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ABSTRACT
Introduction: Designing an effective photocatalyst for hydrogen (H2) performance under visible
irradiation with a decrease the bandgap energy of semiconductor has been considered as an es-
sential aspect in boosting the performance of photocatalytic reactions for hydrogen performance
from the water-splitting process. Herein, we focus on evaluating the role of doping with Ir into
SrTiO3 structure fabricated by the hydrothermal method for H2 generation. Methods: The crys-
talline characteristics of the Ir-SrTiO3 photocatalyst were carried out via X-ray powder diffraction
(XRD) and field emission scanning electron microscopy (FE-SEM). The chemical composition and
the optical properties of the Ir-SrTiO3 were classified by energy-dispersive X-ray spectroscopy (EDX)
and UV-Vis spectra, respectively. Results: The results showcased that the dramatically improved
absorbing performances of Ir/SrTiO3 specimen were observed. This could be governed by the
presence of Ir impurity states in the forbidden energy gap, causing a decrease in the energy gap
of SrTiO3 . This work also revealed that Ir doped into SrTiO3 nanocube structure exhibited excellent
photocatalytic H2 evolution compared with pristine SrTiO3 (~454 and ~325 mmol.h−1 .g−1 H2 pro-
duction under UV and visible light irradiation, respectively). A rational photocatalytic mechanism
is projected to be able to provide significant awareness for further research. Conclusion: The re-
sults are believed to be the role of Ir states and nanocube structures of SrTiO3 as a new approach
in renewable energy resources.
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INTRODUCTION
Nowadays, the rapid depletion and combustion of
fossil fuels and global warming effects have become
challenges increasingly. To tackle the issues of en-
vironmental crisis and usage of sustainable sources,
as well as renewable technologies, have attracted the
widespread concerns in recent years1–3. As a promis-
ing hydrogen (H2) energy, the hydrogen evolution
reaction (HER) from water by photocatalytic water
splitting has been widely used as a renewable en-
ergy source to solve the global challenges concern-
ing the crisis of energy and the environment. In
this regard, semiconductor photocatalysis applied for
H2 evolution has been developed widely because of
its outstanding contributions in environmental treat-
ment systems4–6. This approach bases on the for-
mation of photogenerated electron-holes pairs from
the semiconductor catalyst under suitable light irra-
diation. The generation of photoexcited charge car-
riers is changed into reactive oxygen species (ROS)
to split the water to H2 gas formation7–9. Among
these semiconductors developed in the recent year,
titanium dioxide (SrTiO3) has been widely used in

this field due to its non-toxic, cheap, environment-
friendly, stable against corrosion and photo-corrosion
and the rapid the photoinduced electron-hole pairs
under light excitation, contributing enhanced photo-
catalytic behaviors10,11. Nevertheless, it’s photocat-
alytic efficient has still hindrance related to two main
drawbacks: i) SrTiO3 has a large forbidden energy gap
(Eg = 3.2 eV) and is thus only promote in the UV
light irradiation, which has occupied for 3–5% of total
solar spectrum 12; ii) the rapid recombination rate of
chare carriers has remained crucial challenges, lead-
ing to restricted the photocatalytic performance of
SrTiO3

5,13. To overcome these weaknesses, effective
strategies to enhance photocatalytic performance has
progressed at a fast pace. For example, Pt-loaded Rh-
doped SrTiO3 exhibited a remarkably high photoelec-
trochemical behavior and the conversion of alcohol to
efficiently formH2 under visible light. This result was
attributed to the well-driven energy band structures
of the semiconductor via Rh doping, which provided
the appropriate oxidation capabilities of photogener-
ated holes14. In addition, co-doping with tantalum
and chromium (TiO2:Ta/Cr) or nickel and tantalum
or niobium (TiO2:Ni/(Ta, Nb) showed a high photo-
catalytic performance response under visible light due
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to the presence of the occupied d orbitals of metals
that created electron donor levels and subbands in the
bandgap of TiO2

15,16. Therefore, it is acknowledged
that doping transitionmetal into semiconductor plays
a significant role in the enhanced photocatalytic activ-
ity for H2 generation.
Among these approaches, transition metal ion dop-
ing into SrTiO3 nanostructures has attracted enor-
mous attention owing to several reasons i) increas-
ing in the visible light absorption capacity of SrTiO3

in the visible region due to the presence of impuri-
ties at different levels in the energy bandgap and the
localized surface plasmon resonance (LSPR); ii) the
fast recombination rate of photoinduced charge car-
riers hamper many charge transfer reactions; iii) the
appearance of the Schottky barrier can be created at
the interface, leading to decrease the charge recombi-
nation process. Among all kinds of transition metal
co-photocatalyst, Iridium (Ir) has been considered as
one of the most promising candidates on account of
its ease of dispersion on some carriers and the high
carriermobility of electronic structures based on d or-
bital transition17,18. The recent studies exhibited that
doping with cations into SrTiO3 structures suppress-
ing backward reactions hasmore effective for improv-
ing the photocatalytic performance of SrTiO3 photo-
catalysts duringwater splitting process, attributing the
presence of large active sites and the defect levels in
forbidden corresponding to the interband transitions
of metals and semiconductor. For example, doping
with Rh, Ru, and Ir into SrTiO3 structures showed
high activity for hydrogen evolution under the visible
irradiation. Koto et al.19 reported that the pairs of Cr-
Sb, Cr-Ta, and Ni-Ta codoped SrTiO3 photocatalysts
and evaluated the H2 performance. The results have
shown that doping with Cr-Ta showed higher photo-
catalytic behavior in comparison with only Ta dop-
ing. Ma et al. showcased that H2 evolution rate from
water based on transition metal doped SrTiO3 struc-
ture was higher than that of bare SrTiO3

20. Based on
these phenomena, this work focuses on the Ir doped
into SrTiO3 structure by a hydrothermal treatment.
The results indicate that the efficiency of photocata-
lyst for improving the hydrogen evolution under UV-
vis-light irradiation is observed by the effective sepa-
ration of photogenerated charges and the appearance
of matching energy levels of the midgap states in the
forbidden energy gap of the semiconductor.

EXPERIMENT
Materials
Titanium tetrachloride (TiCl4, Aldrich Chemical,
<99%), strontium nitrate (Sr(NO3)2, Sigma-Aldrich

<99%), iridium (III) chloride hydrate (Cl3H2IrO,
Sigma-Aldrich, <99%), hydrochloric acid (HCl,
Merck, <37%), and methanol (CH3OH, Merck,
<99.9%). The chemical reagents were used without
any further purification. Double distilled water using
overall the experiments were obtained from Research
Laboratories of Saigon Hi-Tech Park.

Preparation of Ir-SrTiO3 photocatalyst
Ir-SrTiO3 nanoparticles have been successfully
obtained using the hydrothermal method. The
schematic for the preparation of Ir-SrTiO3 is dis-
played in Figure 1. First, 20 mL of a 0.5 M TiCl4
aqueous solution as the Ti precursor with 0.1 wt%.
of IrCl3.xH2O used as the metal Ir-precursor was
added with 60 mL of DI and stirred for 30 min,
denoted a mixture. Secondly, a proper amount of
Sr(NO3)2dissolved in 10 ml of 2M KOH solution
was added to the reaction mixture. The solution
was stirred for 30 minutes. The obtained suspension
was then placed into an autoclave and kept at 200◦C
for 4 hours. The precipitates were experienced by
the centrifugation process to gather the samples.
After that, it was washed several times with double
distilled water to eliminate the impurities. Finally,
the specimen was dried under nitrogen gas flow.

Characterization
X-ray powder diffraction (XRD, a Bruker D8 AD-
VANCE) with a Cu Ka source was used to determine
the crystalline phase of the synthesized photocata-
lysts. Themorphology of Ir-SrTiO3 photocatalyst was
acquired by the field emission scanning electron mi-
croscopy (FESEM,Hitachi S-4800). Its chemical com-
ponents were investigated through energy-dispersive
X-ray spectroscopy (EDX).
The photocatalytic behavior of H2 performance of
water-splitting of the as-prepared Ir-SrTiO3 photocat-
alyst was performed using aqueous methanol. The
samples as prepared photocatalyst were positioned at
the bottom of 500 ml quartz cell with 200 ml CH3OH
aqueous solution. The Pyrex glass reactor was directly
exposed under UV lamp (wavelength from 320 nm
to 400 nm) and visible lamp as the light source. The
amount of generated gaseous productwas determined
hourly by an off-line gas chromatography equipped
with a thermal conductivity detector (TCD).

RESULTS
Characterization of the phase purity and crystallinity
of the photocatalyst was thoroughly investigated byX-
ray diffraction patterns. These results are displayed in
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Figure 1: Schematic for the preparation of Ir doped SrTiO3 photocatalyst: (A) Preparation of the precursors, (B)
Stirring until the pH ofthe solution stabilizes, (C) The achieved suspension was transferred to anautoclave; (D)
Fabricate of Ir doped SrTiO3 through thehydrothermalmethod at 200 ◦C for 4 hours, (E) The centrifugationprocess
to collect the sample and (F) The sample was dried under nitrogen gas flow.

Figure 2. The diffraction peaks appeared at 2q = 31◦,
40◦, 46◦, 52.5◦, 58◦, 68◦, and 77◦ which were corre-
sponded to the diffraction of the (110), (111), (200),
(210), (211), (220) and (310) crystal planes, respec-
tively (JCPDS cards no. 74-1296) that was attributed
to the cubic close-packed structure of SrTiO3 (marked
with *). Notably, no peak corresponding to impurity
states such as TiO2 and SrO have been observed in
the spectrum. Nevertheless, Ir doped SrTiO3 speci-
men did not show the characteristic peaks of Ir due to
the low quantity; similar results would be found in the
previous report21. As compared to SrTiO3, Ir-SrTiO3

photocatalyst exhibited a slight shift towards higher
2θ scattering angles due to the replacement of Ti4+

(0.605 Å) for Ir3+ (0.625)22,23.
The morphology properties of pristine SrTiO3 and
Ir-SrTiO3 were characterized by FESEM images as
shown in Figure 3. The results reveal that a large num-
ber of aggregated cuboid nanoparticles composed of
very fine primary particles was small diameter (∼50–
80 nm) (Figure 2 a). Figure 2 b displays the SEM
image of Ir-SrTiO3 obtained by the doping process
of Ir. The result shows that there was no significant
change observed in surface morphology compared to
the pristine SrTiO3 after doping procedures. The re-
sults suggested that doping of Ir into SrTiO3 structure
did not significantly affect to the morphology of pho-
tocatalyst.
Furthermore, to further verify the existence of the el-
emental composition of the Ir-SrTiO3, EDX spectra

was achieved and shown in Figure 4. The result shows
that the existence of Sr, Ti, O, and Ir were detected
in the photocatalyst (Figure 4 (a-d)) with the EDX el-
emental map and The weight percentage of elements
analyzed by EDX corresponding wt.% as shown in the
table Figure 4 (e,f). The appearance of Ir species indi-
cated that Ir species were successfully deposited onto
SrTiO3 structures. The peak intensity corresponding
to the concentration level of the element in the SrTiO3
was observed. Despite of low doping concentration of
Ir, the peaks showed to be homogenously anchored in
the photocatalyst structure.
The UV–vis absorbance spectra of pristine SrTiO3
and Ir-SrTiO3 photocatalysts were studied to reveal
the optical properties of a sample. The characteriza-
tion of absorption and the energy bandgap was de-
termined by Kubelka-Munk equation, as depicted in
Figure 5. It can be observed that the SrTiO3 struc-
tures unveil a strong absorption edge (Figure 5 a) re-
lated to the large bandgap energy of 3.2 eV (Figure 5
b), which was assigned to the transfer of valence band
to the conduction band. These results were consis-
tent with previous works24. The absorption band of
Ir doped into SrTiO3 sample shows a significant shift
to longer wavelengths at nearly 478 nmwith respect to
the bandgap of 2.1 eV (Figure 5 b), which can be as-
signed to some reasons: i) electron transition from the
Ir3+ occupied levels present above the valance band
to the conduction band of SrTiO3, causing the ex-
pansion of the absorption edge in the visible-light-
driven; ii) the transition from Ir 3d electrons to the
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Figure 2: The crystalline characteristics through XRD patterns of as-prepared SrTiO3 and Irdoped SrTiO3 photo-
catalyst.

Figure 3: Themorphological features of photocatalyst (a, b) SEM image of the pristine SrTiO3, and Ir doped SrTiO3
photocatalyst, respectively.
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Figure 4: EDX elemental maps and an elemental component of the as-prepared Ir doped SrTiO3 photocatalyst.
(a, b, c, d) elemental mapping of Sr, Ti, O, and Ir, respectively, (e) EDX elemental map of Ir doped SrTiO3, and (f )the
composition percentage for all elements present in Ir doped SrTiO3 .

Figure 5: The absorption characteristics of the photocatalyst. (a) The UV–Vis absorption spectra and (b) plot of
(ahn)1/2 vs. photon energy of pristine SrTiO3 andas-prepared Ir doped SrTiO3 .
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conduction band of SrTiO3. As a result, a narrower
bandgap energywas obtained after dopingwith Ir into
SrTiO3. The results are similar to previously pub-
lished data25,26.
To assess the role of doping with Ir on photocat-
alytic H2 evolution with SrTiO3. The performance of
photocatalytic H2 production in the SrTiO3 and Ir-
SrTiO3 was investigated using a CH3OH aqueous so-
lution as a hole scavenger and direct exposure to UV
and visible light, as presented in Figure 6. It can be
clearly seen that the photocatalytic performances for
hydrogen generation of Ir-SrTiO3 exhibited a supe-
rior comparedwith that of pristine SrTiO3 under both
UV light and visible light. Especially, it can be found
that Ir-SrTiO3 photocatalyst possesses a dramatic H2

evolution with the amount of ~325 mmol.h−1.g−1,
which was more than 14-fold as much as that of
SrTiO3 under visible light, whereas, no H2 produc-
tion is detected under visible illumination. This could
be assigned to the fact that the pristine SrTiO3 photo-
catalyst is not activated under visible regime irradia-
tion because of the large bandgap energy that is only
driven by ultraviolet light, leading to low H2 efficacy.
On the other hand, doping Ir into SrTiO3 structure,
the photocatalyst would be activated under the visible
light, thanks to the reduced forbidden energy gap re-
lated to the existence of impurity levels in the bandgap
energy. As a result, the photoinduced charge carriers
made the redox reactions to produce H2 gas; thus, the
photocatalytic H2 generation would be significantly
improved under the visible region illumination. The
recycling stability of the photocatalyst is also an es-
sential factor in evaluating its performance. Hence,
the reusability of photocatalyst for H2 evolution was
performed through repeated cycles under visible light
irradiation. As displayed in Figure 6, the H2 produc-
tion activities of Ir-SrTiO3 stayed constant after four
cycles, indicating the high stability of photocatalyst
toward potential practices in renewable energy tech-
nologies.

DISCUSSION
Based on a series of characterization, an appropriate
reactionmechanism for photocatalytic H2 generation
regarding the generation of photoinduced charge car-
riers have been proposed. When the photocatalyst
is activated by photon energy equal or greater than
their forbidden energy gap, photogenerated electron–
hole pairs are excited. These electrons undergo pho-
tocatalytic decomposition of water reduction and re-
duce H+ to produce H2 molecules. On the other
hand, the photoinduced holes at the valance band re-
act quickly with H2O to form hydroxyl radicals in a

consecutive reaction route. Compared with the pho-
tocatalytic activity for H2 generation of bare SrTiO3,
the H2 production of Ir doped SrTiO3 specimen en-
hanced significantly, which means that the doping
with Ir could decrease the forbidden band of the semi-
conductor as shown in Figure 5 and prevent the rapid
recombination process of photoinduced charge car-
riers, while most photogenerated charge carriers in
pristine SrTiO3 could be quickly recombined, result-
ing in low photocatalytic behavior. Moreover, dop-
ing with Ir into SrTiO3 structure could appear some
defects in the forbidden band as shown in the out-
comes of UV-Vis section; these defects are believed
to be the active sites in photocatalytic reaction con-
tributing the enhancement of H2 photocatalytic. In
the whole process, a positive effect of charge carrier
performance related to the defects providing effective
separation of photogenerated chare carriers are ob-
tained. There are no detailed studies for the water-
splitting efficiency in Ir-SrTiO3 samples. In recent re-
search, a similar kind of trend was observed by Fad-
lallah et al. for cation codoped SrTiO3 photocatalysts
for water splitting. Photocatalytic activity of SrTiO3

codoped metal transition such as Rh, V, Sb signifi-
cantly improved as compared to pristine SrTiO3 due
to the reduction of the bandgap energy of host struc-
ture27. Ma et al. reported that the H2 production
fromwater splitting of transitionmetal-doped SrTiO3

photocatalysts exhibited higher than that of pristine
SrTiO3 due to the presence of sub-bandgap states in
the SrTiO3 lattice under visible light28. Therefore, the
results of our research showcase the high H2 evolu-
tion at a wavelength of 590 nm (Ir doped SrTiO3 spec-
imen exhibited both UV light and visible light irra-
diation). These results from this research provide an
insight into the role of the photocatalyst in potential
practices for renewable energy technologies.

CONCLUSION
In conclusion, Ir elements have successfully doped
into the perovskite structure of SrTiO3 by hydrother-
mal method. The phase content and structure char-
acterization did not change dramatically after doing
with Ir. Compared to those of pristine SrTiO3, the
improved absorption capability of Ir-SrTiO3 speci-
men in the visible light was observed. Moreover, dop-
ing Ir into SrTiO3 structure exhibited a dramatically
improved visible-light-driven photocatalytic H2 evo-
lution performance. The H2 evolution could reach
up to ~325 mmol.h−1.g−1 under visible light irra-
diation after 180 minutes. This may be assigned to
the productive charge separation of photogenerated
electron-hole pairs and the reduction of the forbidden
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Figure 6: Photocatalytic hydrogen generation of the fabricated photocatalyst under the different reaction condi-
tions (a) under UV, (b) visible light irradiation, and (c) recycling stability experiments for photocatalytic H2 perfor-
mance under visible region after 4 cycles of SrTiO3 and Ir doped SrTiO3 photocatalyst.

energy gap of SrTiO3. In general, these findings sup-
ply an insight into constructing a photocatalytic sys-
tem by doping Ir into the semiconductor to coordi-
nate the charge separation efficiency for clean energy
production.
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