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Abstract In this paper, we present an effective route
for boosting the photoelectrochemical overall water
splitting to produce hydrogen and oxygen by modi-
fied TiO, nanowire arrays (NWAs) photoanode. Such
modification includes the synthesis of branched TiO,
NWAs and followed by the deposition of Au nanopar-
ticles (NPs) via the magnetron sputtering and post-
annealing for the dewetting of Au films. The physical
deposition of Au on the TiO, substrate with a hier-
archical structure provides a feasible strategy to pro-
duce metal NPs with uniform size and distribution by
the space confinement of the branched TiO, NWAs.
Those Au NPs rendered the intensified visible light
absorption in a narrow band region due to the sur-
face plasmon resonance (SPR) effect. The amplified
electromagnetic field through the SPR excitation of
the Au NPs and their passivation upon the surface of
TiO, NWAs led to the efficient generation and trans-
fer of charge carriers. The synergistic effect between
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branched TiO, NWAs and Au NPs resulted in the
drastic enhancement of the photoelectrochemical
overall water splitting to produce hydrogen and oxy-
gen in the stoichiometric ratio. This work provides
a facile method for the preparation of hierarchical
metal/semiconductor composite photoelectrode with
great potential in the efficient photoelectrochemical
water splitting for hydrogen energy production and
other applications in solar energy conversion.
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Introduction

Photoelectrochemical (PEC) overall water splitting
is widely regarded as one of the promising routes to
produce hydrogen as the potential strategy for solar
energy conversion [1-12]. It is a green technology
aiming to solve the environmental and energy crisis
lying in human society [7, 13—16]. Semiconductor
materials are an indispensable part as catalysts for
boosting the performance of photoelectrochemical
devices [15, 17-19]. Due to its low cost, non-toxicity,
good photocorrosion resistance, and superior chemi-
cal stability, titanium dioxide (TiO,) is considered
the most representative n-type semiconductor mate-
rial for solar energy conversion [9, 16, 20-23]. Since
TiO, was used as a PEC material for water splitting
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to produce hydrogen by Fujishima et al. in 1972, it
has aroused extensive research interest [24, 25]. How-
ever, the application of TiO, in photoelectrochemi-
cal water splitting is limited by its wide band gap
(3.2 eV for anatase and 3.0 eV for rutile), low elec-
tron mobility, and high recombination rate of pho-
togenerated electron-hole pairs [10, 12, 13, 26, 27].
One-dimensional nanostructures with directional
charge transport channels and shorter charge transport
and diffusion lengths can facilitate charge separation
[1, 21, 28-30]. However, the one-dimensional (1D)
nanostructures of photocatalytic materials still exhibit
low efficiency due to the limited surface area and
poor light harvesting capability [21, 31]. The syn-
thesis of three-dimensional (3D) hierarchical nano-
structures has been proven to be an effective method
to improve the performance of photoelectrochemical
water splitting, which could effectively overcome
the above obstacles. Indeed, this method provides
enhanced light absorption, larger specific surface
area, efficient charge separation, and carrier mobility
[31]. Zheng et al. have synthesized a branched TiO,
nanorods structure. They showed that the photocur-
rent increased to 0.83 mA cm~2 at 0.8 V vs. RHE,
nearly twice higher than the pristine TiO, nanorods
[32]. Yang et al. have reported a 3D nanostructure of
TiO, NWAs combined with FeO, nanoparticles and
conducting polymer (CP) network, such hierarchical
nanostructure exhibited a significantly enhanced PEC
water splitting performance, with the faraday effi-
ciency of 99% for hydrogen production [31].
However, to date, it is still a great challenge for
the H, and O, production from photocatalytic over-
all pure water splitting, without using any sacrificial
agents [25]. Due to the thermodynamic and kinetic
limitations, there are only a few candidate materi-
als that could catalyze both the water redox reac-
tions simultaneously and effectively [23, 25, 33-35].
According to previous reports and recent work of our
group, the cocatalysts are needed to further enhance
the functional PEC properties of TiO, NWAs, and
noble metals are one of those important candidates.
Among those noble metals, Au was extensively
studied [36-38]. It is generally acknowledged that
the incorporation of Au nanoparticles (NPs) with
TiO, photocatalysts would greatly enhance electron
mobility and maximize light utilization, which could
achieve by the Schottky junctions formed between
Au NPs and TiO, or the surface plasmon resonance
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(SPR) effect of Au NPs [39-42]. Basically, the
improved PEC properties are built on the fine nano-
structure of the electrodes. The size and morphology
control of Au NPs nowadays are extensively studied
yet need further effort. For example, in the prepara-
tion of Au NPs by conventional chemical routes (e.g.,
chemical reduction of HAuCl,), adding a structural
directing agent (polymers in general) would usually
lead to the designed morphology of the NPs with fine
nanostructure, but it would involve complicated redox
process and was not easy to scale up for mass pro-
duction [43, 44]. Instead, physical deposition of Au
(e.g., thermal evaporation, magnetron sputtering, etc.)
would be facile and effective for large-scale produc-
tion, which was generally adopted [45, 46]. Neverthe-
less, fine control of the morphology of each particle
during its dewetting process is another challenging
issue on an undefined substrate [47, 48]. The mor-
phology control of Au NPs on the flat substrate would
be much easier to achieve if we change the curvature
periodically on the flat substrate, the size of the Au
NPs would be focused [45, 49]. Whereas, when refer-
ring to the substrate of 1D nanowires, because of their
large curvature and the smooth surface on the atomic
level due to their single-crystalline feature, the Au
NPs would easily render a random growth with large
particle size and broad size distributions [50, 51].
Thus, it is necessary to develop a hierarchical metal
oxide substrate for the ordered growth of Au NPs to
achieve superior PEC performance during the prepa-
ration of the photoelectrodes.

Herein, 3D hierarchical TiO, NWAs branched with
TiO, nanoshoots and decorated with Au NPs were
fabricated by the stepwise hydrothermal methods to
obtain branched TiO, NWAs, followed by magnetron
sputtering and post-annealing for the deposition of
Au NPs. Magnetron sputtering technique provided an
efficient route for the Au deposition, which is time-
saving and easy to scale up for mass production.
This designed fabrication strategy could improve
the adhesion of gold NPs that were dewetted from
magnetron-sputtered gold thin films through engi-
neering 3D structures of TiO,. The branched TiO,
NWAs provided an ordered hierarchical platform for
the formation of Au NPs during the dewetting pro-
cess with uniform size, morphology, and distribution
by space confinement, which was hardly achieved on
a flat substrate. By combining branched TiO, NWAs
with uniformly distributed Au NPs, the synergistic
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effect between them improved the photoelectrochemi-
cal energy conversion efficiency of TiO, NWAs pho-
toelectrode. 3D hierarchical-branched TiO, NWAs
exhibited a highly efficient electron transfer pathway,
and the much-enlarged surface area was beneficial
for Au deposition. Au NPs could induce the ampli-
fied electromagnetic field through the SPR excita-
tion, which could enhance the charge separation of
UV-light excited TiO, NWAs. Besides, decoration of
those Au NPs led to the effective surface passivation
of those branched NWAs. Thus, the photoelectro-
chemical overall water splitting to effectively produce
H, and O, simultaneously at the stoichiometric ratio
was achieved by such Au NPs modified branched
TiO, NWAs. It is expected to further gain insights
into the novel pathways for the fabrication of Au/TiO,
NWAs composite photoelectrode with ordered hier-
archical structures and expands their applications in
pure water splitting in solar energy conversion.

Experimental section
Preparation of TiO, NWAs

In a typical synthesis, 30 mL of deionized (DI) water
was mixed with the same volume of HCI (36.0~38.0
wt%). After stirring for 5 min, 1 mL of titanium (IV)
butoxide was added. Then, the mixture was stirred
until the solution turned transparent. The result-
ing solution (7 mL) was transferred into a 25-mL
Teflon-lined stainless-steel autoclave. A 1 cm X3 cm
fluorine-doped tin oxide (FTO) glass was cleaned by
sonication in a mixture of ethanol, acetone, and DI
water for 1 h and placed into the autoclave with the
conducting side facing down. The hydrothermal pro-
cess was conducted at 150 °C for 15 h in an oven. The
TiO, NWAs were washed with ethanol and DI water
several times and then annealed at 550 °C for 0.5 h in
air.

Preparation of branched TiO, NWAs

The TiO, NWAs were placed into a mixed solution
(30 mL of DI water, 0.3 mL of TiCl;, and 0.3 mL of
HCI). Then, the hydrothermal process was conducted
at 80 °C for 1 h in an oven. After naturally cooling,
the obtained samples were rinsed with DI water and

annealed at 450 °C for 0.5 h in air. The sample was
denoted as S-TiO, (S stands for nanoshoots).

Preparation of Au NPs decorated branched TiO,
NWAs

The Au NPs were prepared by the magnetron sput-
tering method on the S-TiO, NWAs with a current
of 15 mA (E-1045 ION SPUTTER). The thickness
of the deposited Au layer was adjusted by varying
the sputtering time (60 s, 90 s, 120 s). Finally, the
obtained samples were annealed at 300 °C for 1 h in
the air via the dewetting process to obtain Au NPs.
The samples were denoted as Au-x-S-TiO, (x stands
for the sputtering time).

Characterization

The morphology and structures of the samples were
investigated by scanning electron microscopy (SEM,
Hitachi S-4800). Transmission electron microscopy
(TEM) and high-angle annular dark field scanning
transmission electron microscope (HAADF-STEM)
images were obtained on a JEM-2100+ microscope
at 200 kV. The crystal structure of the samples was
examined by an X-ray diffractometer technique
(XRD, Rigaku D/Max-2400) with Cu Ka radiation
(A=1.5417 IOA). The composition information of sam-
ples was explored with X-ray photoelectron spec-
troscopy (XPS, ESCALAB 250), with monochroma-
tized Al Ka (hv=1486.7 eV) source and the binding
energy of all the samples was calibrated by means
of the C 1 s peak at 284.6 eV. The UV — visible dif-
fuse reflection spectra (DRS) of the samples were
obtained on a UV —vis spectrophotometer (Shimadzu
UV-3600).

PEC measurements

The photoelectrochemical measurements were per-
formed in a three-electrode cell on an electrochemi-
cal work station (CHI660E, Shanghai Chenhua Co.
Ltd.) with the FTO-supported nanowire arrays as the
working electrode, Ag/AgCl (saturated KCI) as the
reference electrode, and a Pt wire as the counter elec-
trode. The electrolyte was 0.5 M of Na,SO, aqueous
solution (pH=7). The PEC performance was stud-
ied under simulated solar radiation using a 500 W Xe
arc lamp (100 mW/cm?) with an AM 1.5 G filter. The
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illumination intensity was calibrated to 100 mW cm™
throughout the measurement. The measured poten-
tials vs. the Ag/AgCl were converted to the reversible
hydrogen electrode (RHE) scale via the Nernst equation
Erpp=Eagaec1 +0.059 xpH+E° Ag/Agc Where Eppp is
the converted potential vs. RHE, E° Agagal 18 0.209 'V
at 25 °C, and Epgpec 1s the experimental potential
measured against Ag/AgCl reference electrode. Lin-
ear sweep voltammetry (LSV) was carried out in a
potential range of —0.39 to 1.61 V (vs. RHE). The EIS
spectra were measured in a frequency range of 1 Hz to
1 M HzatOV (vs. Ag/AgCl). The Mott—Schottky plots
were obtained at a mixed frequency of 3000 Hz in the
dark. To evaluate the photo-conversion efficiency, the
applied bias photon-to-current efficiency (ABPE) was
measured by the following equation:

ABPE(%) = (I X (1.23 = |Vgyg ) X D)/ Pign X 100%

)

where I is the photocurrent density (mA cm™2), Vgup

is the applied bias potential (V), Py, is the irradiance

intensity of 100 mW cm™2, and 7, is the faradaic effi-

ciency (presumed to be 100%). The faraday efficiency
(FE) was calculated by the following equation:

FE(%)=(mxnxXF)/(Xt) 2)

where m is the number of moles of gases (mol), n
is the number of reaction electrons, F is the faraday

hydrothermal

treatment
pa- '§
| =

constant (C mol™"), 7 is the photocurrent density (mA
cm™?), and 7 is time (s). H, and O, generated from
overall water splitting were conducted under identi-
cal conditions as those PEC measurements, except
that a bias of 1.23 V (vs. RHE) was applied in this
PEC cell. It was started by sealing the cell and purged
with N, for 30 min to remove the air residue. Then,
it was exposed under the simulated solar light with a
fixed bias. H, and O, produced were collected into a
syringe and analyzed on the gas chromatograph (Shi-
madzu, GC-2014, Japan) periodically, which was
equipped with a thermal conductivity detector (TCD).

Results and discussion

Morphology and crystal structure of Au—S-TiO,
NWAs

The schematic diagram of the synthesis process of
Au-S-TiO, NWAs is shown in Fig. 1. The TiO, and
S-TiO, NWAs were synthesized by a consequential
hydrothermal method on FTO glasses [37]. Then, Au
was deposited onto the as-prepared NWAs samples
via magnetron sputtering and post-annealing, which
is a physical method for the growth of Au NPs, with
the advantage of readily scale-up for mass produc-
tion. Furthermore, the SEM images of the obtained

! hydrothermal

treatment S-TiO, NWAs

magnetron

sputtering
(4* ==

Au-S-TiO, NWAs

Fig. 1 Schematic diagram of the synthesis process of Au-S-TiO, NWAs
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samples are displayed in Fig. 2a—e. Figure 2a shows
the TiO, NWAs vertically grew on the FTO sub-
strate with a smooth surface. After going through
the secondary hydrothermal growth process, the sur-
face of the S-TiO, NWAs became rough. As shown
in Fig. 2b, each TiO, nanowire is covered with short
branches that looked like emerging shoots, which can
significantly enlarge the specific surface area of TiO,
NWAs. The SEM image of S-TiO, NWAs after sput-
tering of Au is shown in Figure S1. A thin layer of
Au film was uniformly coated on both the nanowire
arrays and the newly grown nanoshoots. In Fig. 2c—e,
Au particles are deposited on S-TiO, samples after
the annealing for the dewetting process. The amount
of Au deposited can be controlled by sputtering time.
When the sputtering time was prolonged to 120 s,
the S-TiO, NWAs were fully covered by Au parti-
cles, which would further drastically increase the
surface roughness of the branched NWAs (Fig. 2e).
The content of Au obtained from Au-60-S-TiO,,
Au-90-S-TiO,, and Au-120-S-TiO, NWAs through
EDX spectra are presented in Table S1. It showed that
with increasing sputtering time, the content of Au
increased. Besides, the color of the substrate changed
from gray to pink-purple owing to the SPR effect of
Au particles (Fig. 2f).

The morphology of the Au-S-TiO, NWAs was fur-
ther examined by TEM (Figs. 3 and S2). As shown in

Figs. 3a and 3b, the image of Au-90-S-TiO, NWAs
manifested that the as-prepared sample consisted of
the S-TiO, nanowires and Au particles. A 3D nano-
structure with nanoshoots was grown on the back-
bones of the TiO, NWAs. In addition, Au particles
were successfully loaded on the S-TiO, nanow-
ires with narrow size distributions (Fig. 3a inset).
HRTEM image revealed a good lattice match of the
samples (Figs. 3c and 3d). The lattice fringe spac-
ings of 0.31 and 0.25 nm were ascribed to the (110)
and (101) crystalline planes of rutile TiO, [41]. Fur-
thermore, the lattice spacing of Au particles was
measured to be 0.23 and 0.20 nm, which could be
attributed to the Au (111) and (200) planes [39]. It
is suggested that the nanowire backbones and shoots
of Au-90-S-TiO, were in the rutile phase, and Au
nanoparticles were decorated on the outer surface of
S-TiO, between the gaps of those shoots. It was worth
noting that all the Au NPs deposited on this branched
hierarchical structure presented a narrowed size dis-
tribution, which is quite different from their analogs
on the flat substrate, as shown in Figure S3. In that
case, in the absence of the space confinement of the
complex substrate, the Au NPs rendered a broad size
distribution, different shapes, and random location on
the nanowires. In our work, during the annealing of
Au films sputtered on the S-TiO, sample, the dewet-
ting process of deposited Au would occur. In order

Fig. 2 SEM images of a TiO,, b S-TiO,, ¢ Au-60-S-TiO,, d Au-90-S-TiO,, e Au-120-S-TiO, NWAs, and f the digital photographs

of the samples
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Fig. 3 a, b TEM images, ¢, d HRTEM images, e HAADF-STEM image of Au-90-S-TiO, NWAs; EDS mappings of f Ti, g O, and h
Au of Au-90-S-TiO, NWAs
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to minimize their surface energy, the Au NPs were
prone to migrate to the bottom of the gaps induced
by those TiO, nanoshoots to form multiple interfaces
with neighboring nanoshoots from different direc-
tions. The space between the adjacent nanoshoots was
acting as the template for the space confinement of
the growth for the Au NPs. As a result, they exhibited
an intensive size distribution and a uniform morphol-
ogy (spherical particles), which would be beneficial
from the light trapping at defined wavelengths by the
SPR effect. Besides, the TEM images in Figure S2e—g
show that with increasing sputtering time, the diam-
eter of gold particles gradually increased (Table S1).
The atomic ratio of Au in these samples increased
linearly, which indicated this physical deposition pro-
cess was highly controllable. The element-mapping
images in Fig. 3f-h further confirm the existence of
the elements Ti, O, and Au with uniform distribution
all over the nanowire.

The crystallinity and phase composition of the
as-synthesized samples were characterized by XRD
(Figure S4). All the peaks can be attributed to the
tetragonal TiO, of the rutile phase (JCPDS 21-1276).
Compared to the XRD patterns of pristine TiO,
NWAs, no additional diffraction peaks of the S-TiO,
NWAs were observed, indicating the shoots of Au-S-
TiO, samples were also in rutile phase. The absence
of the typical diffraction peaks of Au is mainly
because its content was below the detection limit of
the XRD device.

()

—TiO,
——S-TiO,

—— Au-60-S-TiO,
—— Au-90-S-TiO,
—— Au-120-S-TiO,

Absorbance

500 600 700

Wavelength (nm)

300 400

(b)

800

Optical properties and surface chemical states
of Au-S-TiO, NWAs

The optical properties of TiO,, S-TiO,, and Au-S-
TiO, NWAs were obtained by DRS spectra (Fig. 4a).
Compared with pristine TiO, NWAs, the absorption
edge for the other four samples was slightly red-
shifted. The decorating of Au particles can further
enhance the visible light response relatively to S-TiO,
NWAs, contributed from the SPR effect of Au parti-
cles. The intensity of the absorption peak due to the
SPR effect (~520 nm) was gradually pronounced
along with the increased amount of Au by sputtering.
It is worth noting that those Au NPs with uniform
morphology in size and shape rendered a much more
intensive SPR peak than that of their counterparts
with very broad size distributions. The curves based
on the Kubelka—Munk function versus the energy of
light are shown in Fig. 4b. The band gaps of TiO,
NWAs, S-TiO, NWAs, Au-60-S-TiO, NWAs, Au-90-
S-TiO, NWAs, and Au-120-S-TiO, NWAs were 3.1,
2.99,2.96, 2.94, 2.92 eV, respectively. Decorating Au
particles could slightly narrow down the band gap of
S-TiO, samples, and such tuning of band edges could
also enhance the visible light absorption in addition
to the SPR effect of Au nanoparticles.

Furthermore, the surface compositions and chemi-
cal states of TiO,, S-TiO,, and Au-90-S-TiO, NWAs
were analyzed by XPS. The full survey spectra of
the Au-90-S-TiO, NWAs displayed the presence of

—TiO,

—S-TiO,

—— Au-60-S-TiO,
| —Au-90-s-TiO,
E —— Au-120-S-TiO,
=
=
S

15 2.0 25 3.0 35 4.0
hv (eV)

Fig. 4 a UV-vis diffuse reflectance spectra (DRS) and b corresponding band gaps estimated by K-M function for various TiO,

NWA samples
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Fig. 5 a XPS survey spectra of TiO,, S-TiO,, and Au-90-S-TiO, NWAs. High-resolution XPS spectra of b Ti 2p, ¢ O 1 s for TiO,,

S-TiO,, and Au-90-S-TiO, NWAs. d Au 4f XPS spectrum of Au-

Ti, O, and Au (Fig. 5a). Figure 5b shows the Ti 2p
XPS spectra for those three samples. Au-90-S-TiO,
exhibited two peaks at 458.5 and 464.1 eV, which
could be assigned to Ti 2p;,, and Ti 2p,,, of Ti*" in
TiO,, respectively. There was a small shift of 0.4 eV
for the Ti 2p,, peaks from 458.1 of pristine TiO, to
458.5 eV of Au-90-S-TiO,, implying the electron
transfer between Au particles and TiO, NWAs. The
high-resolution O 1 s XPS spectra had two peaks
centered at 529.3 and 531.6 eV (Fig. 5c). The peak
located at 529.3 eV could be assigned to O*~ in the
TiO, lattice. The binding energy of O 1 s at 531.6 eV
was attributed to Ti—-OH [1]. The Au 4f XPS spec-
trum was ascribed to Au 4f;, and Au 4f;,, located

@ Springer

90-S-TiO, NWAs

at binding energies of 83.3 and 86.9 eV, which con-
firmed the metallic Au in Au-90-S-TiO, (Fig. 5d) [39,
40].

Evaluation of PEC overall water splitting
performances

The LSV curves for the prepared samples are shown
in Fig. 6a. After the growth of branches, the S-TiO,
NWAs displayed a pronounced photocurrent of
1.28 mA cm™2 at 1.23 V vs. RHE, higher than that
of the pristine TiO, (0.73 mA cm™?). It hinted that
the light absorption in S-TiO, NWAs was greatly
improved due to their branched nanostructure for
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Fig. 6 a LSV curves measured at 1.23 V vs. RHE, b applied bias photo-to-current efficiency (ABPE) curves, ¢ EIS curves of TiO,,

S-TiO,, and various Au NP-modified S-TiO, NWAs

effective light multiple reflection and trapping, which
was beneficial for the enhanced charge separations.
The photocurrent of the obtained samples was fur-
ther improved after decoration with Au particles. By
prolonging the sputtering time (60, 90, and 120 s),
different photocurrent density—voltage (j—V) curves
can be obtained. The Au-90-S-TiO, NWAs achieved
the highest photocurrent density of 2.56 mA cm™? at
1.23 V vs. RHE, which was over three times higher
than that of the pristine TiO,. However, the current
density declined when the sputtering time extended
to 120 s. This decay occurred because overloading
excessive Au NPs with large size would block the
light absorption of TiO, NWAs, then restricting the
generation of UV-excited charge carriers. In addition,
the interfacial surface area between the TiO, nanow-
ires of the composite electrode and the electrolyte
was also reduced, restricting the transfer of photogen-
erated holes to the electrolyte for water oxidation.
Thus, the sample of Au-90-S-TiO, was selected for
further investigation in the following study.

The applied bias photon-to-current efficiency
(ABPE) spectra of the prepared photoelectrodes are
displayed in Fig. 6b. The Au-90-S-TiO, NWAs dis-
played the largest efficiency of 0.554% at 0.87 V vs.
RHE, which was 2.73 and 3.08 times higher than
those of S-TiO, (0.203% at 0.80 V vs. RHE), and
TiO, (0.180% at 0.80 V vs. RHE). The improved
ABPE of Au-90-S-TiO, NWAs suggested the much
enhanced photoelectric conversion efficiency by the
Au-TiO, composite photoelectrodes.

To further study the charge transfer process of
the photoelectrodes, EIS was measured in the dark.
As shown in Fig. 6c, the radii of the semicircle of
the Au-90-S-TiO, NWAs was the smallest. It also
means that the Au-90-S-TiO, NWAs exhibited the

lowest electron-transfer resistance and fastest charge
transfer kinetics, which contributed to the remark-
able enhanced PEC performance. Besides, their EIS
plots under simulated solar light illumination were
also recorded (Figure S5). All the radius of the plots
for various electrodes followed the same order as
they were measured in dark, indicating Au-90-S-TiO,
NWAS also exhibited the optimal charge transfer effi-
ciency. It was worth noting that the charge transfer
resistance of all the samples was reduced upon the
light illumination.

Mott—Schottky measurements of the samples were
performed to investigate the charge transport behav-
ior. All photoelectrodes showed positive slopes,
which implied that TiO,, S-TiO,, and Au-90-S-TiO,
NWAs are n-type semiconductors (Figure S6a—c).
Compared to pristine TiO,, the flat band potential for
S-TiO, and Au-90-S-TiO, showed a slight positive
shift. In addition, the carrier density can be calculated
according to the following equation:

N, = [2/(geelld(1/c*) /dV]™ 3)

where N, is the carrier density, electronic charge
g = 1.6 x 107" C, dielectric constant of TiO, & = 86
F cm™!, permittivity of vacuum g, = 8.85 x 107'* F
cm™!. The calculated carrier density were 5.2 X 10°!,
1.64 x 10%%, and 8.97 x 10?2 cm™> for TiO,, S-TiO,,
and Au-90-S-TiO, NWAs. It was worth noting that
the carrier density of the Au-90-S-TiO, NWAs was
17.2 times higher than that of the pristine TiO, sam-
ple, which was attributed to the branched nanowire
structure and the decoration of Au nanoparticles.

To further illustrate the improvement of PEC per-
formance, the light absorption efficiency (LHE),
charge separation efficiency (1), and injection
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efficiency (1)) of those three electrodes were studied.
Theoretically, Jpg- is governed by the relation

JPEC = Jabs X nsep X rlinj (4)

where J,,. is the photocurrent density at 100%
internal quantum efficiency, 7, is the photogen-
erated electron—hole separation efficiency for pro-
ducing surface-reaching holes, and 7;,; is the effi-
ciency of surface-reaching holes participating in
desired electrochemical reactions[40]. The value of
J s Was calculated by multiplying the LHE of each
wavelength throughout each step of the integration
(Figs. 7a, 7b, and S7) [27, 52, 53]. The J_,, values
of TiO,, S-TiO,, and Au-90-S-TiO, NWAs were
calculated to be 5.1, 6.6, and 8.3 mA cm™2, respec-
tively (Fig. 7b). The charge separation and injection

efficiencies were determined by adding a fast hole
scavenger to the electrolyte. Since Na,SO; pos-
sesses greatly fast oxidation kinetics, which is suit-
able as a hole scavenger. The photocurrent density of
sulfite oxidation (Jy,,s0,) is shown in Figure S8. The
Nsep Of the samples can be determined by the equa-
tion of #,, = Jya,s0,/Japs- For the sample of Au-90-
S-TiO, NWAs, the charge separation efficiency was
calculated to be 36.77% at 1.23 V vs. RHE (Fig. 7c¢),
much larger than that of pristine TiO, (13.97%) and
S-TiO, NWAs (27.62%). The reason for this phe-
nomenon was that the decoration of Au particles can
inhibit electron/hole recombination. On the basis of
the measured photocurrent density, 7;,; was calcu-
lated through the relationship #;,; = Jppc/JIna,s0,- In
Fig. 7d, the n;,; value of Au-90-S-TiO, NWAs has
achieved 83.93%, which was the highest value of all
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Fig. 7 a The LHE plots, b the charge density (the J,,, is the integration of charge density by wavelength), ¢ charge separation effi-
ciency nseps,,, and d charge-injection efficiency #;,; of TiO,, S-TiO,, and Au-90-S-TiO, NWAs.
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the photoelectrodes. The increased 7, in Au-90-S-
TiO, NWAs was attributed to the synergetic effect
between Au NPs and branched TiO, NWAs for the
improvement of the charge injection efficiency at
the interface between the composite electrode and
the electrolyte. Furthermore, the enhancement of the
injection efficiency indicated that it was highly effi-
cient toward water oxidation.

The anodic photocurrent dynamics of photoelec-
trodes was measured to further explore the charge
recombination behavior, by which their apparent
charge carrier lifetime could be determined (Fig. 8a)
[10, 54].The transient time constant (z, the specific
calculations are in Figure S9) were 11.2 s, 4.8 s, and
2.6 s for TiO,, S-TiO,, and Au-90-S-TiO, NWAs
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(Fig. 8b). The Au-90-S-TiO, NWAs had good injec-
tion efficiency and separation efficiency, leading to
rapid separation of photogenerated electron—hole
pairs, which were quickly injected into the electrolyte
through the electrode/electrolyte interface. So, the
lifetime of the photogenerated charge carriers of the
Au-90-S-TiO, NWAs was the shortest.

In a typical three-electrode cell, the reactivity
of the photoelectrodes was measured for PEC over-
all water splitting under simulated solar light. The
amounts of H, and O, were analyzed by GC equipped
with a thermal conductivity detector. The histogram
showed that hydrogen and oxygen evolved at a stoi-
chiometric ratio of approximately 2:1 at the end of
the reaction. In Fig. 9a, the highest amount of H,
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Fig. 8 a Chronoamperometry curves of TiO,, S-TiO,, Au-90-S-TiO, NWAs at 0.6 V vs. RHE. b In(D)-t plots for TiO,, S-TiO,, and

Au-90-S-TiO, NWAs
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Fig. 9 a The amounts of H, and O, produced by TiO,, S-TiO,,
and Au-90-S-TiO, NWAs at the fourth hour. b The photocur-
rent curve of the Au-90-S-TiO, NWAs measured at 1.23 V vs.
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(168 pmol) and O, (77 pmol) were generated by
Au-90-S-TiO, when the reaction lasted for 4 h, which
was 4 times higher than that of the pristine TiO, sam-
ple. In addition, the FE for the production of gener-
ated gases reached 87.9%. The photocurrent curve of
the Au-90-S-TiO, NWAs showed a negligible drop
within 4 h, which demonstrated the high stability in
PEC water splitting reaction (Fig. 9b). In addition,
the stability of the electrode was examined by a recy-
cling experiment of the Au-90-S-TiO, carried out at
1.23 V vs RHE under simulated sunlight for 4 h at
each cycle. It can be seen that the ratio of H, to O,
was close to 2:1 within three cycles. The yield of H,
and O, in the second and third cycles was similar,
only a 16.7% decline from the initial one, suggesting
the favorable stability of the electrode under long-
term operation. The SEM image and XRD patterns of
the Au-90-S-TiO, sample after 3 cycles of reaction is
present in Figure S10. The leakage of Au may occur
during the PEC reactions, and this could explain the
slight decline of reactivity for Au-90-S-TiO, in the
recycling test.

A possible charge transfer mechanism of Au-90-S-
TiO, NWAs (Fig. 10) was proposed on the basis of
the above results and analysis. Under the simulated
solar light irradiation, both branched TiO, NWAs
and Au were photoexcited. The TiO, nanowires with
shoots can scatter the incident light and extend the
light transport path, improving the utilization of the
light, by means of this, the electrons of TiO, were

photoexcited from the valence band (VB) to the con-
duction band (CB). Au nanoparticles acted as the
photosensitizers, enhancing the light absorption and
amplifying the electromagnetic field through the
SPR excitation [41]. The uniform size and distribu-
tion of Au NPs led to the improved light absorption
in a narrow band region by the SPR effect (~520 nm).
Because of the limited loading amount of Au NPs,
and the simultaneous excitation of branched TiO,
NWAs and Au NPs, it is reasonable to deduce that
the improvement of the reactivity for water split-
ting was mainly due to the near-field electromag-
netic mechanism (NFEM) and surface passivation of
TiO, nanowires. The amplified electromagnetic field
through the SPR excitation of Au NPs can increase
the light-trapping ability and promote the genera-
tion and separation of electron-hole pairs in the
branched TiO, NWAs [51, 55]. The space confine-
ment and localization of Au NPs by branched TiO,
NWAs vastly increased the interfacial area between
those two components with the intimate contact,
which could greatly boost the possible charge transfer
[56]. In addition, maximized surface passivation of
branched TiO, NWAs by uniform distributed Au NPs
could significantly reduce the loss of photogenerated
holes via electron-hole recombination at the surface
trap states. As a result, The electrons produced by
these two components could transfer to the FTO glass
rapidly due to intimate contact between NWAs core
and FTO glass, and then through the external circuit

Visible

Fig. 10 The proposed mechanism for PEC water splitting by Au-90-S-TiO, NWAs
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to the Pt electrode where eventually, protons were
reduced to hydrogen by the electrons. In the mean-
time, holes left on the VB of TiO, could transfer to
the surface of the electrode and finally oxidize water
to oxygen at the outer surface of the TiO, nanoshoots
on the photoanode. The appropriate sputtering time of
Au (90 s) on S-TiO, NWAs optimized the light pen-
etration and utilization and provide sufficient active
sites for the water redox reactions. All these factors
combined resulted in much enhancement of the PEC
overall water splitting efficiency.

Conclusion

In summary, 3D hierarchical Au-S-TiO, NWAs was
fabricated via a stepwised hydrothermal route com-
bined with the magnetron sputtering and post-anneal-
ing for the deposition of Au NPs. The TiO, nanowires
with shoots helped for the scattering of the incident
light and extend the light transport path, improving
the utilization of the light. The magnetron sputtering
and post-dewetting process of Au provides a much
more reliable technique for the mass production of
uniformly distributed metal NPs on a complicated
rough surface of the electrode substrate. The space
confinement originated by S-TiO, NWAs led to the
great improvement of the quality of deposited Au
NPs, both in size and their distribution. The designed
fabrication strategy improved the adhesion of gold
NPs that were dewetted from magnetron sputtered
gold thin films through engineering the 3D structure
of TiO,. The Au-S-TiO, NWAs electrode exhibited
dramatically enhanced reactivity for the PEC over-
all water splitting for the production of H, and O,,
and the FE could reach 87.9%. The improved light
absorption by branched TiO, NWAs, the NFEM of
Au NPs, and the surface passivation of TiO, NWAs
by Au NPs together showed the synergistic effect of
such reinforcement. This work provides a potential
strategy for the deposition of regulated Au NPs on
a predesigned ordered hierarchical substrate (in this
case, branched TiO, NWAs) for the improvement of
the performance of the PEC device. It is anticipated
that our work would reveal some insights into the
fabrication of highly efficient metal/semiconductor
nanocomposite electrodes and expand their potential

applications in overall water splitting by solar energy
conversion.
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