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ABSTRACT 

Elemental doping into semiconductor-based photocatalysts to narrow the bandgap and extend the 

light absorption to visible light region is a conventional strategy widely adopted. However, one 

critical problem but rarely addressed is the drastically decreased photocatalytic activity under 

UV light despite of the increased activity in visible light region, resulting in a decreased total 

performance under full solar spectrum. In order to elucidate the origin of the commonly observed 

phenomena, herein we choose La, Cr-codoped SrTiO3 as a proof-of-concept model to probe the 

effect of dopants on the behavior of photogenerated charge carriers by transient absorption 

spectroscopy. By observing the excitons, it is found that under UV irradiation, the excitation 

occurring from the Cr impurity bands limits the excitation of SrTiO3 from valence band, causing 

the drastic decrease of the photocatalytic activity over doped material. The widely proposed 

recombination at dopant sites, however, is not dominant for declining the UV light-irradiated 

performance, especially in the presence of reactant gas (methanol vapor). 
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1 INTRODUCTION 

Photocatalytic production of solar fuels from water splitting1-5, CO2 reduction6-10, and nitrogen 

fixation11-12 has become a major research topic in solar energy conversion. New photocatalysts 

are continually being designed to demonstrate their capabilities for effective light absorption and 

conversion. In most reports, taking into consideration that the ultraviolet light only accounts for 

4 % of the solar spectrum1, 13, the extended light absorption into visible light over the developed 

photocatalysts was emphasized. Among the strategies including photosensitization14-15, doping2, 

16, localized surface plasmon resonance6, 17, etc., extrinsic elemental doping into the 

semiconductor-based photocatalysts to narrow the bandgap is a conventional and useful method 

widely engaged by the researchers. Taking TiO2 and SrTiO3 as examples, doping of transition 

metals18-21, nitrogen22-23 and sulfur24 have been extensively carried out. It is reported that by 

doping, impurity bands are created which enable the absorption of visible light to excite 

electrons.2-3, 18-24 However, one of the critical problems but rarely addressed is the change of the 

light absorption and photocatalytic activity under UV light region. In fact, the photocatalytic 

activity under UV light is drastically decreased after doping even though their performance 

under visible light could be enhanced, resulting in a lower total photocatalytic activity under the 

full spectrum of solar light irradiation.25-27 The only exception is that doping of lanthanides and 

alkali earth metals into SrTiO3 and TiO2 seems to enhance the photocatalytic activities under UV 

light irradiation, leading to the improved total photocatalytic activity under full solar spectrum.16, 

28   

It is widely believed that the unoccupied d-orbital of transition metals may form some mid-gap 

states which can capture electrons and holes together, acting as a recombination center.29-30 But 

the actual role of dopants and how they affect the charge carriers dynamics has not yet been fully 
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elucidated. To restrain the negative drawbacks of the lattice mismatching or valence state 

unbalance by monodoping, codoping is often used beyond monodoping, which makes the charge 

carriers dynamics more complicated. In this regard, to investigate the function of dopants for 

regulating the photocatalytic activity is imperative to design and fabricate a UV and visible light 

active photocatalyst.   

  Transient absorption spectroscopy (TAS) is a well-known powerful technique to monitor the 

photo-excited charge carrier trapping and lifetime in the semiconductors.31-32 In TAS 

measurements, the transient changes in absorption are tracked after irradiation of pulse light for 

excitation. By monitoring this absorption, the decay kinetics of photo-generated charge carrier 

trapping as well as recombination process can be studied. The time resolved absorption has been 

applied to elucidate the charge carriers dynamics in TiO2
30, 33, NaTaO3

34, SrTiO3
35-36, LaTiO2N37 

and Ba5Ta4O15.31 However to our knowledge, there are only few reports on the doped 

materials.25, 38 

  As one of the reports, Yamakata et al. assumed that the recombination occurring on Ni might be 

the reason which caused the decreased photocatalytic activity over Ni, Ta-codoped SrTiO3.25 But 

later they found that Ni is not the main recombination center via TAS observation of the charge 

carrier dynamics. Onishi et al. also applied TAS measurements over Rh, Sb-codoped SrTiO3. 

Even though monodoped Rh4+ was demonstrated to be the recombination center, after charge 

compensation by Sb5+ codoping, the recombination on Rh3+ was suppressed. And the suppressed 

recombination could not trigger the photocatalytic H2 evolution reaction (HER) performance. 

Instead the photocatalytic HER activity decreased to less than one third.38 Why the 

photocatalytic activity of the codoped SrTiO3 reduced under UV light still remains a pending 

question. 
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  In our previous effort to extending light absorption of SrTiO3 to visible light region18, we found 

that Cr doping is an effective way to red-shift the light absorption because of the Cr3+ energy 

state located at 2.2 eV lower than the bottom of conduction band of SrTiO3.39 However, Cr6+ 

state often occurs in the Cr mono-doped SrTiO3, which diminishes the photocatalytic activity due 

to the unoccupied Cr6+ state with a potential lower than that for HER performance. To restrain 

the formation of Cr6+, codoping with Sb, Ta, Nb and W was proposed to suppress the formation 

of defects and to maintain the charge neutralization.2, 4, 40-41 Later, we demonstrated that 

codoping with lanthanum (La) is more promising compared with other elements to stabilize the 

Cr3+ for HER under visible light irradiation42, from a systematic study combining experiments 

and theoretical calculation. 

  Herein, we choose the La and/or Cr doped SrTiO3 as a proof-of-concept model to examine the 

effects of doping on the carrier dynamics within nano-micro seconds regime. By using the TAS 

measurements, the trapped charge carriers were probed in the visible light range in the presence 

of the electrons and holes scavengers. The effects of dopants on velocity of the carriers in the 

photocatalytic reaction and the recombination were investigated. This work provides a deep 

understanding charge carrier dynamics over La, Cr doped SrTiO3 which suggested the origin of 

enhancing photocatalytic activity by La doping and decreasing the photocatalytic activity by Cr 

doping under UV light irradiation. 

2 EXPERIMENTAL METHODS 

2.1 Materials and synthesis 

  SrTiO3 nanoparticles were synthesized by a polymerizable complex (PC) method.13 In brief, 

Ti(OC4H9)4 (Sigma-Aldrich, 99.9%) was dissolved into ethylene glycol and continuously stirred 
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for 30 minutes under nitrogen atmosphere. Afterwards, Sr(NO3)3 (Sigma-Aldrich, 99.9%) and 

citric monohydrate (Carl Roth, 99.5%) were added; the stirring was continued until the solution 

became entirely transparent (denoted as solution A). For doping of lanthanum and chromium, 

La(NO3)3ꞏ6H2O (Sigma-Aldrich, 99.9%) and Cr(NO3)3ꞏ9H2O (Sigma-Aldrich, 98%) were 

separately dissolved into 2-methoxymethnol (Sigma-Aldrich, 98%). The required stoichiometric 

amount of these solutions with the concentration of 0.05 mol/L was added into solution A. The 

reaction mixture was subsequently stirred for 15 minutes to achieve the dissolution of reagents, 

and then heated at around 120 ˚C for 5 h to promote polymerization. During the heating process, 

the solvent was evaporated and the suspension turned into a transparent brownish resin. The 

resin was further heated at 350 ˚C for 3 h with slow heating rate (1 ˚C/min). Subsequently, the 

resulted cinders were ground to obtain fine nanoparticles, and further calcined at 750 ˚C for 6 

hours.  

It should be stated here that in La, Cr-codoped SrTiO3, the doping amounts were ca. 3%. For 

investigation of monodoped effect of either La or Cr on SrTiO3, a higher doping amount (12%) 

was applied to magnify the effects of dopants. 

2.2 Characterization 

  The transient absorption system set-up used in this work is described in the literature.31 In 

brief, Q-switched Nd: YAG laser (Quantel; Brilliant B, third harmonics, 355 nm, 10 Hz) was 

used as an excitation light with the duration time of 20 ns. The employed excitation laser spot 

size was 0.75 cm2, the calculated fluence would be 1.33 mJ/cm2. After the sample was irradiated 

by the excitation light, 150 W Xe lamp (Osram XBO; 150 W) was applied as the probe light 

source for analyzing the absorption of transient species. Probe light was focused onto solid 
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samples surface by using two plane folding mirrors and lens. The diffusely reflected probe light 

was collected by a different set of lens and plane folding mirror leading to a monochromator. 

Then, the dispersed light from the monochromator fell into photomultiplier detector (Hamamatsu 

R928 photomultiplier), which would convert the optical signals to electric signals; these signals 

were subjected into the distal oscilloscope via tunable signal terminator. The oscilloscope 

recorded the data points as voltage changes, which can be recalculated to transient absorption, ∆J, 

according to following equation: (eq 1) 

∆J = (J0 / I0 – Jx / I0) / (J0 / I0) = (J0 – Jx) / J0 (1) 

, where I0 is the light intensity of probe light, J0 is the signal intensity of diffusely reflected 

probe light without the excitation, and Jx is the signal of diffusely reflected probe light with 

irradiation of the excitation laser pulse. 

The recorded decay signal ΔJ was fitted to a fractal fit function33 (eq 2) 

∆J=A (1-h) / [(1-h)+Ak2,f t1-h ]                                     (2) 

, where A represents the intensity of transient signals, and the exponent h represents the fractal 

dimension of the surface; the decay constant k2,f is related to charge carriers trapping and 

recombination. 

  For the transient absorption experiments, the powder photocatalysts were packed in the quartz 

cuvette which allowed the introduction of reactant gases. Here O2 gas and MeOH vapor were 

applied as electrons and holes scavengers, respectively. 



 8

The optical properties of powders were recorded by the diffuse reflectance spectroscopy in the 

range of 270-850 nm over V-570 UV/Vis Spectrophotometer (JASCO Corp, Japan) equipped 

with an integrating sphere and a BaSO4 reference. The measured reflectance data were converted 

to absorbance via the Kubelka-Munk function. The X-ray powder diffraction (XRD) 

measurements were performed on an X-ray diffractometer (X'pert powder, PANalytical B.V., 

Netherlands) with a Bragg Brentano geometry using Cu Kα radiation. High-resolution 

transmission electron microscopy (HR-TEM) measurements were performed using JEM-2010 

with an acceleration voltage of 200 kV. The core-level photoelectron spectra were recorded by 

X-ray photoelectron spectroscopy (XPS; VG-ESCA Mark II), in which Mg Kα radiation (1253.6 

eV) and a pass energy were employed at 200 W and 100 eV, respectively. The charge-up of the 

binding energy values was referenced to the C-C bond of adventitious carbon contamination in 

the C 1s peak at 284.8 eV as the internal standard. Quantitative analyses were performed by 

comparing relative areas taking into consideration of the atomic sensitivity factor for the 

corresponding elements. 

The photocatalytic H2 reductions were carried out in a Pyrex glass reaction cell linked to a gas-

closed circulation system connected to a gas chromatography (GC) (GC-8A, Shimadzu Co., 

Japan, Carrier gas: Ar) with a thermal conductivity detector (TCD) for online analysis of the H2 

production. 100 mg of photocatalyst were put into 300 mL of 10 vol% methanol aqueous 

solution and subjected to some ultrasonic treatment prior to the photocatalytic measurement. 

3. RESULTS AND DISCUSSION 

3.1 Steady state characterization of the La and/or Cr doped SrTiO3 
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  Figure 1a shows the powder XRD patterns of synthesized catalysts. The XRD patterns 

exhibited that all samples reflect cubic perovskite symmetry. In perovskite (ABO3) structure, 

cations with larger ionic radius generally occupy A site and the smaller one occupy B site. Thus, 

it is considered that Sr and La cations have 12 coordination to oxygen atoms, while Ti and Cr 

cations have octahedral coordination with 6 oxygen atoms. Figure 1b shows the magnified 110 

diffraction peak of the doped and the undoped SrTiO3. In this case, the ionic radius of La (1.40 

Å) is smaller than that of Sr (1.44 Å), while the ionic radius of Cr (0.615 Å) is bigger than that of 

Ti (0.605 Å), the corresponding peak position of La, Cr-codoped SrTiO3 is found to be close to 

that of the undoped SrTiO3. Goldschmidt43 has introduced a tolerance factor (t), defined by the 

equation:     t = (rA+rO) / [( rB+rO)√2]   (rA, rB, and rO are the empirical ionic radii of A, B, O 

atoms in ABO3 at room temperature), to evaluate the deviation of SrTiO3 from the ideal structure. 

The t values of SrTiO3, La-doped SrTiO3, Cr-doped SrTiO3 and La, Cr-codoped SrTiO3 were 

calculated to be 0.9986, 0.9958, 0.9981 and 0.9983, respectively, all of which are within the 

allowed t values (0.75 to 1.0)44. So, it is further confirmed that there is no significant distortion in 

the SrTiO3 crystal structure by doping. 

 

Figure 1. (a) XRD patterns and (b) (110) facet (c) UV-Vis spectra of doped and pure SrTiO3.   
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Figure 1c shows the absorption spectra of the La and/or Cr doped SrTiO3 powders. The undoped 

and La-doped SrTiO3 can only absorb UV light with wavelength less than 400 nm. However, La, 

Cr-codoped SrTiO3 and Cr-doped SrTiO3 exhibited strong absorption in the visible light region 

(400-580 nm for La, Cr-codoped SrTiO3 and 400-850 nm for Cr-doped SrTiO3). A broad 

absorption band at 400-600 nm can be assigned to the charge transfer absorption from Cr3+ to 

Ti4+, while the absorption at 580-750 nm can be assigned to the upward d-d transition of 4A2→

4T2 in Cr3+ cations in octahedral units, indicating that a part of Cr cations would form tri-valence 

state in SrTiO3.45-46 In contrast, Cr-doped SrTiO3 exhibited an additional absorption band over 

700 nm, due to the presence of incorporated vacancy by Cr6+.3, 19 It is reported that Cr3+ state is 

beneficial for photocatalytic HER.2, 18 The doped Cr cations will induce an absorption band over 

400 nm, which is caused by electrons excitation from d-orbital of Cr cations to the conduction 

band of SrTiO3. This optical transition is necessary for the photocatalytic activity under visible 

light irradiation. 
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Figure 2. XPS spectra of Cr 2p in the Cr-doped SrTiO3 and La,Cr-codoped SrTiO3. 

Cr 2p XPS for 3%, 10% La, Cr-SrTiO3, and Cr-doped SrTiO3 are shown in Figure 2. The Cr 

2p spectra allow us to tentatively assign the oxidation states of the Cr dopants. The binding 

energies and the multiplet splitting of the 2p3/2 peak at ∼575−577 eV in the 3%, 10% La, Cr-

SrTiO3 suggest that the majority of Cr dopants are in the Cr3+ state. However, Cr-doped SrTiO3 

shows nearly equivalent intensity in the binding energy range characteristic of higher oxidation 

states Cr6+ (578−580 eV) with the Cr3+ state. 

3.2 Photocatalytic activity of the samples 

The photocatalytic HER activity was evaluated by suspending the synthesized catalysts 

(loaded by 1.0 wt% Pt cocatalyst) in 10 vol% methanol aqueous solution. Figure 3 shows the 

hydrogen evolution over the synthesized catalysts under visible light (420 nm cut off filter) and 
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full-arc (UV+Vis) light irradiation, respectively. Under visible light irradiation, only negligible 

amount of H2 evolved over the undoped SrTiO3 (< 1 μmol/h) as expected from its wide band gap. 

However, the rate of HER of La, Cr-codoped SrTiO3 increased to 7.97 μmol/h, in a good 

accordance with those previously reported for doped SrTiO3.25, 38 In contrast, under the UV + Vis 

light irradiation, La, Cr-codoped (15.9 μmol/h) and Cr-doped (2.69 μmol/h) SrTiO3 showed 

much lower activity compared to La-doped SrTiO3 (550.4 μmol/h) and the undoped SrTiO3 

(379.2 μmol/h).  

 

Figure 2. (a) Photocatalytic HER under visible light irradiation (b) UV+Vis light irradiation. 

3.3 Behavior of photogenerated charge carriers in undoped SrTiO3 

  In order to determine the effects of doping on the photocatalytic activity, transient absorption 

spectra of the undoped SrTiO3 were firstly measured upon UV pulsed laser (355 nm) irradiation 

in N2 atmosphere. The measurement was performed in the wavelength range of 400-850 nm 

whereby the transient absorption signal of trapped electrons and holes are usually generated. In 

this kind of measurement, the intensity of the signal which corresponds to trapped electrons will 

decrease drastically when electron scavenger is applied. Meanwhile, in the situation where hole 

scavenger is utilized, slow kinetics of trapped electrons will be observed (preservation of the 
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signal), since the electrons cannot recombine with the photogenerated holes. In contrast, the 

signal for trapped holes will last long after the addition of electron scavenger, indicating 

prolonged lifetime of holes due to the deceleration of recombination process. Besides, the 

transient absorption decay curve will display a fast decay characteristic of the holes signal in the 

presence of hole scavenger. 

As shown in Figure 4a, at least two broad absorption bands can be observed at 825 nm and 

765 nm, which can be assigned to the charge carries that were gravitated towards the trapping 

states in the band gap. The detailed decay processes ΔJ of the transient absorption bands 

recorded at 825 and 765 nm were further investigated in the presence of O2 gas and methanol 

(MeOH) vapor, which work as the electron and hole scavengers, respectively.47-48 As shown in 

Figure 5a, the transient absorption intensity decay curves at 765 nm were fitted in 0−400 μs scale 

by eq 2. In the presence of hole scavenger MeOH, the signal intensity A drastically decreased to 

0.68 from 7.70 in N2 atomosphere. Meanwhile, the decay constant k2,f  increased to 0.06, about 5 

times higher than those in the N2 and O2 environment (0.012 and 0.013, respectively) due to 

hole-consuming reaction by MeOH. In contrast, in the presence of electron scavenger O2, the 

signal intensity increased to 8.08, and the k2,f became slightly lower by electron-consuming 

reaction of O2. Thus, the transient absorption signal at 765 nm can be assigned to the population 

of photogenerated holes. As the absorption band at 825 nm also shows similar trend in the 

presence of MeOH vapor and O2 gas, the transient absorption at 825 nm was also assigned to the 

signal of holes (See supporting information Figure S1). These highly reactive photogenareted 

holes in the undoped SrTiO3 contribute to the photocatalytic activity under UV light irradiation. 
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Figure 4. (a) Transient absorption spectra of SrTiO3 (a), La-SrTiO3 (b), Cr-SrTiO3 (c), 3% La, 

Cr-SrTiO3 (d) particles irradiated by UV (355 nm) pulsed laser under N2 gas. The pump energy 

was 1.0 mJ/pulse, and the repetition rate was 10 Hz. 
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Figure 5. Decay curves of transient absorption of the SrTiO3 at 765 nm (a), La-SrTiO3 at 765 

nm (b). 

 

3.4 Effect of La doping 

The transient absorption spectral shape of La-doped SrTiO3 (Figure 4b) was in resemblance to 

that of SrTiO3.  However, La-doped SrTiO3 exhibited different decay processes of the transient 

absorption bands at 825 and 765 nm compared to those of the undoped SrTiO3 where the signal 

reflects the population of photogenerated holes. As shown in Figure 5b, in the presence of hole 
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scavenger MeOH, vapor the signal intensity of transient absorption exhibited the fastest decrease, 

similar to those observed in the undoped SrTiO3. Interestingly, the signal observed in the 

presence of O2 gas also showed faster decrease compared with that in N2 gas. The above results 

suggest that transient absorption of La-doped SrTiO3 in the visible light region reflects the 

quantity of both photogenerated electrons and holes. Why the transient species at 765 nm and 

825 nm have been changed to both trapped electrons and holes, different with only holes in the 

undoped SrTiO3? It is suggested that the trapped electrons could absorb the probe light (765 nm 

and 825 nm), and hence be excited to La 5d bands which are associated with Ti 3d orbital when 

La is doped at the Sr site of SrTiO3.49 

To prove the effect of La doping on recombination kinetics, the normalized decay processes of 

the undoped SrTiO3 and La-doped SrTiO3 at 765 nm in the presence of N2 gas were compared as 

shown in Figure 6. Since there is no molecules that photogenerated charge carriers can react with, 

the decay processes should reflect the intrinsic recombination kinetics within the undoped 

SrTiO3 and La-doped SrTiO3.50 According to the fitting results of the decay curves, La doping 

can improve the decay constant k2,f value which is implicated in prolonging the carriers lifetime 

in each arbitrary time scale (0 to 50 μs, 50 to 100 μs and 100 to 400 μs), owing to its ability to 

secure the photogenerated charge carriers.49, 51-52 As the longer lifetime carriers have higher 

probability of taking part in the photocatalytic reaction than the shorter lifetime carriers, it is 

understandable that the photocatalytic activity of the La-doped SrTiO3 increased under UV+Vis 

light irradiation (Figure 3b). 
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Figure 6. Comparison of the normalized decay curves of the undoped SrTiO3 and La-SrTiO3 

in N2 ambient at 765 nm. 

The above results imply that those dopants which can form and hybridize the impurity level 

with the conduction band of the semiconductor, will be beneficial for securing the carriers and 

prolonging the lifetime of the photogenerated carriers, rather than acting as recombination 

center.53 

3.5 Effect of Cr doping 

Since Cr doping can significantly affect the band structure of SrTiO3, the corresponding 

transient absorption spectra have a drastic change compared to the original one as seen from 

Figure 3c. It is found that the absorption bands at 825 nm and 765 nm are dumped since the Cr 

impurity levels are located in the band gap of the SrTiO3 and may overlap with the trapping 
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states of holes. Instead, a new broad absorption band with the peak at around 600 nm can be 

observed. XPS spectra (Figure 2) indicate that Cr with two different valence states (Cr3+ and 

Cr6+) coexisted in Cr-doped SrTiO3 in a nearly equivalent amount. This newly emerged 

absorption band can be therefore attributed to the inserted Cr3+ and Cr 6+ impurity level between 

valence band top and conduction band bottom.  

 

Figure 7. Decay curves of transient absorption of the Cr-SrTiO3 at 600 nm (a), 3% La, Cr-

SrTiO3 at 560 nm (b) and 765 nm (c). 
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As shown in Figure 7a, in the presence of hole scavenger MeOH, the decay constant k2,f 

decreased to half of the value in N2 and O2, indicating that the decay process of the absorption 

maxima at 600 nm was decelerated. According to what we mentioned above in section 3.3, this 

transient absorption signal mainly reflected the population of photogenerated electrons. But 

when exposed to electron scavenger O2 gas, the decay process seldom changed, suggesting that 

the photogenerated electrons have no reactivity compared with charge carriers in SrTiO3 and 

those in La-doped SrTiO3. This lost reactivity is possibly the main reason for the drastic decrease 

in photocatalytic HER activity over Cr-doped SrTiO3. 

3.6 Effect of La and Cr co-doping 

The 3% La, Cr-codoped SrTiO3 was then measured by TAS. As shown in Figure 4d, the 

transient absorption spectra exhibited feature of transient absorption signals derived from SrTiO3 

around 825 nm and 765 nm, while the new broad absorption with the peak top at 560 nm has 

been emerged. The transient absorption spectrum shape at 3 μs reflected both features which 

observed in transient absorption spectra over the undoped SrTiO3 (Figure 4a) and Cr-doped 

SrTiO3 (Figure 4c). Interestingly, the peak of transient absorption signal appeared at 560 nm 

initially (3 μs), but shifted to 600 nm (500 μs) gradually along with the time proceeded, 

approaching to the shape of Cr-doped SrTiO3 finally. This kind of decay kinetic of La, Cr-

codoped SrTiO3 indicated charge carriers consuming reaction occurred in the measurement time 

domain (within 500 μs). Considering the fact that Cr6+ co-existed with Cr3+ equivalently in the 

Cr doped SrTiO3, but was much suppressed by La doping in either 3% La, Cr-codoped SrTiO3 

(Figure 4d) and 10% La, Cr-codoped SrTiO3 (Figure S2), the peak shift in transient absorption 

signal from 560 to 600 nm might be attributed to the valence change of Cr3+ to Cr6+ by trapping 

three holes.13 To confirm if the transient absorption peak position at 560 nm is assigned to the 
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Cr3+ impurity level, we further conducted TAS measurement by using a sample with higher 

doping amount (10% La, Cr-codoped SrTiO3). The shape of the transient absorption spectra (See 

Figure S2) resembled with Cr-doped SrTiO3 (Figure 4c), however, the apex blue-shifted from 

600 nm to 560 nm, indicating that the trapping state of Cr3+ impurity levels are located deeper 

than Cr6+ level. The peak shift of transient absorption along with time was not obvious in this 

case, probably because a part of Cr3+ cations in 10% La, Cr-codoped SrTiO3 still remains tri-

valence state due to much increased Cr doping amount. 

To understand the role of Cr in La, Cr-codoped SrTiO3, the decay curves of transient 

absorption at 560 nm and 600 nm were investigated in N2 gas and MeOH vapor, respectively. As 

shown in Figure 8a, in the inert N2 gas, the signal at 560 nm derived from Cr3+ decays faster than 

the signal of Cr6+ (at 600 nm). This suggests that Cr3+ doped into SrTiO3 would trap 3 holes and 

hence change to Cr6+. However, the reverse phenomenon where Cr6+ trapped three photoexcited 

electrons and reverted to Cr3+ again couldn’t be observed within the range up to 800 μs. On the 

other hand, while MeOH vapor existed in the measurement environment (as hole scavengers), 

the decay curves were almost the same for both 560 nm and 600 nm wavelength (Figure 8b). 

Since the photogenerated holes by laser irradiation were instantaneously captured by MeOH 

vapor, consequently the Cr3+ cations were not able to trap the photogenerated holes. Thus in this 

situation, the decay curve at 560 nm derived from Cr3+ mainly follows the thermal equilibrium, 

similar to the one at 600 nm derived from Cr6+.  This suggests that in the photocatalytic HER 

evaluation with methanol as sacrificial agent, the Cr3+ would not act as the recombination center 

and therefore couldn’t be considered as the main reason for the decrease in photocatalytic 

activity under UV light irradiation. 
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Figure 8. The comparison of 3% La, Cr-SrTiO3 at 600 and 560 nm in N2 ambient (a) and 

MeOH vapor (b). 

To evaluate the effects of La and Cr codoping on the carriers property of SrTiO3, the decay 

curves at 765 nm (where SrTiO3 exhibits the absorption maxima on transient absorption spectra) 

are essential for analyzing the recombination kinetics. As shown in Figure 6b, the transient 

absorption spectra around 765 nm preserve part of the feature of the undoped SrTiO3, hence 

similar reactivity might be expected from La, Cr-codoped SrTiO3. However, the decay processes 

shown in Figure 7c reveal that the reactivity of the corresponding charge carriers was quite 

different from that of the undoped SrTiO3 (Figure 5a) and La-doped SrTiO3 (Figure 5b). In 
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MeOH, the signal intensity relatively increases compared with that in N2 and displays trapped 

electrons tendency, while the undoped SrTiO3 displays holes tendency. This implies that SrTiO3 

was not sufficiently excited by UV laser irradiation and the majority of excitation originated 

from the Cr impurity band in La, Cr-codoped SrTO3. This is probably because Cr cations occupy 

oxygen octahedral coordination center, and the electronic structure of the predominantly O 2p-

derived valence band has been affected by Cr doping. Correspondingly, UV-Vis spectra (Figure 

1c) also show that the absorption intensity in the UV light region decreases after Cr doping and 

La, Cr codoping. 

Furthermore, in oxygen environment, the decay curve of La, Cr-codoped SrTiO3 slightly 

increases compared to the one in N2 environment, in contrast to the decay curve of La-doped 

SrTiO3 which experiences a significant decrease (see Figure 5b), indicating the disappearance of 

electrons reactivity by La, Cr codoping. On the other hand, the signal intensity for the undoped 

SrTiO3 increases noticeably, which might be attributed to the electron scavenging by O2 (see 

Figure 5a), suggesting the exiguous holes feature in La, Cr-codoped SrTiO3. In the presence of 

N2 gas, the decay curves of both La-doped SrTiO3 and La, Cr-codoped SrTiO3 represents the 

population of electrons and holes. Based on the fitting results at 765 nm in 0-400 μs timescale, 

the decay constant of La, Cr-codoped SrTiO3 is calculated to be 0.118 (see Figure 7c), which is 

much higher than that of La-doped SrTiO3 (k2,f = 0.012), indicating that La, Cr-codoped SrTiO3 

exhibited relatively shorter lifetime of photogenerated electrons. 

The above results clarify that the recombination at Cr impurity level was not the main reason 

for the decrease in photocatalytic activity; since the Cr impurity level would absorb UV light and 

therefore inhibited the excitation of SrTiO3, the activity under UV light was largely suppressed. 
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3.7 Charge carriers dynamics  

According to the study using TAS, the charge carriers dynamics of the La-doped SrTiO3 and 

La, Cr-codoped SrTiO3 are proposed (Scheme 1a and 1b). After La doping, the TAS displays the 

distinctive feature of holes and electrons which cannot be observed on the undoped SrTiO3. This 

distinction indicates that upon the illumination of probe light, the electrons were further excited 

to La 5d band which hybridized with the conduction band of SrTiO3.49, 51-52 As discussed above, 

the charge carriers lifetime of La-doped SrTiO3 was relatively longer than the undoped SrTiO3, 

implying that the La 5d orbital could contribute to prolonging lifetime of the charge carries, thus 

extending the interval for relaxation (see Figure 6 and Scheme 1a). After the codoping of La and 

Cr, the transient absorption spectra mainly exhibit the feature of electrons due to impurity level 

formed by Cr within the bandgap of SrTiO3,13 but not excited from the valence band of SrTiO3. 

We experimentally observed that Cr d-orbital would act as such a recombination center through 

the oxidation of Cr3+ to Cr6+ by trapping 3 holes from the valence band of SrTiO3. The 

reformation feature of Cr6+ to Cr3+ could not be observed in the micro second regime. However, 

stable photocatalytic activity of the material could be observed as shown in Figure 3a, suggesting 

the reformation of Cr6+ to Cr3+ in longer time regime (>800 μs) and thus the completion of the 

recombination process (see Scheme 1b).  

Scheme 1. The proposed carrier dynamics from the transient absorption spectra in (a) La-

doped SrTiO3, (b) La, Cr-codoped SrTiO3. 
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4. CONCLUSION 

Based on the results of TAS, it can be inferred that La doping would extend the lifetime of 

photogenerated charge carriers due to the hybridization of La 5d band with conduction band of 

SrTiO3 which could contribute to secure the excited electrons and thus increased total 

photocatalytic HER performance. After codoping of La and Cr, it was experimentally observed 

that on inert condition, Cr d-orbital would act as a recombination center through the oxidation 

state alteration. However, in the photocatalytic reaction environment where MeOH is existing as 

hole scavenger, the holes had the great tendency to be consumed by MeOH. Hence, the 

aforementioned recombination process could be avoided and should not be the main reason for 

the drastic decline in the photocatalytic activity. Interestingly, the majority of the electron 

excitation occurred from Cr impurity levels under UV light irradiation, which displayed less 

reactivity and lifetime, could account for decreasing the photocatalytic activity. Accordingly, in 

order to design a superior photocatalyst for effective solar energy harvesting, one should strive 

for enhancing the electron reactivity as well as retaining the excitation state of SrTiO3.  
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