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Chapter 1 GENERAL INTRODUCTION 

With industrialization and urbanization increasing, the abusive use and dispose of 

pharmaceutical and pesticides, personal care products, surfactants, industrial 

chemicals, and combustion byproducts, etc. have become more and more serious. 

Subsequently, a great amount of contaminants have been undesirably released and 

accumulated in groundwater, surface water, sewage water, drinking water and air, 

which have greatly exceeded the self-cure function of nature.1,2 In order to alleviate or 

solve these increasing pollutants' problem, two main techniques, physical treatment 

approaches (ultrafiltration, adsorption, coagulation, etc.) and chemical degradation 

methods (supercritical water oxidation, the Fenton method, ozone/UV radiation/H2O2 

oxidation, sonochemical destruction, electrochemical treatment, semiconductor 

photocatalysis, enzymatic treatment ways, etc.), have been employed in our daily 

life.3,4 Among them, semiconductor photocatalysis has fascinated considerable 

attention for environmental cleanup in recent years, since it is a green chemical 

method for degrading majority of contaminants in water and air with the activation of 

natural solar light in the ambient conditions. In this case, the development of high 

efficiency of solar light induced photocatalysts reasonably becomes a hot topic for 

researchers. To date, two dominant strategies were proposed to meet this demand. The 

first method is to modify the most promising photocatalysts (TiO2, NaTaO3, etc.) by 

doping, sensitizing, loading and coupling with other semiconductors or substances. 

The other way is developing other new efficiency compounds (BiOX, BiWO6, etc.) 

for photocatalysis utilization.5,6       

In this chapter, a general introduction of photocatalysis and relevant environmental 

cleanup applications was presented. In addition, the structure and properties of 

popular photocatalysts with corresponding drawbacks were also depicted. 

Furthermore, the brief review of the strategies to improve the visible and NIR lights 

responsive photocatalysts was given. Finally, the research objectives of this thesis 

were induced as well.  
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1.1 Definition of photocatalysis 

With the development of humans’ science and technology, semiconductors play a 

more and more essential role in our daily life and extensively used as modern 

electronics, including solar cells, light-emitting diodes, transistors, sensor, quantum 

dots and digital and analog integrated circuits, etc..7-10 Semiconductor is a unique 

substance, the electrical conductivity of which is between conductor (such as metals) 

and insulator (such as glass). The conductivity of semiconductor usually increases 

with increasing temperature, which is opposite to that of metal, and insulator presents 

no conductivity. The peculiar electronic structure of semiconductor is represented by 

its valence band (VB) and conduction band (CB). The band gap of semiconductor is 

formed by the utmost of conduction band and the lowest of the valence band. As for 

the semiconductor photocatalyst, the relative band positions of VB and CB are of 

great importance since they can determine the light-harvesting capability and the 

redox performance of a photocatalyst. 11-15 

The concrete definition of photocatalysis can be obviously observed in Fig. 1-1. 

From the viewpoint of semiconductor photochemistry, the role of photocatalyst is 

used to initiate or boost some reduction and oxidation reactions with the existence of 

irradiated semiconductor. When the semiconductor photocatalyst is irradiated by a 

light whose energy is equal to or greater than the band gap (Eg) of semiconductor, the 

electron (e-) in the VB can be excited to the CB by leaving a positive hole (h+) in the 

VB (Eq. 1-1). After that, three possible processes maybe happened. The first one is 

that the photogenerated electron-hole pairs will be captured by the defects in bulk 

and/or on the surface of semiconductor. The second process is the recombination of 

photoinduced electron-hole pairs to release the heat or the light again. The last way is 

the migration of photoexcited electron-hole pairs to the surface of semiconductor. The 

first two processes are commonly recognized as deactivation ways since the 

photogenerated electron-hole pairs can’t be utilized for the photocatalytic redox 

reaction. Only the third migration process is beneficial for the photocatalytic 
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performance. In this process, the photogenerated hole in the valence band (hVB
+) can 

react with OH- or water on the surface of semiconductor to produce ·OH radicals (Eq. 

1-2 and 1-3), which is one of the most active oxidants. The as-induced ·OH radicals 

are able to further oxidize the organic contaminants with mineralization producing 

CO2 and H2O (Eq. 1-4). Meanwhile, the photoproduced electron in the conduction 

band (eCB
-) can be trapped by the absorbed O2 on the surface of semiconductor to 

form superoxide radical anion (O2
·-) (Eq. 1-5). In addition, the O2

·- enables to further 

react with H+ to produce hydroperoxyl radical (·OOH) (Eq. 1-6), finally leading to the 

production of H2O2 (Eq. 1-7). The above mentioned oxygen related species may also 

dedicate to the oxidation of pollutants as well as the reduction of contaminants. (Eq. 

1-8 and 1-9). Therefore, under the irradiation of suitable light sources, the 

semiconductor photocatalysts can be greenly used to degrade organic pollutants and 

toxic gases in the water and air. 16-23 

        Photocatalyst + hν→ hVB
+ + eCB

-                         (1-1) 

hVB
+ + OH- → ·OH                                   (1-2) 

        hVB
+ + H2O → ·OH + H+                               (1-3) 

        ·OH + pollutant →Intermediate→CO2 + H2O               (1-4) 

Figure 1-1. Possible mechanism for the semiconductor photocatalysis. 
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      eCB
- + O2 → ·O2

-                                      (1-5) 

      ·O2
- + H+ → ·OOH                                    (1-6) 

        ·OOH + ·OOH → H2O2 + O2                            (1-7) 

        ·O2
- + pollutant → Oxidation/reduction products             (1-8) 

      ·OOH/ H2O2 + pollutant → Oxidation/reduction products      (1-9) 

1.2 Environmental applications of photocatalysts 

Nowadays, the environmental pollution and energy consumption problems become 

more and more serious. Subsequently, the semiconductor photocatalysis, as a green 

chemical method to solve these issues, has fascinated increasing attention and has also 

been extensively used in many areas such as print, medicine, cosmetics, food, hospital, 

water and air purification, energy conversion and so on. Herein, the applications of 

photocatalyst for water decontamination, air purification, water splitting and 

self-cleaning have been briefly introduced as follows. 

1.2.1 Water decontamination 

In modern times, the abusive discharging of emerging organic contaminants such as 

phenolic compound, hormones, pharmaceutical substances, pesticides and personal 

care products, etc. in the water environment becomes extremely serious especially for 

the volatile organic compounds (VOC), owing to the fast development of science and 

technology with the sacrifice of our living environment.1 In this case, lots of methods 

including physical processes (filtration, sedimentation, distillation, etc.), biological 

processes (slow sand filters, biologically active carbon, etc.) and chemical strategies 

(flocculation, photocatalysis, etc.) have been employed to purify this contaminated 

water to meet the requirements of medical, pharmacological, chemical and industrial 

applications.24 Among them, the photocatalysis has attracted peculiar interest over 

other methods, due to its low cost, environmental benign, high efficiency and so 

on.25-27 Enormous research on water decontamination by semiconductor 

photocatalysis has been carried out.28-32 Senthilnatan and Philip investigated the 
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decomposition of lindane, an organochlorine pesticide, by different TiO2 

photocatalysts with the irradiation of light.33 Pelaez et al. also reviewed many 

researches about water purification by using visible light induced photocatalysts.34 As 

for practical photocatalytic water treatment application, Fig. 1-2 demonstrates a truly 

used contaminated ground water system in Japan to remove volatile organic 

compounds (VOC).35 

 

Figure 1-2. Schematic of contaminated ground water treatment system.35  

Besides the application of organic pollutant treatment, photocatalysis can also be 

utilized in remediation of metal contamination,36,37 disinfection38-41 and oxidation of 

arsenite,42 etc. The solar light responsive photocatalytic disinfection is even expected 

as a promising strategy to generate drinking water for developing countries.43 

1.2.2 Air purification 

Up to date, the air pollution has become one of the most serious environmental 

problems in our daily life and much increasing attention has been paid to control or 

alleviate this issue. The air pollution mainly contains outdoor and indoor air pollution. 

The outdoor air pollution can also divide into natural and man-made ones. The natural 

outdoor air pollution is dominantly originated from the volcanoes, oceans, biological 

decay, lightning strikes and forest fires to release oxides of sulphur and nitrogen. 

However, most of these released air pollution is under the control of natural self-cure 
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ability. What’s of more concerns should be the man-made pollution. The man-made 

outdoor air pollution is generally produced by the burning of fossil fuels (oil, coal and 

gas) from industries, power stations, homes and road vehicles. The air pollutant 

substances mainly consist of nitrogen oxides, carbon monoxide, sulphur dioxide, lead, 

particulate matter and volatile organic compounds (VOCs).44-46  

Although lots of methods have been proposed to treat this outdoor air pollution, 

photocatalysis as a green chemical strategy is still a promising technology for air 

pollution treatment, due to its high efficiency, low cost, simple treatment, 

environmental benign. The photocatalysis can deal with various kinds of toxic gases 

such as car exhausts NOx, SOx, VOCs, etc.47-51 In the presence of light, semiconductor 

photocatalysts can generate hydroxyl radicals and holes, which enable to effectively 

react with the harmful gases to produce other harmless materials. In addition, the 

photocatalyst reacts as a catalyst in the chemical reaction so that it can perform for a 

long time without the consumption of mass.52,53 Fig. 1-3 presents a practical 

application of photocatalyst to deal with the vehicle released harmful NOx gas using 

natural solar light as the light source.54,55    

  

Figure 1-3. The usage of photocatalyst painting on the road to eliminate NOx toxic 

gas from the vehicles in Japan. 

On the other hand, the indoor air pollution is another great concerned issue. 

Because the indoor air pollution can cause serious diseases (asthma and atopy) for 

people or even lead to death. Furthermore, most of the people in the world should 

spend large part of time in indoor house and have little control over the exposure time 

and atmosphere in the workplace. In this case, a healthy indoor atmosphere is 
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extremely essential for us. The indoor air pollution mainly arises from the emissions 

of building insulation, furniture, carpets, wall paintings, decorations and also factories, 

producing from pumps, dryers, tanks and other process equipment. The indoor air 

contaminants contain carbon monoxide, toluene, formaldehyde, mold spores and 

bacteria, all of which are harmful for our health.56-58 In order to control this 

contamination, three general strategies have been proposed, including using air 

purifiers, increasing the air exchange rate and controlling pollution sources.59 

Nowadays, the utilization of air purifiers becomes popular to remove the indoor air 

pollutants.60,61 However, this method simply transfers these contaminants to other 

phases or just absorbs them instead of eliminating them permanently. Under this 

circumstance, the environmental friendly and effectively photocatalysis technique has 

become a potential choice to alleviate the pollution from indoor air.62-64 Driven by this 

requirement, some air purification systems using a UV or visible-light-responsive 

photocatalysts and various LED light sources in a package have been introduced and 

also practically applied as shown in Fig. 1-4.65-67  

  

(a) Air conditioner              (b) Air purifier 

Figure 1-4. The practical application of photocatalyst in the air conditioner and air 

purifier for indoor air pollution treatment. 

1.2.3 Water splitting 

With the rapid increase of world’s population and fast growth of many developing 

economies, the energy consumption is dramatically increased. Meanwhile, the 
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released concentration of CO2 in atmosphere, as a result of the combustion of the 

carbon-based fuels, has also significantly enhanced. In this case, the energy depletion 

and environmental contamination have been two essential issues in modern times and 

a renewable and infinite energy source is strongly required.68,69 Since Fujishima and 

Honda70 firstly generated hydrogen by water photoelectrolysis, the hydrogen fuel by 

solar-chemical energy conversion has been gradually considered as a promising 

alternative for environmental benign and renewable energy source, which can be 

produced from the abundant of water without the release of CO2 and other 

contaminating gas. Subsequently, the photocatalysis production of hydrogen has also 

become a hot topic, and many efforts have been made to improve the high efficiency 

of hydrogen production by the photocatalysis. Fig. 1-5 illustrates a simple 

photoelectronchemical water splitting system to produce hydrogen in the presence of 

TiO2 photocatalyst under the light irradiation.71-73 

 

Figure 1-5. Schematic of water splitting by TiO2 photocatalys.71, 7 
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1.2.4 Self-cleaning 

  

Figure 1-6. The polycarbonate plates covered with titania photocatalyst. 

  

Figure 1-7. The anti-fogging application by hydrophilicity property. 

Up to date, many novel technologies in our daily life have been inspired by the 

nature. Self-cleaning technique is one of them, which is aroused from the wings of 

butterflies and the leaves of lotus. Nowadays, the self-cleaning coating has been 

extensively applied in many areas such as cement, glass coatings, paints, textiles, 

building, etc. due to its labour-saving. In particular, the photocatalyst combined 

coating attracts the increasing interest owing to multi-function.74-76 In 2001, 

Pilkington Glass company developed the first self-cleaning windows, which was 

coated with a thin transparent layer of TiO2. This window has two functions: 

photocatalysis and hydrophilicity. When this special window is exposed in the 

TiO2 coated 
part 

Uncoated 
part 

11 
 



sunlight, on one hand, the TiO2 can chemically break down the adsorbed organic dirt 

by photocalysis; on the other hand, the dirt and grime in the windows can be easily 

cleaned by the rain or other water since the water has very low contact angles to the 

glass as a result of hydrophilicity in the presence of TiO2.77 Fig. 1-6 and 1-7 present 

some practical applications of photocatalyst, such as self-cleaning coating and 

anti-fogging, respectively.54,78  

1.3 Structure and properties of popular photocatalysts 

and corresponding common problems 

Photocatalysis, as a green chemical method to alleviate the energy and 

environmental issues, has fascinated considerable attention in recent years. In order to 

meet the urgent requirement for the rapid development of photocatalysis, various 

photocatalysts have been introduced. However, among them, three peculiar 

substances based photocatalysts, including TiO2, NaTaO3 and BiOX (X=Cl, Br and I), 

have been greatly highlighted for the high efficiency of photocatalysis.79-81 Therefore, 

the followings will give a brief introduction for the structure and properties of these 

three photocatalysts. In addition, the current problems existed in these materials are 

also discussed.  

1.3.1 TiO2  

TiO2, one of the most promising photocatalyst, is of great concern due to its high 

stability, low cost, environmental benign, abundant and nice photo-activity.82-84 TiO2 

is also a typical n-type semiconductor, as a result of the existence of oxygen 

vacancies.85 The lower part of the conduction band of TiO2 is consisted by the 3d 

orbitals of Ti4+ and the valence band is mainly formed by the overlap of the O 2p 

orbitals.86 Besides, TiO2 has three polymorphs: anatase, rutile and brookite, where 

rutile presents the most thermodynamical stability, and anatase displays excellent 

kinetic stability. The anatase and brookite can be easily synthesized at low 
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temperature and transformed to rutile at a high calcination temperature exceeding 

600oC. In addition, the structure of three phases has significant difference, leading to 

the final variety of properties. The crystal structures of three phases are shown in Fig. 

1-8. It is explicit that all of three types of TiO2 are composed of TiO6 octahedra, but 

vary from the distortion of the octahedron units, shared manner of edges and corners. 

For anatase, each octahedron shares four corners with neighbors and also shares four 

edges with other neighbors to form a zigzag chain with a screw axis {221}. Whereas 

the octahedron in rutile shares eight corners with neighbors, and it only shares two 

edges with other neighbors, connecting to form a linear chain parallel to {001}. As for 

brookite, only three edges are shared, additionally, both edges and corners are 

connected. Due to the difference in preparation process and crystal structure, anatase 

and rutile have been frequently studied, whereas brookite has been rarely investigated. 

Furthermore, compared with the photocatalytic performance of rutile, the anatase 

generally shows higher activity. On one hand, the intrinsic band gap of anatase is ca. 

3.2 eV corresponding to 384 nm absorption edge, whereas rutile is a little bit smaller 

about 3.02 eV relating to 410 nm absorption edge. In this case, although rutile 

presents slightly larger light absorption range over that of anatase, anatase obtains the 

relatively higher redox ability than rutile, which is probably much more essential for 

photocatalytic performance. On the other hand, rutile is usually produced in relatively 

higher temperature with larger particle size compared with that of anatase. Under this 

circumstance, although rutile has higher crystallinity for better charge carrier mobility 

over anatase, anatase presents much more active sites on the surface with relatively 

larger specific surface area. Meanwhile, anatase reveals the much more efficient 

charge separation ability owing to the existence of more oxygen vacancies in anatase. 

As a result of the above-mentioned reasons, the photocatalytic performance of anatase 

is usually superior to that of rutile.87-91 

Nevertheless, regardless of phase type, all of the TiO2 presents two main drawbacks. 

The first one is the limitation of light-harvesting ability. It is well known that the 

natural solar light consists of 5% of UV, 45% of visible light and 50% of infrared light. 
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Because of the large intrinsic band gap of TiO2 above 3 eV equaling to 413 nm, it can 

only absorb UV light and majority of visible and infrared lights cannot be utilized, 

which is detrimental for the practical applications of TiO2 under the solar light 

irradiation. The other shortcoming is the rapid recombination rate of photogenerated 

electron-hole pairs, suppressing the quantum efficiency.92,93 

    

 
Figure 1-8. The crystal structures of anatase (a), rutile (b) and brookite (c). 

 

(a) (b) 

(c) 
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1.3.2 NaTaO3  

 

Figure 1-9. The crystal structure of orthorhombic NaTaO3. 

In recent years, the perovskite structure of tantalates, especially alkali metal 

tantalates (ATaO3, (A=Li, Na and K)), have attracted considerable attention due to 

their widespread photocatalytic applications in various industrial fields.94-96 

Furthermore, the conduction band position of tantalates consisting of Ta5d orbital is 

more negative than that of popular TiO2, indicating much higher  reduction activity 

for tantalates.97 Besides, among three types of tantalates, NaTaO3 has fascinated 

peculiar interest in researchers and is considered as the most active one owing to its 

nice crystal structure, suitable band positions and high efficiency.98 It is well 

acknowledged that NaTaO3 has two common phases, including cubic and 

orthorhombic ones. However, the orthorhombic phase of NaTaO3 has been made 

much more efforts compared with that of cubic one since the cubic one usually needs 

high temperature preparation conditions and shows relatively lower photocatalytic 

performance.99,100  

Fig. 1-9 illustrates the crystal structure of orthorhombic type of NaTaO3 with the 
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space group Pcmn. It can be clearly seen that one Ta atom is coordinated by six O to 

form a TaO6 octahedra. The TaO6 octahedra units are corner-connected by each other. 

In addition, the TaO6 octahedra forms layer structure in (011) facet and the Na atoms 

are located in this interlayer. In this case, the electric structure of NaTaO3 can be 

easily adjusted by the substitution of Na and Ta atoms by other atoms, finally leading 

to the change of properties for NaTaO3. 

Although orthorhombic NaTaO3 has a promising prospect, it still has some 

shortcomings. Firstly, as a result of the large intrinsic band gap of NaTaO3 (ca. 4.0 

eV), it can only be excited by the UV light which just accounts for 5% of solar light 

and 45% of visible light and 50% of infrared light cannot be utilized for 

photocatalysis. Moreover, the charge carriers’ separation ability of NaTaO3 is still 

limited since it is a direct band gap semiconductor and also a solely pure compound. 

Finally, the as-reported NaTaO3 powders almost present large particle sizes with 

relatively small specific surface area, detrimental for the high efficiency of 

photocatalysis.100-102  

1.3.3 BiOX 

Nowadays, Bismuth oxyhalides (BiOX, X=Cl, Br and I), as typical V-VI-VII 

ternary oxide semiconductors, have attributed great deal of attention because of their 

peculiar hierarchical structures, optical properties and high chemical stability.103-105 

Fig. 1-10 exhibits the crystal structures of BiOCl, BiOBr and BiOI. It is apparent that 

three types of BiOX all have a tetragonal matlockite structure with P4/nmm space 

group, a peculiar layer structure formed by [Bi2O2] slabs interleaved by double slabs 

of halogen atoms. Due to the relatively strong intra-layer bonding in [Bi2O2] slabs and 

relatively weak interlayer van der Waal's interaction in the BiOX, they reveal lots of 

excellent physical and chemical properties, especially in the area of 

photocatalysis.106,107 However, owing to the difference of Cl-, Br- and I- ion radius 

(0.181 nm for Cl-, 0.196 nm for Br- and 0.220 nm for I-), the corresponding crystal 

structures for BiOCl, BiOBr and BiOI are slightly different. BiOI obtains the largest c  
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Figure 1-10. Crystal structures of BiOCl (a), BiOBr (b) and BiOI (c). 

constant (ca. 0.9128 nm) followed by those of BiOBr and BiOCl about 0.8105 and 

0.7354 nm, respectively, in the decrease order of X- ion radius. Under the influence of 

electric structure of BiOX, BiOCl, BiOBr and BiOI show huge difference in intrinsic 

band gaps of ca. 3.2 eV, 2.6 eV and 1.8 eV, respectively. It is well known that the 

BiOX series usually present nice photocatalytic activity, even over TiO2 in the 

degradation of organic pollutants. This excellent performance should be mainly 

ascribed to the open crystalline structures and indirect optical as a p-type 

semiconductor. On one hand, the open layered structure offers a great amount of space 

to polarize the relevant atoms and orbitals, and then generates the internal static 

(a) (b) 

(c) 
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electric fields perpendicular to the [Bi2O2] slabs and halogen anionic slabs in the 

crystal of BiOX, which is great beneficial for the separation of charge carriers along 

the [001] direct as shown in Fig. 1-10. On the other hand, in the indirect 

semiconductors, the photogenerated electrons have to move a certain k-space distance, 

firstly, and then return back to the valence band, the process of which can 

significantly diminish the recombination probability of the photogenerated 

electron-hole pairs, which is also an advantage to the quantum efficiency of 

photocatalysis.108,109 

Nevertheless, there is still a drawback for all the BiOX. It has been commonly 

confirmed that the BiOBr exhibits the best UV-visible lights induced photocatalytic 

activity followed by BiOCl, which only be active in UV light assigning to the large 

intrinsic band gap. On account of the much negative valence band position, BiOI 

usually represents the poorest photocatalytic performance in spite of excellent visible 

light absorption capability. In addition, although BiOBr demonstrates the most 

promising UV-visible lights responsive photo-activity, it possesses the visible light 

absorption ability only in a narrow range up to ca. 480 nm and no infrared light 

absorption ability. Therefore, the BiOX series possess the still disadvantages for the 

solar light irradiation in the consideration of high efficiency of photocatalysis.110,111 

Based on the above description, it can be learned that there are two common 

problems for current photocatalysts to achieve the high efficiency of solar light 

induced photocatalysis. The first one is the limited light absorption capability in the 

area of visible light and no infrared light absorption ability. The other problem is the 

relatively high recombination rate of photogenerated electron-hole pairs. 

1.4 Strategies for improving photocatalytic activity 

Up to date, a lot of promising photocatalysts have been developed in the driven 

force of environmental and energy issues. However, for the practical application, the 

photocatalytic efficiency and light-harvesting ability are still far away from industrial 
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requirement. In this case, great amounts of strategies, including various doping, noble 

metal plasmon, cocatalyst loading, sensitizing and coupling with other 

semiconductors, etc. have been proposed to improve these performances as much as 

possible.112-114 The followings will give a brief review for these improvement 

strategies popular in recent years. 

1.4.1 Doping 

In order to extend the light responsive ability in the whole solar light range and also 

to enhance the charge carriers’ separation ability, doping ions in the target 

photocatalysts has become one of the most potential methods since doping in crystal 

usually can induce some intermediate energy levels in the forbidden band and also 

sometimes boost the electron-hole pairs' separation. Doping ways mainly contain 

nonmetal doping, metal doping, nonmetal metal or/and metal codoping and oxygen 

rich.115 

1.4.1.1 Nonmetal doping   

Recently, nonmetal doping, including the nonmetals of C,116,117 N,118,119 S,120,121 F122 

and I,123 etc., has attracted a great deal of attention to improve the photocatalytic 

activity. In particular, the C and N doping have been paid much more efforts owing to 

their nice effect in the narrowing band gap. J. Yu et al.124 has prepared C doped BiOCl 

by a facile wet chemical process. As shown in Fig. 1-11, compared with pure BiOCl, 

doping C in BiOCl crystal can introduce some C related impurity levels above the 

valence band of BiOCl. In this case, the band gap is narrowed to extend light 

absorption ability and finally promoting the photocatalytic performance. F. Dong et 

al.125 reported a mesoporous C doped TiO2 nanomaterials, which were prepared by a 

one-pot green chemical approach using sucrose as the C doping source. With the 

incorporation of C doping in TiO2, the visible absorption ability of samples had been 

significantly improved in the whole range of visible light. Furthermore, after the 
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post-C doping calcination in 200oC, the samples presented much better 

light-harvesting capability and visible light induced photocatalytic property due to the 

increased C doping content and decreased surface defects by the help of post-C 

doping calcination.  

 

Figure 1-11. Schematic diagrams of photocatalytic mechanisms for pure BiOCl and C 

doped BiOCl products.124 

 

Figure 1-12. A possible photocatalytic mechanism for N doped TiO2 under visible 

light irradiation.126 

As for N doping in photocatalyst, G. D. Yang, et al.126 synthesized a series of N 

doped anatase TiO2 samples by a solvothermal method in an organic 

amine/ethanol-water reaction system. According to the electron paramagnetic 

resonance (EPR) measurement, some of the reduced Ti3+ ions have been induced 

owing to the N doping by replacing O site and charge balance. As described in this 

work, with the dopant of N in TiO2, some Ti3+ related energy levels and N doping 

levels could be generated under the conduction band of TiO2 and above the valence 
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band of it, respectively (as shown in Fig. 1-12). Under this circumstance, the band gap 

of TiO2 has been dramatically narrowed, and visible light-harvesting ability was 

improved greatly. Besides, the produced impurity levels were also beneficial for the 

charge carriers’ separation of samples. So, after N doping, the samples exhibited the 

excellent degradation ability for methylene blue and methylene orange solution under 

the irradiation of visible light.   

1.4.1.2 Metal doping 

In addition to nonmetal doping, metal doping is also a potential way for the 

improvement of visible-light  induced photocatalysis since metal doping probably 

can extend the light absorption range, elevate the redox potential of the photoinduced 

radicals and hinder the recombination rate of photogenerated electron-hole pairs.127 

The common used metal doping elements contain In, W, Nd, Ta, Nb, Fe, Bi, V and Cr, 

etc.128,129 Among them, Bi and Fe have attracted the special interest in enhancing 

visible light driven photocatalytic performance. P. D. Kanhere, et al.130 prepared nice 

visible light induced Bi doped NaTaO3 powders. The author found that the visible 

light absorption capability of NaTaO3 could be nicely enhanced by tuning the starting 

molar ratio of Na and Ta which could affect the site occupancy of Bi doping in the 

lattice as shown in Fig. 1-13.  

According to the first principles calculation, it confirmed that the largest band gap 

narrowing could be achieved as Bi was substituted at both Na and Ta sites. S. George, 

et al.131 studied a Fe doped TiO2 nanoparticles fabricated by a versatile flame spray 

pyrolysis synthetic method. The particles were used to check the photo-activity of 

cytotoxicity with the visible light irradiation. After Fe doping, the TiO2 was capable 

for the visible light absorption by introducing some impurity levels above the valence 

band of TiO2 (as seen in Fig. 1-14). In addition, the band gap energy of TiO2 could be 

obviously adjusted by the Fe doping content.  
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Figure 1-13. DRS of Bi doped NaTaO3 as a function of various Na/Ta starting molar 

ratios.130 

 

Figure 1-14. Possible photocatalytic mechanism of Fe doped TiO2.131 

1.4.1.3 Nonmetal/metal codoping 

Compared with nonmetal or metal solely doping, codoping of nonmetals or/and 

metals has been of great concern since it has some advantages over that of solely 

doping. Firstly, the band gap of photocatalyst could be further narrowed in 

comparison of that of solely doping. In addition, the recombination rate of charge 

carriers could be more effectively suppressed by donor-acceptor codoping. Basically, 

codoping can be divided into three types, including nonmetal-nonmetal codoping, 

metal-metal codoping and nonmetal-metal codoping. For example, G. Liu, et al.132 

investigated the synergistic effects of B and N codoping on the visible light induced 

photocatalytic activity of mesoporous TiO2. The results found that the visible light 

absorption property of TiO2 has been considerably enhanced by B and N codoping 

over that of B or N solely doping. Besides, due to the B and N synergistic effect, the 

separation ability of charge carriers has also been greatly improved by the 
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construction of a new O-Ti-B-N structure on the surface of TiO2 particles. S. Tonda, et 

al.133 synthesized the Cr and La codoped SrTiO3 nanoparticles by a facile polymeric 

citrate strategy. It revealed that the absorption edge of SrTiO3 shifted towards the 

visible light region after Cr and La codoping. Furthermore, the photocatalytic activity 

of codoped samples was about 6 times higher than that of pure one and 3 times better 

than that of solely doped one, as a result of the synergetic effect between Cr and La in 

SrTiO3 crystal. X. G. Ma, et al. 134 studied a compensated codoping in TiO2 by C and 

Nb. According to the calculated results, they demonstrated that the codoping of C and 

Nb in TiO2 not only reduces the energy gap to enhance the optical absorption by 

narrowing the band gap and improves the separation ability of charge carriers but also 

does not lower the reduction potential of the conduction band edge of TiO2 as 

displayed in Fig. 1-15. 

 

Figure 1-15. Photocatalytic mechanism of Nb and C codoped TiO2. 134 

1.4.1.4 Oxygen rich 

In addition to the above doping approach, the induction of oxygen rich in 

photocatalyst is also a promising way.135 For example, V. Etacheri, et al.136 prepared 

the oxygen rich TiO2 by the addition of H2O2. They found that the valence band 

maximum of TiO2 could be upward shifted owing to the existence of excessive 

oxygen. In this case, the band gap could be nicely narrowed by controlling the amount 
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of excessive oxygen in TiO2 as shown in Fig. 1-16. In addition, X. Xiao, et al. also 

synthesized the oxygen-rich bismuth oxyhalides by a generalized one-pot method. In 

this work, the band gap of samples could be controllably tuned by adjusting the 

content of oxygen excess in the samples, finally leading to the much improved visible 

light absorption capability.137 

 

Figure 1-16. Possible mechanism of narrowed band gap of TiO2 by oxygen rich. 

Numbers 2 and 16 in samples’ names were used to identify two different samples.136 

1.4.2 Noble metal plasmon 

Recently, the surface plasmon resonance (SPR) effect has drawn a great deal of 

attention in the improvement of visible light absorption ability of photocatalysts by 

loading noble metal nanoparticles (e.g., Ag, Au). SPR is defined that when a spherical 

noble metal nanoparticle is irradiated by light with the wavelength much longer than 

the size of this particle, the charge density in the noble metal powder will be 

redistributed. Meanwhile, a coulombic restoring force is going to be established, and 

the charge density will coherently oscillate just like a harmonic oscillator in particle 

with the incident light. In a word, SPR is collective oscillations of electrons in the 

conduction band of noble metal induced by the electromagnetic field of the incident 

light.138-140 As noble metal is loaded on the surface of photocatalyst and illuminated 

by a visible light, noble metal can be excited by visible light owing to the effect of 

SPR and then photogenerated electron can be further transferred to the photocatalyst 

to produce photocatalysis. For example, Z. K. Zheng, et al.141 prepared the noble 
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metals (Au, Pt and Ag) loaded TiO2 nanoparticles by a facile in situ method using the 

Ti3+ as the reduction reagent. The visible light induced oxidation of benzene to phenol 

has been investigated for the photocatalytic activities of samples. The results found 

that due to the SPR effect of noble metal loading, the noble metal was excited by the 

visible light, and then the photoinduced electron was transferred from noble metal to 

the TiO2 particles, finally presenting a high yield (63%) and selectivity (91%) for the 

oxidation of benzene to phenol. The corresponding mechanism for high efficiency of 

visible light induced photocatalytic activity of samples is shown in Fig. 1-17. 

 

Figure 1-17. Proposed mechanism for the SPR induced photocatalytic activity of 

samples under the irradiation of visible light. 141 

Besides, Z. Y. Zhang, et al.142 presented a direct evidence for the noble metal 

plasmon-enhanced H2 generation by using TiO2 electrospun nanofibers co-decorated 

with Au and Pt nanoparticles. After Au and Pt loading on TiO2 particles, the visible 

light absorption performance of samples had been significantly improved owing to the 

SPR effect as shown in Fig. 1-18 A. In this case, the noble metal loaded TiO2 could be 

excited by visible light to produce photocatalytic activity and the relevant mechanism 

is illustrated in Fig. 1-18 B. 
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Figure 1-18. DRS of pure TiO2 (a), Au0.75/Pt0.25/TiO2 (b), Pt1/TiO2 nanofibers (A) and 

corresponding possible photocatalytic mechanism (B).142 

1.4.3 Cocatalyst loading 

In order to significantly improve the separation ability of charge carriers, the 

cocatalyst loading has become one of the most potential approaches. Fig. 1-19 shows 

the photocatalytic mechanism for water splitting over a semiconductor photocatalyst 

loaded with different cocatalysts. 143 It is apparent in this figure that with the loading 

of cocatalyst on the surface of photocatalyst, the photogenerated electron or hole can 

be transferred from photocatalyst to the cocatalyst for photocatalysis under the 

irradiation of light. Under this circumstance, the photoinduced electron-hole pairs are 

able to be effectively separated. Furthermore, the loading cocatalyst on the surface of 

semiconductor photocatalyst is beneficial for the photocatalytic stability of products. 

Generally, the cocatalysts can be divided into two main types, containing electron 

capturing and hole capturing. NiO, CuO, Cu2O, Cr2O3, RuO2, MoS2, graphene, etc. 

are usually regarded as the electron capturing cocatalysts.  

A 
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Figure 1-19. Proposed photocatalytic mechanism for water splitting by a 

photocatalyst with the loading of various cocatalysts. 143 

For instance, M. K. Tian, et al. prepared a series of single-phase metal oxide 

photocatalysts K4Ce2M10O30 (M=Ta, Nb). After incorporating NiOx as cocatalysts, the 

produced amount of H2 during 4 h by sample achieved 135 µmol, which is far higher 

than that of sample without loading NiOx.144 Q. J. Xiang, et al.145 developed a new 

photocatalyst composite consisting of TiO2/MoS2/graphene by a two-step facile 

hydrothermal process using MoS2 and graphene hybrid as cocatalyst. This composite 

displayed excellent H2 evolution ability much superior to that of pure TiO2 as shown 

in Fig. 1-20 (a). The corresponding mechanism for much improved H2 evolution 

activity is illustrated in Fig. 1-20 (b). After the irradiation of light on the composite, 

the photoinduced electrons in the conduction band of TiO2 can be transferred to MoS2 

nanosheets in the help of graphene sheets as a conductive electron transport channel 

and then to produce H2 evolution. In this case, charge recombination could be largely 

suppressed, and interfacial charge transfer could  be significantly enhanced as well 

as the increment of the number of active absorption sites, finally leading to high 

efficiency of H2 evolution performance of composite.143 

   On the other hand, CoOx, MnOx, FeOx, B2O3-xNx, IrO2, etc. are popularly utilized 

as the hole-capturing cocatalyst for photocatalysis.146 Among them, the Co-based 

cocatalysts attract peculiar attention because of their excellent performance for O2 
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evolution. For example, R. G. Li, et al.147 reported a CoOx and IrO2 loaded 

Sm2Ti2S2O5 (STSO) photocatalyst for water oxidation under the irradiation of visible 

light. The results found that as the CoOx loaded on STSO by in situ 

sulfurization-assisted deposition, the sample presented the highest O2 evolution 

activity with the apparent quantum efficiency of 5.0% at 420 nm, which was much 

superior to pure STSO, IrO2 loaded STSO, CoOx loaded STSO by impreganation and 

also the highest O2 evolution performance for oxysulfides reported so far (as seen in 

Fig. 1-21).  

Figure 1-20. Photocatalytic H2 evolution of TiO2/MoS2 (M)/graphene (G) composites. 

(the T/95M5.0G composite means consisting of 95% MoS and 5% graphene in the 

cocatalysts.) (a), proposed photocatalytic mechanism for the charge transfer in 

TiO2/MG composites (b).145 

 

Figure 1-21. O2 evolution performances of Sm2Ti2S2O5 (STSO) loaded with CoOx by 

impregnation (CoOx(imp)), IrO2 by deposition and CoOx by in situ 

sulfurization-assisted deposition (CoOx(in)).147 

(b) (a) 
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1.4.4 Sensitizing 

In order to significantly enhance the visible light absorption capability of 

photocatalyst, dye sensitization has become a promising strategy and fascinates great 

deal of interest from researchers in recent years. The simple sensitizing mechanism 

for photocatalysis can be divided into five steps in Fig. 1-22. 148 As a visible light is 

illuminated the dye sensitized photocatalyst, firstly, the absorbed dye on the surface of 

photocatalyst can be excited by the electron transformation from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LOMO); 

Secondly, owing to the nice alignment of LOMO position of dye and conduction band 

position of photocatalyst substrate, the photogenerated electron in dye can be further 

transferred to the conduction band of the photocatalyst host; After that, the 

photoinduced electron can be moved through two different ways. As a third step, the 

excited electron probably moves to the surface of photocatalyst host and reacts with 

surface O2 to product active species for photocatalysis; Alternatively, as a fourth step, 

the photoproduced electron returns back to the dye for recombination, which is 

detrimental for the photocatalysis; finally, the oxidized dye can be regenerated by the 

suitable electron donors (e.g. water, organic acids, EDTA, etc.).149 To be an efficient 

photocatalytic sensitizer, the dye should meet some requirements. To begin with, the 

dye should have high efficiency for light absorption and a wide range of visible light 

and even infrared light absorption capability; Secondly, the excited states of the dye 

should present a good lifetime and an excellent quantum yield. Last but not least, the 

excited state position of the dye should be nicely matched with the lower bound of the 

conduction band of photocatalyst substrate to minimize the energy loss in the process 

of photogenerated electron transfer.84,150  
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Figure 1-22. Photocatalytic mechanism for dye sensitization on the photocatalyst.148 

The popular used dyes can be mainly separated into two series, including 

transition-metal complex dye and pure organic dye. For instance, K. Hirano, et al.151 

studied the effect of Ru(bpy)3
2+, tris(bipirimidine)Ru(II)(Ru(bpym)3) and porphines 

dyes on the photocatalytic activity of TiO2. The author found that among three types 

of dyes, Ru(bpy)3
2+ presented the best sensitizing effect for H2 production under the 

visible light irradiation in the presence of EDTA electron donor, which was much 

better than that of pure TiO2. The results indicated that the high efficiency of H2 

evolution performance was strongly related to the high affinity of Ru complex on the 

surface of TiO2 since it is probably beneficial for photogenerated electron transfer 

from the excited dye to the TiO2 substrate. As for organic dye sensitizing, S. H. Lee, 

et al.152 prepared a series of organic dyes (hydrophobic D-H, hydrophilic 

DEO1-DEO3 and slightly hydrophilic DMOM) sensitized TiO2 photocatalysts as 

shown in Fig. 1-23. It found that after the dye sensitizing, the H2 evolution 

performance had been significantly improved under the irradiation of visible light due 

to the much improved visible light absorption induced from coupled dyes. In addition, 

the moderately hydrophilic DEO2 coupled TiO2 sample presented the best visible light 

responsive photocatalytic activity among all samples.     
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Figure 1-23. H2 evolution ability of various organic dyes sensitized TiO2 samples and 

corresponding photocatalyic mechanism. 152 

1.4.5 Coupling with other semiconductors 

Coupling two semiconductor photocatalysts to form a heterostruture has become an 

extremely efficiency approach to significantly improve the separation ability of 

photogenerated electron-hole pairs and also sometimes to further enhance the visible 

light responsive range for high performance of photocatalytic activity. As presented in 

Fig. 1-24, the photocatalyst composites can commonly be divided into three 

categories of type I, type II and type III as a result of relatively various VB and CB 

positions of coupled photocatalysts.153,154 Among these three types, the type II has 

attracted peculiar interest due to its efficiency performance in the charge carriers’ 

separation. As a light is used to irradiate the type II kind of heterostructure, the 

photogenerated electron in the CB of semiconductor 1 can transfer to the CB of 

semiconductor 2 and the photoinduced hole in the VB of semiconductor 2 is able to 

transfer to the VB of semiconductor 1 owing to the difference of band potentials for 

two coupled semiconductor photocatalysts. In this case, the photogenerated 

electron-hole pairs can be effectively separated in space for this heterostructure. In 

addition, as a high photocatalytic performance of UV light induced material couples 

with a poor photocatalytic performance of visible light responsive substrate for type II 

heterostructure, the visible light induced photocatalytic activity of composites can be 

significantly improved, which is much superior to those of solely components in the 
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composite.  

 

Figure 1-24. Schematic illustrations of band gap positions of three different types of 

photocatalyst heterostructures. 

 

Figure 1-25. H2 evolutions of Pt-TiO2, Pt-TiO2/g-C3N4 and Pt-TiO2/g-C3N4-MnOx 

under the irradiation of UV-visible lights and the corresponding photocatalytic 

mechanism for Pt-TiO2/g-C3N4-MnOx composite.156 

For example, L. L. Ruan, et al.155 developed a type II kind of BiOBr-TiO2 

heterojunction by anodization followed by a sequential chemical bath deposition 

approach. The BiOBr-TiO2 heterostructure presented excellent visible light induced 

methylene orange degradation ability, which was much better than those of pure 

BiOBr and TiO2. This outstanding photocatalytic performance was assigned to the 

nice separation ability of charge carriers originated from heterostructure, good visible 

32 
 



light absorption capability from BiOBr and enlarged specific surface area. S. Obregón, 

et al.156 reported a TiO2/g-C3N4 heterostructure. Owing to the nice band gap alignment 

of TiO2 and g-C3N4, the photogenerated electron-hole pairs could be effectively 

separated, moreover, the visible light could be considerable absorbed by g-C3N4 and 

then be utilized by TiO2 for photocatalysis as seen in Fig. 1-25. In order to further 

improve the photocatalytic activity of samples, Pt and MnOx were also loaded. Under 

this circumstance, the H2 evolution ability of Pt-TiO2/g-C3N4 was much higher than 

that of solely Pt-TiO2.  

1.5 The aims of thesis 

As introduced above, photocatalysis, as a green chemical approach, has fascinated 

great deal of attention for the environmental cleanup. Subsequently, great amounts of 

photocatalysts (e.g. TiO2, NaTaO3, BiOX, etc.) have been developed to meet the 

increasing requirement in our worsening atmosphere. However, for the practical 

application, great efforts are still needed as mentioned before. Although lots of 

strategies have been proposed to improve the photocatalytic performance of 

semiconductor photocatalysts for the sake of solar light responsive photocatalysis, the 

detailed effective ways for high efficiency of visible and infrared light induced 

photocatalysis are still few and strongly required.  

Therefore, in this thesis, some promising methods have been proposed to enhance 

the visible and NIR lights induced photocatalysis significantly. On one hand, in order  

to improve visible light responsive photocatalytic activity, firstly, TiO2 has been 

modified by anion doping, anion and cation codoping, and forming multiphase, being 

eager for dramatically enhance the visible light absorption capability by narrowing 

band gap and considerably improve separation activity of charge carriers. Then, as for 

NaTaO3 series, a facile solvothermal method was utilized to synthesize the visible 

light responsive C doped NaTaO3 (designated as C-NaTaO3) particles via narrowing 

band gap. Furthermore, in order to further improve the separation ability of 

photogenerared electron-hole pairs, a new C-NaTaO3/Cl-TiO2 composite was 
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proposed. Besides, it is well known that large specific surface area is generally of 

great importance for high performance of photocatalysis. Under this consideration, an 

excellent visible light induced C modified NaTaO3 mesocrystal nanoparticles have 

been prepared by a one-pot solvothermal method in the presence of glucose. 

Regarding BiOX series, a simple room temperature fabrication method has been 

developed, moreover, a glycerol/mixed solution was employed in this reaction to 

induce oxygen vacancies for long wavelength visible light active photocatalysis, 

which could introduce some impurity energy levels to narrow the band gap. On the 

other hand, a novel strategy, combining high efficiency of up-conversion phosphors 

with suitable photocatalysts to form composite, was developed, expecting to fulfill 

UV, visible and NIR lights induced photocatalytic activity simultaneously. Therefore, 

for TiO2 and BiOBr series, various up-conversion phosphors coupled C doped TiO2 or 

BiOBr composites have been prepared to investigate the UV, visible and NIR lights 

responsive photocaalytic properties. 
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Chapter 2 PREPARATION AND 

ENHANCEMENT OF VISIBLE LIGHT 

INDUCED PHOTOCATALYSTS 

Photocatalysis as a green chemistry technology has drawn considerable attention 

due to its extensively potential applications in the air purification, degradation of 

organic pollutant and solar energy conversion. 1-5 Although a lot of novel compounds 

with various photocatalytic activities have been proposed until now, 6-9 three 

promising photocatalys, TiO2, NaTaO3 and BiOX, have attracted peculiar attention in 

recent years because of their excellent photocatalytic properties.10-14 As we all know, 

the natural solar light is composed of 5% UV light, 45% visible light and 50% 

infrared light. However, these three potential photocatalysts are mostly active for UV 

light solely and still present limited visible light absorption capability and 

corresponding visible light induced photocatalytic activity, which is not beneficial for 

the practical application. In addition, they also show relatively low separation ability 

for photogenerated hole-electron pairs, leading to confined photocatalytic peformance. 

It is well acknowledged that light-harveting capability, separation ability of charge 

carriers and specific surface area are three dominant points for the high efficiency of 

visible light induced photocatalytic activity. Therefore, in order to much improve the 

visible light responsive photocatalytic properties of TiO2, NaTaO3 and BiOX, some 

strategies based on the above mentioned three factors were employed in this chapter.     

Firstly, series of C doped TiO2 (C-TiO2), C and Nd codoped TiO2 (C-Nd-TiO2), W 

solely doped TiO2 (W-TiO2), C and W codoped TiO2 (C-W-TiO2) as well as 

multi-phase of C-TiO2 have been prepared, expecting to narrow band gap and 

promote separation ability of charge carriers. Secondly, three series of C doped 

NaTaO3 C-NaTaO3 particles, C doped NaTaO3/Cl doped TiO2 (C-NaTaO3/Cl-TiO2) 

composite and C modified NaTaO3 mesocrystals have been successfully synthesized, 

expecting to much improve visible light induced photocatalytic activity via narrowing 
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band gap, elevating separation ability of photoinduced hole-electron pairs and 

enlarging specific surface area of products. Finally, visible light active BiOX 

nanostructures were also fabricated by a facile method at room temperature, intending 

promoting visible light responsive photo-activity by inducing oxygen vacancy in 

crystal. 

2.1 Preparation of visible light active TiO2 based materials 

2.1.1 Hydrothermal-calcination synthesis of visible light 

induced C doped TiO2 

2.1.1.1 Introduction 

Recently, doping, as an effective approach to improve the visible light driven 

photocatalytic activity of photocatalysts, has been made considerable efforts since it 

sometimes can introduce some impurity levels to narrow the band gap of 

semiconductors. Among lots of doping elements (e.g. C, N, Cl, Bi, Ag, Ta, etc.), the 

C-TiO2
15-18 has received special attention after S. Sakthivel, et al.19 reported that 

carbon doped particles presented five times higher active than that of nitrogen-doped 

TiO2 in the degradation of 4-chlorophenol under visible light irradiation. According to 

the density functional theory calculations within the generalized gradient 

approximation reported by C.D. Valentin, et al.,20 carbons can be doped into TiO2 

lattice and then strongly enhance the visible light absorption of TiO2 via substituting 

oxygen sites or getting into the interstitial positions of TiO2, which is due to the 

introduction of series of localized occupied states into the band gap of TiO2 lattice. Y. 

Park, et al.21 presented that high visible light induced photocatalytic performance of 

C-TiO2 has been successfully realized by a conventional sol-gel synthesis. F. Dong, et 

al.22 demonstrated that mesoporous C-TiO2 nanomaterials with an anatase phase can 

be prepared by a one-pot green synthetic approach using sucrose as a carbon doping 

source. H. Irie, et al.23 reported that carbon doped anatase TiO2 powders were 
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obtained by oxidizing commercial TiC powders under O2 flow at 600oC. However, to 

the best of our knowledge, most of the C-TiO2 products are prepared in the presence 

of extra carbon raw materials (tetrabutylammonium hydroxide, sucrose, urea, glucose), 

high heating temperature or without consideration of effect of ethanol from the 

reaction solution.  

  On the other hand,  air pollution by NOx, SO2, CO, etc. has become more and 

more serious due to the use of liquefied petroleum gas cooking stoves, infiltration 

from nearby vehicular emissions and the combustion of nitrogen gas with oxygen in 

the air with the rapid development of society.16 Generally, these pollutants were 

mainly disposed by remediation techniques, including adsorption and filtration 

methods, which have very low efficiency to remove gases and also have disposal and 

regeneration problems. Therefore, photocatalysis as a green process would be a 

promising method for the disposition of poison gas. 24, 25  

  In this section, C-TiO2 with high visible light photocatalytic activities has been 

prepared by a facile calcination assisted solvothermal method using titanium 

tetra-n-butoxide or titanium (III) chloride and ethanol as raw materials without the 

addition of any other carbon precursors. Meanwhile, the effect of ethanol used as a 

reaction solution on the carbon doping in the TiO2 was also studied. Furthermore, the 

decomposition of NO gas and degradation of methyl orange have been employed to 

investigate the photocatalytic activity of C-TiO2. 26  

2.1.1.2 Experimental 

2.1.1.2.1 Sample preparation 

C-TiO2 nanoparticles have been successfully prepared by a facile calcination 

assisted solvothermal method. In a typical solvothermal synthesis process, 13 ml 

titanium tetra-n-butoxide were added dropwise to 35 ml ethanol/water (30:5) mixed 

solution with continuous stirring for 30 min. Subsequently, the solution was 
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transferred into a 100 mL Teflon-lined stainless steel autoclave and heated at 190oC 

for 2h. After that, the products were centrifuged, washed with distilled water and 

ethanol four times, respectively, followed by drying in a vacuum oven at 60oC 

overnight. The as-prepared white precursor powder was designated as CT-BE. Then, 

CT-BE sample was calcined at 165, 265 and 400oC for 1h in a muffle furnace, and the 

products were designated as CT-BE-165, CT-BE-265 and CT-BE-400, respectively. 

For comparison, two samples were also fabricated by the similar process using 

titanium (III) chloride as Ti resource and different solvents, such as mixed 

ethanol/water (30:5) solution and pure distilled water at 190oC for 2h, followed by 

calcination at 265oC for 1h, and the products were designated as CT-CE-265 and 

T-CW-265, respectively. The sample names and concrete synthesis conditions are 

listed in Table 2-1. 

Table 2-1. Detailed synthesis conditions of the samples.  

Sample 
name 

Ti source Solvent 
Calcined 

temperature 

(oC) 
Titanium 

tetra-n-butoxide 
(ml) 

Titanium(III) 
chloride     

(ml) 

Ethanol    
(ml) 

Distilled 
Water (ml) 

CT-BE                                             13 0 30 5 None 

CT-BE-165 13 0 30 5 165 

CT-BE-265 13 0 30 5 265 

CT-BE-400 13 0 30 5 400 

CT-CE-265 0 10 30 5 265 

T-CW-265 0 10 0 35 265 

Note: The first C indicates carbon doping; T indicates Ti; B indicates titanium tetra-n-butoxide; E 

indicated ethanol; the second C indicates titanium chloride; W indicates distilled water.  

2.1.1.2.2 Characterization 

The crystalline phases of the products were identified by X-ray diffraction analysis 

(XRD, Bruker AXS D2 Phaser) using graphite-monochromized CuKα radiation. The 
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UV–Vis diffuse reflectance spectra (DRS) were measured out using a UV–vis 

spectrophotometer (Shimadazu, UV-2450). The specific surface areas were 

determined by the BET method (Quantachrome Instruments, NOVA4200e). The size 

and shape of the nanoparticles were observed by transmission electron microscopy 

(TEM, JEOLJEM-2010). FT-IR measurements were conducted by using the FTS7000 

series (DIGILIB). The surface compositions and binding energies of the samples were 

determined by X-ray photoelectron spectroscopy (XPS, Perkin Elmer PHI 5600). The 

shift of the binding energy owing to relative surface charging was corrected using the 

C 1s level at 284.6 eV as an internal standard and Ar+ sputtering was employed to 

clean the surface of samples. 

2.1.1.2.3 Photocatalytic activity tests 

The photocatalytic activity of C-TiO2 was investigated by evaluating the 

decomposition of NO (deNOx) using a flow type reactor under irradiation of a 450 W 

high pressure mercury lamp at room temperature. The photocatalyst was spread in the 

hollow (20 mm×16 mm×0.5 mm) of a glass plate and then was placed at the bottom 

center of the reactor (373 cm3 of internal volume) in which a 1:1 mixed gas of air and 

nitrogen containing 1 ppm of NO was flowed at the rate of 200 cm3 min-1. The sample 

powder was kept in the dark for 30 min to reach the adsorption and desorption 

equilibrium of NO gas. After that, the mercury light was turned on to irradiate the 

sample, where the light wavelengths were controlled by several filters: Pyrex glass 

for > 290 nm, Kenko L41 Super Pro (W) filter > 400 nm and Fuji triacetyl cellulose 

filter >510 nm. The measuring time for each sample under each wavelength was 10 

min.18 The concentration of NO was checked by a NOx analyzer (Yanaco, ECL-88A).  

In addition, the degradation of methyl orange (MO) was also used to characterize 

the photocatalytic activity of samples under the irradiation of 300W simulated solar 

light (ASAHI SPECTRA HAL-302) with a 400 nm cut-off long-pass filter. The 

experiment was carried out at the ambient temperature. The same amount (0.05 g) of 

sample powder was introduced into a 50 mL of 15 mg/L MO solution. Before 
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irradiation, the MO aqueous solution was stirred for 1h in the dark to reach the 

adsorption–desorption equilibrium for MO. At the desired illumination time intervals, 

5 mL suspensions were withdrawn and then centrifuged to remove the sample 

particles. The concentration of MO was monitored by recording the maximum 

absorbance of MO at 464 nm with a UV-Vis spectrohotometer. 

2.1.1.3 Results and discussion 

2.1.1.3.1 The effect of post solvothermal heating temperature on 

the carbon doping in TiO2 

 

Figure 2-1. (A) XRD patterns of C-TiO2 samples (the inset is the TEM image of 

CT-BE-265), (B) the amplified diffraction profiles in the range from 24 to 27 o. (a) 

CT-BE (without calcination), (b) CT-BE -165, (c) CT-BE -265, (d) CT-BE -400. 

Figure 2-1 shows the XRD patterns of C-TiO2 samples prepared by the 

solvothermal reaction followed by calcinations at different temperatures and 

corresponding TEM image for sample CT-BE-265. From Fig. 2-1 (A), it can be 

clearly seen that all the diffraction peaks could be indexed to the anatase phase of 
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TiO2 (JCPDS file No. 21-1272) and no other impurity peaks were appeared. The 

average crystallite sizes of CT-BE, CT-BE-165, CT-BE-265 and CT-BE-400 were 

calculated from the full widths at half-maximum of the (101) peak according to the 

Scherrer equation (D=0.9λ/(βcosθ)) as 11.5, 11.6, 11.7 and 12.2 nm, respectively, 

indicating the average particle of samples increased a little with the increase of post 

solvothermal reaction heating temperature. In addition, it could be found that the 

particle size of CT-BE-265 agreed well with that observed from inserted TEM image. 

Fig. 2-1 (B) demonstrates the enlarged diffraction region of corresponding samples 

between 24 and 27 o. It is apparent that when the samples were calcined at 165 and 

265oC, the (101) peak shifted a little to the lower degree compared with that of sample 

without calcination, and the corresponding lattice parameter changed from a=3.7917 

Å, c=9.5040 Å (sample CT-BE) to a=3.8108 Å, c=9.5432 Å (sample CT-BE-165) and 

a=3.8197 Å, c=9.5486 Å (sample CT-BE-265). This shift may be mainly due to the 

carbon doping in the TiO2 lattice, since the bond length of Ti-C (2.008 and 2.217 Å) is 

longer than that of Ti-O (1.942 and 2.002 Å), and the radius of C4- is also larger than 

that of O2- in the TiO2 lattice.20 However, when the sample was calcined at 400 oC, the 

position of (101) peak shifted back to the original position of the sample CT-BE. It 

should be assigned to the release of doped carbon from TiO2 lattice at a high 

temperature.21 

The diffuse reflectance spectra and corresponding Kubelka–Munk plots of CT-BE, 

CT-BE-165, CT-BE-265 and CT-BE-400 are displayed in Fig. 2-2. As shown in Fig. 

2-2 (A), it is clear that the visible light absorption from 400 to 800 nm increased with 

an increase in heating temperature up to 265oC, but decreased dramatically at 400oC 

to that of CT-BE. The band gap energy of CT-BE, CT-BE-165, CT-BE-265 and 

CT-BE-400 were determined as 3.11, 2.39, 2.78 and 3.01eV, respectively, by the 

intercept of the plots of (αhυ)1/2 versus photon energy (hυ) (in Fig. 2-2 (B)).6 

Meanwhile, the corresponding color of four samples changed as white, brown, deep 

brown and white, respectively. The enhancement of visible light absorption for 

CT-BE-165 and CT-BE-265 should be ascribed to the carbon doping in the TiO2 
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lattice, which would introduce a series of localized occupied states into the band gap 

of TiO2 lattice, leading to the strong visible light absorption.20 As for CT-BE-400, its 

reflectance spectra became similar to that of CT-BE, since the doped carbon was 

eliminated from the TiO2 lattice by the high temperature calcination. These light 

absorption profiles were nicely consistent with the XRD results. 

 

Figure 2-2. (A) Diffuse reflectance spectra of (a) CT-BE (without calcination), (b) 

CT-BE-165, (c) CT-BE-265, (d) CT-BE-400, and (B) the Kubelka–Munk plots for the 

corresponding reflectance spectra of samples. 

 

Figure 2-3. The FTIR spectra of (a) CT-BE (without calcination), (b) CT-BE-165, (c) 

CT-BE-265 and (d) CT-BE-400. 

Figure 2-3 represents the FTIR spectra of CT-BE, CT-BE-165, CT-BE-265 and 

CT-BE-400. The peak at about 3120 cm-1 is attributed to the stretching vibration mode 
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of hydroxyls and adsorbed water, and the peak located at 1635 cm-1 is ascribed to 

bending vibration mode of O-H bond from hydroxyls and adsorbed water.27 It can be 

obviously seen that when the sample was calcined at above 265 oC, the peak at 2958 

cm-1 belonged to C-H bond disappeared, due to the decomposition of organics at the 

high temperatures. More importantly, FTIR spectra of CT-BE, CT-BE-165 and 

CT-BE-265 had a common peak at about 1430 cm-1, which can be assigned to a 

carbon-related substrate. However, this peak didn’t appear in the FTIR profile of 

CT-BE-400, indicating the complete decomposition of carbonaceous materials at 400 

oC. 

2.1.3.2 Effect of Ti source and solvent on the characteristics of TiO2 

 

 

Figure 2-4. XRD patterns of (a) C-TiO2 prepared by the solvothermal reaction using 

titanium tetra-n-butoxide and ethanol/water mixed solution followed by calcination at 

265 oC (CT-BE -265), (b) C-TiO2 prepared by the solvothermal reaction using TiCl3 

and ethanol/water mixed solution followed by calcination at 265 oC (CT-CE-265), (c) 

undoped TiO2 prepared by the solvothermal reaction using TiCl3 and pure water 

followed by calcination at 265 oC (T-CW-265). 
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Figure 2-4 shows the XRD patterns of CT-BE-265, CT-CE-265 and T-CW-265 

synthesized by different Ti sources and solvents followed by the calciantion at 265 oC. 

Although CT-BE-265 prepared using titanium tetra-n-butoxide and ethanol/water 

mixed solution consisted of the single phase of anatase, CT-CE-265 prepared using 

titanium (III) chloride and ethanol/water mixed solution consisted of a rutile/brookite 

mixed phase. Besides, undoped titania, T-CW-265 produced using raw materials 

including no carbon element, such as titanium (III) chloride and pure distilled water 

consisted of a pure rutile phase.  

 

Figure 2-5. (A) Diffuse reflectance spectra of (a) C-TiO2 prepared by the 

solvothermal reaction using titanium tetra-n-butoxide and ethanol/water mixed 

solution followed by calcination at 265 oC (CT-BE-265), (b) C-TiO2 prepared by the 

solvothermal reaction using TiCl3 and ethanol/water mixed solution followed by 

calcination at 265 oC (CT-CE-265), (c) undoped TiO2 prepared by the solvothermal 

reaction using TiCl3 and pure water followed by calcination at 265 oC (T-CW-265), 

and (B) the Kubelka–Munk plots for the corresponding reflectance spectra.  

The diffuse reflectance spectra and Kubelka–Munk plots of CT-BE-265, 

CT-CE-265 and T-CW-265 are illustrated in Fig. 2-5. It could be seen that in addition 

to CT-BE-265 (2.39 eV), CT-CE-265 also presented nice visible light absorption with 

a small band gap of 2.84 eV, which was owing to carbon doping in the TiO2 lattice. 

These results suggested that the doped carbon in TiO2 can come from not only 

titanium tetra-butoxide used as a Ti source but also ethanol used as a solvent. As 
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expected, the undoped titania, T-CW--265 prepared using the Ti source and solvent 

including no carbon element demonstrated only UV light absorption.  
 

2.1.3.3 XPS analysis 

The XPS measurements were employed to investigate the chemical state and 

binding energy of the elements for three representative samples. Fig. 2-6 shows the 

XPS surveys, C 1s, O 1s and Ti 2p XPS spectra of CT-BE (a), CT-BE-265 (b) and 

CT-CE-265 (c). The peaks of C, O and Ti could be obviously seen in the survey 

spectrum of three samples (Fig. 2-6 (A)). All peaks in three samples were similar 

except for the relative intensity. Especially, the relative intensity of C 1s increased as 

CT-BE < CT-CE-265 < CT-BE-265 (inset), indicating that sample CT-BE-265 

contains the highest carbon content. Fig. 2-6 (B) displays the C 1s XPS spectra of the 

CT-BE (a), CT-BE-265 (b) and CT-CE-265 (c). CT-BE showed three peaks at 285.6, 

284.6 and 281.6 eV. The peak around 285.6 eV is attributed to the elemental carbon, 

which had the same binding energy as that of carbon in the graphite intercalation 

compound.6, 28 The peak at 284.6, which was also appeared in CT-BE-265 and 

CT-CE-265, could be ascribed to adventitious carbon species from the XPS 

measurement. While the peak at 281.6 eV with low intensity is close to the C 1s peak 

reported for TiC (218.8 eV),18,23,29 indicating the C-Ti bond formation in the sample 

CT-BE. However, according to XRD, DRS results and the color of samples, it can be 

learned that the carbon was not doped into the inner TiO2 lattice in CT-BE. In addition, 

if carbon was doped into inner TiO2 lattice, the binding energy of C-Ti should be 

shifted to higher energy (about 282 eV). It is well known that the electronegativity of 

carbon is smaller than that of oxygen. As carbon was doped into TiO2 lattice by 

substituting the O site, the O-Ti-C bond would be formed, and the electron density 

around Ti atom should be decreased compared to that in C-Ti-C bond of TiC, which 

led to the shift of binding energy of C-Ti bond to higher energy.  
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Figure 2-6. The XPS spectra of (A) survey, (B) C 1s , (C) O 1s and (D) Ti 2p of (a) 

C-TiO2 prepared by the solvothermal reaction using titanium tetra-n-butoxide and 

ethanol/water mixed solution without calcination (CT-BE), (b) C-TiO2 prepared by 

the solvothermal reaction using titanium tetra-n-butoxide and ethanol/water mixed 

solution followed by calcination at 265 oC (CT-BE-265), (c) C-TiO2 prepared by the 

solvothermal reaction using TiCl3 and ethanol/water mixed solution followed by 

calcination at 265 oC (CT-CE-265), and the inset plots in (A) are the corresponding 

enlarged region of (A) from 270 to 300 eV.  
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However, the binding energy of C-Ti did not shift to higher energy in the sample 

CT-BE.27, 30, 31 Based on the above mentioned reasons, we deduced that the C-Ti bond 

should be formed only on the surface of CT-BE, which probably produced by the 

reaction happened between elemental carbon (285.6 eV) and surface TiO2 during Ar+ 

sputtering. The carbon concentration in the C-Ti bond of CT-BE was determined as 

0.6 at. %. As for CT-BE-265 and CT-CE-265, the peak at 284.6 eV belonged to 

environmental carbon were also appeared but the elemental carbon peaked at 285.6 

eV was disappeared in both samples, indicating that the elemental carbon in the 

sample had been eliminated or formed new bond with other atoms during the post 

solvothermal reaction calcination. Furthermore, the peak at 282 eV appeared in 

CT-BE-265 and CT-CE-265, which was also attributed to the binding energy of C-Ti 

bond.27, 30 According to the above explanation, from the peak at 282 eV, it could be 

confirmed that carbon had been successfully doped into TiO2 lattice by forming an 

O-Ti-C bond, i.e., carbon replaced the oxygen site in the TiO2 lattice. The doped 

carbon concentrations in CT-BE-265 and CT-CE-265 were determined to be 0.42 and 

0.20 at. %, respectively. 

The O 1s XPS spectra of CT-BE, CT-BE-265 and CT-CE-265 is demonstrated in 

Fig. 2-6 (C). The peak around 532.0 eV, which was assigned to OH groups,32, 33 

appeared in all samples. The binding energy at 530.2 eV in CT-BE was ascribed to 

Ti-O band. This peak of CT-BE-265 and CT-CE-265 shifted to higher energy of 530.6 

eV, which was due to the formation of oxygen vacancies in the TiO2 lattice.34-36 When 

C4- was doped into TiO2 lattice by substituting O2- site, some oxygen vacancies would 

be produced simultaneously to compensate the charge balance. Consequently, the 

electron density around O atoms and Ti atoms in TiO2 decreased and then led to the 

enhancement of binding energy for O 1s and Ti 2p. Therefore, the same shift 

happened in the Ti 2p XPS spectra. Five peaks appeared at 454.7, 456.6, 458.5, 460.6 

and 464.0 eV in CT-BE, which are corresponded to the binding energy of Ti2+, Ti3+, 

Ti4+, Ti2+ and Ti4+, respectively. The peak positions of CT-BE-265 and CT-CE-265 

shifted to 455.1, 457.0, 459.0, 461.0 and 464.4 eV (Fig. 2-6 (D)).37 The appearance of 
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Ti2+ and Ti3+ in TiO2 lattice is owing to the Ar+ sputtering during the XPS 

measurement.38,39    

The particle sizes, BET specific surface areas, phase compositions, band gap 

energies and C doping concentrations of the samples are listed in Table 2-2. 

Table 2-2. Particle sizes, BET specific surface areas, phase compositions, band gap 

energies and C doping concentrations of the as-prepared samples.  

Sample  

No. 

Particle           

size (nm) 

B.E.T.     

(m2g-1) 

Phase Band gap 

(eV) 

Doped C 

concentration   

(at%) 

CT-BE                                             11.5 135.3 Anatase 3.11 0.06 

CT-BE-165 11.6 131.5 Anatase 2.78 --- 

CT-BE-265 11.7 128.1 Anatase 2.39 0.42 

CT-BE-400 12.2 116.6 Anatase 3.01 --- 

CT-CE-265 17.2 65.2 Brookite+Rutile 2.84 0.20 

T-CW-265 21.6 55.3 Rutile 2.96 None 

2.1.1.3.4 Visible light induced photocatalytic activities  

 

Figure 2-7. DeNOx ability of CT-BE (without calcination) (a), CT-BE-165 (b), 

CT-BE-265 (c), CT-BE-400 (d), P25 (e) and N-TiO2 (f). 
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The photocatalytic activities of C-TiO2 samples prepared by post solvothermal 

heating at different temperatures were investigated by the oxidative destruction of NO 

and the degradation of methyl orange. Fig. 2-7 shows the deNOx ability of CT-BE (a), 

CT-BE-165 (b), CT-BE-265 (c), CT-BE-400 (d), P25 (e) and N-TiO2 (f) prepared by 

the conventional solvothermal method using TiCl3, HMT and ethanol as raw materials, 

where the different wavelength lights (>510 nm, >400 nm and >290 nm) were 

irradiated to the samples. From Fig. 2-7, it can be clearly seen that the deNOx ability 

of CT-BE were about 4%, 23% and 60% under the irradiation of light 

wavelength >510 nm, >400 nm and >290 nm, respectively. By heating CT-BE, the 

visible light induced deNOx ability greatly increased, i.e., the deNOx ability of 

CT-BE-165 and CT-BE-265 under the irradiation of visible light (>510 nm) were 32 

and 38%, respectively. This is mainly attributed to the enhancement of visible light 

absorption (in Fig. 2-2) and also probably due to the effect of oxygen vacancies 

induced by carbon doping. Because the oxygen vacancies could introduce some defect 

levels between the conduction band and valence band of TiO2, resulting in the visible 

absorption of TiO2.40-43 However, the calcination at a too high temperature resulted in 

the decrease in the activity, i.e., the ability of CT-BE-400 was only 7% due to the 

elimination of doped carbon. Consequently, the sample CT-BE-265 presents the best 

performance for the visible light induced deNOx destruction, which is even superior to 

N-TiO2.  

The oxidative destruction of NO by CT-CE-265 and T-CW-265 with the 

comparison of CT-BE-265 and P25 is displayed in Fig. 2-8. It is apparent that when 

TiCl3 was used as the Ti source instead of titanium tetra-n-butoxide, the deNOx ability 

under visible light (>510 nm) decreased to 19%, which is assigned to the relatively 

lower carbon doping concentration of CT-CE-265 compared to that of CT-BE-265. 

While T-CW-265 showed the lowest deNOx activity because of the absence of carbon 

doping, i.e., poor visible light absorption ability. Therefore, it might be confirmed that 

the high visible light induced deNOx ability of the samples might be due to the carbon 

doping in the TiO2 lattice, leading to the narrowing of band gap and introduction of 
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oxygen vacancies in TiO2. The stability of photocatalytic activity of CT-BE-265 was 

evaluated as shown in Fig. 2-9, and it was confirmed that no noticeable degradation of 

the photocatalytic performance was observed after three cycles. 

 

Figure 2-8. DeNOx ability of C-TiO2 prepared by the solvothermal reaction using 

titanium tetra-n-butoxide and ethanol/water mixed solution followed by calcination at 

265 oC (CT-BE-265) (a), C-TiO2 prepared by the solvothermal reaction using TiCl3 

and ethanol/water mixed solution followed by calcination at 265 oC (CT-CE-265) (b), 

undoped TiO2 prepared by by the solvothermal reaction using TiCl3 and pure water 

followed by calcination at 265 oC (T-CW-265) (c), and P25 (d). 

 

Figure 2-9. The multi-cycles of deNOx ability of C-TiO2 prepared by the 

solvothermal reaction using titanium tetra-n-butoxide and ethanol/water mixed 

solution followed by calcination at 265 oC (CT-BE-265).  

The mechanism of deNOx reaction of C-TiO2 samples might be explained as 
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follows.10, 44, 45 First of all, the C-TiO2 photocatalyst irradiated by suitable light with 

the energy of hυ, produces a pair of hole and electron in TiO2 lattice. The 

photogenerated hole in the conduction band will be trapped by water in the air to 

generate hydroxyl radicals •OH.46 Meanwhile, the photoinduced electron in the 

valence band will form •O2
- in the presence of oxygen. When NO gas flows through 

the surface of TiO2 powders, the NO will be oxidized by •OH, •O2
- and finally 

transferred to HNO2 or HNO3 which might be easily eliminated by water (eqs 

2-1---eqs 2-6), and the corresponding schematic diagram is shown in Fig. 2-10. It is 

noteworthy that the influence of oxygen vacancies on the photocatalytic activity of 

TiO2 as described above was not depicted in Fig. 2-10. Because this effect was 

probably existed in this work. However, the position of oxygen vacancy related defect 

levels in the band gap of TiO2 are still contradiction that some researchers thought this 

level should be located below the conduction band of TiO2 43,47 but others deduced 

this level should be situated above the valence band of TiO2.42, 48 In addition, it has 

been reported that about 20% of NO can also be directly decomposed into N2 and O2 

under the irradiation of light. 49  

 

Figure 2-10. Schematic illustration of the photocatalytic process on C-TiO2. 

TiO2 + hυ → TiO2*( h+
VB + e-

CB)                           (2-1) 

h+
VB + H2O →•OH + H+                                  (2-2) 

e- 
CB + O2 →•O2

-                                        (2-3) 

NO + 2•OH → NO2 + H2O                                (2-4) 
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NO2 + •OH → NO3
- + H+                                  (2-5) 

NOx + •O2
- → NO3

-                                       (2-6) 

 

Figure 2-11. The photocatalytic activity for MO degradation of C-TiO2 prepared by 

the solvothermal reaction using titanium tetra-n-butoxide and ethanol/water mixed 

solution followed by calcination at 265 oC (CT-BE-265) (a), Blank without sample (b), 

P25 (c) and N-TiO2 (d) (light source λ>400 nm). 

In addition to the deNOx ability, the degradation of MO by CT-BE-265, P25 and 

N-TiO2 as well as a blank test under visible light irradiation is also shown in Fig. 2-11. 

It is explicit that the degradation of MO was due to the addition of the photocatalyst, 

since no noticeable destruction of MO was observed by the blank test. Furthermore, 

The MO was degraded about 98% by CT-BE-265 within 120 min under the visible 

light (>400 nm), which is much higher than that of P25 and N-TiO2. The color change 

of corresponding MO solution was also displayed in the inset. It implies that C-TiO2 

samples presented the very good destruction ability on not only NO gas but also MO 

solution, being much superior to P25 and N-TiO2.26 
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2.1.2 Preparation of visible light induced C doped TiO2 

with multi-phases 

2.1.2.1 Introduction 

As introduced above, TiO2 has three common polymorphs, including anatase, rutile 

and brookite. Owing to the various crystal structure and other physical properties, 

three phases of TiO2 exhibit obvious difference for photocatalytic activity. Anatase 

presents the best performance followed by rutile and brookite. It is well 

acknowledged that the most popular photocatalyst in industry is commercial P25 TiO2 

rather than anatase TiO2, which is owing to the unique constitution of P25 that 

consists of ca. 71% of anatase and ca. 29% of rutile. The anatase and rutile have 

different band gaps and subsequently various VB and CB positions. In this case, the 

composite formed by anatase and rutile can present a nice separation ability for charge 

carriers in comparison of solely anatase and rutile phases of TiO2. Nevertheless, the 

P25 still exhibits poor visible light induced photocatalytic activity because of limited 

light-harvesting ability. In this section, an excellent visible light responsive TiO2 with 

multi-phase has been prepared by a post-solvothermal reaction calcination method.  

2.1.2.2 Experimental 

2.1.2.2.1 Sample preparation 

Series of C-TiO2 with different morphologies have been prepared by solvothermal 

method with the help of post-solvothermal reaction calcination as follows: Firstly, 8 

mL titanium tetra-n-butoxide were added into 0.5 mL concentrated HCl solution with 

severely stirring. After 10 min, 40 mL oleic acid was introduced into the above mixed 

solution with another 30 min strong stirring followed by dropwise adding 2 mL water 

and different volumes of acetic acid (0, 1, 2, 4, 8 mL). Subsequently, the solution was 

transferred into a 100 mL Teflon-lined stainless steel autoclave and heated at 180oC 
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for 12h. Finally, the particles were centrifuged, washed with distilled water and 

ethanol four times, respectively, followed by drying in a vacuum at 60oC overnight. In 

order to induce the carbon doping, the dried particles were calcined at 350oC for 1h. 

2.1.2.2.2 Photocatalytic activity tests 

The photocatalytic activity of C-TiO2 with multi-phase was evaluated by measuring 

the destruction ability of NO (deNOx) using a continuous flow type reactor under 

irradiation of a 300 W simulated solar light (ASAHI SPECTRA HAL-302) at room 

temperature. 

2.1.2.3 Results and discussion 

 

Figure 2-12. XRD patterns of C-TiO2 particles with respect to the added acetic acid 

volume. 

Fig. 2-12 shows the XRD patterns of C-TiO2 samples as a function of the acetic 

acid contents. It can be clearly seen that the sample prepared without the addition of 
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acetic acid in the reaction solution exhibited the pure rutile phase, while after 

inroducing the acetic acid to the solvent, some diffraction peaks belonged to anatase 

phase appeared in addition to those attributed to rutile phase. Furthermore, with the 

increment of acetic acid content, the ratio of anatase phase increased. As 8 mL acetic 

acid was induced, a pure anatase phase could be obtained, indicating that the phases 

of TiO2 crystal could be nicely tuned by adjusting the concentration of acetic acid in 

the solvothermal reaction solution.  

 

Figure 2-13. TEM images of C-TiO2 products prepared by various acetic acid 

volumes of 0 mL (a), 1 mL (b), 2 mL (c), 4 mL (d), 8 mL (e), respectively, and the 

HRTEM image of sample prepared by 2 mL acetic acid. 

The corresponding TEM images of samples synthesized by different contents of 

acetic acid are presented in Fig. 2-13. As seen in this figure, it is explicit that the 

sample prepared without the addition of acetic acid (Fig. 2-13 (a)) showed a nanorod 

shape with the specific surface area of 39.6 m2g-1; as the acetic acid was introduced 

(a) (b) (c) 

(d) (e) 

(f) 
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into the reaction solvent, some of nanoparticles appeared. Furthermore, the amount of 

nanoparticles increased with rising acetic acid contents and when 8 mL acetic acid 

was used (Fig. 2-13 (e)), only nanoparticles were produced. The tendency of the 

morphology change corresponds well with the change in the crystalline phase as 

shown in Fig. 2-12. Besides, the specific surface area of samples fabricated by using 0 

(Fig. 2-13 (a)), 1 (Fig. 2-13 (b)), 2 (Fig. 2-13 (c)), 4 (Fig. 2-13 (d)), 8 mL (Fig. 2-13 

(e)) of acetic acid also greatly increased from 39.6 to 50.3, 60.4, 100.5, 137.2 m2g-1, 

respectively. On the other hand, the HRTEM image of sample prepared by using 2 mL 

acetic acid was also illustrated in Fig. 2-13 (f). It can be seen that the nanorod was 

corresponding to the rutile phase of TiO2, whereas the nanoparticle was assigned to 

the anatase phase of TiO2. Therefore, based on the XRD, TEM and HRTEM results, 

we can confirm that the change of sample morphologies by tuning the acetic acid 

contents in the solvothermal reaction solvent was perfectly consistent with that of 

sample phases. As we all know, the rutile phase of TiO2 is generally produced in the 

low pH value of acid solution, while the anatase is preferred to produce in the high pH 

value of base solution. Because the acidic condition is commonly beneficial for the 

corner share of [TiO6] octahedron units, while the basic condition is an advantage for 

the edge share of [TiO6] octahedron units; moreover, the formation of anatase TiO2 is 

needed much more edge share of [TiO6] octahedron units in crystal than that of rutile 

TiO2.50 Regarding the research in this work, the pure rutile phase of TiO2 was 

normally obtained under the strong acid solution since the oleic acid and concentrated 

HCl were used as reaction solution. However, when the acetic acid was added to 

further increase the acidic condition, the anatase phase of TiO2 appeared inversely, 

and as 8 mL of acetic acid was induced, a pure anatase phase of particle was obtained 

instead of rutile phase. This abnormal phenomenon should be owing to the reason as 

follows: in the hydrothermal or solvothermal reaction, the formation of crystal 

generally happens by the dissolution-precipitation process that the small particle is, 

firstly, dissolved by surface protonation or hydroxylation and then the most stable 

phase in this aqueous solution will reprecipitate to produce larger crystal. In this 
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pathway, the phase with relatively higher free energy prefers to dissolve, while the 

phase with relatively lower surface energy intends to precipitate. Regarding the 

solution chemistry, Ti4+ species in aqueous solution will be octahedrally coordinated 

by using vacant “d” orbitals of Ti4+ to obtain electrons from nucleophilic ligands such 

as H2O or –OH groups, forming species as [Ti(OH)n(H2O)6-n](4-n)+.50 When the 

reaction temperate increases, the mononuclear structure is going to dehydrate and 

condense to form special amorphous TiO2·nH2O species, which includes a 

metal-oxo-polymer (Ti-O-Ti) network. The key point for the formation of kinds of 

phase is mainly determined by the process of octahedral coordination in the beginning. 

Furthermore, the types of octahedral coordination can be significantly affected by the 

pH of the reaction solution and the addition of species utilizing as complexing agents. 

51-53 In this work, there was no big difference in the pH value before and after the 

addition of acetic acid in the reaction solution since the original oleic acid and 

concentrated HCl mixed solution presented high acidity, and the introduction of weak 

acetic acid does not cause large change in pH value of this solution. Therefore, the 

change of phase from rutile to anatase in the presence of acetic acid should be 

dominantly attributed to the effect of acetic acid related complexing agents. As a 

result of the various co-ordination ability and spatial steric effects of anions such as F-, 

Cl-, NO3
- and organic species, etc., it will present different bonding modes of the 

linkage of six-fold coordinated monomers under the various anions. These induced 

complexing agent of anion in the reaction solution can replace the H2O and -OH 

species to form difference ΞTi–anion modes, finally leading to different phases.53 In 

this experiment, the addition of acetic acid as a special complexing agent was 

beneficial for the formation of anatase phase. As for the change of morphology as the 

transformation of phases, it should be assigned to the nature of rutile and anatase 

phases that in most cases, the rutile prefers to form nanorod and anatase intends to 

form rounded shapes. Because the rutile has 42 screw axes along with the 

crystallographic c-axis. This unique structure derives the crystal growth in this 

direction to form nanorod with a {110} explored faces as shown in Fig. 2-13 (f). 54,55 
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Figure 2-14. DRS of C-TiO2 multi-phase particles varied with the content of acetic 

acid.  

The DRS of C-TiO2 with multi-phase synthesized by employing different volumes 

of acetic acid is exhibited in Fig. 2-14. It is explicit that the sample fabricated without 

the induction of acetic acid presented very poor visible light absorption capability 

because of the wide band gap of pristine rutile TiO2. However, when the acetic acid 

was introduced into the reaction solution, the visible light-harvesting ability was 

significantly improved. Furthermore, as 2 mL acetic acid was added, the sample 

displays the optimal light-harvesting activity with rutile/anatase mixed phases, which 

should be owing to the C doping in TiO2 induced by post-solvothermal reaction 

calcination as explained in the above section 2.1. Nevertheless, further increasing 

acetic acid content, the visible light absorption dramatically decreased. This 

interesting phenomenon is probably as a result of that the multi-phase was beneficial 

to connect much more carbonaceous species on the surface and finally led to much 

more doped C contents after calcination. According to the XPS calculation, about 0.20 

at% of C was doped in the sample prepared with the addition of 2 mL acetic acid and 

only 0.08 at% for 4 mL acetic acid added one.  

The corresponding photocatalytic activity of C-TiO2 with multi-phase evaluated by 

the continuous NO destruction under the irradiation of simulated solar light is 
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presented in Fig. 2-15. It can be clearly seen that C-TiO2 with pure rutile phase 

prepared by 0 mL acetic acid presented the relatively better deNOx ability than that of 

commercial P25. As the acetic acid was introduced to form multi-phase of C-TiO2 

particles, the visible light induced photocatalytic activity of the samples was further 

improved, and when 2 mL acetic acid was added, the sample revealed the best 

photoctalytic destruction ability, followed by a little bit decrement with the elevation 

of acetic acid content. The high efficiency of photocatalytic activity for C-TiO2 with 

multi-phase should be owing to the much improved visible light absorption capability 

and also the formation of heterostructure consisting of rutile and anatase phase to 

enhance the separation ability of charge carriers. Therefore, in this section, it can be 

learned that the much improved visible light induced photocatalytic activity of TiO2 

has been successfully realized by forming multi-phase and introducing C doping 

simultaneously. 
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Figure 2-15. DeNOx ability of C-TiO2 samples prepared by using various acetic acid 

volumes.  
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2.1.3 Preparation of the whole visible light responsive C 

and Nd codoped TiO2 nanoparticles* 

2.1.3.1 Introduction 

Codoping with different types of ions has also been proposed by many researchers 

to reach some synergetic effects between co-doped ions. For instance, Huang, et al. 56 

reported that the photocatalytic activity of TiO2 could be further enhanced by Fe and 

N co-doping compared with that of N or Fe solely-doped TiO2 owing to the 

decrement of charge carriers recombination. Ding, et al.57 demonstrated that the 

visible absorption of TiO2 was able to be greatly increased by I and B co-doping, 

which eventually led to improved photocatalytic activity. However, there are still 

some shortages in doping, i.e., most of the dopants in photocatalysts cannot 

sufficiently extend the absorption of TiO2 into the whole visible range (390-780 nm) 

for photocatalysis and effectively separate the charge carriers. Therefore, the effective 

doping ways are still few and greatly required. 

In this section, Nd and C were, firstly, employed to co-dope in TiO2 by a facile 

calcination assisted solvothermal method, expecting to extend the absorption of TiO2 

into the whole visible range of solar light by introducing some C electron states above 

the valence band and some Nd electron states below the conduction band of TiO2 

simultaneously, and effectively separate the photogenerated hole-electron pairs via 

Nd/C co-doping or some synergetic effects between Nd and C doping. 58  

 

*Reprinted (adapted) with permission from (X. Y. Wu, S. Yin, Q. Dong, C. S. Guo, 

T. Kimura, T. Sato, J. Phys. Chem. C 2013, 117, 8345-8352.). Copyright (2013) 

American Chemical Society. 
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2.1.3.2 Experimental 

2.1.3.2.1 Sample preparation 

A series of C and Nd co-doped TiO2 (1 at.% Nd-C-TiO2, 2 at.% Nd-C-TiO2, 3 at.% 

Nd-C-TiO2 and 4 at.% Nd-C-TiO2) have been prepared by a simple calcination 

assisted solvothermal method. In a typical synthesis of Nd-C-TiO2 particles, an 

appropriate amount of Nd2O3 was dissolved in a concentrated nitric acid to form 

Nd(NO3)3 solution in a beaker, and then dried to get rid of remnant nitric acid and 

water. After that, 2.5 mL titanium tetra-n-butoxide and 10 mL ethanol were 

introduced to the beaker with continuous stirring for 30 min. Subsequently, 11.5 mL 

ethanol/water (10:1.5) mixed solution was added dropwise to above solution with 

another 30 min magnetic stirring before transferring into a 100 mL Teflon-lined 

stainless steel autoclave. Finally, the solution was heated at 190oC for 2h, and the 

products were separated by centrifugation, washed and calcined at 265oC for 1h in 

ambient condition. For comparison, the pure TiO2, Nd-TiO2 and C-TiO2 were also 

prepared by a similar process without the addition of Nd2O3 and calcination, with the 

addition of Nd2O3 and without calcination, and without the introduction of Nd2O3 and 

with calcination, respectively.  

2.1.3.2.2 Photocatalytic activity tests 

The photocatalytic activity of Nd-C-TiO2 was investigated by evaluating the 

decomposition of NOx (deNOx) in a flow type reactor under irradiation of a 300 W 

simulated solar light (ASAHI SPECTRA HAL-302) at room temperature.  

In addition, the degradation of MO was also used to characterize the photocatalytic 

activity of prepared samples under the irradiation of 300 W simulated solar light 

(ASAHI SPECTRA HAL-302) with a 400 nm cut-off long-pass filter. The experiment 

was carried out at the ambient temperature. The same amount (0.10 g) of sample 

powder was introduced into a 100 mL of 15 mg/L MO solution. Before irradiation, 
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the MO aqueous solution was stirred for 1h in the dark to reach the adsorption–

desorption equilibrium for MO. At the desired illumination time intervals, 5 mL 

suspensions were withdrawn and then centrifuged to remove the sample particles. The 

concentration of MO was monitored by recording the maximum absorbance of MO at 

464 nm with a UV-Vis spectrohotometer.  

2.1.3.3 Results and Discussion 

2.1.3.3.1 Characterization of prepared Nd, C co-doped TiO2 

photocatalysts 

 

Figure 2-16. (a) XRD patterns of prepared TiO2 based samples, (b) the amplified 

diffraction profiles in the range from 23 to 27 o.  

Figure 2-16 shows the XRD patterns of synthesized TiO2 based samples along with 

corresponding enlarged diffraction profiles ranging from 23 to 27 o. In Fig. 2-16 (a), it 

can be clearly seen that all the diffraction peaks of 7 samples were well indexed to the 

anatase phase of TiO2 (JCPDS file No. 21-1272). No crystalline phase assigned to 

neodymium oxides could be found, probably due to the reason that the Nd content in 
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the samples was out of detection limits of the XRD instrument, or the neodymium 

ions had been doped into TiO2 lattice. From corresponding enlarged profiles in Fig. 

2-16 (b), it can also be observed that the main (101) peak of carbon doped sample 

shifted a little to the lower degree compared with that of pure TiO2, which should be 

assigned to the carbon doping in the TiO2 lattice. Although the ionic radius of Nd3+ 

(0.098 nm) is much larger than that of Ti4+ (0.068 nm), no obvious shift was observed 

when Nd was doped in C-TiO2. However, the relative peak intensity greatly decreased 

and the corresponding full widths at half-maximum of the (101) peak significantly 

increased, indicating the decrease of particle size. The similar result has also been 

reported in others’ works.59,60 It is well known that without surface-bonding 

molecules the lattice parameters decrease in the nanoscale due to the quantitative 

decreasing of constituent bond length data61 and the large surface compressive stress 

in nanoparticles.62 Thus, no obvious XRD peak shift for Nd doped samples might be 

due to the co-effect of ionic radius difference (Nd3+ and Ti4+) and the reduced particle 

size.  
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Figure 2-17. Nd doping concentration dependence of particle sizes and specific 

surface areas of samples. 

The average crystallite size and specific surface area of as-prepared samples are 

shown in Fig. 2-17. The average crystallite sizes were calculated from the full widths 
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at half-maximum of the (101) peak according to the Scherrer equation 

(D=0.9λ/(βcosθ)). In this figure, it can be found that with the addition of Nd, the 

particle size of samples decreased, accompanying with the increment of the specific 

surface area. Following with the chemical bonding theory of single crystal growth,63 

the above results implied that the introduction of Nd would hamper the crystal growth 

of TiO2 and then led to the decrement of particle size and increment of specific 

surface area.62  

 

Figure 2-18. Diffuse reflectance spectra of prepared TiO2, C-TiO2, 2% Nd-TiO2 and 

2% Nd-C-TiO2 (A), the Kubelka–Munk plots for the corresponding reflectance 

spectra (B). 

Figure 2-18 shows the diffuse reflectance spectra and Kubelka-Munk plots of the 

prepared TiO2, C-TiO2, 2% Nd-TiO2 and 2% Nd-C-TiO2. It was explicit that C-TiO2 

displayed very good visible absorption with the relative band gap of 2.77 eV (Fig. 

2-18 B), which was much smaller than that of undoped TiO2 (3.13 eV). The 

enhancement of visible light absorption for C-TiO2 should be attributed to the carbon 

doping in the TiO2 lattice, in which a series of localized occupied states were 

introduced to the band of TiO2, resulted in the strong visible light absorption.40,41 

When Nd alone was doped into TiO2 lattice, we can observe an obvious red shift 

compared with that of undoped TiO2 sample. This red shift should be due to the 

charge transfer from O 2p to Nd 4f instead of Ti 3d. Because when Nd was doped into 
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TiO2 lattice, some of the new unoccupied molecular orbitals, which are located below 

the lowest edge of the conduction band of TiO2,64 would be formed. In addition, five 

extra absorption peaks located at 525, 582, 744, 803 and 874 nm corresponding to the 

f-f electron transitions of Nd3+ 65 were appeared in the DRS of Nd-TiO2 samples. 

More importantly, when Nd and C were co-doped in the TiO2, not only five 

absorption peaks belonged to Nd3+ transitions were appeared, but also the visible 

absorption had been dramatically enhanced in comparison with those of C-TiO2 and 

Nd-TiO2. The light absorption covered the UV and whole visible range of 200-900 nm. 

The significantly improved visible absorption of 2% Nd-C-TiO2 was probably 

because of the increased C doping content in the TiO2 accompanied with Nd 

co-doping.  

 

Figure 2-19. XPS spectra of Nd3d for Nd2O3 prepared by the same method as that of 

Nd-C-TiO2 without the addition of Ti source (a) and 2% Nd-C-TiO2 (b).  

The status of Nd3+ in the 2% Nd-C-TiO2 was studied by XPS analysis (see Fig. 

2-19). As shown in Fig. 2-19, it is clear that the pure Nd2O3 presented a strong peak at 

about 982.8 eV, corresponding to the binding energy of Nd-O in Nd2O3.66 When Nd3+ 

was co-doped into C-TiO2, this peak was shifted a little to the higher energy (983.5 
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eV), which should be due to the introduction of Nd3+ into TiO2 lattice. Because when 

Nd was doped into TiO2 lattice by substituting the Ti site, some Nd-O-Ti bonds would 

be formed in TiO2 instead of Nd-O-Nd bonds in Nd2O3. In this case, the binding 

energy of Nd-O would increase since the electronegativity of Nd is smaller than that 

of Ti.67 According to the XPS result, 1.54 at.% of Nd was existed in the sample of 2% 

Nd-C-TiO2.  

Figure 2-20 shows the XPS spectra of C 1s for TiO2, C-TiO2 and 2% Nd-C-TiO2. It 

can be clearly seen that all samples exhibited a strong peak at 284.6 eV, which is 

ascribed to the adventitious carbon species from the XPS measurement. Meanwhile, a 

peak around 285.6 eV, corresponding to the elemental carbon which has the same 

binding energy as that of carbon in the graphite intercalation compound,6,28 is also 

presented in these three samples but with different peak intensities. The decrement of 

peak intensity for doped TiO2 samples implied that the elemental carbon in the sample 

had been decreased or formed new bond with other atoms during the post 

solvothermal reaction calcination.  

 

Figure 2-20. XPS spectra of C1s for (a) TiO2, (b) C-TiO2 and (c) 2% Nd-C-TiO2.  
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In addition, a weak peak at 281.6 eV in the TiO2 shifted to the higher energy of 

282.0 eV with a much larger peak area in the C-TiO2 and C-Nd-TiO2 samples. As 

reported,23 the binding energy of C-Ti bond in pure TiC lattice is 281.8 eV. If the 

carbon is doped into TiO2 lattice forming C-Ti bond, the binding energy of C-Ti bond 

in TiO2 should shift to the higher energy since the electronegativity of C is smaller 

than that of O. So the 282.0 eV of the peak in the C-TiO2 and 2% Nd-C-TiO2 should 

be due to the C doping in TiO2 lattice by replacing O site.6,28 While the weak peak at 

281.6 eV in TiO2 was probably attributed to the effect of the Ar+ sputtering in the 

XPS test. Furthermore, compared to TiO2, a new strong peak at 289.0 eV appeared in 

both C-TiO2 and C-Nd-TiO2, which was ascribed to the carbonate species.22,31 

However, the carbonate species were not chromophores in nature.68 Thus, the strong 

visible absorption of C-TiO2 and 2% Nd-C-TiO2 should be due to the C doping in O 

site and forming C-Ti bond (282.0 eV) instead of carbonate species. It is well known 

that some impurity C energy levels will be introducd above the valence band of TiO2 

when C is doped in O site of TiO2, and then the electrons can be excited from 

impurity C energy levels instead of the valence band of TiO2 to the conduction band 

of TiO2, which eventually leads to the strong visible light absorption of TiO2. 40,42 The 

doped C concentration in C-TiO2 and 2% Nd-C-TiO2 were about 0.18 at.% and 0.28 

at.%, respectively. It seemed that the doped C content increased after Nd co-doping, 

and the visible absorption of co-doped sample would be improved, which is good 

agreement with the DRS results in Fig. 2-18.  

2.1.3.3.2 Photocatalytic activities  

The photocatalytic activities of the prepared samples were investigated by NOx 

destruction and MO degradation in comparison with commercial titania (P25). Fig. 

2-21 illustrates the deNOx ability of the specimens irradiated by different wavelengths 

of light (>510 nm, >400 nm and >290 nm). It can be obviously seen that pure TiO2 (a) 

presented 5.2%, 28%, 40% of NOx destruction under the irradiation of >510 nm 

light, >400 nm light and >290 nm light, respectively. The high deNOx activity of pure 
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TiO2 under the irradiation of >400 nm light probably be due to the contamination of C 

related substances in TiO2 during solvothermal reaction since the reflectance spectrum 

of pure TiO2 in Fig. 2-18 presented an absorption tail until to about 415 nm and the 

similar result has also been observed in section 2.1. After C doping in TiO2 (C-TiO2) 

(b), the deNOx ability was increased a little by the light of the wavelength >400 nm 

and significantly enhanced to 21% as the light of the wavelength longer than 510 nm 

was employed. When Nd was doped alone into TiO2 (c) (C-TiO2), the visible induced 

deNOx activity under > 510 nm light irradiation was also much higher (17.8%) than 

that of pure TiO2. More importantly, the C and Nd co-doped samples (Nd-C-TiO2) 

presented the excellent deNOx activity much superior to those of TiO2, C-TiO2, 

Nd-TiO2 and P25 under the irradiation of not only UV light (>290 nm) but also visible 

light (>400 nm, >510 nm). When 2% of Nd was co-doped into C-TiO2 (e), the best 

deNOx ability was represented. Further increasing Nd concentration led to the 

decrement of the deNOx activity, probably due to the formation of some 

recombination centers under the high Nd contents.  

 

Figure 2-21. DeNOx ability of (a) TiO2, (b) C-TiO2, (c) 2% Nd-TiO2, (d)1% 

Nd-C-TiO2, (e) 2% Nd-C-TiO2, (f) 3% Nd-C-TiO2 , (g) 4% Nd-C-TiO2  and (h) P25 

TiO2.  

In addition, the MO degradation of the samples monitored by visible light (>400 

nm) irradiation is also shown in Fig. 2-22. It was apparent that the degradation of MO 

was due to the existence of TiO2 based photocatalysts. The P25 presented poor MO 
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degradation activity, which could eliminate the effect of sensitization on MO 

degradation under the irradiation of visible light. Besides, the Nd doping was much 

more efficiency than that of C doping in TiO2 for MO degradation. When C and Nd 

were co-doped in TiO2, the activity was further improved, i.e., Nd-C-TiO2 

demonstrated the highest MO degradation ability under the visible light irradiation as 

that of NOx destruction.   

 

Figure 2-22. Photocatalytic MO degradation activity of the prepared samples under 

irradiation of visible light (λ>400 nm).      

2.1.3.3.3 Mechanism for improved photocatalytic activity of 

C-TiO2, Nd-TiO2 and Nd-C-TiO2 

The photocatalytic properties of photocatalysts are known to depend on the 

crystallinity, specific surface area, light absorption, recombination rate of 

photo-generated hole-electron pairs and so on.69 Fig. 2-23 exhibits the proposed 

mechanism for improved photocatalytic activity of doped TiO2 samples. As shown in 

this figure, some energy levels were formed above the valence band of TiO2 by C 

doping in TiO2.40 In this case, the visible absorption was accessible when the electron 

was excited from doped C energy level to the conduction band of TiO2. Subsequently, 

the visible light induced photocatalytic activity of C-TiO2 would be better than that of 

pure TiO2 due to the enhancement of visible light adsorption. For Nd doped TiO2, two  
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Figure 2-23. Schematic illustration of the mechanism for photocatalytic activity of 

doped TiO2 samples. 

reasons were probably related to the increment of the photocatalytic activity 

compared with that of pure TiO2 under the irradiation of visible light. On one hand, 

the doping Nd would induce some unoccupied Nd3+ 4f energy level below the 

conduction band of TiO2, and the electron could be transferred from the valence band 

of TiO2 to this doped Nd energy level to achieve the visible absorption. 70 On the other 

hand, the decreased particle size with large specific surface area of TiO2 after Nd 

doping was also a key point for high photocatalytic activity, because small 

nanoparticles with large specific surface area would be benefited for photocatalysis 

owing to the reduction of the distance for photo-induced electrons toward the surface 

of the photocatalyst and increase of reaction sites on the surface.70 In case of 

Nd-C-TiO2, the concrete mechanism for much improved photocatalytic activity might 

be probably as follows: Firstly, the visible absorption was further enhanced to cover 

the UV and whole visible light range in comparison with C-TiO2 and Nd-TiO2. With 

the irradiation of visible light, the electron can be transited not only from the valence  

band of TiO2 to Nd3+ 4f energy levels or from C doped energy level to the conduction 

band of TiO2, but also from C doped energy level to Nd3+ 4f energy levels (Fig. 2-23), 

resulting in much increased visible absorption. Moreover, the increment of C doping 
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content by Nd co-doping was another crucial key for the enhancement of visible 

absorption. These processes could be also deduced from DRS, XPS results (see Figs. 

2-18 and 2-20) and corresponding discussion. 

Secondly, the photo-generated hole-electron pairs could be effectively separated by 

Nd and C co-doping in TiO2. The photoluminescence spectra of as-prepared samples 

are shown in Fig. 2-24. It is clearly observed that the emission intensity of Nd-C-TiO2 

by the excitation of 225 nm light was considerably weaker than those of pure TiO2, 

C-TiO2 and Nd-TiO2. It means that much less photo-generated hole-electron pairs in 

Nd-C-TiO2 were recombined to emit light, indicating that more photo-generated holes 

were trapped by water and adsorbed OH- species to create hydroxyl radicals •OH 

and/or more photoinduced electron reacted with absorbed O2 on the surface to 

produce •O2
- radical anion.47 Both of •OH and •O2

- were eventually used to destruct 

NOx and MO. The reduced recombination rate of photogenerated hole-electron pairs 

might be due to the transition of photogenerated electrons from the conduction band 

of TiO2 to Nd3+ 4f energy levels and the increased amount of oxygen vacancies when 

C and Nd were co-doped into TiO2 by replacing O site and Ti site, respectively.41,42 

Based on the above-mentioned mechanism, Nd-C-TiO2 presented the excellent 

photocatalytic ability superior to pure TiO2, C-TiO2 and Nd-TiO2. 58  

 

Figure 2-24. Photoluminescence spectra of as-prepared samples. 
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2.1.4 Preparation of visible light induced W solely doped 

and C and W codoped TiO2 particles with photocatalysis and 

infrared light absorption  

2.1.4.1 Introduction 

As introduced in section 2.3, the codoping of different ions in TiO2 results in not 

only getting benefits belonged to the solely doping but also synergy effect to further 

enhance optical properties of TiO2. Besides, the codoping can also play an essential 

role in the suppression of charge carriers’ recombination and improvement of physical 

absorption ability of products by some synergetic effects between the doped ions. 71 

In this section, high performance of W solely doped, C and W codoped TiO2 

nanoparticles have been prepared by a facile solvothermal method, expecting to 

considerably improve the visible light responsive photocatalytic performance. In 

addition, as a result of special reductive effect of ethanol during solvothermal process 

and unique optical performance of reduced WO3-x in the near infrared light range,72 

the near infrared property of samples was also evaluated in addition to the 

photocatalytic activity. 73  

2.1.4.2 Experimental 

2.1.4.2.1 Sample preparation 

Two series of samples, W solely doped TiO2  (W-TiO2) and C, W codoped TiO2 

(W-C-TiO2) with various W doping molar ratios (0.6% W-TiO2, 1.2% W-TiO2, 2.4% 

W-TiO2, 4.8% W-TiO2, 9.6% W-TiO2, 0.6% W-C-TiO2, 1.2% W-C-TiO2, 2.4% 

W-C-TiO2, 4.8% W-C-TiO2 and 9.6% W-C-TiO2), have been prepared by a facile 

solvothermal method.26 In a typical synthesis process of W-TiO2, 2.5 mL titanium 

tetra-n-butoxide and appropriate amount of WCl6 were added into 10 mL ethanol with 
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fiercely stirring for 30 min. After that, 11.5 mL ethanol/water (10:1.5) mixed solution 

was dropped into the above solution with another 60 min continuous stirring before 

transferring into a 100 mL Teflon-lined stainless steel autoclave and then heat-treated 

at 190oC for 2h. Finally, the W-TiO2 particles were obtained by centrifuging, washing 

and vacuum drying at 60oC overnight. As for the preparation of W-C-TiO2 samples, 

the as-synthesized W-TiO2 particles were further calcined at 265oC for 1h in ambient 

condition to introduce the C codoping in W-TiO2. In addition, the pure TiO2, WO3-x 

and C-TiO2 were also prepared by a similar process as above described without the 

addition of WCl6 and calcination, without the introduction of titanium 

tetra-n-butoxide and calcination, and without the incorporation of WCl6, respectively.  

On the other hand, the dependence of calcination temperature was also considered 

in the preparation of W-C-TiO2 samples. Two other W-C-TiO2 samples, which were 

named 2.4% W-C-TiO2-90 and 2.4% W-C-TiO2-150 were synthesized by calcining 

as-prepared 2.4% W-TiO2 particles in 90 oC and 150 oC for 1 h, respectively.   

2.1.4.2.2 Photocatalytic activity tests 

The photocatalytic activities of W-TiO2 and W-C-TiO2 were measured by 

evaluating the destruction of continuous NOx gas (deNOx) in a flow type reactor with 

the irradiation of a 300 W simulated solar light (ASAHI SPECTRA HAL-302) at 

room temperature.  

2.1.4.3 Results and discussion 

Figure 2-25 shows the XRD patters of W-TiO2, undoped TiO2, WO3-x and the 

enlarged plots in the degree range of 23-28o. It is apparent that when W was 

introduced into TiO2 with the doping concentration below 9.6%, all samples were 

well indexed to the anatase phase of TiO2 (JCPDS: No. 21-1272) and no other 

impurity peaks were appeared in the patterns. However, as the W doping content 

increased to 9.6%, some characteristic peaks belonged to the WO3-x were observed 
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probably due to the solubility limits of W doping ions in the TiO2 lattice. In addition, 

it could be obviously seen in the Fig. 2-25 (b) that after incorporating W into TiO2 

particles, some minor peak shifts occurred. With the increase of W doping content up 

to 4.8%, the main peak shifted a little bit to the higher degree compared with that of 

undoped TiO2, which may be assigned to the ionic radius difference between W6+, 

W5+ (0.060 nm, 0.062 nm) and Ti4+ (0.068 nm) as the W was doped into TiO2 lattice 

by substituting for the Ti site. However, the main peak was moved to the lower degree 

inversely as the W doping concentration increased to more than 4.8%. Such adverse 

result was probably ascribed to the partial interstitial doping of W in the TiO2 lattice 

in addition to the substitution doping when the doped W content was further enhanced 

to some extent. 
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Figure 2-25. XRD patterns of series of W-TiO2 varied with the W doping content, 

pure TiO2, WO3-x (a) and the corresponding magnified profiles from 23o to 28o (b). 

The as-prepared tungsten oxide was denoted as WO3-x instead of WO3, because 

some amount of W6+ ion was reduced to W5+ by ethanol solvent under the 

solvothermal conditions according to our previous works.72 Fig. 2-26 presents the 

corresponding XRD patterns for the commercial WO3 and as-prepared WO3-x. It was 

found that there was no big difference between the diffraction profiles of WO3 and 

as-prepared WO3-x except for the relative intensity. Nevertheless, in Fig. 2-26 (b), it is 
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clear that compared with that of commercial WO3, the diffraction peak of WO3-x 

shifted a little to the large degree. Since the ionic radius of W5+ and W6+ was very 

similar (0.060 nm, 0.062 nm), this minor shift was probably owing to the formation of 

oxygen vacancies in the WO3-x lattice induced by the mixed valence state of tungsten.   
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Figure 2-26. XRD patterns of commercial WO3, WO3-x prepared by the similar 

method as that of solely W doped TiO2 without the addition of Ti source (a) and the 

corresponding magnified profiles from 21o to 26o (b). 

Figure 2-27 shows the XRD patterns of W-C-TiO2 series samples. The diffraction 

profiles of the codoped samples were similar to that of W-TiO2, which were all well 

agreements with the anatase phase of TiO2, and no impurity was introduced with the 

W codoped amount less than 9.6% W. However, the main peak shift shown in Fig. 

2-27 (b) significantly differed from that of W-C-TiO2. When the C was solely doped 

into the oxygen site of TiO2 lattice by calcination, the main peak was changed to the 

lower degree due to the larger radius of C4- over that of O2-.40,42 While the diffraction 

peak of W-C-TiO2 obtained by calcining W-TiO2 samples at 265 oC was turned back 

to the position as that of undoped TiO2. It might be related to the balance of C and W 

codoping in the lattice of TiO2, i.e., the diffraction peak shifted to the lower degree by 

of C doping, while to the higher degree by W doping. Interestingly, as the W doping 
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concentration increased to 4.8 % or 9.6% in the codoped samples, almost all main 

peaks of the samples were kept at the similar position. It might be contributed to the 

reason that more tungsten ions have doped into the Ti site originating from the 

interstitial doped tungsten ions after calcination, since sometimes the heat treatment is 

beneficial for the ion doping.42 Based on the above XRD patterns analysis, it might be 

preliminary deduced that the C and W were codoped into the TiO2 lattice by replacing 

O and Ti sites, respectively.    
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Figure 2-27. XRD patterns of W-C-TiO2 with respect to the W doping content, pure 

TiO2, C-TiO2 (a) and the corresponding magnified profiles from 23o to 28o (b). 

Figure 2-28 illustrates the DRS of W-TiO2 depended on the W doping 

concentration along with those of undoped TiO2, commercial bulk WO3 and 

solvothermal prepared WO3-x. It can be explicitly seen that the undoped TiO2 mainly 

presented the UV light absorption due to the wide intrinsic band gap. When the W 

was incorporated into the TiO2, the visible light absorption ability of the samples was 

enhanced significantly. Besides, with the increase of W doping contents, the visible 

light absorption of samples increased step by step, indicating that the improved visible 

light absorption capability was assigned to the W doping in the TiO2. Based on the 

intercept of the Taucs plot of (аhν)n (n = 1/2 for an indirect band gap of TiO2 

semiconductor) versus photon energy (hν), the calculated band gap of the undoped 
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TiO2 was about 3.12 eV and gradually decreased with an increase in w content as 2.9, 

2.87, 2.7, 2.65 and 2.5 eV for 0.6% W-TiO2, 1.2% W-TiO2, 2.4% W-TiO2, 4.8% 

W-TiO2 and 9.6% W-TiO2, respectively. The possible reason for this decreased band 

gap of W solely doped TiO2 products might be related to the introduction of W 

impurity levels in the W-C-TiO2, some W impurity levels would be introduced below 

the bottom of the conduction band of TiO2, finally leading to the narrowed band gap 

and improved optical performance. More importantly, it is noteworthy that with the 

incorporation of W in TiO2, the samples displayed an excellent near infrared light 

absorption ability compared with that of the undoped TiO2. Particularly, 9.6% W 

doped TiO2 possessed the similar near infrared light absorption property to that of 

WO3-x, which was much superior over that of commercial bulk WO3. It was well 

investigated that the excellent near infrared light absorption ability of WO3-x was 

mainly attributed to the small polarons existed in the mixed valence state WO3-x 

structure, and the oxygen deficiency induced by the induction of W5+ in the WO3-x.72 

As W was incorporated into the TiO2 lattice by substituting Ti site, the surrounding 

circumstance of W in the TiO2 would be similar to that of WO3-x so that the fabulous  
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Figure 2-28. DRS of W-TiO2 samples varied with W doping contents, pure TiO2, 

WO3-x and commercial WO3 (bulk WO3). 

near infrared light absorption performance was induced. Based on the above 

discussion, it might be seen that the addition of W in TiO2 was not only beneficial for 

the enhancement of visible light absorption ability but also contributed to the 
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excellent near infrared light absorption, which would have a promising application in 

the field of the near-infrared light shielding. 

The optical properties of W-C-TiO2 specimens are also revealed in Fig. 2-29. It is 

apparent that after calcination of the undoped TiO2 particles at 265 oC for 1h, the 

visible light absorption of the sample has been greatly enhanced, which was 

corresponding to the C doping in the TiO2 lattice by replacing the O site and then 

inducing some C related impurity levels above the valence band of TiO2. When 

W-TiO2 samples were heat treated at the same conditions, the visible light absorption 

was improved to even more than that of C doped TiO2. What’s more, the absorption 

increased along with the increment of W doping content. The possible reason for this 

interesting phenomenon was due to the positive effect of W on the C doping process 

during the calcination and the C related materials absorption ability on the surface of 

TiO2 powders. However, the near infrared light absorption capability of W-C-TiO2 

samples was considerably decreased compared with that of W-TiO2 samples before 

calcination, which should be owing to the oxidation of W5+ and the reduced amount 

of oxygen vacancies after heat treatment.72 It implies that the W-TiO2 samples would 

lose the near infrared light absorption performance with the increase of atmosphere 

temperature. 
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Figure 2-29. DRS of W-C-TiO2 samples as a function of W doping content, C solely 

doped TiO2. 
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The photocatalytic activity of samples was investigated by evaluating the 

destruction ability of NO gas using a flow type reactor under the irradiation of 

different wavelengths of lights. Fig. 2-30 shows the deNOx ability of W-TiO2 samples. 

It is obviously that the photocatalytic activity gradually decreased by W doping, in 

spite of their much improved light absorption ability. What’s more, when the doping 

concentration was above 4.8%, the deNOx activity reduced seriously. The decreased 

photocatalytic activity of W-TiO2 might be as a result of the formation of hole and 

electron trapping centers, such as doped W5+ and W6+and the lattice defects induced 

by the substitution of W with Ti site in TiO2. 74 In addition, the appearance of impurity 

phase of WO3, which is a direct band gap of semiconductor and presents relatively 

poor photocatalytic performance, also led to the reduced deNOx efficiency of the 

samples doped with W above 4.8%. On the other hand, even if 2.4% W was doped in 

TiO2, it still presented similar photocatlytic activity as that of commercial P25 and 

also exhibited relatively good near infrared light absorption capability as shown in Fig. 

2-28, implying the potential applications for the photocatalysis together with near 

infrared light shielding.  

Fig. 2-31 shows the deNOx ability of W-C-TiO2. W-TiO2 revealed not only the 

excellent UV light induced photocatalytic activity but also excellent visible light 

responsive deNOx property even under the irradiation of the light with wavelength 

above 510 nm. Furthermore, when the W was co-incorporated into the C-TiO2, the 

deNOx performance was further promoted. In addition, when the W codoping 

concentration was increased to about 2.4%, the sample presented the best deNOx 

ability of about 32%, 37% and 45% under the irradiation of lights with wavelength 

above 510nm, 400nm and 290 nm, respectively. The significant improvement of 

deNOx performance by C-W codoping was probably due to the following factors. 

Firstly, the visible light absorption capabilities of the samples were strongly enhanced 

up to 900 nm owing to the C-W codoping which could increase the valence band 

position and decrease the conduction band position of TiO2 simultaneously.75 Based 

on the XPS analysis, the C doping content for this optimal sample 2.4% W-C-TiO2 
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was about 0.38 at. %, which was much higher than that of C-TiO2 (0.18 at. %). It has 

been confirmed in our precious work that the doped C content in TiO2 could be tuned 

by calcination temperature and co-doped ions, finally leading to various 

light-harvesting capabilities of samples. Secondly, the C and W codoping were 

greatly beneficial for the separation of photogenerated electron-hole pairs, which has 

been systematically investigated by the I. S. Cho groups. 76 Moreover, the enhanced 

photocatalytic property of the codoped samples was also ascribed to the change of 

surface acidity. It is well known that the surface of WO3 particles displays much 

higher Lewis acidity than pure TiO2. It has an advantage for absorbing not only 

chemical species containing unpaired electrons such as OH- and H2O and also 

pollutants with polarized functional groups.75 When the W was doped into TiO2 

lattice, the surface acidity of samples would be greatly improved. In this case, more 

OH- radicals could be produced and more photocatalytic targets adsorbed on the 

surface of the samples during the light irradiation, finally led to the high 

photocatalytic activity. Nevertheless, further increasing the W doping content to 4.8 

or 9.6%, the deNOx property of the codoped samples was seriously weakened 

irrespective of the irradiation wavelengths, which was attributed to the appearance of 

impurity WO3 phase and increase in lattice defects, which act as a recombination 

center of photo-nduced electrons and holes. 73 
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Figure 2-30. DeNOx ability of W-TiO2 powders varied with W doping content, 

undoped TiO2 and as-prepared WO3-x as well as commercial P25. 

87 
 



0

10

20

30

40

50

 

 

De
NO

x a
bi

lit
y/

%
>510 nm >400 nm >290 nm

 C-TiO
2
                0.6% W-C-TiO

2

 1.2% W-C-TiO
2
    2.4% W-C-TiO

2

 4.8% W-C-TiO
2
    9.6% W-C-TiO

2

  P25

 

Figure 2-31. DeNOx ability of W-C-TiO2 powders, C-TiO2 and commercial P25. 

2.2 Preparation of visible light active NaTaO3 based 

materials 

2.2.1 Preparation of visible light induced C doped NaTaO3 

material and C doped NaTaO3/Cl doped TiO2 composite 

2.2.1.1 Introduction 

It is well known that carbon as a non-metal element has become one of the most 

favourable dopants, since it can introduce series of localized occupied states into the 

band gap of substrates and sometimes also produce oxygen vacancies simultaneously, 

enabling to significantly improve visible light absorption and subsequent 

photocatalytic ability. H. W. Kang et al.77 proposed spherical powders of visible light 

driven C/NaTaO3 composite prepared by an one step process in a continuous spray 

pyrolysis reactor. In this composite, the carbon was existed as a solely material rather 

than the dopant in the lattice. Furthermore, extra carbon precursor and high 

temperature were required in the synthesis process. Nevertheless, the carbon doped 

NaTaO3 particle with excellent visible light induced photocatalytic performance is 

still rare, let alone the C doped NaTaO3 based composite.  

Therefore, in this section, a nice visible light responsive C doped NaTaO3 
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(C-NaTaO3) particle was originally prepared by a facile solvothermal reaction using 

water/ethylene glycol (EG) mixed solution as the solvent without adding any other 

special carbon precursors. More importantly, a new C-doped NaTaO3/Cl-doped TiO2 

(designated as C-NaTaO3/Cl-TiO2) composite was developed in expecting synergy 

effect to further optimize the visible light induced photocatalytic activity for both 

C-NaTaO3 and Cl-TiO2, i.e., effectively supressing the recombination rate of 

photogenerated hole-electron pairs. 78  

2.2.1.2 Experimental 

2.2.1.2.1 Sample preparation 

Preparation of C-NaTaO3: A series of NaTaO3 and C-NaTaO3 were prepared by 

dispersing 6 g NaOH and 0.441 g Ta2O5 in 60 mL distilled water/EG (60:0, 30:30, 

20:40, 10:50 and 0:60) mixed solution with magnetic stirring for 2 h. After that, the 

mixed solution was transferred into a 100 mL Teflon-lined stainless steel autoclave 

and heat-treated at 180 oC for 12 h. Finally, the products were separated by 

centrifugation, washed and dried in a vacuum at 60oC overnight. For comparison, 

some samples were also synthesized by the similar solvothermal reaction but with 

different alcohols. The corresponding sample names and synthesis conditions of the 

samples are summarized in Table 2-3. In addition, one sample, which was denoted as 

NaTaO3-EG40, was fabricated by dispersing 0.2 g of pure NaTaO3 powder in 60 mL 

distilled water/EG (20:40) solution followed by the solvothermal reaction at 180 oC 

for 12 h. 
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Table 2-3. Synthesis conditions of the samples. 

Sample 
name 

Reagent Solvent 

Ta2O5 (g) NaOH (g) Water 
(mL) 

EG (mL) Ethanol 
(mL) 

Methanol 
(mL) 

Propanol 
(mL) 

NaTaO3-
W 

0.441 5.6 60 0 0 0 0 

C-NaTaO3

-EG30 
0.441 5.6 30 30 0 0 0 

C-NaTaO3

-EG40 
0.441 5.6 20 40 0 0 0 

C-NaTaO3

-EG50 
0.441 5.6 10 50 0 0 0 

NaTaO3- 
EG60 

0.441 5.6 0 60 0 0 0 

NaTaO3-E 0.441 5.6 20 0 40 0 0 
NaTaO3-

M 
0.441 5.6 20 0 0 40 0 

NaTaO3-P 0.441 5.6 20 0 0 0 40 

Preparation of C-NaTaO3/Cl-TiO2: A series of C-NaTaO3/Cl-TiO2 composites 

powders were prepared by dispersing 0.1 g of above prepared sample of 

C-NaTaO3-EG40 in 30 mL distilled water followed by fiercely stirring for 1 h. After 

that, desired volumes of TiCl3 (20 wt.%) solution, which were based on the calculated 

weight ratios of 0:1, 1:3, 1:2, 1:1 2:1 and 1:0 for C-NaTaO3/Cl-TiO2 composites, were 

added dropwise to the solution, and the mixed solutions were magnetically stirred for 

another 1h. The mixed solution was then transferred into a 100 mL Teflon-lined 

stainless steel autoclave and reacted at 180 oC for 12 h. Finally, the products were 

separated by centrifugation, washed and dried in a vacuum at 60oC overnight. For 

comparison, the NaTaO3/Cl-TiO2 composite with the weight ratio of 1:1 was also 

prepared by the similar method, using the sample of NaTaO3-W as a starting material 

rather than C-NaTaO3-EG40 powder.   

2.2.1.2.2 Photocatalytic activity tests 

The photocatalytic activity of samples was investigated by evaluating the 
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decomposition of NOx (deNOx) using a flow type reactor under irradiation of a 300 W 

simulated solar light (ASAHI SPECTRA HAL-302) at room temperature.  

2.2.1.3 Results and discussion 

2.2.1.3.1 Preparation of C doped NaTaO3 particles 

Figure 2-32 shows the XRD patterns of samples prepared by solvothermal reactions 

with various EG volumes. It can be clearly seen that when the EG volumes was less 

than 50 mL in the reaction solvent, the diffraction peaks of NaTaO3-W, 

C-NaTaO3-EG30 and C-NaTaO3-EG40 were all well indexed to the pure 

orthorhombic phase of NaTaO3 (JCPDS file No. 25-0863), and no other impurity was 

observed. However, when the EG content increased to 50 mL, a few peaks belonged 

to Ta2O5 appeared in C-NaTaO3-EG50, and only Ta2O5 phase was represented in 

NaTaO3-EG60, which was prepared in 60 mL EG solution without distilled water. It 

is well acknowledged that the formation of NaTaO3 can be achieved by two main 

steps. Firstly, the Ta2O5 powder, which is insoluble in the ambient condition, will be 

gradually dissolved and hydroxylated to form a Ta(OH)5 related precursor in the 

NaOH solution with rising temperature and pressure. Subsequently, due to the 

relatively higher solubility of Ta(OH)5 than that of NaTaO3 in the aqueous solution, 

the Ta(OH)5 can be dissolved slowly and then reacts with Na+ to form NaTaO3 when 

the concentration of Na+ is increased enough.79 Nevertheless, when the EG content is 

too high, it is difficult for Ta2O5 to dissolve and react with NaOH to form NaTaO3. 

Therefore, the sample NaTaO3-EG60 exhibited solely Ta2O5 phase rather than 

NaTaO3 phase.    

91 
 



10 20 30 40 50 60 70 80

(a)

  

 
(b)

 

 

(c)

 

 

(d)

♥

♣♣♣♣♣♣♣

♣

 

 

(e)
♥♥♥

♥
♥

♥

♣

 

 

2 Theta / Degree

In
te

ns
ity

 / 
a.

u.

♣: NaTaO3

♥:Ta2O5

 

Figure 2-32. XRD patterns of NaTaO3-W (a), C-NaTaO3-EG30 (b), C-NaTaO3-EG40 

(c), C-NaTaO3-EG50 (d) and NaTaO3-EG60 (e) prepared with different volumes of 

EG solution.  

The diffuse reflectance spectra of samples prepared by different volumes of EG 

solution are displayed in Fig. 2-33. It is apparent that NaTaO3-W prepared in the 

absence of EG solution presented only UV absorption owing to the wide band gap of 

NaTaO3 about 3.82 eV calculated by the intercept of the Taucs plot of (αhυ)n (n＝2 

for indirect band gap of semiconductor) versus photon energy (hυ). With the increase 

of EG volumes in the solvent, the visible absorption of NaTaO3 was improved 

significantly due to the narrowed band gap, where the corresponding calculated band 

gap of C-NaTaO3-EG40 has shifted from 3.82 eV to 2.03 eV. However, 

NaTaO3-EG60 prepared in pure EG solution did not show the visible light-harvesting 

capability, and the band gap was moved back to the 3.85 eV, since the sample 

consisted of Ta2O5.  These results indicated that the visible light absorptions of 

C-NaTaO3-EG30, C-NaTaO3-EG40 and C-NaTaO3-EG50 were induced by the 

solvothermal reaction of Ta2O5 and NaOH to form the carbon-doped NaTaO3 in 

distilled water/EG mixed solvents. It will be further explained later by the FTIR and 

XPS analysis results. Furthermore, NaTaO3-M, NaTaO3-E and NaTaO3-P were also 

prepared by using 20/40 volume ratio of water/A (A: Methanol, Ethanol, Propanol) 
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mixed solutions as solvent, respectively, to investigate the effect of alcohols on the 

light absorption of the samples. These three samples showed no obvious visible 

absorption (not presented here), indicating that the primary alcohols used had no 

explicit influence on the visible absorption of NaTaO3. Therefore, we deduced that the 

visible absorptions of C-NaTaO3-EG30, C-NaTaO3-EG40 and C-NaTaO3-EG50 were 

due to the special structure and properties of EG. It is well known that EG might be 

utilized as a complex agent during solution chemical reactions. This might be one of 

the reasons why the formation of C-NaTaO3 could be proceeded during the 

solvothermal treatment process.40,41   
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Figure 2-33. Diffuse reflectance spectra of NaTaO3-W (a), C-NaTaO3-EG30 (b), 

C-NaTaO3-EG40 (c), C-NaTaO3-EG50 (d) and NaTaO3-EG60 (e). 

Figure 2-34 illustrates the FTIR spectra of NaTaO3-W and C-NaTaO3-EG40. It is 

obvious that both samples presented a wide band peaked at ca. 3334 cm-1, 

corresponding to the stretching vibration mode of hydroxyls and adsorbed water. In 

addition, compared with the spectrum of NaTaO3-W, C-NaTaO3-EG40 presented 

three new peaks located at 1467 cm-1, 1354 cm-1 and 1081 cm-1, which were assigned 

to the carbon related substances, indicating that some carbon related species were 

truly existed in C-NaTaO3-EG40. 
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Figure 2-34. FTIR spectra of of NaTaO3-W and C-NaTaO3-EG40. 

 

Figure 2-35. The XPS spectra of C1s (a) and O1s (b) for NaTaO3-W and 

C-NaTaO3-EG40. 

For the sake of clarifying detailed status of carbon in NaTaO3, the XPS test was 

employed with the assistance of Ar+ sputtering (shown in Fig. 2-35). It is explicit that 

C-NaTaO3-EG40 exhibited a new peak at 289.28 eV in addition to the adventitious 

carbon peak at 284.60 eV. The peak at 289.28 eV was ascribed to the C-O bond 

related species, indicating that carbon was incorporated in the NaTaO3 crystal to form 

C-O-Ta bond or C-O-Na bond.80 It can be further confirmed by XPS analysis of O1s 

in Fig. 2-35 (b), i.e., the main peak of C-NaTaO3-EG40 was shifted to 529.85 eV 

from 529.18 eV of NaTaO3, which is corresponding to the binding energy of bulk 
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oxygen (O2-).80 This shift could be explained by the formation of C-O-Ta bond or 

C-O-Na bond. Because when the C-O-Ta bond or C-O-Na bond was formed in 

NaTaO3 instead of Ta-O-Ta bond or Na-O-Na bond, the electron density around 

oxygen would decrease since the electronegativity of C is higher than those of Ta and 

Na. Subsequently, the binding energy of O1s of C-NaTaO3-EG40 could move to 

higher energy level after the carbon doping.80 The calculated carbon doping content 

from XPS in C-NaTaO3-EG40 was about 0.43 at.%. Therefore, based on the above 

analysis, it can be deduced that the carbon was existed in the NaTaO3 crystal by an 

interstitial doping in C-NaTaO3-EG30, C-NaTaO3-EG40 and C-NaTaO3-EG50. 

Furthermore, the enhanced visible absorption of these three samples in Fig. 2-33 

should be due to the mentioned carbon doping in the NaTaO3.  

 

Figure 2-36. DeNOx ability of NaTaO3-W (a), C-NaTaO3-EG30 (b), 

C-NaTaO3-EG40 (c), C-NaTaO3-EG50 (d), NaTaO3-EG60 (e) and P25 (f). 

Figure 2-36 presents the continuous NOx gas destruction ability of NaTaO3-W, 

C-NaTaO3-EG30, C-NaTaO3-EG40, C-NaTaO3-EG50 and NaTaO3-EG60 prepared 

by solvothermal method with various volumes of EG solution, together with that of 

P25. It could be obviously observed that NaTaO3-W only showed an UV light 

induced DeNOx ability due to its poor visible absorption ability (see Fig. 2-33). With 

the increase of EG solution in the solvothermal reaction, the visible light driven 

deNOx performance of samples increased, and C-NaTaO3-EG40 displayed the best 

visible and UV light responsive photocatalytic activities superior to P25. These result 
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might be related to the strong visible light absorption induced by C-doping in NaTaO3, 

since the specific surface areas of NaTaO3-W (10.0 m2g-1) and C-NaTaO3-EG40 (12.5 

m2g-1) were similar. However, with further increasing the EG volume to 50 mL, 

although C-NaTaO3-EG50 showed the highest visible light absorption (in Fig. 2-33), 

it presented relatively poorer visible and UV light induced deNOx ability compared 

with C-NaTaO3-EG40, which was probably ascribed to the existence of impurity 

phase of Ta2O5 in C-NaTaO3 and lower crystallinity (see Fig. 2-32). In addition, 

NaTaO3-EG60 prepared in a pure EG solution showed the poorest photocatalytic 

activity owing to the limited visible light absorption and the crystalline phase of 

Ta2O5 instead of NaTaO3 phase.  

  Based on the above analysis, it could be concluded that the visible light induced 

C-NaTaO3 sample were successfully prepared by a facile solvothermal method in EG 

aqueous solution, and when 20/40 volume ratio of water and EG mixed solution was 

employed as a solvent, the C-NaTaO3 sample presented the best visible and UV light 

induced deNOx ability. In order to improve the visible light induced photocatalytic 

activity of C-NaTaO3 sample, a C-NaTaO3/Cl-TiO2 composite was prepared using 

C-NaTaO3-EG40 as the C-NaTaO3 source.           

2.2.1.3.2 Preparation of C doped NaTaO3/Cl doped TiO2 composite 

Figure 2-37 shows the XRD patterns of C-NaTaO3/Cl-TiO2 composites with 

various weight ratios (1:0, 2:1, 1:1, 1:2, 1:3 and 0:1). It is explicit that the pure 

Cl-TiO2 powders presented the mixed phases consisted of brookite and rutile. With 

increasing the amounts of Cl-TiO2 in the C-NaTaO3/Cl-TiO2 composite, the peak 

intensities belonged to the TiO2 phases were gradually increased, and those of 

C-NaTaO3 decreased, while the C-NaTaO3 still exhibited the same orthorhombic 

phase, indicating that series of the C-NaTaO3/Cl-TiO2 composites had been 

successfully prepared via a facile solvothermal process. The doping status of Cl in 

TiO2 will be explained in the following according to the XPS analysis result.  
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Figure 2-37. XRD patterns of C-NaTaO3/Cl-TiO2 composites with various weight 
ratios of C-NaTaO3 and Cl-TiO2.  

 

Figure 2-38. TEM and HRTEM images of the sample of C-NaTaO3/Cl-TiO2 with the 

weight ratio of 1:1.  

The TEM and HRTEM images of C-NaTaO3/Cl-TiO2 (1:1) composite are shown in 

Fig. 2-38. It is clear that the small particles of Cl-TiO2 well covered the surface of the 

large particles of C-NaTaO3 to form a so-called core-shell structure, where Cl-TiO2 

was consisted of rutile and brookite phases and C-NaTaO3 consisted of an 
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orthorhombic phase. The specific surface area of C-NaTaO3/Cl-TiO2 (1:1) composite 

was determined as 43.5 m2g-1. Fig. 2-39 presents the XPS spectrum of Cl 2p for 

Cl-TiO2 and (1:1) C-NaTaO3/Cl-TiO2. It was obvious that two peaks appeared on 

Cl-TiO2. The peak located at 198.3 eV was assigned to physically adsorbed Cl- ions 

on the surface of TiO2, and the peak situated at 199.8 eV might be attributed to the 

doped Cl in TiO2 crystal by replacing O site.81 After combining with C-NaTaO3, no 

obvious peak shift could be observed (see Fig. 3-8). The contents of the doped Cl in 

TiO2 were determined for Cl-TiO2 and (1:1) C-NaTaO3/Cl-TiO2 as about 0.45 and 

0.49 at.%, respectively. Therefore, it could be learned that the Cl was actually doped 

in TiO2, and no serious change was happened after coupling with C-NaTaO3 particles. 

 

Figure 2-39. XPS profiles of Cl 2p for Cl-TiO2 (a) and (1:1) C-NaTaO3/Cl-TiO2 (b). 

The DRS of C-NaTaO3, Cl-TiO2 and C-NaTaO3/Cl-TiO2 composites are illustrated 

in Fig. 2-40. It is obvious that Cl-TiO2 exhibited a little visible light absorption in the 

range of 400-550 nm, due to the Cl doping in TiO2 lattice, which introduces some Cl 

impurity energy levels into the position below the conduction band of TiO2.82 When 

Cl-TiO2 was coupled with C-NaTaO3, the visible light absorption was increased due 

to the relatively higher visible light absorption of C-NaTaO3. 
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Figure 2-40. Diffuse reflectance spectra of of C-NaTaO3, Cl-TiO2 and 

C-NaTaO3/Cl-TiO2 composites with different weight ratios. 

 

Figure 2-41. DeNOx ability of C-NaTaO3 (a), (2:1) C-NaTaO3/Cl-TiO2 (b), (1:1) 

C-NaTaO3/Cl-TiO2 (c), (1:2) C-NaTaO3/Cl-TiO2 (d), (1:3) C-NaTaO3/Cl-TiO2 (e), 

Cl-TiO2 (f), P25 (g), NaTaO3 (h) and (1:1) NaTaO3/Cl-TiO2 (i) irradiated by different 

wavelengths of light.  

The photocatalytic activities of prepared samples are exhibited in Fig. 2-41 by 

investigating the continuous NOx gas destruction ability under the irradiation of 

different wavelength of light. From Fig. 2-41-(A), it could be obviously seen that 

about 12.5% and 20.5% of NOx gas were degraded by Cl-TiO2 when excited by the 

light of >510 nm and >400 nm, respectively. These are much better than the 

performance of P25. This increased visible light induced photocatalytic activity 

should be attributed to the Cl doping, which induced some visible light absorption for 

TiO2. Furthermore, when the Cl-TiO2 was combined with C-NaTaO3, both the UV 
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and visible lights responsive deNOx abilities were significantly improved compared 

with those of Cl-TiO2 and C-NaTaO3. In addition, the C-NaTaO3/Cl-TiO2 composite 

exhibited the highest UV, and visible lights induced NOx gas destruction performance 

as the weight ratio of C-NaTaO3 and Cl-TiO2 was tuned to 1:1. In order to investigate 

the advantage of C-NaTaO3/Cl-TiO2 composite for NOx gas destruction further, the 

deNOx performances of some selected samples are also plotted in Fig. 2-41 (B). When 

NaTaO3 was used, the UV and visible lights driven photocatalytic activity of (1:1) 

NaTaO3/Cl-TiO2 was similar to that of Cl-TiO2 but much poorer than that of (1:1) 

C-NaTaO3/Cl-TiO2. Therefore, it could be learned that C-NaTaO3 should be 

indispensable in composite for high UV and visible lights induced deNOx ability 

rather than NaTaO3. More importantly, in this work, the visible light excited deNOx 

activity of C-NaTaO3 and Cl-TiO2 could be effectively improved by forming a 

core-shell structure.  

 

Figure 2-42. Schematic illustration of the photocatalytic process on 

C-NaTaO3/Cl-TiO2 composite.   

It is well known that the band gaps of NaTaO3, brookite and rutile phases of TiO2 

are estimated about 3.8-4.0, 3.1-3.4 and 3.0 eV, respectively.83 In this work, the 

deduced band gaps of NaTaO3 and mixed phases of TiO2 were about 3.82 and 3.18 

eV based on the result of DRS, which were relatively good coincident with those of 

the values reported in other papers.83,84 In addition, the conduction and valence band 

positions of semiconductor at the point zero charge can be appropriately calculated 
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according to the following two equations:85 

  ECB = χ – Ee – 0.5Eg     (2-7) 

  EVB = ECB – Eg             (2-8) 

Where ECB and EVB are corresponding to the conduction and valence band positions 

of semiconductor, respectively; χ is the absolute electronegativity of the 

semiconductor, obtained by the geometric mean of the absolute electronegativity of 

the atoms in semiconductor; Ee is owing to the energy of free electrons on the 

hydrogen scale (4.5 eV); and Eg is the band gap of the semiconductor. The calculated 

χ values for NaTaO3 and TiO2 were about 5.49 and 5.83 eV, respectively. In this case, 

the conduction and valence band positions of NaTaO3 were approximately determined 

to be -1 and 2.97 eV,86 and -0.26 and 2.92 eV for TiO2. On the other hand, when C 

was doped into the NaTaO3, some impurity energy levels would be formed above the 

valence band of NaTaO3 to induce visible light absorption. As for Cl-TiO2, the 

corresponding reports about the position of Cl impurity energy levels in TiO2 were 

few. J. B. Lu et al.82 calculated by DOS that the Cl 3p states would be mixed with the 

O 2p states in the valence band to the lower valence band a little and also would 

introduce some Cl 3p states below the conduction band of TiO2, which was similar to 

the doping condition of F but different from that of N doping in TiO2. Based on the 

above description, the possible concrete mechanism for improved visible light 

induced deNOx ability of C-NaTaO3/Cl-TiO2 composites is considered as shown in 

Fig. 2-42. When visible light was irradiated to the C-NaTaO3/Cl-TiO2 composite, the 

electron might be excited from the C impurity energy levels into the conduction band 

of C-NaTaO3, and from the valence band of Cl-TiO2 to the conduction band of 

Cl-TiO2. Furthermore, the photogenerated hole in the valence band of Cl-TiO2 would 

be transferred to the C impurity energy levels of C-NaTaO3 as well as the transfer of 

photogenerated electron from the conduction band of C-NaTaO3 to the conduction 

band of Cl-TiO2 due to the potential difference. In this regards, the photogenerated 

electron and hole in Cl-TiO2 could be effectively separated by forming a composite 
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with C-NaTaO3, leading to an outstanding visible light induced photocatalytic activity. 

The similar phenomena were also observed in other works.87,88 Because 

NaTaO3/Cl-TiO2 just presented the same degree of visible light induced deNOx ability 

as Cl-TiO2, and much poorer performance than C-NaTaO3/Cl-TiO2, it was suspected 

that the effective electron or hole transfer did not happen between NaTaO3 and 

Cl-TiO2, and the C impurity energy levels were indispensable for high visible light 

driven photocatalytic performance of C-NaTaO3/Cl-TiO2 composite. With respect to 

excellent UV light responsive deNOx activity, the explanation was analogous to that 

of visible light induced one. 78    

2.2.2 Preparation of nanosized visible light responsive C 

modified NaTaO3 mesocrystal 

2.2.2.1 Introduction 

Mesocrystal, that is defined as a colloidal crystal in which all elemental units grow 

oriented in the same crystallographic direction to form an ordered superstructure, has 

drawn increasing attention from researchers and is warmly expected to be used as 

catalysts, electrodes, optoelectronics, sensors, biomedical materials, lightweight 

structural materials, etc. due to its unique properties with nanoparticulate, mesoporous 

and single crystal-like structure.89,90 In particular, mesocrystal is a promising strategy 

to produce large specific surface area and much more active sites for photocatalysis. 

As for NaTaO3, few relevant researches about mesocrystals were reported, let alone 

well-dispersed mesoporous particles with excellent visible light absorption property.  

In this section, nanosized carbon modified NaTaO3 mesocrystals with high 

efficiency of visible light driven NO gas destruction activity (deNOx) was prepared by 

a facile one-pot solvothermal method using TaCl5 and NaOH as starting materials, 

ethylene glycol (EG) and distilled water mixed solution as a solvent in the presence of 

glucose. The non-classic oriented aggregation mechanism via a self-assembly was 
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proposed for the formation of mesocrystal in this work. 91 

2.2.2.2 Experimental 

2.2.2.2.1 Sample preparation 

A series of carbon modified NaTaO3 mesocrystals were prepared by a simple 

solvothermal method. In a typical procedure, 2 g glucose were ultrasonically 

dispersed in 60 mL distilled water/EG (30:30) mixed solution for 15 min. After that, 

0.1 g TaCl5 was added into the mixed solution with magnetic stirring for 30 min, 

followed by the addition of 2.4 g NaOH. After another 60 min magnetic stirring, the 

mixed solution was transferred into a 100 mL Teflon-lined stainless steel autoclave 

and heat-treated at 180 oC for 20 h. Eventually, the powders were centrifuged, washed 

and dried in a vacuum oven at 60 oC overnight. The samples prepared by using 

different amounts of glucose (0, 1, 2 and 2.5 g) were denoted as NaTaO3-E-G0, 

NaTaO3-E-G1, NaTaO3-E-G2 and NaTaO3-E-G2.5, respectively. 

For comparison, the sample NaTaO3-W-G2 was synthesized using 60 mL distilled 

water as a reaction solvent instead of distilled water/EG mixed solution, while other 

conditions were the same as NaTaO3-E-G2. The sample NaTaO3-W-G0 was prepared 

by the same procedure as NaTaO3-W-G2 without the addition of glucose. The sample 

NaTaO3-E-G2-500 was also synthesized by calcining sample NaTaO3-E-G2 at 500 oC 

for 2 h.  

2.2.2.2.2 Photocatalytic activity tests 

The photocatalytic performance of the NaTaO3 based sample was evaluated by 

investigating the destruction of continuous NOx gas (deNOx) using a flow type reactor 

with the irradiation of a 300 W simulated solar light (ASAHI SPECTRA HAL-302) at 

room temperature.  
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2.2.2.3 Results and discussion 

 

Figure 2-43. XRD patterns of samples NaTaO3-E-G0 (a), NaTaO3-E-G2 (b) and 

NaTaO3-W-G2 (c) prepared under various reaction conditions. 

Figure 2-43 shows the XRD patterns of the carbon modified NaTaO3 specimens 

prepared under different conditions. It is clear that the sample NaTaO3-E-G0 (Fig.2-43 

(a)) synthesized by distilled water/EG mixed solution in the absence of glucose could 

be indexed well to the orthorhombic phase of NaTaO3 (JCPDS file No. 25-0863) with 

high crystallinity. After the addition of glucose, the sample NaTaO3-E-G2 (Fig.2-43 

(b)) also presented the pure NaTaO3 phase but with decreased intensity of diffraction 

peaks, suggesting the formation of smaller particle size of products in the presence of 

glucose. In addition, when the glucose was still employed but the mixed solution was 

replaced by distilled water, some impurity peaks belonged to Na2Ta2O6, which is an 

intermediate phase in the formation of NaTaO3 phase, appeared in the sample 

NaTaO3-W-G2 (Fig.2-43 (c)), indicating the existence of EG in the reaction solution 

was favourable for the production of NaTaO3 phase with relatively small particle size. 

Additionally, the amplified XRD patterns of these three samples in the range of 

20-35o were also confirmed (not presented here) that in addition to the difference 

between the relative intensity of peaks, there was no obvious peak shift for these three 

samples, indicating that the carbon was probably not doped into the as-prepared 
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NaTaO3 crystal lattice. 

The corresponding TEM images of the carbon modified NaTaO3 samples fabricated 

under various conditions are exhibited in Fig. 2-44, and the corresponding reaction 

conditions, surface areas, pore sizes and volumes of samples are listed in Table 3-2. In 

Fig. 2-44 (a), the NaTaO3-E-G0 particles synthesized by mixed solution in the 

absence of glucose presented agglomeration, to some extent, with non-uniform sizes. 

Meanwhile, some mesopores also existed in the part of particles with the pore size of 

4.0 nm as well as pore volume of 0.180 cm3·g-1 as shown in Table 2-4. When the 

glucose was employed, it is apparent that the particles of sample NaTaO3-E-G2 were 

well dispersed with relatively uniform size about 20 nm as shown in Fig. 2-44 (b). 

Moreover, the specific surface area of the sample NaTaO3-E-G2 was significantly 

increased to 90.8 m2g-1, which is about four times higher than that of sample 

NaTaO3-E-G0, and also much larger than the reported values for most of NaTaO3 

particles.77,86 This might be owing to the much decreased particle size with well 

distribution, resulting to homogeneous pore structure with pore size of 7.8 nm and 

much improved pore volumes (0.362 cm3·g-1). However, when the EG was removed 

from the reaction solution for the sample NaTaO3-W-G2 in Fig. 2-44 (c), the particle 

size greatly increased to about 100 nm together with the decrement of surface area 

(50.2 m2g-1), while some smaller pores (3.6 nm) were still remained in the inner of 

particles.  

 

Figure 2-44. TEM images of NaTaO3-E-G0 (a), NaTaO3-E-G2 (b) and 

NaTaO3-W-G2 (c). 
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Table 2-4. The reaction conditions and physical properties of NaTaO3-E-G0, 

NaTaO3-E-G2 and NaTaO3-W-G2. 

Samples Reaction 

solution 

Glucose 

(g) 

Specific 

surface area 

(m2g-1) 

Pore size 

(nm) 

Pore 

volume 

(cm3·g-1) 

NaTaO3-E-G0 Water/EG 0 22.7 4.0 0.180 

NaTaO3-E-G2 Water/EG 2 90.8 7.8 0.362 

NaTaO3-W-G2 Water 2 50.2 3.6 0.152 

 

Figure 2-45. TEM images of sample NaTaO3-E-G2 with different magnifications. 
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Figure 2-46. Nitrogen adsorption-desorption isotherms and the corresponding pore 

size distribution plots (inset) of NaTaO3-E-G2. 

Figure 2-45 shows the particle size and morphology of the sample NaTaO3-E-G2 

with different magnifications. It is explicit that the NaTaO3-E-G2 particles displayed 

uniform distribution with soft agglomeration. More importantly, the mesopores could 

be clearly confirmed in all of well-dispersed particles, indicating the existence of 

perfect mesoporous nanostructure. Fig. 2-46 shows corresponding nitrogen 

adsorption-desorption isotherms and pore size distribution plots of the sample 

NaTaO3-E-G2. The isotherm of the sample was a typical IV type with H3 hysteresis 

loops, implying the mesoporous structure.92  

 

Figure 2-47. TEM images of sample NaTaO3-E-G2 evaluated by different focus 

conditions: in-focus (a), overfocus (b) and underfocus (c). 

Additionally, a focus technique in TEM measurement was employed to further 

investigate the mesoporous structure in the inner of sample particles. Fig. 2-47 (a), (b) 

and (c) show the TEM images of NaTaO3-E-G2 examined under various focus 
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circumstances. It is well acknowledged that under the overfocus status, the black area 

in the inner of particles is attributed to the fringe of substance and space. While under 

the underfocus condition, it is contrary that the white area in the inner of particles is 

assigned to the fringe of substance and space, and the in-focus is the normal condition 

as we take a picture.93 Therefore, it could be found that under overfocus and 

underfocus conditions, a lot of discrete black-and-white areas existed in the interior of 

the particles, respectively, confirming that huge number of continuous mesopores 

truly existed in the particles. 

Figure 2-48 presents the HRTEM images and SAED pattern of sample 

NaTaO3-E-G2 in different areas. It was clear that the sample particle of the diameter 

of ca. 20 nm exhibited well-defined crystallinity and regular lattice fringe with lattice 

spacing of 0.378 nm corresponded to (101) plane of orthorhombic phase NaTaO3, 

indicating the small nanounits with oriented growth along the same direction. 

Furthermore, the two red square areas, covering nearly a single particle, have been 

analysed by the SAED. The SAED results clearly confirmed that both of these two 

areas exhibited the single crystal-like patterns as shown in the yellow squares of Fig. 

2-48. As we all known, mesocrystal should have two features, including mesoporous 

structure and single crystal-like patterns. In this work, these two features have been 

nicely confirmed by Figs. 2-45, 2-46, 2-47 and 2-48. Therefore, it could be learned 

that nanosized well-dispersed mesocrystals of NaTaO3 have been successfully 

prepared by the facile solvothermal method using distilled water/EG as the solvent in 

the presence of appropriate amounts of glucose. 

 

Figure 2-48. HRTEM images and SAED patterns of sample NaTaO3-E-G2. 
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Figure 2-49. Formation mechanism of carbon modified NaTaO3 mesocrystal. 

Meanwhile, the corresponding possible formation mechanism of nanoscale 

mesocrystals for NaTaO3-E-G2 was proposed as shown in Fig. 2-49. Firstly, the 

starting materials, TaCl5 and NaOH, in distilled water/EG mixed solution started to 

form nucleation clusters with the increment of temperature, then gradually grew up to 

the critical size of crystal nucleus. In the next step, generally speaking, the further 

growth of primary particles is according to the rule of large particles fusing smaller 

particles by ion-by-ion attachment and unit cell replication, so-called Ostwald 

ripening process driven by the surface energy reduction.94 While another non-classic 

oriented aggregation growth mechanism was also proposed by many researchers for 

the formation of mesocrystals in the presence of an organic stabilizer, where the larger 

particle is obtained by self-assembling or self-aggregating of the adjacent small 

nanparticles, which shared the same crystallographic orientation and were connected 

by organic additives or amorphous materials.94,95 The motivation for this oriented 

attachment process is induced by removing numerous high energy surfaces and finally 

leading to the total reduction in the surface free energy. In the oriented aggregation 

process, the rate of particle growth via self-assembly is much higher than that of the 

ion-by-ion attachment, so that the self-assembly can be predominance in the further 

growth of nanoparticles.94 In this work, the non-classic oriented aggregation process 

was employed. It is well known that the EG is commonly used as a stabilizer to 

synthesize some special shape of nanoparticles.96 There are also a lot of hydroxyl 

radicals in the glucose, which should have the similar function as EG. Therefore, as 

the nucleation clusters grew to the critical size, the primary nanoparticles could be 
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temporarily stabilized by the EG or glucose in the reaction solution simultaneously. 

Finally, the stabilized nanoparticles would be self-assembled by the surface organic 

additives to form a mesocrystal. The formation of well-dispersed mesocrystal with a 

large amount of mesopores should be the co-effect of the EG and appropriate glucose 

content. The glucose not only played the partial role of the stabilizer but also was of 

great importance for small particle size and well-dispersion of mesocrystals as shown 

in Figs. 2-44 and 2-45. It is accepted that the mesocrystal is a metastable phase, which 

can be further fused to form a single crystal along with the disappearance of mesopore 

by the thermal energy. When the sample NaTaO3-E-G2-500 was annealed at 500 oC, 

no apparent mesopores was observed in the product, NaTaO3-E-G2-500 particles, 

indirectly confirming the formation of mesocrystal for the sample NaTaO3-E-G2. 

 

Figure 2-50. DRS (a), FTIR spectra (b) of samples NaTaO3-E-G0, NaTaO3-E-G2 and 

NaTaO3-W-G2 and XPS profiles of C 1s of samples NaTaO3-E-G0, NaTaO3-E-G2 

(c). 

Figure 2-50 shows the DRS, FTIR spectra and XPS of the samples prepared under 
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different conditions. It was found that the sample NaTaO3-E-G0 exhibited mainly UV 

light absorption with a little visible light absorption induced by the modification of 

EG on the optical property of NaTaO3, while the samples, NaTaO3-E-G2 and 

NaTaO3-W-G2, synthesized by adding glucose showed the significantly improved 

visible absorption capability as shown in Fig. 2-50 (a), due to the carbon modification 

of the NaTaO3 surface. It could be confirmed from FTIR spectra in Fig. 2-50 (b) that 

there were three new carbon-related peaks appeared on the surface of samples with 

the addition of glucose. The peak located at 1593 cm-1 was ascribed to the 

hydrogen-bonded carbonyl stretching.97 The peak situated at 1357 cm-1 was assigned 

to the angular deformation of C-H,98 while the peak formed at 1089 cm-1 was 

attributed to the C-C stretching of carbohydrates.99 As shown in Fig. 2-50 (c), the 

XPS analysis revealed that both NaTaO3-E-G0 and NaTaO3-E-G2 displayed three 

same peaks at 284.4, 285.8, 288.0 eV. The 284.4 eV peak was corresponded to the 

adventitious carbon, and that at 288.0 eV to the C-O bond related species, which was 

probably induced by the modification of EG on the samples.100 While the peak lied at 

285.8 eV was as a result of carbon-related materials, which presented the similar 

binding energy with that of carbon in the graphite intercalation compounds, and could 

also get from the atmosphere or the reaction circumstance. Meanwhile, it could be 

seen that the relative area of 285.8 eV peak in the sample NaTaO3-E-G2 was much 

larger than that of sample NaTaO3-E-G0, indicating that the carbon-related material 

was also originated from glucose or EG added in the reaction solution. Furthermore, 

according to Qian Li et al.’s report,101 the C 1s related peak shift should be observed 

to some extent when the C was doped into the sample lattice. However, in this work, 

no obvious C 1s peak shift was observed for both samples, and also no corresponding 

diffraction peak shift happened in the XRD pattern of samples, indicating that the C 

probably covered on the surface of sample particles as carbonaceous species instead 

of doping in the NaTaO3 crystal lattice. In addition, the chemical bonding between Ta 

and C around 22.5eV could not be observed, also indicating carbon was not doped 

into the lattice of NaTaO3. It is well known that the glucose is commonly used to 
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prepare spherical carbon particles by the solvothermal or hydrothermal method.102 In 

our case, there was no obvious carbon formation after the solvothermal reaction with 

the addition of glucose. However, when the solution was heat-treated in the same 

condition without the addition of NaOH, a great deal of carbon appeared in the final 

solution, indicating that the transformation from glucose to carbon could be 

significantly hindered in the basic circumstance, and the detailed reasons for this 

phenomenon is still unclear, which would be our next work. From this, it could be 

induced that a trace of carbonaceous species has been produced in the sample 

NaTaO3-E-G2 in the presence of glucose, finally leading to the high visible light 

absorption activity of the sample. 

The TG and organic elementary analysis were conducted to check the content of C 

in the samples. Fig. 2-51 shows the TG curves of samples from the room temperature 

to 1000 oC. There were three steps of weight losses. The first weight loss from room 

temperature to ca. 250 oC was ascribed to the elimination of absorbed water. The 

second loss stage from 250 to 450 oC should be attributed to the decomposition of 

carbonaceous species on the surface of samples. For the sample NaTaO3-E-G0, about 

1.17% weight was lost, probably originating from the residual EG or similar organic 

materials on the surface of sample. Regarding sample NaTaO3-E-G2 prepared in the 

presence of glucose, 4.15% of sample was lost in this process, indicating that 

corresponding carbonaceous species should be produced from EG and glucose during 

the solvothermal reaction. According to the C-H analysis, only 0.52 and 2.15% of C 

were determined in the samples NaTaO3-E-G0 and NaTaO3-E-G2, respectively. 

These contents were much lower than the results from TG, indicating that the C was 

existed as the carbon related compounds rather than C solely. These results can 

indirectly confirm that the carbon was not doped into the NaTaO3 crystal lattice. The 

last stage from 450 to 1000 oC was probably assigned to the remove of surface 

hydroxyl.103 
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Figure 2-51. TG profiles of samples NaTaO3-E-G0 and NaTaO3-E-G2. 
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Figure 2-52. Raman spectra of samples synthesizd under different conditions. 

Besides, the Raman spectra of samples NaTaO3-E-G0, NaTaO3-E-G2, 

NaTaO3-W-G2 and NaTaO3-W-G0 were also added in Fig. 2-52. It was worth noting 

that this analysis was carried out after laser irradiation for long time to eliminate some 

substances on the surface of samples. Because there was strong luminescence 

disturbance in the Raman spectra of samples NaTaO3-E-G0, NaTaO3-E-G2, 

NaTaO3-W-G2, and no peaks were observed over the test range under the condition of 

investigation without laser irradiation. Even after the long irradiation, the peaks 

corresponding to NaTaO3 powder were still weak. Moreover, the sample 
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NaTaO3-E-G2 presented the weakest peaks, whereas the sample NaTaO3-W-G0 

exhibited the strongest peaks, which were nicely indexed to the relative C related 

contents in samples. Therefore, it could be deduced that the luminescence disturbance 

in the Raman analysis was probably owing to the existence of carbonaceous species 

on the surface of samples, further determining that the C was existed as a form of 

absorbed C related compound instead of dopant in the samples.  

Figure 2-53. DeNOx ability (a) and time dependence of NOx destruction activity (b) 

of NaTaO3-E-G0, NaTaO3-E-G2 and NaTaO3-W-G2 as well as P25 under the 

irradiation of different wavelengths of lights.  

Figure 2-53 (a) and (b) show the deNOx ability for the samples prepared under the 

different reaction conditions. NaTaO3-E-G0 presented the similar deNOx activity as 

P25 under the irradiation of simulated solar light with different filters. The visible 

light responsive activity of NaTaO3-E-G0 was induced by the EG modification, which 

has been systematically researched in the above section. The visible light driven 

photocatalytic performance of P25 might be owing to the impurity contaminations in 

the powders. While NaTaO3-E-G2 prepared in the presence of glucose showed not 

only nice UV and short wavelength visible lights (>400 nm) induced photo-activity 

but also the excellent deNOx efficiency under the irradiation of long wavelength 

visible light above 510 nm, i.e., about 17.0% NO destruction, which was much 

superior to NaTaO3-E-G0 and P25. The high activity of this sample should be due to 

the outstanding visible light absorption as shown in Fig. 2-50 (a) and extremely high 
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specific surface area as listed in the Table 2-4. NaTaO3-W-G2 fabricated in water in 

the presence of glucose displayed higher performance than NaTaO3-E-G0 and P25, 

especially under the irradiation of visible light. However, it was much less effective in 

comparison with that of NaTaO3-E-G2, mainly owing to the much decreased specific 

surface area (see Table 2-4.). It is well known that the high efficiency of 

photocatalysis is generally determined by light absorption capability, specific surface 

area and the separation ability of charge carriers. In this work, NaTaO3-E-G2 

presented the highest deNOx ability. Compared with NaTaO3-W-G2, NaTaO3-E-G2 

revealed the similar UV and visible light absorption ability but with much higher 

specific surface area as shown in Fig. 2-50 (a) and Table 2-4. 
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Figure 2-54. Photoluminescence spectra of samples NaTaO3-E-G0, NaTaO3-E-G2 

and NaTaO3-W-G2 with the excitation of 304 nm. 

Meanwhile, the photoluminescence spectra of the samples were also represented 

in Fig. 2-54 to investigate the separation ability of photoinduced electron and hole. It 

could be learned that NaTaO3-E-G2 also exhibited the similar separation ability with 

that of NaTaO3-W-G2, but much poorer than NaTaO3-E-G0, which implied that the C 

modification was not made a positive effect on the photoinduced electron-hole 

separation ability. From above discussion, it might be concluded that the high specific 

surface area finally led to the outstanding deNOx ability of sample over the factors of 

light absorption and separation performance under the present reaction ocnditions. 

Even so, the much improved visible light ability of samples by C modification was 
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also of great importance, since the visible light induced photocatalytic performance 

was impossible due to the wide intrinsic band gap of NaTaO3.   

 

Figure 2-55. Possible photocatalytic mechanism of C modified NaTaO3. 

Based on above analysis and discussion, the possible photocatalytic mechanism of 

C modified NaTaO3 was illustrated in Fig. 2-55. Under visible light irradiation, the 

carbonaceous species on the surface of NaTaO3 could be regarded as sensitizer to 

absorb visible light. In this case, the photogenerated electron enabled to transfer from 

carbonaceous species to the conduction band (CB) of NaTaO3. Then, the electron in 

CB would react with O2 to produce ·O2
-. Besides, under the excitation by UV light, in 

addition to the electron transferred from carbonaceous species, the electron in the 

valence band (VB) could also be excited to the CB. The photogenerated hole in the 

VB could react with OH- or adsorbed water to produce hydroxyl radicals (·OH). 

Finally, the produced active radicals, ·O2
- and ·OH, could be used to reduce or oxidize 

NO gas to N2 or NO3
-, respectively.49,91,104   

2.3 Preparation of visible light induced BiOX (X=Cl, Br, I) 

based materials 

2.3.1 Introduction 

Bismuth oxyhalides (BiOX; X=Cl, Br, I), as a new series of promising typical 
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p-type photocatalysts, have also received increasing interest for the investigation of 

UV and visible light induced photocatalytic activities owing to their unique layered 

structure, electrical and optical properties.105 Various approaches, including the solid 

state melting method,106  hydrothermal/solvothermal method,107 sol-gel108 and 

reverse microemulsion method,109 etc., have been developed to synthesize BiOX. 

However, most of them required special precursors, high temperatures, long reaction 

times or expensive machinery, which are not popular for practical applications. 

On the other hand, it is well known that the BiOCl, BiOBr and BiOI have different 

intrinsic band gaps due to their electrical structures, finally leading to big differences 

in optical properties. In general, BiOCl possessing a band gap of 3.20 eV only 

exhibits the ability to absorb UV light, while BiOBr and BiOI possessing band gaps 

of 2.76 and 1.77 eV, respectively, display visible light absorption capabilities.110 As a 

result of the less positive position of the valence band of BiOI compared with that of 

the OH-/•OH couple, which is one of the most active oxidative radicals, the BiOI 

usually reveals much poorer visible light induced photocatalytic performance than 

BiOBr. Besides, although BiOBr displays relatively better visible light driven 

photocatalytic activity, the utilization of visible light by BiOBr for photocatalysis was 

still limited, because it can only absorb the short wavelength visible light of below 

450 nm, owing to its relatively wide band gap of about 2.76 eV. Therefore, the 

improvement of visible light induced photocatalytic activity of BiOX series is 

urgently required. 

It is well acknowledged that glycerol is a main by-product of fats and oils in the 

process of preparing biodiesel, and is also mass-produced by the soap and fatty acid 

industries. Nowadays, glycerol is oversupplied and easily accessible in our daily 

life.111,112 Besides, glycerol has been popularly used as a reaction solvent to control 

the morphology and particle size of samples, due to its high viscosity, etc.113,114 On 

the other hand, J. Jiang groups not only prepared the much improved visible 

light-induced photocatalytic performance of BiOCl and BiOBr, but also made a 

reasonable explanation for the enhancement of visible light absorption capability, due 
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to the increment of oxygen vacancies in the BiOX lattices induced by the addition of 

EG in the reaction solution.115 While the relatively high temperature of solvothermal 

treatment was necessary and particle size was still large. Since the glycerol has similar 

function groups as that of EG, it is expected to show the similar effect on the 

induction of oxygen vacancies in the products. Therefore, in this section, glycerol was 

employed as part of a reaction solvent with water to fabricate high performance 

visible light responsive BiOX mesoporous nanoparticles with large specific surface 

areas.  

2.3.2 Experimental 

2.3.2.1 Sample preparation 

BiOX mesoporous nanoparticles have been synthesized by a facile room 

temperature reaction. In a typical synthesis, 0.8 mmol Bi(NO3)3•5H2O was dissolved 

in 30 mL of distilled water/glycerol mixed solution by sonication for 10 min, and 0.8 

mmol KX (X=Cl, Br, I) was dissolved in 30 mL distilled water. After that, the 

Bi(NO3)3•5H2O glycerol aqueous solution was dropwise added into the KX aqueous 

solution with vigorous stirring. The as-mixed solution was magnetically stirred for 1 h 

before aging for 3 h at room temperature. Finally, the product was centrifuged and 

washed with distilled water and ethanol four times, respectively, followed by drying 

in a vacuum oven at 60oC overnight. The BiOX samples prepared in glycerol aqueous 

solution containing 0, 10, 20 and 30 mL glycerol were designated as BiOX-G0, 

BiOX-G10, BiOX-G20 and BiOX-G30, respectively. By comparison, C-TiO2 and 

N-TiO2 were synthesized by solvothermal methods reported in a previous paper.116 

The BiOX-G0(C) samples (C indicates control) were also fabricated at room 

temperature according to the reported work117, in which 10 mmol of KX and 10 mmol 

of Bi(NO3)3•5H2O were dissolved in a 200 mL water containing 9 mL of acetic acid, 

and the other procedures were the same as those of BiOX-G0. The BiOI-G0(C) was 

not prepared due to its poor photocatalytic performance. Additionally, the 
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BiOBr-G0-G was prepared by simply dispersing BiOBr-G0 powders in a 60 mL 

glycerol/distilled water mixed solution (containing 20 mL glycerol) and the following 

steps were just as those of BiOBr-G20. 

2.3.2.2 Photocatalytic activity tests 

The photocatalytic activities of samples were evaluated by the decomposition of 

NO (deNOx) using a flow type reactor under irradiation of a 450 W high pressure 

mercury lamp at room temperature.  

2.3.2.3 Determination of •OH radical 

The amount of •OH radical produced by the photocatalyst samples under the 

irradiation of 300 W simulated solar light (ASAHI SPECTRA HAL-302) with a cut 

filter of >510 nm was evaluated by a spectrofluorometer (Shimadzu RF-5300P) in the 

presence of terephthalic acid, which is able to react with •OH radical in a solution to 

produce a high efficiency fluorescent 2-hydroxyterephthalic acid with an excitation of 

315 nm. The detailed process was as follows: a 0.05 g BiOX sample was dispersed in 

50 mL of 5×10-4 M terephthalic acid solution containing 2×10-3 M NaOH. Then, the 

BiOX suspension was irradiated by the visible light of a simulated solar lamp (>510 

nm) for 1 h. After that, 10 mL suspensions were withdrawn and centrifuged to 

monitor the relative emission intensity of the solution by recording the maximum 

emission peak at 425 nm with the excitation of 315 nm using a UV-vis 

spectrohotometer. 118 
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2.3.3 Results and discussion 
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Figure 2-56. XRD patterns of BiOCl (a), BiOBr (b) and BiOI (c). 

Figure 2-56 shows the XRD patterns of the BiOCl, BiOBr and BiOI. All diffraction 

peaks of BiOCl, BiOBr and BiOI could be well indexed to the tetragonal phase of 

BiOCl (JCPDS 06-0249), BiOBr (JCPDS 73-2061) and BiOI (JCPDS 73-2062), 

respectively. There was no other impurity peaks, indicating that pure BiOX crystals 

were successfully prepared at room temperature. Compared with those of BiOX-G0 

and BiOX-G0(C) synthesized in water, the diffraction peaks of BiOX-G20 fabricated 

in the water/glycerol mixed solution were broadened, and the relative intensity was 

significantly decreased, implying that the particle size of BiOX-G20 was dramatically 

reduced in the presence of glycerol. Besides that, the relative peak intensities of (001) 
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of BiOX-G0(C) and BiOX-G0 were much stronger than that of BiOX-G20, indicating 

the oriented crystal growth of BiOX-G0(C) and BiOX-G0.  

 

Figure 2-57. TEM images of BiOCl-G20 (a), BiOBr-G20 (b), BiOI-G20 (c), 

BiOCl-G0 (d), BiOBr-G0 (e) and BiOI-G0 (f). 

The corresponding TEM images of BiOCl-G20, BiOBr-G20, BiOI-G20, BiOCl-G0，

BiOBr-G0 and BiOI-G0 are shown in Fig. 2-57. It could be clearly seen that 

BiOX-G0 prepared in water revealed a nanoplate morphology, whereas the 

BiOX-G20 synthesized in a water/glycerol mixed solution presented a 3D 

nanostructure. The formation of different morphologies of BiOX-G0 and BiOX-G20 

might be ascribed to the following reasons. When the water was utilized as the 

reaction solution, a great amount of tiny BiOX nuclei were formed as the Bi(NO3)3 

aqueous solution was added into the KX aqueous solution. Due to the low viscosity of 

water, the reactant in the water could be quickly dispersed, and then the nuclei 

enabled to grow up anisotropically. The final BiOX-G0 nanoplates were produced by 

dissolving small BiOX crystals based on the Ostwald ripending mechanism.119 In 

contrast, when the water/glycerol mixed reaction solution was used as a solvent, the 

Bi(NO3)3, which is insoluble in water, could be dissolved to form bismuth alkoxides 

at room temperature. When the Bi(NO3)3 water/glycerol mixed solution was 
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introduced into the KX aqueous solution, the bismuth alkoxides reacted with X- and 

water to produce BiOX nuclei according to the precipitation-solubility equilibrium.120 

In addition, since the viscosity of glycerol (about 934 Pa•s) is much larger than that of 

water (about 0.89 Pa•s),121 the diffusion rate of the reacting ions in the water/glycerol 

mixed solution could be controlled to depress the growth of BiOX crystals. Therefore, 

the particle size of BiOX-G20 became much smaller than that of BiOX-G0, which 

coincided with the XRD results. 120  

 

Figure 2-58. Nitrogen adsorption-desorption isotherms and the corresponding pore 

size distribution plots (inset) of BiOBr-G0 (a) and BiOBr-G20 (b). 

The BET specific surface areas of BiOCl-G20, BiOBr-G20 and BiOI-G20 were 

53.0, 39.3 and 28.5 m2/g, respectively, which were much larger than those of 

BiOCl-G0 (17.3 m2/g), BiOBr-G0 (14.2 m2/g), BiOI-G0 (3.4 m2/g) and lots of BiOX 

samples prepared previously by other ways.117,120 The variation of BET specific 

surface areas in three BiOX-G20 samples is probably assigned to the difference of the 

diffusion rates of Cl-, Br- and I- in the solution. Fig. 2-58 also exhibits the nitrogen 

adsorption–desorption isotherms and pore size distribution profiles of the 

as-synthesized BiOBr-G20 and BiOBr-G0 specimens. The isotherm of the 

BiOBr-G20 in Fig. 2-58 (b) was a typical IV type with H3 hysteresis loops, indicating 

the mesoporous structure,122 whereas the BiOBr-G0 in Fig. 2-58 (a) presented no 

hysteresis loops. The average pore diameter of the BiOBr-G20 determined by the 

Barret–Joyner–Halenda (BJH) method was about 3.8 nm with a pore volume of 0.122 

122 
 



cm3/g, indicating the formation of mesopores between small nanoparticles in the 3D 

nanostructure.  
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Figure 2-59. DRS of BiOCl (a), BiOBr (b) and BiOI (c) prepared under various 

conditions. 

Figure 2-59 shows the DRS of BiOX-G0(C), BiOX-G0 and BiOX-G20. It is 

apparent that the total UV light absorption of BiOX-G0(C) and BiOX-G0 was much 

lower than that of BiOX-G20 but the total visible light absorption property was 

adverse. This phenomenon could be attributed to the effect of morphologies on the 

optical properties of the samples, which has no obviously direct influence on the 

photocatalytic properties of samples under UV and visible lights irradiation. Similar 

results had also been observed in many works.123-125 Therefore, if we ignore the 

optical differences, which migh be related to the morphologyies, it could be seen that 

the BiOCl-G0(C) and BiOCl-G0, prepared in water, presented a main UV light 

absorption performance up to about 350 nm, while the BiOCl-G20, fabricated in the 

water/glycerol mixed solvent, displayed not only the intrinsic UV light absorption 
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capability, but also enhanced visible light absorption performance up to ca.700 nm, 

which was probably caused by the great increment of the amounts of oxygen 

vacancies in the BiOCl-G20 crystal. It is well acknowledged that the ethylene glycol 

(EG) containing reaction solvent is beneficial for the formation of oxygen vacancies 

in the product, where the EG can easily react with some oxygen-terminated oxide 

surfaces to remove some surface oxygen atoms during the preparation of specimens. 

In this case, large numbers of oxygen vacancies were left in the crystals, and these 

interesting phenomena were systematically investigated by many researchers. 111,115,126 

In this work, glycerol and distilled water were used as the reaction solvent for the 

preparation of BiOX-G20. It is accepted that the glycerol has similar functional 

groups and properties as EG. Therefore, it may be deduced that the glycerol in this 

study was also favourable for the formation of oxygen vacancies in BiOX crystal as in 

EG. After great numbers of oxygen vacancies being produced in the BiOX-G20, some 

oxygen vacancy states could be formed under the conduction band of photocatalysts, 
115,127 which finally led to the improvement of visible light absorption performance.  

The existence of oxygen vacancy in the crystalline BiOX-G20 would be confirmed by 

the XPS analysis later. In addition, due to the variation of optical properties of 

BiOCl-G0(C), BiOCl-G0 and BiOCl-G20 induced by oxygen vacancy, the particle 

colour of BiOCl-G20 was light pink, while BiOCl-G0 and BiOCl-G0(C) were white. 

As for BiOBr, they demonstrated similar optical variation as the BiOCl series, i.e., the 

BiOBr-G20 exhibited better visible light absorption capability compared to 

BiOBr-G0(C) and BiOBr-G0. However, the BiOI-G0 displayed much better visible 

light absorption capability than BiOI-G20.  
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Figure 2-60. The XPS profiles of Bi 4f of BiOBr-G0 and BiOBr-G20 (a), and O1s of 

BiOCl-G0, BiOCl-G20, BiOBr-G0 and BiOBr-G20 (b). 

Figure 2-60 (a) and (b) shows the detailed XPS profiles of Bi 4f and O 1s of the 

samples, respectively. In Fig. 2-60 (a), the representative high-resolution Bi 4f spectra 

of BiOBr-G0 and BiOBr-G20 are presented. It could be clearly seen that there were 

four fitted peaks in both samples. The two peaks located at 164.4 and 159.4 eV were 

ascribed to the common Bi3+ in the BiOBr,123 while the other pair of peaks, which 

were situated at the relative lower binding energy (162.4 and 157.2 eV), should be 

corresponded to the lower valence of bismuth ions Bi(3-x)+. The formation of Bi(3-x)+ 

was attributed to the presence of oxygen vacancies in the vicinity of bismuth ions in 

the BiOBr,115,128 indicating that the oxygen vacancies were truly introduced in the 

crystals of BiOBr. Furthermore, the relatively larger area of BiOBr-G20 implied more 

oxygen vacancies and deeper oxygen vacancy states between the band gaps, which 

led to dramatically enhanced visible light absorption as shown in Fig. 2-59. Similar 

phenomena were also observed in BiOCl and BiOI in other works.111,115,127 In addition, 

the O 1s spectra of BiOCl and BiOBr indicated that both BiOCl-G0 and BiOBr-G0 

samples showed only one strong O1s peak at about 529.9 eV, which should be 

ascribed the binding energy of the Bi-O bond.129 However, BiOCl-G20 and 

BiOBr-G20 exhibited two main peaks located at about 531.8 eV and 529.5 eV. The 
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peak at 531.8 eV belonged to the OH and C-O bond, which may be induced by the 

surface absorbed glycerol or derivatives. The peak at 529.5 eV, which was 0.4 eV 

lower than those of BiOCl-G0 and BiOBr-G0, was probably caused by the increased 

number of oxygen vacancies.130,131 These results indirectly confirmed that the glycerol 

had some essential effect on the preparation of BiOX, which eventually resulted in the 

enhancement of oxygen vacancy formation and visible light absorption in the 

BiOX-G20. 

The photocatalytic activities of samples were investigated by evaluating the 

continuous NO gas destruction ability. In order to understand the visible light 

responsive photocatalytic performance better, UV light above a wavelength of 290 nm, 

visible lights above 400 nm and 510 nm were employed to irradiate the samples. Fig. 

2-61 display the deNOx performances of BiOCl (a), BiOBr (b) and BiOI (c) prepared 

under various conditions as well as the time dependence of the NO degradation ability 

of BiOCl-G20, BiOBr-G20, BiOBr-G0 (d) and commercial titania (Degussa P25), 

respectively. It could be explicitly observed in Fig. 2-61 (a) that the BiOCl-G0(C) 

prepared by a large molar ratio of raw materials revealed a pretty good UV light 

induced deNOx ability to destruct about 44% of NO, while at the same time very poor 

visible light responsive performance due to the intrinsic wide band gap and small 

specific surface area. The BiOBr-G0(C) exhibited a little better visible light (>400 nm) 

induced photocatalytic performance of about 14% NO destruction, owing to its 

relatively narrower band gap compared with BiOCl. When the BiOX-G0 was 

synthesized by using a small amount of starting materials, the visible light (>400nm) 

driven deNOx efficiencies of samples were improved slightly, mainly due to the 

enlarged specific surface areas and also induced small amount of oxygen vacancies in 

the crystal. The BiOI-G0 sample showed low deNOx performance under both UV and 

visible lights in spite of the narrowest intrinsic band gap among the three BiOX 

compounds. On the other hand, the BiOCl-G20 and BiOBr-G20 samples, which were 

fabricated by employing the water/glycerol mixed solution as solvent, showed 

excellent photocatalytic performance under the irradiation of both UV and visible 
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lights. It is notable that the BiOBr-G20 sample displayed excellent visible light 

induced deNOx ability even above 510 nm. Based on these results, it could be 

concluded that with the addition of glycerol in the reaction solution of Bi(NO3)3 and 

KCl or KBr, the visible light driven deNOx properties of BiOCl and BiOBr could be 

significantly improved by the favorable increment of oxygen vacancies in crystal.   
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Figure 2-61. DeNOx ability of BiOCl (a), BiOBr (b) and BiOI (c), and the time 

dependence of NOx destruction activity of BiOCl-G20, BiOBr-G20, BiOBr-G0 and 

P25 (d) under the irradiation of different wavelengths of lights.  

It is notable that BiOBr-G0-G prepared by dispersing BiOBr-G0 in the 

glycerol/distilled water mixed solution presented the modest visible light responsive 

deNOx ability as BiOBr-G0, implying that the glycerol truly played a vital role in the 

enhanced visible light induced photocatalytic performance, only when glycerol was 

attended during the preparation process, instead of simple adsorption on the surface of 

products.  
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The photocatalytic performance of BiOX-G20 was compared with those of the 

typical visible light responsive photocatalyst, C-TiO2 and N-TiO2. Fig. 2-62 shows the 

DRS and corresponding deNOx ability of BiOBr-G20, C-TiO2, N-TiO2 and P25. It 

could be seen that the visible light absorption capabilities of C-TiO2 and N-TiO2 were 

much higher than that of BiOBr-G20, at the same time, the estimated specific surface 

areas of C-TiO2 and N-TiO2 were about 124.3 and 163.2 m2/g, respectively, which 

were also much higher compared with the 39.3 m2/g of BiOBr-G20. However, it is 

interesting to note that in Fig. 2-62 (b), corresponding UV and visible light induced 

photocatalytic activity of BiOBr-G20 was almost identical with those of C-TiO2 and 

N-TiO2, which were also much better than those of BiOX prepared by other methods 

for the oxidation of NO gas.117,129 It means that the glycerol modified BiOBr-G20 

presented superior visible light conversion efficiency for photocatalysis over C-TiO2 

and N-TiO2. 

 

Figure 2-62. (a) DRS and (b) deNOx ability of BiOBr-G20, C-TiO2, N-TiO2 and P25 

under irradiation of various wavelengths of lights. 

A possible mechanism for the enhanced visible light induced deNOx ability of 

glycerol modified BiOX was considered as follows. Firstly, the intrinsic band gap of 

as-prepared BiOX in the presence of glycerol was calculated by the intercept of the 

Taucs plot of (αhν)n (n = 1/2 for an indirect band gap of the BiOX semiconductor) 

versus photon energy (hν) according to optical properties as shown in Fig. 4-4, and 

the corresponding plot is presented in Fig. 2-63. Also, the conduction and valence 
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bands positions (ECB and EVB) of the BiOX semiconductor at a point zero charge can 

be appropriately determined by the following two equations:132 

ECB=Χ-Ee-0.5Eg     (2-9) 

EVB-ECB=Eg     (2-10) 

Where Χ corresponds to the absolute electronegativity of the BiOX semiconductor, 

obtained by the geometric mean of the absolute electronegativity of the atoms in the 

BiOX semiconductor; Ee is the energy of free electrons on the hydrogen scale (4.5 

eV); and Eg is the intrinsic band gap of the BiOX semiconductor. The obtained Χ 

values for BiOCl-G20, BiOBr-G20 and BiOI-G20 along with the calculated intrinsic 

band gap, ECB and EVB of these three samples are listed in Table 2-5.113 

 

 

Figure 2-63. Plots of (αhν)1/2 versus photon energy of the BiOCl-G20, BiOBr-G20 

and BiOI-G20. 

Table 2-5. The calculated intrinsic band gap, X, ECB and EVB of BiOX-G20. 

Samples Eg (eV) Χ (eV) ECB (eV) EVB (eV) 

BiOCl-G20 3.39 6.34 0.15 3.54 

BiOBr-G20 2.85 6.18 0.26 3.11 

BiOI-G20 1.83 5.99 0.58 2.41 
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It could be clearly seen that the calculated intrinsic band gaps of BiOCl-G20, 

BiOBr-G20 and BiOI-G20 were about 3.39, 2.85 and 1.83 eV, respectively, which 

were a little greater than those of reported ones prepared at room temperature,113 

because of the decreased particle size of BiOX-G20 with the addition of glycerol in 

the reaction solution as observed in Fig. 2-57.  

According to the intrinsic band gap of the samples shown in Fig. 2-64, the BiOCl 

should present only the UV light absorption property, BiOBr the limited visible light 

absorption property, and BiOI the strongest visible light absorption property. After 

increasing the amount of oxygen vacancies in the BiOX by the addition of glycerol in 

the reaction solvent at room temperature, some deep oxygen vacancy states would be 

formed below the conduction band of BiOX. 115, 127 Due to the induction of the deep 

oxygen vacancy states into the band gap, the electrons could be excited from the 

valence band of BiOX-G20 to the oxygen vacancy states, in addition to the electron 

transition from the valence band to the conduction band of BiOX-G20. In other words, 

the band gap of BiOX-G20 when significantly narrowed by oxygen vacancy states, 

finally led to the dramatic enhancement of visible light absorption as shown in Fig. 

2-59. Therefore, the electrons in the valence band of BiOX-G20 could be excited by 

two routes under visible light irradiation for BiOBr-G20 and BiOI-G20, while only 

one pathway for BiOCl-G20. Namely, the photogenerated electrons could be 

transferred from the valence band of BiOBr-G20 and BiOI-G20 directly to the 

conduction band, or to the oxygen vacancy states. As for BiOCl-G20, the 

photoinduced electrons could only be moved from the valence band to the oxygen 

vacancy states due to the large intrinsic band gap. Subsequently, the photoinduced 

electron in the conduction band or oxygen vacancy states would form •O2
- in the 

presence of oxygen, while the excited hole in the valence band of BiOCl-G20 and 

BiOBr-G20 could be trapped by water and adsorbed OH- species in the air to produce 

hydroxyl radicals •OH, which are very active in the oxidative reaction. In the process 

of NO gas destruction, when the NO gas was flowed through the surface of sample 

powders with visible light irradiation, the NO gas could be oxidized to HNO2 or 
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HNO3, which might be easily eliminated by water.49 Under this circumstance, the 

BiOCl-G20 and BiOBr-G20 could present excellent deNOx ability even under the 

irradiation of long wavelength visible light. In addition, the higher efficiency of the 

visible light induced deNOx property of BiOBr-G20 compared to BiOCl-G20 can 

likely be attributed to the much enhanced visible light absorption ability after the 

glycerol modification. Furthermore, the relatively large specific surface area of the 

sample with mesoporous structure prepared by glycerol mixed solvent was probably 

another vital point for the high activity of the samples compared to those of sample 

fabricated using water as the solvent. However, the absorbed water and OH- species 

on the surface of glycerol modified BiOI-G20 could not react with the photogenerated 

hole to produce strong oxidative hydroxyl radicals •OH due to the lower positive 

potential of the valence band of BiOI-G20 compared with that of OH-/•OH couple,113 

which could be further confirmed by the Fig. 2-65.  

 

Figure 2-64. Schematic illustration of the possible visible light induced photocatalytic 

mechanism of glycerol modified BiOX. 

In Fig. 2-65, it could be clearly seen that when the BiOCl-G20 and BiOBr-G20 

were dispersed in 50 mL of 5×10-4 M terephthalic acid solution containing 2×10-3 M 

NaOH under irradiation of long wavelength visible light (>510 nm) for 60 min, the 

centrifuged terephthalic acid solution exhibited nice fluorescence emission with an 

excitation of 315 nm, whereas for BiOI-G20, there was no corresponding 
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fluorescence emission under the same condition. This phenomenon indicates that no 

obvious •OH radical was produced in the BiOI-G20 despersed solution under the 

irradiation of visible light, which finally led to the poor visible light driven deNOx 

performance of glycerol modified BiOI-G20.133       
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Figure 2-65. Photoluminescence spectra of terephthalic acid solution after long 

wavelength visible light (>510 nm) irradiation of BiOCl-20, BiOBr-G20 and 

BiOI-G20 samples in the terephthalic acid solution for 60 min.  

2.4 Conclusions for Chapter 2 

Preparation of visible light active TiO2 based materials 

Series of C doped, C and Nd codoped, W solely doped, C and W codoped TiO2 

nanoparticles as well as multi-phase of TiO2 powders have been prepared by the 

calcination assisted solvothermal method. By solely and codoping, the band gap of 

TiO2 has been considerably narrowed and separation ability of charge carriers was 

also promoted to some extent, finally leading to much improved visible liht induced 

photocatalytic activity of TiO2. In particular, C and Nd codoped TiO2 nanoparticle 

presented the superior visible light responsive deNOx ability over other doped 

samples owing to its dramatically narrowed band gap, elevated separation ability of 

photogenerated hole-electron pairs and increased specific surface area. Besides, 

owing to the existence of reduced W5+ ions in TiO2 crystal, W solely doped TiO2 
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products exhibited not only relative good photocatalytic property but also excellent 

infrared light absorption capability, which were probably promising in the application 

of smart window.  

Preparation of visible light induced NaTaO3 based materials 

A series of visible light absorbed C-NaTaO3 were successfully prepared by a 

solvothermal method using EG aqueous solution without the addition of any other 

carbon precursors. The visible light absorption of NaTaO3 could be enhanced 

considerably by C-doping induced from EG solution during solvothermal reaction, 

which presented excellent visible light responsive photocatalytic activity. Furthermore, 

the C-NaTaO3/Cl-TiO2 composites were also synthesized by the facile solvothermal 

method. The visible light induced deNOx activity of the samples had been further 

improved significantly due to the suppression of recombination of photogenerated 

hole and electron.  

On the other hand, carbon modified NaTaO3 mesocrystals were also successfully 

prepared by a facile one-pot solvothermal method by using distilled water/EG as 

reaction solvent and glucose additive. The addition of glucose not only played a vital 

role for controlling the particle size and mesopore volume, but also extremely 

improved visible light absorption capability. The nanosized carbon modified NaTaO3 

mesocrystals exhibited outstanding deNOx performance under the irradiation of UV, 

short wavelength visible light (>400 nm) and even long wavelength visible light 

above 510 nm.  

Preparation of visible light induced glycerol modified BiOX at room 

temperature 

Series of glycerol modified BiOX nanostructures have been successfully prepared 

by a facile low-cost method at room temperature using Bi(NO3)3•5H2O and KX 

(X=Cl, Br, I) as starting materials and the unique glycerol/water mixed solution as a 

reaction solvent. The introduction of glycerol in the reaction solution was not only 
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favorable for enlarging the specific surface area of samples, but also beneficial to the 

formation of large amounts of oxygen vacancies in the BiOX lattice, which finally led 

to the much improved visible light absorption capability and corresponding enhanced 

visible light responsive photocatalytic property.  
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Chapter 3 FABRICATIN OF VISIBLE 

AND NIR LIGHTS RESPONSIVE 

PHOTOCATALYSTS 

Recently, a great amount of strategies have been developed to extend the visible 

light induced photocatalytic activity of semiconductor photocatalysts for the 

widespread application. However, the research about the NIR light induced 

photocatalytic property is still few. For the sake of NIR light responsive property, two 

main strategies are proposed. The first one is to dope some rare earth ions (e.g. Er3+, 

Tm3+, etc.) to achieve NIR light absorption by photocatalyst substrate itself. The other 

way is combining photocatalyst with high efficiency of up-conversion phosphor to 

form composite, in which the NIR light can excite the up-conversion phosphor 

component to emit UV or visible lights, and then this emitted UV or visible lights will 

be reabsorbed by the photocatalyst component in composite. Generally, the former 

strategy is not efficient enough for the NIR light utilization, since the materials 

possessing small band gap energy to absorb NIR generally show modest 

photocatalytic activity due to small oxidation-reduction potential. Therefore, the 

combination of up-conversion phosphor with photocatalyst to form a composite has 

drawn much more attention. For this composite, two prerequisites are required. On 

one hand, the emission spectrum of up-conversion phosphor under the excitation of 

NIR light should have a nice overlap with the absorption spectrum of photocatalyst so 

that the emitted light from up-conversion phosphor can be reabsorbed by the 

photocatalyst. On the other hand, the photocatalyst should possess a high efficiency of 

photocatalytic activity under the induction of emission lights from up-conversion 

phosphors.  

As presented in Chapter 2, it can be learned that C doped TiO2 and BiOBr-G20 

samples all presented excellent UV, short and long wavelengths of visible lights 
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induced deNOx ability, which would be the suitable photocatalyst substrates as the 

component to combine with up-conversion phosphors. Therefore, in this chapter, in 

order to improve solar energy utilization by enabling the effective use of not only UV, 

visible lights but also NIR light for photocatalysis, series of novel composites, which 

consisted of NIR light induced up-conversion phosphors and UV, visible lights driven 

C-TiO2 photocatalyst, was synthesized by a facile calcination assisted solvothermal 

method without the addition of any other carbon precursors except for the Ti source 

and ethanol solvent. In addition, the effect of different color emitting up-conversion 

phosphors (blue light, green light and red light emitting ones) on the photocatalytic 

property of composites was also investigated. On the other hand, blue and green 

light-emitting up conversions coupled BiOBr composites were also developed by a 

facile method at room temperature, expecting to achieve visible and NIR lights 

responsive photocatalytic property simultaneously.1,2 

3.1 Preparation of visible and NIR lights induced TiO2 

based composites 

3.1.1 Full spectra light induced (Yb, Er)-NaYF4/C-TiO2 

composite 

3.1.1.1 Experimental 

3.1.1.1.1 Sample preparation 

A series of (Yb,Er)-NaYF4/C-TiO2 composites, with the (Yb,Er)-NaYF4/C-TiO2 

weight ratios of 1:2, 1:1 and 2:1 were prepared by a simple calcination assisted 

solvothermal method, and were denoted as (1:2)@(Yb,Er)-NaYF4/C-TiO2, 

(1:1)@(Yb,Er)-NaYF4/C-TiO2, and (2:1)@(Yb,Er)-NaYF4/C-TiO2, respectively. The 

(Yb,Er)-NaYF4 used in this experiment was purchased from Shanghai Huaming Gona 
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Rare Earth New Materials Co., Ltd. (China). In a typical synthesis process of 

(1:1)@(Yb,Er)-NaYF4/C-TiO2 particle, The appropriate amounts of (Yb,Er)-NaYF4 

particles were dispersed in 20 mL ethanol with continuous stirring for 30 min. After 

that, 0.6 mL titanium tetra-n-butoxide were introduced dropwise to the suspension 

solution with another 30 min magnetic stirring. Subsequently, 10.5 mL ethanol/water 

(10:0.5) mixed solution was added dropwise to the solution and stirred for 60 min 

before transferring into a 100 mL Teflon-lined stainless steel autoclave. Finally, the 

solution was heated at 190oC for 2h, and the products were separated by 

centrifugation, washed and calcined at 265oC for 1h in ambient condition. For 

comparison, C-TiO2 was prepared by a similar process without the addition of 

(Yb,Er)-NaYF4 particles, and (1:1)@(Yb,Er)-NaYF4/TiO2 without calcination at 

265oC.  

For comparison, (1:1)@(Yb,Er)-NaYF4/N-TiO2 in which nitrogen doped titania 

(N-TiO2) was utilized instead of the carbon doped titania (C-TiO2) was also 

synthesized by a conventional hydrothermal method similar to our previous paper.3 A 

desired amount of (Yb,Er)-NaYF4, HMT (3 g, 99%) and 2 mL of 20 wt% TiCl3 

solution were mixed with 30 mL of distilled water. The mixture was placed into a 

stainless steel autoclave attached to a Teflon tube of internal volume of 100 mL. The 

autoclave was heated and kept at 90oC for 1 h to realize homogeneous precipitation 

and then heated at 190oC for 2 h. The powder product was separated by centrifugation, 

washed with distilled water and acetone three times, then vacuum dried at 80oC 

overnight. In order to eliminate the effect of organics remained in the sample, the 

dried particles were finally calcined at 450oC for 2 h. 

3.1.1.1.2 Photocatalytic activity test 

The photocatalytic activities of samples were investigated by evaluating the 

decomposition of NOx (DeNOx) using a flow type reactor under irradiation of 

different wavelengths of LEDs and NIR laser (see Fig. 3-1) at room temperature, 

where the detailed testing parameters are summarized in Table 3-1.  
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Figure 3-1. Spectra of UV, blue, green, red LEDs and NIR diode laser. 

Table 3-1. Photocatalytic testing parameters of the light sources. 

 
Light Source 

Light 
Wavelength 

(nm) 

 
Wattage  

(W) 

Distance to 
the sample 

(cm) 

Light intensity at 
the sample surface 

(μmol/m2s-1) 

Irradiation 
area 

(cm2 ) 
NIR Diode Laser* 980 0.3 35 50.3* 0.4 

Red LED 
Green LED 
Blue LED 
UV LED 

627 
530 
445 
390 

2.5 
2.5 
2.5 
2.5 

45 
5 

40 
7 

89.0 
88.3 
88.2 
89.1 

3.2 
3.2 
3.2 
3.2 

*®THORLABS, NLX-918, the maximum intensity realized by the 980nm laser.  

3.1.1.2 Results and discussion 

 

Figure 3-2. XRD patterns of (a) C-TiO2, (b) (1:1)@(Yb,Er)-NaYF4/C-TiO2 and (c) 

(Yb,Er)-NaYF4. 
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Figure 3-2 shows the XRD patterns of C-TiO2, (1:1)@(Yb,Er)-NaYF4/C-TiO2 and 

(Yb,Er)-NaYF4. All diffraction peaks of sample C-TiO2 were well indexed to the 

anatase phase of TiO2 (JCPDS file No. 21-1272) and no impurity peaks appeared. 

After combining with (Yb,Er)-NaYF4 phosphor by a facile solvothermal method, no 

impurity peaks appeared in (1:1)@(Yb,Er)-NaYF4/C-TiO2 except for those of anatase 

TiO2 and (Yb,Er)-NaYF4, indicating that the introduction of (Yb,Er)-NaYF4 in the 

solution made no visible change on the formation of anatase TiO2 during the 

solvothermal process.  

 

Figure 3-3. Element mapping, TEM image, HRTEM image and EDX spectrum of 

(1:1)@(Yb,Er)-NaYF4/C-TiO2. 

Figure 3-3 shows the TEM image, HRTEM image, element mapping and EDX 

spectrum of (1:1)@(Yb,Er)-NaYF4/C-TiO2 composite. It could be clearly seen from 

element mapping that the element of Na, Y, F, Yb, Er, Ti and O truly existed in the 

sample. The element mapping of C was not shown because a large amount of C 
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existed in the support film of the TEM grid. However, actually, the existence of C in 

the TiO2 could be confirmed from the EDX spectrum and the following DRS and XPS 

analysis. In addition, it could also be found in Fig. 3-3 that the large particle size of 

(Yb,Er)-NaYF4 (200-400 nm) were successfully coated by small particles of C-TiO2 

(7-10 nm) to form core/shell structure. The d-spacing of covered small particle was 

about 0.351 nm, which agreed with the spacing of (101) of anatase TiO2. The specific 

surface areas of C-TiO2 and (Yb,Er)-NaYF4 were determined as 124.3 and 11.5 m2g-1, 

respectively. When the C-TiO2 nanoparticles were combined with (Yb,Er)-NaYF4 

powders in core/shell structure, the specific surface was changed to 70.1 m2g-1. 

 

Figure 3-4. DRS (a), PL spectra (b), visual emitting map (c) of C-TiO2, 

(1:1)@(Yb,Er)-NaYF4/TiO2, (1:1)@(Yb,Er)-NaYF4/C-TiO2, and (Yb,Er)-NaYF4 

under the excitation of 980 nm laser and (d) overlap between the DRS and PL 

spectrum of (1:1)@(Yb,Er)-NaYF4/C-TiO2. For comparison, the DRS of 

(1:1)@(Yb,Er)-NaYF4/TiO2 was also indicated in (d). 
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Figure 3-4 presents the DRS, PL spectra, visual emitting map of C-TiO2, 

(1:1)@(Yb,Er)-NaYF4/TiO2, (1:1)@(Yb,Er)-NaYF4/C-TiO2 and (Yb,Er)-NaYF4. It 

was apparent that C-TiO2 exhibited a nice visible light absorption up to about 600 nm 

due to the C doping in TiO2 by inducing some impurity energy levels of C above the 

valence band of TiO2 (Fig. 3-4 (a)).4 (Yb,Er)-NaYF4 displayed only the absorption 

band from 908 to 1028 nm, corresponding to the 2F7/2→2F5/2 transition of Yb3+ in 

NaYF4.5 When TiO2 was combined with (Yb,Er)-NaYF4, (1:1)@(Yb,Er)-NaYF4/TiO2 

represented a strong UV absorption of TiO2 with the NIR light absorption band of 

(Yb,Er)-NaYF4. Furthermore, (1:1)@(Yb,Er)-NaYF4/C-TiO2 showed the significantly 

enhanced visible light absorption up to 900 nm, owing to the introduction of C into 

TiO2 lattice during calcination. In addition, it is interesting that the visible light 

absorption of (1:1)@(Yb,Er)-NaYF4/C-TiO2 was much stronger than that of 

uncoupled C-TiO2, which is probably attributed to the increased C doping contents in 

TiO2 in the presence of (Yb,Er)-NaYF4 crystal. This phenomenon was also observed 

in chapter 2. The doped C contents in TiO2 would be increased when other impurity 

ions (Nd3+, etc.) or other phases were existed in the preparation of C-TiO2 by 

solvothermal method. When the four kinds of samples in Fig. 3-4 (a) were excited by 

a NIR diode laser light (980 nm), different intensities of green light were emitted as 

shown in Fig. 3-4 (b). The (Yb,Er)-NaYF4 powders showed the highest emission 

intensity with four emission peaks at about 408, 525, 540 and 653 nm, which are 

corresponding to the transitions from 2H9/2, 2H11/2, 4S3/2 and 4F9/2 to 4I15/2 of Er3+, 

respectively.6 When the (Yb,Er)-NaYF4 powders were mixed with undoped TiO2 

particles to form (1:1)@(Yb,Er)-NaYF4/TiO2, the relative emission intensity of peak 

at 540 nm decreased to about 1/4, probably due to the shielding of the excitation light 

by TiO2 nanoparticles on the surface of (Yb,Er)-NaYF4 core. More importantly, the 

relative emission intensity of sample (1:1)@(Yb,Er)-NaYF4/C-TiO2 declined more 

significantly. The reason for this dramatic decrement of emission intensity might be 

explained by Fig. 3-4 (d). It could be explicitly observed that the DRS of 

(1:1)@(Yb,Er)-NaYF4/C-TiO2 had a good overlap with four emission peaks in PL 

147 
 



spectrum, while no overlap could be observed for (1:1)@(Yb,Er)-NaYF4/TiO2, 

indicating that C-TiO2 could efficiently absorb the visible fluorescence emitted from 

(Yb,Er)-NaYF4. When the (1:1)@(Yb,Er)-NaYF4/C-TiO2 composite was excited by 

980 nm laser, the up-conversion phosphor (Yb,Er)-NaYF4 in the composite would 

emit green light with four emission peaks at 408, 525, 540 and 653 nm. Meanwhile, a 

large part of emitted green light would be efficiently absorbed by the C-TiO2 particles 

coated on the surface of (Yb,Er)-NaYF4, eventually leading to the strong reduction of 

emission intensity of green light compared with (Yb,Er)-NaYF4 and 

(1:1)@(Yb,Er)-NaYF4/TiO2. As for C-TiO2, no green light was observed when 

excited by 980 nm laser, since no up-conversion occurred in this sample. The 

corresponding visual emitting maps for these four samples monitored by 980 nm NIR 

light irradiation are presented in Fig. 3-4 (c), in which the laser sources and IR light 

paths are shown by computer graphics.   

 

Figure 3-5. XPS spectra of C1s for (a) C-TiO2 and (b) (1:1)@(Yb,Er)-NaYF4/C-TiO2. 

In order to investigate the status of C in the TiO2 lattice, the XPS measurement was 

employed. From XPS spectra of C 1s for C-TiO2 and (1:1)@(Yb,Er)-NaYF4/C-TiO2 
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in Fig. 3-5, it could be obviously seen that both samples exhibited three peaks at 282.0 

eV, 284.6 eV and 285.6 eV. The peak at 284.6 eV was ascribed to the adventitious 

carbon species from the XPS measurement, and the peak around 285.6 eV is 

corresponded to the elemental carbon, which has the same binding energy as that of 

carbon in the graphite intercalation compound.7 More importantly, the small peak at 

about 282.0 eV should be ascribed to the binding energy of C-Ti bond, indicating that 

the C had been successfully doped into TiO2 lattice by replacing O site.4 The relative 

area of 282.0 eV peak for (1:1)@(Yb,Er)-NaYF4/C-TiO2 was larger than that of 

C-TiO2, and the corresponding doped C concentrations for two samples were about 

0.38 at.% and 0.19 at.%, which were well agreements with that of DRS result in Fig. 

3-5 (a). It is well known that some impurity C energy levels will be introduced above 

the valence band of TiO2 when C was doped in O site of TiO2, and then the electrons 

can be excited from impurity C energy levels instead of the valence band of TiO2 to 

the conduction band of TiO2, which eventually leads to the strong visible light 

absorption of C-TiO2. 4,7 

The photocatalytic activities of samples were investigated by testing the NOx gas 

destruction ability under the irradiation of UV, visible and NIR lights. Fig. 3-6 

illustrates the deNOx activity of various samples using different wavelengths of light 

sources and all samples were kept in dark for 30 min before irradiation to eliminate 

the influence of adsorption of NO species by samples. In Fig. 3-6 (A) and (C), it can 

be obviously seen that there was no obvious deNOx activity for (Yb,Er)-NaYF4 

(sample (c)) regardless of irradiation wavelengths. As for pure C-TiO2 (sample (a)), 

0%, 6.2%, 23.2%, 28.3% and 32.9% of NO were decomposed under the excitation of 

NIR diode laser, red LED, green LED, blue LED and UV LED, respectively. The nice 

visible light induced photocatalytic activity for this sample was mainly assigned to the 

excellent visible absorption of TiO2 after C doping, but no NIR light driven deNOx 

activity was performed, because C-TiO2 could not be excited by 980 nm NIR light. 
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Figure 3-6. Time dependence of NOx destruction activity (A), (B) , corresponding 

deNOx ability (C) of (a) C-TiO2, (b) (1:1)@(Yb,Er)-NaYF4/C-TiO2, (c) 

(Yb,Er)-NaYF4, (d) (1:1)@(Yb,Er)-NaYF4/TiO2, (e) (1:1)@(Yb,Er)-NaYF4/N-TiO2, 

(f) P25 titania under the irradiation of different wavelengths of lights, and the effect of 

(Yb,Er)-NaYF4 content on the deNOx ability of (Yb,Er)-NaYF4/C-TiO2 composites 

(D). 

However, when C-TiO2 photocatalyst was combined with (Yb,Er)-NaYF4 

up-conversion phosphor, about 8.5% of NOx gas was successfully destructed even 

when the NIR diode laser was used as the irradiation light source. This NIR light 

induced activity should be owing to the synergetic effect of C-TiO2 photocatalyst and 

(Yb,Er)-NaYF4 up-conversion phosphor, since no corresponding performance was 

observed by uncoupled C-TiO2 and (Yb,Er)-NaYF4 individually. In addition, the 

visible light induced deNOx performance was significantly enhanced to 19.5%, 26.2% 

and 30% with the irradiation of 627, 530 and 445 nm LED lights, respectively. This 
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interesting result might be dominantly due to the increased visible light absorption 

ability by increasing C doping content as shown in Fig. 3-4 (a). As for the effect of 

thermal reaction on the visible-NIR light induced photocatalytic activity, it could be 

ignored since no visible-NIR light responsive deNOx activity was observed for the 

uncoupled (Yb,Er)-NaYF4 and no NIR light driven deNOx performance was exhibited 

for uncoupled C-TiO2. Furthermore, the temperature was fixed at a constant room 

temperature during the photocatalytic testing. 

The detailed mechanism for this synergy phenomenon will be explained in the 

following section. The deNOx activity of (1:1)@(Yb,Er)-NaYF4/C-TiO2 was also 

compared with those of (1:1)@(Yb,Er)-NaYF4/TiO2, (1:1)@(Yb,Er)-NaYF4/N-TiO2 

and P25 using different wavelengths of lights (Fig. 3-6 (B), (c)). When 

(Yb,Er)-NaYF4 up-conversion phosphor was mixed with undoped TiO2, only 27.5 % 

of UV light induced photocatalytic activity was displayed, and no distinct visible and 

NIR lights induced deNOx activity was presented due to the poor visible and NIR 

light absorption of undoped TiO2. As for P25, 26.8% and 9.6% of NOx were 

destructed when UV and blue LEDs were used as light sources, respectively. 

(1:1)@(Yb,Er)-NaYF4/N-TiO2 exhibited only 7.3% and 23% of NOx destruction 

ability with the visible light irradiation of 530 and 445 nm, respectively. Although the 

absorption spectrum of (1:1)@(Yb,Er)-NaYF4/N-TiO2 showed a little overlap with its 

photoluminescence spectrum, it was still not effective enough to induce the obvious 

deNOx performance under the excitation of 980 nm light. Furthermore, the effect of 

(Yb,Er)-NaYF4 content on the photocatalytic activity of (Yb,Er)-NaYF4/C-TiO2 

composites was also studied using different wavelengths lights (in Fig.3-6 (D)). 

(1:1)@(Yb,Er)-NaYF4/C-TiO2 demonstrated a little better deNOx ability than those of 

other compositions of (Yb,Er)-NaYF4/C-TiO2 composites.  

In addition, the deNOx ability of (1:1)@(Yb,Er)-NaYF4/C-TiO2 was also 

investigated by employing NIR laser, red LED, the combination of NIR laser and red 

LED as irradiation sources (Fig. 3-7). It was clearly exhibited that about 19% of NOx 
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gas was destructed under the excitation of red LED. While when NIR laser was 

combined with red LED as the light source, further 4.5% of NOx gas reduction was 

appeared and then moved back to 19% again as the NIR diode laser was eliminated. 

This result indicated that the NIR light induced deNOx ability of the C-TiO2 

photocatalyst combined with (Yb,Er)-NaYF4 up-conversion phosphor truly had a 

positive effect on the total photocatalytic activity of photocatalyst when irradiated by 

UV, visible, NIR lights, therefore, the solar light might be more effectively utilized 

for photocatalysis compared with that of uncoupled C-TiO2 photocatalyst.  

 

Figure 3-7. DeNOx ability of (1:1)@(Yb,Er)-NaYF4/C-TiO2 with respect to the 

irradiation lights. 

 

Figure 3-8. The multi-cycles of deNOx performance of 

(1:1)@(Yb,Er)-NaYF4/C-TiO2 under the irradiation of 980 nm light. 
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It is well known that the photoluminescence of phosphor is sensitive to the 

operating condition, and the surround atmosphere of the photocatalyst may change 

after irradiation for some time.8 Therefore, the reproducibility of NIR light induced 

deNOx ability of (Yb,Er)-NaYF4/C-TiO2 composite was evaluated. The deNOx 

reaction performance of (1:1)@(Yb,Er)-NaYF4/C-TiO2 with the repeated induction of 

980 nm light is shown in Fig. 3-8. It is apparent that no noticeable change in the NIR 

light induced deNOx ability occurred after 4 times running, implying that the 

(Yb,Er)-NaYF4/C-TiO2 composite had an excellent stability for NOx destruction when 

irradiated by NIR light. 

 

Figure 3-9. Schematic illustration of the photoluminescence and photocatalytic 

mechanism of (Yb,Er)-NaYF4/C-TiO2 composite.  

Figure 3-9 illustrates the photoluminescence and UV, visible, NIR lights induced 

photocatalytic reaction mechanism of the (Yb,Er)-NaYF4/C-TiO2 composite. It is 

accepted that up-conversion phosphors can convert longer wavelength radiation (NIR 

light) to shorter wavelength fluorescence (UV or visible light) via a two-photon or 

multiphoton mechanism and then achieve the anti-stokes shift.9,10 When a 980 nm 

NIR laser was used to excite the (Yb,Er)-NaYF4/C-TiO2, the Yb3+ as a sensitizer ion 

in (Yb,Er)-NaYF4 phosphor could absorb this light, and then an electron was able to 

be excited from the 2F7/2 to 2F5/2 level. After that, the excited electron would transfer 
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back to the ground state of 2F7/2 and the released energy in this process was 

dominantly nonradiatively transferred to active ions of Er3+, leading to a population of 

Er3+ from 4I15/2 to 4I11/2. In addition, a second or more similar 980 nm photons from 

excited Yb3+ ion could populate to much higher 4F9/2, 4F7/2 and 2H9/2 energetic levels 

of Er3+ ion. Some of the excited electrons of Er3+ ion then would relax nonradiatively 

by a fast multiphonon decay process to the 2H11/2, 4S3/2, 4F9/2 etc. energy levels. Finally, 

these excited electrons would radiatively transfer to the Er3+ ground state of 4I15/2 and 

present four emissions at 408 nm (2H9/2→4I15/2), 521 nm (2H11/2→4I15/2), 540 nm 

(4S3/2→4I15/2) and 653 nm (4F9/2→4I15/2).11 The (Yb,Er)-NaYF4 eventally emitted green 

light due to the main peak at 540 nm. In this case, the as-emitted green light from 

(Yb,Er)-NaYF4 could be reabsorbed by the surface C-TiO2 nanoparticles, which had 

an excellent light absorption in the range of above mentioned four peaks owing to the 

C doping in TiO2 (shown in Fig. 3-4). At that time, the electron in TiO2 was excited to 

the conduction band of TiO2 from the C doped impurity energy levels, producing a 

pair of hole and electron in TiO2 lattice. The photogenerated hole would then be 

trapped by water and adsorbed OH- species in the air to generate hydroxyl radicals 

•OH. Besides, the photoinduced electron in the conduction band would form •O2
- in 

the presence of oxygen. In addition, the detailed destruction mechanism of NO 

species by photocatalyst has been investigated by some researchers.12,13 The 

characterization system in the present research was quite similar to that of the 

Japanese Industrial Standard, which was established on May 4, 2004.14 In this JIS 

standard, it is recommended that the photocatalytic activity of the photocatalyst 

should be characterized by measuring the decrease in the concentration of NO at the 

outlet of a continuous reactor. In the presence of oxygen, the electrons in the 

conduction band are immediately trapped by the molecular oxygen to form .O2-, 

which can then generate active .OOH radicals. The nitrogen monoxide reacts with 

these reactive oxygen radicals, molecular oxygen, and very small amount of water in 

the air to produce HNO2 and HNO3.15 As for UV, visible lights induced photocatalytic 

performance of (Yb,Er)-NaYF4/C-TiO2 composite, it was very similar to that of NIR 

154 
 



light induced activity. The only difference was that the irradiation light source for 

photocatalysis was not transferred from up-conversion phosphor but directly from the 

UV or visible light sources, and then the electron would be excited from the valence 

band of TiO2 or C doped energy levels to the conduction band of TiO2, eventually 

inducing the photocatalysis.1     

3.1.2 Comprehensive study of B-UP/C-TiO2, G-UP/C-TiO2 

and R-UP/C-TiO2 composites 

3.1.2.1 Experimental 

3.1.2.1.1 Sample preparation 

The blue, green and red colour emitting up-conversion phosphors coupled C-TiO2 

composites were prepared by a simple calcination assisted solvothermal method. The 

blue colour up-conversion phosphors, (Yb,Tm)-NaYF4 (named B-UP), green colour 

one, (Yb, Er)-NaYF4 (named G-UP), and red colour one, (Yb, Er)-Y2O3/YOF (named 

R-UP), used in this experiment were purchased from Shanghai Keyan Phosphor 

Technology Co., Ltd (China). These three commercial up-conversion phosphors were 

mixed with C-TiO2 by a weight ratio of 1:1 and were denoted as (1:1) @B-UP/C-TiO2, 

(1:1) G-UP/C-TiO2 and (1:1) @R-UP/C-TiO2, respectively. In a typical synthesis 

process of (1:1)@ B-UP/C-TiO2 composite, after dispersing an appropriate amount of 

B-UP particles in 20 mL ethanol with continuous stirring for 60 min, 0.6 mL titanium 

tetra-n-butoxide was added dropwise with 30 min magnetic stirring. Subsequently, 

10.5 mL ethanol/water (10:0.5) mixed solution was introduced dropwise, and the 

suspension solution was stirred for 60 min before transferring into a 100 mL 

Teflon-lined stainless steel autoclave and solvothermal treatment at 190oC for 2 h. 

Finally, the products were recovered by centrifuge, followed by washing, drying and 

calcination at 265oC for 1 h in an ambient condition. The uncoupled C-TiO2 was 

fabricated without the addition of up-conversion phosphors. The composites of (1:1) 
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@G-UP/C-TiO2, and (1:1) @R-UP/C-TiO2 were also fabricated by similar process 

using corresponding up-conversion phosphors.  

3.1.2.1.2 Photocatalytic activity tests 

The photocatalytic activities of composites were investigated by evaluating the 

decomposition of NOx (deNOx) using a flow type reactor under irradiation of different 

wavelengths of LEDs and NIR laser at room temperature. 

The photocatalytic activity of composites was also evaluated for the degradation of 

RhB solution under the irradiation of 980 nm NIR laser at the ambient temperature. 

After the addition of 0.10 g of sample powder into a 50 mL of 10-5 mol/L RhB 

solution, the solution was stirred for 2 h in the dark to reach the adsorption–desorption 

equilibrium of RhB prior to irradiation of the NIR laser. 5 mL suspensions were 

withdrawn at the desired illumination time intervals, and the particles were removed 

by centrifugation to monitor the concentration of RhB by recording the maximum 

absorbance of RhB at 553 nm with the UV-vis spectrohotometer.  

3.1.2.2 Results and discussion 

 

Figure 3-10. XRD patterns of C-TiO2, B-UP, G-UP, R-UP and the composites of 

(1:1) @B-UP/C-TiO2, (1:1) @ G-UP/C-TiO2 and (1:1) @R-UP/C-TiO2. 
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Figure 3-10 shows the XRD patterns of C-TiO2, three kinds of commercial 

up-conversion phosphors and the corresponding composites. It could be obviously 

seen that C-TiO2 presented the pure anatase phase (JCPDS file No. 21-1272) and no 

other impurity peaks or phases were observed. After coupling C-TiO2 with B-UP, 

G-UP and R-UP by the solvothermal method, the diffraction peaks belonged to 

C-TiO2 and various up-conversion phosphors were observed, implying that the 

composites had been successfully formed without changing the crystallinity of C-TiO2 

and commercial up-conversion phosphors. In addition, the C-TiO2 possessed fine 

particle size of ca. 10 nm and large specific surface area of 124.3 m2g-1, which was 

much higher than that of P25 (50.2 m2g-1).  After combining with B-UP, G-UP and 

R-UP, the specific surface areas of the composite decreased to about 66.7, 69.2 and 

74.5 m2g-1, respectively, owing to the large particle size (about 2 μm in diameter) and 

small specific surface area of about several m2g-1 of the up-conversion phosphors.    

 

Figure 3-11. DRS of samples C-TiO2, (1:1)@B-UP/C-TiO2, (1:1)@G-UP/C-TiO2 and 

(1:1) @R-UP/C-TiO2.  

The DRS of C-TiO2 particle and (1:1)@B-UP/C-TiO2, (1:1)@G-UP/C-TiO2, (1:1) 

@R-UP/C-TiO2 composites are illustrated in Fig. 3-11. It is explicit that C-TiO2 

presented nice UV and visible lights absorption but no NIR light absorption. When 

C-TiO2 was combined with up-conversion phosphors, the composites not only 

displayed improved visible lights absorption up to 800 nm, covering the whole blue, 

green and red lights range, but also represented a small NIR light absorption band 
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around 980 nm.  The increase in the visible light absorption might be owing to the 

increased C doping contents in TiO2, and the absorption of NIR light might be 

corresponded to the absorption ability of Yb3+ ions in the up-conversion 

phosphors.16,17 It means that the prepared composites can be excited by UV, visible 

and NIR lights simultaneously.  

 

Figure 3-12. DRS, PL spectra and visual emitting map of composites (1:1) 

B-UP/C-TiO2 (a), (1:1)@ G-UP/C-TiO2 (b), (1:1)@R-UP/C-TiO2 (c) and PL spectra 

of B-UP, G-UP, R-UP and three composites with the excitation of 980 nm (d). 

Figure 3-12 represents the DRS, PL spectra, visual emitting map of three 

composites together with the PL spectra of up-conversion phosphors of B-UP, G-UP 

and R-UP monitored by 980 nm laser. It is obvious in Fig.3-12 (a)-(c) that 

(1:1)@B-UP/C-TiO2, (1:1)@G-UP/C-TiO2 and (1:1)@R-UP/C-TiO2 composites 

displayed the good visual blue, green, red colour emissions, respectively, under the 

irradiation of 980 nm laser. Furthermore, the DRS and PL spectra of all composites 

demonstrated the nice overlap, indicating that the up-conversion emitted blue, green 
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and red lights could be well reabsorbed by the C-TiO2 coexisted in the composite. 

Such reabsorption of up-conversion emitted lights by C-TiO2 photocatalyst in 

composites could be confirmed by Fig.3-12 (d). The up-conversion phosphors, B-UP, 

G-UP and R-UP, revealed the high blue, green and red colour emission peaks situated 

at about 453, 538 and 662 nm, respectively, where the G-UP exhibited much stronger 

emission intensity than those of the B-UP and R-UP. After coupling with C-TiO2, the 

intensity of up-conversion emission decreased dramatically, due to the absorption by 

C-TiO2. The G-UP combined composite still displayed the strongest emission 

intensity among the three composites which well agreed with the visual emitting maps 

in Fig. 3-12 (a), (b) and (c). Compared with the emission intensity of uncoupled 

up-conversion phosphors, the intensity of blue colour emission in 

(1:1)@B-UP/C-TiO2, green colour in (1:1)@G-UP/C-TiO2 and red colour in 

(1:1)@R-UP/C-TiO2 reduced about 89, 75 and 62%, respectively, mainly due to the 

reabsorption by C-TiO2 in the composites.    

 

Figure 3-13. XPS profiles of C 1s for C-TiO2, (1:1)@B-UP/C-TiO2, 

(1:1)@G-UP/C-TiO2 and (1:1) @R-UP/C-TiO2.  

The XPS analysis was also employed to check the status of C in the TiO2 crystal. 

Fig. 3-13 exhibited the XPS profiles of C 1s for the C-TiO2 particles, 
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(1:1)@B-UP/C-TiO2, (1:1)@G-UP/C-TiO2 and (1:1)@R-UP/C-TiO2 composites after 

Ar+ sputtering to clean the contamination on the surface of the samples. All samples 

presented three peaks located at 285.6, 284.6 and 282.0 eV, but the relative peak 

intensity was varied. The peak situated at 284.6 eV was belonged to the adventitious 

carbon species and the 285.6 eV peak was assigned to the elemental carbon which has 

the same binding energy as that of carbon in the graphite intercalation compound.7 

Furthermore, the peak lied at 282.0 eV was attributed to the binding energy of C-Ti 

bond, indicating that the C was doped into the TiO2 crystal lattice by replacing the O 

site. 4 However, the relative peak intensities of 282.0 eV for these four samples were 

different, and the calculated contents of doped C in the samples, C-TiO2 

(1:1)@B-UP/C-TiO2, (1:1)@G-UP/C-TiO2 and (1:1)@R-UP/C-TiO2 composites, 

were about 0.19, 0.26, 0.24 and 0.25 at.%, respectively. The doped C in the samples 

could introduce some impurity C energy levels into the position above the valence 

band of TiO2, finally leading to the narrowed band gap and corresponding improved 

visible light absorption capability.  

Figure 3-14 shows the deNOx capability of C-TiO2, (1:1)@B-UP/C-TiO2, 

(1:1)@G-UP/C-TiO2, (1:1)@R-UP/C-TiO2 and commercial P25 under the excitation 

of different wavelengths of LED lights and 980 nm NIR laser. As seen in Fig 3-14 

(a)-(c), it is evident that all uncoupled up-conversion phosphors displayed no obvious 

NOx destruction capability regardless of the irradiation source due to the lager particle 

size and poor visible light absorption ability, while C-TiO2 represented the nice 

deNOx performance and about 6.2%, 23.2%, 28.3%, 32.9 % of NO gas were 

decomposed under the irradiation of LED lights of 627nm, 530nm, 445nm, 390 nm, 

respectively. As expected, there was no NIR light induced photocatalytic activity for 

C-TiO2, because of non-absorption ability of C-TiO2 in the NIR light range. When 

C-TiO2 was coupled with up-conversion phosphors, the composites displayed deNOx 

ability. More interesting, the composites showed much enhanced red light driven NOx 

decomposition performance in compare with that of uncoupled C-TiO2. This positive 

phenomenon was mainly attributed to the increased light absorption ability of C-TiO2 

160 
 



in the range of visible light (shown in Fig. 3-11), due to the increased C doping 

content in TiO2 after solvothermal coupling with up-conversion phosphors in 

comparison with that of pure C-TiO2 as shown in Figs. 3-11 and 3-13. 

 

Figure 3-14. NOx destruction activities of C-TiO2, (1:1)@B-UP/C-TiO2, 

(1:1)@G-UP/C-TiO2, (1:1)@R-UP/C-TiO2 and P25 under the irradiation of different 

wavelengths of lights. 

The detailed reason for increased C doping content in TiO2 after coupling with 

up-conversion phosphors was still unclear and would be our next work. With the 

increase of the whole range of visible light absorption capability for up-conversion 

phosphors coupled C-TiO2, only red light induced photocatalytic performance was 

subsequently increased but no significant change for blue and green lights responsive 

ones. This abnormal result was probably assigned to the reason that the blue and 

green lights induced deNOx ability of uncoupled C-TiO2 was much higher than that of 

red light driven one. Although the blue, green and red lights absorption property of 
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up-conversion phosphors combined C-TiO2 were all enhanced compared with that of 

uncoupled C-TiO2, the blue and green lights induced deNOx ability probably have 

almost arrived at its saturation and further increased light absorption ability to some 

extent would be not so effective for the deNOx performance in contrast to that of poor 

red light responsive one. The corresponding NO gas degradation ability of the 

prepared samples and P25 are summarized in Fig. 3-14 (d). It could be explicitly seen 

that all samples exhibited excellent deNOx performance superior to P25 even under 

the irradiation of UV light. In addition, the (1:1)@G-UP/C-TiO2 composite emerged 

the best NIR light induced photocatalytic ability with about 9.3% of NO destruction, 

following by the (1:1)@B-UP/C-TiO2 composite with 8.3% and (1:1)@R-UP/C-TiO2 

composite with 3.3%. The reason for the highest NIR light induced deNOx ability of 

(1:1)@G-UP/C-TiO2 composite might be discussed as follows.  

Although the composites showed the higher blue light absorption ability than those 

of green and red lights (as seen in Fig. 3-11), the green colour emitting up-conversion 

phosphor, G-UP, displayed much stronger emission intensity compared with those of 

blue and red colours emitting up-conversion phosphors (as exhibited in Fig. 3-12 (d)) 

under the excitation of 980 nm NIR laser. Therefore, the amounts of green light 

photons generated by G-UP phosphor were much higher than those of blue and red 

lights photons by B-UP and R-UP phosphors, resulting in the highest photocatalytic 

activity of (1:1)@G-UP/C-TiO2 composite. From these results, it may be concluded 

that the NIR light induced photocatalytic performance was introduced via an 

up-conversion of NIR light to blue, green or red lights, which are reabsorbed by 

C-TiO2 for photocatalysis.  

In order to further understand the UV, visible and NIR lights utilization efficiency 

in the composites, the apparent photonic efficiency (ξλ) of the samples were 

calculated according to the equation:18,19  

ξ λ＝(FNO*αλ)/(Pλ*S*Aλ)       (3-1) 

where λ indicates the wavelength of the used irradiation lights, FNO (μmol s-1) the 

flow quantity of NO molecules in the reaction gas, αλ (%) the deNOx ability of the 
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photocatalysts, Pλ (μmol m-2 s-1) the photon number with the wavelength of light 

irradiated on the samples, S (m2) the illuminated area and Aλ the absorption capability 

of sample at the irradiation wavelength. Taking NIR light induced deNOx activity of 

(1:1)@G-UP/C-TiO2 composite as an example, FNO is 1.488*10-4 μmol s-1 (NO, 1 

ppm, 200 mL/min), αλ 9.3% (as shown in Fig. 3-14 (d)), Pλ 50.3 μmol m-2 s-1 and S 

0.4*10-4 m2 (as display in Table. S1), Aλ 15.3% was obtained from Fig. 3-12 (b).  

Under these conditions, the calculated ξ980 nm was about 4.5% and all calculated ξλ for 

the samples C-TiO2, (1:1)@B-UP/C-TiO2, (1:1)@G-UP/C-TiO2, (1:1)@R-UP/C-TiO2 

under the irradiation of different wavelengths of lights are summarized in Table 3-2. 

Table 3-2. The calculated photonic efficiencies of the samples under the irradiation of 

different wavelengths of lights. 

Photocatalyst Photonic efficiency (%) 

LED 

light 

LED 

light 

LED 

light 

LED 

light 

Infrared  

laser 

390 nm 445 nm 530 nm 627 nm 980 nm 

C-TiO2 0.36 0.43 0.61 0.26 0 

(1:1)@B-UP/C-TiO2 0.28 0.32 0.40 0.47 3.83 

(1:1)@G-UP/C-TiO2 0.31 0.36 0.42 0.49 4.50 

(1:1)@R-UP/C-TiO2 0.28 0.30 0.37 0.42 1.61 

It is apparent that the values of ξλ for the NIR light responsive deNOx were 

excellent, being much higher than those under UV and visible lights irradiation. This 

high ξλ for NIR light irradiation should be related to the poor NIR light absorption 

ability of the composites and the low energy of NIR light in comparison with those of 

UV and visible lights. Moreover, the green colour emitting up-conversion phosphor 

combined C-TiO2 composite still presented the best ξλ value among the three 

composites. 
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Figure 3-15. Multi-cycle tests of deNOx performance of (1:1)@B-UP/C-TiO2, 

(1:1)@G-UP/C-TiO2 and (1:1)@R-UP/C-TiO2 composites under the irradiation of 

980 nm light. 

As well known, the photostability was also one of the key points for the practical 

application of photocatalysts. Fig. 3-15 shows the multi-cycles of deNOx performance 

of the three composites irradiated by NIR light. After three runs testing, the 

photocatalytic activity of three composites did not change obviously, implying the 

good photostability of the up-conversion phosphors combined C-TiO2 composites. 

 

Figure 3-16. Time change in the absorbance of RhB aqueous solution in the presence 

of (1:1)@G-UP/C-TiO2 composite (a) and RhB degradation performance of C-TiO2, 

(1:1)@B-UP/C-TiO2, (1:1)@G-UP/C-TiO2, (1:1)@R-UP/C-TiO2 and G-UP (b) under 

the irradiation of 980 nm infrared laser.   

The degradation of RhB dye was also employed to evaluate the photocatalytic 

activity of samples in the solution system. Fig. 3-16 shows the RhB degradation 
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capability of the samples under the irradiation of 980 nm infrared laser. All 

composites exhibited excellent NIR light induced RhB degradation activity, although 

uncoupled G-UP and C-TiO2 showed no destruction ability. Additionally, the 

(1:1)@G-UP/C-TiO2 represented the best RhB decomposition performance similar to 

that of deNOx activity, following by (1:1)@B-UP/C-TiO2 and (1:1)@R-UP/C-TiO2 

composites. Therefore, the up-conversion phosphors coupled C-TiO2 composites 

possessed photocatalytic activities for not only destruction of NOx gas but also dye 

degradation in the solution under NIR lights irradiation. 

Figure 3-17. The possible mechanism of UV, visible and NIR lights induced 

photocatalysis of up-conversion phosphors coupled C-TiO2 composites. 

Figure 3-17 shows the possible mechanism of UV, visible and NIR lights 

responsive photocatalysis of the up-conversion phosphors coupled C-TiO2 composites. 

It is well acknowledged that the function of up-conversion phosphors is to transfer the 

long wavelength of light (NIR light) to the short wavelength of light (UV, blue, green, 

red lights, etc.), achieving anti-stokes shift by a multi-photon mechanism.11 When a 

NIR lights are irradiated to the present composites, the up-conversion phosphor would 

be excited, and then blue, green or red lights are emitted. The emitted visible lights 
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could be absorbed by the C-TiO2 in the composites, owing to the narrowed band gap 

of C-TiO2 by C doping in the O site of TiO2 lattice (as shown in Fig. 3-12).  

In this case, the electron could be excited from the C doped levels to the conduction 

band of C-TiO2. The photogenerated hole in the valence band would be further 

trapped by water and adsorbed OH- species in the air to produce hydroxyl radicals 

•OH. In addition, the photoexcited electron in the conduction band would also react 

with adsorbed oxygen to generate •O2
-. Finally, the target nitrogen monoxide could be 

oxidized by these reactive oxygen radicals, hydroxyl radicals, molecular oxygen, and 

water in the air to produce HNO2 and HNO3. These reaction processes have been 

investigated by many researchers as presented in the following equations:20,21 

NO + 2•OH → NO2 + H2O     (3-2) 

NO2 + •OH → NO3
- + H+      (3-3) 

NOx + •O2
-→ NO3

-           (3-4) 

NO + NO2 + H2O→ 2HNO2    (3-5) 

As for UV and visible lights irradiation, these two lights could be directly absorbed 

by C-TiO2 in the composites to take place the photocatalytic reaction. Therefore, the 

up-conversion phosphors coupled C-TiO2 composites fabricated in the present work 

was feasible to be excited by UV, visible and NIR lights simultaneously, finally 

producing corresponding high performance of photocatalytic activities.2 

3.2 Preparation of visible and NIR lights responsive 

up-conversion phosphors coupled BiOBr composites 

3.2.1 Introduction 

As mentioned in Chapter 2, the BiOBr as a promising photocatalyst still presents 

limited visible light absorption capability as a result of the relatively wide band gap 

(ca. 2.8 eV, 443 nm), which only accounts for small part of the visible light range. 

Furthermore, to the best of our knowledge, up to now, there is no research about the 
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NIR light induced photocatalytic activity of BiOBr. 

Therefore, in this section, novel up-conversion phosphors (B-UP and G-UP) 

coupled BiOBr composites have been proposed to develop UV, visible and NIR lights 

driven photocatalytic activity simultaneously. 

3.2.2 Experimental 

3.2.2.1 Sample preparation 

Series of up-conversion phosphors coupled BiOBr composites have been 

synthesized by a simple room temperature method. To begin with, 0.8 mmol 

Bi(NO3)3•5H2O in 30 mL of distilled water/glycerol mixed solution with sonication 

for 10 min, meanwhile 0.8 mmol KBr and 0.24 g up-conversion phosphor (Yb, 

Tm-NaYF4 (B-UP) or Yb, Er-NaYF4 (G-UP)) were dispersed in another 30 mL of 

distilled water. After that, the Bi(NO3)3•5H2O glycerol aqueous solution was 

dropwise added into the KBr and up-conversion phosphors mixed aqueous solution 

with vigorous stirring. The as-mixed solution was magnetically stirred for 1 h before 

aging for 3 h at room temperature. Finally, the product was centrifuged and washed 

with distilled water and ethanol four times, respectively, followed by drying in a 

vacuum oven at 60oC overnight. The composite, consisted of B-UP and BiOBr, was 

denoted as B-UP/BiOBr-G20, and the one, be composed of G-UP and BiOBr, was 

designated as G-UP/BiOBr-G20. In addition, for comparison, the composites 

B-UP/BiOBr-G0 and G-UP/BiOBr-G0 were also prepared by using distilled water as 

reaction solution instead of glycerol mixed solution. 

3.2.2.2 Photocatalytic activity tests 

The photocatalytic activities of samples were evaluated by the decomposition of 

NO (deNOx) using a flow type reactor under irradiation of a 450 W high pressure 

mercury lamp and 980 nm NIR laser at room temperature. 
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3.2.3 Results and discussion 
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Figure 3-18. XRD patterns of B-UP, B-UP/BiOBr-G20, B-UP/BiOBr-G0 and 

BiOBr-G20 (a) and G-UP, G-UP/BiOBr-G20, G-UP/BiOBr-G0 and BiOBr-G20 (b). 

Fig. 3-18 shows the XRD patterns of up-conversion phosphors and corresponding 

composites with BiOBr-G0 and BiOBr-G20 prepared by different solvents. The 

composites exhibited all diffraction peaks belonged to B-UP, G-UP, and BiOBr. 

Moreover, no other impurity peaks were observed, indicating that the up-conversion 

phosphors coupled BiOBr composites had been successfully prepared at room 

temperature. 

The TEM images of BiOBr-G20, G-UP/BiOBr-G0 and G-UP/BiOBr-G20 are 

displayed in Fig. 3-19. It could be clearly seen that the BiOBr-G20 presented the 3D 

nanostructure assembled consited of nanoparticles with the specific surface area of 

39.3 m2g-1, which is much larger than most of reported BiOBr particles.22,23 While as 

the BiOBr-G20 was combined with G-UP to form a composite, the surface of large 

particle of G-UP was covered with the nanoparticles of BiOBr-G20 instead of 3D 

nanostructure. In contrast, when BiOBr-G0 was used to combine with G-UP, the 

plate-like particles of BiOBr-G0 surrounded the large particle of G-UP without 

change in the shape of original BiOBi-G0, implying that the apparent connection 
168 

 



between BiOBr-G20 and G-UP was much better than that of BiOBr-G0 and G-UP.  

 

Figure 3-19. TEM images of BiOBr-G20 (a), G-UP/BiOBr-G0 (b), G-UP/BiOBr-G20 

(c) and enlarged area for red square in (c) (d). 

The corresponding DRS and PL spectra of samples are illustrated in Fig. 3-20. In 

Fig. 3-20 (a), it is explicit that all samples showed relatively nice visible light 

absorption capability. Nevertheless, the B-UP/BiOBr-G0 composite demonstrated 

better visible light-harvesting property in the whole visible light range, but weaker 

UV light absorption ability than those of B-UP/BiOBr-G20, which should be owing to 

the difference of particle morphology as explained in Chapter 2. More interesting, 

B-UP/BiOBr-G20 presented visible light absorption capability superior to uncoupled 

BiOBr-G20. This phenomenon was probably ascribed to the positive effect of 

up-conversion phosphor on the increment of oxygen vacancy in the BiOBr crystal in 

the presence of glycerol.  

BiOBr-G20 

(a) 

(d) (c) 

(b) 
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Figure 3-20. DRS of BiOBr-G20, B-UP/BiOBr-G0, B-UP/BiOBr-G20 and 

photoluminescence spectra (PL) of B-UP/BiOBr-G20 with the excitation of 980 nm 

(a), BiOBr-G20, G-UP/BiOBr-G0, G-UP/BiOBr-G20 and PL of G-UP/BiOBr-G20 

with the excitation of 980 nm (b), PL of B-UP, B-UP/BiOBr-G0, B-UP/BiOBr-G20 

with the excitation of 980 nm (c) and PL of G-UP, G-UP/BiOBr-G0, 

G-UP/BiOBr-G20 with the excitation of 980 nm (d). 

In addition, the reflectance spectra of composite showed a nice overlap with the 

emission spectra of composite with the excitation of 980 nm, meaning that the emitted 

blue light from B-UP could be reabsorbed by composite again under the induction of 

980 nm. This phenomenon could be directly observed in Fig. 3-20 (c). With the 

excitation by 980 nm laser, the B-UP/BiOBr-G20 presented much lower emission 

intensity than that of pure up-conversion phosphor, B-UP, and even that of 

B-UP/BiOBr-G0 which may be due to the better contact between B-UP and 

BiOBr-G20 in comparison of that of B-UP and BiOBr-G0 as well as the better visible 

light absorption ability of BiOBr-G20.  
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Figure 3-21. DeNOx ability of BiOBr-G20, B-UP/BiOBr-G0, B-UP/BiOBr-G20, P25 

(a), BiOBr-G20, G-UP/BiOBr-G0, G-UP/BiOBr-G20, P25 (b) under the irradiation of 

different wavelengths of lights and the time dependence of NOx destruction activity of 

samples excited by 980 nm laser (c). 

The destruction ability of continuous NO gas was employed to evaluate the 

photocatalytic activity of sample under the irradiation of UV, visible and NIR lights. 

Fig. 3-21 shows the deNOx ability of samples and corresponding time dependence of 

photocatalytic activity in the induction of NIR light. In Fig. 3-21 (a) and (c), it coud 

be observed that after combining B-UP with BiOBr-G20, the composite presented 

nice UV and visible light responsive deNOx ability as strong as the uncoupled 

BiOBr-G20, indicating the addition of B-UP was not detriment for the photocatalytic 

property of BiOBr-G20. More importantly, the composite exhibited good NIR light 

induced deNOx ability about 6.2%. In contrast, when the up-conversion phosphor was 

combined with BiOBr-G0, no NIR light driven photo-activity was appeared. It should 

be owing to the poor visible light induced photocatalytic activity of BiOBr-G0 as 

presented in Chapter 2. This phenomenon further confirmed that the photocatalyst 
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component in composite should have high efficiency of photocatalytic activity in the 

range of up-conversion phosphor emitted light under the excitation of NIR light. As 

for G-UP/BiOBr-G20 composite in Fig. 3-21 (b), the composite also represented 

similar excellent UV, visible light induced photocatalytic activity and also nice NIR 

light induced one about 4.1%. Therefore, based on the above discussion, it could be 

learned that the BiOBr based composite had been successfully developed for UV, 

visible and NIR light induced photocatalytic activity simultaneously at room 

temperature. Additionally, as the BiOBr-G20 coupled with B-UP, the composite 

showed the optimal NIR light responsive photocatalytic activity. 

3.3 Conclusions for Chapter 3 

Preparation of visible and NIR lights induced TiO2 based composites 

Firstly, a green light emitting up-conversion phosphor coupled C-TiO2 composite 

was prepared by a facile solvothermal method in the help of calcination. Owing to the 

nice overlap between the emission spectra of up-conversion phosphor component and 

the absorption spectra of C-TiO2, the composite not only could be excited by UV and 

visible lights, but also was active for NIR light. Eventually, the composite presented 

much enhanced UV, visible and NIR light responsive photocatalytic activity 

simultaneously. On the other hand, various color emitting up-conversion phosphors 

(blue, green and red light emitting ones) combined C-TiO2 composites were also 

synthesized. Due to the highest up-conversion efficiency of green light emitting 

up-conversion phosphors compared with those of blue and red ones, the green 

up-conversion phosphors coupled C-TiO2 composite presented the best UV, visible 

and NIR light driven photocatalytic activity. Furthermore, it was found that the NIR 

light induced photocatalytic property revealed apparent quantum efficiency much 

superior to UV and visible lights induced ones. 

Preparation of visible and NIR lights responsive up-conversion 
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phosphors coupled BiOBr composites 

Through coupling the high efficiency of up-conversion phosphors with BiOBr-G20, 

the composite exhibited outstanding visible and NIR lights induced photocatalytic 

activity, which was prepared by a facile room temperature method using distilled 

water and glycerol mixed solution as a solvent. More importantly, the addition of 

up-conversion phosphor was not disadvantage for the original UV and visible lights 

responsive photocatalytic activity of uncoupled BiOBr-G20.  
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Chapter 4 SUMMARY AND 

CONCLUSIONS 

Chapter 1 introduced the applications and mechanism of photocatalysis. In particular, 

three promising photocatalysts, TiO2, NaTaO3 and BiOX (X=Cl, Br, I), have been 

highlighted for their merits and demerits. In order to improve the photocatalytic 

activity of them, a brief review was presented for the potential and frequently used 

strategies. Finally, the thesis target was proposed. 

Chapter 2 presented the preparation of C doped, C and Nd codoped, C and W 

codoped TiO2 nanoparticles as well as C doped TiO2 powder with multi-phases. They 

presented visible light induced photocatalytic activity owing to the narrowed band gap, 

enlarged specific surface area and considerably suppressed recombination rate of 

photogenerated electron and hole pairs. In particular, the C and Nd codoped TiO2 

samples presented the most excellent visible light induced photocatalytic activity. 

Meanwhile, the W solely doped TiO2 samples not only presented relatively nice 

photocatalysis but also exhibited excellent infrared light absorption capability owing 

to the existence of reduced W5+ ions. In addition, we also synthesized excellent 

visible light active C doped NaTaO3 powder. The enhanced visible light responsive 

photocatalytic activity was induced by C doping in the presence of ethylene glycol 

(EG). In order to suppress the separation ability of charge carriers, a novel 

C-NaTaO3/Cl-TiO2 composite was proposed, which presented significantly improved 

visible light responsive photocatalytic activity owing to the synergetic effect between 

C-NaTaO3 and Cl-TiO2. Besides, the nanosized C modified NaTaO3 mesocrystals 

were prepared by a facile one-pot solvothermal method in the presence of glucose by 

an oriented attachment mechanism. The C was existed as carbonaceous materials on 

the surface of NaTaO3 mesocrystal instead of dopant in the lattice, which induced the 

excellent visible light absorption capability. Due to the outstanding visible 

light-harvesting ability and peculiar large specific surface area, the C modified 
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NaTaO3 mesocrystals revealed high efficiency of visible light induced photocatalytic 

property, much superior to those of pure NaTaO3 nanoparticles and also commercial 

P25. Finally, we also fabricated visible light responsive glycerol modified BiOX 

(X=Cl, Br, I) 3D nanostructures with large specific surface area at room temperature. 

The increased visible light absorption capability of the sample should be owing to the 

increment of oxygen vacancies in the crystal in the presence of glycerol in the 

reaction solution. The glycerol modified BiOCl and BiOBr presented excellent visible 

light induced deNOx ability superior to P25.  

Chapter 3 presented the development of a novel composite, consisting of high 

efficiency of up-conversion phosphors and effective photocatalysts substances, to 

achieve UV, visible and NIR lights induced photocatalytic activity. On one hand, 

various color-emitting up-conversion phosphors (blue, green, red ones denoted as 

B-UP, G-UP and R-UP, respectively.) were employed to couple with C-TiO2 to form 

composites. All samples displayed outstanding UV, visible and NIR lights driven 

deNOx ability. Furthermore, the calculated quantum efficiency for photocatalytic 

activity confirmed that the composite, consisted of G-UP and C-TiO2 with 1:1 weight 

ratio, showed the best NIR light induced photocatalytic activity, and the NIR light 

indused photocatalyti deNOx presented the higher quantum efficiency compared with 

UV and visible lights indused ones. On the other hand, after combining up-conversion 

phosphors with BiOBr prepared in the glycerol and distilled water mixed solution, the 

composites also represented nice UV, visible and NIR light induced photocatalytic 

activity. More importantly, the addition of up-conversion phosphors was not negative 

in the UV and visible lights induced photocatalytic property of BiOBr. B-UP/BiOBr 

composite exhibited the best UV, visible and NIR lights responsive deNOx 

photocatalysis in the present study. 
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