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ABSTRACT: Hydrogenated SrTiO3/TiO2 (H:(STO/TiO2))
with unique heterostructured arrays was prepared, followed by
the immobilization of plasmonic Au nanoparticles to form robust
composite photoelectrodes. The synergistic effects of heterocou-
pling of perovskite-type STO on TiO2 nanotube arrays and
plasmonic Au-decoration substantially improved the photocatalytic
performance with visible light. In contrast to pure TiO2, H:(STO/
TiO2) facilitated an efficient transfer of electrons between STO and
TiO2, and decreased the recombination ratios of photoexcited
electron−hole pairs. Plasmonic Au also effectively boosted the
photoresponse under irradiation with visible light. Photocurrent
density of 2.3 mA cm−2 under visible light irradiation (λ > 400 nm)
with IPCE peaking at 17% and a concomitant apparent quantum
efficiency of 3.5% in the 580−680 nm region was achieved. Faradaic efficiency was estimated to be about 80% at the oxygen
evolution rate of 18.5 μmol cm−2 h−1 under simulated sunlight irradiation (AM1.5G, 100 mW cm−2). With the aid of X-ray
absorption spectra in situ and ultrafast transient absorption spectra, the detailed understanding of the underlying mechanism during
photoinduced processes in Au/H:(STO/TiO2) is well elucidated.

1. INTRODUCTION

In recent years, renewable energy, especially solar energy, has
been regarded as a potential energy source to reduce the
combustion of fossil fuels and the depletion of resources; the
area of research has gained much attention.1 The utilization
efficiency of solar energy is an important issue and is of great
concern. In 1972, Honda and Fujishima2 found that hydrogen
could be generated from water splitting using a TiO2 electrode
and hydrogen could be potentially employed as a clean energy
source in various applications. In numerous subsequent
research works, TiO2 has been demonstrated to be photo-
active, stable, nontoxic, and corrosion-resistant for energy-
harvesting from solar light.3−6 Moreover, TiO2 with nanorod,
nanowire, and nanotube shapes has been developed as an
effective photoanode because of its large surface area and high
efficiency of light harvesting.6 Among these various shapes,
TiO2 with a highly ordered 1D structure can boost the electron
transfer along a specific direction, thus diminishing the
electron−hole recombination and enhancing the photo-
conversion efficiency.6−8 The major shortcoming of TiO2 for
solar energy harvesting, however, lies in its large band gap
(∼3.2 eV) which limits its absorption of the solar light to the

UV region (λ < 380 nm), amounting to only ∼5% of the
available energy in the solar spectrum.9 To circumvent the
shortcoming through the enhancement of absorption in the
vis-IR range, surface modification4,5,10 and decoration with
effective light absorbers11−14 have been made. For example,
SrTiO3 (STO), an efficient UV−vis light absorber, is well-
known as an effective photoanode material because of its
photoactive, chemically robust, and nontoxic properties.15−18

On the basis of this concept, Zhang et al. tailor-designed
TiO2−STO19 and CdS/TiO2−STO20 heterostructure nano-
tube arrays for solar energy conversion efficiency improvement.
El-Sayed and co-workers21 electrochemically fabricated Sr-
doped TiO2 nanotube array electrodes, achieving a three-fold
enhancement in photoconversion efficiency over that of TiO2
nanotube array, reaching 0.69%.
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In our previous works, we have shown that hydrogenation
modification of TiO2 NPs with methanol vapor disordered the
TiO2 structure, thus enhancing the photoactivity.10−13 It has
been well demonstrated that incorporation of noble-metal
particles into a material to modulate the localized surface-
plasmonic resonance (LSPR) so as to extend the absorption
range is also a valuable method to improve the photo-
activity.22−25 For instance, Au/TiO2 has been shown to have a
property of efficient electron−hole separation for hydrogen
generation from photocatalytic water splitting.11,15,25−28

In the present work, we prepared a hydrogenated STO/
TiO2 (H:(STO/TiO2)) nanotube arrays with the decoration
of plasmonic Au to investigate the synergistic effects of
hydrogenation modification and LSPR on the intrinsic
properties and photocatalytic performance. Although the
heterocoupling, hydrogenation, and the LSPR effect have
been reported to enhance the photocatalytic activity, detailed
understanding of the underlying mechanism during photo-
induced processes in Au/H:(STO/TiO2) remains largely
inadequate. To reveal the fundamental studies of the interfacial
charge transfer, tracking techniques on an atomic scale and
time-resolved dynamics that allow simultaneous realization of
the photochemical behaviors are highly desirable. Herein, with
the aid of surface-sensitive soft X-ray techniques and bulk-
information-included hard X-ray techniques at synchrotron
radiation facilities, the atomic structure and electronic structure
of the developed Au/H:(STO/TiO2) are investigated in detail.
Combined with ultrafast transient absorption spectroscopy, the
electron dynamics behavior of the Au/H:(STO/TiO2) has
been illustrated.

2. EXPERIMENTS

2.1. Preparation of STO/TiO2, H:(STO/TiO2), and Au/H:
(STO/TiO2). STO/TiO2 was prepared via a multistep route.
TiO2 nanotubes were first grown and removed by ultrasonic on
an anodized TiO2 foil with a cavelike surface within 30 min,
followed by washing with deionized water to remove
unattached TiO2. The Ti foil was subsequently immersed in
an aqueous solution of Sr(OH)2 (0.02−0.08 M) and aqueous
NH3F (0.2 M). The pH of the solution was adjusted to pH = 3
by dropping an appropriate volume of H3PO4 solute.
Afterward, the STO/TiO2 nanotubes on Ti foil were anodized
at 20 V for 3 h to form an array of average tube length 1.8 μm
as shown in Figure S2b. The TiO2 nanotubes turned from
silver to brown, revealing that Sr components combined
successfully with TiO2 nanotubes. Deionized water served to
flush the residual solutes. The STO/TiO2 nanotubes on Ti foil
were dried in an oven at 50 °C overnight, and then crystallized
by annealing in a furnace at 450 °C for 3 h, to obtain the
robust STO/TiO2 NT arrays. The STO/TiO2 substrate was
further hydrogenated under an environment of 120 Torr
methanol vapor at 300 °C for 3 h until a light brown film
appeared, indicating that completely hydrogenated STO/TiO2
(H:(STO/TiO2)) was obtained.
Before fabricating the Au/H:(STO/TiO2), we prepared an

Au hydrosol as follows. HAuCl4 (5 mM) was mixed with
sodium citrate (Na3C6H5O7, 10 mM) in a beaker; a sufficient
volume of NaBH4 solution at high concentration was added
dropwise with vigorous stirring until the solution turned red,
indicating that Au NPs (diameter 5 nm) were completely
formed. The H:(STO/TiO2) nanotube array was then
immersed in this Au NP hydrosol for 12 h. Au/H:(STO/

TiO2) was eventually obtained after annealing for 2 h at 300
°C in vacuo.

Sample Characterization. UV−vis spectra were recorded
with a spectrophotometer (Hitachi U-3010) in wavelength (λ)
range 250−800 nm. A fluorescence spectrometer (Edinburgh
Instruments, FS5) was used to record the photoluminescence
(PL) spectra. An Ar-ion laser with λex = 514.5 nm was adopted
to record Raman spectra. X-ray diffraction (XRD) patterns of
prepared materials were obtained at the NSRRC beamline
BL17B. High-resolution X-ray photoelectron spectra (XPS)
were recorded at NSRRC BL24A1. Transmission emission
microscope (TEM, JEOL JEM-ARM 200F) images were taken
at the Instrumentation Center in National Yang Ming Chiao
Tung University (NYCU), Hsinchu, Taiwan. Soft XAS at the
Ti L-edge and the O K-edge were recorded in NSRRC at
beamline TLS 20A1 equipped with a surface sensitivity of total
electron yield (TEY, energy resolution ΔE/E ∼ 1/5000). Soft
XAS of photocatalysts were recorded in situ under illumination
with a Xe lamp incorporating a filter (AM 1.5G). The spectra
of the Au L3-edge absorption were recorded in situ under
illumination at beamline TLS 17C. Femtosecond transient
absorption spectra (TAS) were measured with a pump−probe
spectrometer (ExciPro, CDP) in combination with an
ultrarapid amplified laser system. The laser pulses were
generated with a Ti-sapphire amplifier system (Coherent,
Legend USP, 1 kHz, 795 nm, 3 mJ, 45 fs) coupled with
TOPAS-C to tune the wavelength of excitation. The details of
the TAS system have been published elsewhere.64

2.4. Photocatalytic Performance. The photocatalytic
test was measured in a self-assembled three-electrode system in
a KOH (1 M)-filled enclosed glass cell. In this self-assembled
three-electrode system, Au/H:(STO/TiO2)/Ti foil, Pt plate,
and Ag/AgCl served respectively as working, counter, and
reference electrodes. A solar simulator (Yamashita Denso;
YSS-50A) emitting AM1.5 incident light was used as a lamp,
passing through a quartz window. The volume of H2 gas
generated on photolysis was collected and measured with a
drainage gas system. The Faradaic efficiency of the material
was evaluated on comparing the molarity of generated H2 gas
and the input charge.

■ RESULTS AND DISCUSSION
3.1. Absorption Properties. 3.1.1. UV−vis Absorbance

Spectra. The effects of STO composite formation, Au-NP
loading, and hydrogenation on the band gap of the material
were analyzed with absorption spectra (Figure 1a). A broad
band at 350−400 nm was observed in all spectra, indicating the
existence of a TiO2 phase. With further modifications of TiO2,
the range of absorption was extended to 550−600 nm. This
extension of the hydrogenation-derived band range to visible
light is attributed to the corresponding created intra new
bands, as systematically discussed previously.12 The broadened
absorption caused by the Au-NP loading was shifted further
toward a longer wavelength, revealing an occurrence of
LSPR,11,30,31 which would explain the absorption red shift
and band gap (BG) narrowing (Figure 1b). The BG variations
with modifications are displayed in Figure 1b. The sequence of
values of BG of these materials, derived from Tau plots, is
TiO2 (3.28 eV), STO/TiO2 (2.88 eV), H:(STO/TiO2) (2.58
eV), and Au/H:(STO/TiO2) (2.24 eV). This systematically
decreasing behavior was observed among the materials
obtained in the formation of the STO composite, hydro-
genation, and Au-NP loading process. The BG narrowing
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between TiO2 and STO/TiO2 was contributed from an
intrinsic combination of STO and TiO2 O 2p orbital.29 The
further decreased BG between STO/TiO2 and H:(STO/TiO2)
after hydrogenation is consistent with a strong absorption
observed in the range of visible light (Figure 1a).
3.1.2. Raman Spectra. Figure 2 displays the intermolecular

vibrational modes of the as-prepared samples, including Eg, B1g,

and A2g. Among these modes, Eg at ∼145.0 cm−1 (inset
spectrum) is a symmetric peak that is contributed from the O−
Ti−O vibration.32,33,55−57 With the STO formation and
hydrogenation, the position of the Eg mode was respectively
blue-shifted to 146.7 and 147.1 cm−1 for the STO/TiO2 and
H:(STO/TiO2) substrates, possibly related to an increased
surface tension.34 In this work, the Au vibration mode was not

detected because of the small extent of its loading. Among
these spectra, a significant peak broadening and red shift
toward 142.5 cm−1 existed for the Au/H:(STO/TiO2)
substrate. The shift toward lower wavenumber is considered
to result from an increased crystalline size35 among Au
deposition.36 Aside from the Eg mode at 145.0 cm−1, evident
shifts appeared at the longitudinal (LO, ∼445 cm−1) and
transverse (TO, ∼615 cm−1) optical modes, which are a
feature of STO,37,38 especially for Au/H:(STO/TiO2). The
existence of the LO and TO modes is evidence of formation of
a STO layer in the material, which was demonstrated in
previous XRD patterns. Moreover, the intensity of the LO and
TO modes was enhanced after Au-NP loading, which is
attributed to the effect of the Au-STO junction.30

3.2. XRD Patterns and SEM/HRTEM Images. As
exhibited in Figure S1, a typical anatase phase of TiO2 was
synthesized with the positions of the diffraction signals of TiO2
well fitted with the standard pattern (JCPDS: 021-1272). With
various modifications, the anatase phase of TiO2 was stable.
Two features of anatase phase TiO2 at 2θ = 38.6° and 40.4°
with Miller indices (004) and (112) were identified.39 Two
other diffraction signals at 2θ = 38.6° and 40.4° with Miller
indices (004) and (111) appeared for the STO/TiO2
substrate, indicating the existence of the STO (JCPDS: 86-
0179) layer in the material, as shown in Figure 3. Compared

with TiO2 and STO/TiO2 materials, there is no evident shift of
diffraction signal, indicating that the TiO2 lattice is intact even
after the formation of STO21 and the Au-NP loading.40 The
configurations of H:(STO/TiO2) and Au/H:(STO/TiO2)
were observed with SEM and TEM/HRTEM images. Figure
S2a,b displays that the TiO2 array was composed of uniform
nanotubes of length 1.8 μm and diameter 120 nm. A random

Figure 1. (a) UV−vis absorption spectra and (b) Tauc plot-derived
band gap of TiO2, STO/TiO2, H:(STO/TiO2), and Au/(H:(STO/
TiO2).

Figure 2. Raman spectra of TiO2, STO/TiO2, H:(STO/TiO2), and
Au/H:(STO/TiO2).

Figure 3. X-ray diffraction patterns of pristine TiO2, STO/TiO2, H:
(STO/TiO2), and Au/H:(STO/TiO2). The diffraction signals of
anatase TiO2 (▼JCPDS, 021-1272) and STO (■JCPDS, 86-0179)
were confirmed with the JPCDS database.
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distribution of Au NP of diameter 5 nm on the TiO2 substrate
was exhibited (Figure S2c). The d-spacing and Miller indices
of various species on Au/H:(STO/TiO2) were also identified
(Figure S2d). The NP and substrate are respectively Au NP (d
0.23 nm, Miller index (111)),14,30,40,41 STO (d 0.19 nm, Miller
index (200)),30,40,42 and TiO2 (d 0.35 nm, Miller index
(101)).14,30

3.3. XPS Analysis. The surface composition of Ti, O, and
Sr-based species in materials was analyzed with X-ray
photoelectron spectra (XPS), as shown in Figure 4a−c.
Generally, the XPS of materials agreed with the fitted results,
indicating the existence of Ti4+-O binding in TiO2

10,43 (Figure
4a). The lack of a Ti3+ feature reveals the preservation of the
TiO2 structure after the STO growth and Au-NP loading. The
shifts of Ti4+ 2p3/2 (∼458.9 eV) and Ti−O (∼530.1 eV) as
featured positions in various materials were not obvious (Table
S1). Figure 4b shows two signals that are ascribed to the TiO2
lattice binding (∼530.1 eV) and existence of oxygen vacancies
(∼531.0 eV), respectively.4,11,44 In particular, the ratio of
oxygen vacancies gradually increased from 25.6% after STO
formation (34.4%), hydrogenation (39.4%), and Au-NP
loading (35.6%). According to the literature, the oxygen
vacancies can cause band narrowing and an improved
photoactivity.11,45 Figure 4c shows two features that were
assigned to Sr2+ 3d3/2 and Sr2+ 3d5/2, respectively.21,46,47

Among the STO/TiO2 materials, the Sr2+ 3d5/2 position of
Au/H:(STO/TiO2) was red-shifted to 133.15 eV, which was
induced by the increased electron density.15 The two features
of Au (0) 4f5/2 (86.80 eV) and 4f7/2 (83.16 eV) indicated the
existence of Au (0) NP in Au/H:(STO/TiO2).

40,48 The
atomic ratio derived from XPS is also presented in Table S1.
3.4. Gas Evolution and Photocatalytic Experiments.

We used a self-assembled three-electrode system to measure
the photocurrent generated from the materials. As displayed in
Figure 5a, the photocurrent gradually increased with various
modifications of pristine TiO2. The photoactivity of STO/
TiO2 (∼0.60 mA/cm2) is greater than that of TiO2 as
reported.21 After the hydrogenation, the photocurrent almost
doubled (∼1.20 mA/cm2), compared to that of the pristine
TiO2 (∼0.30 mA/cm2). This enhanced hydrogenation-derived

photocurrent is attributed to the suppression of charge-hole
recombination3 and the increased intraband.12,13 The hot
electrons from LSPR induced by Au NPs were measured,

Figure 4. (a) Ti 2p, (b) O 1s, and (c) Sr 3d XPS spectra of TiO2, STO/TiO2, H:(STO/TiO2), and Au/H:(STO/TiO2).

Figure 5. (a) LSV curves and (b) stability measurement of TiO2,
STO/TiO2, H:(STO/TiO2), and Au/H:(STO/TiO2) in KOH (1 M)
electrolyte at a constant potential of −0.2 VAg/AgCl under simulated
sunlight irradiation and visible-light irradiation (λ > 400 nm).
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resulting in a further enhanced photocurrent reaching 2.70
mA/cm2. With a cutoff filter, the LSV in the visible-light range
(λ > 400 nm) was also provided (Figure 5a), which
demonstrates the high photoactivity of the Au/H:(STO/
TiO2). Apart from the photocurrent, the durability is
important for a material. As shown in Figure 5b, the
photocurrent generated from materials respectively increased
and decreased with and without illumination, forming several
repeated pulse curves with slight photocurrent loss (<5%) and
little time retard, especially Au/H:(STO/TiO2). The small
photocurrent loss and little time retard of Au/H:(STO/TiO2)
reveal that the charge recombination inside is suppressed and
the entire photoactivity is enhanced.30,34 In addition, the
plasmonic effect of Au is verified with the incident photon
conversion efficiency (IPCE) measurement, as displayed in
Figure S4. The Au-photosensitized H:(STO/TiO2) displays an
enhanced photoactivity in the region from 475 to 700 nm of
visible light compared to H:(STO/TiO2), implying the LSPR
effect is induced by Au NPs.28,49,50 Experimentally obtained
and theoretically calculated gas volumes of H2 and O2
produced51,60 during solar water splitting reaction of the Au/
H:(STO/TiO2) were carried out, as shown in Figure S6. The
calculated Faradaic efficiency is about 80% at the oxygen
evolution60 rate of 18.5 μmol cm−2 h−1. Meanwhile, the
maximum AQE is confirmed to be 3.5% under visible light
irradiation, as displayed in Figure S7.
3.5. XAS Analyses and Photocatalytic Mechanism.

Aside from the photocatalytic performances and character-
ization results, the effects of the material modification on the
intrinsic properties of TiO2, including Ti valence, structural
distortion, and oxygen vacancies, were investigated with soft

XAS. A novel technique with synchronous one-sun illumina-
tion and soft XAS was first employed for the direct observation
of charge generation and transfer direction in the STO/TiO2
photoelectrodes. As shown in Figure 6a, before irradiation with
sunlight several features at 457.4, 459.1, and 459.9 eV were
assigned to t2g and eg (dxy and dyz), which are attributed to the
electron excitation from 2p3/2 (core level) to 3d (empty state)
above the Fermi level. Two sub-bands (dz2 and dx2−y2) are split
by the crystal field from eg under the original octahedral crystal
field (Oh). With the aid of the difference of band level, the
outer electron configuration of titanium at the ground (Ti4+,
2p63d0)/excited state (Ti3+, 2p53d1) was identified. Moreover,
the absorbance ratios t2g/eg among various materials further
provide qualitative descriptions for the Ti valence and
unoccupied state ratio.51−53 As displayed in the inset of Figure
6a, the t2g/eg value increased with incorporation of strontium
species and then decreased with further hydrogenation. The
ratio of Ti3+ 3d1 states in STO/TiO2 was hence greater than in
other materials because of its abundant generated holes and 3d
unoccupied state at the t2g band. In addition, the greatest dz2/
dx2−y2 value of STO/TiO2 indicates the existence of hole-
induced structural asymmetry and distortion, following feature
broadening called the Jahn−Teller effect.53,54 With further
hydrogenation from STO/TiO2 to H:(STO/TiO2), the dz2/
dx2−y2 value further decreased because of the decreased electron
energy at dz2, implying an elongation of TiO6 along axis z and
the modulation of an unoccupied state at the eg band. In
comparison with STO/TiO2, both t2g/eg and dz2/dx2−y2 values
decreased after the hydrogenation, indicating that symmetry
Oh was applied by an induced compressive distortion.53 Figure
6b displays the absorbance differences among TiO2, STO/

Figure 6. (a) Ti L3-edge XAS and feature ratios (blue, t2g/eg; red, dz2/dx2−y2) of pristine TiO2, STO/TiO2, and H:(STO/TiO2). (b) Ti L3-edge XAS
of pristine TiO2, STO/TiO2, and H:(STO/TiO2) under illumination. (c) Au L3-edge XAS in situ of Au/H:(STO/TiO2) under illumination. The
color-filled areas represent the intensity differences between illumination (AM1.5) and darkness states (ΔA = Aillumination − Adarkness). (d) O K-edge
of pristine TiO2, STO/TiO2, and H:(STO/TiO2).
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TiO2, and H:(STO/TiO2) under sunlight illumination that are
depicted in the forms of the color-filled areas (ΔA). Among
these materials, the ΔA value of H:(STO/TiO2) was more
negative than of others, indicating that the hydrogenation
modification improved the photocarrier transition and
separation at the interfaces within the heterostructure.10,52

Such a photoinduced difference is attributed to the transfer of
photogenerated electrons to TiO2 nanotubes, while the
hydrogenated STO stored many photogenerated holes, which
clearly reveal a more efficient charge separation and transfer
between STO and TiO2 under the sunlight irradiation. In
addition, as shown in Figure 6c, further depositing Au on the
surface of the H:(STO/TiO2) generated the increase of
unoccupied DOS of 5d-character with positive ΔA values of
the Au L3-edge XANES under solar illumination.55 Therefore,
it is significant to note that solar illumination induces the
existence of hot-electron transfer from plasmonic Au to H:
(STO/TiO2). It is believed that in situ XANES provides an
appropriate account of this plasmonic hot-electron transfer
between the Au and H:(STO/TiO2). The existence of
modification-generated oxygen vacancies in the materials was
confirmed from the O K-edge XAS, as exhibited in Figure 6d.
Two features (t2g and eg) are caused from the electron
transitions from the ground to an unoccupied state (O 1s →

2p) and hybridization with a titanium orbital (O 2p-Ti 3d).
The two featured absorbances of STO/TiO2 and H:(STO/
TiO2) were higher than for TiO2, indicating an increase of
oxygen vacancies due to the presence of Ti3+ 3d1 states in the
unique heterostructures, which effectively promote the
electrical conductivity and charge transport.52,58,59 The
increased oxygen vacancies are considered to facilitate charge
separation and are thus responsible for the improved
photocatalytic properties of the H:(STO/TiO2). These results
are consistent with those of previous XPS and Raman spectra.
On the basis of the above results, a possible mechanism to

improve charge separation and transport over Au-sensitized H:
(STO/TiO2) heterostructures is proposed in Figure 7.
Significantly, the band edges of the STO and TiO2 are put
into contact to form a type-II alignment and the conduction
band and valence band of STO are at higher energy than those
of TiO2 so that under solar light irradiation the photoelectrons
in the conduction band of STO migrate to the conduction
band of TiO2; at the same time, the photoholes in the valence
band of TiO2 move to the valence band of STO. The spatial
separation of photoelectrons and photoholes in different units
becomes thermodynamically favored, thus greatly preventing
the recombination behavior. Once depositing Au on the
surface of the H:(STO/TiO2), under solar irradiation, the

Figure 7. Schematic illustration of charge migration and separation of Au-sensitized H:(STO/TiO2) heterostructured nanotube arrays.

Figure 8. Femtosecond TAS of Au NP solutions (a,d), film (b,e), and Au/H:(STO/TiO2) (c,f) measured using an excitation wavelength of 480
nm and pulse energy of 1.5 mJ cm−2. Panels a−c show the evolution of transient absorption (TA) bands, while panels d−f show their subsequent
recombination process.
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electrons of STO and Au are photoexcited and then transferred
to the conduction band of TiO2. Meanwhile, the photoexcited
holes in the valence band of TiO2 are transferred to the valence
band of STO and the Au surface. The synergistic effect
between TiO2 and STO with the modified electronic band
structure significantly enhances an efficient charge transition
and can diminish the recombination of charge carriers and
prolong the charge lifetime under simulated sunlight
irradiation. Furthermore, the vectorial electrons transfer rapidly
through the aligned TiO2 nanotube arrays, which facilitates
charge transport and thus enhances the quantum efficiency and
rate of H2 evolution.
3.6. Ultrafast Electron Transfer Dynamics. The

dynamic study of Au NP solution, Au NP thin-film, and Au/
H:(STO/TiO2) photoelectrodes is demonstrated in Figures 8
and 9.The Au NP solution and Au/H:(STO/TiO2) was
prepared as discussed in Section 2.1. The Au thin film was
obtained via Au NP solution on a glass plate by repetitive drop
method. The femtosecond TAS were measured using 480 nm
excitation pulse and probed with a white-light pulse in the
region between 520 and 730 nm. Figure 8a−c shows the
evolution of the photobleach (PB) of the Au bands between
0−0.2 ps, while Figure 8d−f shows their subsequent
recombination in the delay range 0.4−30 ps. The peak
position of the Au plasmonic PB bands at 530 nm is consistent
with that of the steady-state absorption spectrum (Figure S5),
while the PB shows a redshift when Au NP were drop-casted
or loaded into nanotubes. The PB band position in the film is
at 585 nm, while its position in the nanotubes is 560 nm. The
shift in the peak position of PB reflects the change in the
refractive index of surrounding environments, while the band
broadness is an indicator of the size distribution of Au NP. The
Au NPs, when dispersed in a solvent, display a symmetric and
narrow distribution, whereas when they were drop casted on
glass substrates agglomeration results in a very broad PB band.
Usually, the PB bands of Au plasmonic bands show
photoinduced absorption (PIA) on both sides of the spectra
and blue shift of the spectra with increased pump−probe delay
time.60,61 The spectra shown in Figure 8 do not cover the
whole region of PIA bands, but their signatures can be
observed clearly for the solution sample. The origin of the PIA
bands and the blue shift of the PB band62 can be explained
based on the shift and broadening of the plasmon band due to
the heating of the electron gas in Au NP during the decay of
the plasmon band.62,63,65

Because of the plasmonic effect of excited Au NPs, a broad
PIA band was noticed for the Au/H:(STO/TiO2) film. By
extending delay time to 30 ps, the transient kinetics64 for the

PB bands of the corresponding three samples are shown in
Figure 9. The data are fitted with two exponential functions.
The transient kinetics reflect the hot carrier cooling process
and subsequent recombination in Au NPs. In the case of
solution and thin-film samples, cooling of hot carriers with a
time coefficient 1.3 ps was observed while such a rapid cooling
process was absent in the case of the Au/H:(STO/TiO2) due
to rapid injection of hot electrons from Au NP into the H:
(STO/TiO2). In the studies published elsewhere, the electron
injection time was found to be less than 200 fs for TiO2.

61,66

The rapid decay (1.3 ps component) of hot electrons in Au
NPs is expressed based on electron−phonon interactions while
the slower decay (5−8 ps component) can be associated with
remaining electrons recombining via phonon−phonon inter-
actions.62 The hot-electron injection was probed by monitor-
ing the transient kinetics at 700 nm, away from PB band of the
Au NP as shown in Figure 9d. The rapid evolution of PIA
bands can be understood as induced absorption in H:(STO/
TiO2) by the plasmonic effect via electron transfer, as
plasmonic waves decay within 10 fs,63 whereas the faster
decay of PIA band within 50 fs can be understood as rapid
trapping of injected electrons in conduction band to the
surface states of H:(STO/TiO2), which is close to the trapping
decay coefficient of 100 fs reported for TiO2 nanocrystalline
films.67 As the 700 nm region is known to have absorption for
both free and trapped carriers in semiconductors,67 we assign
the PIA band to the free carriers in the conduction band of H:
(STO/TiO2) via hot electron injection from AuNP; however,
its rapid decay is assigned to trapping by the surface states of
H:(STO/TiO2) because if PIA band is observed due to direct
electron transfer from Au NP to the surface states of H:(STO/
TiO2), the decay would be slower. Thus, our fs TAS results
provide direct evidence for plasmon-induced absorption of Au
NPs and rapid injection of hot electrons into H:(STO/TiO2)
nanotubes. It is significant to note that the LSPR effect is
dominant on the photocatalytic activity.

4. CONCLUSION

The heterocoupling of perovskite-type STO on TiO2 nanotube
arrays and plasmonic Au-decorating on Au/H:(STO/TiO2)
not only boosted their photoresponse under visible light but
also facilitated efficient charge separation and transfer for
photocatalytic production of hydrogen. Moreover, their
synergistic effects substantially improved the photocatalytic
performance for hydrogen production under simulated sun-
light irradiation, which is nine times the photocatalytic
capabilities of the pristine TiO2 under the same conditions.
With the aid of XAS in situ and TAS, the origin of this

Figure 9. Femtosecond transient kinetic bands of Au NP monitored at (a) 530 nm for solution, (b) 585 nm for film, (c) 560, and (d) 700 nm for
Au/H:(STO/TiO2). The transient kinetic bands were fitted with two exponential functions.
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enhancement was well elucidated. These findings might offer
new insight into the design of highly efficient oxide-based
photoelectrodes for photocatalytic hydrogen production.
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