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Gold photosensitized SrTiO3 for visible-light water
oxidation induced by Au interband transitions†
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Gold nanoparticle (NP) photosensitization over semiconductors with a large band gap has emerged as a

promising strategy for developing visible-light responsive photocatalytic materials. However, its

application in harsh photocatalytic oxidation still remains a significant challenge. Furthermore, energetic

charge carriers created in Au interband transitions under visible light are frequently ignored in this field.

In the current work, for the first time, a remarkable visible-light photocatalytic water oxidation activity

(14.9 mmol h�1: 0.2 g catalyst, 5 mmol AgNO3), even slightly higher than that of commercial WO3, was

achieved over Au photosensitized SrTiO3 (1.1 wt%). In an elaborate study, electron transfer from gold to

SrTiO3 was confirmed by STEM-EDS characterization on selective Ag deposition over SrTiO3. A

combined investigation of apparent quantum efficiency results, theoretical simulation study on Au NPs

optical excitation and relative band position analysis in Au/SrTiO3 reveals that these hot electrons

transferred from gold to SrTiO3 mainly come from Au interband transitions other than plasmon

resonance, while leaving holes on Au with enough oxidative potentials are responsible for water

oxidation. The capability of involving Au interband transition in photosensitization for visible light water

oxidation opens up new opportunities in designing and preparing visible-light responsive photocatalysts.
Introduction

Harvesting abundant and renewable sunlight in chemical
energy production and environmental remediation has attrac-
ted an enormous amount of research efforts, particularly in
heterogeneous photocatalysis.1 Various semiconductors with
large band gaps have been proven to be effective under UV light,
e.g., TiO2.2 However, UV light accounts for only �4% while
visible light occupies �43% of total sunlight. From the
perspective of both chemistry and practical applications, it is
undoubtedly important to develop photocatalytic materials that
harvest a wide range of visible photons. Many strategies,
including metal-ion and nonmetal doping,3–5 have been
proposed to extend absorption of semiconductors to the visible
regions. However, to date, most of the doped materials have
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typically suffered from photocorrosion, thermal instability and
fast e�/h+ recombination rates. Over the past several years,
incorporating coinage metal nanoparticles (Au, Ag, Cu NPs)
with visible-light absorption onto semiconductors has emerged
as a promising new strategy for this issue.6–9 Recently, we
demonstrated that broadband visible-light harvesting over TiO2

can be obtained by introducing Au nanorods as antennas.10

Coinage metal NP photosensitized semiconductors and pure
plasmonic metals have been found to show visible-light
responses in various applications such as dye degradation,
organic pollutant removal, and ne chemical synthesis.11,12

However, except for some ndings in photoelectrocatalysis,13–16

photosensitization of semiconductors with a large band gap
(>3.1 eV) to achieve relatively harsh photocatalytic oxidation
under visible light, e.g., water oxidation, still remains a signi-
cant challenge.17,18 This is understandable when taking into
account the relatively high oxidative potential required for water
oxidation (2H2O / O2 + 4H+ + 4e, 1.23 V versus NHE). On the
other hand, water oxidation is the rate-determining step of pure
water splitting and is also a critical step for the photoreduction
of carbon dioxide with water to form hydrocarbons.19,20 There-
fore, much effort is required to address this reaction, in
particular for developing visible-light responsive innovative
candidates.

Valence electrons in metals can not only be excited to a
collective oscillation state around Fermi level (EF), known as
J. Mater. Chem. A, 2014, 2, 9875–9882 | 9875
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localized surface plasmon resonance (LSPR), but can also be
excited to an available conduction band above the EF, which is
referred to as an interband transition.21 For gold, plasmon band
overlaps and couples with interband transition in the visible
light region.22 Though the process that LSPR induced electron
transfer from gold to semiconductors was frequently cited to
explain the enhanced visible-light photocatalytic performance,
energetic charge carriers created in interband transitions pos-
sessing higher redox potentials should be more favorable to
drive harsh photocatalytic reactions. A few reports of photo-
catalytic oxidation on Au catalysts under UV light have been
explained in the context of interband transition.23–25 However,
although some contributions hint at the possibility of involving
interband transition,26,27 to the best of our knowledge, there has
been little fundamental evidence till now to correlate the
visible-light activity of Au NP photosensitized photocatalysts to
Au interband transition.

In the current study, for the rst time, a remarkable visible
light photocatalytic water oxidation activity, even slightly higher
than that of the commercial WO3, was achieved over Au NP
photosensitized SrTiO3. Moreover, direct electron transfer from
gold to SrTiO3 was conrmed by an STEM-EDS study on selec-
tive Ag deposition over SrTiO3. A combination of apparent
quantum efficiency results, theoretical simulation study on Au
NPs optical excitation and relative band position analysis in Au/
SrTiO3 shows that these hot electrons transferred from gold to
SrTiO3 mainly come from Au interband transitions other than
plasmon resonance, while the leaving holes on Au with enough
oxidative potential are responsible for water oxidation.
Experimental section
Material preparation

SrTiO3 nanoparticles were prepared with a modied PC
method. The procedure and products are illustrated in Fig. S1.†
In brief, 2.88 ml Ti(OC4H9)4 (Wako, min. 95.0%) was dissolved
in 10 ml 2-methoxyethanol, denoted as solution A. Then, 2.18 g
SrCl2$6H2O (Wako, min. 99.0%) was dissolved in 10 ml 2-
methoxyethanol, denoted as solution B, and 30 g citric acid (CA,
Wako, min. 98.0%) was dissolved in 30 ml 2-methoxyethanol
with heating, denoted as solution C. Solutions A and B were
mixed and stirred for 0.5 h to obtain a sol, as shown in Fig. S1.†
This sol was transmitted to solution C and continually stirred
for 10 min. Aer that, 5 ml dehydrated ethylene glycol (EG,
Wako, min. 99.5%) was added. The mixture was then heated to
125 �C at an increasing rate of 1 �C min�1 and maintained for
20 h to evaporate the 2-methoxyethanol solvent. Subsequently,
polymerization was carried out at 130 �C for another 20 h. The
obtained brown resin was cooled to room temperature. Finally,
the resin was heated in a stove at 300 �C for 3 h and calcined at
500 �C for 5 h at an increasing rate of 1 �C min�1. Organic
frames were completely removed by calcination at 500 �C, as
conrmed by TG-DTA plots (Fig. S2†). The resulting white
powder was denoted as SrTiO3. Commercial SrTiO3 (Aldrich,
<100 nm, 99.5%) bought from Aldrich and denoted as SrTiO3-A
was introduced as reference catalyst without further treatment.
9876 | J. Mater. Chem. A, 2014, 2, 9875–9882
A series of Au/SrTiO3 photocatalysts with different loadings
(0.49–3.0%) were prepared with deposition–precipitation
method by using urea (CO(NH2)2, Wako, min. 99.0%) as the
precipitating base, which permits the gradual and homoge-
neous addition of hydroxide ions throughout the whole solu-
tion. In general, 1.0 g of SrTiO3 was added to 100 ml of an
aqueous solution of HAuCl4 (6.2 � 10�4 M, Wako, min. 99.0%)
and urea (0.19 M). The suspension maintained at 80 �C was
vigorously stirred for 4 h (pH increases), then centrifuged,
washed, dried, and calcined at 400 �C for 4 h.

For comparison, Au/TiO2 prepared with a similar procedure
as Au/SrTiO3 using Degussa P25 (Aldrich, 99.5%), TiO2 with a
diameter of 5 mm (Wako, min. 99.9%) TiO2 with diameter of 25
nm (Aldrich, nanopowder, <25 nm, 99.7%) and ST-01 (Ishihara
Sangyo Co., min. 99.0%) as support were introduced, denoted
as Au/TiO2-P25, Au/TiO2-5 mm, Au/TiO2-25 nm and Au/TiO2-
ST01, respectively. Commercial WO3 (Wako, 95%) was also
introduced as a reference catalyst without further treatment.

1.0% Au/SiO2 was prepared with an impregnation method
followed by calcination at 400 �C for 4 h. Aer drying at 70 �C for
10 h, the powder was calcined at 400 �C for 4 h. Two IrO2/SrTiO3

samples were prepared with the impregnation method and
deposition–precipitation method, respectively. Both of the
methods use Na2IrCl6 6H2O (Aldrich, 99.9%) as the precursor
and are calcined at 400 �C for 4 h aer drying. Ag/SrTiO3 was
prepared by a photodeposition method under UV light. The
amount of Ag was 240 mmol, corresponding to the maximum
amount of O2 obtained over Au/SrTiO3 (60 mmol, for more
details see Results and discussion), while the loading was
monitored by determining the O2 evolution. Ag2O/SrTiO3

(120 mmol Ag2O) was prepared via a similar method; the powder
was calcined at 400 �C for 4 h aer washing and drying.
Sample characterization

High-resolution transmission electron microscopy (TEM) char-
acterization was performed with a JEOL 2100F operated at
200 kV. Powder X-ray diffraction (XRD) patterns of the products
were recorded on an X'Pert PRO diffractometer with Cu-Ka
radiation. X-Ray photoelectron spectroscopy (XPS) experiments
were performed with a Theta probe (Thermo Fisher) using
monochromated Al Ka X-rays. Valence band electronic struc-
tures were measured by hard X-ray photoemission spectroscopy
(HX-PES) at the undulator beamline BL15XU of SPring-8. The
photon energy was set to 5.95 keV. Sample powder was rst
dispersed in alcohol in air and dropped onto a carbon substrate.
The sample was thoroughly dried in air and transferred into an
ultra-high-vacuum (UHV) chamber attached to a high-resolu-
tion hemispherical electron spectrometer (VG Scienta R4000).
The binding energy of photoelectrons was referenced to the
Fermi energy of an Au lm that was electrically contacted to the
sample. The Brunauer–Emmett–Teller (BET) surface areas were
measured via nitrogen physisorption (Gemini-2360; Micro-
meretics Corp., USA). Thermogravimetric (TG) and differential
thermoanalysis (DTA) data were obtained on a Shimadzu DTG-
60H DTA-TG apparatus under air ow with a heating rate of
10 �C min�1. UV-vis diffusion reectance absorption spectra
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 TEM and HRTEM images of SrTiO3 (a and b) and 1.1% Au/SrTiO3

photocatalyst (c and d). Inset: fast Fourier transform patterns in image
(b); distribution histogram corresponding to image (c).
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were recorded with a Shimadzu UV-2600, where an integrating
sphere was used in diffusion reectance absorption analysis.

Activity evaluation

Photocatalytic O2 evolution was carried out with 0.2 g of pho-
tocatalyst suspended in 270 ml water in the presence of 5 mmol
AgNO3 (Wako, min. 99.8%) as a sacricial reagent. A 300 W Xe
arc lamp was employed as the light source. For visible-light (l >
400 nm) reaction, a L42 cutoff lter was used to remove UV
light. The corresponding spectra of light source with and
without lter are shown in Fig. S3.† As can be seen, the spec-
trum starts from 415 nm aer adding the L42 cutoff lter. The
concentrations of O2 were detected by a gas chromatograph
(GC-8A with TCD, Shimadzu).

Apparent quantum efficiencies at various wavelengths were
measured by inserting a water lter and various band-pass
lters in front of the reaction cell to obtain the desired incident
wavelength. 430.0 nm, 480.4 nm, 518.7 nm, 549.3 nm, 617.7 nm
and 660.0 nm band-pass lters (Optical Coatings Japan) were
used to obtain the desired wavelengths, and the corresponding
spectra were shown in Fig. S4.† For each wavelength region, the
irradiation lasted for 14 h. The light intensities in the photo-
catalytic reaction were measured using a spectroradiometer
(USR-40; Ushio Inc., Japan). Apparent quantum efficiency was
obtained from the percentage of the number of reacted elec-
trons during O2 evolution and the number of incident photons.

Theoretical simulation

The absorption spectrum of Au NPs was simulated based on the
Mie theory. The dielectric constant for Au was taken from
Johnson and Christy's report.38 A reection index of 1.33 was
used because Au NPs are mainly enclosed by water molecules
under the reaction conditions. The nanoparticle diameter of
3 nm in simulation was obtained from the TEM average diam-
eter data. In absorption spectra of Au NPs, an overlap of the SPR
band and interband transition absorption edges was observed.
Aer clarifying the contribution of the LSPR, the interband
transition spectrum was obtained.

Results and discussion
Structure and morphology

A TEM image of SrTiO3 (Fig. 1a) shows that the particle size of
the as-prepared SrTiO3 is around 20 nm. Meanwhile, SrTiO3

(110) crystal planes can be easily discerned from a high reso-
lution TEM image and conrmed by the corresponding fast
Fourier transform patterns (inset, Fig. 1b), suggesting good
crystallinity of SrTiO3. The TEM images of 1.1% Au/SrTiO3

shown in Fig. 1c and d indicate that Au NPs are highly dispersed
with a mean particle size of 3 nm as suggested by the corre-
sponding size distribution histogram (inset). In addition,
distinct Au (200) crystal planes can also be observed in the
HRTEM image. XRD patterns were also recorded for SrTiO3 and
Au/SrTiO3 samples with different loadings (Fig. S5†). Charac-
teristic SrTiO3 diffraction peaks can be easily discerned from
XRD patterns, and the average crystal size of SrTiO3 was 25 nm
This journal is © The Royal Society of Chemistry 2014
as calculated from the most intensive (110) peak based on the
Scherrer formula, which basically agrees with the results
obtained from TEM images. In addition, the Au diffraction
plane (200) with 2q at 44.38� can be recognized over 1.1% and
3.0% Au/SrTiO3. Au/SrTiO3 photocatalysts were also character-
ized by conventional techniques in material sciences. N2

adsorption measurements provided a specic surface area of
60.8 m2 g�1 for 1.1% Au/SrTiO3 (Fig. S6†). XPS analysis indi-
cated that the chemical state of surface Au species in Au/SrTiO3

was metallic Au aer being calcined at 400 �C, while titanium in
4+ and strontium in 2+ state were also suggested (Fig. S7†).
Photophysical and photocatalytic properties

UV-vis diffusion reectance spectra are shown in Fig. S8,† and
the bandgap energy of SrTiO3 is estimated with a Tauc plot, as
shown in the gure inset. According to the Tauc plot, pure
SrTiO3 possesses a bandgap of 3.22 eV, i.e., charge carriers
(electrons and holes) in SrTiO3 that can only be excited by UV
light. A visible-light absorption, composed of strong absorption
in the 400–500 nm range and an obvious LSPR peak centered at
about 550 nm, is obtained aer introducing Au NPs. The
inhomogeneous broadening of plasmonic absorption observed
in these measurements can be attributed to the inhomogeneity
of the surrounding SrTiO3 NPs and nanoparticle size
distribution.28

O2 evolutions under UV-visible irradiation were carried out
(Fig. 2a), and 60.2 mmol O2 was obtained over SrTiO3 aer being
irradiated for 4 h. This is an expected result as charge carriers
possessing sufficient redox potential can be excited in SrTiO3

under UV irradiation. Furthermore, this activity is higher than
that of the commercial SrTiO3-A nanopowder (<100 nm)
J. Mater. Chem. A, 2014, 2, 9875–9882 | 9877
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Fig. 2 (a) Curves of O2 evolution as a function of reaction time under
UV-visible light irradiation (l > 300 nm); (b) curves of O2 evolution as a
function of reaction time under visible light irradiation (l > 400 nm).
Reaction conditions: 0.2 g catalyst, 5 mmol AgNO3, 300 W Xe lamp.
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purchased from Aldrich, which might be caused by higher
crystallinity and ner crystal beneting from the PC method, as
suggested elsewhere.29 The activity was enhanced by up to 0.7
times aer Au NPs were introduced, indicating that the cocat-
alyst effect of Au in Au/SrTiO3 for O2 evolution is limited even
when plasmonic enhancement is not taken into account. On the
other hand, O2 evolution activity, although lower than that of
Au/SrTiO3, was also obtained over Au/TiO2 under UV-visible
light as reported earlier.18

Subsequently, photocatalytic water oxidation under visible
light was carried out (Fig. 2b). As expected, pure SrTiO3 showed
negligible activity as charge carriers in SrTiO3 cannot be excited
by visible light photons. A slight increase in activity aer 2 h
might be caused by Ag deposition.30 It is remarkable that 43.4
mmol O2 was obtained over 0.49% Au/SrTiO3 aer being irra-
diated for 4 h, suggesting that a visible-light photocatalytic
activity was achieved by introducing Au NPs onto SrTiO3. A
slight increase of Au loading gives a positive effect on O2

evolution activity. Specically, 59.7 mmol O2 in 4 h, i.e., an
average O2 evolution rate of 14.9 mmol h�1, was obtained over
9878 | J. Mater. Chem. A, 2014, 2, 9875–9882
1.1% Au/SrTiO3. Furthermore, no obvious O2 evolution rate loss
was observed in 4 h, suggesting a relatively high durability of
Au/SrTiO3. O2 evolution activity becomes lower when further
increasing the gold loading to 3.0%, and a decrease of O2

evolution rate along with reaction time was also observed.
Although, the detrimental effect along with Au loading increase
was also observed elsewhere,31,32 the reason is not clear at
this stage.33 Inferior O2 evolution activity was also obtained
over Au/SrTiO3-A, which is in accordance with the results under
UV light.

In order to conrm that the observed visible-light activity is
derived from Au/SrTiO3 instead of interferences, a series of
comparative experiments were carried out. First, Au NPs loaded
on insulator SiO2 were subjected to water oxidation under
visible irradiation (Fig. 2b). Unlike Au/SrTiO3, no O2 evolution
was obtained over Au/SiO2, indicating a “synergistic effect” of
SrTiO3 and Au NPs in the composite photocatalyst rather than
solely accounting for the visible-light water oxidation activity.
IrO2 is a well-known O2 evolution cocatalyst which is much
more efficient than Au.34 In order to eliminate the cocatalyst
effect in Au/SrTiO3, IrO2 loaded SrTiO3 prepared with different
methods was also evaluated (Fig. 3a). Negligible O2 evolution
was obtained over IrO2/SrTiO3 prepared with deposition–
precipitation method, while only a slight increase was observed
when the impregnation method was adopted, indicating that
the visible-light activity obtained over Au/SrTiO3 should be
induced by the photosensitization of Au NPs instead of a
cocatalyst effect. Because Ag also possesses a plasmonic effect
and a gradual deposition of Ag occurs during the O2 evolution,
evaluation over Ag/SrTiO3 prepared with the photodeposition
method was also carried out. As can be seen from Fig. 3a,
negligible activity was observed even when the maximum
amount of Ag was loaded at the initial stage. However,
13.3 mmol O2 was obtained in 4 h over Ag2O/SrTiO3, indicating
Ag2O as a semiconductor can be involved in water oxidation.
However, the rate is much less than that of Au/SrTiO3

(59.7 mmol O2 in 4 h). Furthermore, reduction from Ag+ with
electrons and immersion in water might make silver mainly stay
in the metal state, which has a negligible contribution. There-
fore, the contribution of Ag2O in water oxidation over Au/SrTiO3

in this work is limited. Based on these results, we could draw a
conclusion that the observed visible-light O2 evolution activity
should mainly be induced by the Au/SrTiO3 composite. More-
over, 1.1% Au/SrTiO3 was also subjected to H2 evolution under
visible irradiation (Fig. 3a). The results showed that 47.8 mmol
H2 was obtained in 4 h; further discussion of this result will be
provided in the mechanism part of the study.

As Au NP photosensitization over TiO2 has been reported for
visible-light water oxidation,18 four Au/TiO2 samples varying in
TiO2 phase and particle size were also employed for comparison
(Fig. 3b). Among them, Au/TiO2 in which Degussa P25 served as
a support, showed superior activity; i.e., 12.2 mmol O2 was
obtained aer being irradiated for 4 h, which basically agrees
with an early report.18 Superior activity over Au photosensitized
P25 should be caused by the presence of an anatase and rutile
TiO2 heterojunction effect. Commercial WO3 as a reference
photocatalyst was also subjected to water oxidation under
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Curves of O2 or H2 evolution as a function of reaction time
under visible light irradiation (l > 400 nm) (a and b). Reaction condi-
tions: 0.2 g catalyst, 300 W Xe lamp, 5 mmol AgNO3 for O2 evolution;
0.2 g catalyst (0.5 wt% Pt), 300 W Xe lamp, 50 ml methanol for H2

evolution.
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visible light, and 53.1 mmol O2 was obtained in 4 h (Fig. 2b). It is
worth pointing out that the O2 evolution activity over Au/SrTiO3

is about 4.9 times as much as that of Au/TiO2 and even slightly
higher than that of the commercial WO3 evaluated under the
same conditions. In other words, Au/SrTiO3 is a promising
candidate for water oxidation under visible light.
Fig. 4 Illustration of the Ag+ reduction in different processes: elec-
trons transfer from Au to SrTiO3, (a); charge carrier separation in
SrTiO3, (b).
Mechanism study

The underlying mechanism of Au NP photosensitization over a
semiconductor remains elusive, although some potential
physical pathways have been put forth, among which LSPR
mediated direct electron transfer from plasmonic metal to
semiconductor and separation of charge carriers in semi-
conductor induced by LSPR energy transfer are the most
popular ones.9 In order to gain insight into the gold photo-
sensitization process in Au/SrTiO3 during visible-light water
oxidation, an elaborate study was carried out from three
perspectives: electron transfer, driving force, and relative band
positions in Au/SrTiO3.
This journal is © The Royal Society of Chemistry 2014
Clarifying electron transfer direction

In the composite Au/SrTiO3 nanostructure, charge carrier
transfer under visible light might occur, while the direction will
be different depending on the site where the separation of
charge carriers takes place (in SrTiO3 or Au NPs). Water oxida-
tion in the presence of AgNO3 as a sacricial regent offers a
good opportunity to clarify the electron transfer direction in Au/
SrTiO3 through studying the Ag location aer the reaction. If
photo-excited electrons in Au transfer to SrTiO3, Ag

+ will be
mainly reduced on SrTiO3 surface, as illustrated in Fig. 4a. On
the contrary, when charge carrier separation takes place in
SrTiO3, Ag

+ will be mainly reduced on Au as electrons excited in
SrTiO3 accumulate on Au due to its large work function, as
shown in Fig. 4b.35 Then 1.1% Au/SrTiO3 aer being irradiated
with visible light (l > 440 nm) for 1 h in the presence of AgNO3

was subjected to a HAADF-STEM and EDS study. In the HAADF-
STEM image shown in Fig. 5a, bright spots, Au, Ag or both of
them can be discerned from the background. Apart from
particle 2 having a size of about 8 nm, the sizes of the other
three particles range from 15 to 30 nm. As Au NPs in Au/SrTiO3

possess a mean size of about 3 nm, those metal particles should
mainly or completely be composed of Ag. The compositions of
particles 1 and 2 were rst studied with EDS spot scanning
(Fig. 5b). Pure Ag composition of particle 1 with a diameter of 27
nm was apparent, while Au core with Ag shell (approximately 4
nm in thickness) nanostructure can be discerned in particle 2.
Elemental mapping results further conrmed the composition
of particles 1 and 2, and revealed that particles 3 and 4 were also
pure Ag (Fig. 5c–f). Some random sole spots should be caused by
interferences from other elements. That is, Ag+ reductions by
electrons mainly occur on the surface of SrTiO3, indicating that
the photo-excited electron transfer from gold to SrTiO3 should
be dominant in this system. This result agrees well with the
observed visible-light H2 evolution activity over Au/SrTiO3.
Au interband transition driven by hot electron transfer

With the purpose of guring out the source of electrons trans-
ferred from gold to SrTiO3 or the driving force for water oxida-
tion, a theoretical simulation study on Au NP's optical excitation
was rst carried out based on Mie theory (Fig. 6). The simulated
absorption is very similar to the UV-vis absorption of prepared
J. Mater. Chem. A, 2014, 2, 9875–9882 | 9879

http://dx.doi.org/10.1039/c4ta01988a


Fig. 5 HAADF-STEM image (a), EDS spot scans (b) and EDS mapping
(c–f) of the Au/SrTiO3 after being irradiated with visible light (l > 440)
for 1 hour in the presence of AgNO3 as sacrificial reagent.
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Au NPs with a mean diameter of about 3 nm, indicating that the
simulation model is well established. Aer subtracting the
contribution of the LSPR,36 an obvious interband transition of
Au NPs tailing to about 520 nm was obtained, which is
attributed to d–sp transition.37 This result agrees with that
suggested by Johnson and Christy,38 in which the rst interband
excitation of Au occurs at the X-point in the Brillouin zone, at
an energy of 2.5 eV.

An apparent quantum efficiency (AQE) study, which is
usually used to ascertain the real driving force in photocatalysis,
was carried out over 1.1% Au/SrTiO3 for water oxidation (Fig. 6).
The standard deviations are less than 0.78 � 10�2%, indicating
good measurement reproducibility. Impressively, AQE
decreases along with the increase in wavelength, though this
trend is slightly mitigated around 530 nm, which is obviously
different from the Au NP LSPR spectrum obtained in both the
experiments and the simulation. This result gives clear evidence
that Au NP photosensitization over SrTiO3 for water oxidation
under visible light is not, at least not primarily, driven by an
LSPR related electromagnetic eld or electron collective oscil-
lations, because they are all closely related to their excitation
wavelength. On the other hand, the main part of the AQE curve
with high values bears strong resemblance to the interband
transition band, indicating that hot electrons transferred from
Au mainly arise from these interband transitions. This
assumption is also supported by the negligible O2 evolution
over Ag/SrTiO3 under visible irradiation because the interband
transitions of Ag are only excited in the ultraviolet spectrum
though the plasmon resonance and can be observed in the
visible region.39 The decreasing trend of AQE is slightly miti-
gated around 530 nm and tails up to 660 nm, which might be
caused by the LSPR nonradiative decay via interband and
intraband excitations.40 It should be pointed out that photode-
composition of organic pollutant (e.g., iso-propanol in our
previous work10) or aerobic oxidation is not necessarily driven
by interband transitions as even near-infrared light photons
have sufficient energy to drive plasmonic electron transfer from
metal to semiconductor where they can activate O2 to inter-
mediates (O2

� and/or H2O2), which can be involved in further
oxidation.41,42
Relative band position in Au/SrTiO3

In order to clarify the oxidative potential of the leaving holes on
Au in the interband transition, the valence band (VB) maximum
of SrTiO3 as well as the band edge of Au nanopowders were
measured (Fig. 7a). The VB maximum of SrTiO3 lies at 3.20 eV,
which is inconsistent with an early report.43 Because the band
gap of SrTiO3 is 3.22 eV from optical absorption spectrum, the
EF is rather close to its conduction band (CB) minimum. For Au
nanopowders, a 5d-band edge lies at 1.95 eV relative to its EF,
while the lower part tailing up to EF is attributed to 6sp elec-
trons.44 Alignment of Fermi levels of SrTiO3 and Au NPs will
occur aer contact and will be equilibrated again aer irradia-
tion. As hot electrons transfer from Au NP to CB of SrTiO3 under
visible light, this accumulation of electrons on the semi-
conductor would cause a negative shi (relative to NHE) of the
9880 | J. Mater. Chem. A, 2014, 2, 9875–9882
aligned EF.45 Therefore, in this study, the aligned EF in Au/
SrTiO3 aer equilibration under visible light irradiation is
assumed to be located at the original EF of SrTiO3. By taking
account of the CB minimum of SrTiO3 lying around �0.3 V vs.
NHE and a slight band bending aer contact (ca. 0.3 eV),46,47 a
schematic illustration of Au/SrTiO3 band energy can be
obtained, Fig. 7b. As can be seen, the leaving holes on Au have a
potential of ca. 1.67 V vs. NHE, which is located well below the
potential of water oxidation (1.23 V versus NHE).48 Meanwhile,
the minimum energy required for valence electrons from Au to
ow onto SrTiO3 CB is 2.27 eV, corresponding to 546 nm
photons, which is larger than the threshold of gold interband
transition (520 nm) from simulation. That is, from both energy
and relative band position, electrons from interband transitions
in gold have sufficient energy to transfer into the CB of SrTiO3,
while the leaving holes possessing enough oxidative potential
should be responsible for water oxidation, which agrees well
with the results obtained from the electron transfer and driving
force study.

Since it was rst proposed by Tatsuma's group, LSPR
induced direct electron transfer from a metal to a semi-
conductor was frequently cited to explain the enhanced visible-
light photocatalytic performance obtained over plasmonic
catalysts.49,50 It nds experimental support where an increase of
the photocurrent matches exactly with the wavelength distri-
bution of the LSPR band in photoelectrocatalysis.51 However,
such improvements in photocurrent have also been explained
by changes in light scattering or reection,52 and a recent study
also suggests the intensity of electron transfer and is not
necessarily correlated with an Au LSPR band.27,53 Furthermore,
considering that plasmonic electrons reside around the Fermi
level of the metal, plasmonic charge carriers are proposed to be
insufficient in energy to drive harsh oxidation requiring high
oxidative potentials.17 A comparison of the potentials of holes
created in Au LSPR and interband transitions was theoretically
studied by Govorov and co-workers.54 Their results suggest that
photo-generated holes in the interband transition are created
far from the Fermi surface (2.4 eV relative to EF), while holes in
This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Apparent quantum efficiencies (AQE) of O2 evolution over 1.1%
Au/SrTiO3 at various light wavelength; UV-vis absorption of Au NPs
with a mean diameter of about 3 nm; simulated absorption of Au NPs
with a diameter of 3 nm, consisting of SPR and interband transition.
Vertical error bars correspond to the standard deviation of AQE, while
horizontal error bars represent the wavelength range.
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the plasmonic wave are distributed near the Fermi surface.
These results agree well with the Au photosensitization process
revealed in this work that gold interband transitions are the
Fig. 7 (a) Valence band XPS spectrum of SrTiO3 and band edge Au
nanopowders; (b) schematic illustration of energy band position in Au/
SrTiO3 composite nanostructure.

This journal is © The Royal Society of Chemistry 2014
main driving force in visible-light water oxidation over Au/
SrTiO3, though LSPR related decay through interband transition
might also contribute to this process. As pointed out in the
results and discussion, Au/SrTiO3 exhibits a superior visible-
light O2 evolution activity as compared with Au/TiO2. However,
it is difficult to give a clear explanation at this stage because the
underlying mechanism of Au NPs in the Au/TiO2 system is still
elusive despite numerous efforts.7 One possible reason lies in
the more negative (relative to NHE) conduction band of SrTiO3

as compared with TiO2, which facilitates Ag+ reduction with
electrons transferred from Au, and ultimately enhances the
water oxidation activity. Similar phenomena have also been
reported in our previous work and elsewhere.55,56

Conclusions

In summary, a remarkable visible-light photocatalytic water
oxidation activity was achieved over Au NP photosensitized
SrTiO3, which offers a promising visible-light responsive
candidate for photocatalytic water oxidation. Direct electron
transfer from gold to SrTiO3 in photosensitization is conrmed
by STEM-EDS study on selective Ag deposition over SrTiO3

during water oxidation. An Au interband transition driven direct
electron transfer photosensitization process is revealed based
on AQE results, a theoretical simulation study on Au NP optical
excitation and the relative band position analysis in Au/SrTiO3,
i.e., hot electrons transferred from gold to SrTiO3 in visible-light
water oxidation mainly come from Au interband transitions,
while leaving holes are responsible for water oxidation. The
capability of involving Au interband transition in photosensi-
tization for visible-light water oxidation not only provides an
alternative explanation for the photosensitization role of Au
NPs, but also opens up new opportunities in designing and
preparing visible-light responsive photocatalysts.
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