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Plasmon-induced hot electron transfer has received considerable 
attention as a novel mechanism for optoelectronics devices, 
photovoltaics and artificial photosynthesis1–5. However, a single 

layer of gold nanoparticles (Au NPs) cannot efficiently harvest light. 
To improve the light utilization efficiency, photoelectrodes with 
three-dimensional architectures were developed6–10. Among these, 
plasmonic absorbers using dipole–image interactions are extremely 
effective for an efficient light absorption, even with a small TiO2 
thickness, and this approach was recently applied to photocurrent 
generation and water splitting8,9.

Here we demonstrate highly efficient light-harvesting photo-
anodes with a responsivity over a broad range of wavelengths by 
strongly coupling Au NPs and a nanocavity for application in a 
water-splitting system. The strong coupling between the localized 
surface plasmon resonance (LSPR) and optical modes, such as 
waveguide modes or surface plasmon Bloch waves, has been uti-
lized for broad-wavelength light-responsive optical antennae11–14. 
We fabricated a Au-NP/TiO2/Au-film structure and demonstrated 
the strong coupling between the Fabry–Pérot nanocavity modes 
and LSPR. We then explored the influence of the strong coupling on 
the water-splitting efficiency.

Strong coupling in Au-NP/TiO2/Au-film
Figure 1a shows a schematic illustration of the Au-NP/TiO2/Au-film 
structure with partially inlaid Au NPs. The Au-NP/TiO2/Au-film 
can be used for light-harvesting optical elements or as a photoelec-
trode for light-energy conversion devices. Due to the large refractive 
index of TiO2 (2.4 at 600 nm) and the phase change of reflection at 
the TiO2/Au-film interface15, a TiO2/Au-film with a TiO2 thickness 
of only several tens of nanometres can support the lowest-order 
cavity mode at visible-light wavelengths. The reflection spectrum 
calculated by the finite-difference time-domain (FDTD) method 
(Supplementary Note 1) reveals the cavity mode in the TiO2 film 
(Supplementary Fig. 1). In typical Au-NP/TiO2 heterojunctions, 
Au NPs are decorated on top of the TiO2 film8,9, but the interaction 

of the cavity mode and the LSPR is weak. Therefore, we partially 
inlaid the Au NPs into the TiO2 thin film to enhance the interaction 
between the cavity mode and LSPR.

The average Au NP size analysed by scanning transmission elec-
tron microscopy (STEM) was 12 nm. The surface morphology of the 
Au NPs was characterized by scanning electron microscopy, which 
also indicates that the average size of the Au NPs was 12 nm with a 
s.d. of 5.5 nm (Supplementary Fig. 2). Figure 1b shows photographs 
of the Au-NP/TiO2/Au-film samples with inlaid depths of 0, 7 and 
14 nm. In contrast to the yellow TiO2/Au-film without Au NPs, the 
Au-NP/TiO2/Au-film structures appear black, which indicates a 
strong light absorption. A photograph of Au-NP/TiO2/SiO2 without 
the Au film is also shown for comparison and clearly confirms that 
the substrate is translucent, as the single layer of Au NPs does not 
absorb much light, which can also be confirmed by the absorption 
spectra (Supplementary Fig. 3). To understand the effect of the TiO2 
layer on the optical responses, we fabricated Au-NP/TiO2/Au-film 
structures with different TiO2 thicknesses (19–44 nm) and com-
pared the absorption spectra (Fig. 1c). The absorption spectrum 
was obtained by measuring the transmittance T and reflectance R 
and calculating ‒log (T +  R) as a function of wavelength. The inlaid 
depth of the Au NPs was maintained at 7 nm. Absorption at wave-
lengths shorter than 500 nm can mainly be assigned to the interband 
transition of Au, which is clearly observed in the absorption spec-
trum of the Au-only film (Supplementary Fig. 3a). At wavelengths 
longer than 550 nm, distinct dual bands appear at a TiO2 thickness 
greater than 25 nm, which is akin to the strong-coupling-induced 
energy-level splitting into upper and lower modes, and they gradu-
ally disappear at a TiO2 thickness greater than 30 nm, which finally 
shows only an uncoupled LSPR band.

Figure 1d shows a dispersion curve obtained by plotting the peak 
energy of the absorption spectra as a function of the wavenumber 
of the cavity resonances in Au-NP/TiO2/Au-films with various TiO2 
thicknesses. The cavity resonance wavenumbers were obtained 
by the peak separation based on a Lorentzian fitting because the 

Enhanced water splitting under modal strong 
coupling conditions
Xu Shi   1, Kosei Ueno   1, Tomoya Oshikiri   1, Quan Sun   1, Keiji Sasaki1 and Hiroaki Misawa   1,2*

Strong coupling between plasmons and optical modes, such as waveguide or resonator modes, gives rise to a splitting in the 
plasmon absorption band. As a result, two new hybrid modes are formed that exhibit near-field enhancement effects. These 
hybrid modes have been exploited to improve light absorption in a number of systems. Here we show that this modal strong 
coupling between a Fabry–Pérot nanocavity mode and a localized surface plasmon resonance (LSPR) facilitates water splitting 
reactions. We use a gold nanoparticle (Au-NP)/TiO2/Au-film structure as a photoanode. This structure exhibits modal strong 
coupling between the Fabry–Pérot nanocavity modes of the TiO2 thin film/Au film and LSPR of the Au NPs. Electronic excitation 
of the Au NPs is promoted by the optical hybrid modes across a broad range of wavelengths, followed by a hot electron transfer 
to TiO2. A key feature of our structure is that the Au NPs are partially inlaid in the TiO2 layer, which results in an enhancement 
of the coupling strength and water-oxidation efficiency. We observe an 11-fold increase in the incident photon-to-current con-
version efficiency with respect to a photoanode structure with no Au film. Also, the internal quantum efficiency is enhanced  
1.5 times under a strong coupling over that under uncoupled conditions.

NATUrE NANOTEcHNOlOgy | www.nature.com/naturenanotechnology

mailto:misawa@es.hokudai.ac.jp
http://orcid.org/0000-0002-6353-5470
http://orcid.org/0000-0002-4882-7854
http://orcid.org/0000-0002-1268-0256
http://orcid.org/0000-0001-5413-8038
http://orcid.org/0000-0003-1070-387X
http://www.nature.com/naturenanotechnology


Articles NATuRE NANOTEcHNOLOgy

cavity mode and the interband transition of the Au-film over-
lap (Supplementary Fig. 4). Note that no meaningful data points  
could be recorded for the upper branch when it overlaps with the 
interband transition of Au. The energy splitting was calculated to be 
320 meV using a coupled harmonic oscillator model (Supplementary 
Note 2)11. From the comparison between the splitting energy 
and linewidths of the nanocavity, as well as the LSPR modes, 
the Au-NP/TiO2/Au-film structure fulfils the strong coupling  
conditions (Supplementary Note 3). Based on the divided absorp-
tion spectra, an energy diagram of the Au-NP/TiO2/Au-film is pro-
posed in Fig. 1e. When the cavity mode in TiO2 overlaps the LSPR of 
the Au NPs, hybrid modes with upper and lower branches separated 
by an energy splitting are formed.

To elucidate the influence of partially inlaying Au NPs into the 
TiO2 nanocavity on the strong coupling, we measured the ‒log 
(T +  R) spectra of Au-NP/TiO2/Au-film structures with different 
inlaid depths (Fig. 2a). The LSPR bands of the partially inlaid Au 
NPs were measured using the same partially inlaid Au-NP struc-
tures on 28 nm-TiO2/SiO2 without the Au film. As the inlaid depth 
of the Au NPs increased, the LSPR bands of the Au NPs gradually 
split; the longer wavelength bands showed larger redshifts (from 
630 to 740 nm) and increased in absorption, whereas the shorter 
wavelength band did not significantly change. Interestingly, the 
absorption bandwidth of the Au-NP/TiO2/Au-film with partially 
inlaid Au NPs increased, and obvious dual-band absorption spectra 
were observed for the inlaid depths of 7 and 14 nm. Furthermore, 
in this regime, more than 98% of the light was absorbed, as can be 
seen for the Au-NP/TiO2/Au-film with an inlaid depth of 7 nm. The 

spectra were successfully fitted by two peaks, which are superim-
posed in each panel of Fig. 2a.

We performed photoelectrochemical measurements to deter-
mine the light-harvesting performance of the developed photo-
anodes using a three-electrode system. Importantly, we did not use 
a sacrificial electron donor and, therefore, water oxidation occurs 
as a half reaction of water splitting16,17. An indium-doped tin oxide 
(ITO) substrate was employed as a transparent base substrate in 
the photoelectrochemical measurements. Figure 2b shows the inci-
dent photon-to-current conversion efficiency (IPCE) spectra of 
Au-NP/TiO2/Au-film with different Au-NP inlaid depths, which 
correspond to those in Fig. 2a. To show the strong absorption-
enhanced photocurrent conversion, the IPCE spectra of Au-NP/
TiO2/ITO are presented at the bottom panel of Fig. 2b for com-
parison. Only a small and narrow plasmon-enhanced IPCE spec-
tral band at approximately 600 nm was observed. In the case of the 
Au-NP/TiO2/Au-film structures with all the inlaid depths, nota-
ble IPCE values (higher than 0.5%) can be observed. For a 0 nm 
inlaid depth, the IPCE spectrum was broadband and closely cor-
responded to the absorption spectrum. For a 3.5 nm inlaid depth, 
a more intense IPCE spectrum with a broader spectral band was 
observed. When the Au-NP inlaid depth was increased to 7 nm, an 
obvious dual-band IPCE spectrum appears with bands at approxi-
mately 580 nm and 725 nm, which corresponds to the dual-band 
absorption spectrum. Importantly, the IPCE spectrum could also 
be separated into two peaks, which are superimposed in each panel 
of Fig. 2b. However, the further inlaying of Au NPs up to 14 nm 
resulted in a decrease in the IPCE value by a factor of ~2.3 compared  
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Fig. 1 | Au-NP/TiO2/Au-film with an ultrathin TiO2 film. a, Schematic of the Au-NP/TiO2/Au-film with partially inlaid Au NPs. b, Photographs of Au-NP/
TiO2/Au-film structures with inlaid depths of 0, 7 and 14 nm (left panel). Photographs of the 28 nm-TiO2/Au-film structure without Au NPs and the Au-
NP/28 nm-TiO2 structure without the Au film are included for comparison. c, Absorption spectra of the Au-NP/TiO2/Au-film structures with various 
TiO2 thin-film thicknesses. The inlaid depth of the Au NPs was maintained at 7 nm. d, Dispersion curve of the splitting absorption band. The energies of 
the coupling states (upper branch and lower branch) were obtained from the splitting absorption bands. The red curves are the fittings using a coupled 
harmonic oscillator model. The blue dashed line depicts the LSPR energy of the Au NPs. e, Energy-level diagram of the strong coupling between the cavity 
mode in the TiO2 film and the plasmon resonance of the Au NPs. The ωsp and ωcavity are the resonant frequencies of plasmon and Fabry–Pérot nanocavity 
modes, respectively.
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to that with an inlaid depth of 7 nm, as the water oxidation reac-
tion is suppressed by a larger Au-NP inlaid depth. The photo-
current generation at wavelengths longer than 500 nm can be 
attributed to a plasmon-induced charge separation at the Au-NP/
TiO2 interface16,18. Hence, the three-phase boundary of the Au NPs, 
TiO2 and aqueous solution plays an important role in the plasmon-
induced water oxidation reaction. For the 14 nm inlaid Au-NP/
TiO2/Au-film, the larger inlaid depth of the Au NPs reduced the 
three-phase boundary, which resulted in a decreased photocur-
rent. The averaged IPCE value from 400 to 900 nm shows a better 
comparison of the photocurrent generation efficiency for various 
inlaid depths of the Au-NP/TiO2/Au-film, and the Au-NP/TiO2/Au 
film with a Au-NP inlaid depth of 7 nm shows the highest averaged 
IPCE value (Supplementary Fig. 5).

The IPCE value at the maximum wavelength for the Au-NP/
TiO2/Au-film with an inlaid depth of 7 nm was almost eightfold 
higher than that for the Au NPs on 28 nm-TiO2/ITO without the Au 
film. By integrating the IPCE spectrum from 400 nm to 900 nm, the 
value increased 11-fold.

Note that the partially inlaid Au NPs play a key role in the strong 
coupling in our Au-NP/TiO2/Au-film structure (Fig. 2a,b), because 
of a larger overlap between the cavity mode and the Au NPs. To con-
firm the presence of inlaid Au NPs, a cross-section of partially inlaid 
Au NPs with a depth of 7 nm was characterized by STEM (Fig. 2c). 
The corresponding energy-dispersive X-ray spectroscopy mapping 
is given in Fig. 2d and clearly shows that Au NPs are partially inlaid 
into TiO2. The inlaid depth was estimated to be 7 nm by electron 
energy loss spectroscopy (Supplementary Fig. 6).

A previous study reported that the origin of the strong absorp-
tion in a similar metal–insulator–metal structure with a thin 
insulator film (about tens of nanometres) was attributed to the 
dipole–image interaction8,10. To verify whether the splitting of the 
observed absorption and IPCE spectra is due to strong coupling 
between the nanocavity and LSPR, we investigated the Au-NP/TiO2/
Au-film with thick TiO2 films (> 130 nm), maintaining the inlaid 
depth at 7 nm, because the second-order Fabry–Pérot nanocavity 

mode can eliminate the effect of the dipole–image interaction. The 
absorption spectra and corresponding IPCE spectra are shown in 
Fig. 3a,b, respectively. The cavity mode redshifts as the TiO2 thick-
ness increases. Obvious dual bands are observed at wavelengths 
longer than 550 nm, especially when the cavity mode overlaps with 
the LSPR of the Au NPs (centred at ~670 nm), which is superim-
posed in the bottom panel of Fig. 3a. The absorption spectra could 
also be fitted by two peaks. The strong absorption at wavelengths 
shorter than 500 nm is primarily attributed to the Au interband 
transition. For the Au-NP/TiO2/Au-film with a 136 nm-thick TiO2 
film, one absorption band is located at ~550 nm with a small shoul-
der at ~670 nm. As the TiO2 thickness increases, the cavity modes 
gradually overlap with the LSPR, which results in absorption band 
splitting. An almost zero detuning is observed for the Au-NP/TiO2/
Au-film with a 168 nm-thick TiO2 film. At TiO2 thicknesses greater 
than 168 nm, the absorption band splitting gradually disappears 
due to the large detuning. To confirm the dual-band absorption, we 
performed a FDTD simulation, which closely reproduced the dual-
band absorption of the Au-NP/TiO2/Au-film with an inlaid depth 
of 7 nm (Supplementary Fig. 7). Figure 3c shows a dispersion curve 
obtained by the same method used for Fig. 1d. The cavity resonance 
wavenumbers were estimated by the absorption spectrum measure-
ments (Supplementary Fig. 8).

The splitting energy was estimated to be approximately 215 meV, 
smaller than the Au-NP/TiO2/Au-film with a thinner TiO2 film 
(320 meV (Fig. 1d)). The resonant wavelengths at zero detuning of 
the thinner (λthin) and thicker (λthick) cavities were 640 and 670 nm, 
respectively. The thinner and thicker cavities can be ascribed to 
a quarter-wave resonator and a second-order-mode resonator, 
respectively. Therefore, the ratio of mode volumes of the thinner 
(Vthin) and thicker (Vthick) cavities can be expressed by the equation:
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Fig. 2 | Au-NP inlaid depth dependence of the absorption and IPcE action spectra. a, Absorption spectra, calculated by –log (T +  R), of the Au-NP/TiO2/
Au-film structures with varying Au-NP inlaid depths. The thickness of TiO2 was 28 nm. The absorption spectra of Au-NP/TiO2/SiO2 with the same inlaid 
Au NPs are plotted as dashed lines. The cyan and magenta curves indicate the Lorentz fitting of the dual absorption bands. b, IPCE spectra of Au-NP/
TiO2/Au-film photoelectrodes with different inlaid depths, which correspond to those in a. The cyan and magenta curves indicate the Lorentz fitting of the 
dual IPCE bands. The open circle plot represents the IPCE spectrum of Au-NP/TiO2/ITO with an inlaid depth of 0 nm. Note that the y axis was rescaled for 
better comparison. c, Cross-section of Au NP with an inlaid depth of approximately 7 nm. d, Energy-dispersive X-ray spectrometry mapping of the cross-
section of c. The green, red and black colours depict Ti, Au and C elements, respectively.

NATUrE NANOTEcHNOlOgy | www.nature.com/naturenanotechnology

http://www.nature.com/naturenanotechnology


Articles NATuRE NANOTEcHNOLOgy

where nc and S are the effective refractive index and cross-section 
of the nanocavity, respectively. For a two-level system at the reso-
nance of a certain cavity mode, the splitting energy is proportional 
to the reciprocal of the square root of the mode volume (

V
1 ) (ref. 19)  

Therefore, the splitting energy ratio in the Au-NP/TiO2/Au-film 
with thin and thick TiO2 films was estimated to be below 1.8, which 
roughly corresponds to the value of the experimental splitting 
energy ratio Ω

Ω
ℏ
ℏ

thin

thick
 of 1.5.

Importantly, the IPCE bands show a similar trend to that of the 
absorption spectra (Fig. 3b). For the Au-NP/TiO2/Au-film with a 
136-nm-thick TiO2 film, only one IPCE band is observed at approx-
imately 550 nm with a small shoulder at 660 nm. As the TiO2 thick-
ness increases, the IPCE bands become broader and display dual 
bands (Fig. 3b). The dual-band IPCE spectrum indicates that the 
lower branch as well as the upper branch of the strong coupling can 
induce charge separation at the Au-NP/TiO2 interface. The IPCE 
value at the upper branch (shorter wavelength) of the strong cou-
pling was higher than that at the lower branch (longer wavelength), 
as a higher photon energy is thermodynamically favourable for water 
oxidation. The averaged IPCE values from 400 to 900 nm were again 
employed for a better comparison of the photocurrent generation 
efficiency of Au-NP/TiO2/Au-film with various TiO2 thicknesses. 
The highest averaged IPCE value was found for the Au-NP/TiO2/
Au-film with a TiO2 thickness of 168 nm (Supplementary Fig. 9). 
This can be explained by the difference in the optical mode intensity 
along the cavity length, because the range in which the Au NPs are 
inlaid shows a relatively stronger optical mode intensity when the 
TiO2 thickness is 168 nm (Supplementary Note 4).

Effect of strong coupling on internal quantum efficiency
In the above experiments, the strong coupling was verified using a cav-
ity with a thick TiO2 film, and the absorption and IPCE action spectra 
splitting was confirmed, as in the Au-NP/TiO2/Au-film with a thinner 
TiO2 film. These results indicate that the strong coupling between the 
nanocavity and the LSPR is the main mechanism in this system, rather 
than an image–dipole interaction. The electronic excitations of the 
Au NPs were promoted at both hybrid-state wavelengths, and subse-
quent electron transfer to TiO2 and water oxidation at the three-phase 
boundary were induced. Note that the photocurrent generation was 
enhanced at both wavelength regions of the upper and lower branches.

Comparing the enhancement of the averaged IPCE and absorp-
tion of the Au-NP/TiO2/Au-film and Au-NP/TiO2 structures with 
the same inlaid depth of 7 nm, the enhancement of the averaged 
IPCE is 1.5 times greater than that of the averaged absorption in 
the wavelength range from 500 nm to 900 nm, which is the wave-
length region related to the strong coupling. Therefore, an enhance-
ment is expected in the internal quantum efficiency (IQE), which 
is obtained by dividing the IPCE value by the absorption (repre-
sented as 1– T – R, where T is transmittance and R reflectance).  
Figure 4a–c shows the 1 – T – R spectra measured under the same 
conditions as the photocurrent measurements, the IPCE action  
spectra and the IQE spectra of the Au-NP/TiO2/Au-film and  
Au-NP/TiO2 photoelectrodes with the same TiO2 thickness of  
28 nm and Au-NP inlaid depth of 7 nm. The IPCE action spectra 
of both the Au-NP/TiO2/Au-film and the Au-NP/TiO2 photo-
electrodes show a spectral shift to longer wavelengths compared 
with their 1 – T – R spectra. The observed spectral redshift can be 
explained mostly by the fact that irradiating light at longer wave-
length than the plasmon resonance wavelength favours the electron 
transfer from Au NPs to TiO2 (ref. 20). As a result, the IQE spectra 
show a further spectral shift to the longer wavelength region, as the 
spectra are obtained by dividing the corresponding IPCE action 
spectrum by the 1 –T – R spectrum. Note that the IQE enhance-
ment compared at each peak wavelength is estimated to be 1.5 at 
both the upper and lower branches. This indicates that the strong 
coupling has a role in promoting photocurrent generation. The 
time-resolved photoemission electron microscopy (TR-PEEM) 
measurement (Supplementary Note 5) demonstrated that the 
dephasing time under strong coupling is apparently shorter than 
that of regular LSPR and ranged from 7.0 fs to 4.5 fs (Supplementary 
Fig. 12), which may be attributed to the promotion of electron–
hole pair formation rather than other relaxation processes, such as  
electron–electron scattering, as well as a quicker electron release 
under the strong coupling than under the regular LSPR. It can be 
deduced that this contributes to the increase in the IQE.

Water splitting using the two-electrode system
Two-electrode photoelectrochemical water splitting was also exam-
ined on the Au-NP/TiO2/Au-film structure with 28 nm TiO2 and 
7 nm inlaid Au NPs, as shown in the schematic in Fig. 5a. Figure 5b  
shows the irradiation-time dependence of H2 and O2 evolution 
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under visible-light irradiation (λ >  400 nm). Under the irradiation 
conditions, H2 and O2 evolution from the Au-NP/TiO2/Au-film 
system was stable and linearly proceeded with irradiation time at 
rates up to 90 nmol h−1 W−1 and 43 nmol h−1 W−1, respectively. The 
quantity of H2 evolved from the Pt wire is nearly twice the quantity 
of O2 formed on the Au-NP/TiO2 surface, which exhibits a stoichio-
metric evolution of H2 and O2 in the Au-NP/TiO2/Au-film water-
splitting system. In the wavelength range 450–750 nm, the Faraday 
efficiency was estimated to be approximately 82%. The action 
spectrum of H2 evolution depicted in Fig. 5c corresponds well to 
its absorption spectrum. We performed a control experiment of H2 
evolution using the Au-NP/TiO2 photoelectrode with the same Au 

NP inlaid depth of 7 nm under the same experimental conditions. 
Under the irradiation using a wavelength range of 400–850 nm, the 
evolution rate from the Au-NP/TiO2 system was measured to be 
14.3 nmol h−1 W−1, which is lower than that from the Au-NP/TiO2/
Au-film system (90 nmol h−1 W−1). We also confirmed that neither 
H2 nor O2 was observed from the TiO2/Au-film substrate without 
Au NPs under the same irradiation conditions.

conclusions
In summary, we have demonstrated strong-coupling-induced 
absorption band splitting in Au-NP/TiO2/Au-film structures with 
only a monolayer of Au NPs. Strong light absorption, higher than 
98%, at both the upper and lower branches of the coupled states 
was achieved due to the strong coupling between the cavity mode 
and LSPR of the Au NPs. Notably, the Au NPs partially inlaid in the 
TiO2 nanocavity thin film played a key role in the strong coupling as 
well as in the plasmon-induced water-splitting reaction. We found 
that both the upper and lower branches of the strongly coupled 
system can promote electron transfer from the Au NPs to TiO2 for 
the plasmon-induced water-splitting reaction, resulting in an IQE 
enhancement up to 1.5 times higher at both the upper and lower 
branch wavelengths. We envision that this kind of strongly coupled 
plasmonic structures can be used in practical thin-film solar energy 
conversion and photoelectric devices.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41565-018-0208-x.
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Methods
Methods and any associated references are available in the online version of the 
paper.

Preparation and characterization of Au-NP/TiO2/Au-film substrates. Silica 
glass substrates with a size of 10 ×  10 ×  0.5 mm3 were sequentially rinsed with 
acetone, methanol and deionized water in an ultrasonic bath for 5 min and then 
dried with a pure nitrogen flow. A 100 nm Au film was sputtered on the surface 
of the silica glass using a Helicon sputter (ULVAC, MPS-4000C1/HC1). Surface 
sulfhydryl modification was performed by immersing the Au-film-coated silica 
glass into a 50 mg ml–1 2-mercaptoethanol ethanol solution for 24 h. Titanium 
dioxide thin films were deposited onto the Au film using a commercial hot-
wall flow-type atomic layer deposition (ALD) reactor (SUNALETM R series 
(Picosun)). A 3 nm Au thin film was sequentially evaporated by a thermal 
evaporator at a deposition rate of 0.2 Å s–1. Finally, the samples were annealed 
in air at 300 °C for 2 h, and the Au NPs appeared on the TiO2 film surfaces. 
To fabricate the partially inlaid Au NPs, a thin layer of TiO2 was additionally 
deposited on the Au-NP/TiO2/Au-film by ALD. The deposition rate was estimated 
to be 0.07 nm per cycle by a spectroscopic reflectometer (F20-UV (Filmetrics)). 
The reflection and transmission spectra were obtained by a photonic multichannel 
analyser (PMA C7473 (Hamamatsu Photonics)) equipped with an optical 
microscope (BX-51 (Olympus)). The numerical aperture of the objective lens used 
for the measurements was 0.3. The surface morphology was observed by field-
emission scanning electron microscopy (JSM-6700FT (JEOL)) with a maximum 
resolution of 1 nm at an electron accelerating voltage of 15 kV. The cross-section 
was analysed by high-resolution transmission electron microscopy (JEOL ARM 

(200 F) 200 kV FEG-STEM/TEM) with a resolution of 75 pm at an electron 
accelerating voltage of 200 kV.

Photoelectrochemical measurements. An InGa alloy (2:1 weight ratio) film was 
pasted onto the Au thin film and then connected to an electrochemical analyser 
(ALS/CH Instruments 852 C (ALS)) with a copper lead wire. A N2-gas-bubbled 
KOH (0.1 mol dm–3) aqueous solution was used as the supporting electrolyte 
solution without any specific electron donor. An 800 W xenon lamp was used 
as the light source. For measurements of the IPCE spectra and current–voltage 
curves, a platinum wire and a saturated calomel electrode (SCE) were employed 
as the counter electrode and reference electrode, respectively. Bandpass filters 
with a bandwidth of less than 15 nm at the full-width at half-maximum were used. 
The Au-NP/TiO2/Au-film working electrode potential was set to + 0.3 V versus 
(vs) SCE to measure the current–time curve. The IPCE calculation is described in 
Supplementary Note 6. For the H2 and O2 evolution measurements, a two-electrode 
system was employed. A Pt wire was used as the cathode. A xenon light spectrally 
filtered over a wavelength range of 400–850 nm was used as the light source, 
and a 0.7 V bias was applied during the photoelectrochemical water-splitting 
measurements. The O2 and H2 evolution was quantified by gas chromatography–
mass spectrometry (GC-MS 2010-plus (Shimadzu)) and a gas chromatograph 
equipped with a thermal conductivity detector (GC-TCD 2014 (Shimadzu)), 
respectively. A KOH aqueous solution with 18O water (17.4 atom% isotopic purity) 
was used to quantify the O2 evolution.

Data availability. The data that support the plots within this paper and other findings 
of this study are available from the corresponding author upon reasonable request.
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