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Abstract: 

The increasing need for efficient materials capable of solar fuel generation is 

primary to the development of a green energy economy. In this contribution, we 

demonstrate that La-Cr co-doped SrTiO3 (STO) nano-particles obtained through a 

one-pot microwave-assisted method exhibit well visible light absorption. We finetune 

the content of the cation substitution in the structure of STO to develop 

high-efficiency visible-light-driven water splitting photocatalysts considering the 

discrete of the impurity levels created by dopants. In our study, drawing conclusion 

from experiment that photocatalytic hydrogen production performance was optimum 

when doping mol amount of La-Cr was 5%. The rational expression for 

high-performance photocatalysts of La-Cr co-doped STO materials are described.  

Keywords: solar fuel generation, microwave-assisted method, hydrogen production, 

La-Cr co-doped SrTiO3 
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1 Introduction 

Hydrogen production by solar-driven photocatalytic water splitting on the 

surface of semiconductors is a promising strategy to transform solar energy into 

hydrogen fuel 1-7. Sunlight driven water splitting is considered to be viable to produce 

hydrogen energy on account of water and sunlight are naturally abundant on the earth. 

Since the photocatalytic splitting of water into H2 and O2 on the surface of 

semiconductor was first reported, much attention had been paid to semiconductor 

materials which could be used as photocatalyst 8-12. In all the semiconductors, STO 

has been regarded as one of the most promising photocatalysts for water splitting 

because of its strong catalytic activity, high chemical and photochemical stability 13, 14. 

However, STO shows activities only under ultraviolet irradiation accounting for 

merely about 4% of the incoming solar energy, which limits its practical application 15. 

To overcome this defect, numerous studies have focused on extending the 

photocatalytic activity of STO toward the visible-light region.  

Among them, doping of transition metals is a good strategy to develop visible 

light responsive photocatalysts if a suitable dopant is chosen 16-19. The replacement of 

cations in the crystal lattice of STO may create impurity energy levels within the band 

gap of the photocatalyst that facilitate absorption in the visible range. However, it was 

reported that the impurity levels created by dopants in the photocatalysts are usually 

discrete, which would appear disadvantageous for the migration of the photogenerated 

holes 20. Therefore, we have reason to believe that it is important to finetune both the 

content and depth of the cation substitution in the structure of STO to develop 

visible-light-driven water-splitting photocatalysts. Although there has been extensive 

research on doped STO photocatalysts 21-26, little attention has been paid to the effects 

of the doped content of La and Cr.  

In recent years, microwave-assisted synthesis has been developed to be a facile 

synthetic method for inorganic nano-scale materials in consideration of its shorter 

reaction time and higher reaction rate as compared to the conventional heating 

methods 27-29. As a result, microwave heating has opened the possibility of realizing 

fast chemical reactions and rapid materials preparation in very short time periods, 
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usually in minutes, instead of hours or even days usually required by the conventional 

heating methods, leading to relatively low cost, energy saving, and high efficiency for 

materials production. On the other hand, the shorter crystallization time often leads to 

the small particle size of the product, which is essential for the synthesis of inorganic 

nano-scale materials. Thus, microwave-assisted synthesis is a promising synthetic 

method to obtain inorganic nano-scale materials.  

There are some reports on La-Cr co-doped STO in the previous research, such as 

Ye et al. reported the reaction environment plays a significant role in the surface 

properties and thus affects the photocatalytic efficiency of La-Cr co-doped STO 30. 

However, the hydrothermal method in their work consumed 72 hours to prepare the 

sample, which neither efficient nor saving time. Up to date, there wasn’t research on 

finetune the content of the La-Cr substitution in the structure of STO to develop 

efficient visible-light-driven water-splitting photocatalysts. What is more, we for the 

first time synthesize La-Cr co-doped STO by using a microwave-assisted method that 

is able to heat target materials without heating the entire furnace or oil bath, which 

saves time and energy. In this manuscript, La-Cr co-doped STO was prepared by a 

microwave-assisted method successfully. In our work, we fine tune the content of 

La-Cr cation substitution in the structure of STO to develop efficient 

visible-light-driven water splitting photocatalysts. As compared, La doped STO and 

Cr doped STO were prepared by the same method, respectively. The photocatalytic 

activities of the as-obtained La-Cr co-doped STO samples were evaluated in a Lab-H2 

photocatalytic hydrogen production system.  

2 Experimental section 

2. 1. Synthesis of La-Cr co-doped SrTiO3 nano-particles  

La-Cr co-doped SrTiO3 nanoparticles was prepared by a facile 

microwave-assisted method. In a typical synthesis procedure, Sr(OH)2·8H2O 

(3.5mmol), TiO2 (3.5mmol) and KOH (0.0375mol) were dissolved in 35 mL purified 

water. After stirred for about 30 min, a certain amount of La(NO)3·6H2O and 

Cr(NO)3·9H2O were dispersed into the solution under vigorous string. Then the 

as-obtained mixture was transferred into a Teflon-lined autoclave of 50.0 mL capacity. 
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The obtained mixture was heated in the microwave reactor (MDS-6, Shanghai Sineo 

Microwave Chemistry Technology Co., Ltd.) with the operating power of 800 W and 

working temperature of 150 ◦C for 5 h. After the container cooled into room 

temperature, the product was washed with deionized water by repeated centrifugation, 

and the productions were dried at 60 ◦C in air. Pure STO nanoparticles were prepared 

by the same method without an extra reagent of La(NO)3·6H2O and Cr(NO)3·9H2O 

introduced in the STO precursors liquid. Obtained samples with (La-Cr) /Sr mole ratio 

of 0, 1%, 2%, 4%, 5%, 6% and 8% was labeled as sample pure STO, La-Cr-1, 

La-Cr-2, La-Cr-4, La-Cr-5, La-Cr-6 and La-Cr-8. As compared, obtained samples 

with La/Sr and Cr/Sr mole ratio of 5% named as La-5 and Cr-5, respectively.  

2.2. Characterization 

Powder X-ray diffraction (XRD) patterns were obtained on a D/MAX-2500 

diffractometer (Rigaku, Japan) using a Cu Kα radiation source (λ = 1.54056 Å) at a 

scan rate of 7° min−1 to determine the crystal phase of obtained samples. Uv-vis 

absorption spectra of samples were measured by using UV-vis spectrometer 

(Shinadzu UV-2500). X-ray photoelectron spectroscopy (XPS) data were obtained by 

an ESCALa-b220i-XL electron spectrometer (VGScientific, England) using 300 W Al 

Kα radiation. Transmission electron microscopy (TEM), high-resolution transmission 

electron microscopy (HRTEM) and HAADF-STEM mapping analyses were collected 

on an F20 S-TWIN electron microscope (Tecnai G2, FEI Co.), using a 200 kV 

accelerating voltage. The photoluminescence spectra was taken on a F4500 (Hitachi, 

Japan) photoluminescence detector.  

2.4. Photocatalytic hydrogen production 

The photocatalytic hydrogen production experiments were carried out in a 

Lab-H2 photocatalytic hydrogen production system 31. A 300W Xenon arc lamp was 

used as a light source and was positioned 20 cm away from the reactor in the system. 

In a typical water splitting over doped STO experiment, 100 mg of the prepared 

doped STO photocatalyst was dispersed with constant stirring in 200 mL of 20 vol% 

methanol aqueous solution. Prior to irradiation, the system was vacuumized to remove 

the dissolved oxygen. During the whole reaction process, vigorous agitation was 
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performed to ensure the uniform irradiation of the photocatalysts suspension. A 

certain amount of H2PtCl6·6H2O aqueous solution was dripped into the system to load 

0.5 wt% Pt into the surface of the photocatalyst by a photochemical reduction 

deposition method. The generated gas was collected intermittently through the septum, 

and hydrogen content was analyzed by the gas chromatograph (GC-SP7800, Beijing 

Jing Ke Ruida, China, TCD, nitrogen as a carrier gas and 5 Å molecular sieve 

column). All glassware was rigorously cleaned and carefully rinsed with distilled 

water prior to use. 

3 Result and discussion 

 

Fig. 1. (a) XRD patterns of pure STO and different La-Cr doping amount samples. (b) XRD 

patterns of La-Cr-5, Cr-5, La-5 and pure STO.  

The crystal structures of the materials were investigated with powder X-ray 

diffraction (Figure 1). The XRD experiment confirms that all samples are pure single 

phase. Fig.1 shows the XRD patterns of pure STO and doped STO powder samples at 

room temperature, which reveal that both the pure and doped materials possess a 

homogeneous crystal structure of cubic perovskite symmetry (JCPDS card no. 

05-0634). In our work, the La and Cr substitute the Sr and Ti, respectively (Q-JACS), 

and the radius of Cr and La is 0.615 Å and 1.032 Å, while the radius of Ti and Sr is 

0.605 Å and 1.180 Å, respectively 25, 30. Obviously, the radius of Ti is similar with Cr, 

and the radius of Sr is similar with La. As a result, the peak positions of the La-STO, 

Cr-STO and La-Cr-STO sample are almost the identical crystal structure as that of 
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STO (Fig. 1a and 1b), which also indicating that doping with La, Cr and La-Cr 

co-doping did not introduce any possible impurities.  

The products in our manuscript are a cubic phase, and the lattice constant “a” of 

pure STO, Cr-5 and La-Cr-5 are 3.908, 3.911 and 3.910, respectively. As we can see, 

the lattice constant “a” of pure Cr-5 is bigger than that of pure STO, this is because 

the radius of Cr is 0.615 Å, which is bigger than that of Ti (0.605 Å). As a result, it is 

reasonable after Cr replace Sr. on the other hand, the radius of La is 1.032 Å, which is 

smaller than that of Sr (1.180 Å), which makes the lattice constant “a” of pure 

La-Cr-5 is shorter than that of Cr-5, and larger than that of pure STO. 

 

Fig. 2. TEM images, SAED patterns and HRTEM images of La-Cr-5 sample. (a) TEM image 

of La-Cr-5 sample, the insert is SAED pattern of La-Cr-5 sample. (b) HRTEM image of La-Cr-5 

sample.  

Fig. 2 displays the typical transmission electron microscopy (TEM) and 

high-resolution TEM (HRTEM) images of La-Cr-5 sample. As shown in Fig. 2a, it 

can be clearly observed that a great amount of the sample was dispersed as cubic 

particles with the average diameters of 60 nm for La-Cr-5. As shown in the SAED 

patterns (insert in Fig. 2a) taken from the nanoparticles in Fig. 2a revealed that 

La-Cr-5 nanoparticles had a single-crystalline structure. Furthermore, the SAED 

pattern shows a cubic array of sharp spots, and can be indexed as cubic phase, which 

is consistent with the XRD and TEM results. From the HRTEM image in Fig. 2b, the 
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lattice fringes can be clearly observed, suggesting the well-defined crystal structure, 

and the fringe with lattice spacing of ca. 0.39 nm corresponds to the (100) plane of the 

cubic STO. Furthermore, HRTEM images provide further evidence for the cubic 

structure of the La-Cr-5.  

 

Fig. 3. Element mapping of La-M, Cr-K, Ti-K, Sr-L and O-K of La-Cr-5. 

The structure of the La-Cr-STO inner space is further characterized by the scanning 

transmission electron microscopy (STEM), a very powerful characterization 
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instrument for determining the elemental distribution in material. As can be seen in 

Fig. 3, all of those signals for La (yellow), Cr (green), Sr (purple), O (red), and Ti 

(orange) are very uniform in the observation area, indicating the homogeneous 

distribution of Sr, O, Ti, La, and Cr in the composite. The above phenomena indicate 

that the successful co-doped of La-Cr into the STO crystal lattice and further confirm 

the formation of the La-Cr-Sr-Ti-O chemical bond during the present 

microwave-assisted hydrothermal process. By the way, the doping amount of Cr-5 and 

La-Cr-5 have be determined by the EDS and the result shown in Fig S1 and Fig S2. 
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Fig. 4. (a) The full range XPS spectrum. (b) The high-resolution XPS spectrum of Cr 2p, (c) La 3d, 

(d) Sr 3d, (e) Ti 2p and (f) O 1s of La-Cr-2 sample, the different atomic species present at the 

surface are indicated as OL = La-Cr-STO lattice oxygen and OOH = oxygen from OH species.   

As shown in Fig. 4b, the core level spectrum of the Cr 2p region shows two main 

peaks for Cr 2p1/2 and Cr 2p3/2 centered at ca. 586.1 eV and 577.2 eV, respectively, 

which are close to literature values and assigned to the Cr3+ state32. Experiments on 

the La-doped sample reveal the La core level 3d peaks depicted in Fig. 4c. The peaks 

are situated at 834.8eV which correspond to La3+ state 33. As shown in Fig. 4d, the 

binding energies of the Sr 3d with binding energies of ca. 133 eV which 

corresponding to that of the Sr2+. The XPS of the Ti (Fig. 4e) exhibited two different 

signals of Ti 2p3/2 and Ti 2p1/2 and 464.2 eV, respectively 34. The different atomic 

species present at the surface are indicated as OL = TiO2 lattice oxygen and OOH = 

oxygen from OH species. The O 1s peaks of the present samples show a regular 

pattern (Fig. 4f) and show two components, corresponding to oxygen in the oxide 

lattice (OL with binding energies of ca. 529.5eV), and to surface hydroxyl (OOH with 

binding energies of ca. 531.7eV), and the peaks at 531.7 and 529.5 eV are ascribed to 

O 1s of H2O and doped SrTiO3, respectively 35-39.  

 

Fig. 5. (a) UV-vis absorption spectra of all doped samples, (b) Optical band gaps. The picture inset 

shows the color of all samples.   
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Introducing impurity levels or bands into the band gap of UV-active oxide 

semiconductors by incorporation of transition metals is considered to be an effective 

method of sensitizing the materials to visible light region for photocatalytic water 

splitting. As shown in Fig. 5a, the optical absorption of La-Cr co-doped STO exhibit a 

strong enhancement in the vsible-light and ultraviolet region. Furthermore, the UV-vis 

absorption spectra of these doping materials suggested that the optical absorption 

properties increased with the increment of doping amount. Band gaps were calculated 

according to ultraviolet-visible absorption spectra as displayed in Fig. 5b, all doping 

materials showed narrower band gaps ( ~2.80 eV) than that of pure STO (3.20 eV). 

The shrinks in band gaps of the doped materials, which shift the valence band to a 

more negative position and may thus facilitate hydrogen evolution, are due to optical 

absorption properties increment. The picture insert in Fig. 5 shows the color of 

samples changes with the doped amount. Obviously, all samples exhibit yellow color, 

and increased doped amount accompanies with deeper color. The location of VB 

top-edge more negative, the oxidation potential will become worsened and worsened 

accompanying the performance of water splitting in methanol solution became low. 

And this reasoning would be verified in the experiments of photocatalytic hydrogen 

production in the next.  
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Fig. 6. (a) Typical reaction time course of the photocatalytic H2 evolution of different doped 

amount STO materials under visible light irradiation. (b) Rates of H2 evolution over doped STO. 

(c) UV-vis absorption spectra of La-Cr-5, La-5, Cr-5 and pure STO. (d) Comparison of the 

visible-light photocatalytic activity of samples La-Cr-5, La-5 and Cr-5 for the H2 production. 

Reaction conditions: catalyst, 0.1 g; cocatalyst, Pt (0.5 wt%); reactant solution, 200 mL of 20 vol% 

aqueous methanol solution; light source, 300 W Xe lamp (λ > 420 nm).  

Photocatalytic H2 evolution experiment was carried out with the doped STO 

photocatalyst (loaded 0.5 wt % Pt cocatalyst) suspended in the CH3OH solution. 

Figure 6a shows the typical reaction time course of the photocatalytic H2 evolution of 

different doping amount materials. Obviously, doped STO shows excellent 

photocatalytic H2 evolution performance under visible-light irradiation, but the pure 

STO has no activity. Increase of the La-Cr doping amount resulted in a progressive 

increase of the photocatalytic hydrogen evolution rate under visible-light irradiation, 

however, additional increase of the La-Cr content to 6 % (Fig. 6b) resulted in a 

decrease of the photocatalytic hydrogen evolution rate. It can be seen that La-Cr-5 

showed the best ability for photocatalytic H2 production, and the photocatalytic H2 
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production rate is about 90 µmol/g·h as shows in Fig. 6b. Therefore, a suitable content 

of La-Cr is crucial for optimizing the photocatalytic activity of La-Cr-STO 

photocatalysts.  

Fig. 6c shows the UV-vis absorption spectra of La-Cr-5, La-5, Cr-5 and pure 

STO. By comparison, UV-vis absorption data can accurately reveal what element 

doping to have been affected by the responding of optical absorption region. In details, 

Cr doped STO shows a strong enhancement of optical absorption in the visible-light 

region being accompanied by a weakening of light absorption in the ultraviolet region. 

La doped STO exhibits weak enhancement of optical absorption both in the 

visible-light and ultraviolet region. As for La-Cr co-doping STO, both a strong 

enhancement in the visible-light and ultraviolet region was observed. Therefore, we 

can conclude that the doped transition metal ions play an important role for the 

absorption bands observed in the visible light region for STO co-doped with La and 

transition metal Cr. As shown in Fig. 6d, the comparison of the visible-light 

photocatalytic activity of samples La-Cr-5, La-5 and Cr-5 for the H2 production. 

Obviously, the La-Cr-5 possess the best photocatalytic activity, the photocatalytic 

hydrogen production rate of La-5 is very low, and that of Cr-5 is much higher than 

that of La-5 but is still lower than that of La-Cr-5. The improvement of activity of 

La-Cr-STO could be attributed to fewer defects and lower recombination rate of 

electrons and holes. The expression of this phenomena will be discussed in the next 

photoluminescence spectra.  
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Fig. 7. The photoluminescence spectra of all samples (10 mg were well dispersed into 5 mL 

of ethanol) with excitation wavelength of 320 nm.  

As can be seen in Fig. 5a, in comparison with La-Cr-1, La-Cr-5 and La-Cr-8, the 

intensity of the PL signal for La-Cr-5 is much lower. This indicates that the La-Cr-5 

has a lower recombination rate of electrons and holes under visible-light irradiation, 

which is may due to the fact that the impurity levels created by dopants in the 

photocatalysts are usually discrete, when the doping amount is too high would appear 

disadvantageous for the migration of the photogenerated holes. Owing to the fewer 

defects in La-Cr-5, and the over potential is larger, which also results in best 

separation of charge and consequently causes best migration of charger carriers to 

active sites. The trend of the proton concentration and the trend of polymerization for 

the sample set are in very good agreement with the corresponding activity, which 

contributes to charge transport. By comparation, the photoluminescence spectra of 

Cr-5 and Cr-La-5 are shown in Fig S3, the discussion also provide in the ESI.  

4 Conclusions 

In summary, La-Cr co-doped STO was prepared by the microwave-assisted 

method successfully for the first time. The advantages of this approach are low cost, 

energy saving, and high efficiency. In this work, we fine tune the content of La-Cr 

cation substitution in the structure of STO to develop efficient visible-light-driven 

water splitting photocatalysts. The photoactivity is improved upon the La-Cr/Sr mole 

ratio changing from 1% to 5%, and decreased when the La-Cr/Sr mole ratio changing 

from 5% to 8%. In this paper, we give the scientific explanation between doping 

amounts and photocatalytic activity.  
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