-
ment, showing a slightly lower crystallite size with respect to the
single-step method. Based on previous reports, the photocatalytic
activity of bismuth phosphate with HTMP structure is lower than
that with LTMP structure because of the different dipole moment
derived from the distorted PO4 tetrahedron [15].

Fig. 2B shows UV–vis diffuse reflectance spectrum of BiPO4 pre-
pared by Methods I and II. From the UV–vis absorption spectra,
we have calculated the band gap values for BPO-1 and BPO-2. The
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Fig. 2. (A) X-ray diffraction patterns of BPO-1, BPO-2 and precursor; (B) UV-DRS
spectra of BPO-1, BPO-2 (inset: detailed comparison of visible absorption).

obtained values are summarized in Table 2. Compared with former
one step approach (BPO-2), the absorption edge of BiPO4 synthe-
sized with novel two  steps (BPO-1) approaches exhibits a tiny blue
shift from 293 to 290 nm.  Moreover, it is worthy to note a marked
absorption along the whole visible range for BPO-2 sample. Such
small absorption could be related to the presence of mid-gap states
due to existence of oxygen vacancies [22].

Similarly, the same broad band in the visible range has been
observed for TiO2 for which the presence of Ti3+ ions induced the
formation of mid-gap states and leads to the visible absorption
[23–25]. As it has been previously reported, the formation of the
above vacancies could favored by the second H3PO4 etching treat-
ment. Indeed, Lv et al. also reported the correlation of induced
oxygen vacancies on BiPO4 with the enhanced photocatalytic activ-
ity [21]. In this sense, it has been reported that the formation of the
oxygen vacancies in TiO2 could promote the hole transport [26].
Specifically, Pham and Wang argued that the O defect state could
serve as a hole transfer channel at about 1–1.5 eV above the valence
band maximum and be responsible for the good hole conductivity.

Further study via BET (results listed in Table 2) indicates that the
surface area of BiPO4 prepared by novel two-steps solvothermal
approach is almost 4.5 times higher than that of prepared by one-
step solvothermal approach. Moreover, the obtained systems show
rather higher surface area values than those reported in the liter-
ature [7,9,15], pointing out the interest of the proposed method.
Therefore, not only a structural but also an important surface sta-
bilization is taking place upon H3PO4 treatment. Both structural
and surface features would be the responsible of the improved
photocatalytic activity showed by LTMP sample.

In Fig. 3, we show the morphologies of BiPO4 obtained different
methods by SEM. The images of precursor sample denoted roundish
particles with homogeneous sizes below 100 nm.  Regarding to the
BiPO4 system obtained by the two steps method (BPO-2) it can
also observed similar roundish pellet-like particles rather homo-
geneous in size as in the case of the precursor (Fig. 3C and D). As t
can be noted, particle size can be found in all cases in between 100
and 200 nm.  It is worthy to mention that the preparation of sub-
micron BiPO4 systems has been already reported by some authors
[27–29]. In all cases, nanoparticle systems have been achieved by
doping with Ln3+ ions or by using complex synthetic routes by
using capping agents. On the contrary, Method II leads to hetero-
geneous polyhedral shape particles. Two  kinds of particle shapes
can be found in (Fig. 3E and F). Firstly, most the particles show-
ing rounded vertices that could derive from the spherical pellets
observed for BPO-1 sample.

Such particles could be associated to LTMP exhibiting in this
case large size with respect to those from Method I. Secondly,
large octahedral particles of about 1–2 �m that could be ascribed
to HTMP. Therefore, it would be assumed that the main effect of
H3PO4 solvothermal treatment on Method I was the structural and
surface stabilization which could induce a higher distortion of PO4
group.

The FT-IR spectrums of BiPO4 precursor and final product have
been shown in Fig. 4. According to the previous work, OH-related
defects in the BiPO4 lattice significantly affect the photocatalytic
activity [12]. The presence of surface hydroxyl groups would favor
the formation of defect levels and recombination centers, which
restrict the transfer of carriers to generate hydroxyl and super oxide
radicals. In our case, the OH-related defects in the BiPO4 prepared
by two-steps approach (Method I) is rare, because the absence
of the peaks around 1380, 1630 and 3480 cm−1 under FTIR spec-
trum, which represent surface OH related defects [30,31]. However,
the difference between precursor and final product on the FTIR
spectrum is enormous at the peaks with lower wavenumber. For
the final product of BPO-2, four bands at 1065, 986 and 950 cm−1

can be assigned to �3 stretching vibration of the PO4 group. The
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Fig. 3. SEM images of BiPO4 precursor (A and B), BPO-2 (C and D), and BPO-1 (E and F).

Fig. 4. FT-IR spectrums of BiPO4 precursor, BPO-1 and BPO-2.

bands centered at 606 and 538 cm−1 is due to ı (O P O) and �4
(PO4), respectively. On the other hands, only few broad bands with
low intensities could be observed for precursor. This would indi-
cate the higher crystallization degree for BPO-2 with respect to the
precursor one.

For the BPO-1 sample (Method II), the peaks on the spectrum
are similar with that of BPO-2. But the �3 stretching vibration of
the PO4 group of BPO-2 was stronger than that of BPO-1, which
may  be related to their photocatalytic performance.

3.3. Influence of synthesis conditions on the photocatalytic
activity

In order to investigate the influence of varying operating param-
eters on crystal growth and photocatalytic activity, BiPO4 samples
were prepared via the two-steps method (Method I) under differ-
ent condition. Table 1 listed the samples’ name and corresponding
synthetic conditions. In Fig. 5, the photocatalytic activities of BiPO4
samples prepared under different synthetic conditions have been
illustrated by plotting their apparent rate constant k in histograms.
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Fig. 5. The degradation rates of BiPO4 prepared under different synthetic conditions; (A) influence of EG/H2O ratio, (B) effect of H3PO4 concentration; (C) effect of hydrothermal
treatment temperature.

First of all, the degradation rates for BiPO4 systems prepared using
different EG/H2O solutions appear somewhat affected (Fig. 5A).
Thus, the reaction rate was as high as 0.3118 min−1 when only EG
used to prepare precursor. But it was decreased to 0.2367 min−1

while the EG/H2O was 2:1. Further decreasing EG/H2O ratio to 1, the
degradation rate was only 0.1717 min−1, which is similar than that

of BPO-1 prepared by one-step method (Method II). By means of
electron microscopy, when only EG was  used for precursor prepa-
ration, the obtained BiPO4 had uniform shape and narrow grain
size distribution. Once the EG/H2O solution was used to prepare
precursor, the obtained BiPO4 final products show a rather hetero-
geneity in shape and grain size, which is increasing as decreasing

Fig. 6. SEM images of BiPO4 samples; (A) BPO-3, (B) BPO-4, (C) BPO-5, (D) BPO-6, (E) BPO-7, (F) BPO-8.
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Table 2
The BET surface area, band gap and reaction rate constants of BiPO4 samples obtained in different synthetic conditions.

Sample kapp/min−1 BET surface area/m2 g−1 Absorption edge/nm Band gap energy/eV

BPO-1 0.187 2 293 4.23
BPO-2 0.312 8 290 4.28
BPO-3 0.237 6 291 4.26
BPO-4 0.172 3 293 4.23
BPO-5 0.350 15 289 4.30
BPO-6 0.381 11 294 4.22
BPO-7 0.324 11 291 4.26
BPO-8 0.219 9 290 4.28

EG/H2O ratio (Fig. 6). At the same time, the surface area is also
decreasing with decreased EG/H2O (Table 2). Therefore, it could
be concluded that the existence of water in the precursor prepar-
ing period could accelerate the crystal growth, further reducing
the surface area of final product, and consequently declining their
photocatalytic activity. It might be assumed that the formation of
EG-Bi3+ chelated species strongly condition the final morphology.

Additionally, the photocatalytic activities of BiPO4 prepared
at various concentration of H3PO4 on the degradation of MB  are
shown in Fig. 5B. In this case, the degradation rate of BiPO4 sam-
ples gradually increased with the decrease of H3PO4 concentration.
In addition, different BiPO4 samples were prepared by varying the
solvothermal treatment temperature.

From the evolution of the degradation rates showed in Fig. 5C
clearly points out that the photocatalytic activity showed an opti-
mum value for 160 ◦C; especially at 200 ◦C, the apparent rate
constant k reduced more than 40%. One explanation is that tem-
perature significantly affects the crystallinity and grain size in the
synthetic process. When high temperature was used, it enhanced
crystal growth and the average grain size, and reduced the surface
area in the final product, which leads to a decrease of photocatalytic
activity. On the other hand, the average grain size and surface area
was increased when low temperature was used and yet the crys-
tallinity of BiPO4 was poor, which could be proved based on their
XRD pattern (Fig. 7).
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Fig. 7. XRD patterns of BiPO4 samples prepared at different synthetic conditions.

3.4. Possible formation mechanism

Based on the experimental results and characterization findings,
a possible mechanism is proposed. It is well known that the crys-
tallization process involves two steps: initial nucleation stage and
crystal growth stage, which include the reactant molecules firstly
diffuse to the surface of nuclei and then react with them [32–34]. In
this case, the bismuth salts firstly formed Bi3+–EG complexes in EG
solution [35–38]. As Na3PO4 was added into the solution, bismuth
complexes reacted with Na3PO4 to form BiPO4 nuclei, and then
growing BiPO4 crystals on the surface of nuclei. Hence, the diffu-
sion rate of reactant molecule in the EG solvent strongly affects the
shape crystal growth. In addition, previous works also confirmed
that viscosity of solvent has great influence on the morphologies of
crystal structure [39–41]. Accordingly, the nano-sized BiPO4 pre-
cursor was  obtained due to high viscosity of solvent EG leads to
low diffusion rate of reactant during the crystal growth stage. Con-
sequently, under hydrothermal condition, with high concentration
of H3PO4, the bismuth phosphate with distorted PO4 tetrahedron
grew through the Ostwald ripening process. The surface and struc-
tural stabilization of the LTMP upon H3PO4 treatment would be
explained by considering a surface etching. The surface anchored
PO4

3− anion would avoid the LT to HT transformation during the
solvothermal treatment. This structural and surface stabilization
has been already stated for sulfated TiO2 [22,42]. Therefore, we
would propose a similar topotactical mechanism of stabilization
for LTMP structure.

4. Conclusions

Nano-sized LTMP phase of BiPO4 has been successfully syn-
thesized by a novel two-steps solvothermal method with EG
and H3PO4. The photocatalytic activity of as-prepared BiPO4 was
well controlled via adjusting the experimental parameters. The
optimal sample exhibited the significantly improvement on pho-
tocatalytic degradation of MB  solution under solar light, which is
two times higher than that of BiPO4 prepared via former one-step
solvothermal approach. The relatively high BET surface area, the
homogeneous particle size morphology, the occurrence of oxygen
vacancies and the tiny larger band gap can be directly the respon-
sible of the improved photocatalytic activity attained. All these
particular features would clearly favor the charge pairs diffusion
along the BiPO4 lattice toward the surface and will contribute to
the notably high photocatalytic activity.
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Introduction

The organic dyes include a wide variety of substrates obtained
from natural sources or synthetic manufacturing processes. They
could cause considerably environmental issue because of their
chemical stability, toxicity and carcinogenicity [1–5]. The pollution
is usually not only caused by azo dyes themselves but also their
degradation products. Therefore, a reliable and effective azo dyes
wastewater treatment is needed to totally degrade the dyes
molecule to harmless products. Heterogeneous photocatalysts offer
a possible solution on decomposing organic pollutants in a
sustainable way [6–9]. Bismuth phosphate, as a novel nonmetal
oxy-acid salt photocatalyst, has firstly been reported by Pan et al.
[10–12]. The photocatalytic degradation of MB over BiPO4 is twice as
efficiency as over P25 TiO2 in spite of the fact that the absorbance
edge of BiPO4 is about 322 nm, which deduced from its conduction
and valence band position at �0.63 and 3.2 eV, respectively. In
addition to the excellent photocatalytic performance, nontoxic

BiPO4 has exceptional optical and electronic properties. Low-cost
fabrication is another advantage to make it become a more attractive
photocatalyst.

However, as photocatalyst, a noticeable shortcoming of BiPO4 is
its wide band gap (3.83 eV). Therefore, high photon energy, above
the range of visible light, is required to activate the reaction. In
order to improve the photocatalytic performance of BiPO4, lots of
achievements have been made recently. Pan have prepared BiPO4

nanoparticle with enhanced photocatalytic efficiency by high-
temperature hydrolysis reaction [13]. The synthesized BiPO4

nanoparticles with a size about 9 nm have double the photo-
catalytic efficiency compared with the one prepared by hydro-
thermal method. Alternatively, the photocatalytic performance
could be enhanced by loading, such as C3N4 [14], Ag [15], AgBr [16]
and Ag3PO4 [17], to form heterojunction photocatalysts. On the
other hand, engineering band gap is another approach to improve
the efficiency of photocatalyst. Recently, Lv reported that surface
oxygen vacancy in BiPO4�x leads to the rise of valence band
maximum, and further reduce the band gap from 4.1 to 3.3 eV
[18,19]. The photocatalytic activity of the BiPO4�x nanorods was
about 1.5 times as high as that of pure BiPO4 particles.

The improvement of the efficient utilization of solar energy is a
feasible and sustainable solution to photocatalytic reaction. At
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present, most of the photocatalysts require photon energy in
ultraviolet range, which is only 4% of the sunlight spectra.
Upconversion luminescence agent loaded composite system is
considered as an alternative, because upconversion lumines-
cence agent is able to emit a photon at shorter wavelength than
the one in excitation, for instance an emission of ultraviolet light
under visible light excitation [20]. Among the different
luminescence, Erbium ions hosted oxide have drawn consider-
able attentions because lots of studies shows that Erbium ions
doped oxide could emit ultraviolet light under visible light
irradiation [21,22]. This feature is perfectly fit with our goal to
improve the ultilization of solar light for photocatalysis. In
recent, Er3+:YAlO3 has often been reported to improve photo-
catalytic activity of photocatalyst as a luminescence [23–
25]. The photocatalytic reaction rate of Er3+:YAlO3/ZnO–TiO2

composite is 2.6 times more than that of ZnO–TiO2 photocatalyst
[25]. Therefore, in the work, we prepared the Er3+:YAlO3-loaded
BiPO4 composites as photocatalyst and investigated theire
photocatalytic efficiency under solar light irradiation. To our
best knowledge, this is the first time that this system have been
synthesized and studied.

Experimental

Sample preparation

The photocatalyst BiPO4 and upconversion material Er3+:YAlO3

were prepared by hydrothermal and sol–gel method, respectively,
and the analytical grade reagents that were bought from Sigma-
Aldrich were directly used as raw materials without further
purification.

Firstly, 180 mL H3PO4 (12 M) were poured into a beaker
containing 18 mmol Bi(NO3)3�6H2O and then magnetically stirred
for 1 h to make an uniform solution at room temperature.
Afterwards, the obtained precursor suspension was transferred
into a Teflon-lined stainless steel autoclave and then heated at
100 8C for 72 h. After natural cooling to room temperature, the final
products were obtained by filtering, washing with distilled water
and dried at 80 8C for 24 h, subsequently.

The upconversion luminescence agent Er0.01Y0.99AlO3 was
synthesized with a sol–gel approach [26]. Primarily, two beakers
were used to dissolve proper amount of metal sources with
distilled water; one beaker was for erbium and yttrium nitrate and
another was for aluminum chloride. Hereafter, two solutions were
mixed and then citric acid monohydrate (molar ratio of citric acid
and metal ions was 3:1) was added into the mixed solution. A
yellow viscous gel was obtained after the solution was evaporated
at 85 8C in water bath. After 24 h drying at 130 8C, the obtained
white powder was grinded with a pestle and mortar and then
sintered at 1100 8C for 2 h. The final product was acquired after
cooling to room temperature.

Finally, the Er3+:YAlO3-loaded BiPO4 composites were pre-
pared by heat treatment. The different mass percent of
Er0.01Y0.99AlO3 to BiPO4 were firstly well mixed together. The
mixture were then put into a beaker with 50 mL de-ionized water
and well dispersed with ultrasonic for more than 15 min. The
well-suspended solution was heated for 30 min under boiling
point with constantly magnetic stirring. After filtrating and
washing with distilled water, the separated mixtures were put
into crucible and sintered in a muffle furnace at 500 8C for 50 min
with a heating rate of 2 8C/min. Eventually, Er0.01Y0.99AlO3-loaded
BiPO4 composite photocatalysts with mass ratios 1%, 4%, 7%, 10%,
12% and 15% were fabricated and labeled as Er3+:YAlO3/BiPO4-1,
Er3+:YAlO3/BiPO4-4, Er3+:YAlO3/BiPO4-7, Er3+:YAlO3/BiPO4-10,
Er3+:YAlO3/BiPO4-12 and Er3+:YAlO3/BiPO4-15, respectively.

Photocatalytic activity evaluation

The photocatalytic performance of the prepared Er3+:YAlO3

loaded BiPO4 photocatalysts were evaluated by degradation of
Methylene Blue solution under solar light system. In the beginning
of each experiment, 50 mg photocatalyst was mixed with 50 ml of
10 ppm MB solution (pH = 7.7) in Pyrex glass reactor with a cooling
water jacket, and then sonicated for 3 min to disperse the mixture
into suspension. Before starting the photocatalytic reaction, the
above well suspended solutions were magnetically and constantly
stirred in dark for 30 min in order to reach adsorption/desorption
equilibrium [27]. Then, the suspensions with vigorous stirring
were placed under the simulated solar light irradiation in order to
initiate photocatalytic reaction. A 300 W Xenon lamp was used as
simulated solar light source (PLS-SXE300C, Beijing Perfectlight Co.
Ltd., China), and was placed 71 mm above the surface of
suspensions. The emission wavelength is between 320 nm and
780 nm. The certain amount of aqueous samples, at certain time
intervals, were taken by syringe and centrifuged to separate
photocatalysts from the suspension solution. The temperature of
the suspensions was controlled at �25 8C throughout the entire
experiment. Finally, the separated MB aquatic samples were
analyzed by the UV–vis spectrometer (Lambda 45, PerkinElmer) to
determine the changes in concentration during reaction. The
residual concentration of MB was calculated by utilizing the
absorbance of MB solution at 664 nm based on the following
equation:

Ct

C0
¼ At

A0
(1)

The C0 and Ct are the initial concentration of MB and the MB
concentration at time t. The A0 and At represent the measured
absorbance of MB at 664 nm at initial time and after reaction at
time t, respectively.

Characterization

The crystal structure of the synthesized product was examined
by a Siemens D-501 diffractometer with Ni filter and graphite
monochromator. The X-ray source was Cu Ka radiation
(0.15406 nm).

The morphology of samples was characterized by means of field
emission-scanning electron microscopy (FE-SEM). The microscope
(Hitachi S 4800) was equipped with Energy-dispersive X-ray
spectrometer (EDAX Genesis 2) and operated at 30 kV with the
emission current of 20 nA. The backscattered electrons (BSE) were
used for imaging. The quantitative analysis was also carried out for
determine the doping amount of Er3+:YAlO3.

The UV–vis DRS were measured in the wavelength range
between 200 and 1200 nm using an UV–vis spectrophotometer
equipped with an integrating sphere (JASCO V-670), with BaSO4 as
a reference.

Results and discussion

XRD and morphology investigation

The prepared Er3+:YAlO3, BiPO4 and Er3+:YAlO3 loaded BiPO4

were firstly investigated by powder X-ray diffractometer and the
results was shown in Fig. 1A. The diffraction result of the Er3+-doped
YAlO3 prepared with sol–gel route is similar to the JCPDS file of YAlO3

(01-070-1677) and furthermore the existence of erbium ion in the
sample has been confirmed by the EDS. The semi-quantitative EDS
analysis proved that the doping amount of Er3+ was about 1 mol%.
The crystal structure of the BiPO4 prepared by hydrothermal method
is the monoclinic phase (JCPDS: 00-015-0767). In addition, only one
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new and slight peaks centered at 2u = 34.278 was observed after the
Er3+:YAlO3 was loaded (Fig. 1B). It implied that the composites of
Er3+:YAlO3 and BiPO4 particles were formed without second phase.

The SEM images shown in Fig. 2 reveal the microstructure of
BiPO4, Er0.01Y0.99AlO3 and the composite. It can be clearly seen that
the rod-like BiPO4 has smooth surface, but the Er0.01Y0.99AlO3

particle contains lots of external pores. When the two compounds
were mixed, the sheet-like particles could be easily found. It is one
of the evidence to show the formation of the composite
photocatalyst.

Photocatalytic evaluations

The photocatalytic degradation reactions of MB with the
prepared composite photocatalyst were conducted under a
simulated solar light irradiation. The solution samples were
taken every 2 min for examining the concentration of MB by UV–
vis spectroscopy. Fig. 3A shows the relationship between the
degradation rate and reaction time. Firstly, it is worth to notice
that the adsorptions of MB on the surface of photocatalysts were
slightly changed. The concentration of MB solution decreased 7%
after 30 min adsorption. But, the adsorption was decreasing
while the amount of luminescence was increasing. More
importantly, the photocatalytic performance is significantly
improved by the introducing Er3+:YAlO3 as upconversion
luminescence agent. In the absence of upconversion lumines-
cene, more than 18% of MB molecules still remain in the solution
after 12 min irradiation. By contrast, the residual of MB is as low
as 2% in the presence of merely 1 wt% of Er0.01Y0.99AlO3 after
10 min photocatalytic reaction. Moreover, the loading amount of
Er3+:YAlO3 also leads to a slight effect on the efficiency. The
loading amount increasing from 1 to 7 wt% gives rise to the
enhanced photocatalytic performance. It took only 8 min to
totally degrade MB solution while the loading amount of
Er0.01Y0.99AlO3 composite is 7 wt%. However, an excessive
loading amount has prolonged the entire photocatalytic process.
This decline in efficiency could take place because the excessive
particles indirectly retard the contact between photocatalyst and
light [28]. The relationship between the loading amount and
reaction rate was depicted in Fig. 3B.

In order to examine the reactive stabilities of prepared
composite material, the selected sample (Er3+:YAlO3/BiPO4-7)
was used to conduct the recycling test in the photocatalytic
degradation of MB. After every photocatalytic experiment, the
photocatalysts have been collected, washed with de-ionized water
and ethanol for three times, and subsequently dried at 80 8C for
10 h. In Fig. 4, the degradation curves were plotted to compare the
difference. The efficiency was not significantly decreased after
each reaction. The degradation rate was still as high as 97% after
recycling four times. Therefore, the prepared Er3+:YAlO3 loaded
BiPO4 photocatalyst does not only improve photocatalytic
degradation performance, but also retains its chemical stability.

UV/vis diffuse reflectance spectrum

Fig. 5 shows the UV–vis diffuse reflectance spectra (UV-DRS) of
BiPO4 and Er3+:YAlO3/BiPO4-7 powders. The absorption edge of
BiPO4 is 285 nm, which is consistent with previous reports
[11,19]. In addition, the absorption edge of Er3+:YAlO3/BiPO4-7
shifted to 282 nm. The band gaps of BiPO4 and Er3+:YAlO3/BiPO4-7
has been calculated and they are 4.34 and 4.39 eV, respectively. It
can be seen clearly that the absorbance of Er3+:YAlO3-loaded BiPO4

is enhanced before and after the absorption edge, especially in the

Fig. 1. XRD patterns of Er0.01Y0.99AlO3, BiPO4 and the composited photocatalysts.

Fig. 2. SEM images of the general morphology of BiPO4 (A), Er0.01Y0.99AlO3 (B) and Er3+:YAlO3/BiPO4-7 (C).
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range of 200–300 nm, which is prompted by luminescence agent.
These phenomena imply that the Er3+:YAlO3 enhanced the
absorption process in BiPO4 by upconversion, utilizing the longer
wavelengths of light.

Mechanism

Based on the characterization results and previous reports, a
possible mechanism of enhanced photocatalytic behavior of
Er3+:YAlO3 loaded BiPO4 is proposed. First of all, it was reported
that, under the excitation lights of 652.2 and 657.8 nm, Er3+:YAlO3

as upconversion luminescence agent could emit lights around
318.7 and 320.1 nm [21,22,29], which is matched well with the
absorption edge of BiPO4, and hence accelerated the reaction.
Therefore, the entire Er3+:YAlO3 loaded BiPO4 works under solar
light as shown in Fig. 6. The solar light with a board range of spectra
irradiates the luminescence agent loaded photocatalyst at first.
Expecting the light ray that could directly trigger the photo-
catalytic reaction of BiPO4, the other light have been up-converted
to ultraviolet light via luminescence agent. The emitted ultraviolet
light from Er3+:YAlO3 could be further absorbed by BiPO4, thereby
favorably affecting the photodegradation rate of MB.

Conclusion

We have reported at the first time that the photocatalytic
efficiency of BiPO4 is improved by loading a luminescence agent
(Er3+:YAlO3) via a simple heat treatment approach. Such enhanced
photocatalytic activity of the composite was correlated to the
occurrence of a luminescence process, which takes place under a
solar light irradiation. The presence of Er3+:YAlO3 convert light

Fig. 4. The photodegradation performance of MB in the presence of Er3+:YAlO3/

BiPO4-7 in the first use and different recycles.

Fig. 5. UV–vis diffuse reflectance spectrum of BiPO4 and Er3+:YAlO3/BiPO4-7.

Fig. 6. Schematic diagram of the enhanced photocatalytic degradation of Er3+:YAlO3

loaded BiPO4.
Fig. 3. (A): Photocatalytic performance of Er3+:YAlO3 loaded BiPO4 photocatalysts;

(B): Calculated reaction rates for different loading amount. Cycling

photodegradation performance of MB in the presence of Er3+:YAlO3/BiPO4-7.
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with longer wavelengths to the shorter, and hence trigger the
photocatalytic reaction over BiPO4 in twofold. The relationship of
loading amount and photocatalytic efficiency was also investigat-
ed and the optimal loading amount has been determined. In
addition to the significant improvement of efficiency, the
Er3+:YAlO3 loaded BiPO4 photocatalytic system has the outstand-
ing chemical stability. Our approach demonstrates a simple way to
modify BiPO4 in order to increase its photocatalytic performance.
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ABSTRACT 

In this paper, the polyaniline coated silver phosphate has been successfully 

prepared via a facile chemisorption method in order to improve the stability of Ag3PO4 

under light irradiation. The crystalline phase, band gap energy and microstructure of 

the obtained PANI/Ag3PO4 composites were characterized by X-ray diffraction (XRD), 

UV-Vis diffuse reflection spectroscopy (DRS), Scanning Electron Microscopy (SEM) 

and Transmission Electron Microscopy, respectively. The photocatalytic degradation 

of methlylene blue (MB) were performed to test the activities of PANI/Ag3PO4 

composites with different coating amount and the results indicate that the stabilities of 

PANI/Ag3PO4 composites were successfully enhanced. The correlation between 

photocatalytic performance and the properties of PANI/Ag3PO4 composites is 

discussed in detail.  

Keywords: Polyaniline, Ag3PO4, photocatalyst, photo-corrosion inhibition, structural 

characterization.
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1. INTRODUCTION 

Dyes are extensively used for various industrial applications, such as textile, leather 

tanning, paper and pulp, and food industry, mainly for coloring [1]. Nowadays, more 

than 9000 types of dyes have been developed to satisfy numerous industrial demands 

[2]. In contrast to its functional benefit, colour is hazards to the environment caused by 

the abundant pollutants like toxic organic residues, acids, bases and inorganic 

contaminants [1]. Mutagenic and carcinogenic potential of azo dye processing plant 

effluent have been discovered [3]. Therefore, dye removal from industrial effluent is 

one of the major emergent environmental issues. Many physical and chemical treatment 

methods, including adsorption [4] coagulation [5], precipitation [6], filtration [7] and 

oxidation [8], have been developed and applied for colour removal. However, the 

physical methods like activated carbon adsorption are not able to decompose the 

contaminants and also the used adsorbent is hardly recyclable. By contrast, chemical 

methods like advanced oxidation processes (AOPs), has recently attracted rising 

attention in the field of effluent treatment, in particular for use in coloring pollutant [9, 

10, 11]. Photocatalytic reactions, as AOPs, are able to degrade contaminants with 

preserving the photocatalyst itself [12]. Photocatalysts are usually solid 

semiconductors, in which electron-hole pairs are generated by light having the energy 

higher than the band gap of the material [13]. The desirable properties of an outstanding 

photocatalyst should chemically inert, inexpensive and non-hazardous as well as great 

photocatalytic activity. 
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At present, several photocatalysts have been developed to utilize solar spectrum 

for dye waste degradation. Initially, binary transition metal oxides are noticed as 

photocatalytic materials. Among those, titanium dioxide (TiO2) and zinc oxide (ZnO) 

are most widely used and studied [13]. TiO2 is a typically n-type semiconductor and its 

photoelectrochemical property was demonstrated as an anode for water splitting in 

1972[14]. Afterwards, it was used for the remediation of environmental pollutants in 

1977[15]. Zinc oxide has been often considered as a valid alternative to TiO2 because 

of its good optoelectronic, catalytic and photochemical properties. ZnO is active under 

visible light illumination for the photodegradation of some organic compounds in 

aqueous solution [13]. Both TiO2 and ZnO are cheap and non-toxic compound with 

strong oxidizing power and have redox selectivity under UV light irradiation, and hence 

they have been widely studied for environmental purification [16]. Although TiO2 and 

ZnO have numerous merits; their shortcomings are also noticeable. First of all, the 

electron-hole pair generation requires UV light because of both of TiO2 and ZnO have 

wide band gaps. The photocatalysts with wide band gap could limits their application 

under solar light because the solar spectrum contains only 4% of UV light. On the other 

hand, zinc oxide is unstable with respect to incongruous dissolution to yield Zn(OH)2 

on the particle surface and further leading to inactivation[17, 18]. Therefore, 

photocatalysts with high performance under visible light irradiation have being 

developed in the last few decades. Among these photocatalytic semiconductors, CdS 

[19], Bi2WO6 [20] CaIn2O4 [21] and CaBi2O4 [22] have been extensively studied. 

However, their photocatalytic efficiency is still inadequate for industrial application. 
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Recently, it was reported that, as photocatalyst, silver orthophosphate (Ag3PO4) 

exhibits excellent photocatalytic performance in the decomposition of organic 

contaminants under visible light irradiation. [23]. Moreover, the facet effect of Ag3PO4 

significantly influences on its photocatalytic properties [24]. The investigation 

demonstrates that the crystalline Ag3PO4 rhombic dodecahedrons exhibit much higher 

photocatalytic activities than the cubes for the degradation of organic contaminants. 

Although Ag3PO4 has good photocatalytic performance, it is easily decomposed when 

exposed to light. Therefore, the stability of Ag3PO4 needs to be enhanced for further 

applications. 

Polyaniline (PANI) as a conducting polymer has been widely studied because of 

its unique electrical and optical properties as well as excellent environmental stability. 

[25]. Moreover, numbers of articles demonstrate that PANI coating could effectively 

reduce the photo-corrosion of photocatalyst [26-28]. For example, 1% mass ratio PANI 

coated ZnO sample shows no significant decline in photocatalytic efficiency after three 

times recycling [28].  

In this paper, monolayer of polyaniline was coated on Ag3PO4 surface via a 

convenient chemisorption approach in order to restrain the photo-corrosion of Ag3PO4 

under visible light. The photocatalytic experiments exhibits that the photo-corrosion of 

Ag3PO4 was suppressed via polyaniline coating. The possible mechanisms of the 

inhibition of photo-corrosion has been discussed in detail based on the characterization 

of obtained samples.  

2. EXPERIMENTAL SECTION 
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2.1 Chemical information 

Ammonium phosphate dibasic, silver nitrate, polyaniline and tetrahydrofuran are all 

analytical reagents and purchased from Sigma-Aldrich, Finland. 

2.2  Synthesis of Ag3PO4 

The silver phosphate (Ag3PO4) samples were firstly synthesized via an ion-exchange 

method [29]. Initially, 0.003 mol of AgNO3 and 0.001 mol of (NH4)2HPO4 were 

dissolved into 20 ml and 30 ml de-ionized water, respectively. Afterwards, (NH4)2HPO4 

aqueous solution was dropwisely added into prepared AgNO3 solution under vigorous 

stirring. The mixed solution was further stirred for another 30 min to ensure sufficient 

reaction time. Hereafter, the yellow precipitate was separated from mixed solution by 

filtrating. Finally, the sample was washed with ethanol and distilled water for 3 times, 

and then dried at 60 °C for 10 hours. 

2.3 Preparation of PANI coated Ag3PO4 

The PANI/Ag3PO4 photocatalysts with different proportions were synthesized as 

follows[30]: different weights of PANI was dissolved in tetrahydrofuran (THF) to 

obtain solutions with concentration of 0.2, 0.4, 0.5 and 0.6 g/L, respectively, and then 

appropriate amount of Ag3PO4 was added into 50 ml of PANI/THF solution, sonicated 

for 30 min, and stirred for 24 hours. The PANI/Ag3PO4 samples were separated from 

solution, washed three times with water and ethanol, and eventually dried at 80 °C for 

24 hours. By following this procedure, PANI/Ag3PO4 composites with mass ratios 1.0, 

2.0, 2.5 and 3.0% were fabricated and labeled respectively as PANI/Ag3PO4-1, 

PANI/Ag3PO4-2, PANI/Ag3PO4-2.5 and PANI/Ag3PO4-3. 
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2.4 Sample characterization 

The crystal structure of the prepared samples were identified by an X-ray 

diffractometer. The graphite monochromatic radiation Cu Kα1 with wavelength of 

1.5406 Å was used as the source; the accelerating voltage and the emission current were 

40 kV and 100 mA, respectively. For each sample, the scanning range of 2θ is from 10 

to 80° and the scanning speed is 0.02° per second. 

The morphology and microstructure were characterized by cold field-emission 

scanning electron microscopy (FE-SEM, Hitachi S-4800), which was equipped with an 

Energy-dispersive X-ray spectrometer (EDAX Genesis 2). Qualitative and quantitative 

analysis of chemical composition of samples were also carried out. The operating 

voltage was 30 kV and the emission current is 20 nA. The backscattered electrons (BSE) 

were used for forming images. Transmission electron microscopy was carried out in a 

200 kV Schotty field-emission microscope (JEOL JEM-2100F). In order to minimize 

artefacts during sample preparation, TEM samples were prepared by crushing and the 

powders were deposited on Cu supporting grid with holey carbon supporting films. 

In order to determine the chemical states of the samples, X-ray photoelectron 

spectroscopy (XPS) was performed using a Sigma Probe (Thermo VG, U.K.) X-ray 

photoelectron spectrometer. Al Kα radiation (1.486 eV) was used during measurement. 

The photo-emitted electrons from the surface of samples were analysed in a 

hemispherical energy analyser at a pass energy of Ep = 20 eV. For a survey spectrum, 

the scanned energy range was from 0.00 to 1000.00 in 1.00 eV steps. In the slow 

scanning mode, all spectra were obtained with an energy step of 0.1 eV and a dwell 
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time of 50 ms. Data analysis was performed by a software package from Avantage 

Thermo VG. 

UV-Vis diffuse reflectance spectra of the samples were recorded in the wavelength 

range between 200 and 1000 nm using a spectrophotometer (V-670, JASCO), with 

BaSO4 as a reference. 

2.5 Photocatalytic reactivity examination 

The photocatalytic properties of PANI/Ag3PO4 were evaluated by degradation of 

MB under a 150 Watt sodium lamp irradiation. For each experiment, 100 mg of 

PANI/Ag3PO4 was initially mixed with 100 ml of MB solution (5ppm) in Pyrex glass 

reactor with a cooling water jacket. Then, the mixed solution was sonicated for 5 min 

to disperse the mixture into suspension. The suspension solution was magnetically 

stirred in dark condition for 30 min to reach adsorption/desorption equilibrium. Under 

the sodium lamp irradiation, the suspension was constantly stirred; and at certain time 

intervals, the aqueous samples were taken and centrifuged to separate photocatalysts 

from the suspension solution. The reaction temperature was maintained at ~20 °C and 

an air pump was used to induce air to the system throughout the entire experiment. The 

separated aquatic samples, eventually, were further analyzed by the Lambda 45 UV-

Vis spectrometer (PerkinElmer) to determine the concentrations of MB solution in 

different time intervals. The scanning range was from 800 to 200 nm. The residual 

concentration of MB solutions were calculated by utilizing the absorbance of MB at 

664 nm based on the following equation:  
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                                                                              1           

The C0 and Ct are the initial concentration of MB and that of at time t. The A0 and At 

represent the measured absorbance of MB at 664 nm at initial time and after t time 

reaction, respectively. 

3. RESULTS AND DISCUSSION 

3.1 Structural analysis 

The X-ray diffraction (XRD) patterns of PANI/Ag3PO4 with different compositions 

are shown in Figure 1. All patterns were well indexed with JCPD (06-0505) standard, 

the primary diffraction peaks at 20.84, 29.64, 33.26, 36.54, 52.66, 55.0 and 57.24 ° are 

perfectly matched with the (110), (200), (210), (211), (222), (320) and (321) 

crystallographic planes, respectively. It indicates that all the samples were identified as 

the body-centered cubic Ag3PO4 with the lattice parameter of 6.006 Å. However, no 

peaks assigned to PANI were observed because of the low amount of PANI. There were 

no obvious changes on XRD patterns after PANI was loaded, which confirms that PANI 

didn’t cause any structural changes in Ag3PO4.  

3.2 Photocatalysis performance 

The visible-light driven photocatalytic degradation reactions of MB with different 

PANI/Ag3PO4 were carried out. The 2 ml of aqueous samples were taken every 4 min 

for determining the concentration of MB in the solution by UV-vis spectroscopy. The 

relationship between the degradation rate and reaction time is shown in Figure 2. It is 

clearly that pure Ag3PO4 had the best performance of photocatalytic degradation of MB 

solution and the degradation ratio was more than 97% after 20 minutes reaction under 
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visible light irradiation. Moreover, the loading amount of PANI apparently influences 

the photocatalyic activity. The reaction time for a complete degradation was prolonged 

with increasing coating amount of PANI. When the amount of PANI is 3%, only the 

degradation ratio was only 93% after 40 mins of light irradiation. The possible 

explanation is that light penetration is obstructed by polyaniline molecular and hence 

the photocatalytic performance of Ag3PO4 was reduced. 

The recycling test of Ag3PO4 and PANI/Ag3PO4-1 were also conducted in order to 

investigate their reactive stabilities in photocatalytic degradation of MB. After each 

photocatalytic experiment, the photocatalysts were recycled, washed with de-ionized 

water and ethanol for 3 times, and subsequently dried at 80 °C for 10 hours. The 

degradation ratios of each experiment versus reaction time are illustrated in Figure 3. 

For the Ag3PO4 photocatalyst, its photocatalytic efficiency rapidly reduced to 80% after 

the first cycle and progressively decreased with recycling frequency or reaction times. 

In the fifth runs, it took 40 minutes to degrade MB solution completely. In another 

words, the efficiency of Ag3PO4 had been halved after four times recycling. By contrast, 

the photo-stability of PANI/Ag3PO4-1 is significantly enhanced comparing to the 

Ag3PO4, though a reduced reaction rate was observed. It is found that the photocatalytic 

efficiency of PANI/Ag3PO4-1 was still as high as 88.8% even after four times cycling. 

This findings indicates clearly that the photo-corrosion of Ag3PO4 was inhibited under 

the PANI layer protection. It is evident that the polyaniline layer promotes the photo-

stability of Ag3PO4 under visible light. It is also worth to notice that the PANI/Ag3PO4 

photocatalyst was more efficient at 5th run comparing with pure Ag3PO4.  
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3.3 DRS analysis 

The UV-Vis diffuse reflectance spectra of the samples are shown in Figure 4. It is 

noticeable that Ag3PO4 absorbs light with the wavelength shorter than 530 nm, and 

therefore the band gap of Ag3PO4 could be deduced as 2.34 eV, which is well agreed 

with previous works [23, 31]. Furthermore, the absorption of PANI/Ag3PO4 is stronger 

than that of the pure Ag3PO4. The absorption edge of the PANI-coated samples were 

shifted toward higher wavelengths. The high absorption of PANI/Ag3PO4 in the visible 

region is attributed to the excellent photoelectric properties of polyaniline. Conducting 

polymer polyaniline composed of benzenoid and quinonoid units with the delocalized 

conjugated structure has several redox states [32]. The synergic effect drives the 

transfer of the excited-state electron from PANI to the conduction band of Ag3PO4. 

This results the shift of the absorption edge of silver Ag3PO4. Similar phenomena have 

also been reported in previous studies [33, 34]. 

3.4 SEM and EDS analysis 

The morphology of the as-prepared photocatalysts were inspected by SEM. It can be 

clearly seen in Fig. 5A that the Ag3PO4 sample exhibited irregular spherical-like 

morphology and non-uniform diameters. Such results are similar to the previous work 

[31]. However, the coated PANI layer was not observed from SEM images, because 

PANI molecule were dispersed on the surface of photocatalyst with a monolayer 

structure with a thickness of 0.7~0.8 nm [30], and therefore it is too thin to be detected 

by SEM. Furthermore, comparing PANI coated samples with un-coated sample, pure 

Ag3PO4 particles possess smooth surface and yet PANI/Ag3PO4-1 has a coarse surface. 



 12

Elemental analysis of the selected samples was performed by EDS, and the typical 

spectra of the samples are shown in Figure S1. The analysis confirmed that only silver, 

phosphorous, oxygen and carbon exist in the samples and all the observed peaks are 

ascribed on the spectrum. Among all the peaks, the three strong peaks observed at 2.98, 

3.15 and 3.35 keV correspond to the silver Lα, Lβ1 and Lβ2 lines. The peaks at 2.01 and 

0.52 keV were attributed to phosphorous and oxygen, respectively. Small amount of 

carbons, which came from the carbon conductive tapes and coated polyaniline, was 

detected. The semi-quantitative elemental analysis of Ag3PO4 and PANI-Ag3PO4-1 was 

also performed. The atomic ratio of Ag, P and O in the samples were calculated and 

listed in the corresponding spectrum, respectively. It should be noted that the small 

difference between measured and theoretical atomic ratio may be caused by various 

factors, including the thickness variation, particle size, the existence of pores or defects, 

Cliff-Lorimer factors used, etc. The distributions of silver, phosphorus and oxygen in 

the pure Ag3PO4 and PANI/Ag3PO4-1were illustrated by elemental mappings, 

displayed in Figure S2. The mapping confirmed the homogeneous distribution of Ag, 

P and O in the Ag3PO4 particles. 

3.5 X-ray Photoelectron Spectroscopy characterization 

The X-ray photoelectron spectroscopy was conducted in order to study the 

composition of prepared samples. The survey spectrum of PANI/Ag3PO4-1 only 

contains the peaks of silver, oxygen, phosphorus and carbon, indicating no trace of 

impurity. The XPS spectra for Ag 3d, P 2p and O 1s were acquired in the slow scanning 

mode, and are shown in Figure 6. The existence of carbon peak was mainly attributed 
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to the polyaniline. In the spectrum, the first peak at 284.8 eV was attributed to C atoms 

bound only to C or H atoms. In Figure 6a, a peak at 288.2 eV shifted from 287.8 eV 

indicated the links between C and O to form O-C=N structure.  The spectrum of O 1s 

(Figure 6B) contains two peaks at 530.5 and 532.2 eV, which derived from P-O and P 

= O bonding, respectively [35, 36]. After PANI was coated on Ag3PO4, the two oxygen 

peaks were shifted to 530.7 and 532.4, respectively. Such peak shifts indicate the 

bonding between O and C. The Ag 3d spectra of silver phosphate (Figure 6C) was 

composed of two strong peaks at 367.8 and 373.8 eV, which were assigned to Ag 3d3/2 

and Ag 3d5/2 binding energies, respectively[37]. These two Ag 3d peaks were ascribed 

to the Ag+ of Ag3PO4 [38, 39]. The P 2p spectra (Figure 6D) of Ag3PO4 contains a peak 

at 132.5 eV that related to phosphorous ion (P5+) [40]. When PANI was loaded on the 

surface of Ag3PO4, the binding energy of P 2p shifted from 132.5 to 132.7 eV. This 

result suggests the structure of O-C=N-P, which constitutes stronger binding force due 

to the interaction between Ag3PO4 and polymer.  

3.6 Mechanism discussion 

Ag3PO4 can be readily decomposed under visible light in the process of water 

oxidation, which can be expressed as following chemical formula [23]: 

6 12 12 → 12 4 3  

It can be noted easily that both photo-generated electrons and holes are required to 

achieve the photo-decomposition of Ag3PO4. In other words, if the photo-generated 

electrons and holes could be separated from the chemical reaction above, the photo-

decomposition of Ag3PO4 may be retarded or prevented. The mechanism of 
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photocatalytic degradation of MB in Ag3PO4 system has also been shown by the 

reactive oxygen species trapping experiments [29]. The results indicated that the 

reactive species generated from photo-generated holes are mainly involved in the 

degradation of MB over Ag3PO4. 

The typical bright-field TEM images of Ag3PO4 with and without PANI are shown 

in Figure 7. It can be seen clearly that a single Ag3PO4 particle was coated by PANI 

layer with the thickness of about 4-5 nm. As a conducting polymer, PANI composed of 

benzenoid and quinonoid units with the delocalized conjugated structures has several 

redox states. The combination of Ag3PO4 and PANI with conjugated structure is 

matched well at energy level [23, 41], which have been shown by the shift of absorption 

edge of PANI-Ag3PO4 on UV-vis diffuse reflectance spectrum. As the result, 

PANI/Ag3PO4 was a good system to separate photo-generated charge carriers. 

The mechanism of the charge separation and photocatalysis over PANI-Ag3PO4 

photocatalyst is depicted in Figure 8. Ag3PO4 possesses a lower conduction band 

position (0.45 eV) [23] than the lowest unoccupied molecular orbital (LUMO) of PANI 

(-2.10 eV) [42], so the hybrid photocatalyst photo-generated electrons, which 

preferably transfer to the former. Moreover, the valence band position of Ag3PO4 (2.90) 

[23] is lower than highest occupied molecular orbital (HOMO) of PANI (0.70) [42]. 

Therefore, the hybrid photocatalyst photogenerated holes tend to move to the latter. 

When PANI-Ag3PO4 composite material is under visible light irradiation, both PANI 

and Ag3PO4 are excited and hence generate the charge carriers. The excited electrons 

in PANI can easily transfer to the conduction band in Ag3PO4. Simultaneously, the 
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photo-generated holes in valence band of Ag3PO4 can easily move to the HOMO of 

PANI. As the result, the photo-generated holes transfer onto PANI surface whereas the 

photo-generated electrons are transported to Ag3PO4 surface. Consequently, the holes 

can combine with hydroxide ions to form highly reactive hydroxyl radical and the 

accumulated electrons on the Ag3PO4 surface can react with O2 to yield •O2
− (O2/•O2

−, 

0.48 V vs. Ag/AgCl). Thus, the decomposition of Ag3PO4 by light is significantly 

reduced because the electrons and holes were consumed in the production of hydroxyl 

radical and •O2
−, respectively.  

4. CONCLUSIONS 

In this work, it demonstrated that the photo-stability of silver orthophosphate has 

been enhanced by coating polyaniline via a chemisorption approach. The relationship 

between coating amount and photocatalytic performance has been studied and the 

results shows the polyaniline coating could effectively inhibit the decomposition of 

Ag3PO4, but also decreased the efficiency. The improved stability of PANI/ Ag3PO4 

composite is attribute to remarkable delocalized conjugated structure of polyaniline and 

its effect on charge separation in the composite. Thus, it could be concluded that 

polyaniline coating could be an efficient way to prevent decomposition of Ag3PO4 

during photocatalytic reaction. 
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Figures 

 

 

Figure 1. XRD patterns of Ag3PO4 and PANI/Ag3PO4 with different mass ratios. 
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Figure 2. Plots of degradation rate and reaction time with different PANI/Ag3PO4 
photocatalysts. 
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Figure 3. Cycling photodegradation performance of MB in the presence of Ag3PO4 
(solid line with cube symbol) and PANI/Ag3PO4–1 (dash line with dot symbol). 

  



 26

 

Figure 4. UV-vis diffuse reflectance spectra of PANI/Ag3PO4 with different PANI 
contents. 
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Figure 5. SEM images of the as-prepared photocatalysts: A) and C): Ag3PO4; B) and 
D): PANI/Ag3PO4-1. 
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Figure. 6 XPS spectra of the PANI/Ag3PO4-1: a) scanning spectrum, b) Ag 3d, c) O 1s 
and P 2p. 
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Figure. 7 TEM images of Ag3PO4 (A and B) and PANI/Ag3PO4 (C and D) at different 
magnifications. 
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Figure. 8 The Schematic diagram of visible light photocatalysis on the PANI/Ag3PO4 
system. 
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g r a p h i c a l a b s t r a c t

a r t i c l e i n f o

Article history:
Received 11 October 2013
Received in revised form 13 January 2014
Accepted 11 February 2014
Available online 17 February 2014

Keywords:
BiPO4

Phenols
Photocatalytic degradation
Mineralization
Ultraviolet irradiation

a b s t r a c t

The photocatalytic mineralization of phenol was investigated in the presence of BiPO4 prepared by hydro-
thermal method. The crystal structure and morphology of synthesized sample was inspected with pow-
der X-ray diffraction (XRD) and scanning electron microscopy (SEM), respectively. The photocatalytic
activity of BiPO4 was evaluated by the degradation of phenol in a batch reactor under UV-C irradiation.
In order to investigate the influence of catalyst dosage, pH value, initial concentration and additives on
mineralization behavior, these key operating parameters were systematically changed during the photo-
catalytic process. The findings confirmed that the phenol was degraded by BiPO4 under UV-C irradiation,
and the TOC (Total Organic Carbon) analysis proved that the mineralization was efficient under the opti-
mized conditions. It is also found that the intermediate process between photocatalytic degradation and
mineralization is negligibly short.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Phenol and its derivatives are present extensively in industrial
wastewaters originating from resin manufacturing, petrochemical
and oil refineries, paper making, coking, iron smelting, etc. [1].

High concentrations of phenolic compound are highly toxic, carcin-
ogenic and persistent in the receiving aquatic environment. The
ingestion of such contaminated water into the human body can
cause paralysis of the central nervous system and damage to kid-
ney, liver and pancreas. Hence the United States and European
Commissions have listed phenol and phenolic compounds as haz-
ardous contaminants, making the processing of wastewater con-
taining phenolic substances to innocuous levels highly relevant.
Therefore, phenol has been registered as priority pollutants by
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the US Environmental Protection Agency (USEPA) with a permissi-
ble limit of 0.1 mg/L in wastewater [2].

Phenol wastewaters are usually treated by biological methods,
thermal decomposition and adsorption. Some aerobic bacteria
and fungi could acquire energy and carbon by digesting phenols
[3]. Yet the biological process has a major disadvantage that a high
phenol concentration could kill microorganisms due to its steriliza-
tion effect. In addition, the biological approaches are usually slow.
Thermal decomposition is an expensive process due to its high
energy demand. For instance a typical thermal decomposition
method, wet air oxidation, works at a high temperature (125–
320 �C) and pressures (0.5–20 MPa) [4]. By utilizing activated
carbon [5] and other sorbents [6,7], the phenolic contaminations
in dilute wastewater could be efficiently removed. However, many
sorbents are usually expensive and some of them, such as activated
carbon, are unrecyclable.

Advanced oxidation processes (AOPs) [8] are ideal techniques in
the degradation of organics since they can mineralize the pollu-
tants completely into harmless carbon dioxide and water. AOPs
involving hydrogen peroxide, ozone and/or Fenton reagents
[9,10], with or without a source of UV light have been reported
as useful for the photo-oxidation of organic pollutants such as
azo dyes [11], pesticides [12] and chelating agents [13,14] in
wastewaters. Among various AOPs the heterogeneous photocata-
lytical process, which utilizes semiconductor photocatalyst, is
capable of degrading a wide range of organic and inorganic pollu-
tants at ambient temperature. TiO2 and ZnO are the most widely
investigated photocatalysts for environmental remediation
because of their favorable band gap energy (TiO2: �3.1 eV and
ZnO: 3.0 eV) [15]. Moreover, both oxides have been used to
degrade phenol and related compounds [16,17].

Bismuth phosphate (BiPO4) with a non-metal oxy-acid structure
has excellent photocatalytic activity for methylene blue (MB) deg-
radation and mineralization [18,19] and its efficiency is double
than that of TiO2 (P25). The excellent photocatalytic activity of
BiPO4 originates in the inductive effect of PO3�

4 , since it is prone
to separate electron and hole [20]. The absorption edge of BiPO4 oc-
curs at about 322 nm, which is equivalent to band gap energy of
3.85 eV approximately. Furthermore BiPO4 costs only one sixth of
the price of Degussa P25 (BiPO4 $ 0.23/g, Degussa P25 $1.21/g).

In this study, the mineralization of phenol by photocatalytic
process with BiPO4 was accomplished here under UV-C lamp irra-
diation. The influence of different experimental parameters such as
catalyst loading, pH value, initial concentration and additives were
also examined systematically.

2. Experimental

2.1. The preparation of BiPO4

BiPO4 was synthesized through a hydrothermal process [18].
The bismuth nitrate (Bi(NO3)3�6H2O) and sodium phosphate
(Na3PO4�12H2O) were obtained from Sigma–Aldrich, Finland and
used as starting material without further purification. Firstly,
9 mmol of Bi(NO3)3�6H2O and an equal amount of Na3PO4�12H2O
were dissolved into two beakers with 30 ml of HNO3 aqueous solu-
tion (2 ml of 65% HNO3 and 28 ml of ultra-clean water) and 150 ml
of ultra-clean water, respectively. Then bismuth nitrate solution
was added dropwisely into the beaker with sodium phosphate
solution at room temperature. The whole process was conducted
under vigorous stirring to form a homogeneous solution. Finally,
the pH was adjusted to 1 by dropwisely adding HNO3 solution.
The resulting precursor was transferred into a Teflon-lined
stainless steel autoclave and heated to 180 �C for 72 h. The final

products were obtained by filtering, washing with distilled water
several times, and subsequently drying at 80 �C for 24 h.

2.2. Structural characterization

The crystal structure of the synthesized product was examined
by a PANalytical X’Pert Pro Multi Purpose X-ray Diffractometer. Cu
Ka radiation (k = 1.5419 Å) was used and the reflection intensity
was recorded with a PIXcel detector with 0.013� 2h steps and a
0.034�/s scanning rate.

A Hitachi S-4800 field emission scanning electron microscope
was also used to study the morphology and microstructure of the
prepared samples. The scanning electron microscopy (SEM) speci-
men was loaded onto the sample holder with carbon conductive
tape before coating with Au/Pt (1:1) in vacuum.

2.3. Photodegradation process

The photocatalytic activity of the synthesized photocatalyst was
evaluated using an aqueous solution of phenol under ultraviolet
(UV-C) irradiation and all experiments were carried out in a batch
reactor system. The stock solution of phenol (60 ppm) was pre-
pared with deionized water and diluted to different concentrations
for photocatalytic reaction. 0.1 M of NaOH and HNO3 were used to
adjust the pH value, which was monitored by a digital pH meter
(WTW inoLab 730) with a SenTix 81 electrode. For one integral
experiment, 100 ml of phenol solutions with certain concentra-
tions and an appropriate amount of photocatalyst were poured
into a cylindrical Pyrex glass cell with maximum capacity of
250 ml. An 8 W UV-C lamp (output: 2.5 W UV; length: 287 mm;
diameter: 15.5 mm) was placed in a quartz tube and then
immersed in the Pyrex glass cell. The suspension solution was
magnetically stirred in the dark for 30 min to ensure the adsorp-
tion equilibrium. Then the UV lamp was turned onto trigger the
photocatalytic reaction. The temperature was kept at about 30 �C
during the photocatalytic reactions with a water-cooling jacket.
The samples were collected every 60 min and filtrated through a
0.45 lm syringe filter (VWR, Polypropylene) to separate the photo-
catalyst particles from liquid samples. Finally the filtered samples
were further analyzed with a Lambda 45 UV–Vis Spectrometer
(PerkinElmer) and Total Organic Carbon Analyzer (Shimadzu
TOC-V CPH) to determine the initial and residual concentration
(C0 and Ct) and mineralization (TOC0 and TOCt) at time t. The
absorption at 270 nm was used to determine the concentration
of phenol on UV–Vis spectrometer.

3. Results and discussion

3.1. Crystal structure and morphology characterization

The crystalline structure of the synthetic compound was char-
acterized by an X-ray diffraction and the XRD pattern of the pre-
pared sample is depicted in Fig. 1. The main peak positions
appear at 2h = 19.03�, 21.34�, 25.21�, 27.16�, 29.10�, 31.26� and
34.52� and were marked as (011), (�111), (111), (200), (120),
(012) and (�202) planes of BiPO4, respectively. It is apparent that
all the obtained peaks were successfully indexed to the monoclinic
crystalline structure (SG: P21/n) of BiPO4 in accordance with the
standard pattern (JCPDS NO. 00-015-0767). As the result, the sam-
ple was a single-phase compound with no second phase.

Fig. 2 shows the backscattered electron (BSE) SEM images of the
prepared BiPO4 photocatalyst at different magnifications. It can be
seen that the particles had a cuboid-like shape with a smooth
surface and clear edges, but various sizes. Under close observation
of particles, the width and length range of particles are about
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200–600 nm and 500 nm–1 lm, respectively. Crystals with shared
facets were also observed (Fig. 2B), indicating that twined struc-
tures exist. Also, cuboid-like particle with a different facet was also
found (Fig. 2D).

3.2. Photodegradability of phenols

The photodegradability of phenol over BiPO4 was firstly investi-
gated under UV light irradiation. 100 ml of phenol solutions
(10 ppm) with or without photocatalyst (1 g/L) were poured into
reactor and then illuminated under UV light, separately. The con-
centrations of phenol after UV light irradiation are obviously differ-
ent in the absence and presence of a photocatalyst, as depicted in
Fig. 3. In the absence of BiPO4, the phenol was barely degraded
after 5 h of photolysis under UV-C light exposure, which the con-
centration was only declined less than 5% (accurately 4.57%). An
analogous result was also reported previously [21]. By contrast,
10 ppm phenol solution was entirely degraded photocatalytically

in the presence of BiPO4 after 5 h reaction with the loading of
1 g/L. In addition, the mineralization behavior of photolytic and
photocatalytic processes were determined with a TOC analyzer.
In the photocatalytic process more than 95% of organic carbon in
phenol solution was oxidized to carbon dioxide. It clearly demon-
strates that the mineralization is very efficient. The difference
between the degradation and mineralization under photocatalytic
process is caused by reaction time. The mineralization process took
longer time than the degradation.

It is worth noting that the primary degradation and mineraliza-
tion of phenol over BiPO4 was similar under the same reaction
time. This indicates that the intermediate process is extremely
short, in contrast to the photocatalytic degradation of phenol over
TiO2 with UV light. A previous study of the photocatalytic degrada-
tion of phenol over TiO2 found that more than 90% of phenol was
degraded within one hour when the concentration of phenol was
12 ppm [22]. However, it took 8 h to reach a TOC removal of 92%
under the same conditions.

A possible mechanism for the photocatalytic degradation of
phenol over BiPO4 was illustrated in Fig. 4. As the mechanism pat-
tern showed, BiPO4 particles generate and separate electron/hole
pairs under UV irradiation. Then, photogenerated holes in the
valence band combine with hydroxide (OH�) to produce hydroxyl
radical (�OH), which can directly break the ring structure of phenol
molecules and convert them into CO2 and H2O.

3.3. Effect of catalyst loading

The loading amount of catalyst is a significant factor in the pho-
tocatalytic degradation process, because the efficiency could be
strongly affected by the number of active sites and photo-adsorp-
tion ability of the catalyst used, as extensively demonstrated in
previous studies [17,23]. Therefore a BiPO4 load ranging from 0.5
to 2.0 g/L was used to investigate its influence on phenol photocat-
alytic degradation and find out the optimal loading amount. When
the loading of BiPO4 increased from 0.5 to 1.0 g/L, the ratio of
degraded phenol (1�Ct/C0) improved from 95.8% to 100% (Fig. 5).
A further increase in loading amount had negative effect on the

Fig. 1. XRD pattern of the prepared BiPO4.

Fig. 2. BSE images of the prepared BiPO4, (A), (B), (C) and (D) were obtained at different magnification.
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photocatalytic degradation of phenol. In order to determine the
optimal loading, the final degradation and mineralization ratio
were compared as a function of loading amount. The histogram
in Fig. 5 clearly shows that the loading of photocatalyst (BiPO4)

has a similar influence on phenol degradation and TOC removal.
Initially, the degradation and mineralization ratio increased with
each increase in the amount of BiPO4 until the optimal loading,
1 g/L, was reached. The explanation is that the adequate photocat-
alyst particles increased the generation of electron/hole pairs, and
thus the affluent formation of OH radicals, resulting in enhanced
photodegradation [17,22]. Yet a further increase in the concentra-
tion of BiPO4 exhibited a negative influence on the photocatalytic
degradation of phenol. The mineralization and degradation ratios
of phenol both decreased when the loading was raised from 1 to
2 g/L. The screening effect of the suspended particles is the main
cause of this phenomenon [7]. The overloaded photocatalyst parti-
cles may reduce the incident light intensity by reflection, despite
the large number of active sites present.

3.4. Effect of initial concentration

The photodegradation of phenol at different initial concentra-
tions (C0 = 10–60 ppm) were also investigated using the obtained
optimal photocatalyst loading amount. The ratio of residual and
initial concentrations of phenol (Ct/C0) as a function of reaction
time are illustrated and compared in Fig. 6A. Under the same cir-
cumstances, it is obvious that the fraction of unreacted phenol
increased with increasing C0, but the total degraded amount of
phenol reached its peak at an initial concentration of 20 ppm.
The TOC analysis results (Fig. 6B) revealed that more than 95% of
phenols were mineralized within 5 h UV-light irradiation when
the initial concentration was 10 ppm. At initial concentrations of

Fig. 3. The residual amount of phenol (red lines) and TOC (black lines) in the
process of photolysis and photocatalysis with BiPO4. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 4. Schematic diagram of the photocatalytic degradation mechanism of phenol
over BiPO4.

Fig. 5. Effect of catalyst loading on the degradation and mineralization ratio of
phenol. Initial concentration = 10 ppm and the reaction time 5 h.

Fig. 6. Effect of initial concentration on the (A) photocatalytic degradation and (B)
TOC removal. (Catalyst loading = 1 g/L.)
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20, 40 and 60 ppm, the phenol mineralization ratios were only 43%,
23% and 2%, respectively. The observations prove that the photo-
catalytic degradation of phenol was fairly efficient at low concen-
trations, and the removal ratio decreased with increasing initial
concentration. The limited number of surface sites on a certain
amount of BiPO4 particles was the main cause of this phenomenon,
because the inadequate generation rate of oOH radicals retarded
the photocatalysis reaction [24].

A kinetic analysis of the photocatalytic degradation of phenol
with different initial concentrations was carried out. The Lang-
muir–Hinshelwood model is usually used to describe the kinetics
of photocatalytic process [17,25]. The derivation is based on the
degradation rate (r), which is expressed as follows:

r ¼ � dC
dt
¼ krKadC

1þ KadC
: ð1Þ

Here kr, Kad and C are the intrinsic rate constant, adsorption
equilibrium constant and concentration of compound, respec-
tively. Assuming that adsorption is weak and the concentration
of compounds is low, the equation above can be simplified to the
first-order kinetics expression with an apparent rate constant
(kapp):

ln
C0

C

� �
¼ krKadt ¼ kappt ð2Þ

From the perspective of linear algebra, the plot of ln(C/C0) as a
function of reaction time (t) should have linear relationship and
its slope is the apparent rate constant.

Hence, the plot of ln(C0/Ct) versus reaction time t with different
C0 is shown in Fig. 7. The apparent rate constant kapp and the cor-
relation coefficient at different concentrations are listed in Table 1.
It was found that the linear relationship was good and rate con-
stant kapp declined with increasing initial concentrations of phenol.

3.5. Effect of pH

Some properties of photocatalysts, such as surface charge state,
flat band potential and dissociation of solution, are highly pH
dependent. Moreover, pH value is a critical parameter for chemical
reactions, and its affect on the photodegradation process has been
reported quite often [26,27]. Hence, the photocatalytic degradation
of phenol over BiPO4 under different pH conditions was performed
to determine its affect on photocatalytic efficiency. Five photocat-
alytic reactions were carried out with the same loading (1 g/L) and
initial concentration of phenol (20 ppm), but different initial pH
values (pH = 2, 4, 6, 8 and 10). The plots in Fig. 8 illustrate the TOCt/

TOC0 with respect to reaction time at different initial pH values.
First of all, it is obvious that the TOC decreased faster under acidic
conditions than that under basic conditions. This indicates that
acidic conditions favor the photocatalytic degradation of phenol
over BiPO4. It is found that the optimal pH value is 4, at which
the mineralization ratio was more than 75%. Under alkaline condi-
tions however, photocatalytic reactions were inhibited. At pH = 8,
only 31% of phenol was degraded to CO2 and H2O. Further increas-
ing the pH to 10 resulted in only 9.43% mineralization was
achieved.

The interaction between phenol molecules and BiPO4 plays a
significant role in the efficiency of photocatalysis. Firstly, the cata-
lyst surface is positively charged for pH < pHpzc (point of zero
charge), but negatively charged when pH > pHpzc. Secondly, under
acidic conditions, phenol molecules exist primarily in their non-io-
nic form and their adsorption onto the catalyst is maximized [22].
As a result, the interaction between negatively charged phenol
molecules and positively charged BiPO4 particles enhances the
coupling between them, further encouraging efficient photocataly-
sis. At higher pH values, however, phenol molecules usually exist
as phenolate anions, which prefer to be dissolved in solution rather
than adsorbed on the surface of particles. Thus BiPO4 particles with
a negative charge and anions repel each other, suppressing the
photocatalytic reaction. Such phenomenon was reported in the
previous studies of the photocatalytic degradation of phenol using
TiO2 [28].

3.6. Effect of additives

Additives like hydrogen peroxide (H2O2) and S2O2�
8 have been

shown to improve photocatalytic efficiency [29,30], so the effect
of some common anion additives on the photocatalytic degrada-
tion of phenol with BiPO4 was also studied in this work. In order
to exclude the interference of other factors, the experiments were
carried out at neutral pH value and all anions were added from
sodium salts at an initial concentration of 20 ppm. Fig. 9 shows

Fig. 7. Plot of ln(C0/Ct) vs. reaction time at different initial concentrations of phenol.
(Catalyst loading = 1 g/L.)

Table 1
The apparent first-order rate constant kapp and correlation coefficient R2 for phenol
degradation at different initial concentrations (BiPO4 loading = 1 g/L).

C0 (ppm) kapp (h�1) R2

10 11.2 � 10�3 0.9633
20 1.6 � 10�3 0.9210
40 0.9 � 10�3 0.9941
60 0.1 � 10�3 0.9870

Fig. 8. Effect of pH value on photocatalytic degradation of phenol. (Initial
concentration = 20 ppm; catalyst loading = 1 g/L.)
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the influence of SO2�
4 , Cl� and H2O2 on the TOCt/TOC0 of phenol.

H2O2 and UV irradiation have been investigated extensively
[31–34], because a higher OH� concentration could be obtained
in the presence of hydrogen peroxide. In this case, however, hydro-
gen peroxide has no significant affect on reaction rate. Regarding
other common anions, both SO2�

4 and Cl� accelerated the mineral-
ization of phenol solution. The TOC removal ratios are in the order
Cl� (65%) > SO2�

4 (50.00%). Sulphate ions can enhance the decom-
position due to the formation of SO��4 , which acts as strong oxidiz-
ing agent or initiates the formation of hydroxyl radical, as shown in
Eqs. (3)–(5) [35]. In the presence of Cl�, the mineralization obvi-
ously improved. This is likely that some halides such as chloride,
bromide and iodide can be thermodynamically oxidized by valence
band holes, based on Eq. (6) [36,37]. The radical species X� could
react with the organic compound via possible chemical approaches
and thus accelerating the degradation.

SO2�
4 þ �OH! SO�4 þ OH� ð3Þ

SO2�
4 þ hþ ! SO��4 ð4Þ

SO��4 þH2O! SO2�
4 þ �OHþHþ ð5Þ

Cl� þ hþ ! Cl� ð6Þ

4. Conclusion

The mineralization of phenol solution over BiPO4 by photocata-
lytic degradation has been investigated in this study. We show that
more than 95% of phenol (10 ppm, 100 ml) has been mineralized
after 5 h photocatalytic reaction, which is better than that of TiO2

under the similar condition. The influence of operating parameters
on the degradation has also been evaluated systematically. A num-
ber of findings were: (1) optimal loading of the photocatalyst is
1 g/L; (2) the mineralization of phenol over BiPO4 was favorable
in acidic condition and; (3) the mineralization process was de-
creased with increasing initial concentration; and (4) chloride ions
promoted the mineralization. These indicate that enough reaction
site and appropriate circumstance accelerate the mineralization of
phenol over BiPO4.
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