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Abstract: A plasmon-induced water splitting system that
operates under irradiation by visible light was successfully
developed; the system is based on the use of both sides of the
same strontium titanate (Sr1TiO;) single-crystal substrate. The
water splitting system contains two solution chambers to
separate hydrogen (H,) and oxygen (O,). To promote water
splitting, a chemical bias was applied by regulating the pH
values of the chambers. The quantity of H, evolved from the
surface of platinum, which was used as a reduction co-catalyst,
was twice the quantity of O, evolved from an Au-nano-
structured surface. Thus, the stoichiometric evolution of H, and
O, was clearly demonstrated. The hydrogen-evolution action
spectrum closely corresponds to the plasmon resonance
spectrum, indicating that the plasmon-induced charge separa-
tion at the Au/SrTiOj; interface promotes water oxidation and
the subsequent reduction of a proton on the backside of the
SrTiOj; substrate. The chemical bias is significantly reduced by
plasmonic effects, which indicates the possibility of construct-
ing an artificial photosynthesis system with low energy
consumption.

To solve the global energy problem, the development of
a system that converts solar energy to not only electrical but
also chemical energy that can be stored for long periods is
critical.'! Honda and Fujishima have developed photoelectric
conversion and photoelectrochemical water splitting systems
that use a titanium dioxide (TiO,) photoelectrode irradiated
by ultraviolet light.”) However, only approximately 5% of the
solar irradiance observed on the Earth’s surface is composed
of ultraviolet radiation (< 400 nm), whereas visible light (400—
800 nm) and infrared light (>800 nm) represent 50% and
45 %, respectively. Therefore, the extension of light-energy
conversion to longer wavelengths, especially to the visible and
near-infrared regions, is important.’l The conversion of

visible light can be achieved by several methods, including
the use of a Z-Scheme electron transfer process,’* the use of
TiO, with the addition of certain dopants,”! and the use of
semiconductor nanoparticles with a bandgap wavelength in
the visible wavelength region.! To date, semiconductor
particles have been used to induce hydrogen and oxygen
evolution through the response of such photocatalysts to
visible light.”! One of the disadvantages of the use of
semiconductor particles in a photocatalytic water splitting
system that requires energy to separate H, from O, is that H,
and O, are evolved in the same reaction chamber.®! Recently,
the evolution of H, and O, in different reaction chambers has
been studied using photoelectrodes fabricated by sintering
semiconductor particles.’! Except for the Z-Scheme reaction
system, such systems do not require cathode irradiation
because hydrogen evolution occurs by a dark reaction.
Therefore, the optimization of a reaction cell design that
can effectively use light for water splitting is expected. In this
study, we propose that the simultaneous evolution of H, and
O, can be realized without an electric wire connecting the
anode and the cathode and with space conserved for light
irradiation on the anode side through the use of two sides of
the same semiconductor substrate. In the present study, we
describe a plasmon-induced water splitting system that
responds to visible light and is based on gold nanoparticles
(Au-NPs) loaded onto SrTiOj; single-crystal substrates. We
also demonstrate the successful separation of H, and O, in
different chambers using both sides of the same substrate.

A scanning electron microscope image of Au-NPs on
a 0.05 wt% niobium-doped strontium titanate (Nb-SrTiO;)
single-crystal substrate is shown in Figure 1a. In this study,
S1TiO; was employed for the semiconductor substrate
because the conduction band energy is negative as compared
to the redox potential of H,. The average size of the Au-NPs is
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Figure 1. a) Scanning electron microscope image of Au-NPs on Nb-
SrTiO; prepared by anneal method (the scale bar is 200 nm). b) Extinc-
tion spectrum of the Au-NPs on Nb-SrTiOs. c) A schematic illustration
of the water splitting device using the Au-NP-loaded Nb-SrTiO; photo-
electrode.

52 nm, and the standard deviation of the structural size is
estimated to be 10nm. Figure 1b shows the extinction
spectrum of the Au-NPs on the Nb-SrTiO; substrate. A
localized surface plasmon resonance (LSPR) band at 630 nm
is clearly visible. A schematic illustration of the water splitting
system based on the Au-NP-loaded Nb-SrTiO; substrate is
shown in Figure 1c. In the front chamber, O, evolution is
expected to follow the plasmon-induced charge separation
and the subsequent water oxidation. The evolution of H, is
expected in the back chamber because of the reduction of
protons by photogenerated electrons injected into the con-
duction band of Nb-SrTiO; at the Pt surface, which was used
as a reduction co-catalyst.'""! To maintain the charge balance
between these compartments, a conventional salt bridge
containing 2 wt % agar was employed.

Figure 2a depicts the irradiation time dependence of H,
and O, evolution in the backside and frontside chambers,
respectively. Experimental details about the quantitative
determination of H, and O, evolution are given in the
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Figure 2. a) An irradiation time dependence of H, (red circle) and O,
(blue circle) evolution obtained in back and front side chamber,
respectively. b) The action spectrum of H, evolution with several
wavelength regions using a histogram. The solid line indicates the
LSPR band already shown in Figure 1b.
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Supporting Information. The pH value was adjusted to 1 on
the H,-evolution side, whereas the pH value on the O,-
evolution side was adjusted to 13. A xenon light spectrally
filtered over the wavelength range of 450 to 850 nm was used
to irradiate the Au-NPs and induce LSPR. Under the
irradiation conditions, the evolution of H, and O, increased
linearly with increasing irradiation time. As for the time
dependence of H, and O, evolutions, linearity was maintained
in the irradiation time, and it was not a quantity of evolution
to the extent that pH changes. Actually, we confirmed that the
pH value did not change before or after the irradiation. In
a separate experiment, we confirmed that neither H, nor O,
was evolved from a Nb-SrTiO; substrate without Au-NPs
under the same irradiation conditions. No production of H, or
O, was observed in the absence of irradiation for an extended
period (6 h), even when the Au-NP-loaded Nb-SrTiO; sub-
strate was used. Figure 2a shows that the quantity of H,
evolved from the surface of Pt, which was used as a reduction
co-catalyst, is twice the quantity of O, evolved from the Au
nanostructured surface. Therefore, the stoichiometric evolu-
tion of H, and O, was clearly demonstrated in the water
splitting system based on the Au-NP-loaded Nb-SrTiO;
single-crystal substrate.

The histogram in Figure 2b shows the action spectrum of
H, evolution. The pH conditions used were a pH of 1 for the
H,-evolution side and a pH of 13 for the O,-evolution side. In
the 600 £+ 50 nm, 700 + 50 nm, and 800+ 50 nm wavelength
regions, the evolution efficiency (mol per hour) of H, is in
approximate agreement with the LSPR band indicated by the
solid line in Figure 2b, whereas the evolution efficiency of H,
in the 500+ 50 nm wavelength region is higher than that
indicated by the spectrum of the Au-NPs on the Nb-SrTiO;.
This result indicates that H, and O, evolution was induced not
only by LSPR excitation but also by the direct excitation of
the interband transition from the d-bands to the sp-conduc-
tion band of gold in the 500 & 50 nm wavelength region. Thus,
the H,-evolution efficiency in the shorter-wavelength region
is higher than that in the longer-wavelength region. Notably,
the water splitting is closely related to the LSPR excitation
because the evolution efficiency of H, is strongly dependent
on the LSPR band.

To further understand this system in detail, we performed
a pH-dependence experiment to investigate the effect of the
chemical bias on the water splitting. In the experiment,
a xenon light spectrally filtered over the wavelength range of
550 nm to 650 nm with an intensity of 0.32 Wcm™ was used
for the LSPR excitation. Figure 3a indicates the representa-
tive irradiation time dependence of H, and O, evolution at the
pH combination of 1 and 13. The evolution of both H, and O,
increases linearly with increasing irradiation time, and the
quantity of H, evolved is twice that of O, evolved, which is
analogous to the results in Figure 2 a. Figure 3b shows the pH
dependence of the H, and O, evolution efficiency. The pH
value on the O,-evolution side was fixed at 13, as indicated by
the blue background in Figure 3b, which is the condition that
preferentially induces water oxidation. The evolution effi-
ciency of H, is twice that of O, at the observed pH value.
However, the evolution efficiency of both H, and O,
gradually decreased with increasing pH value on the H,-
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Figure 3. a) An irradiation time dependence of H, (red circle) and O,
(blue circle) evolution at the pH combination of 1 and 13 under the
conditions that the xenon light spectrally filtered to the wavelength
from 550 to 650 nm with an intensity of 0.32 Wem™? was irradiated.
b) The pH dependence of the H, (full circle and square) and O,
(empty circle and square) evolution efficiency under the conditions
that the pH value in the H, evolution side is fixed at 1 as plotted on
red background and the pH value in the O, evolution side is fixed at
13 as plotted on blue background, respectively.

evolution side, and no production of H, or O, was observed at
a pH value of 4. Therefore, a chemical bias was required in the
water splitting in this system of at least 0.59V, which
corresponds to the difference between pH3 and pH 13.
However, a pH value of 1 was fixed on the H,-evolution side,
as indicated by the red background in Figure 3b, which is the
condition that preferentially induces H, evolution. Similarly,
the evolution efficiency of H, was twice that of O, at the
observed pH value. In contrast, the evolution efficiency of
both H, and O, gradually decreased with decreasing pH value
on the O,-evolution side. However, the evolution of both H,
and O, was still observed, even at a pH of 6.8 using pure
water. In addition, neither H, nor O, evolution was observed
at a pH of 6. Therefore, in this system, a chemical bias was
required in the water splitting of at least 0.34 V, which
corresponds to the difference between pH1 and pH 6.8.
Therefore, the chemical bias required for the water splitting
changes as the fixed pH value in the chamber changes.

To further explore the limiting pH conditions for H, and
O, evolution, the pH values on the H,- and O,-evolution sides
were fixed at 3 and 6.8, respectively, which are the minimum
acidic and alkaline conditions observed in the previous
experiments to promote evolution of H, and O,, respectively.
The irradiation time dependence of H, and O, evolution is
shown in Figure 4 a. The results confirm that the evolution of
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Figure 4. a) An irradiation time dependence of H, (red circle) and O,
(blue circle) evolution at the pH combination of 3 and 6.8. b) The pH
dependence of the H, (full circle and square) and O, (empty circle and
square) evolution efficiency under the conditions that the pH value in
the H, evolution side is fixed at 3 as plotted on yellow background and
the pH value in the O, evolution side is fixed at 6.8 as plotted on
green background, respectively.
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both H, and O, increased approximately linearly with
increasing irradiation time and that the efficiency of H,
evolution was twice that of O, evolution. The pH dependence
is shown in Figure 4b, which is summarized as being
analogous to Figure 3b. The evolution efficiency of both H,
and O, gradually decreased with increasing pH on the H,-
evolution side, and no production of H, or O, was observed at
pH 4. When the pH value was set to 4 on the H,-evolution
side, the water splitting did not proceed at either pH value on
the O,-evolution side. This result indicates that the reaction
rate of hydrogen evolution is the rate-determining process in
water splitting. In addition, the absolute efficiency is signifi-
cantly lower than the previous data because of the insufficient
chemical bias applied to that system. In the case where the pH
value on the H,-evolution side was fixed, water splitting was
induced, even at a pH combination of 3 and 6.8, which
corresponds to a minimum chemical bias of 0.23 V in this
plasmon-assisted water splitting system.['!] As far as we know,
this chemical bias is the smallest value reported for a water
splitting system driven by visible-light irradiation.

The pH dependence experiments clearly demonstrated
that the pH dependence of water splitting exhibits an
asymmetrical response. The mechanism for water oxidation
is considered to rely on the adsorption of OH™ onto the
surface of SrTiO,, close to the Au-NPs. In addition, the
efficiency of O, evolution is strongly dependent on the
concentration of OH™, as defined by the pH value, because
the adsorbed hydroxyl ions must be oxidized by multiple
electron holes to evolve oxygen.” However, under neutral
conditions, such as pH 6.8, the surface concentration of OH™
is lower than that under alkaline conditions. Water molecules
must dissociate to form adsorbed OH™ on the surface of
S1TiO;, thereby resulting in the observation that the reaction
rate of water oxidation is lower than that of OH™ oxidation.
Notably, the effective water-splitting process proceeds under
neutral conditions in the present system, which suggests that
water molecules could be directly oxidized by the plasmon-
induced water splitting system. Thus, the efficient oxidation of
water and OH™ also requires highly concentrated electron
holes at a local site because multiple electron-transfer
processes are required with two water molecules or four
OH" groups. The possibility exists that the LSPR generates
multiple holes at the plasmonically enhanced optical near-
field because of an efficient charge separation and that the
multiple holes trapped at the surface states of SrTiO; near the
hot site might be stored at a local site of the SrTiO;. The
stored multiple holes confined at a local site of the SrTiO;
may be able to accelerate the oxidation of water or OH™ and
the subsequent evolution of oxygen.

Figure 5 illustrates the energy diagram of the plasmon-
induced water splitting system based on the Au-NP-loaded
SrTiO; photoelectrode at the pH combination of 3 and 6.8.
We hypothesized that an excited electron is transferred into
the conduction band of SrTiO; immediately following the
inter- or intraband transition of the Au-NPs induced by the
plasmonically enhanced optical near-field or by hot electron
transfer, thus leaving an electron hole trapped at the surface
state of the SrTiO; near the Au/SrTiOs/water interface. The
trapped holes can subsequently induce efficient oxidation of
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Figure 5. Energy diagram of the plasmon-induced water splitting
system using Au-NPs loaded SrTiO; substrate at the pH combination
of 3 and 6.8. The flat band potential of SrTiO; at pH 6.8 was estimated
as —0.601 V vs. standard hydrogen electrode (SHE) because the
potential of the conduction band of SrTiO; is known to be —0.2 V vs.
SHE at pH 0. The difference in the potential of 0.401 V is due to pH
difference.

hydroxyl ions by multi-electron transfer.'® However, the
photogenerated electrons injected into the conduction band
of StTiO; induce the reduction of a proton at the Pt surface to
adhere to the backside of the SrTiO; photoelectrode. Thus,
plasmon-induced water splitting was clearly demonstrated,
and the efficient water oxidation due to the plasmon effect
reduced the chemical bias by 0.23 V.

In conclusion, we successfully developed a simple plas-
mon-induced water splitting system without an external
electrochemical apparatus by using two sides of the same
SrTiO; single-crystal substrate. The huge advantage using
plasmonic Au nanostructures is stable over time unlike
molecular sensitizers and its resonant wavelength can be
tuned by simply changing their shape and/or size to cover
a large part of the solar spectrum. Actually, we confirmed the
stability of the plasmon-assisted water splitting system with
a longer time irradiation. The linear relationship of both H,
and O, evolution was obviously observed even with an
irradiation of 48 h as described in the Supporting Information.
A stoichiometric evolution of H, and O, was simultaneously
obtained from two separate solution chambers. The separate
evolution of H, and O, is expected to suppress the recombi-
nation of the two gases. Even the irradiation of the
unprecedented long wavelength from 750 to 850 nm suc-
ceeded in water splitting. The mechanism for the water
splitting device occurs through plasmon-induced charge
separation at the Au-NP/SrTiO; interface, thereby promoting
water oxidation and subsequent reduction of a proton on the
backside of the SrTiO; substrate. The pH dependence experi-
ments revealed that the chemical bias is substantially reduced
by plasmonic effects up to 0.23 V because of efficient water
oxidation. Although the apparent quantum efficiency is still
low (44x10*% at 600nm), these results indicate the
possibility of constructing an efficient artificial photosynthesis
system that responds to visible and near-infrared light and
does not need the chemical bias through the combination of
an efficient co-catalyst for H, evolution on the backside of
a SrTiO; substrate as well as understanding the detailed
mechanism.
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Experimental Section

Preparation of Au-NPs on a SrTiO; substrate: Single-crystal stron-
tium titanate (SrTiO;, 0.05 wt% niobium doped, 10 x 10 x 0.5 mm?,
Furuuchi Chemical) with a (110) surface was used as a semiconductor
substrate for water splitting. The SrTiO; substrate was rinsed with
acetone, methanol, and deionized water in an ultrasonic bath for
5 min and was dried under a flow of pure nitrogen. A thin gold film
(3 nm) was deposited onto the front side of the SrTiO; by helicon
sputtering (MPS-4000, ULVAC) at a deposition rate of 1 As™' and
was annealed at a temperature of 800°C for 1h in a nitrogen
atmosphere to load the Au-NPs onto the SrTiO; surface.'¥ The Au-
NPs on the SrTiO; surface were observed by field-emission scanning
electron microscopy (FE-SEM, JSM-6700FT, JEOL). The maximum
resolution attainable at an electron acceleration voltage of 15 kV was
1 nm.

Construction of the water splitting device: An In-Ga alloy (4:1
weight ratio) paste was applied to the backside of the SrTiO; substrate
to form Ohmic contacts. Subsequently, a Pt board (10 x 10 x 0.5 mm?,
99.98 %, Nilaco Corporation) was adhered to the backside of the
substrate by the Ag paste (D-550, Fujikura Kasei). The water splitting
device contained sealed reaction cells with two solution compart-
ments separated by the SrTiO; substrate. The Au-NP-loaded surface
was on the front side of the photoelectrode, which was irradiated by
visible light to induce O, evolution, whereas a Pt board was used for
H, evolution on the backside. To adjust the chemical bias between the
H,- and O,-evolution chambers, the pH was regulated using arbitrary
concentrations of hydrochloric acid (HCI) and potassium hydroxide
(KOH) aqueous solutions. The volume of H,- and O,-evolution
chambers are 600 and 230 pL, respectively. To maintain the charge
balance between the chambers, a salt bridge with 2 wt% agar was
used. The pH values of the solutions were examined using a pH meter
(AS600, AS ONE).
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