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Efficient plasmonic water splitting by
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Plasmonic photocatalysts represented by gold nanoparticle (NP)-loaded titanium(iv) oxide (Au/TiO,) can
be promising solar-to-fuel converters by virtue of their response to visible-to-near infrared light. Hitherto,
Au/rutile (R)-TiO, has been recognized as exhibiting photocatalytic activity higher than that of Au/anatase
(A)-TiO,. Herein, we demonstrate that the high potential of A-TiO5 as the Au NP support can be brought
out through atomic level interface control. Faceting of Au NPs is induced by a heteroepitaxial junction on
an A-TiO,(001) nanoplate array (Au/A-TiO, NPLA). Photoexcitation towards the Au/A-TiO, NPLA elec-
trode generates current for the water oxidation reaction at 2 < 900 nm with a maximum efficiency of
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0.39% at 4 = 600 nm, which is much larger than the values reported so far for the usual electrodes. The
striking activity of the Au/A-TiO, NPLA electrode was rationalized using a potential-dependent Fowler
model. This study presented a novel approach for developing solar-driven electrodes for green and sus-
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Introduction

An ultimate goal of science and technology is the construction
of artificial photosynthesis systems with water splitting as a
benchmark."” Photoelectrochemical (PEC) water splitting
assumes an advantage over the photocatalytic process using
particles because of the inhibition of the back reaction and
safety due to the spatial separation of the reaction fields where
hydrogen (H,) and oxygen (O,) are generated. The key to
achieving efficient PEC water splitting is the development of
highly active photoanodes for the water oxidation reaction
(WOR) with large activation energy.® In a typical n-TiO, photo-
anode, the performance is severely limited by the slow kinetics
of the holes with a diffusion length of as small as ~10 nm (ref.
4) and its response only to UV light accounting for ~3% of the
solar energy. In view of effective solar energy utilization, plas-
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monic photocatalysts represented by gold nanoparticle-loaded
TiO, (Au/TiO,) have recently attracted much interest on
account of their wide spectral response from visible to near-
infrared light.>® Also, the problem of sluggish hole transport
in n-type semiconductor photoanodes can be eliminated in
the WOR using the Au/TiO, plasmonic electrode because water
is oxidized by the holes generated in Au NPs via localized
surface plasmon resonance (LSPR) excitation without requiring
their diffusion. While intensive efforts have been devoted to
increase the incident photon-to-current efficiency (IPCE) of the
Au/TiO, electrode through several approaches, such as Au-Ag
alloying,"” lithium intercalation into TiO,,'® and loading pro-
moters for the WOR,'?° it is also a great challenge in
materials sciences to enhance the performance of the proto-
type Au/TiO, electrode itself for underpinning the develop-
ment toward the practical applications in solar-to-fuel conver-
sion. However, in the usual Au/TiO, plasmonic electrode
systems, the incident photon-to-current efficiency (IPCE) for
the WOR remains below ~0.03% (Table $17)."®*'">* The IPCE
is determined by the product of efficiencies in a series of
physical processes including light harvesting, hot electron
transfer (HET) from Au NPs to TiO,, charge separation, and
the chemical process or WOR.** All these processes can be
affected by various factors including the size® and shape®® of
Au NPs, and the crystal form of TiO,.*” In particular, the IPCE
for the WOR by the Au/TiO, plasmonic electrode sharply
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increases when the Au particle size (da,) is smaller than
10 nm.*® In addition, recent experimental and theoretical
studies have indicated that strong electronic coupling between
an electron acceptor (TiO,) and electron donors such as plas-
monic metal NPs*®?° and CdS quantum dots®® through inti-
mate contact can expedite the photoinduced interfacial elec-
tron transfer and extend the response light wavelength.
Furthermore, the IPCEs of nanostructured TiO, electrodes
such as the nanotube array (NTA) and nanowire array (NWA),
which are one to two orders magnitude greater than that of
the conventional mesoporous (mp)-TiO, electrode consisting
of TiO, nanocrystals,”** point to the importance of effective
electron transport to the electron collecting electrode on the
order of microns in addition to the charge separation via the
space charge layer formed by the Schottky junction between
Au NPs and TiO,.*" Since anatase (A)-TiO, possesses electron
mobility much larger than rutile (R)-TiO,,** A-TiO, films with
large surface areas have been favourably used as the photo-
anodes of dye-sensitized solar cells and perovskite solar cells
since their invention.**** Strangely, the IPCE for the WOR of
Au/A-TiO, photoanodes remains at a level comparable to that
of Au/R-TiO, photoanodes.>’>* On the other hand, in nano-
particulate Au/TiO, plasmonic photocatalyst systems, Au/
R-TiO, exhibits much higher photocatalytic activity than Au/
ATiO, for various reactions®™*° including the WOR.*””
Recently, the superiority of Au/R-TiO, has been found to orig-
inate from the (111),./(110)r-tio, heteroepitaxial (HEPI) junc-
tion-induced faceting of Au NPs facilitating the physical pro-
cesses in the reaction®' and the increase in the peripheral dis-
tance of Au NPs at the interface with TiO, or the catalytically
active sites for the WOR.?” Thus, if faceted Au NPs with d,, <
10 nm can be formed on A-TiO, by overcoming the general ten-
dency to be hemispherical to minimize the surface area, the
enhancement in the IPCE of the Au/A-TiO, plasmonic elec-
trode for the PEC WOR is highly expected.

Here, we show that truncated octahedral (t-Oh) Au NPs with
day < 10 nm can be formed on the A-TiO, nanoplate array
(NPLA) electrode with dominant (001) surfaces through a HEPI
junction with the (111),/(001)ario, Orientation, and this t-Oh-
Au/A-TiO, NPLA electrode exhibits activity for the PEC WOR
that is much higher than that exhibited by hemispherical
(HS)-Au/A-TiO, NPLA and t-Oh Au/R-TiO, NWA ones.
Moreover, the reason is discussed on the basis of experimental
and theoretical simulation results.

Experimental

Materials

Fluorine-doped tin(wv) oxide film-coated glass (FTO, TEC7) and
titanium(wv) fluoride (TiF,) were purchased from Aldrich.
Tetrabutyl orthotitanate (Ti(OC4Hy), > 97.0%), hydrochloric
acid (HCI > 98.0%), sodium hydroxide (NaOH > 97.0%), hydro-
gen tetrachloroaurate(m) tetrahydrate (HAuCl,-4H,0 > 99%),
urea (CH4,N,0 > 99.0%), and sodium borohydride (NaBH, >
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92.0%) were purchased from Kanto Chemical Co. All chemicals
were used as-received without further purification.

Synthesis of the anatase TiO, nanoplate array

The anatase TiO, nanoplate array (A-TiO, NPLA) was syn-
thesized by following reported procedures with slight modifi-
cation.*? TiF, (124 mg) was dissolved in a solution of Ti(OBu),
(0.17 mL) in 6 M HCI (10 mL) and stirred at room temperature
for 15 min. The solution was poured into a Teflon container
(volume 25 mL), and FTO (3 cm x 2 cm, 3 pieces) was
immersed in the solution. The Teflon container was sealed in
a stainless-steel cylinder and heated at 423 K for 18 h. The
resulting sample was washed with 0.1 M aqueous NaOH, dis-
tilled water, and acetone, and dried in vacuo at room tempera-
ture to obtain the A-TiO, NPLA.

Synthesis of the rutile TiO, nanowire array

According the literature,”® the rutile TiO, nanowire array
(A-TiO, NWA) was hydrothermally synthesized. A solution of Ti
(OBu), (0.40 mL) in 6 M HCI (10 mL) was poured into a Teflon
container (volume 25 mL), and FTO (3 cm x 2 c¢m, 3 pieces)
was immersed in the solution. The Teflon container was
sealed in a stainless-steel cylinder and heated at 423 K for 8 h.
The resulting sample was washed with distilled water and
acetone, and dried in vacuo at room temperature. The sample
was calcined at 773 K for 8 h in air to obtain the R-TiO, NWA.

Au nanoparticle loading

Au nanoparticles were loaded on a TiO, electrode by the modi-
fied deposition-precipitation method using urea as the neu-
tralizer.** Urea (146 mg) was added to an aqueous solution of
HAuCl, (2.43 mM, 10 mL). The TiO, electrode was immersed
in the solution and heated at 353 K for 18 h. The resulting
sample was washed with distilled water and acetone, and dried
in vacuo at room temperature to obtain an Au**-adsorbed TiO,
electrode. The sample was calcined at 673 K for 1 h in air to
obtain the Au/TiO, electrode. Also, Au NPs were loaded on the
TiO, electrode by chemical reduction. The Au**-adsorbed TiO,
electrode was immersed in an ethanol solution of NaBH,
(1 mM), and left at room temperature for 5 min. The resulting
sample was washed with distilled water and acetone. The
chemical reduction procedures were repeated 3 times to com-
pletely reduce the adsorbed Au®* ions.

Characterization

Scanning electron microscopy (SEM) images and energy dis-
persive spectroscopic (EDS) elemental mapping were con-
ducted using a Hitachi SU8230 instrument at an applied
voltage of 20 kV. Raman spectra were recorded using a Raman
spectrometer (JASCO FP-1000) with a green laser (532 nm) as
an excitation source. Transmission electron microscopy (TEM)
images were obtained using a JEOL JEM-2100F instrument at
an applied voltage of 200 kV. X-ray diffraction (XRD) patterns
were recorded at 40 kV and 100 mA using a Rigaku SmartLab
X-ray diffractometer. The specific surface area was quantified
by means of a Micromeritics automatic surface area and poro-
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simetry analyzer (TriStar 3000, Shimadzu) via nitrogen adsorp-
tion-desorption isotherms at 77 K. The samples were
measured after degassing at 423 K for 1 h under vacuum. To
quantify the Au loading amount, Au NPs were dissolved in
aqua regia, and the concentration was determined by induc-
tively coupled plasma spectroscopy (iCAP7600, Shimadzu).
UV-Vis-NIR absorption spectra were obtained by the diffuse
reflectance method using a UV-2600 spectrometer (Shimadzu)
with an integrating sphere unit (Shimadzu, ISR-2600Plus). As
the reference, BaSO, was used for the reflectance (R.). The
Kubelka-Munk function [F(R.) = (1 — Re)?/2R,] was used for
expressing the relative absorption coefficient. X-ray photo-
electron (XP) spectra were measured using a Kratos Axis Nova
X-ray photoelectron spectrometer with applied voltage of 15 kV
and current of 10 mA using Al Ka as the X-ray source. For the
energy reference, the peak of C1s (284.6 eV) was used.

Photoelectrochemical measurements

PEC measurements were carried out using the standard three-
electrode electrochemical cell with the structure of Au/A-TiO,
NPLA/FTO (working electrode) | 0.1 M NaClO, aqueous solu-
tion | Ag/AgCl (reference electrode) | glassy carbon (counter
electrode). The active area of the working electrode was 4 cm®
(2 x 2 cm). The electrolyte solution was deaerated by Ar bub-
bling for 30 min. The working electrode was illuminated using
a solar simulator (PEC-L12, Peccell Tech. Inc.) through an
optical filter Y-45 (AM 1.5, 1 sun, A, > 430 nm). The linear
sweep voltammetry measurements were performed using a gal-
vanostat/potentiostat (HZ-7000, Hokuto Denko). To evaluate
the incident photon-to-current efficiencies (IPCEs), the
working electrode on the same cells was irradiated by the
monochromatic light of a xenon lamp with a monochromator
(full width at half-maximum, 10 nm) (HM-5, JASCO). The
IPCEs were calculated using eqn (1):

IPCE[%] = (Jph(E)Nahc/IF2) x 100 (1)

where Jyn(E) is the photocurrent at an electrode potential of E
(+0.8 V vs. RHE), N, is the Avogadro constant, I (W cm™2) is the
light intensity, F is the Faraday constant, % is the Planck con-
stant, and ¢ is the speed of light. In this study, the photo-
current was measured at the rest potential in the dark.

Also, the solar-to-current efficiency (SCE) was calculated
using eqn (2):

ﬂmﬁﬂzjmcmwngMMJQMMA 2)

where I4(4) is the light intensity of the sunlight at the wave-
length of /.

PEC impedance spectroscopy (PECIS)

PECIS measurements were carried out using the same cells
under the illumination of simulated sunlight (1., > 430 nm, 1
sun). Nyquist plots were obtained from EIS using a frequency
response analyzer (HZA-FRA1, Hokuto Denko) built into the
galvanostat/potentiostat. The measurements were carried out
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by applying a 10 mV AC sinusoidal signal over the frequency
range between 100 mHz and 100 kHz. Charge transfer resis-
tance (R.) values were estimated by a curve fitting for Nyquist
plots assuming an RC-equivalent circuit.

Finite difference time domain (FDTD) simulations

Simulation models consist of an Au hemisphere (HS-Au) and
an Au truncated octahedron (t-Oh-Au) loaded on a TiO, slab
(650 x 650 x 50 nm?®), respectively. Au particle sizes were
assessed on the basis of the experimental values obtained
from TEM observations. Complex refractive indices taken from
the literature were used to reproduce the optical responses of
these models. The light scattering behaviour of the models
was simulated using a total-field scattered-field (TFSF) source.
An x-polarized plane wave with wavelength from 300 to
1200 nm (f = 250-1000 THz) was generated to illuminate the
top of the Au NPs (the zenith of the HS NP or the top plane of
the t-Oh NP) from the z-axis direction perpendicular to the
TiO, slab. E-field monitors were placed on the xy plane (z = 0)
and the xz plane (y = 0) to collect local electric field images.
Considering the balance between computational cost and
accuracy, mesh refinement and perfectly matched layer (PML)
with symmetric and/or anti-symmetric boundary conditions
were imposed on the models. All of the FDTD simulations
were carried out with an Ansys Lumerical FDTD simulation
program package.

Results

TiO, films were hydrothermally grown on fluorine-doped tin
oxide (FTO) substrates from a hydrochloric acid solution of Ti
(OBu), in the absence and the presence of TiF, at 423 K. X-ray
diffraction (XRD) patterns of the samples synthesized without
and with TiF, exhibited peaks at 20 = 36.1° and 25.3° due to
diffraction from the (101) planes of R-TiO, and A-TiO,, respect-
ively (Fig. 1a). The abnormally strong (101) diffraction peaks of
R-TiO, and A-TiO, indicate that TiO, grows with high orien-
tation with respect to the FTO surface in each sample. FTO has
weak Raman signals at 634.3 cm ™" and 770.6 cm™" assignable
to the A,y and B,, modes, respectively (Fig. 1b).*> The three
signals for the sample synthesized without TiF, at 234.6 cm™",
445.6 em™, and 609.6 cm™" are assigned to the By, + Ey, Eq,
and A, modes of R-TiO,, respectively.*® In the spectrum of the
sample synthesized with TiF,, four signals are observed at
145.8 cm™Y, 406.0 cm™, 513.7 cm ™, and 630.8 cm ™! due to
the Eg, Byg, Asg, and E, modes of A-TiO,, respectively.*® Clearly,
the addition of TiF, to the reaction solution completely
changes the crystal form of TiO, from rutile to anatase.

Au NPs were loaded on A-TiO, by the deposition-precipi-
tation (DP) and chemical reduction (CR) methods. The top
view (left) and side view (right) scanning electron microscopy
(SEM) images of the samples show that the A-TiO, NPLA
(Fig. 1c and d) and the R-TiO, nanowire array (R-TiO, NWA,
Fig. 1e and f) are grown vertically or obliquely on the FTO
films by the hydrothermal processes with and without TiF,,
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Fig. 1 XRD patterns (a) and Raman spectra (b) of the samples hydro-
thermally synthesized without and with TiF,. Top view (c) and side view
(d) SEM images of the DP-Au/A-TiO, NPLA. Top view (e) and side view
(f) SEM images of the DP-Au/R-TiO, NWA.

respectively. The A-TiO, NPLA is composed of NPLs with
length ~1.4 pm and thickness ~100 nm, while the dimensions
of the R-TiO, NWs are ~3.6 pm in length and ~200 nm in dia-
meter. In the F~ ion-free system, the Cl™ ions are adsorbed on
the R-TiO,(110) surface, and HEPI crystal growth from the FTO
substrate occurs in the [001] direction to yield the R-TiO,
NWA.*” On the other hand, in the F~ ion-added system, TiF,
with a sheet structure can be transformed into an A-TiO, NPL
through hydrolysis.*> During the growth of A-TiO, NPLs, the
2D structure is maintained due to the lowering of the surface
energy by the preferential adsorption of F~ ions on the (001)
facets of the A-TiO, NPL.*®*°

In order to study the effects of the Au NP shape, the TiO,
support, and the state of their interface on the activity of the
Au/TiO, plasmonic electrodes for the WOR, the size of Au NPs
should be controlled to be approximately equal between
samples because the activity is sensitive to NP size. As shown
by the transmission electron microscopy (TEM) images, Au
NPs are highly dispersed on the A-TiO, NPLA with d4, of 7.6 +
1.8 nm by the DP method (Fig. 2a) and 7.9 + 1.6 nm by the CR
method (Fig. S11). In the high resolution (HR)-TEM image of
the DP-Au/A-TiO, NPL (Fig. 2b), the d-spacings of 1.84 A and
2.37 A observed in TiO, are in agreement with the values of
the A-TiO,(200) and (004) crystal planes, respectively. Also, the
d-spacings of 2.07 A and 2.33 A in the Au NP are close to the
values of the Au(100) and (111) crystal planes, respectively.
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Fig. 2 TEM (a) and HR-TEM (b) images of the DP-Au/A-TiO, NPLA. Top
view (c) and side view (d) of faceted Au NPs on A-TiO»(001) constructed
by the Wulff theorem. (e) An interface junction model with the (111),/
(001)4-vio, orientation.

Interestingly, faceted Au NPs with a truncated octahedral
(t-Oh) shape are formed on A-TiO, with an atomically com-
mensurate interface between Au(111) and A-TiO,(001). As
recently reported for the Au/R-TiO, NWA,** t-Oh Au NPs with
dpy = 6.2 £ 1.2 nm are also formed on the (110) side walls of
the R-TiO, NW by the DP method (Fig. S2t). On the other
hand, most Au NPs of a CR-Au/A-TiO, NPL are near-hemi-
spherical (HS) polyhedra (Fig. S11), and the Au NP-TiO, inter-
face of the CR-Au/A-TiO, NPL appears to be of lower quality at
an atomic level than the interfaces of the DP-Au/A-TiO, NPL
and DP-Au/R-TiO, NWA.

The equilibrium shape of Au NPs on the A-TiO,(001) plane
was constructed to be a t-Oh by the Wulff theorem using the
surface energies of Au(111) (0.72 J m™>), Au(100) (0.87 ] m™?),
A-TiO,(001) (0.90 J m™?), and the interface energy.’®”' The
interface energy was estimated to be 1.23 ] m™> from the
contact angle (6 ~ 116°) using the Young equation (Fig. S37).
The top view (Fig. 2c) and side view (Fig. 2d) are very similar to
those observed in the TEM image (Fig. 2a) and HR-TEM image
(Fig. 2b), respectively. The 2D-rectangular lattices of Au(111)
and A-TiO,(001) have the unit dimensions of 4.995 A x 2.884 A

This journal is © The Royal Society of Chemistry 2024
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and 3.784 A x 3.784 A, respectively (Fig. 2e). Fourfold of the
d-spacing of Au(—110) crystal planes (dau(-110)) overlaps with
threefold of da-tio,(010), and threefold of dauu1-2) overlaps with
fourfold of djrio,100) With small mismatches of +1.6%
[{(2.884 A x 4 — 3.784 A x 3)/3.784 A x 3} x 100] and —1.0%
[{(4.995 A x 3 — 3.784 A x 4)/3.784 A x 4} x 100], respectively,
which strongly suggests the formation of the domain-matching
epitaxial junction. In the Au/R-TiO, NW system, a HEPI junc-
tion with the orientation of (111)5u/(110)rrio, has been
reported to provoke the faceting of Au NPs.*"** In a similar
manner, the faceting Au NPs can be induced by a domain-
matching HEPI junction with the (111),,/(001)srio, Orien-
tation. The HEPI junction with the same orientation has
recently been reported in the system consisting of Au NPs and
A-TiO, nanosheets with dominant (001) surfaces and thick-
ness of ~5 nm.>

X-ray photoelectron (XP) spectra of the DP-Au/A-TiO, NPLA,
DP-Au/R-TiO, NWA, and CR-Au/A-TiO, NPLA have two signals
at binding energies of 83.7 + 0.1 eV and 87.4 + 0.1 eV due to
emission from the Au4f,, and 4f;, orbitals, respectively
(Fig. S4t), which are somewhat smaller than the values for the
bulk Au (83.9 eV and 87.6 eV).>* These results indicate that the
Au NPs are in a metallic state in every Au/TiO, system, and the
interfacial electron transfer from TiO, to Au NPs takes place to
form the Schottky junction in the dark.*!

— OP-AUR-TIO,NWA
—— DP-AWA-TIO, NPLA

CR-AWA-TIO, NPLA
- = = R-TIO, NWA
- == ATIO, NPLA

DP-Au/A-TiO, NPLA

DP-Au/R-TiO, NWA

b 0.005 CR-AU/A-TiO, NPLA
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Fig. 3 (a) Kubelka—Munk-transformed absorption spectra of the

DP-Au/A-TiO, NPLA, CR-Au/A-TiO, NPLA, and DP-Au/R-TiO, NWA. (b)
Current (J)-potential (E) curves in the dark (dotted lines) and under
visible light irradiation (lex > 430 nm, solid lines). The current density
was calculated using the apparent electrode surface area. (c) IPCE
action spectra for the WOR with the solar spectrum for comparison (E =
0.8 V vs. RHE). (d) Nyquist plots for the plasmonic electrodes under
visible light irradiation (1ex > 430 nm).
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In the Kubelka-Munk-transformed absorption spectra, the
A-TiO, NPLA and R-TiO, NWA have the absorption edges of
390 nm and 410 nm, which are in agreement with the values
for A-TiO, and R-TiO,, respectively (Fig. 3a).> When Au NPs
were loaded on TiO,, the absorption due to the LSPR appears
in the visible region. The absorption of the DP-Au/A-TiO,
NPLA as well as the DP-Au/R-TiO, NWA is much stronger and
broader than that of the CR-Au/A-TiO, NPLA. Also, the peak
wavelengths (1,) of the DP-Au/A-TiO, NPLA (549 nm) and
DP-Au/R-TiO, NWA (538 nm) are shorter than that of the
CR-Au/A-TiO, NPLA (564 nm). The absorption spectra of
CR-Au/A-TiO, and DP-Au/A-TiO, NPLAs were calculated for HS
and t-Oh Au NPs placed on A-TiO, employed as their models,
respectively, by the finite difference time domain (FDTD)
method (Fig. S5t). The spectra indicate that the faceting of Au
NPs engenders the enhancement of the LSPR absorption, and
the A, blueshifts with respect to the value for HS Au NPs. The
strong absorption of the DP-Au/R-TiO, NW with the (110) side
walls has recently been attributed to the (111)s,/(110)r-rio,
HEPI junction-induced faceting of Au NPs.*' The broadening
of the absorption spectrum for the DP-Au/A-TiO, NPLA is not
well reproduced by the simulations. However, the simulated
spectrum of t-Oh Au/A-TiO, possesses several absorption
peaks corresponding to different resonance modes (Fig. S67),
while only one resonance peak is observed in the spectrum of
the HS-Au/A-TiO,. Thus, the extended LSPR absorption of the
DP-Au/A-TiO, NPLA and DP-Au/R-TiO, NWA can result from
the overlapping of each resonance peak broadened by the poly-
dispersibility of the size and shape of Au NPs, and the signifi-
cant electronic interaction between Au NPs and TiO, through
the HEPI junction.**>°

The current (J)-potential (E) curves of three-electrode PEC
cells with the structure of the working electrode | 0.1 M
NaClO, aqueous solution | Ag/AgCl (reference electrode) |
glassy carbon (GC, counter electrode) using the DP-Au/
A-TiO, NPLA, CR-Au/A-TiO, NPLA, and DP-Au/R-TiO,-NWA as
the working electrodes were measured (Fig. 3b). The elec-
trode potential (E) is shown with respect to the reversible
hydrogen electrode (RHE) below. In each system, current
hardly flows in the dark at +0.4 V < E < +1.2 V. The illumi-
nation of visible light (AM-1.5, light intensity = 100 mWwW
em™?, 1 > 430 nm) generates anodic current due to the
WOR at E > +0.54 + 0.02 V.*® Surprisingly, the DP-Au/A-TiO,
NPLA supplies photocurrent far exceeding that of the
CR-Au/A-TiO, NPLA and DP-Au/R-TiO, NWA, whereas Au/
A-TiO, particles usually show plasmonic photocatalytic
activity for the WOR that is much lower than the Au/R-TiO,
ones.”>*" The specific surface areas of the A-TiO, NPLA and
R-TiO, NWA were determined to be 5.1 m*> g”' and 13.6 m?
g~', respectively, by the Brunauer-Emmett-Teller (BET)
method. The photocurrent normalized by the actual surface
area of the DP-Au/A-TiO, NPLA reaches as much as ~6
times that of the DP-Au/R-TiO, NWA (Fig. S7f). Clearly, the
HEPI junction-induced faceting of Au NPs engenders a
drastic increase in the plasmonic WOR activity of Au/A-TiO,
to far surpass even that of the Au/R-TiO, electrode.
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The photocurrents of the DP-Au/A-TiO, NPLA and DP-Au/
R-TiO, NWA plasmonic electrodes for the WOR were measured
under the irradiation of monochromatic light with varying
wavelengths (Fig. 3c). The photocurrent flows at 4 < 900 nm in
each electrode system, and the DP-Au/A-TiO, NPLA electrode
affords IPCEs much greater than those of the DP-Au/R-TiO,
NWA electrode in the whole wavelength region. The maximum
IPCE of the former reaches 0.39% at A = 600 nm, while the
value of the latter is 0.18% in accordance with the reported
value.*” Recently, a maximum IPCE of ~0.06% at A = 550 nm
has been reported for the brookite (B)-TiO, nanorod array elec-
trode by selectively depositing Au NPs on the lateral {210} sur-
faces although the interface structure and shape of Au NPs are
unclear.’” Also, each IPCE action spectrum well traces the
absorption spectrum, indicating that the photocurrent mainly
caused by the 5d-6sp interband excitation of Au NPs**°® has
to be further enhanced by the LSPR excitation. The redshift in
the photocurrent peak of ~50 nm with respect to the LSPR
peak (4,) is ascribable to the large dielectric constant of water
(80.2 at 293 K)*° since 4, is proportional to (1 + 2e.,)"/?, where
&m is the dielectric constant of the surroundings.®
Furthermore, the broad IPCE action spectra of the DP-Au/
A-TiO, NPLA and DP-Au/R-TiO, NWA electrodes well matches
the solar spectrum to afford the solar-to-current efficiency at 4
> 430 nm of 0.15% and 0.08%, respectively.

To gain insight into the origin for the high plasmonic
photocatalytic activity of the DP-Au/A-TiO, NPLA for the WOR,
PEC impedance analysis was performed for the plasmonic
electrodes with an equivalent circuit used for the analysis in
which charge transfer resistance (R.) coupled in parallel with
the constant phase element (CFE) is connected in series with
ohmic resistance (R) (Fig. 3D and Table S27). In the Nyquist
plots under the illumination of visible light (AM-1.5, light
intensity = 100 mW c¢m™>, 1 > 430 nm), the R corresponding
to the diameter of the semicircle decreases in the order of
CR-Au/A-TiO, NPLA (2.4 x 10° Q) > DP-Au/R-TiO, NWA (9.0 x
10° Q) > DP-Au/A-TiO, NPLA (1.3 x 10° Q). Evidently, the rate
of interfacial charge transfer between the plasmonic electrode
and water increases in the order of CR-Au/A-TiO, NPLA <
DP-Au/R-TiO, NWA < DP-Au/A-TiO, NPLA.

The local electric field was calculated for HS-Au(dy, =
7.9 nm)/A-TiO, and t-Oh-Au(d,, = 7.6 nm)/A-TiO, as the
models for the CR-Au/A-TiO, NPLA and DP-Au/A-TiO, NPLA,
respectively, by the 3D-FDTD method (Fig. 4a and b). In each
case, Au NPs were placed on the xy plane of an A-TiO, slab,
and light was irradiated from the z direction perpendicular to
the xy plane with the excited localized electromagnetic fields
monitored at the xz and xy planes. In the HS-Au/A-TiO,
system, the electric field is uniformly distributed around the
periphery of the HS-Au NPs at the interface with A-TiO,
(Fig. 4c). On the other hand, in the t-Oh-Au/A-TiO, system, an
intense electric field is generated around the corners and
edges of t-Oh-Au NPs at the interface with A-TiO, (Fig. 4d and
Fig. S6T). The enhancement factor (EF) defined by the square
of the ratio of the local electric field intensity to the electric
field intensity of incident light was calculated (Table S3t). For
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Anatase TiO,
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Fig. 4 Local electric fields for HS-Au/A-TiO, (a) and t-Oh-Au/A-TiO,
(b) calculated by the 3D-FDTD method. Local electric field distributions
in HS-Au/A-TiO, (c) and t-Oh-Au/A-TiO; (d).

the HS-Au/A-TiO, system, the maximum EF,, of 2.5 x 10> and
EF,, of 3.6 x 10® are obtained at 4, = 702 nm. In the t-Oh-Au/
A-TiO, system, the maximum EF,, and EF,, value reaches 1.1 x
10° at 4, = 650 nm, which is greater than the values for the
HS-Au/A-TiO, system by factors of 44 and 31, respectively. The
calculations were further performed for t-Oh-Au(d,, = 6.2 nm)/
R-TiO, as the model for the DP-Au/R-TiO, NWA (Fig. S8at). An
intense electric field localized near the corners and edges at
the interface with R-TiO, is induced by LSPR excitation of the
faceted Au NPs (Fig. S8bt). The maximum EF,, and EF,, value
of 1.2 x 10° at Ap = 672 nm is comparable to the values of the
t-Oh-Au/A-TiO, system (Table S3+).

Discussion

Truncated octahedral (t-Oh) Au NPs are formed on the large-
area (110) side walls of R-TiO, NWs with high probability by
the DP method through the HEPI junction with the (111)a,/
(110)r-io, orientation.*’ In a similar manner, faceting of Au
NPs is induced on A-TiO, NPLs with dominant (001) surfaces
by the (111)au/(001)atio, HEPI junction during the DP process
with a heating temperature of 673 K. A recent in situ TEM
study has also shown that t-Oh and round-shaped Au NPs are
formed on A-TiO,(001) and (101) planes at 773 K, respect-
ively.®" On the other hand, the room-temperature CR process

This journal is © The Royal Society of Chemistry 2024
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produces HS-like Au NPs on A-TiO, NPLs. Thus, preferential
surface exposure of the TiO, facets that can match the crystal
lattice of Au(111) and heating at temperatures above 673 K are
necessary for the formation of faceted Au NPs on TiO, with a
high-quality and large-area interface, and long peripheral dis-
tance of the Au NPs at the interface with TiO,. The Fermi
energy of TiO, (errio,) can be calculated using the equation of
ermio, = €cem + kTIn(Np/Nc), where ecpy is the conduction
band (CB) minimum energy of TiO,, k is the Boltzmann con-
stant, Ny, is the donor density of TiO,, and N¢ is the effective
density of states near the CBM of TiO,. The &g rio, value is esti-
mated to be —5.1 + 0.1 eV by substituting ecpy = —5.0 + 0.1 eV
(ref. 62) and Ng = 2.5 x 10" em>(ref. 63) for the usual Ny,
value of 10"” cm™>. When the Au NP having a large work func-
tion (Ow, au = 5.31-5.47 V)’ comes into direct contact with
TiO; (Pw,rio, = 5.1 + 0.1 eV), the interfacial electron transfer
proceeds from TiO, to the Au NP until their Fermi energies are
equal. Consequently, a Schottky junction is formed between
them at the equilibrium state in the dark."

The IPCE action spectra indicate that the WOR on the Au/
TiO, plasmonic electrode in the present systems is mainly
driven via the LSPR-induced hot electron transfer (HET)
mechanism (Fig. 5).*>?® When the Au NPs of Au/TiO, are
excited by photons with energy (Aw) larger than the Schottky
barrier (A¢), a number of the hot electrons are injected into the
CB of TiO,.>” In the present cases, this energetic requirement
is indeed fulfilled because the photocurrent flows at o > 1.38
eV (Fig. 3c), which is sufficiently larger than the Ae of ~0.5 eV
reported for the Au/TiO, system.*" The electrons injected into
the CB of TiO, can be pulled away from the interface to be
transported to the FTO electrode, and the holes are accumu-
lated at the interface according to the potential gradient in the
space charge layer. As a result of charge separation, the holes
effectively oxidize water at the Au NP-TiO,-liquid triphase
interface.”®

The photocurrent observed for the WOR (Jpn) is pro-
portional to the efficiencies of a series of physical processes
involving light harvesting (LHE), hot-electron injection (¢ygi),

and charge separation/transport (¢cs.cr) (eqn  (3)).*
Energy / eV
-~ 0 (vacuum)
TiO,

Faceted Au NPs ‘ cB

i : -4.9 (rutile)
Visible light
(ho>1.4 eV) \ -5.1 ( )

Smooth electron transport
>

—>to FTO
& =-e(E+4.44)
-5.67 (H,0/0,)

Sy

-7.9 (TiOy)

Intense local electric field

Fig. 5 Action mechanism of the DP-Au/A-TiO, NPLA and DP-Au/
R-TiO, NWA plasmonic electrodes for the WOR.
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Furthermore, the ¢yg; can be approximated using the Fowler
theory (eqn (4)):**

Jph o€ LHE X ¢ugr X ¢es-cr- (3)
dup1(E)~C(hw — Ag)* /hw (4)

where E is the electrode potential, C is the constant, and Ae is
the energy difference between the Fermi energy of the Au NP
(er) and the ecpy of TiO,.

As indicated by the absorption spectra (Fig. 3a), the DP-Au/
A-TiO, NPLA and DP-Au/R-TiO, NWA have LHEs significantly
larger than that of the CR-Au/A-TiO, NPLA, which are induced
by the HEPI junctions in the former systems.** Also, the ¢gp;
in the LSPR-induced HET mechanism is proportional to the
square of the absolute value of the electric field, that is, the
EF.**** The EF values of the DP-Au/A-TiO, NPLA and DP-Au/
R-TiO, NWA are several tens of times larger than that of the
CR-Au/A-TiO, NPLA. Furthermore, the high quality of the Au
NP-TiO, interface in the DP-Au/A-TiO, NPLA and DP-Au/R-TiO,
NWA contributes to the increase in the ¢yp.°° Therefore, the
photocurrents of the DP-Au/A-TiO, NPLA and DP-Au/R-TiO,
NWA electrodes far surpass that of the CR-Au/A-TiO, NPLA
electrode and are ascribable to the high LHE and extraordi-
narily large EF values in addition to the higher quality of the
interface. However, the large difference in the photocurrent
between the DP-Au/A-TiO, NPLA and DP-Au/R-TiO, NWA elec-
trodes cannot be explained only in terms of these factors.

Previously, the electron affinity was determined to be 4.9 eV
for R-TiO, and 5.1 eV for A-TiO, by means of photoemission
electron microscopy.®® Thus, the energy barrier for the HET
from Au NPs to TiO, in the DP-Au/A-TiO, NPLA electrode is
~0.2 €V lower than that in the DP-Au/R-TiO, NWA electrode
regardless of the electrode potential (Fig. 5). In addition,
A-TiO, possesses an electron mobility of 4-20 cm® V' s7* at
300 K, which is much larger than that for R-TiO, (0.1 cm* V"
s~! at 300 K).>> In the DP-Au/A-TiO, NPLA electrode, the elec-
trons injected into the CB of TiO, can be smoothly separated
from the Au NPs and transported to the electron-collecting
FTO electrode due to the large electron mobility of A-TiO,.** As
a result, the hot holes accumulated in the Au NPs are effec-
tively concentrated around the Au NP-TiO,-solution triphase
interface to be used for the WOR with the assistance of the
catalytic activity,>>°® which leads to a drastic enhancement of
the photocurrent through lowering the R.. Consequently, the
plasmonic activity of the DP-Au/A-TiO, NPLA, which is much
superior to that of the DP-Au/R-TiO, NWA electrode, can stem
from its higher HET efficiency and electric conductivity.

Furthermore, it is worth noting in the electrode system that
Ae in eqn (2) is a function of the electrode potential (E vs. stan-
dard hydrogen electrode, SHE) or the Fermi energy of the elec-
trode (¢r = —e(E + 4.44) vs. under vacuum). As a result of the
increase in E, the Ae increases, while the charge separation is
enhanced due to the increase in potential gradient and width
of the space charge layer. These considerations predict the
presence of the optimum potential in the Au/TiO, plasmonic
electrode. Actually, the maximum photocurrents are observed
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in the J-E curves at 0.83 V in the DP-Au/R-TiO, NWA electrode
and 0.96 V in the DP-Au/A-TiO, NPLA electrode (Fig. 3b).

In a particulate photocatalytic system, Chen and Tan have
recently reported that a nanohybrid plasmonic photocatalyst
consisting of Pt cuboctahedra and radial WO; mesocrystals
provides an apparent quantum efficiency greater than 7% at
Aex = 680 nm for the overall water splitting, which is much
larger than that of spherical Pt NP-loaded WO,.%” This remark-
able activity can also arise from the LSPR-induced strong local
electric field around the interface between the faceted Pt NPs
and WO;. Also, this study points to the importance of the high
catalytic activities of Pt NPs for the hydrogen evolution reac-
tion and the oxygen evolution reaction. In this case, it should
be noted that both of these catalytic activities can only work
simultaneously through the separation of the functions of the
Pt NPs as oxidation and reduction sites due to the large
absorption of the Pt cuboctahedra and the hierarchical struc-
ture of WO;.%®

In summary, this study aims at enhancing the activity of
the prototype plasmonic electrode of Au/TiO, for the PEC
WOR without changing the composition of each component or
surface modification by promoters. The t-Oh Au NPs with dj,
< 10 nm are formed on the A-TiO, NPLA with dominant (001)
surfaces through the (111),,/(001)a.rio, HEPI junction by the
DP process. The resulting DP-Au/A-TiO, NPLA possesses fea-
tures including the faceting of the Au NPs and a high-quality
interface. The DP-Au/A-TiO, NPLA electrode has been found to
provide an IPCE of 0.39% at 4 = 600 nm for the PEC WOR,
which is greater than the values reported so far for the usual
Au/TiO, electrodes by more than one order of magnitude. The
remarkable activity of the DP-Au/A-TiO, NPLA plasmonic elec-
trode is ascribable to the intense local electric field generated
around the edges and corners of the faceted Au NPs, the high-
quality interface between Au NPs and TiO,, and the large elec-
tron mobility in A-TiO,, which enhance the physical and
chemical processes in the plasmonic WOR. Furthermore, we
shed light on the origin of the large difference in the plasmo-
nic activity for the WOR between the DP-Au/A-TiO, NPLA and
DP-Au/R-TiO, NWA, and the unique features in the photo-
current-potential curves in terms of a potential-dependent
Fowler model. This marked progress in the performance of the
prototype Au/TiO, plasmonic electrode could contribute to its
practical use for solar-to-fuel energy conversion.
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