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Abstract: Great strides have been made in enhancing solar
energy conversion by utilizing plasmonic nanostructures in
semiconductors. However, current generation with plasmonic
nanostructures is still somewhat inefficient owing to the
ultrafast decay of plasmon-induced hot electrons. It is now
shown that the ultrafast decay of hot electrons across Au
nanoparticles can be significantly reduced by strong coupling
with CdS quantum dots and by a Schottky junction with
perovskite SrTiO3 nanoparticles. The designed plasmonic
nanostructure with three distinct components enables a hot-
electron-assisted energy cascade for electron transfer, CdS!
Au!SrTiO3, as demonstrated by steady-state and time-
resolved photoluminescence spectroscopy. Consequently, hot-
electron transfer enabled the efficient production of H2 from
water as well as significant electron harvesting under irradi-
ation with visible light of various wavelengths. These findings
provide a new approach for overcoming the low efficiency that
is typically associated with plasmonic nanostructures.

Plasmonic nanostructures have recently been proposed to
enhance the efficiency of solar energy conversion.[1] One of
the remarkable features of plasmon-induced photocatalysis is
localized surface plasmon resonance (LSPR), which arises
from the collective oscillation of free electrons at the metallic
interface or in small metallic nanostructures.[2] The phenom-
enon confers several distinct advantages to photocatalytic
processes. First, plasmonic metal nanoparticles (NPs) act as
photosensitizers in metal/semiconductor junctions and
strongly absorb at specific wavelengths in the visible region.
Second, the metallic NPs effectively act as antennae, which
are useful in semiconductors with a short minority carrier
diffusion length. The results of femtosecond pump–probe
experiments suggest that the hot electrons in Au NPs have an

elastic mean free path of approximately 10 nm.[3] However,
hot-electron transfer to an adjacent semiconductor still
remains a challenge because the hot electrons decay rapidly
to lower energy levels through ultrafast electron–electron and
electron–phonon scattering on a time scale of a few to several
hundred femtoseconds.[4] The first demonstration of a plas-
mon-induced hot-electron transfer process in metal–semi-
conductor nanostructures by Wu et al. revealed that the
plasmon excitation of Au led to the injection of hot electrons
into the conduction band (CB) of CdS with an average
quantum yield of approximately 2.75(�0.07) %.[4a] The low
quantum yield was found to be the result of multiple
competing pathways for energy dissipation in the hot electron
injection process.

Herein, a combinative NP system composed of SrTiO3 as
a high-performance electron filter and a Au@CdS core–shell
NP as the plasmonic photosensitizer was found to enhance
hot-electron transfer. The ultrafast decay of the resulting hot
electrons was efficiently reduced by the strong coupling of Au
and CdS. Furthermore, a Schottky junction between Au and
SrTiO3 facilitated the charge transfer to the CB of SrTiO3,
and in turn, perovskite SrTiO3 enabled the favorable transfer
of charge carriers to active sites for H2 production. Our
findings also indicate the existence of a favorable electron
pathway, CdS!Au!SrTiO3, as shown by steady-state and
time-resolved photoluminescence spectroscopy. This novel
plasmonic nanostructure provides a new and effective strat-
egy for the efficient energy conversion of visible light.

The synthesis of a Au@CdS core–shell NP deposited on
the surface of a SrTiO3 NP (Au@CdS/SrTiO3) is schematically
shown in Figure 1a. The detailed experimental procedures
are given in the Supporting Information. In short, the
positively charged surface of SrTiO3 assists in the adsorption
of AuCl4

� anions in a pH-controlled environment. Au NPs are
deposited on the SrTiO3 surface using NaBH4, a strong
reducing agent. Au@CdS core–shell structures are formed in
an ethanol suspension containing Au/SrTiO3, sulfur, and Cd2+

cations. Excess sulfur molecules with an affinity for Au are
adsorbed on the surface of the Au NPs. When the resulting
suspension is irradiated with UV light, the sulfur molecules
that are adsorbed on the Au NPs are reduced to S2� anions,
which instantly react with Cd2+ cations to form CdS shells
around the Au NPs. Although the Au@CdS core–shell
structure has been proposed by our group and by Tada et al.
for a solid-state Z-scheme under visible-light or UV irradi-
ation,[5] the preparation method described in this study was
altered so as to optimize the response of the Au NPs to
visible-light irradiation by the LSPR effect. For example, the
method resulted in Au NPs with a controlled size and the
deposited Pt NPs functioned as a co-catalyst on the surface of
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the SrTiO3. Furthermore, the Au@CdS/SrTiO3 nanostructure
entirely reversed the Z-schematic charge-transfer direction
and even changed the main active site for H2 generation from
CdS to SrTiO3. Notably, whereas two semiconductors that
consist of the Z-schematic system should generate electron–
hole pairs, SrTiO3 NPs in the Au@CdS/SrTiO3 nanostructure
do not generate electrons during the H2 generation but act as
an electron filter for efficient hot-electron transfer.

The high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image in Figure 1b
shows that the as-synthesized Au@CdS/SrTiO3 NPs contain
a few Au cores with a diameter of 11.5� 4.7 nm (see
Figure S1 a–e), which are deposited on the surface of the
SrTiO3 NPs (< 100 nm); CdS shells with a thickness of 3–5 nm
are formed around the Au cores. Figure 1c displays the
energy-dispersive X-ray spectroscopy (EDS) results of the
core–shell structure marked in Figure 1b, which confirmed
that the material is composed of a Au core with a CdS shell
deposited on the surface of a SrTiO3 NP. The high-resolution
transmission electron microscopy (HR-TEM) image shown in
Figure 1d was taken at the interface region of the SrTiO3 and
the Au@CdS core–shell NP and clearly reveals three distinct
types of lattice fringes, which were assigned to SrTiO3

(JCPDS 01-1018), Au (JCPDS 01-1172), and CdS (JCPDS
41-1049). The interface between the SrTiO3 and Au core is

believed to be important for the injection of hot electrons
from Au to the CB of SrTiO3 upon LSPR excitation.

Photocatalytic H2 production was performed under irra-
diation with visible light (l� 400 nm) in an aqueous suspen-
sion (Figure 2). The photocatalytic activities of bare SrTiO3,
Au/SrTiO3, CdS/SrTiO3, and Au/CdS/SrTiO3 were compared
with that of Au@CdS/SrTiO3 by using samples that had almost

the same Au (1 wt %) and CdS (4 wt %) concentrations, as
determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES). The H2 production of bare SrTiO3 is
negligible because the catalyst can only be excited by UV
light. Approximately 0.4 mmolh�1 (quantum efficiency, QE =

0.03%) H2 molecules were produced by the Au/SrTiO3

catalyst, despite the poor sensitivity of SrTiO3 to visible
light. The performance of Au/SrTiO3 can be attributed to the
injection of plasmon-induced hot electrons into the CB of
SrTiO3. CdS/SrTiO3 produced H2 at a rate of 2.5 mmolh�1

(QE = 0.19%). It is well-known that CdS-sensitized semi-
conductor composites (e.g., CdS/TiO2) can generate large
amounts of H2 because of the enhanced charge separation
that is due to the heterojunction structure.[6] Parts of the Au
NPs that are not covered with CdS can act as a co-catalyst for
H2 production. A Au/CdS/SrTiO3 photocatalyst for which Au
and CdS NPs were individually deposited on the surface of
SrTiO3, was examined for the sake of comparison. The
photocatalyst produced H2 at a rate of 5.0 mmolh�1 (QE =

0.38%), which was twice as fast as the rate determined for
CdS/SrTiO3. This is due to the fact that the photoexcited
electrons in the CB of CdS are shuttled to the CB of SrTiO3,
and are then entrapped by Au NPs, which accelerates H2

production. Interestingly, Au@CdS/SrTiO3 showed an impres-
sive photosynthetic H2 production rate of 29.1 mmolh�1

(QE = 2.21%). This can be attributed to the synergistic
effects of 1) the plasmonic photosensitization of the Au@CdS
core–shell structure, 2) the formation of a Schottky junction
between the Au core and SrTiO3, and 3) the high CB of
perovskite SrTiO3 with respect to the water-reduction poten-
tial. The efficient H2 production with Au@CdS/SrTiO3 is

Figure 1. Morphology and composition of the Au@CdS/SrTiO3 nano-
structures as determined using microscopy techniques. a) Preparation
of the Au@CdS/SrTiO3 nanostructures. The first image (left) indicates
the surface state of a SrTiO3 NP with positive charges in an aqueous
suspension at pH 4. The second image illustrates the deposition of Au
NPs on the surface of SrTiO3 by direct reduction of AuCl4

� using
NaBH4. Third, sulfur molecules are adsorbed onto the surface of the
Au NPs because of their affinity to Au. Finally, the sulfur molecules are
reduced to S2� ions, which instantly react with Cd2+ to form CdS shells
under UV irradiation. b) HAADF-STEM image of the Au@CdS core–
shell structures distributed on the surface of a SrTiO3 NP. c) 2D
atomic mapping of Sr, Ti, O, Cd, S, and Au obtained by analytical
STEM-EDS. d) HR-TEM image of the interface region of SrTiO3 and
Au@CdS.

Figure 2. Photocatalytic H2 production as a function of time under
visible-light irradiation (l�400 nm).
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explained in detail in the Supporting Information (see the
Section on synergistic effects, Figure S2–3).

To investigate the electron-transfer processes, we pre-
pared control samples of Pt/Au@CdS/SrTiO3 and Au@CdS/
Pt/SrTiO3 nanocomposites. For the Pt/Au@CdS/SrTiO3 pho-
tocatalyst, Pt NPs (1 wt%) were deposited on the CdS shell
by the Z-scheme mechanism for Au@CdS/SrTiO3 under
irradiation with UV light (Figure S4a–c). For the synthesis
of Au@CdS/Pt/SrTiO3, Pt NPs (1 wt %) were deposited on the
surface of the SrTiO3 by the direct reduction method using
NaBH4 before the formation of Au@CdS core–shell struc-
tures on the SrTiO3 surface (Figure S5a, b). Using Pt/
Au@CdS/SrTiO3 and Au@CdS/Pt/SrTiO3, H2 was produced
at a rate of 129.4 (QE = 9.81%) and 163.6 mmolh�1 (QE =

12.41%), respectively. The experimental results imply that
most of the photoexcited electrons that originate from the
Au@CdS core–shell structures flow to the surface of the
SrTiO3 NP through a cascade of energy states. To further
demonstrate the hot-electron-assisted charge dynamics of
Au@CdS/SrTiO3, we carried out steady-state and time-
resolved photoluminescence (PL) measurements. The details
of the steady-state PL spectra are provided in the Supporting
Information (see the Section on electron-transfer dynamics,
Figure S6 a–c), where the electron-transfer processes that
determine the kinetics of the target system are also explained.
Figure 3a and b show the time-resolved PL spectra of the
prepared samples suspended in an aqueous solution of
rhodamine B (RhB, indicator dye to monitor interfacial
charge transfer) with excitation wavelengths of 405 nm (for
the excitation of CdS) and 500 nm (for the simultaneous
excitation of CdS and Au). The resulting fluorescence was
analyzed and fitted to a multi-exponential model. In the
model equation, the intensity is assumed to decay as a sum of
individual single exponential decays and described as:

I tð Þ ¼
Xn

i¼1

Aie
�t=ti ð1Þ

where ti is the decay time, Ai represents the amplitude of the

components at t = 0, and n is the number of decay times. The
quality of the fitting was assessed by the reduced c2 value. All
of the fitting parameters are summarized in Tables S1 and S2.
The fluorescence decays of RhB and of RhB in the presence
of CdS can be expressed as single-exponential functions, as
CdS hardly emits PL at the excitation wavelength. However,
the decay traces of RhB in the presence of SrTiO3, Au/SrTiO3,
CdS/SrTiO3, and Au@CdS/SrTiO3 are expressed as bi-expo-
nential functions as both RhB and SrTiO3 emit PL at 580 nm.
The obtained time-resolved spectra represent the sum of PL1

of RhB and PL2 of SrTiO3. Therefore, the pre-exponential
factors Ai indicate the relative contribution of PL1 and PL2 to
the time-resolved PL spectra. t1 and t2 in the exponential term
describe the decay of the electron population in photoexcited
RhB and in the CB of SrTiO3, respectively. The decay rates of
the electron populations in RhB and in the CB of SrTiO3

could be experimentally assessed by fitting the time-resolved
PL curve to Eq. (1). In an attempt to understand the kinetics
of the process based on the results of the steady-state PL
spectroscopy data, electron pathways were constructed with
differential equations (see Table S3 and S4). In the schematic
representation, R, S, A, and C denote RhB, SrTiO3, Au, and
CdS, respectively. Furthermore, NR(t) and NS(t) refer to the
time-dependent electron populations of the lowest unoccu-
pied molecular orbital (LUMO) of RhB and the CB of
SrTiO3, respectively. The rate constants were calculated by
comparing the exponents, k, in the differential equations with
the values for ti that were extracted from the fitted results of
the time-resolved PL spectra. Table S5 summarizes the
electron-transfer rate constants at the different excitation
wavelengths. The fluorescence of pure RhB at the excitation
wavelength (lex = 405 nm) showed a single-exponential decay
with an emission lifetime of 1.711 ns, which was constant at
the long excitation wavelength (lex = 500 nm), and its recom-
bination rate constant based on the expression kR = 1/t1(RhB)
was approximately 5.84 � 108 s�1. The addition of SrTiO3 led
to faster fluorescence decay of RhB, which could be described
by the bi-exponential model. The interfacial charge transfer
from the excited RhB to the CB of SrTiO3 decreased the

Figure 3. Time-resolved PL spectra of a RhB solution (1 mm) in the presence of the indicated sample with a) excitation at 405 nm and b) excitation
at 500 nm, where the emission wavelength is 580 nm. c) Schematic energy band diagram of Au@CdS/SrTiO3, showing the proposed electron-
transfer processes across the three components responsible for H2 production. The numbered arrows indicate the following individual electron-
transfer steps: 1) Excitation of electrons in the CdS shell, 2) electron injection from the CB of the CdS shell into the Fermi level of the Au core,
3) plasmon-induced hot electron injection from the Au core into the CB of SrTiO3, and 4) migration of the hot electrons to active sites at the
surface of SrTiO3.
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lifetime, t1, of RhB. Its rate constants for the charge transfer,
kR!S, were 0.38 � 108 s�1 at lex = 405 nm and 0.32 � 108 s�1 at
lex = 500 nm. Furthermore, the recombination rate constants
for SrTiO3 could be obtained from the second lifetime, t2,
which was affected by the fluorescence decay of SrTiO3. The
corresponding rate constants, kS, were determined to be 2.80 �
108 s�1 at lex = 405 nm and 2.90 � 108 s�1 at lex = 500 nm. Au/
SrTiO3 NPs suspended in RhB facilitated the fluorescence
decay of RhB, as the photoexcited electrons from RhB were
further transferred to the Fermi level of the Au NPs at a rate,
kR!A, of approximately 0.42 � 108 s�1 at lex = 405 nm. The rate
increased to 1.17 � 108 s�1 for an excitation wavelength of
500 nm. The increase can be attributed to the LSPR excitation
of the Au NPs, leading to hot-electron transfer to the CB of
SrTiO3. As Au and CdS did not emit PL, most of the electrons
injected into the Au or CdS particles from RhB were assumed
to be transferred to the CB of SrTiO3. Therefore, we
designated kR!A to be kR!A!S at lex = 500 nm. However,
the deposition of Au NPs caused the electrons in the CB of
SrTiO3 to recombine at the Fermi level of Au. The rate
constant for this process, kS!A, was 0.04 � 108 s�1 at lex =

405 nm and 0.10 � 108 s�1 at lex = 500 nm. CdS/SrTiO3 NPs
suspended in RhB also promoted the fluorescence decay of
RhB as the photoexcited electrons from RhB are sequentially
transferred to the CB of CdS and SrTiO3 at a rate kR!C!S. The
rate constant kR!C!S (0.85 � 108 s�1) at lex = 500 nm was lower
than that (1.01 � 108 s�1) at lex = 405 nm owing to the weak
excitation of CdS, and the decay of electrons in the CB of
SrTiO3 to the VB of CdS, kS!C, occurred at a rate of 1.28 �
108 s�1 at lex = 405 nm and at 0.04 � 108 s�1 at lex = 500 nm.
When the Au@CdS/SrTiO3 NPs were suspended in RhB, the
photoexcited electrons of RhB could be transferred to the CB
of SrTiO3 and the CdS shell. The electrons in the CB of the
CdS shell could be injected into the Au core, which is strongly
coupled to the CdS shell (see the Section on optical
characterization in the Supporting Information, Figures S7
and S8). Then, the electrons that have been injected into the
Au core are likely to decay to the VB of CdS at lex = 405 nm
with a rate constant kR!C!A!C (1.10 � 108 s�1) or quench the
remaining positive charges at the Au core upon LSPR
excitation at lex = 500 nm. At lex = 500 nm, the separated
hot electrons of the Au core could be sequentially transferred
to the CB of SrTiO3, and the rate constant for this process was
denoted as kR!C!A!S. This rate constant (1.94 � 108 s�1) was
even higher than the kR!A!S (1.17 � 108 s�1) rate constant of
Au/SrTiO3 at lex = 500 nm. These observations explain the
enhancement of hot-electron transfer with Au@CdS/SrTiO3.

Regarding the above results, we propose that the follow-
ing electron-transfer processes occur in Au@CdS/SrTiO3 NPs
under visible-light irradiation (Figure 3c). The excitation of
LSPR in the Au core transiently produces electron–hole pairs
with hot electrons at empty states above the Fermi level of the
Au core. When a certain number of hot electrons arrive at the
interface of the Au core and SrTiO3, a fraction of the hot
electrons is injected into the CB of SrTiO3.

[7] The hot
electrons then diffuse to the surface of the SrTiO3 and are
subsequently entrapped by Pt NPs, which provide active sites
for H2 production and enhance the charge separation. Mean-
while, a significant fraction of residual holes at the Au core

are removed by the electrons injected from the CdS shell, and
the sacrificial ions quench the holes in the CdS shell.

The previous sections focused on the conversion of visible
light into chemical energy, H2. Photoexcited electrons in the
Au@CdS/SrTiO3 nanostructure can also be used to directly
generate electrical energy in a photoelectrochemical (PEC)
cell. The details of this process are given in the Supporting
Information (see the Section on photoelectrochemical per-
formance characterization, Figure S9–S11).

In summary, we have demonstrated an enhancement in
the hot-electron transfer of a Au core by strong electronic
coupling to a CdS shell that is in direct contact with perovskite
SrTiO3 NPs for the effective conversion of visible light into
clean H2 or into electricity. The enhanced H2 production can
mainly be attributed to the synergistic effects of the following
three features: 1) The plasmonic photosensitization of the
Au@CdS core–shell NPs generates more active electron–hole
pairs. 2) Band bending between the Au core and SrTiO3

enables hot electrons to be easily ejected from the Au core
into the CB of SrTiO3. 3) Perovskite SrTiO3 plays an
important role as a high-performance electron filter that is
superior to TiO2, and has a sufficiently high CB to produce H2.
Consequently, the Au@CdS/SrTiO3 nanostructure provided
a favorable electron pathway, CdS!Au!SrTiO3, for the
efficient separation of electron–hole pairs, although Au,
which displays a large work function, was sandwiched in
between SrTiO3 and CdS. The designed nanostructure
achieved a remarkably efficient photocatalytic H2 production
and electron harvesting at various visible-light wavelengths.
The findings from this study will be informative for the design
of plasmonic photocatalysts and PEC cells, such as photo-
voltaic and water-splitting devices.
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