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Abstract

®

CrossMark

Conversion of solar irradiation into chemical fuels such as hydrogen with the use of a
photoelectrochemical (PEC) cell is an attractive strategy for green energy. The promising

technique of incorporating metal nanoparticles (NPs) in the photoelectrodes is being explored to
enhance the performance of the photoelectrodes. In this work, we developed Au-NPs-
functionalized nanoporous BiVO, photoanodes, and utilized the plasmonic effects of Au NPs to
enhance the photoresponse. The plasmonic enhancement leads to an AM 1.5 photocurrent of
5.1 4+ 0.1 mA cm 2 at 1.23 V versus a reverse hydrogen electrode. We observed an enhancement
of five times with respect to pristine BiVO, in the photocurrent with long-term stability and high
energy-conversion efficiency. The overall performance enhancement is attributed to the synergy
between the nanoporous architecture of BiVO, and the plasmonic effects of Au NPs. Our further
study reveals that the commendable photoactivity arises from the different plasmonic effects and

co-catalyst effects of Au NPs.

Online supplementary data available from stacks.iop.org/NANO/27/235401 /mmedia
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effects
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Introduction

With the ever-increasing demand for energy, there is a
pressing need to explore additional viable sources. Among the
various available alternatives, solar energy is an attractive
option to provide long-term sustainable energy. Using the
photoelectrochemical (PEC) cell, which utilizes sunlight to
extract hydrogen and oxygen from water, is a promising
strategy for capturing and chemically storing solar energy
while tackling current environmental issues [1, 2]. Though the
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concept of PEC cells has been explored since 1972 [3], the
real-life incorporation of robust and efficient cells has been
challenging. One of the main barriers is the challenge of
developing cheap, highly-efficient and stable photoanode
materials. Metal oxides such as hematite (a-Fe,Os) [4, 5],
zinc oxide (ZnO) [6, 7] and bismuth vanadate (BiVOy) [8] are
being explored as potential photoanodes due to their relatively
high stability in aqueous media. Among these photoanode
candidates, BiVO, is being researched for water oxidation
due to its direct band gap of 2.4 eV and suitable band position
for oxygen evolution, resulting in a low onset potential and
the utilization of the blue portion of the visible spectrum

© 2016 IOP Publishing Ltd  Printed in the UK
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[9, 10]. However, the performance achieved with a BiVOy4
photoanode has not matched expectations. The main hin-
drance is the poor electron-hole separation efficiency, result-
ing in significant recombination in the bulky BiVO, [11].
Slow oxygen evolution kinetics due to poor charge transport
is another limitation, which is tackled with cobalt-based co-
catalysts [12]. Doping and morphology modification have
also been reported to aid in the electron transport within the
material and to reduce the recombination probability [13, 14].
An effective strategy with numerous advantages for morph-
ology modification is the creation of nanostructured BiVO,.
The nanostructures can enhance charge transport and elec-
tron-hole separation, leading to BiVO, with superior PEC
performance [15-17].

Over the past decade, plasmonic nanoparticles (NPs)
have been extensively explored due to their attractive optical
properties [18-21]. They have been used for an array of
applications, including surface-enhanced spectroscopy
[22, 23], plasmonic lasers [24], biomedical imaging [25],
biosensing [26], and metamaterials [27]. In recent years, there
has been a growing interest in exploiting plasmonic nano-
materials to improve the efficiency of photochemical and
photovoltaic reactions [28]. In particular, the plasmonic
enhancement of solar water splitting is being actively pursued
[29-31]. For most of the PEC applications, Au NPs are
incorporated into the semiconductors due to their chemical
stability and broad optical response from visible to infrared
[32]. The dominant mechanisms for the plasmonic enhance-
ment of chemical reactions include (i) plasmon resonance
energy transfer (PRET) from metal NPs to the adjacent
semiconductors, (ii) hot-electron injection, where electrons
are generated and injected into the conduction band (CB) of
semiconductors upon the non-irradiative decay of surface
plasmons, (iii) plasmonic heating, and (iv) local electro-
magnetic field concentration for the enhanced light absorption
by semiconductors [29, 30, 33]. With one or more of these
mechanisms, Au NPs have been shown to improve the water-
splitting performance on various materials such as TiO,
[34, 35], ZnO [36], Fe,O3 [37] and BiVO, [38, 39]. Hot-
electron injection enhancement is particularly promising
among the various approaches. Pu and coworkers have
established photoactivity over the entire UV—visible spectrum
on TiO, by employing Au NPs [40]. The role of hot electrons
in chemical reactions on ZnO has also been studied [36].
Recently, the charge transfer from NPs to BiVO, has been
attributed to the enhanced PEC performance of inverse opal
BiVO, decorated with Au NPs [38]. In spite of the numerous
experiments that exhibit the consistent plasmonic enhance-
ment of PEC performance, mechanistic understanding of the
enhancement mechanisms has been inconsistent due to the
difficulty in decoupling the different mechanisms in the
measurements. Therefore, experiments that aim to probe,
understand and optimize each of the plasmonic enhancement
mechanisms are highly desired in order to maximize the
performance of PEC cells.

In this work, we fabricated nanoporous BiVO, decorated
with Au NPs to work as photoanodes. The photoanodes
exhibit several advantages, including an improved

photocurrent response and solar energy-conversion efficiency.
With the high surface areas of nanoporous BiVO, and the
uniform dispersion of Au NPs on the nanostructure surfaces,
we have managed to synergize multiple enhancement
mechanisms for the Au-BiVO, systems. These enhanced
mechanisms include an enhanced charge and carrier collec-
tion, a plasmon-induced electron and energy transfer, a
plasmon-enhanced electromagnetic field and a co-catalyst
effect. The cumulative effect is the maximal utilization of the
generated charges. As a result, an AM 1.5G photocurrent
density of 5.1 + 0.l mAcm 2 at 1.23 V versus a reverse
hydrogen electrode (RHE) was achieved along with a >99%
Faraday efficiency, which is among the state-of-the-art sys-
tems [38]. It should be noted that no surface electrocatalysts
were integrated with the photoanode. The Au-BiVO, photo-
anodes in combination with their simple electrochemical and
chemical deposition techniques lead to robust, high-perfor-
mance solar water oxidation in tandem or hybrid PEC cells.
Moreover, we have analyzed the plasmonic contributions
from hot-electron injection, an enhanced electromagnetic field
and PRET, and concluded that they play a major role in the
plasmonic enhancement of PEC performance. Our work
incorporates hot-electron injection and further mechanistic
analysis of the various enhancement mechanisms in order to
pave the way towards the rational design of hybrid photo-
anodes with optimal performance.

Results and discussion

We have prepared a series of nanostructured BiVO, electro-
des with variable loadings of Au NPs and comparatively
studied their PEC performances. As described in the ‘Mate-
rials and Methods’ section, an array of BiOI nanoflakes was
synthesized on the fluorine-doped tin oxide (FTO) glass
substrates to serve as templates for the preparation of the
nanoporous BiVQ,. Scanning electron microscope (SEM)
images in figure 1(a) show the two-dimensional (2D)
morphology of a collection of randomly oriented BiOI
nanoflakes (ca. 20 nm in thickness) with voids between them.
These voids limit the grain growth of BiVO, converted from
BiOl, leading to a high surface area of the BiVO, films.
Figure 1(b) shows the BiVO, electrodes that form a 2D
nanoporous network consisting of numerous spherical NPs
(average diameter of 70 £ 10 nm). This network of BiVO,
NPs with their dimensions smaller than the hole diffusion
length is expected to lead to highly-efficient electron—hole
separation [41]. Such 2D nanoporous structures have proved
to be superior for PEC and photovoltaic applications due to
their enhanced capability of charge carrier separation and
collection [8]. The spherical particles have small radii, and the
minority carriers that are generated therein can diffuse to their
surfaces before they recombine.

The deposition of Au on the BiVO, substrate was carried
out for different durations, i.e. 1h, 3h, 6h, 12h, and 24 h.
Figures 1(c) and (d) show the SEM images for BiOI and
BiVO, films after the Au deposition for 12 h. The formation
of the Au NPs with an average of 30 nm in diameter can be
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Figure 1. Scanning electron micrographs of (a) BiOI template at low and high magnification (inset) and (b) BiVO, at low magnification and
high magnification (inset). (c) and (d) TEM and SEM images of BiVO, samples with a loading time of 12 h. (e) Energy dispersive
spectroscopy (EDS) spectrum of an Au-BiVO, sample showing the presence of Au. (f) X-ray diffractometer (XRD) spectra for pristine
BiVO, and Au-BiVO,. A single Au NP with a diameter of 30 nm and size distribution are indicated in the inset of (c).

clearly seen on the BiOI films (see figure 1(c)). We also
observed a gradual increase in the NP distribution as the Au
deposition time is increased. The Au NPs start to aggregate
especially in the case of the 24 h sample, which may lead to
the formation of a thin layer of Au NPs (supplementary figure
S1). In order to further confirm the chemical compositions of
the films, we performed EDS on the BiVO, samples after the
Au deposition. A distinct Au peak is observed besides the
expected Bi, V and O peaks (figure 1(e)). The corresponding
XRD spectrum (figure 1(f)) also confirms the scheelite-
monoclinic structure (JCPDS #:14-0688) of BiVO, and the
existence of cubic gold (JCPDS #:2-1095), further verifying
the crystalline phase of Au-BiVO,.

In order to investigate the effects of Au NPs on the
optical properties of the BiVO,, we measured the optical
diffuse reflectance spectra of pristine BiVO, and Au-BiVO,
with different Au loadings (figure 2(a)). It has been known
that pristine BiVO,4 has an electronic band gap of 2.4V,
which corresponds to 515 nm in wavelength, and exhibits an
obvious drop in the absorption spectrum (figure 2(a)). A
characteristic feature of Au NPs exploited for most of their
applications is the excitation of localized surface plasmon
resonances (LSPRs), the light-coupled coherent oscillation of
free electrons in the NPs [42]. Due to their dependence on the
NP shape and size, the LSPRs can be tuned to overlap with
the semiconductor absorption wavelengths to achieve



Nanotechnology 27 (2016) 235401

J Gan et al

(a)

——BiVO,

—— Au/BiVO, (1h)
Au/BiVO, (3h)
AulBiVO, (6h)
—— Au/BiVO, (12h)
—— Au/BiVO, (24h)

Absorbance (a.u.)

Ll L] L L] Ll L}
400 500 600 700 800 900
Wavelength (nm)

Potential vs RHE (V)
02 04 06 08 10 12 14 18

_.I_ BI‘VO‘I Ll b L) b L) M L) M L]
74 —— AwBIVO, (1h)
—v— Au/BVO, (3h)
71— AuBivo, (6h)
54— AuBIVO, (12h)
+— Au/BIVO, (24h)
—a— dark condition

—
b=

44

Photocurrent density (mA!cmz)

T T T T T v

04 02 00 02 04 06 08 10
Potential vs Ag/AgCI (V)
Potential vs RHE (V)

0.2 0.4 0.6 0.8 1.0 12
T T v L] L)
£ 121 —.—sivo,
g 1 —+—AuBiVO,(1h) -
g 109 —.—auBivO, (3h)
£ 1 ——AwBVO, (6h)
§ 0.84 —.—AwWBIVO, (12h) 7
g —«—AuBIVO, (24h)
2 0.64
5 :
o 4
>
2 0.4+
@
c
H -
=
S 0.24
=]
2]
0.0 T T T T .
0.4 0.2 0.0 0.2 0.4 0.6

Potential vs Ag/AgCl (V)

Figure 2. (a) Diffuse reflectance spectra of a pristine BiVO,
photoelectrode and Au-BiVO, photoelectrodes with different NP
loading times. (b) Linear-sweep voltammograms of pristine BiVO4
and Au-BiVO, photoelectrodes performed in a 0.2 M aqueous
Na,SO, with a pH of 7 under a solar simulator (AM 1.5,

100 mW cm ™ 2). The dark scan is included. (c) Calculated solar
energy-conversion efficiencies for the different photoelectrodes. The
1 was evaluated based on a three-electrode system.

enhanced physical and chemical processes. In figure 2(a),
with the increase in deposition time, the absorbance that
originated from the surface plasmon resonance of Au NPs
(~541 nm) gradually increased, suggesting that the loading of
Au can be effectively controlled to optimize the absorption
conditions for the PEC reactions. As expected, the absorbance
of Au-BiVO, (24h) is maximum at the LSPRs’ frequency.
The increased loading time also causes a redshift (from 541 to
550 nm) in the LSPRs’ peak wavelength with an increased
bandwidth. The redshift is attributed to the progressive
deposition of Au particles upon the BiVO,. The peak shift
may be caused by the increased size of Au NPs and the
decreased inter-particle distance. Notably, the 24 h sample
showed a shoulder at approximately 680 nm in addition to the
major plasmon resonance peak. This bimodal distribution
may come from the same LSPRs’ absorption. This phenom-
enon is attributable to the formation of Au NPs aggregation
with very low inter-particle distance resulting in interactions
between neighboring atoms [43].

Electrochemical measurements were performed system-
atically to evaluate the plasmonic effects on the PEC per-
formance of BiVO, loaded with different amounts of Au NPs.
The PEC properties of the Au-BiVO, photoanodes were
examined in 0.2 M Na,SO, aqueous solution at pH = 7 under
AM 1.5G illumination and dark conditions. The typical linear
sweep voltammetry of the pristine and Au-BiVO, photo-
anodes (figure 2(b)) was conducted with back-side illumina-
tion. The data points and error bars depict the average and
standard deviation values from the measurements of multiple
samples. Throughout the deposition process, the mean Au
NPs sizes are found to be concentrated in 25-32 nm (see
figure S1). Within this range, the particle distribution
increased as the Au loading time prolonged. The dark scan led
to a negligible current. Under illumination, BiVO, electrodes
exhibit an increased photocurrent as a function of the loading
of Au NPs up to 12h. A similar trend can be found in the
front-side illumination (see figure S2). The BiVO, electrode
with a NP loading time of 12 h yielded a pronounced pho-
tocurrent, which started from —0.22V and increased to
5.10mA cm 2 when +1.23 V versus RHE was applied. This
corresponds to an almost five times increase over pristine
BiVO, (1.1 mAcm 2 at the same potential). The increase
suggests that the decoration by Au NPs promoted the har-
vesting of solar light via plasmonic enhancement. Moreover,
the current onset potential is shifted cathodically (see figure
S3), implying that both the kinetics of oxygen evolution as
well as the surface recombination of electrons and holes were
improved due to the plasmonic enhancement and the elec-
trocatalytic effect of Au. However, a drastic decrease in the
photocurrent occurs at the BiVO, electrode with the Au
loading time of 24 h; this arises from the blocking effect of
the larger number of Au NPs on the surfaces [36]. Figure S2
shows the data for the front-side illumination measurement.
Upon increasing the loading time from 12h to 24h, the
blocking effect of the incident light by the Au NPs is also
doubled. (Figure S4 shows the presence of Au aggregates.)
Additionally, Au NPs can also behave as trap centers for
photoelectrons [36] and collect some photogenerated
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Figure 3. (a) IPCE spectra of pristine BiVO,4 and Au-BiVO, with Au
loading times of 6 h and 12 h. The measurements were carried out at
an applied potential of +1.0 V versus RHE under a solar simulator
(AM 1.5, 100 mW cm ). The optical absorption spectrum of Au
NPs is included. The inset illustrates the plasmon-induced hot-
electron injection mechanism. (b) IPCE enhancement factors for Au-
BiVO, with Au loading times of 6 h and 12 h. Inset is a zoom-in for
the wavelength ranging from 490 nm to 530 nm. The factor
approaches infinity above 530 nm since pristine BiVO, has no
photoactivity.

electrons from the BiVQy; this results in a negative effect on
the photoresponse. As a result, the optimal performance in the
BiVO, electrode with the loading time of 12 h arises from the
balance between the plasmonic enhancement and the blocking
effect of Au NPs.

For further insights into the photoelectrode properties, we
have calculated the solar energy-conversion efficiency (1)
assuming a 100% Faradaic efficiency, which reflects the
photoconversion efficiency based on equation (2). As shown
in figure 2(c), n exhibits a similar trend to the photocurrent as
a function of the Au loading time. Compared to pristine
BiVO, at 0.80 V, the 1 of Au-BiVO, (1 h ~ 12 h) is enhanced
almost five times from 0.15% to 1.00%. It is worth reiterating
that no surface electrocatalysts were added onto the electro-
des. In the presence of an appropriate oxygen evolution cat-
alyst, we expect the photocurrent onset potential to be even
lower.

Figure 3(a) shows the incident photon-to-current con-
version efficiency (IPCE) to quantitatively investigate the
relations between the photoactivity and the light absorption.
All the electrodes were measured at 1.0 V versus RHE under
the same conditions. The IPCE spectrum of pristine BiVO,
exhibits a photoresponse up to 520 nm in accordance with the
absorption edge of BiVO,. A significant increase in the per-
formance is observed upon the addition of Au NPs. Further,
we observed additional photoactivity in the Au-BiVO, sam-
ples up to 600 nm where the optical absorption of Au NPs
starts to subside. A similar trend was observed in the front-
side illumination (figure S5). To investigate the mechanisms
of the increased photoactivity, we consider and analyze the
different plasmonic phenomena. We can eliminate the effect
of resonant photon scattering by NPs in increasing the path
length of photons in BiVO, since scattering for Au NPs
smaller than 50 nm is minimal (see figure S6) [44]. We can
also exclude the plasmonic heating, since the thermal energy
caused by plasmonic heating is much less than the amount of
energy required for the water splitting (1.23 eV) [34]. Further,
the cyclic voltammetry indicates that the Au NPs are not
oxidized (figure S8). On the other hand, there is a small
overlap between the optical absorption spectra of the pristine
BiVO, and that of the Au NPs, indicating that both PRET and
the plasmon-enhanced light absorption by BiVO, can occur
in the composites [29]. The latter is due to the concentrated
and enhanced electromagnetic fields at the nanoporous
structure by the LSPRs in the Au NPs. Other possible con-
tributors to the enhanced photocurrent can include the plas-
mon-induced hot-carrier injection from Au NPs to BiVO,.
Upon the decay of the LSPRs, hot electrons are injected to the
CB of BiVOy, because photoexcited plasmons promote single
electrons to high-energy states in the Au NPs and the energy
of hot electrons is higher than the CB of BiVO, (inset in
figure 3(a)).

Further, we quantify the enhancement factors by dividing
the IPCE values of the 6 h and 12 h samples with those of
pristine BiVO, (see figure 3(b)). There exists an IPCE peak at
420 nm because of the photoactivity of BiVO, in this range.
The enhancement factors are limited to about 1.2 from 400 to
450 nm. However, the factors start to increase drastically due
to stronger plasmonic effects, which match well with the
wavelength of Au NP LSPRs (figure 3(a)). Beyond 520 nm,
the enhancement factor rises steeply to over 100. Due to the
negligible contribution from the semiconductor above
543 nm, the enhancement factor approaches infinity. There-
fore, the performance improvement can be mainly attributed
to PRET, the plasmon-enhanced light absorption and the hot-
electron injection. The plasmonic effects in the Au-BiVO,
system can be maximized via adopting an optimized amount
of Au NPs.

To verify the contributions from hot-electron injection
and PRET, the Au-BiVO, (12 h) photoelectrode was further
tested under on-off cycle illumination with the solar spectrum
and a 525 nm long-pass filter (figure 4(a)). Since the activity
of BiVO, is up to 520nm, we plot the photoresponse of
pristine BiVO, as a control, which is overlapped with the
photoresponse of Au-BiVO,. The difference in the
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Figure 4. (a) Amperometric current—time (/-7) curves of Au-BiVO,
(Au loading time of 12 h) and pristine BiVO, with on/off cycles
under the illumination of selective light (AM 1.5 and A > 525 nm) at
0.6 V versus RHE. The difference between the activity of pristine
BiVO, and Au-BiVO, shows the total enhancement. The activity at
above 525 nm is attributed to the plasmonic enhancement effects. (b)
Finite-difference time-domain (FDTD) simulation of the electric
field distribution at the interface of a single spherical Au NP and
BiVO,.

photocurrents between Au-BiVO, and pristine BiVO, under
solar illumination depicts the overall enhancement. To further
analyze the plasmonic effects, we used a 525 nm long-pass
filter attached to the solar simulator. The photocurrent
observed in this case is derived from the plasmon-enhanced
light absorption, PRET and the hot-electron injection because
pristine BiVO, has no activity above 525nm. Since the
LSPRs are sensitive to the shape and size of Au NPs, it is
possible to extend the absorption to the entire visible range by
the incorporation of different types of NPs such as Au
nanorods [40].

To further understand the PEC enhancements in the Au-
BiVO, electrodes, we studied the plasmon-enhanced
electromagnetic field using the FDTD method. The electro-
magnetic response of the hybrid electrodes, as shown in

figure 4(b), is dominated by local ‘hot spots’. The main
intense local fields in one Au NP can be seen in the figure,
which shows the electric field distribution of the hot spot
regions. In this local hot spot region, the electric field inten-
sity at the BiVO, surface is ~5 times higher than that of the
incident electric field intensity. This indicates that the photon
absorption rate (and hence e —h™ pair generation rate) is
much higher than for pristine BiVO,. The penetration length
of field enhancement into the BiVO, is ~30nm. Thus, a
higher carrier generation resulting from hot-electron injection,
PRET, and electromagnetic field enhancement is observed in
the Au-BiVO, photoanode. Further, the nanoporous archi-
tecture aids in the efficient utilization of e —h™ pairs. The
e —h™ pairs are readily separated under the influence of the
surface potential and their travel distance to the BiVO, sur-
face is shortened. Last but not least, the co-catalyst effect of
Au for water oxidation should also be considered [45].
However, with the dominant plasmonic enhancement comp-
onent for the incident light above 525 nm (figure 4(a)), the co-
catalyst component has a relatively lower contribution than
the plasmonic effects. Thus, a combination of higher e -h™
pair generation and efficient charge separation leads the PEC
performance to be far superior to previously reported systems
with a similar configuration [35, 36, 38].

Figure 5 depicts a pictorial model of the plasmonic
enhancement mechanism. When the photoanode absorbs light
with energies above the band gap of BiVOy, the photoelec-
trons generate and move to the CB of BiVO,. Simulta-
neously, Au NPs absorb the incident irradiation, generate hot
electrons, and strengthen the electromagnetic field at the
metal-semiconductor interfaces. These hot electrons are
injected over the Schottky barrier into the CB of BiVO, [46],
and eventually move on to the cathode where they interact
with protons to form hydrogen [32, 47]. Being a metal, Au
consists of free electrons with a lack of holes. With the
continuous plasmonic hot-electron injection, excited Au NPs
undergo redox reactions evolving hydrogen and oxygen from
water. At the bottom of the CB, additional vacancies are
formed by the plasmon-induced electromagnetic field. These
vacancies facilitate the generation of photoelectrons by direct
excitation. This electromagnetic field is not uniform on the
plasmonic metal surface, so the formation of electron-hole
pairs should be larger in the region of semiconductors closest
to the Au NPs. The surface potential promotes the separation
of e —h™ pairs and shortens their distance to travel to the
surface of BiVO,.

In order to confirm that the photocurrent generated is
exclusively for water splitting rather than any other undesired
side reactions, both hydrogen and oxygen evolution tests of
the assembled PEC cell were performed (figure 6). The ratio
of evolution rates of H, and O, is close to the stoichiometric
value of 2.0, with rates of 68.72 £+ 0.05 umol h™' cm™? for
H, and 35.15 £ 0.05 umol h™" cm™? for O,. Assuming a
100% Faradaic efficiency, the evolution rates of H, and O,
should be 72.38 ymol - h™" - cm ™2 and 36.19 yumol h~' cm ™2,
respectively, for Au-BiVO, (12 h) at an average photocurrent
of 3.88mAcm 2. Similarly, the theoretical (and actual)
amount of pristine BiVO, gas evolution is 12.94 ymol h™'
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Figure 6. Time courses of H, and O, evolution for Au-BiVOy (12 h)
and BiVO, photoelectrodes under an AM 1.5G solar simulator in a
0.2 M Na,SO, aqueous solution at an applied bias of 1.0 V

versus RHE.

em 2 (12.76 pmol h™! em™?) for H, and 6.471 pmol h!
em 2 (6.285 pmol h™' cm™?) for O,. Consequently the Far-
adaic efficiencies for both gases are higher than 95%, indi-
cating that the observed photocurrent can be fully attributed to
water splitting. The enhancements can arise from both the
plasmonic effects and the catalytic effect of Au. Notably,
the photocurrents possess a minimal decay of less than 5%
in the long-term test (see figure S7), implying the high
stability of the as-prepared photoanodes. The decay at the
higher photocurrent is due to O, bubble trapping within the
nanostructure of BiVO,.

Conclusions

We have developed nanoporous Au-BiVO, photoanodes with
a high surface area, short carrier-diffusion length, and plas-
monic enhancements for efficient PEC water splitting appli-
cations. We have analyzed the different plasmonic effects of
Au NPs in the photoanodes. Through the mechanistic study,
we have established that the plasmon-induced hot-electron
injection, PRET and plasmon-enhanced electromagnetic field
are major influences on the plasmonic effects. Moreover,
other factors like the catalytic effect of Au also contribute to
the PEC performance. We have found that there is an optimal
deposition time of Au NPs on the BiVO,, which will balance
the plasmonic enhancements and blocking effect of the Au
NPs. The Au-BiVO, photoanodes exhibit five times higher
AM 1.5G photocurrents than pristine BiVO, with over 95%
total Faradaic efficiency. It is worth noting that the com-
mendable performance was achieved without the incorpora-
tion of any oxygen evolution catalyst or any other metal
doping. Our nanoporous Au-BiVO, electrodes with their
efficient PEC performance and long-term stability will pave
the way towards industrial applications for solar water oxi-
dation via the efficient utilization of the solar spectrum.

Experimental section

Fabrication of BiVO, electrodes

All the reagents were of analytical grade and used without
further purification, and deionized water was used in all
experiments. Nanoporous BiVO, films were synthesized on a
FTO glass substrate with nanostructured BiOI films as tem-
plates using an electrodeposition method reported previously
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[8]. Briefly, S0ml 0.8 M Bi(NO3); and 8 M KI (pH = 1.7)
were added to 20ml of 0.23 M p-benzoquinone absolute
ethanol solution. Pt wire and saturated Ag/AgCl were used as
the counter electrode and reference electrode in all the elec-
trochemical experiments. The cathodic deposition was carried
out potentiostatically at —0.14V for 3 min. The resulting
BiOI precursor films were further pipetted with 150 ul of 0.2
M VO(acac), in dimethyl sulfoxide (DMSO) and annealed at
450 °C for 2 h. Afterwards, the films were washed by soaking
them in 1 M NaOH solution for 30 min. Finally, the resulting
nanoporous BiVO, electrodes were rinsed with deionized
water and dried at room temperature.

Decoration of BiVO, electrodes with Au NPs

The colloidal Au NPs were prepared in a mixed solution of
25ml of sodium citrate (1%) and 250 ml of Au metal salt
(HAuCl,, 0.4 mM) solution. The solution was heated up to
90 °C for 15min and then cooled down. The as-prepared
BiVO, substrates were immersed in the solution for variable
durations. Following this, the sample was thoroughly washed
by deionized water, and dried at room temperature. Finally,
the samples were annealed in an ambient environment at
350°C for 1h to generate Au NPs on the surface of the
nanoporous BiVO,.

Characterization

The structures and compositions of the samples were char-
acterized with a SEM (FEI Quanta 650) integrated with an
EDS detector and XRD (Rikagu MiniFlex 600). Total trans-
mittance and diffuse reflectance spectra were measured with a
Cary 500 UV-vis-NIR spectrophotometer attached to a Lab-
sphere DRA-CA-5500 integrating sphere.

PEC measurements and analyses

PEC measurements were conducted in a three-neck glass
electrode cell with the sample being measured as the working
electrode. The illumination source was a 150 W Xe arc lamp
(Newport, 6255) directed at the quartz PEC cell
(100 mW cmfz). All the electrochemical measurements were
performed on a CHI 660E electrochemical workstation at
room temperature. The gas evolution was conducted at the
same conditions with a bias of +1.0 V versus RHE.

The IPCE was calculated according to the following
equation:

1240J (M)

IPCEQY) = - POy

x 100% (1)
where ) is the wavelength (nm), J()\) is the photocurrent
density (mA cmz), and P()) is the incident power density of
the monochromated light (mW cm?). The solar energy-
conversion efficiency, (1), was calculated from the exper-
imental J-V curves by assuming 100% Faradaic efficiency
according to the following equation:

o |J| X (1229 — Vbias)
Pin

n(A) x 100% )

where J is the photocurrent density (mA cm?), P, is the
incident  illumination power density (AM 1.5G,
100 mW cmfz) and Vi, is the applied bias versus RHE (V).

Numerical simulations

The numerical simulations were performed with Lumerical, a
commercial FDTD Maxwell equation solver. Based on
experimental measurements, a spherical Au NP
(diameter = 30 nm) was attached onto the surface of a BiVO,
nanoplate of 70 x 100 x 100 nm. Linearly polarized light is
illuminated normally onto the substrate, with the polarization
normal to the interface between the Au NP and the BiVO,.
The reflectance light and electromagnetic field were collected
with a 2D frequency-domain power detector and an electric
field detector at the top, respectively, at a wavelength of
543 nm.
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