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    The energy crisis and environmental pollution are primary problems with the 

development of human society and civilization. Photocatalytic technology as a low-cost, 

efficient, and environment-friendly path is considered to be one of the best solutions to 

the severe energy crisis and environmental pollution problems. So far, various 

photocatalytic materials with activity in the water-splitting reaction have been 

developed. Strontium Titanate (SrTiO3) as one of the typical photocatalysts has been 

investigated for more than thirty years. However, the efficiency of this photocatalyst for 

the H2O splitting reaction is low, and a significant improvement in the efficiency is 

required.   

    In this thesis, to significantly improve the efficiency of the SrTiO3 photocatalyst for 

overall H2O splitting, the bulk, surface, and morphology of the SrTiO3 photocatalyst 

were controlled, and their effects on the activity and photoconversion efficiency (AQY) 

of the photocatalyst were investigated. From the obtained research results, the factors 

for improving the efficiency of the photocatalyst for the H2O decomposition reaction 

were discussed. 

    The major aspects of the investigations in the thesis are presented as follows: 

    Chapter 1: General introduction.  

  This chapter presents the general research background of this paper, the development 

and progress of photocatalysts, especially the historical background of photo energy 

conversion and research on H2O decomposition reactions, and methods for improving 

photocatalytic efficiency.  

    The outline, the structure of this paper, and the purpose of the research are described.     

    Chapter 2: Investigation on the highly active SrTiO3 photocatalyst toward overall 

H2O splitting by doping Na ion  

  To prepare Na ion-doped SrTiO3 (Na+-SrTiO3) with high photocatalytic activity for 

overall H2O splitting, the polymerizable complex (PC), and solid-state reaction (SSR) 

methods were applied to elucidate the factors on the improvement of the activity by 

doping Na ions and mechanisms. Here, Rh0.7Cr1.3O3 was used as the co-catalyst. The 

photocatalytic activity of the photocatalyst prepared using the high-purity raw material 



II 

was significantly improved, and it was noticed that the purity of the photocatalyst is a 

factor for improving the photocatalytic activity of Na+-SrTiO3. Co-loading Rh0.7Cr1.3O3

for H2 evolution reaction (HER) co-catalyst and CoOOH for O2 evolution reaction 
(OER) co-catalyst further improved the photocatalytic activity and significantly 

extended lifetime. From the structural analysis of the photocatalyst and the 
measurement of the transient absorption spectrum, the improvement of the 

photocatalytic activity by Na ion doping was attributed to the oxygen vacancies in the 

SrTiO3 crystal, which formed trapped sites of electrons generated by light irradiation, 

and separated electrons and holes.  

    Chapter 3: Controllable modification of metal ion-doped SrTiO3 photocatalysts for 
photocatalytic overall H2O splitting to almost the ultimate quantum yield 

    For Al ion-doped SrTiO3 (Al-SrTiO3 (flux)), using the flux method can prepare fine 

particles with a single crystal, the HER cocatalyst Rh-Cr2O3, and the OER cocatalyst 

CoOOH is loaded on the surface by the photocatalytic deposition method. As a result, 

2O splitting 

reaction was 96%. The crystal facet where electrons and holes generated by light 

irradiation appear is different due to the difference in surface energy of the 

photocatalyst particles whose specific crystal plane is exposed by the flux method with 

Al-doping. This is since the co-catalyst could be efficiently loaded on the surface. 

Furthermore, Mg-SrTiO3 was prepared and examined using the PC method, SSR 

method, and flux method. When the photocatalytic activity was examined using 

Rh0.7Cr1.3O3 as a co-catalyst, Mg-SrTiO3 (flux) showed the highest photocatalytic 

activity compared to Mg-SrTiO3

was 55%. Therefore, the effect of the co-catalyst was examined using Mg-SrTiO3 (flux). 

As a result, by co-loading OER co-catalyst CoOOH, AQY (= 365 nm) reached 68% at 

365 nm. The HER co-catalyst Rh-Cr2O3 and the OER co-catalyst CoOOH are coloaded 

on the surface by the photocatalytic method as that of Al-SrTiO3 (flux). The AQY of 94% 

nearly the ultimate quantum yield was achieved at 350 nm and 360 nm.  

    Chapter 4: Fabrication of SrTiO3 doped metal ions utilizing the SrCl2 flux as a 

medium for photocatalytic water splitting under visible light 
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    Finally, to prepare a visible light-responsive SrTiO3 photocatalyst that can be applied 

to the H2O splitting reaction, a metal ion-doped SrTiO3 was synthesized using the flux 

method and its photocatalytic properties under visible light irradiation were examined. 
The prepared metal ion-doped SrTiO3 showed a cubic morphology and light absorption 

in visible light. The photocatalytic performances were examined under visible light 

and OER using IrO2 as a cocatalyst and Ag+ as sacrificing agents.  

    Chapter 5: Summary and outlook 

    In this chapter, the results presented in Chapter 2-4 were summarized, and the 

application and prospects of photocatalytic technology for overall H2O splitting to 
produce H2 under sunlight irradiation using a photocatalyst are discussed. 
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    The current global environmental and energy situations are relatively severe [1 6]. 
The energy industry is facing increasing pressure from economic growth, environmental 

protection, and social development. Among them, the accelerating industrialization 
process in developing countries has led to an increase in energy consumption. As a 

result, a continuous increase in the average global energy consumption index will 

accelerate the consumption of conventional fossil energy reserves. The consequences 
will be very serious. The earth will continue to become warm and the ecological 

environment will also deteriorate, and natural disasters will be caused. Therefore, it is 
crucial to explore fleshly clean and renewable energy to replace fossil fuels.  

    Solar energy is a typically clean and renewable energy source. The biggest feature of 

solar energy is its huge energy. The development of solar energy resources is one of the 

effective ways to solve the energy and environmental problems in human sustainable 

development [3,4,7,8]. Hydrogen energy is currently the most ideal energy source [9

11]. The final product is water and does not cause pollution. Photocatalytic overall H2O 

splitting to produce hydrogen can convert and store solar energy into chemical energy 

[12 15]. The development of high-efficiency solar energy conversion photocatalytic 

material systems has become a major scientific exploration in the field of international 

materials to fundamentally solve energy and environmental pollution problems.
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    In 1972, A. Fujishima and K. Honda reported that a photoelectrochemical system 

composed of TiO2 photoelectrodes and platinum electrodes could decompose water into 

hydrogen and oxygen, which opened up a new field of semiconductor photocatalysis 

[16]. The purpose of semiconductor photocatalysis was only to realize the conversion of 

photoelectrochemical solar energy at first, and then the focus of research shifted to the 

field of environmental photocatalysis [17,18]. The photocatalytic redox technology 

represented by semiconductor photocatalysts has become a promising environmental 

pollution control technology due to its direct use of sunlight to drive the reaction and the 

good stability of the catalyst [8,19 25]. A series of achievements have been made in the 

fields of organic pollutant degradation [6,25 28], heavy metal reduction [29 31], 

hydrogen and oxygen production [32 38], and organic synthesis [39 44]. The broad 

application prospects of photocatalytic reactions have attracted extensive attention from 

researchers in the fields of environment, materials, chemistry, and energy.  

    The photocatalytic water splitting technology started in 1972 [16]. Fujishima and 
Honda first reported the discovery of the phenomenon of TiO2 single crystal electrode 

photo-catalytically decomposed water to produce hydrogen, thus revealing the direct 

decomposition of water using solar energy. The photocatalytic method for splitting 

water into H2 and O2 emerged with the conversion from electrode electrolysis of water 

to semiconductor photocatalytic decomposition of water to produce hydrogen. In recent 

decades, with the steady growth of global energy demand, exploring new energy attracts 

more and more attention from researchers. Hydrogen as secondary energy has generally 

been considered to be one of the most ideal pollution-free green energy in the new 
century. Therefore, the development of highly functional photocatalytic materials for 

overall water splitting into H2 and O2 was attached great importance. The continuous 
research made great progress for overall H2O splitting in the synthesis and modification 

of photocatalysts [11,12,52 58,13,45 51]. 

    Photocatalytic overall water splitting to produce H2 and O2 is a high energy barrier 
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reaction that needs to satisfy more than the standard Gibbs free energy ( G° = 273 

kJ/mol), converting the solar energy into chemical energy [44,59 61].  The chemical 

reaction formula is as follows: 

H2 2 (g) + 1/2O2 (g)       G° = 273 kJ/mol

    During photocatalytic overall H2O splitting reaction as shown in Figure 1-1A [61], 

the thermodynamics of decomposing water to release H2 and O2 requires that the 

conduction band potential of the semiconductor material as a photocatalytic material is 

slightly negative than the hydrogen electrode potential E , and the valence band 

potential should be slightly positive than the oxygen electrode potential E [62 66]. 

In principle, as shown in Figure 1-1(B), when the absorbed energy is greater than or 

equal to the forbidden bandwidth of the semiconductor photocatalyst, the electrons in 

the semiconductor are excited to transition from the valence band to the conduction 

band, while the holes remain in the valence band. The electrons and holes are separated, 

and then reduce water to H2 or oxidize water to oxygen at different locations in the 

semiconductor. As a photocatalytic water splitting material for H2 and O2 production, it 

needs to meet the properties of high stability, no photo-corrosion, and low price. 

Therefore, SrTiO3 material is an exceedingly promising photocatalyst applying in the 

photocatalytic reactions [67,68]. 

Figure 1-1. Solar water splitting using semiconductor photocatalyst. (A) Schematic 

illustration of the main processes during the photocatalytic overall H2O splitting 
reaction; (B) Principle of water splitting using semiconductor photocatalysts. CB, 

Conduction Band; VB, Valance Band. 
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    At present, the world's energy consumption is still dominated by fossil fuels. The 

greenhouse effect is caused by excessive greenhouse gases such as carbon dioxide 

emissions from fossil-fuel combustion [69 72]. Inspired by the photosynthesis of plants, 

the researchers have designed artificial photosynthesis to catalyze carbon dioxide into 

hydrocarbon fuels under natural environmental conditions, which not only helps reduce 

the concentration of CO2 in the air but also provides high-value-added carbon-based 

fuels [73 77]. 
    In the photocatalytic reduction of CO2 reaction as shown in Figure 1-2 [73,77,78], if 

the energy of the absorbed photons is greater than that of the energy bandgap of the 
semiconductor photocatalyst, the semiconductor will be excited. The electrons that 

jump from the valence band will reach the conduction band, thereby generating 

corresponding holes in the valence band. The pairs of electrons are separated from each 
other and migrate to the semiconductor surface (captured by a cocatalyst if possible) for 

surface catalyzed redox reactions. The corresponding redox potential of the 

photogenerated electrons generated for reducing CO2 should be thermodynamically 

lower than the conduction band energy level of the semiconductor. The products of CO2

reduction are diverse according to the conduction band energy [79 83]. Therefore, the 

photocatalytic reduction of CO2 has great application potential in synthetic industrial 

raw materials. 
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Figure 1-2. Photocatalytic reduction of CO2. (A) Schematic illustration of the main 

process of photocatalytic reduction of CO2 to various organic products and (B) relative 

energy levels of photocatalytic reduction of CO2 on a semiconductor photocatalyst. CB, 

Conduction Band; VB, Valance Band. 

   Over-exploitation of resources has caused energy shortages and brought various 

pollution problems. It can be said that human beings have paid a heavy price for their 

temporary greed. Overuse of fossil fuels such as coal and petroleum has not only caused 

a series of environmental pollution but also caused the depletion of non-renewable 

mineral resources [2,69,70,84]. The content of organic pollutants in wastewater from 

various industries has been continuously increasing. These organic pollutants include a 

wide range of persistent organic compounds, such as drugs, toxic metal ions, dyes, and 

various antibiotics. This toxic pollution has a serious effect on human health. 

Photocatalysis is a promising wastewater treatment technology [7,18,24 26,30,85 88].  
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    In recent years, various methods have been used to remove dissolved organic 

pollutants in water, for instance, the photocatalytic oxidation method [89 94], 

absorption [95,96], microbial decomposition method [97], and molecular sieve [98,99]. 
These methods are high- e eliminated. Compared to the 

traditional approach, photocatalytic oxidation degradation of organic pollutants in 
wastewater has outstanding advantages such as low energy consumption, simple 

operation, mild reaction conditions, and reduction of secondary pollution, so it has 

attracted increasing attention. 

    In the process of photocatalytic degradation of pollutants in Figure 1-3, ·OH, ·O2-

free radicals, and h+ are generated [100 102]. Organic pollutant molecules combine 
with these free radicals and are oxidized and degraded. ·O2- is obtained by the reduction 

of O2 dissolved in water by photogenerated electrons. The potential at the bottom of the 

conduction band (CB) must be more negative than -0.33 V (O2/·O2- = -0.33 V vs. NHE), 

and ·OH free radicals are the products of the oxidation of H2O by the photogenerated 

holes [103].  The potential at the top of the valence band (VB) must be located at a more 

positive than 2.72 V (·OH, H+/H2O = 2.72 V vs. NHE) [102]. Due to the highly active 

free radicals generated during the photocatalytic reaction process, most organic 

pollutants can be completely oxidized and mineralized to non-toxic inorganic small 

molecules, H2O, and CO2 [102]. 
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Figure 1-3. Photocatalytic degradation of organic pollution. (A) Schematic illustration 

of the main process of photocatalytic degradation of organic pollution and (B) relative 

energy levels of photocatalytic degradation of organic pollution on a semiconductor 

photocatalyst. CB, Conduction Band; VB, Valance Band. 

The above listed are the most extensive areas of photocatalysis research in recent 

years. Moreover, photocatalysis also has great application prospects in organic synthesis 

and nitrogen fixation [58,104]. 

    The report of the photocatalytic water splitting TiO2 photoelectrode opened the novel 

field of photocatalysis research. After the development for more than 40 years, 

photocatalysis has made significant progress in energy and environmental fields, 

especially water splitting to produce hydrogen, CO2 fixation, environment purification, 

organic synthesis, and chemical reactions. However, the efficiency of most 

photocatalytic systems has not yet reached the level of practical application. The 

development of high-performance photocatalysts is still the main research topic in the 

field of photocatalysis. The following are some typical photocatalysts with great 

development potential. 
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Metal oxide particulate photocatalyst Metal oxide photocatalysts have received 

extensive attention in recent years [105]. At first, the metal oxide of TiO2 photocatalyst 

was the widely studied photocatalytic material because of its strong oxidation ability, 
stable chemical properties, and non-toxicity [21]. Subsequently, the other photocatalysts 

such as perovskite SrTiO3 materials, NaTaO3, WO3, Ga2O3 constantly emerged [106
110]. These photocatalysts have broad application prospects in the fields of water 

splitting into H2 and O2, degradation of organic pollutants, and reduction of titanium 

dioxide. The performances of the photocatalysts have achieved great progress, 

especially the decomposition of water into H2 and O2 under Ultraviolet (UV) light 

irradiation.  La ion-doped NaTaO3 with NiO as a co-catalyst was the first to be reported 
as a relatively high photocatalytic overall H2O splitting activity under (UV) irradiation, 

achieving an AQY of 56% at 270 mm [109]. Also, Zn (3 mol%)-Ga2O3 prepared with 

de-ionized water and dilute CaCl2 ultra-pure water solution (0.001 mol L-1) has been 

reported to show an AQY of 71% at 254 nm [106]. After long-term continuous 

modification and optimization, Rh (0.1 wt%)/ Cr (0.05 wt%)/Co (0.05 wt%) loaded - 

SrTiO3: Al photocatalyst achieved photocatalytic overall water splitting with an 

apparent quantum efficiency almost unity [50]. However, most of these catalysts have 

very low efficiency in the use of sunlight limited by the wide bandgap. Therefore, these 

catalysts are still faced with great challenges in future development and efficient 

utilization.  

    (Oxy)nitrides and (oxy)sulfides photocatalysts The absorption bands of 

(oxy)nitrides and (oxy)sulfides photocatalysts are at 500-750 nm and have narrow 

bandgap energies of 1.7 - 2.5 eV [111]. In the presence of a sacrificial electron donor or 

acceptor, most of the photocatalysts have the capability of water splitting into H2 or O2

TaON oxynitride photocatalyst achieved a quantum yield of 34%  upon visible light 

irradiation [112]. Although this material has the potential for overall H2O splitting to 

produce H2 and O2 3 as the 

matrix, single-crystal Ta3N5 without grain boundaries was synthesized after a short 

period of nitrogen treatment [113].  This single crystal Ta3N5 with Rh/Cr2O3 as a 

cocatalyst was applied to split H2O into H2 and O2 at a stoichiometric ratio for the first 
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time. Subsequently, the overall water splitting over Y2Ti2O5S2 oxysulfide photocatalyst 

was also demonstrated, and simultaneous production of hydrogen and oxygen at a 

stoichiometric ratio was realized under visible light irradiation [52]. However, the 
efficiencies of overall H2O splitting were extremely low and most photocatalysts have 

not accomplished the overall H2O splitting reaction, probably due to the defect densities 
in these photocatalysts. Therefore, continuous optimization and modification need to be 

made to improve photocatalytic water-splitting efficiency. 

    Metal-free photocatalyst Graphite phase carbon nitride (g-C3N4,), BN, and other 

metal-free photocatalysts have been extensively studied in the photocatalytic overall 

water splitting to produce hydrogen [114,115]. As a typical non-metallic photocatalyst, 
g-C3N4 has attracted widespread attention due to its high thermal/chemical stability, low 

cost, and non- 2O 

splitting over graphitic carbon nitride (g-C3N4) loaded with Pt, PtOx, and CoOx

cocatalysts under visible light irradiation. This photocatalyst shows a great application 

prospect [116]. 

    Solid-solution photocatalyst The solid-solution method can be applied to adjust the 

bandgap and band edge position, expanding the spectral response of photocatalytic 

materials. Therefore, solid solution photocatalysts are promising visible light-responsive 

photocatalyst [117,118]. The typical solid-solution photocatalyst was GaN: ZnO [119]. 

This photocatalyst has accomplished photocatalytic overall H2O splitting into 

stoichiometric amounts of H2 and O2 stably by modifying with redox co-catalysts under 

visible irradiation [120 125].  

    Traditional semiconductor materials SrTiO3 have the characteristics of low cost, high 
chemical stability, non-toxicity, and can decompose water to produce H2 and O2 under 

sunlight. The photocatalyst has a strong ability to photooxidation and degradation of 
organic pollutants. This typical photocatalytic material has attracted considerable 

attention. 
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    Strontium titanate (SrTiO3) has a typical perovskite-type structure with a high 

dielectric constant, low dielectric loss, and good thermal stability [126]. At the same 

time, as a functional material, strontium titanate has the properties of excellent 

photocatalytic activity, and unique electromagnetic properties, and redox catalytic 

activity. It can be used in the photocatalytic decomposition of water to produce H2 and 

O2, degradation of organic pollutants, and photochemical cells.  

    The wide forbidden bandwidth (3.2 eV), rich defects, and rapid recombination of 

photo-generated electron-hole pairs of SrTiO3 lead to low photocatalytic efficiency, 

especially visible light hydrogen production efficiency. To improve the efficiency of 

photocatalytic hydrogen production, it is usually necessary to modify the photocatalyst, 

effectively adjust the energy band structure, reduce the recombination rate of electron-
hole pairs, and improve the stability. The modification of SrTiO3 photocatalysts mainly 

includes the following methods. 
    Modifying the surface of photocatalyst with co-catalyst Loading co-catalyst has 

been extensively studied as an effective surface modification technology, which can be 
as active sites, reducing the recombination rate of photogenerated electrons and holes 

and activation energy, enhancing the stability of the catalyst, and promoting surface 

reactions. The typical co-catalysts include noble metal (Pt, Au, Ru, Pb, Ag, and Rh) 

[50,125,127], noble metal oxide (RuO2, NiO, Cr2O3, CoOx, IrO2, MoOx, and RhyCr2-yO3) 

[50,54,132,133,55,122,124,125,128 131]. The pure SrTiO3 shows no photocatalytic 

activity due to the rapid recombination of photogenerated electrons and holes. 

Modifying the photocatalyst with hydrogen evolution cocatalyst (Pt, NiO, and RhyCr2-

yO3), SrTiO3 can be applied to overall H2O splitting [128,134,135]. Following co-

loading oxygen evolution cocatalyst (RuO2, IrO2, and CoOx) [34,52,54,56,131,136], the 

photocatalytic activity and stability are both remarkably improved.  

    Ion-doping There is two main aspects of ion-doping into SrTiO3. (1) The 

photocatalytic reaction is carried out under UV irradiation. The pristine SrTiO3 has 
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abundant defects in the bulk, which act as the recombination centers, reducing the 

photocatalytic reaction. Doping the aliovalent metal cations with a valence lower than 

that of the parent cation, can reduce the density of defects, and introducing the oxygen 
vacancy [48,50,129,137 139]. The doped SrTiO3 modifying suitable cocatalyst can 

remarkably improve the photocatalysts. (2) The photocatalytic reaction is performed 
under visible light irradiation. The pure SrTiO3 does not respond to the visible light due 

to the large bandgap. Doping appropriate noble metal ions (Rh, Ru, Cr, Mn, Fe, and Ni) 

can make forbidden bandwidth narrow and then realize photocatalytic reaction under 

visible irradiation [130,140 145]. 

    Modification of the morphology Some excellent properties such as larger reactive 
surface area and more active sites by preparing the photocatalyst with special 

morphology. The special morphologies included nanorods, nanosheets, mesoporous 

structure, core-shell structure, and cubes, which fabricate the separation of reduction 

and oxidation active sites [50,93,153,139,146 152]. Following selectively depositing 

the redox cocatalysts, the photogenerated electrons and holes rapidly transfer to 

corresponding actives sites and then realize the separation of the charge carriers. 

Domen's group synthesized the SrTiO3 with cubic morphology achieving an AQY of 30% 

at 360 nm [139]. At the same time, an anisotropic facets 18-facet SrTiO3 with 

anisotropic facets were prepared facets using a nanocrystal morphology tailoring 

strategy. The modified SrTiO3 achieved a fivefold enhancement of AQY for overall 

H2O splitting combining with modifying the surface using the redox cocatalysts 

[150]

overall water splitting with a quantum efficiency of almost unity by using SrTiO3 with 

special morphology combing modify the redox cocatalysts [50].  

    Fabrication of Z-scheme heterojunction Z-scheme heterojunction is a charge 

transfer method inspired by the light reaction stage of photosynthesis in natural plants 

[15,154]. Two kinds of semiconductors with different energy band structures (O2

evolution photocatalyst and H2 evolution photocatalyst) may form a heterostructure 

after connection.  The electron holes in the two semiconductors are retained to 

participate in the redox reaction. The use of this system can not only realize the spatial 

separation of redox sites but also ensure that the photocatalyst can maintain a proper 
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valence band position, thereby maintaining a strong redox reaction ability. Bard, for the 

first time, put forward the Z-scheme system of photocatalysis [155]. The Z-scheme 

achieved a solar-to-hydrogen (STH) energy conversion efficiency exceeding 1% by 

fabricating a Z-scheme system of SrTiO3: La, Rh/Au/BiVO4: Mo sheet [156]. 

    Hydrogen energy is regarded as ideal alternative energy for the development of 

human society. The preparation of clean energy hydrogen by photocatalytic H2O 

splitting technology can effectively realize the conversion of solar energy to chemical 

energy, which has important research significance for the development of clean energy 

and the reduction of environmental pollution. 

    In this thesis, the investigations on the development of highly active metal ions doped 

-SrTiO3 photocatalysts for overall H2O splitting were preceded. The research contents 

mainly included the effects of preparation methods, the property of starting materials 

used for preparing the photocatalyst, the morphology, and cocatalysts on the 

photocatalytic activity for overall H2O splitting. The photocatalytic performances of 

SrTiO3 photocatalyst were investigated by doping the various metal ions with different 

preparation methods by modifying the morphology, surface active sites, and optical 

property. The optimal Na doped-SrTiO3 photocatalyst with modifying the RhyCr2-yO3

and CoOx co-catalysts achieved an AQY of 30 % at 365 nm. Even more, the optimal 

Mg (Al) doped-SrTiO3 prepared by the flux method with modifying Rh, Cr2O3, and 

CoOOH cocatalysts through sequential the photo-deposition method showed almost the 

ultimate quantum yield for photocatalytic H2O splitting.  

    As all known, ultraviolet light only accounts for 4%~5% of sunlight while visible 

light accounts for 45~50%. Even though the quantum efficiency of SrTiO3 photocatalyst 

reached almost the ultimate value under UV irrad iation, the solar-to-hydrogen 

efficiency conversation was still quite low and cannot satisfy the application of 

photocatalytic H2O splitting in practical production. To improve the utilization 

efficiency of sunlight, the electronic structure was tuned by flux-mediated co-doping of 

various noble metal ions to respond to visible light as well as modifying the 
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morphology of SrTiO3. The modified SrTiO3 photocatalysts by the flux method showed 

cubic or tailoring cubic morphology and were employed for sacrificial H2 or O2

    Furthermore, the mechanisms of the various factors affecting the photocatalytic 

performances were discussed by the analysis of X-ray diffractometer (XRD), Electron 
microscopies (SEM, TEM), TEM-EDS elemental mapping images, EDS spectrum, UV-

vis absorption spectra, Raman spectroscopy, Transient Absorption Spectra.  
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    Photocatalytic overall H2O splitting is regarded as one of the effective techniques for 

the production of H2 from H2O. If the photocatalytic reaction proceeds under solar 

irradiation efficiently, this technique will become attractive for the sustainable and 

large-scale production of H2 from H2O. Therefore, a large number of investigations 

have been performed to develop photocatalysts that exhibit sufficient photocatalytic 

performance for overall H2O splitting [1 5]. Among the investigations, a remarkable 

improvement of the photocatalytic activity for overall water splitting was reported by 

the doping of metal ions and the combination of effective co-catalyst, such as Rh2-

yCryO3 with the photocatalysts under the deep-ultraviolet (UV) irradiation [6 12]. 

However, few photocatalysts showed sufficient performance for the photocatalytic 

reactions under solar irradiation [7,13 18]. 

    SrTiO3 is one of the promising photocatalysts for overall water splitting under near-

UV light irradiation since the band-gap of this photocatalyst is 3.2 eV and has been 

widely studied due to its high dielectric constant, low loss, good thermal stability, and 

excellent 

photocatalytic activity [6,15 17,19 23]. Takata et al reported the photocatalytic activity 

of SrTiO3 could be improved by doping aliovalent metal cations originated with the 

concept of defect engineering, which greatly promotes the development of SrTiO3 used 

in photocatalysis under near-UV light irradiation [15]. Moreover, in recent studies, the 

photocatalytic activity of SrTiO3 was further improved by applying a flux method for 

the preparation as well as doping aliovalent metal ions with the valence lower than that 

of the parent cation in SrTiO3 [3,15,20,24,25]. Particularly, Al ion-doped SrTiO3 was 

prepared using SrCl2 flux treatments. Great achievements have also been achieved in 

the photocatalytic activity and durability of the photocatalysts by co-loading suitable 

dual co-catalysts [20,24,25]. Furthermore, this photocatalyst was reported to apply to a 

panel-type reactor and the photocatalytic overall water splitting under sunlight 
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irradiation has been demonstrated [3]. 

    In our previous work, the photocatalytic properties of SrTiO3 by adding various metal 

ions using an impregnation method were studied [16]. In the study, adding various 
aliovalent ions with the lower valence than the parent cation of SrTiO3 was further 

confirmed to be a remarkable approach to enhance the photocatalytic activity. Among 
the aliovalent metal cations, the Na ion was confirmed to be one of the effective 

additives. Na ion (Na+) which valence is lower than the parent cation of Sr2+ adding into 

SrTiO3 exhibited better activity than that of other low valance metal ions added SrTiO3

using the impregnation method, showing good application prospect and development 

space. Moreover, the study demonstrated the states of the original SrTiO3 for metal ions 
incorporation had a significant impact on the photocatalytic performance. Nevertheless, 

the detailed effects of the preparation methods and preparation conditions of metal ion-

doped SrTiO3 on the water-splitting reaction have not been investigated in the previous 

reports. There is also little evidence to support the exact doping position of the metal 

ions and the existence of defect structure. Considering the effective preparation of metal 

ion-doped SrTiO3 photocatalysts, various problems are still existing. 

    In this study, we further investigate the photocatalytic properties of Na+-SrTiO3

toward the overall H2O splitting to develop highly active SrTiO3 photocatalysis. Here, 

we report the effective preparation conditions and states of photocatalyst as well as the 

effects of Na-doping in SrTiO3 on the improvement of the photocatalytic activity. The 

contribution of doped Na ion to the improvement of the photocatalytic activity is 

discussed on the basis of the investigations of structure and individual behavior of 
photogenerated charge carriers by Raman and transient absorption spectroscopy. 

-

    Na ion-doped SrTiO3 powder was prepared by the polymerizable complex (PC) 
method and solid-state reaction (SSR) method. The details of the preparation process 

used are described in the previous report [16]. The Sr, Na, and Ti citrate-ethylene glycol 

mixed solution with the molar ratio of 1-x: x: 1 (x represents the number of Na atoms) 
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was prepared by dissolving the raw materials, Titanium isopropoxide, citric acid (Wako 

pure chemical, 98%), SrCO3 (Wako pure chemical, 99.99%), and Na2CO3 (Asahi Glass 

Co. Ltd., 99.98%) in ethylene glycol (Wako pure chemical, 95%). The polymer 
precursor was formed after the polymerization was carried out at 458 K for 2 h under 

reflux. The polymer precursor was calcined in an alumina crucible at the specified 
temperature for 20 h to obtain the final different amount of Na ion-doped SrTiO3

samples (Denoted as Na+(x mol%)-SrTiO3 (PC)). 

    For the SSR method, the starting materials SrCO3, TiO2, and Na2CO3 were mixed in 

the necessary ratios and mechanically grinding in an agate mortar to obtain the 

precursor of Sr: Na: Ti = 1-x: x: 1 (x represents the number of Na atoms). Next, the 
prepared mixtures were put in the alumina crucible and calcined at a prescribed 

temperature for 20 h to obtain the different amounts of Na ion-doped SrTiO3

photocatalyst. Four kinds of TiO2 materials with different purity (TiO2 (A), 98%; TiO2 

(B), 99%; TiO2 (C), 99.9%; TiO2 (D), 99.99%) were applied. The detailed information 

about these TiO2 materials is presented in Table 2-1. The obtained samples were 

denoted as Na+(x mol%)-SrTiO3 (SSR). 

Table 2-1 Na+-SrTiO3

-

    A mixed oxide of rhodium and chromium, Rh0.7Cr1.3O3 (Rh: 0.3 wt%) was applied as 

a co-catalyst [9,26]. The loading of co-catalyst was carried out by an impregnation 



32 

method, where the as-prepared sample was suspended in an RhCl3 and Cr(NO3)3 mixed 

solution in which Rh and Cr ion were contained in the prescribed amount. The 

suspension was evaporated and then calcined at 623 K for 2 h in air. 
    The second co-catalyst Co species was loaded onto Rh0.7Cr1.3O3/Na+-SrTiO3 by a 

photo-deposition method [20,27]. A prescribed amount of Co(NO3)2 aqueous solution 
was contained in the reaction solution before performing the photocatalytic reaction. 

The CoOx was loaded during the overall water splitting reaction. 

    Photocatalytic overall water splitting was carried out in an inner-irradiation type 

photoreaction cell as shown in Figure 2-1. The cell was connected with an iso-

volumetric system equipped with a gas chromatography sample inlet and vacuum line. 

Photocatalyst (1 g) was suspended in well-outgassed H2O (600 mL) in the cell and then 

photoirradiation started. Photo-irradiation was performed from 450 W high-pressure 
Hg-lamp (USHIO UM-452, detailed power spectrum in Fig 2-2) through a water-

cooling jacket made of quartz glass. The evolved gases were collected in the sampling 
tube and analyzed by gas chromatography (Shimadzu GC-8A). For measuring the 

durability of the photocatalyst, the system was open if the pressure in the system 

reached atmospheric pressure and the photocatalytic activity was evaluated by the 

amount of produced gases measured by a soap-film flow meter, where the composition 

of the produced gases was also measured by gas chromatography. 
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Figure 2-1. Apparatus for photocatalytic overall water splitting reaction. 

Figure 2-2. Power spectrum of the 450 W high-pressure Hg lamp in this study. 

    The apparent quantum yield (AQY) of overall water splitting was evaluated from the 

photocatalytic reaction by using a top-irradiation type photoreaction cell connected with 

the isovolumetric system written above as shown in Figure 2-3. The detailed procedures 

were reported in our previous publication [16,25,28]. Photo-irradiation was carried out 

from a 500 W Deep UV lamp (USHIO). The irradiation of monochromatic light was 

performed by inserting a band-pass filter (= 365 nm, Edmond Optics) in the light path. 

The light intensity dependence of overall water splitting was also performed. The light 

intensity was changed by attaching the corresponding neutral density (ND = 0, 0.3, 0.5, 
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1.0 and 2.0) filters. The number of photons concerning the photocatalytic reaction was 

evaluated from the H2 production rate. The number of incident photons was evaluated 

from the photocurrent by using a calibrated Si-photodiode (Hamamatsu Photonics) 
under nearly the same condition as the photocatalytic reaction. The AQY was evaluated 

by the equation as follows: 

AQY% = ((Number of electrons concerning photocatalytic reaction)/(Number of 

incident photons)) × 100

Figure 2-3. (A) Photographs of the devices used in the measurement. (B) side view of 

the measurement system. (C) top view of the measurement system. (D) arrangement of 
the lamp and reactor. (E) arrangement of the Si photodiode. 

    The crystal structures of the as-prepared photocatalysts were determined by a powder 

X-
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morphology of as-prepared samples was observed by field-emission scanning electron 

microscopy (SEM, JEOL, JSM 6335F). The specific surface areas (BET) were 

determined by measuring N2 adsorption (Bel-sorp mini II) at 77 K. The UV-vis diffuse 
reflectance spectroscopy (Jasco. V-550DS) was applied to analyze the absorption 

spectra of samples equipped with an integrating sphere. The composition of the 
photocatalysts was confirmed by the measurement of transmission electron microscopy 

and energy dispersive X-ray emission spectrum (STEM-EDS, JEOL JEM-2100 for 

Figure 2-8 and JEM-ARM200F for Figure 2-9). 

    Raman measurements were performed using a continuous wave (CW) Raman 

spectroscopic system (JUPITER PDPT640-FJM, Photon Design Corporation, Japan) 

based on 2nd/3rd YAG lasers (532/355 nm), macro/micro-sample compartments (laser 

spot size: 100/1 µm), a two-dimensional front-illuminated open electrode charge-

coupled device (CCD) detector (PIXIS 256OE, Princeton Instruments), and a single 

monochromator (modified HR 640, Jobin Yvon - Spex)/conjunct with a pre-

monochromator (triple monochromator). A spatial filter is placed at an imaging point of 

the sample located between each sample compartment and the incident slit of the 

spectrometer (rigorously confocal optical system). The laser wavelength of 532 nm 

(2nd-YAG) was selected for visible excitation. The laser power at the laser oscillator 

was set at 150 mW. The laser spot size was about 100 µm in diameter at the sample 

point (macro). The single monochromator mode was chosen with a highly efficient edge 
filter. The entrance slit width at the spectrometer was set at 100 µm. A Hg line was used 

for Raman-shift calibration for each measurement. No artificial smoothing was used on 

the acquired Raman spectra. 

  The transient absorption spectra of photogenerated charge carriers were measured with 

the spectrometers described previously [29]. Briefly, samples were excited by the third 

harmonics of a Nd:YAG laser (Continuum, Surelite II; 355 nm wavelength, 6 ns 
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duration, 0.5 mJ pulse energy, 5 Hz repetition rate). As a probe light, the light from a 

halogen lamp was used in the visible (25,000-10,000 cm-1) and near IR (10,000-6000 

cm-1) regions, 
while that from a MoSi2 coil was used in the mid-IR region (6000-1000 cm-1). The 

transmitted or diffuse reflected probe light was monochromated by a spectrometer, and 
then detected by a Si, InGaAs, and MCT detector in the visible, near IR and mid -IR 

region, respectively. For the detailed analysis of the decay kinetics of photogenerated 

charge carriers, femtosecond transient absorption measurements were conducted by 

using a femtosecond Ti:sapphire laser system (Spectra-Physics, Solstice & TOPAS 

Prime; 90 fs duration; 1 kHz repetition rate). The 355 nm pulses (6 µJ pulse-1) were 
used to excite the samples. As the probe light, the 24,000 cm-1, 12,000 cm-1, and 2000 

cm-1 pulses were used, which are detected by a photomultiplier tube, InGaAs, and MCT 

detector, respectively. 

    Figure 2-4 shows the XRD patterns of Na+-SrTiO3 (SSR, TiO2 (D)) prepared using 

various amounts of doped Na ion, where the amounts of doped Na ion are 0 mol%, 2 

mol%, 4 mol%, 5 mol%, and 6 mol%, respectively. Figure 2-4(a) shows the diffraction 

patterns -4(b) shows the diffraction peak 

as the standard for the diffracted angle. As shown in Figure 2-4(a), the diffraction peaks 

of Na+-SrTiO3 (SSR) are attributable to SrTiO3 and the peaks are sharp and intense, 

indicating their high crystalline nature. No impurity peaks and no significant differences 

are observed among the XRD patterns if the content of doped Na ion was varied. This 

also suggests that the added Na ion disperses homogeneously in the bulk of SrTiO3. 

Accordingly, the detailed examination of diffraction peak was carried out to know the 

state of Na+-SrTiO3 and the results are shown in Figure 2-4(b).  

    As shown in Figure 2-4(b), the diffraction peak attributed to [110] reflection of 

SrTiO3 is noticed to systematically shift to a higher angle as well as there is a slight 
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contraction of d-spacing in Table 2-2 when the amount of Na doping is more than 4 

mol%. The reason for the slight contraction of d-spacing is that the radius of Na+ (139 

pm) is slightly smaller than that of Sr2+(144 pm), confirming that Na+ is incorporated 
into the Sr2+-site in SrTiO3 lattice [30,31]. The tolerance-values of the samples shown in 

Table 2-3 as a function of the amount of doped Na+ are the normally allowed t-values 
(0.75 < t < 1.0) shown in Table 2-2.  

Figure 2-4. (a) XRD patterns of Na+-SrTiO3 (SSR, TiO2 (D), preparation temperature: 

between 10 º and 80 º and (b) diffraction peak [110] of SrTiO3 (SSR, TiO2 (D)) doped a 

series of Na+ corrected by NaCl (200) as a standard 

Table 2-2. The lattice space and t-values of Na+-SrTiO3 as a function of the amount of 
doped Na+. 
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Bragg equation

ray and the reflecting surface)  

tolerance factor  ( , = 139 pm, = 60.5 

pm and =142 pm are the empirical ionic radii at room temperature) as defined by 

Goldschmidt for maintaining the ABO3 perovskite structure. 

    To know the influences of Na+ doping on the photo-absorption property of SrTiO3. 

The visible-light absorption property and crystalline structure of Na ion-doped SrTiO3

samples prepared by the SSR method were analyzed by UV vis absorption spectra and 

X-ray diffraction patterns. The UV Vis absorption edges of SrTiO3 and Na+-SrTiO3

prepared by the two methods were displayed in Figure 2-5. The results show that the 

band structure of Na+-SrTiO3 substantially the same as that of SrTiO3, suggesting the 

improvement of the photocatalytic activity was not caused by the photoresponse.  

Figure 2-5. UV-Vis absorbance spectra of (a) Na+-SrTiO3 (SSR, TiO2 (D), preparation 

temperature: 1273 K), (b) Na+-SrTiO3 (PC, preparation temperature: 1273 K). 

    According to the report of Takata et al., Na+-doping could introduce oxygen 

vacancies (Vo), inhibiting the formation of Ti3+ which is the recombination center of 

photogenerated electrons and holes [23]. Nonetheless, little evidence supported the 

relation according to the report of Takata et al., Na+-doping could introduce oxygen 

vacancies (Vo), inhibiting the formation of Ti3+ which is the recombination center of 
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photogenerated electrons and holes [23]. Nonetheless, little evidence supported the 

relation besides the improvement of photocatalytic activity for overall H2O splitting. 

The results in this study can be confirmed the preferable state of the Na+-SrTiO3

photocatalyst for overall H2O splitting as doping of Na+ to perovskite SrTiO3 structure. 

The detailed influences of Na+-doping to the bulk leading the improvement of 
photocatalytic activity is unclear. Then further examination was carried out to study the 

influences of Na+-doping. 

    Here, aiming to know the influences of Na+-doping in the structure of SrTiO3, Raman 

spectroscopic investigations of SrTiO3 and Na+(5 mol%)-SrTiO3 (SSR, TiO2 (D)) were 

carried out. The results are shown in Figure 2-6. The spectra in Figure 2-6 are separated 
into three spectral regions as Figure 2-6(a) (0-700 cm-1), Figure 2-6 (b) (170-770 cm-1) 

and Figure 2-6(c) (690-960 cm-1) by changing the excitation wavelength at (a) 360 nm, 

(b) 480 nm, and (c) 980 nm to clearly show the difference between the spectrum of 

SrTiO3 and that of Na+(5 mol%)-SrTiO3. The spectrum of SrTiO3 in Figure 2-6 is in 

agreement with that reported previously [32 37]. Therefore, the bands in the spectrum 

can be assigned based on the previous report. The bands are attributable to the TO2

mode (O-Sr-O bending mode, at 81 cm-1), TO2 mode (O-Sr-O bending mode, at 176 cm-

1), TO3 mode (O-Sr-O bending mode, between 248 and 348 cm-1), LO mode (Ti-O-Ti 

bending mode, between 610 and 750 cm-1) and LO4 (Ti-O mode at 796 cm-1) (The 

assignment of the Raman bands in SrTiO3 is summarized in Table 2-4).  

    On the other hand, the spectrum of Na+(5 mol%)-SrTiO3 is observed to be 

substantially the same as that of SrTiO3 while the relative intensity among the band 

modes and the shapes of the bands are noticed to be varied as shown in Figure 2-16. In 

particular, the bands at 81 cm-1 attributed to TO1, 248 cm-1 attributed to TO3, and bands 

attributed to LO4 (610, 680, and 718 cm-1) are broader, while the band at 176 cm-1

attributed to TO2 is sharper. These changes in the shapes and the relative intensities in 

the Raman bands indicate the distortion of the perovskite lattice generated by replacing 

Sr ion with Na ion [38 42]. According to the report of perovskite NaTaO3, K-doping 

resulted in a slightly distorted perovskite structure and promoting the photocatalytic 

activity [43]. Therefore, from the above results, the distortion of the SrTiO3 lattice by 

doping Na+ is also probably one of the reasons why the photocatalytic activity improves 
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in this case. On the other hand, the relative intensities of the Raman peaks between 248 

and 348 cm-1 of Na+-SrTiO3 reduced, which is also due to the influences of the occupied 

Sr2+-site. Moreover, the new band that appeared at 796 cm-1 implied the appearance of 
defect vacancies, which was caused by the unbalanced charge due to the doped 

aliovalent Na ions. According to the previous reports, on the lower valence cation doped 
SrTiO3 photocatalyst, the reduction of n-type semi-conductive properties, induced from 

the formation of vacancies by the doping of lower valence cation, was regarded as the 

factor for the improvement of the photocatalytic activity of overall water splitting. 

However, the detailed influences of changes in the states of the SrTiO3 bulk by doping 

Na+ to the remarkable improvement of the photocatalytic activity are still unclear. 

Figure 2-6. Raman spectra of SrTiO3 (SSR, TiO2 (D)) and Na+-SrTiO3 (SSR, TiO2 (D), 

preparation temperature: 1273 K) at an excitation wavelength of (a) 360 nm, (b) 480 nm, 

and (c) 980 nm. 

Table 2-3. Photo branch and band mode assignments for the Raman spectra of SrTiO3

(SSR) and Na+-SrTiO3 (SSR, TiO2(D), preparation temperature:1273 K) 
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    The morphologies of the typical Na+-SrTiO3 photocatalysts prepared by the PC 

method and the SSR method using the different purity of TiO2 materials (TiO2 (B) and 

TiO2 (D)) in this study are observed by scanning electron microscopy (SEM) and the 
results are shown in Figure 2-7. The Na+-SrTiO3 prepared by the PC method exhibited a 

uniform multi-faceted crystal, tending to be spherical, with a size around 100 nm is 
observed as shown in Figure 2-7(a). On the other hand, the morphologies of the 

photocatalysts prepared by the SSR method using TiO2 (B) and TiO2 (D) are similar, 

where the shapes of the observed particles are disordered with 100 nm to several 

hundred nanometers in diameter as shown in Figure 2-7(b and c). The similar specific 

surface areas (BET) of Na+-SrTiO3 prepared by the SSR method using different TiO2

materials and the PC method are provided in Table 2-3. These results indicate that the 

states of Na doped SrTiO3 originated with the nature of starting materials are the crucial 

factors rather than the morphologies originated with the preparation method and 

conditions in the enhancement of photocatalytic performance in this study. Then the 

states of Na+-SrTiO3 prepared by the SSR method by using TiO2 (D) are further 

examined. 

Figure 2-7. SEM images of (a) Na+(4 mol%)-SrTiO3 (PC, preparation temperature: 

1273 K), (b) Na+(5 mol%)-SrTiO3 (SSR, TiO2 (B), preparation temperature: 1273 K) 

and (c) Na+(5 mol%)-SrTiO3 (SSR, TiO2 (D), preparation temperature: 1273 K). 
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Table 2-4. The specific surface areas (BET) of Na+-SrTiO3 samples were prepared by 

the SSR method using various TiO2 materials and the PC method. 

    Figure 2-8 shows the scanning transmission electron microscopy (STEM) images, 

energy-dispersive X-ray spectroscopy (EDS) data, and elemental mapping images of 

Na+(5 mol%)-SrTiO3 (SSR, TiO2 (D)). The elements of Sr, O, Na, Ti are all observed in 

the EDS spectrum as shown in Figure 2-8(b), indicating the presence of the elements in 

the sample and the unmarked signals are related to the background from the TEM 

support.  

    Figure 2-8(c f) is the distribution of Sr, O, Na, and Ti, respectively. From the results 

in Figure 2-8, the elements of Sr, O, Na, and Ti are uniformly distributed in Na+-SrTiO3. 

This indicates that the Na+ is homogeneously doped in SrTiO3. The cocatalysts were 

deposited cover all over the surface of the photocatalyst observed from the elemental 

mapping images in Figure 2-9. 

Figure 2-8. (a) STEM images, (b) EDS analysis of (5 mol%)-SrTiO3 (SSR, TiO2 (D), 

(preparation temperature: 1273 K), and the elemental mapping images of (c) Sr, (d) O, 

(e) Na, (f) Ti. 
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Figure 2-9 (a) STEM image of Rh0.7Cr1.3O3/Na+(5 mol%)-SrTiO3/CoOx (Co: 0.05 wt%), 

and elemental mapping images of (b) Sr, (c) Ti, (d) O, (e) Rh, (f) Cr, and (g) Co. 

    The prepared Na+-SrTiO3 with Rh0.7Cr1.3O3 co-catalyst showed relatively high 

photocatalytic performance for overall H2O splitting. The constant production of H2 and 

O2 in the stoichiometric ratio (2:1) was observed from the initial stage of the 

photocatalytic overall H2O reaction over Rh0.7Cr1.3O3/Na+-SrTiO3 photocatalysts as 

shown in Figure 2-10.  

    The photocatalytic activity was defined as the amount of produced H2 and O2 per 

hour (as mmol h-1) in the steady-state. The photocatalytic activity of Na+-SrTiO3

prepared by the PC method is similar to that prepared by the SSR method using TiO 2

(B). 
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Figure 2-10. Gas evolution during the overall water splitting reaction over the 

photocatalysts (a) Na+(4 mol%)-SrTiO3 (PC, preparation temperature: 1273 K) and (b) 

Na+(5 mol%)-SrTiO3 (SSR, TiO2 (B), preparation temperature: 1273 K). Reaction 

conditions: photocatalyst, 1.0 g; cocatalyst, Rh0.7Cr1.3O3; reaction solution, 600 mL; 

light source, 450 W high- 300 nm). 

    Figure 2-11 shows the effects of the preparation parameters of Na+-SrTiO3 prepared 

by the SSR method using TiO2 (B) as a starting material. Figure 2-11(A) shows the 

photocatalytic activity as a function of the amount of doped Na ion where the Na+-

SrTiO3 is prepared by calcining the precursors at 1273 K. As shown in Fig. 2-11a, the 

photocatalytic activity of pure SrTiO3 is near 0 mmol h-1. When Na ion is doped in 

SrTiO3, the activity is markedly improved with the increase of the amount of doped Na 

ion. The SrTiO3 doped with 5 mol% of Na+ shows the maximum photocatalytic activity. 

When the amount of doped Na ion to SrTiO3 is more than 5 mol%, the photocatalytic 

activity decreases. On the basis of the results in Figure 2-11(A), the influence of 
calcination temperature on the photocatalytic activity was examined using Na+(5 

mol%)-SrTiO3 (SSR), and the results are shown in Figure 2-11(B). 

    Figure 2-11(B) shows the photocatalytic activity of Na+(5 mol%)-SrTiO3 (SSR) for 

H2O splitting as a function of preparation temperature. The photocatalytic activity is 

improved with increasing the preparation temperature from 1073 K and shows the 
maximum activity at 1273 K. Then the activity noticeably decreases when the 

calcination temperature is above 1273 K. The results in Figure 2 -11 show that the 

addition of Na ion in the raw material of SrTiO3 is indispensable for generating high 
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photocatalytic activity for overall H2O splitting. From the results in Figure 2-11, for the 

preferable photocatalyst, photocatalytic activity is 25 mmol h-1 for H2 evolution and 13 

mmol h-1 for O2 evolution, respectively, where Na+-SrTiO3 is prepared at 1273 K with 5 
mol% of Na. 

Figure 2-11. The photocatalytic overall H2O splitting activity of (a) Na+-SrTiO3 (SSR, 
TiO2 (B), preparation temperature: 1273 K) as a function of the amount of doped Na+. (b) 

Na+(5 mol%)-SrTiO3 (SSR, TiO2 (B)) as a function of preparation temperature. 
Reaction conditions: photocatalyst, 1.0 g; cocatalyst, Rh0.7Cr1.3O3; reaction solution, 

600 mL; light source, 450 W high-pressure Hg lamp. 

    Nearly the same results were obtained for the Na+-SrTiO3 photocatalysts prepared by 

the PC method in Figure 2-12. The preferable preparation conditions of Na+-SrTiO3

prepared by the PC method was also confirmed that the amount of doped Na+ is 4 mol% 

and the preparation temperature is 1273 K, respectively.  

    The photocatalytic activity is 28 mmol h-1 for H2 and 14 mmol h-1 for O2 production, 

respectively. The photocatalytic activity of Na+-SrTiO3 (PC) prepared under the 

preferable conditions is slightly higher than that prepared by the SSR method using 

TiO2 (B). This means that the influence of the difference of preparation methods 

between the SSR and PC methods on the photocatalytic performance of Na+-SrTiO3 is 

not significant in this case. 
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Figure 2-12. The photocatalytic overall H2O splitting activity of (a) Na+-SrTiO3 (SSR, 

TiO2 (B), preparation temperature: 1273 K) as a function of the amount of doped Na+. 

(b) Na+(5 mol%)-SrTiO3 (SSR, TiO2 (B)) as a function of preparation temperature. 
Reaction conditions: photocatalyst, 1.0 g; cocatalyst, Rh0.7Cr1.3O3; reaction solution, 

600 mL; light source, 450 W high-pressure Hg lamp. 

    On the other hand, our previous report showed that the activity of  Na+-SrTiO3

photocatalyst prepared by the impregnation method for H2O splitting was strongly 

influenced by the nature of SrTiO3 materials [16]. Therefore, the effect of the raw 

material used for preparing Na+-SrTiO3 on the overall H2O splitting activity is further 

examined. Here, the Na+-SrTiO3 photocatalyst was prepared using various types of TiO2

materials by the SSR method under the preferable conditions evaluated above. The 
results are summarized in Figure 2-13. 

    Figure 2-13 shows the photocatalytic activity and of Rh0.7Cr1.3O3/Na+(5 mol%)-

SrTiO3 prepared at a preparation temperature of 1273 K by the SSR method by using 

various kinds of TiO2 materials for overall H2O splitting. As shown in Figure 2-13, the 

photocatalytic activity noticeably depends on the kind of TiO2 as the starting material 

for preparing the Na+-SrTiO3 photocatalyst. Particularly, it is noticed that the Na+-

SrTiO3 photocatalyst prepared using higher purity of TiO2 (D) material shows higher 
activity. 
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Figure 2-13. Dependence of photocatalytic activity of the overall H2O splitting over 

Na+(5 mol%)-SrTiO3 (SSR, preparation temperature, 1273 K) on the purity of TiO2

materials used, dark column: H2, white column: O2. Reaction conditions: photocatalyst, 

1.0 g; cocatalyst, Rh0.7Cr1.3O3; reaction solution, 600 mL; light source, 450 W high-

pressure Hg lamp. 

    According to the previous report, co-doping of higher valent ions, such as Ta5+ ion, to 

compensate for the charge valance made the photocatalytic activity decrease [23]. This 

suggests that the impurities in the raw material probably influence the photocatalytic 

activity of Na+-SrTiO3. Therefore, the raw materials with high purity should be 

necessary for preparing Na+-SrTiO3 exhibiting high photocatalytic activity. 

    Particularly, when Na+(5 mol%)-SrTiO3 (SSR) is prepared using TiO2 (D) (purity, 

99.99%), the photocatalytic activity of Rh0.7Cr1.3O3/ Na+(5 mol%)-SrTiO3 is further 

improved to 45 mmol h-1 for H2 and 23 mmol h-1 for O2 production, respectively. Then, 

the apparent quantum yield (AQY) of the H2O splitting under the irradiation of 

monochromatic light at 365 nm was evaluated over Na+-SrTiO3 prepared by the SSR 

and     PC methods under the preferable conditions in this study.  

    The evaluated AQY of water splitting over Na+(5 mol%)-SrTiO3 (SSR) prepared 

using TiO2 (D) was 28%, while that over Na+(4 mol%)-SrTiO3 (PC) was 17.4%. The 

AQY of H2O splitting over the photocatalyst prepared by the SSR method under the 

preferable conditions in this study is further improved relative to that of Na+ added 

SrTiO3 prepared by the impregnation method which achieved an AQY of 16% at 360 
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nm reported in our previous investigation as well as is nearly the same as the value of 

Al ion-doped SrTiO3 prepared used flux method reported by Ham et al. 

-

3 on the photocatalytic activity, the 

light intensity dependence of the photocatalytic activity was carried out. The results are 

shown in Figure 2-14. As shown in Figure 2-14, the rates of H2 and O2 evolution are not 

stoichiometric under low light intensity during overall water splitting reaction over 

Rh0.7Cr1.3O3 3. The ratio of O2

than 0.5, suggesting there is little O2 produced under low light intensity. However, the 

evolution of O2 remarkably decreases with decreasing light-intensity by the ND filter, 

charges are not enough due to the doping of Na ion before it transfers to the active sites, 
so it will be less or no oxygen produced at first for a large amount of Na ions doped 

SrTiO3

ts as hole-trapping sites in 

the photocatalysts. The photo-generated holes are trapped in the bulk of SrTiO3. 

However, the trapped holes will promote the separation of photoexcited charge carriers 

and further improve the photocatalytic overall water splitt ing activity under high light 

is 5 mol%. Meanwhile, the excess Na ion could form the recombination centers of 

charge carriers. The holes will be consumed by the recombination with electrons and 
trapped in the bulk, therefore, the oxygen produced is further decreased even under high 

light intensity as shown in Figure 2-14 (C). 
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Figure 2-14. Dependence of the ratio of O2 and H2 evolution rates (triangle), 

photocatalytic activity (H2: yellow circles, O2: blue circles) on light intensity over (A) 

Rh0.7Cr1.3O3 -SrTiO3, (B) Rh0.7Cr1.3O3 -SrTiO3 and (C) 
Rh0.7Cr1.3O3 -SrTiO3 prepared by the SSR method. 

    The effective separation of hydrogen evolution reaction (HER) sites and oxygen 

evolution reaction (OER) sites over the photocatalyst surface is one of the important 

factors for the further improvement of the photocatalytic performances, not only the 

activity but also the durability of the photocatalyst. According to the previous studies, in 

the photocatalyst loaded with a Rh0.7Cr1.3O3 co-catalyst, the photocatalytic activity for 

H2O splitting was observed to reduce with passing time [7,20]. The reduction of 

photocatalytic activity was concluded to be originated with the degradation of the 

Rh0.7Cr1.3O3 compound by the oxidation of Cr ion in the co-catalyst with the oxygenates 

produced under the photocatalytic oxidation of H2O. In order to suppress the reduction 

of the photocatalytic activity with time, the combination of a CoOx co-catalyst for 

oxygen evolution reaction (OER) was carried out to control the O2 evolution process 

and confirmed the stable progress of photocatalytic overall H2O splitting for a relatively 

long time in the previous studies. Here, based on the previous studies, the influences of 

the introduction of the CoOx as a co-catalyst for OER on the photocatalytic activity and 

the durability were examined. The results are shown in Figure 2-15. 

    Figure 2-15 shows the time courses of photocatalytic water splitting over 

Rh0.7Cr1.3O3/Na+(5 mol%)-SrTiO3/CoOx as a function of the amount of Co species. As 



50 

see in Figure 2-15, the optimal amount of Co species was 0.05 wt%. Then, a longer 

measurement to investigate the stability of the photocatalyst was carried out. 

- - -

- -

-

    Figure 2-16(a) shows the photocatalytic activity of H2O splitting as a function of 

irradiation time over Rh0.7Cr1.3O3/Na+(5 mol%)-SrTiO3 and Figure 2-16(b) shows that 

over Rh0.7Cr1.3O3/Na+(5 mol%)-SrTiO3/CoOx (0.05 wt% as Co).  

    As shown in Figure 2-16(A), it is noticed that if the Na+(5 mol%)-SrTiO3

photocatalyst only loaded Rh0.7Cr1.3O3 co-catalyst, its photocatalytic activity would be 

rapidly reduced after 10 h, while the photocatalytic activity of this photocatalyst 

remained 86% of the initial maximum for more than 50 h by co-loading a Co species as 

a co-catalyst for OER by a photo-deposition method as shown in Figure 2-16(b). 

Moreover, the photocatalytic activity is noticeably improved and the AQY value is 

increased from 28% to 30% at 365 nm by co-loading the co-catalyst. These results show 

that co-loading a CoOx co-catalyst to control the OER in photocatalytic H2O splitting 

over Rh0.7Cr1.3O3/Na+(5 mol%)-SrTiO3 is significant for not only the improvement of 

photocatalytic activity but also the improvement of the stability of the photocatalyst and 
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the photocatalytic reaction. The distribution of co-catalysts over the photocatalyst 

evaluated by STEM-EDS is shown in Figure 2-9. 

Figure 2-16. Time courses of overall H2O splitting activity over Na+(5 mol%)-SrTiO3

(SSR, TiO2 (D), preparation temperature, 1273 K) loaded with (a) Rh0.7Cr1.3O3 and (b) 

Rh0.7Cr1.3O3 and CoOx (Co: 0.05 wt%). Reaction conditions: photocatalyst, 1.0 g; 
reaction solution, 600 mL; light source, 450 W high-pressure Hg lamp. 

    On basis of the above study on the structure, morphologies, and surface areas, the 

states of Na doped SrTiO3 originated from the nature of starting materials are the crucial 

factors rather than the morphologies originated with the preparation method and 

conditions in the enhancement of photocatalytic performance in this study.  

    The detailed influences of Na+-doping to the bulk leading the improvement of 
photocatalytic activity is unclear. Further examination was carried out to study the 

influences of Na+-doping. 

    Then, the behavior of photogenerated charge carriers in the photocatalysts was 

examined by observing the decay kinetics using transient absorption spectroscopy. 

    Figure 2-17 shows the decay curves of free electrons giving absorption at 2,000 cm-1

(5000 nm) and trapped electrons giving absorption at 12,000 cm-1 (833 nm) produced 

by the irradiation of UV laser pulse [44]. This result shows that the number of surviving 

free electrons slightly decreased, but that of trapped electrons much increased by Na+-

doping, where they become ~80% and ~200% at 1000 ps, respectively. Figure 2-18 

shows the transient absorption spectra of (a) Na+(0 mol%)-SrTiO3, (b) Na+(5 mol%)-
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SrTiO3, and decay curves of transient absorptions by Rh0.7Cr1.3O3-loaded and unloaded 

Na+(5 mol%)-SrTiO3 probed at (c) 2,000 (5,000 nm) and (d) 12,000 cm-1 (833 nm) 

measured in vacuum. The transient absorption at 25,000-20,000, 15,000-6000, < 4000 
cm-1 are assigned to trapped holes, trapped electrons, and free and/or shallowly trapped 

electrons, respectively [45 47]. By loading Rh0.7Cr1.3O3 co-catalysts on SrTiO3, the 
decay of free electrons and trapped electrons are accelerated. This acceleration is 

ascribed to the electron transfer from SrTiO3 to Rh0.7Cr1.3O3 co-catalysts as reported in 

our previous works [44]. In principle, the trapped electrons should have lower reactivity 

than free electrons for H2 evolution, but these trapped electrons still keep reactivity 

since they can transfer to loaded Rh0.7Cr1.3O3 co-catalysts as shown in Figure 2-18(c and 
d). These results further confirm that the vacancies formed by the Na+-doping, which is 

identified by Raman spectra, can suppress the recombination and then elongate the 

lifetime of photogenerated charge carriers. These would be the reason why the 

photocatalytic activity was enhanced by doing Na+.  

Figure 2-17. Decay curves of transient absorptions by SrTiO3 (SSR, TiO2 (D), 

preparation temperature: 1273 K) and Na+ (5 mol%)-SrTiO3 (SSR, TiO2 (D), 

preparation temperature: 1273 K) probed at (a) 2000 (5,000), (b) 12,000 cm-1 (833 nm) 
measured in a vacuum. 
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Figure 2-18. The transient absorption spectra of (a) Na+(0 mol%)-SrTiO3 (SSR, TiO2

(D), preparation temperature: 1273 K), (b) Na+(5 mol%)-SrTiO3 (SSR, TiO2 (D)), 

preparation temperature: 1273 K, and decay curves of transient absorptions by 

Rh0.7Cr1.3O3-loaded and unloaded Na+(5 mol%)-SrTiO3 probed at (c) 2,000 (5,000 nm) 

and (d) 12,000 cm-1 (833 nm) measured in vacuum. 

    A schematic illustration of photogenerated electrons and holes recombined quickly 

(SrTiO3) and slowly (Na+-SrTiO3) influenced by the trapping sites on powder SrTiO3 is 

shown in Figure 2-19. As demonstrated in Figure 2-19, the large portion of 

photogenerated electrons and holes recombined quickly in the SrTiO3 bulk, restricting 

its activity for water splitting. In contrast, the photogenerated electrons were quickly 

trapped by vacancies but still keep reactivity on Na+-SrTiO3 and transferred to the co-

catalysts, resulting in the slow recombination of charge carriers and improved the 

photocatalytic activity for overall water splitting. 
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Figure 2-19. Schematic illustration of photogenerated electrons and holes recombined 

quickly (SrTiO3) and slowly (Na+-SrTiO3) influenced by the trapping sites on powder 

SrTiO3. 

    The photocatalytic properties of Na+-SrTiO3 loaded with a RhyCr2-yO3 co-catalyst 

toward the overall H2O splitting was studied for elucidating the states of the high-

performance SrTiO3 photocatalyst doped aliovalent metal ions which are lower valency 

of the parent ions. In this study, we confirmed that the photocatalytic activity 

remarkably improved by doping Na ion. Particularly, the purity of the raw material was 

crucial for preparing highly active photocatalyst rather than the states that originated 

with the preparation methods. The photocatalytic activity of Na+-SrTiO3 prepared under 

the preferable condition in this study was 45 mmol h-1 for H2 and 23 mmol h-1 for O2

production, respectively, and the AQY at 365 nm was 28%.  

    The separation of the HER site and OER sites over the photocatalyst surface were 

also examined by controlling the co-catalyst. The photocatalytic activity, as well as 

durability of the photocatalyst for overall H2O splitting, was confirmed to improve by 

co-loading CoOx co-catalyst as the OER site of the photocatalyst surface and the 
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examination showed the possibility for further improvement of the photocatalytic 

performances. 

    From the characterization of the photocatalyst, the doped Na ion was confirmed to be 
dispersed homogeneously in the bulk and incorporated into Sr2+-site in the SrTiO3

lattice by STEM-EDS and XRD examination. Furthermore, the distortion of the crystal 
lattice and production of oxygen vacancies in the lattice was also confirmed by the 

doping of Na ion in SrTiO3 by Raman spectroscopy. The results of transient absorption 

spectra and dependence of photocatalytic activities on light intensity show that the 

variation of the states of the SrTiO3 bulk by the doping of Na+ makes the lifetime of 

photogenerated charge carriers and thus leads to the remarkable improvement of  the 
photocatalytic activity for overall H2O splitting. 
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-

  Artificial photosynthesis has attracted much attention as a way to effectively utilize 

sunlight to produce environmentally-friendly, sustainable, and clean energy, especially 

hydrogen energy [1 6]. Photocatalytic overall water splitting as a simple and viable 

means to produce hydrogen has been always a top research hotspot in recent years [7

12]. The photocatalytic performances of photocatalysts are restricted by various factors, 

such as optical and electronic properties, charge separation, crystal defects, and so on. 

To achieve highly active photocatalysts for overall water splitting, various methods 

used to remove the obstacles have been investigated [12,13]. In the previous studies, the 

photocatalytic activity of NaTaO3: La was remarkably improved by doping La ion, 

achieving an AQY of 56% at 270 nm [14]. On the other hand, a Ca and Zn doped Ca2O3

photocatalyst using a Rh0.5Cr1.5O3 cocatalyst with high photocatalytic activity was 

reported to show the AQY reached 71% at 254 nm [15]. Nevertheless, both of the 

300 nm).  

  Strontium titanate (SrTiO3) is one of the typical and promising photocatalysts for 

overall water splitting under near UV irradiation [16 18]. This material received much 

attention since it was reported to split water vapor into H2 and O2 stoichiometrically by 

loading a NiO co-catalyst [19 22]. However, the photocatalytic activity and quantum 

efficiency of SrTiO3 were always very poor. Recently, the photocatalytic activity was 

remarkably improved by doping aliovalent metal ion which valence is lower than that of 

the substituted parent ion of SrTiO3 [10,23 27], such as Na, Mg, and Al ions. 

Subsequently, this photocatalyst achieved much higher activity and the apparent 

quantum yield reached almost unity by doping Al using the flux method [28 30].  

  Even so, few photocatalysts could arrive at such an ultimate quantum efficiency. 
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Considering the Mg ion was also an effective dopant, in this presentation, Mg was also 

doped into SrTiO3 by using the SrCl2 flux as a medium. With further modification and 

optimization, the Mg-SrTiO3 photocatalyst eventually achieved the ultimate quantum 
yield.  

Synthesis of Mg-doped SrTiO3 using the polymerizable complex (PC) method. 

    The Mg ion was doped into SrTiO3 through the PC method. In a typical synthesis 

process, the Sr, Mg, and Ti citrate-ethylene glycol mixed solution with the molar ratio 

of 1-x: x: 1 (x represents the number of Mg atoms) was prepared by dissolving the raw 

materials, Titanium isopropoxide, citric acid (Wako pure chemical, 98%), SrCO3 (Wako 

pure chemical, 99.99%), and MgCO3 (Wako pure chemical) in ethylene glycol (Wako 

pure chemical, 95%). The polymer precursor was formed after the polymerization was 

carried out at 458 K for 2 h under reflux. The polymer precursor was calcined in an 

alumina crucible at the specified temperature for 20 h to obtain the final different 

amount of Mg ion-doped SrTiO3 samples.  

    The as-prepared samples were denoted as Mg (x mol%)-SrTiO3 (PC) 

Synthesis of Mg-doped SrTiO3 using the solid-state reaction (SSR) method 

    The Mg ion was doped into SrTiO3 materials through a conventional SSR method. 

The starting materials TiO2 (High purity Chemicals; Rutile, 99.99%), SrCO3 (Wako 

Pure Chemicals Industries, Ltd, 99.99%), and MgCO3 (Wako Pure Chemicals Industries, 
Ltd) were stoichiometrically mixed and then fully milled mechanically. The mixture 

was calcined at 1373 K for 20 h in an alumina crucible under the air atmosphere.  

    The as-prepared samples were denoted as Mg (x mol%)-SrTiO3 (SSR) 

Synthesis of Metal ion-doped SrTiO3 using SrCl2 flux treatment (flux) 

    In a typical synthesis process, the raw materials SrTiO3 were prepared through a 
conventional solid-state reaction method (SSR). The starting materials TiO2 (High 

purity Chemicals; Rutile, 99.99%), SrCO3 (Wako Pure Chemicals Industries, Ltd, 

99.99%) were mixed and calcined at 1373 K for 20 h using alumina crucibles in air. The 
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as-prepared SrTiO3 powders were fully mixed with MgO powder (Ga2O3, Al2O3, In2O3, 

or La2O3) and SrCl2 flux reagent according to the nominally molar ratio of 1: x: 10 (x

represents the molar ratio of the corresponding metal ion in metal oxide and SrTiO3) in 
an agate mortar. The added amount of the SrCl2 flux reagent was fixed. The mixtures 

were calcined at an appropriate temperature (1373 K ~ 1423 K) for 10 h in alumina 
crucibles. Finally, the cooled bulk was washed with hot ultrapure water several times to 

remove the chloride impurities and dried at a high temperature for hours. The as-

prepared samples were denoted as Mg(x)-SrTiO3 (flux).  

    As a comparison, Mg ion-doped SrTiO3 was also prepared by the SSR method. The 

starting materials SrCO3, TiO2, and MgCO3 (Wako Pure Chemicals Industries, Ltd) 
were stoichiometrically mixed and then fully milled mechanically. The mixture was 

calcined at 1373 K for 20 h in an alumina crucible under the air atmosphere.  

    The as-prepared sample was termed Mg -SrTiO3 (SSR).  

- -

    The Rh2-yCryO3 with the corundum structure as hydrogen evolution co-catalyst (HEC) 
was deposited onto the surface of photocatalyst by an impregnation method (Imp.) 

employing RhCl3 3H2O (Wako Pure Chemicals Industries, Ltd, 99. 5%) and 
Cr(NO3)3 9H2O (Sigma-Aldrich Co. LLC, 99%) as the precursors as the previous 

description. In a typical synthesis procedure, a certain amount of as-prepared sample 

powders (1.2 g) was suspended in an aqueous solution containing the necessary amount 

of RhCl3 and Cr(NO3)3. After ultrasonic treatment for 10 min, the suspension was dried 

at 333 K under reduced pressure while being rotated and then heated at 623 K for 1 h.  

    The Rh2-yCryO3 (Rh: 0.1 wt%, Cr: 0.1 wt%) was closely combined with the 

photocatalyst denoted as Rh2-yCryO3/Mg-SrTiO3 (flux). 

    Rh/Cr2O3 with the core/shell structure was deposited on Mg-SrTiO3 (flux) according 

to the photo-deposition method previously reported [30 32]. The Mg-SrTiO3 (flux) 
cubic particles (0.1g) were first dispersed in an aqueous (100 mL) containing a 
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calculated number of RhCl3 3H2O solution. Then the metallic Rh nanoparticles (0.1 

wt%) were loaded on Mg-SrTiO3 (flux) cubic particles under irradiation (300 W Xenon 

lamp, full arc) for 20 min while being stirred in the air. Following, an appropriate 
amount of K2CrO4 aqueous solution (Kanto Chemical Co.) was added into the 

suspension under irradiation for 10 min to obtain Rh/Cr2O3 (Rh: 0.1 wt%, Cr: 0.05 wt%) 
core-shell co-catalyst as hydrogen evolution cocatalyst (HEC). 

-

    The CoOx as cocatalysts for oxygen evolution reaction (OER) was coloaded onto the  

Rh2-yCryO3/Mg-SrTiO3 (flux) through both the impregnation method [33] and photo-

deposition method [28,30].  

    In the impregnation method, the detailed deposition procedure is similar to that of 

loading Rh2-yCryO3 co-catalyst, where the Co(NO3)2 6H2O (Kanto Chemical Co.) 

solution was the precursor. The as-prepared cocatalyst was denoted as CoOx (0.1 wt%). 
    In the photo-deposition method, cobalt species cocatalysts were coloaded on the 

surface of Rh2-yCryO3/Mg-SrTiO3 (flux) from an aqueous solution containing a certain 
amount of Co(NO3)2 6H2O via an in-site photo-deposition method. The as-prepared 

cocatalyst was denoted as CoOOH (0.05 wt%) [28,30]. 

    The photocatalytic overall water splitting reaction was performed applying a closed 

gas circulation connecting with an iso-volumetric system. In a typical photocatalytic 
experiment, 0.1 g of the prepared sample was suspended in 100 mL of distilled water in 

the top-irradiation type reactor. The reaction solution was thoroughly degassed by 
applying a vacuum and purged with argon. The full volume of the closed system is 

about 0.46 L. Before the reaction, the system was filled with 10 kPa argon gas. A 300 

W Xenon arc lamp without cut off filters was employed to provide the incident light. 
The evolved gas samples were collected and analyzed using on-line gas 

chromatography (GC). When a large amount of sample (1.0 g) was employed to 
measure the photocatalytic activity, the inner-irradiation-type quartz reaction cell was 
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employed and the photocatalyst was suspended in 600 mL of distilled water under a 450 

W high-pressure mercury lamp irradiation. When the pressure in the system reached 

atmospheric pressure, the system was open. The photocatalytic activity was evaluated 
by the amount of produced gases measured by a soap-film flow meter, where the 

composition of the produced gases was also measured by gas chromatography
(Shimadzu GC-8A).  

    The detailed experimental equipment for the measurement of AQY was shown and 

the methods used for the quantum efficiency measurement were explained in our 

previous report [30]. The dependence of overall water splitting activity and AQYs on 

the light intensity was examined in a top-irradiation-type reactor. A certain amount of 

(0.2 g) sample was dispersed in the reactor and illuminated by monochromatic light 

a series of neutral density filters (OD = 0, 0.3, 0.5, and 1.0, Edmund Optics) with 

controlled intensity. The AQY at the wavelengths of 350, 360, 370, and 380 nm were 
also estimated by using monochromatic light from a 300 W Xenon lamp inserting 

corresponding bandpass filters. The photocurrent from a calibrated Si-photodiode 
(Hamamatsu Photonics) was employed to evaluate the number of incident photons in 

the same condition as the photocatalytic reaction. The AQY values were calculated 

according to the following equation: 

AQY (%) = ((Number of evolved H2 molecules × 2) / (Number of incident photons)) × 

100 

    The powder X-ray diffraction (XRD) using Cu K  radiation at 0.15418 nm (Rigaku 

Smart lab 9/SWXD) at the scanning step of 0.02°/min was employed to determine the 

crystal structure of the as-prepared samples and the precise diffraction peak attributed to 

[110] reflection in the range from 31° to 33° using NaCl (200) peak as the standard for 
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the diffracted angle. The field-emission scanning electron microscopy (SEM, JEOL, 

JSM 6335F) was applied to observe the morphology. A UV vis spectrometer (JASCO. 

V-550DS) equipped with an integrating sphere was applied to obtain the absorption 
spectra of samples. A transmission electron microscope equipped with energy-

dispersive X-ray spectroscopy (EDX) was carried out to observe the compositional 
-AES) 

analyses were used to determine the actual content of the elements in the sample.  

    The XRD patterns in Figure 3-1(a) shows that there are no impurities in the as-

prepared samples and the diffraction patterns of Mg-SrTiO3 (flux) with different Cr 

contents maintained an almost identified feature as the pristine SrTiO3, referring to the 

corresponds to the [110] plane. The Mg-

SrTiO3. Besides, in the detailed review of XRD patterns, the calibrated diffraction peak 

attributed to [110] reflection (Figure 1B) using NaCl [200] peak as the standard [24,26]. 

The diffracted angle shifted slightly toward the lower angles and the lattice spacing (110) 

plane (Figure 3-

compared to those of purity SrTiO3, suggesting the incorporation of Mg ion into the 

lattice of SrTiO3. To the best of our knowledge, the ionic radius of the six-coordinated 

Mg2+ (0.72 Å) is slightly larger than that of Ti4+ (0.605 Å) and smaller than that of the 

twelve-coordinated Sr2+ (1.44 Å). According to the Goldschmidt tolerance factors (t = 

(rA+rO B+rO)) exhibiting the degree of deviation of the ideal perovskite crystal 

structure, the calcinated t-value (Figure 3-1C) for the substitution of Sr2+-site or Ti4+-

site by Mg2+, leading to the shift towards lower angle or higher angles are within the 

allowed t-values (0.75 to 1.0). Therefore, the shift of the diffraction (110) peak towards 

the lower angles and the decreased lattice spacing (110) plane affirms that the 

substitution of Ti4+-site by Mg2+, which is in contrast to that of Al-doping [34]. Besides, 

from the results of the energy-dispersive X-ray spectrum (EDS) in Figure 3-4g, no 
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signal of Al element is observed, suggesting negligible amounts of Al-doping. However, 

the fixed (110) peak when the amount of doped Mg2+ is more than 4 mol% suggests the 

small additional substitution of Sr2+-site or the location on the surface of the sample. 
The collected UV-vis absorption spectra of pristine SrTiO3 and Mg-SrTiO3 (flux) is 

shown in Figure 3-2. The same absorption edges of Mg-SrTiO3 (flux) and pristine 
SrTiO3 suggest an insignificant influence of bandgap by the introduction of Mg ion on 

the photocatalytic overall water splitting.  

Figure 3-1. XRD patterns of the pristine SrTiO3 (SSR) and Mg-SrTiO3 (flux): (A, B) (a) 

pristine SrTiO3; (b) Mg(0.02)-SrTiO3; (c) Mg(0.04)-SrTiO3; (d) Mg(0.06)-SrTiO3; (e) 

Mg(0.08)-SrTiO3 (C) Relationship between the amount of incorporated Mg ion and the 

shift in the lattice spacing of the (110) plane and tolerance factor (t-value). t - : the 

substitution of the Ti4+-site by Mg2+; t - : the substitution the Sr2+-site by Mg2+. 
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Figure 3-2. UV-Vis absorbance spectra of (a) SrTiO3 (SSR), (b) Mg(0.02)- SrTiO3

(flux), (c) Mg(0.04)- SrTiO3 (flux), (d) Mg(0.06)- SrTiO3 (flux), and (e) Mg(0.08)- 

SrTiO3 (flux). 

Figure 3-3. SEM images of (a) SrTiO3 (SSR), (b) Mg(0.7 mol%)-SrTiO3 (SSR), (c) 

Mg(0)-SrTiO3 (flux), and (d and e) Mg(0.02)-SrTiO3 (flux). 

Figure 3-3 shows the SEM images of the pristine SrTiO3, Mg-SrTiO3 (SSR), and Mg-

SrTiO3 (flux) samples fabricated via the flux method. The purity SrTiO3 and Mg-SrTiO3

(SSR) samples prepared by the SSR method show an irregular morphology aggregated 

nano-particles. The Mg(0)-SrTiO3 (flux) sample which was prepared by the flux method 

without adding MgO powder shows cubic particles with a large size and rough surface, 

while the Mg(0.04)-SrTiO3 (flux) synthesized by the flux method with adding a small 
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amount of MgO powder displays an irregularly polyhedral cube with exposing several 

different smooth crystal facets, which is conducive to the separation of the reduction 

and oxidation catalytic sites. Several cubic particles were also present. Simultaneously, 
the TEM images were investigated as well as the chemical compositions were 

determined by EDS-mapping. As shown in 3-4, the morphology observed from TEM 
images corresponds to that from the SEM image. The EDS images are shown in Figure 

3-4(g) confirmed the existence of Sr, Ti, O, and Mg in the samples, and the C signal 

was from the TEM support grid for the powder samples. The Mg ions were 

homogeneously presented in the Mg-SrTiO3 (flux) nano-cubes lattice from the EDS 

elemental mapping images in Figure 3-4(c-f), suggesting the successful doping of Mg2+. 

Figure 3-4. TEM image, (b-f) STEM-EDS elemental mapping images of Mg-SrTiO3

(flux), and (g) EDS spectrum. 
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    To best our knowledge, the noble metals and metal oxide were randomly dispersed 

on the surface of photocatalyst by the impregnation method, while they were selectively 

deposited by the photo-deposition method. Therefore, the STEM-EDS mapping images 
of the prepared samples were observed as shown in Figure 3-5 and the results are 

consistent with the previous report. The cocatalysts Rh2-yCryO3 with a corundum 
structure [35] and CoOx deposited by the impregnation method was evenly dispersed all 

over the surface of the photocatalyst, while the cocatalysts Rh/Cr2O3 with a core/shell 

structure [32] and CoOOH were selectively loaded on the separated crystal faces, which 

created the spatial separation of charge carriers and improved the photocatalytic activity. 

The detailed high-resolution images of STEM-EDS mapping are shown in Figure 3-6. 

Figure 3-5. Location of cocatalysts. SEM images and STEM-EDS elemental mappings 

of Mg-SrTiO3 (flux) loaded with various cocatalysts. (a-d) loaded with Rh2-yCryO3 (Imp. 

Rh, 0.1 wt%; Cr, 0.1 wt%) and CoOx (Imp. Co, 0.05 wt%) (e-h), Rh2-yCryO3 (Imp. Rh, 

0.1 wt%; Cr, 0.1 wt%) and CoOOH (P.D. Co, 0.1 wt%) (c) Rh (0.1 wt%)/Cr2O3 (0.05 

wt%)/CoOOH (0.05 wt%) (i-l). (0.05 wt%)/CoOOH (0.05 wt%).  
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Figure 3-6. Magnified TEM images and STEM-EDS elemental mappings of Mg-

SrTiO3 (flux) loaded with (a-d) Rh2-yCryO3 and CoOx deposited by the impregnation 

method. (e-h) Rh/Cr2O3/CoOOH cocatalysts loaded by the photo-deposition method. 

Dependence of the photocatalytic activity and AQY of Rh/Cr2O3/CoOOH loaded-
Al-SrTiO3 photocatalyst on light intensity and wavelength 

     The Rh(0.05 wt%)/Cr2O3 (0.05 wt%)/CoOOH(0.05 wt%)/Al-SrTiO3 photocatalyst 

shows a remarkably high photocatalytic activity. The dependences of the water-splitting 

activity of the photocatalyst on light intensity and wavelength were measured. The 

results are shown in Figure 3-7, Figure 3-8, and Table 3-1. The AQY value was almost 

unchanged, suggesting the independence of the light intensity in the relevant range. The 

average AQY values which were measured in this series of experiments is calculated to 
be 91.6%. The relevant plot involved was shown in Figure 3-7. The dependence of the 

AQY during overall water splitting using the most optimal Rh/Cr2O3/CoOOH/Al-

SrTiO3 and the UV vis diffuse reflectance spectrum of Al-SrTiO3 were shown in Figure 

3-8 and Table 3-1 gives the AQYs at the corresponding wavelength. The AQY values at 

350 nm, 360 nm, and 365 nm were measured to be 95.7%, 95.9%, and 91.6%, 
respectively. As far as we know, these values are the highest among the reported water-

splitting photocatalysts. The AQY values at 370 nm and 380 nm were decreased to 59.7% 
and 33.6% due to the decreased light absorption and probably the lower AQY at these 



72 

wavelengths, respectively.  

Figure 3-7. Dependence of the water splitting activity and AQY values of Rh (0.1 

wt%)/Cr2O3 (Cr: 0.05 wt%)/CoOOH (Co: 0.05 wt%)-loaded Al-SrTiO3 (flux) on the 

light intensity: Reaction conditions: photocatalyst, 0.1 g; reaction solution, 100 mL of 

-type reactor; light source, 300 W Xenon lamp. 

Figure 3-8. Dependence of the water-splitting activity and AQY of Rh (0.1 wt%)/Cr2O3

(Cr: 0.05 wt%)/CoOOH (Co: 0.05 wt%)-loaded Al-SrTiO3 (flux) on wavelength: 

Reaction conditions: photocatalyst, 0.1 g; reaction solution, 100 mL of distilled water; 

-type reactor; light source, 300 W Xenon lamp. 
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Table 3-2. Results of AQY measurements over Rh (0.1 wt%)/Cr2O3 (Cr: 0.05 

wt%)/CoOOH (Co: 0.05 wt%)-loaded Al-SrTiO3 (flux) 
-

The AQY value at 365 nm was essentially independent of the light intensity over the 

range of intensities examined. The average AQY in this series of experiments was 91.6% 

which was used to generate the plot shown in Figure 3-12. Reaction conditions: 

irradiation-type reactor; light source, 300 W Xenon lamp. 
#OD, optical density. 

Effect of doped various metal ions in SrTiO3 using the flux method on the 
photocatalytic activity 

    Inspired by the previous investigations [24,30], the photocatalytic activity of SrTiO3

was improved by adding various metal ions via an impregnation method. Herein, 

various aliovalent metal ions were introduced into the SrTiO3 lattice through the SrCl2

flux method by adding the corresponding metal oxide under the optimal preparation 

conditions. The photocatalytic activities of as-prepared samples are shown in Figure 3-9. 

As shown in Figure 3-9, the Mg-SrTiO3 (flux) sample achieved an outstanding 

photocatalytic activity among various dopants by the same preparation procedure and 

condition, suggesting the superiority as an effective dopant of SrTiO3 with lower 

valance than the other mental ions substituting the Ti4+-site. Therefore, the Mg-SrTiO3

(flux) was taken as a model photocatalyst as an example to further study and confirm 

the reproducibility of photocatalytic water splitting with a quantum efficiency of almost 

unity. 
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Figure 3-9. The photocatalytic activity of various metal ions doped SrTiO3 prepared by 

the flux method. Reaction conditions: photocatalyst, 1.0 g; reaction solution, 600 mL of 

-pressure Hg-

lamp. 

Effect of preparation conditions for the Mg-doping into SrTiO3 on the
photocatalytic activity 

    Figure 3-10 shows the photocatalytic activity of Mg-SrTiO3 prepared by the PC 

method as a function amount of doped Mg ion and photocatalytic activity of Mg(2 

mol%)-SrTiO3 as a function of the amount of preparation temperature, respectively. The 

photocatalytic activity of purity SrTiO3 shows a poor activity for overall H2O splitting. 

When a small number of Mg was doped into the SrTiO3, the activity was remarkably 
improved. As shown in Figure 3-10, the preferable amount of doped Mg was 2 mol%, 

and the optimal preparation temperature for doping Mg ion into SrTiO3 was 1223 K.  
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Figure 3-10. (a) Photocatalytic activity of Mg-SrTiO3 (PC) for overall H2O splitting as 

a function of the amount of doped Mg2+ and (b) photocatalytic activity of Mg(2 mol%)-
SrTiO3 (PC) as a function of preparation temperature. Reaction conditions: 

irradiation reactor; light source, 450 W high-pressure Hg-lamp. 

   The optimal preparation parameter for effective doping Mg used the SSR method was 

also discussed. Figure 3-11 shows the photocatalytic activity of Mg-SrTiO3 prepared by 
the SSR method as a function amount of doped Mg ion and photocatalytic activity of 

Mg(2 mol%)-SrTiO3 (SSR) as a function of the amount of preparation temperature, 

respectively. The optimal amount of doped Mg and preparation temperature was 0.7 
mol% and 1373 K, respectively
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Figure 3-11. (a) Photocatalytic activity of Mg-SrTiO3 (SSR) for overall H2O splitting as 

a function of the amount of doped Mg2+ and (b) photocatalytic activity of Mg(2 mol%)-
SrTiO3 (SSR) as a function of preparation temperature. Reaction conditions: 

photocatalyst, 1.0 g; reaction solution, 600 mL of distille

irradiation reactor; light source, 450 W high-pressure Hg-lamp. 

    Figure 3-12 shows the photocatalytic activity of Mg-SrTiO3 (flux) for overall H2O 

splitting as a function of the amount of doped Mg and (b) photocatalytic activity of 

Mg(0.04)-SrTiO3 (flux) as a function of preparation temperature. From the results in 

Figure 3-3, the optimal molar ratio of MgO powder/SrTiO3 for preparing highly active 

Mg-SrTiO3 by the SrCl2 flux treatment was 0.04. Herein, the practical preferable 

content of Mg ion incorporated into the SrTiO3 was around 0.39 mol% calculated from 

the results of ICP-OES by using the flux method. 



77 

Figure 3-12 (a) Photocatalytic activity of Mg-SrTiO3 (flux) for overall H2O splitting as 

a function of the amount of doped Mg2+ and (b) photocatalytic activity of Mg(0.04)-
SrTiO3 (flux) as a function of preparation temperature. Reaction conditions: 

irradiation reactor; light source, 450 W high-pressure Hg-lamp. 

Effect of the preparation methods on the photocatalytic activity 

     The optimal amount of doped Mg ion for the SSR method and preferable added 

MgO using the flux method for preparing highly actively Mg-SrTiO3 have been 

confirmed from Figure 3-10, Figure 3-11, and Figure 3-12. Figure 3-13 shows the 

photocatalytic activities of pure Mg-SrTiO3 (PC), Mg-SrTiO3 (SSR), Mg(0)-

SrTiO3(flux) and Mg(0.04)-SrTiO3 (flux). It can be noticed that the pure SrTiO3 shows 

a very low photocatalytic activity of nearly 0.4 mmol h-1 for H2 evolution and 0.2 mmol 

h-1 for O2 evolution, which is attributed to the bulk-rich defects in SrTiO3 as the 

recombination centers. The introduction of a small amount of aliovalent magnesium ion 

into the SrTiO3 lattice using the SSR method can decrease the density of the defects, 

forming a favorable surface-space-charge layer [27] remarkably and thus improved the 

water-splitting activity of SrTiO3 to 20 mmol h-1 for H2 evolution and 10 mmol h-1 for 

O2 evolution, respectively. While the Mg ion was incorporated into the SrTiO3 lattice 

through the SrCl2 flux method by adding a small amount of MgO powder to modify the 

morphology of the photocatalyst, and the photocatalytic activity was further increased 

to 58 mmol h-1 for hydrogen evolution and 29 mmol h-1 for oxygen evolution, 



78 

respectively. According to the previous report by Ham et al. [25], using the flux method 

to treat SrTiO3 in the alumina crucible could introduce the Al ion. Therefore, as a 

comparison, the photocatalytic activity of the pristine SrTiO3 sample that was treated 
only using an SrCl2 flux in alumina crucible was investigated and achieved an activity 

of 25 mmol h-1 for hydrogen evolution and 15 mmol h-1 for oxygen evolution, which is 
much lower than that of the sample using the SrCl2 flux method with adding a little 

MgO powder under the same preparation and reaction conditions. The above results 

suggested that the improvement of photocatalytic activity of Mg-SrTiO3 (flux) is mainly 

ascribed to the doping of Mg and the polyhedral morphology.

Figure 3-13. Photocatalytic activity of Mg-SrTiO3 as a function of the preparation 

method for overall H2O splitting. Reaction conditions: photocatalyst, 1.0 g; reaction 

W high-pressure Hg-lamp. 

Effect of the deposition method of cocatalysts on the photocatalytic activity 

    To further improve the effect of the deposition method for loading cocatalysts on the 

photocatalytic activity of Mg-SrTiO3 (flux), the deposition methods for loading Rh and 

Cr species for hydrogen evolution reaction (HER) and Co species for oxygen evolution 

reaction (OER) were investigated. Figure 3-14 shows the time courses of water-splitting 
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activity of Mg-SrTiO3 (flux) loaded with Rh, Cr, and Co species by the impregnation 

methods. As seen in Figure 3-14(a), Mg-SrTiO3 (flux) rapidly deactivated with only 

loading Rh and Cr species by the impregnation methods. When a small amount of Co 
species was coloaded by the impregnation method, the photocatalytic activity was 

remarkably improved and maintained stable for a longer time. 

Figure 3-14. Time courses of water-splitting activity of Mg-SrTiO3 (flux) loaded with 

(a) RhyCr2-yO3 (Imp. Rh: 0.1wt%, Cr: 0.1 wt%), (b) RhyCr2-yO3 (Imp. Rh: 0.1wt%, Cr: 

0.1 wt%) and CoOx (Imp. Co: 0.05 wt%), and (c) (Imp.) RhyCr2-yO3 (Rh: 0.1 wt%, Cr: 

0.1wt%), and (Imp.) CoOx (Co: 0.1 wt%). Reaction conditions: photocatalyst, 1.0 g; 

reaction solution, 600 mL distilled water; light source, 450 W high-pressure Hg lamp. 

    Figure 3-15 shows the time courses of water-splitting activity of Mg-SrTiO3 (flux) 

loaded with Rh and Cr species by the impregnation methods and Co species by the 

photo-deposition method. The optical sample loaded Co species by the photo-deposition 

method showed higher activity than that loaded Co species by the impregnation method. 

The photocatalytic activity also remained stable for a long time. 
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Figure 3-15. Time courses of water-splitting activity of Mg-SrTiO3 (flux) loaded with 

(a) RhyCr2-yO3 (Imp. Rh: 0.1wt%, Cr: 0.1 wt%) and CoOOH at concentrations of Co 

species (a) 0.05 wt%, (b) 0.1 wt%, and (c) 0.2 wt%. Reaction conditions: photocatalyst, 

1.0 g; reaction solution, 600 mL distilled water; light source, 450 W high-pressure Hg 

lamp. 

    Figure 3-16 shows the time courses of photocatalytic overall splitting reaction over-

optimized the Rh2-yCryO3/Mg-SrTiO3 (Flux), Rh2-yCryO3/Mg-SrTiO3 (flux)/CoOx, Rh2-

yCryO3/Mg-SrTiO3 (flux)/CoOOH, Rh/Cr2O3/CoOOH/Mg-SrTiO3 (flux) under 

irradiation from a 300 W Xenon lamp. Continuous H2 and O2 were generated in a 

stoichiometric ratio of 2/1. All the samples show excellent photocatalytic performance, 

especially the Rh/Cr2O3/CoOOH/Mg-SrTiO3 (flux) sample. After 2.5 hours, the 

pressure in the system full of evolved gases (hydrogen and oxygen) from the 

photocatalytic overall water splitting reaction over Rh/Cr2O3/CoOOH/Mg-SrTiO3 (flux) 

arrived quickly at 100 kPa than that over the other samples. Table 3-2 shows the 

photocatalytic activities and AQY values at 365 nm of Mg-SrTiO3 (flux) loaded HEC 

and OEC by various methods. The water-splitting activity of H2 and O2 is 2.23 and 1.07 

mmol h-1 over Rh2-yCryO3/Mg-SrTiO3 (flux), respectively. Following co-loading Co 

species as OEC, the photocatalytic activities are further improved. The Mg-SrTiO3 (flux) 

loaded with Rh/Cr2O3 core-shell structure as HEC and CoOOH as OEC shows the 

highest activity of 5.05 mmol h-1 for H2 evolution and 2.38 mmol h-1 O2 evolution, 

while the two photocatalysts Mg-SrTiO3 (flux) loaded Rh2-yCryO3 by the impregnation 

method and Co species by the impregnation method or in-site photo-deposition method 

showed similar photocatalytic activity as shown in Table 3-2. 
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Figure 3-16. Time courses of photocatalytic overall water splitting reaction at 

background pressures of 10 kPa over Mg-SrTiO3 (flux) loaded with (a) RhyCr2-yO3 (Rh: 

0.1 wt%), (b) RhyCr2-yO3 (Rh: 0.1wt%) and 0.05 wt% CoOx, and (c) RhyCr2-yO3 (Rh: 0.1 
wt%), 0.1 wt% CoOOH and (d) Rh (0.1 wt%)/Cr2O3 (Cr: 0.05 wt%)/CoOOH (Co: 0.05 

wt%). Reaction conditions: photocatalyst, 0.1 g; reaction solution, 100 mL of distilled 

Table 3-2. Photocatalytic water splitting activities of Mg-SrTiO3 (flux) modified with 
HEC and OEC by various deposition methods. 

Imp., Impregnation method; P.D., Photodeposition method

Reaction conditions: photocatalyst, 0.1 g; reaction solution, 100 mL of distilled water; 

Effects of light intensity on photocatalytic water splitting and AQY of Mg-SrTiO3
modified with Rh, Cr, and Co species using various deposition methods 

    To further verify the photocatalytic performances of the photocatalysts, the activity 

dependence of water splitting over Mg-SrTiO3 (flux) was modified with Rh2-yCryO3, 

Rh2-yCryO3/CoOx, and CoOOH, and Rh/Cr2O3/CoOOH cocatalysts on the light intensity 
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over the range from 1.0×1020 to 1.6×1021 photons h-1 was carried out using the 

monochromatic light at 365 nm. The activity dependence and time courses of overall 

water splitting reaction on light intensity are shown in Figure 3-17 and Figure 3-18. As 
shown in Figure 3-17 and Figure 3-18, the H2 and O2 evolved stoichiometrically during 

the overall water splitting reaction and the rates were both increasing linearly within the 
light intensity, suggesting the AQY was effectively unrelated to the light intensity. As 

shown in Table 3-1, the Rh2-yCryO3/Mg-SrTiO3 (flux) achieved an AQY of 55% at 365 

nm, and following co-loading the CoOOH as OEC, the AQY value increased to 68%. 

When the HEC and OEC were both deposited on the photocatalyst by the photo-

deposition method, an AQY value of 88% was achieved. 

Figure 3-17. Dependence of time courses of photocatalytic overall water splitting 

reaction at background pressures of 30 kPa on the light intensity over Mg-SrTiO3 (flux) 

loaded with RhyCr2-yO3 (Imp. Rh: 0.1 wt%), and (a) 0 (b) CoOOH, (P.D. Co: 0.1 wt%), 

and (c) Rh (P.D. 0.1 wt%)/Cr2O3 (P.D. Cr: 0.05 wt%)/CoOOH (P.D. Co: 0.05 wt%). 

Reaction conditions: photocatalyst, 0.2 g; reaction solution, 140 mL of distilled water; 

V lamp.
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Figure 3-18. Dependence of water-splitting activity and AQY values at background 

pressures of 30 kPa on the light intensity over Mg-SrTiO3 (flux) loaded with RhyCr2-yO3

(Imp. Rh: 0.1 wt%), and (a) 0 (b) CoOOH, (P.D. Co: 0.1 wt%), and (c) Rh (P.D. 0.1 

wt%)/Cr2O3 (P.D. Cr: 0.05 wt%)/CoOOH (P.D. Co: 0.05 wt%). Reaction conditions: 

reactor; light source, 500 W Deep UV lamp. 

- -

    Figure 3-19 gives ultraviolet-visible diffuse reflectance spectrum of (a) bare Mg-

SrTiO3 (flux) and wavelength dependence of apparent quantum efficiency (AQY) 

during water splitting on Rh (0.1 wt%)/Cr2O3 (0.05 wt%)/CoOOH (0.05 wt%)-loaded 

Mg-SrTiO3 (flux). The achieved AQY value at 350 nm and 360 nm is 93.9% and 92.5%, 

respectively, suggesting almost all the generated electrons and holes were almost fully 

utilized to overall water splitting applying the current AQY measurement technology 

regardless of light loss on account of scattering and reflection. The AQY values were 

similar to that of Rh (0.1 wt%)/Cr2O3 (0.05 wt%)/CoOOH (0.05 wt%)-loaded Al-

SrTiO3 (flux) [30]. 
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Figure 3-19. UV vis diffuse reflectance spectrum of (a) bare Mg-SrTiO3 (flux) and 

wavelength dependence of apparent quantum efficiency (AQY) during overall water 

splitting on Rh (0.1 wt%)/Cr2O3 (0.05 wt%)/CoOOH (0.05 wt%)/Mg-SrTiO3 (flux). 

Reaction conditions: photocatalyst, 0.1 g; reaction solution, 140 mL of distilled water; 

-type reactor; light source, 300 W Xenon lamp. 
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  The Mg ion-doped SrTiO3 using the SrCl2 flux method was investigated. The 

successful doping of Mg ion into the SrTiO3 and substituted the Ti4+-site was supported 

by the detailed structural study. The absence of an Al signal in the EDS spectrum and 

elemental mapping images indicated negligible Al-doing. The Mg-SrTiO3 (flux) shows 

cubic and tailoring morphologies suggesting the separated reduction and oxidation 

facets. The subsequently modified Mg-SrTiO3 (flux) using Rh, Cr, and Co species as 

HEC and OEC, respectively, achieved high photocatalytic activity and apparent 

quantum efficiencies. The Rh, Cr, and Co species were selectively deposited on the 

different surfaces of Mg-SrTiO3 (flux) cubic nanoparticles observed from the TEM-

EDS mapping images. The Rh/Cr2O3/CoOOH/Mg-SrTiO3 (flux) reproduced again the 

photocatalytic overall water splitting quantum efficiency of almost unity, which can be 

attributed to the decreasing defects by Mg-doping and the separated reduction and 
oxidation facets.  
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    The metal ions were codoped into strontium titanate by a flux method. The raw 

materials SrTiO3 used for flux treatment were prepared through a conventional solid -

state reaction method (SSR). Typically, the raw materials TiO2 (High purity Chemicals; 

Rutile, 99.99%), SrCO3 (Wako Pure Chemicals Industries, Ltd, 99.99%) were mixed 

and calcined at 1373 K for 20 h in alumina crucible under air condition. The as-prepared 

SrTiO3 sample was fully mixed with Rh2O3 powder (Wako Pure Chemicals Industries, 

Ltd.) and the other noble metal oxides (Ta2O5, Sb2O3, Nb2O3, or La2O3) and SrCl2 flux 

reagent according to the nominally molar ratio of 1: x: y: 10 (x, y represents the molar 

ratio of the corresponding metal ions in metal oxide and SrTiO3, x/y = 1: 1 ) in an agate 

mortar. The molar ratio of SrTiO3 and SrCl2 flux reagent was fixed at 1:10. The fully 

ground mixtures were calcined at an appropriate temperature (1273 K ~ 1423 K) for 10 

h in alumina crucibles in the air. Eventually, the cooled bulk was washed with hot 

ultrapure water several times to remove the chloride impurities and dried at a high 

temperature for hours. The as-prepared samples were denoted as SrTiO3 (M1, M2)-x
(flux) (M1 and M2 represent the corresponding metal ions). 

    The absorption spectra of as-prepared samples were acquired by a UV vis 

spectrometer (JASCO. V-550DS) equipped with an integrating sphere was applied to 

obtain. The morphology of as-prepared samples was observed applying the field-

emission scanning electron microscopy (SEM, JEOL, JSM 6335F). 

    The photocatalytic reactions were performed in a gas-closed circulation system 

connected with a top irradiation type photocatalytic reaction cell. The apparatus for the 

measurement of photocatalytic activity is as shown in Figure 4-1. The as-prepared 
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powder (0.1 g) was dispersed in an aqueous solution containing methanol (10 vol%). 

The oxygen was produced from an aqueous AgNO3 solution (0.02 mmol h-1). The 

suspension was illuminated from a 300 W Xenon lamp attached to a cut-
420 nm) under continuous stirring. The argon gas was used as the carrier gas and 

brought into the system after degasification makes the system under a background of 10 
kPa. Before the photocatalytic reaction, the Pt cocatalyst was deposited on the 

photocatalyst from an appropriate amount of H2PtCl6·6H2O solution (Na3[IrCl6] for 

oxygen evolution) as precursor under full arc irradiation for 30 minutes. The amount of 

produced H2 or O2 was estimated by gas chromatography (Shimadzu GC-8A).

Figure 4-1. Apparatus for photocatalytic reactions. 
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Figure 4-2 shows the SEM images of various noble metal ions co-doped SrTiO3

prepared by the SSR method. In our previous report, the pure SrTiO3 prepared by the 

SSR method showed irregular particles aggregated nanoparticle morphology [31]. After 

using SrCl2 treatment, the sample showed rough cubic particles as well as doping a 

small amount of Al ion. The SrTiO3 using only flux treatment only responded to the UV 

light. and the size of the particles was very large. The SrTiO3 with SrCl2 flux regent 

mixed with a small number of noble metal ions showed cubic and tailoring cubic 

morphology. This morphology was conducive to the separation of reduction surfaces 

and oxidation surface and then enhanced the photocatalytic activity by selectively 

depositing oxygen evolution cocatalyst and hydrogen evolution cocatalysts. However, 

for the (Ce, Rh)-SrTiO3 (flux), there was a spot of large cubic particles, which were a 

disadvantage of the separation of electrons and holes. Therefore, the H2 evolution rate 

was very low. For the (La, Mn, Rh)-SrTiO3, though the sample showed perfect 

morphology for selectively loading the suitable cocatalysts, too many dopants forming 
the defects which were as the recombination centers also decreasing the photocatalytic 

activity.  

    Figure 4-3 shows the absorbance spectra of various noble metal ions co-doped 
SrTiO3 photocatalyst. The pure SrTiO3 only responded to UV absorption and the 

maximum absorption band edge at around 380 nm. After using SrCl2 reagents mixed 

with a small number of noble metal ions, the absorption was extended to the visible 

light area. The absorption band edges were around 600 nm, suggesting the successful 

doping of the noble metal ions during the flux treatment. 
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Figure 4-2. SEM images of various noble mental co-doped SrTiO3 prepared by the flux 

method. (a) SrTiO3 (flux), (b) SrTiO3-(La, Rh)-0.02 (flux), (c) SrTiO3(Ta, Rh)- 0.02 

(flux), (d) SrTiO3(Ce, Rh)-0.02 (flux), and (e) SrTiO3 (La, Mn, Rh)-0.02 (flux)  

Figure 4-3. Absorbance spectra of various noble mental co-doped SrTiO3 (M1, M2)-

0.02 prepared by the flux method.   
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    Figure 4-4 shows the time courses and activity of photocatalytic H2 evolution from 10 

vol% aqueous methanol solution over Pt (0.1 wt%)/SrTiO3(M1, M2)-0.02 (flux) as a 

function of various noble metal ions co-doped SrTiO3 prepared by the flux method. The 

results showed that all the samples could split water to produce hydrogen from an 
aqueous methanol solution under visible light irradiation. The sample using strontium 

chloride flux mixed with tantalum (five-plus) oxide or lanthanum oxide and rhodium 

oxide treatment showed a better hydrogen evolution rate for hydrogen evolution 

reaction. The (Ta, Rh)-codoped SrTiO3 photocatalyst achieved a hydrogen evolution 

rate of 25.6 µmol h-1 in these results under visible light irradiation as shown in Figure 4-
2(b).  

    Figure 4-5 shows time courses activity of photocatalytic O2 evolution from aqueous 

AgNO3 (0.02 mol h-1) solution over IrO2 (1 wt%)/SrTiO3(M1, M2)-0.02 (flux) as a 
function of various noble metal ions co-doped SrTiO3. The (Ta, Rh)-codoped SrTiO3

(flux) photocatalyst achieved a relatively high O2 evolution rate of 5.64 µmol h-1 in the 

first two hours, and then the activity decreased to 2.21 µmol h-1 amount the samples 

under visible light irradiation as shown in Figure 4-3(b).  
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Figure 4-4. (a) Time courses and (b) activity of photocatalytic H2 evolution from 10 vol% 

aqueous methanol solution over Pt (0.1 wt%)/SrTiO3(M1, M2)-0.02 (flux) as a function 
of various noble metal ions co-doped SrTiO3. The molar ration of metal ion and SrTiO3, 

1:0.02:10; Preparation temperature, 1373 K. Reaction condition: photocatalyst, 0.1 g; 

co-catalyst, 0.1 wt% Pt (photodeposition method); reaction solution,  100 mL; sacrificial 
regent, CH3OH (10 vol%); photocatalytic raction cell, top-type irradiation cell; light 

source, 300 W Xenon lamp (20 A). 

Figure 4-5. (a) Time courses and (b) activity of photocatalytic O2 evolution from 

aqueous AgNO3 (0.02 mol h-1) solution over IrO2 (1 wt%)/SrTiO3(M1, M2)-0.02 (flux) 
as a function of various noble metal ions co-doped SrTiO3. The molar ration of metal 

ion/SrTiO3, 1:0.02:10; Preparation temperature, 1373 K. Reaction condition: 

photocatalyst, 0.1 g; co-catalyst, 0.1 wt% IrO2 (photo-deposition method); reaction 

solution, 100 mL; sacrificial regent, AgNO3 (0.02 mol h-1); photocatalytic reaction cell, 

top-
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    Figure 4-6 shows the photocatalytic activity of sacrificial H2 evolution activity over 

Pt/SrTiO3(Ta, Rh)-0.02 from aqueous methanol solution as a function of the amount of 

loaded Pt nanoparticles. As seen in Figure 4-4, the preferable amount of loaded Pt 

nanoparticles by the photo-deposition method was 0.3 wt%. The Pt (0.3 
wt%)/SrTiO3(Ta, Rh)-0.02 photocatalyst achieved an H2 evolution activity of 168.98 µ 

mol h-1 from the aqueous methanol solution. 

c  

Figure 4-6. Photocatalytic activity of sacrificial H2 evolution from aqueous methanol 
solution over Pt/SrTiO3(Ta, Rh)-0.02 as a function of the amount of loaded Pt 

nanoparticles. 

Reaction condition: photocatalyst, 0.1 g; co-catalyst, Pt (photo-deposition method); 

reaction solution, 100 mL; sacrificial regent, AgNO3 (0.02 mol h-1); photocatalytic 

reaction cell, top-
nm);  

    Figure 4-7 shows the photocatalytic activity of sacrificial O2 evolution from aqueous 
AgNO3 solution IrO2/SrTiO3(Ta, Rh)-0.02 as a function of the amount of loaded Pt 

nanoparticles. As seen in Figure 4-5, the preferable amount of loaded IrO2 nanoparticles 



100 

by the photo-deposition method was 1 wt%. The IrO2 (1 wt%)/SrTiO3(Ta, Rh)-0.02 

photocatalyst achieved an O2 evolution activity of 5.64 µ mol h-1 from the aqueous 

methanol solution. 

Figure 4-7. Photocatalytic activity of sacrificial O2 evolution from aqueous AgNO3

solution IrO2/SrTiO3(Ta, Rh)-0.02 as a function of the amount of loaded Pt 

nanoparticles. 

Reaction condition: photocatalyst, 0.1 g; co-catalyst, IrO2 (photo-deposition method); 

reaction solution, 100 mL; sacrificial regent, AgNO3 (0.02 mol h-1); photocatalytic 

reaction cell, top-

nm);  

    Figure 4-8 shows the photocatalytic activity of sacrificial O2 evolution from aqueous 

AgNO3 solution Pt (0.3 wt%)/SrTiO3(Ta, Rh) as a function of the amount of co-doped 

Ta and La metal ions. As shown in Figure 4-6, the preferable amount of co-doped Ta 
and Rh was smaller than 0.02. The maximum photocatalytic activity for sacrificial H2

evolution achieved over the Pt (0.3 wt%)/SrTiO3(Ta, Rh)-0.06 was 192. 63 µmol h-1. 
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Figure 4-8. Photocatalytic activity of sacrificial O2 evolution from aqueous AgNO3

solution Pt (0.3 wt%)/SrTiO3(Ta, Rh) as a function of the amount of co-doped Ta and 

La metal ions. 

Reaction condition: photocatalyst, 0.1 g; co-catalyst, Pt (photo-deposition method, 0.3 

wt%); reaction solution, 100 mL; sacrificial regent, AgNO3 (0.02 mol h-1); 

photocatalytic reaction cell, top-type irradiation cell; light source, 300 W Xenon lamp 
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    Various metal ions co-doped into strontium titanate with cubic nanoparticles were 

successfully synthesized using the flux method with SrCl2 flux reagents mixed with the 

corresponding metal oxide. The photocatalyst using flux mixed with metal oxide could 

respond to visible light up to 600 nm. The photocatalyst SrTiO3(Ta, Rh)-0.02 (flux) 

using flux treatment modified with 0.3 wt% Pt nanoparticles showed relatively high 

activity for sacrificial H2 evolution (168. 98 µmol h-1) from sacrificial aqueous methanol 

solution, while that modified with 1 wt% IrO2 nanoparticle achieved an activity of 5.65 

mol h-1 for O2 evolution from an aqueous AgNO3 solution under visible light irradiation 
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    In this presentation, the investigations on the development of highly active SrTiO3

photocatalyst for overall H2O splitting were carried out. Various modification methods 
were combined to increase the photocatalytic overall H2O splitting efficiency of SrTiO3

photocatalyst the upper limitation under visible light irradiation. Following, the 
photocatalytic property of flux-mediated noble metal ions doping of SrTiO3 was studied 

under visible light irradiation to further enhance the solar-to-hydrogen evolution 

conversation efficiency. The results are summarized in each chapter as follows. 
    In chapter 2, the photocatalytic performances of Na-SrTiO3 prepared by the 

polymerizable complex (PC) method and solid-state reaction (SSR) method were 
investigated. The purity of starting TiO2 material for preparing Na-SrTiO3 photocatalyst 

is also affecting the photocatalytic activity. The optimal Rh0.7Cr1.3O3/Na-SrTiO3/CoOx

photocatalyst achieved an AQY of 30% at 365 nm and this photocatalyst remained 

stable activity for about 50 hours during photocatalytic overall H2O splitting reaction. 

The distortion of the crystal lattice and production of oxygen vacancies in the lattice by 
Na-doping were the crucial effects on the improvement of SrTiO3 photocatalyst by 

XRD, Raman spectroscopy, transient absorption spectra. The dependence of H2O 

splitting activity on low light intensity confirmed the doped Na acted as hole traps and 
increase the separation of photogenerated charge carriers.  

    In chapter 3, Mg ion was doped in the SrTiO3 by the PC, SSR, and the SrCl2 flux 

treatment. Mg-SrTiO3 photocatalyst by the SrCl2 flux reagent mixed with a small 

amount of MgO powder treatment showed the highest photocatalytic activity. The 

photocatalytic properties of the SrCl2 flux-mediated doping of various metal ions (Al, 
Ga, In, and La) into SrTiO3 were also performed. Among the dopants, Mg, Ga, Al ions 

were relatively effective dopants that were introduced into SrTiO3 using SrCl2 flux 

mixed with a small number of corresponding powder treatment modifying with RhyCr2-

yO3 cocatalyst for the improvement of the photocatalytic property of SrTiO3. The Rh2-

yCryO3-loaded Mg-SrTiO3 (flux) sample achieved an AQY value of 53% ± 2% under 
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irradiation of monochromatic light at 365 nm. The various deposition methods of redox 

co-catalysts were carried out. The optical Mg-SrTiO3 (flux) photocatalyst prepared by 

the flux method modifying with Rh/Cr2O3/CoOOH redox co-catalysts via the in-site 
photo-deposition method achieved the photocatalytic H2O splitting quantum efficiency 

to the upper limitation under UV irradiation. The detailed structure study implied Mg 
was doped into the SrTiO3 crystal lattice and the as-prepared Mg-SrTiO3 sample by the 

flux method showed cubic and tailoring cubic morphologies. The absence of an Al 

signal in the EDS spectrum and elemental mapping images indicated negligible Al-

doing. The Rh, Cr, and Co species were selectively deposited on the different surfaces 

of Mg-SrTiO3 (flux) cubic nanoparticles observed from the TEM-EDS mapping images.  
    In chapter 4, various noble metal ions co-doped SrTiO3 was prepared using the SrCl2

flux mixed with a small number of corresponding metal oxide powder. The 

photocatalytic property of flux-mediated various noble metal ions co-doped SrTiO3

photocatalyst for sacrificial H2 (O2) evolution from aqueous methanol (AgNO3) solution 

-prepared samples showed a 

visible-light response implying the successful co-doping of the noble metal ions. The Pt 

metal and IrO2 was photo-deposited onto the photocatalyst used as hydrogen evolution 

cocatalyst and oxygen evolution cocatalysts during H2O splitting reaction. The Rh and 

Ta co-doped SrTiO3 shows the highest sacrificial H2 evolution and O2 during evolution 

among the other samples under the same preparation and reaction conditions. The as-

prepared samples nanoparticles showed the cubic and tailoring cubic morphologies. The 

further discussion of the effects of photo-depositing various HECs and OECs on the 

sacrificial H2 and O2 will proceed. 

    Solar-driven artificial photosynthesis to split H2O into H2 and O2 is an ideal method 

to realize the conversion of solar energy to clean and renewable hydrogen energy, and it 

is also one of the ways to solve the problem of the energy crisis.  

    At present, the most widely reported materials capable of H2O splitting are mainly 

wide bandgap semiconductors loaded with cocatalysts and most of them only responded 
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to UV irradiation. Even though, we have accomplished photocatalytic H2O splitting 

with the ultimate quantum efficiency under UV irradiation. The solar-to-hydrogen 

conversation was still very low and could not satisfy the application in practical 
production.  

    The process of photocatalytic overall H2O splitting is complex multi-electron and 
multi-step reactions. The requirements for photocatalytic materials are very high. The 

photocatalyst must have a suitable energy level structure to absorb enough visible light 

and stable hydrogen and oxygen production active sites. The photogenerated charge 

carriers must be effectively separated and transferred to the redox-active sites. Therefore, 

the improvement of a new novel efficient, stable, and low-cost photocatalyst responding 
to visible light still exists great challenges. 
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