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A facial and large-scale compatible fabrication route is estab-
lished, affording a high-performance heterogeneous plasmon-
ic-based photoelectrode for water oxidation that incorporates
a CoFe-Prussian blue analog (PBA) structure as the water oxi-
dation catalytic center. For this purpose, an angled deposition
of gold (Au) was used to selectively coat the tips of the bis-
muth vanadate (BiVO,) nanostructures, yielding Au-capped
BiVO, (Au-BiVO,). The formation of multiple size/dimension Au
capping islands provides strong light-matter interactions at
nanoscale dimensions. These plasmonic particles not only en-
hance light absorption in the bulk BiVO, (through the excita-
tion of Fabry-Perot (FP) modes) but also contribute to photo-

Introduction

Conversion of sunlight into electricity and chemical energy are
the major paths to produce green energy. Unlike semiconduc-
tors, which only harvest photon energies above their band
gap, nanometals exhibit resonant light absorption in the
whole electromagnetic spectrum, through the excitation of lo-
calized surface plasmon resonances (LSPRs) and inter-band
transitions. Thus, plasmonic photoelectrochemical water split-
ting (PEC-WS) offers a promising approach to convert sunlight
into chemical energy, which has recently received intense re-
search.'” Plasmonic nanometals can contribute to the semi-
conductor activity enhancement through two main pathways;
i) radiative (scattering, optical near field coupling) and ii) non-
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current generation through the injection of sub-band-gap hot
electrons. To substantiate the activity of the photoanodes, the
interfacial electron dynamics are significantly improved by
using a PBA water oxidation catalyst (WOC) resulting in an Au-
BiVO,/PBA assembly. At 1.23V (vs. RHE), the photocurrent
value for a bare BiVO, photoanode was obtained as
190 pAcm 2%, whereas it was boosted to 295 uAcm ? and
1800 wAcm 2 for Au-BiVO, and Au-BiVO,/PBA, respectively. Our
results suggest that this simple and facial synthetic approach
paves the way for plasmonic-based solar water splitting, in
which a variety of common metals and semiconductors can be
employed in conjunction with catalyst designs.

radiative energy transfer (hot electron injection, plasmon reso-
nant energy transfer).l" In the former mechanism, the plasmon-
ic nanoantenna can improve light absorption for above-band-
gap photons, whereas the latter can provide sub-band-gap
light harvesting.

Although one of the most successful semiconductors—for
plasmonic PEC-WS—is titanium dioxide (TiO,), mainly owing to
its chemical stability, earth abundance, and cost effective-
ness;® ' however, it suffers from a poor absorption response
that only covers the ultraviolet (UV) portion of the solar spec-
trum. Therefore, in recent years, extensive attempts have been
made for the design and realization of plasmonic coupled low
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band gap metal oxides for driving water oxidation and reduc-
tion reactions."”*”" By decorating plasmonic deep sub-wave-
length nanoparticles on a semiconductor, near field ef-
fects"?323¥ and hot electron injection”**¥ can simultaneously
contribute to the overall activity of the cell. Strong light-
matter interactions, in the plasmonic-semiconductor interface,
can trigger the formation of intense localized fields.*® These
confined fields increase the density of photogenerated carriers
in the vicinity of the surface, and facilitate the charge separa-
tion.***" However, larger noble metal particles cannot support
LSPRs and have a negligible hot electron injection yield. In this
platform, these particles act as a mirror that reflects/scatters
light. The formation of Fabry-Perot (FP) resonance modes in
the metal-semiconductor nanocavity is the main mechanism in
these architectures to harvest solar irradiation. Some recent
works have proposed innovative hybrid schemes that take ad-
vantage of using both FP resonances (supported by the Au re-
flector in a nanocavity) and LSPRs (through the use of plas-
monic nanoparticles) to achieve the high-performance photoa-
node in PEC-WS systems.>3¢

Besides the superior absorption characteristics of these plas-
monic-narrow band gap semiconductor designs, their electrical
performance is also a prominent factor. The main bottlenecks
of low band gap semiconductors (compared with wide band
gap ones) are their shorter diffusion length and higher recom-
bination rate. Therefore, just a portion of carriers in the vicinity
of their surface can participate in a water oxidation reaction.
This drawback can be intensified in the presence of plasmonic
nanometals. These metallic nanoparticles act as an electron
trapping center, which captures the photocarriers and hampers
their collection efficiency. That is why an optimum metal load-
ing is required to make the necessary trade-off for per-
formance improvement.***? Another approach could be the
use of a proper catalyst for the selective isolation of photogen-
erated carriers to enhance their lifetime.**3® Therefore, in an
ideal scheme, a low band gap semiconductor loaded with a
plasmonic-catalyst heterostructure with selective decoration
can reveal superior opto-electronic and catalytic properties.
Moreover, the simultaneous formation of small and large parti-
cles could excite both FP and LSPR modes to achieve both
semiconductor light absorption enhancement and plasmonic
hot electron injection. In recent studies,"****Y we developed a
facial route based on oblique angle deposition to synthesize
plasmonic nanostructures on a large scale. Moreover, we dem-
onstrated that as a result of the cyanide chemistry, so-called
CoFe-Prussian blue analog (PBA) is a strong and robust water
oxidation catalyst (WOC), when connected to an organic chro-
mophore.”>*¢ Inspired by these studies, herein, we adopt an
extendable platform for the realization of a catalyst-plasmonic
architecture to improve the performance of semiconductor
photoanodes with a facial and large-scale compatible design
in PEC-WS.

For this purpose, bismuth vanadate (BiVO,) nanostructures
are capped with Au particles by using a shadowing effect of
oblique angle deposition. In this method, the dimension and
shape of Au capping units are defined by the shape of BiVO,
and, therefore, it leads to the formation of multiple sized/
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shaped particles. The larger particles enhance light absorption
within the semiconductor bulk, through light scattering and FP
resonance modes. The small ones provide sub-band-gap ab-
sorption and contribute to the photocurrent by LSPR-induced
hot electron injection. Finally, to optimize the electron dynam-
ics, PBA, as a WOC, is decorated on the surface of the photo-
anode. As a result of these modifications, the photocurrent
value at 1.23V (vs. reversible hydrogen electrode, RHE) is en-
hanced by an order of magnitude compared with that of bare
BiVO, (from 190 uAcm 2 to 1800 pAcm?).

Results and Discussion

For the preparation of a plasmonically modified BiVO, elec-
trode (Au-BiVO,), an oblique angle physical vapor deposition
procedure was adapted to selectively coat Au on the tip of the
photoanode, represented schematically in Figure 1a. Oblique
deposition, sometimes referred to as glancing angle deposi-
tion, is a physical vapor deposition technique that is used to
form a nanostructured film with adjustable density and colum-
nar grain growth in the vapor flux direction.*” In this ap-
proach, a sample is placed in a position that is oblique to
evaporated atoms. When the evaporated flux reaches the sub-
strate, an additional factor is introduced into the growth pro-
cess, which can result in nanostructures instead of a continu-
ous layer. It is widely accepted that the mechanistic factor con-
trolling the nanostructural evolution of the films is an atomic-
scale “shadowing effect”, which prevents the deposition of par-
ticles in regions situated behind the initially formed nuclei (i.e.,
shadowed regions). Inspired by this technique, we have devel-
oped the proposed design. In our case, the previously grown
nanostructures are exposed into the gold vapor. Owing to the
shadowing effect of BiVO, nanostructures, only their tip is
coated. The tip size and its direction define the size and shape
of the gold caps. As depicted in Figure 1a, the sample is
placed on the holder with an incident angle as wide as 80-85°.
As the gold vapor cannot reach the bulk of the BiVO, nano-
structure owing to this shadowing effect, only the tips of the
photoanodes are coated. From the top view of the SEM
images for bare BiVO, and Au-BiVO, (Figure 1b,c), it is clear
that the gold capping has not changed the morphology of the
bare sample. The magnified image in Figure 1c¢, inset, clearly
reveals the expected formation of Au decoration on the BiVO,
photoanode. Further analysis of the photoanodes’” morphology
and the gold caps can be acquired by cross-sectional SEM
images, shown in Figure 1d,e. As labelled in paneld, a thin
layer of Au is coated on the tip of BiVO, in which the shape
and size of the Au nanoislands are defined by the morphologi-
cal character of the BiVO, host and, therefore, an inherent ran-
domness is present in the geometries of Au tips. This can be
also seen from elemental energy-dispersive X-ray spectroscopy
(EDS) mapping, shown in Figure S1 (in the Supporting Informa-
tion). We will later discuss that; this randomness will trigger a
strong light-matter interaction throughout an ultra-broadband
wavelength range, through the excitation of LSPR and FP
modes. After the successful fabrication of the plasmonic pho-
toanode, structural characterizations were applied. Raman
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Figure 1. (a) Representation of the fabrication route for preparing gold-capped BiVO, photoanodes by using oblique angle physical vapor deposition. The po-
sition of electrodes (with an 80-85° angle) resulted in Au nanoisland formation, yielding the Au-BiVO, plasmonic photoanode. A top-view of the SEM images
of the (b) bare BiVO, and (c) Au-BiVO, photoanodes, scale bar: 1 um and the inset shows the high-magnification image of the SEM, scale bar: 20 nm.

(d) Cross-sectional SEM images of the Au-BiVO, photoanode, illustrating the morphology of the nanostructure photoanode. (e) Cross-sectional FIB image of
the Au-BiVO, sample, showing the formation of multiple sized/shaped Au nano capping islands.

1 1

spectroscopy features shown in Figure 2a are in agreement
with monoclinic BiVO,"**! The most intense Raman band at
about 826 cm™ is assigned to the symmetric (v,) V-O stretch-
ing mode (A; symmetry), and the weak shoulder at about
710 cm™" is assigned to asymmetric (v, V-O stretch (B, sym-
metry). The symmetric (A;) and anti-symmetric (B;) bending

modes appear at 366 cm™' and about 325 cm™', respectively.
The peaks at 209 and 124 cm™' originate from external modes
(rotation/translation). Additional peaks that could originate
from Bi,O; (at 315 and 448 cm™), V,05 (at 440 and 980 cm™),
or any other Bi-rich phase were not detected."” Furthermore,
XRD analysis was performed to identify the crystalline structure
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Figure 2. (@) Raman spectrum and (b) XRD patterns with diffraction patterns of pristine BiVO, film conforming to its monoclinic phase, “*” indicates crystal

planes of the FTO substrate. High-resolution XPS spectra of (c) Bi4f and (d) V2p spectra for the as-prepared BiVO, and Au-BiVO, electrodes. (e) The O 1s spec-
trum of the pristine BiVO, film, which is deconvoluted into three different peaks indicating the presence of three types of oxygen: lattice oxygen (O,), oxygen
vacancy (0,), and chemisorbed oxygen (O,).
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of the BiVO, sample. The XRD pattern (Figure 2b) clearly re-
veals that the diffraction peaks of the bare BiVO, sample are in
agreement with the standard diffraction patterns of monoclinic
BiVO, (JCPDS 01-075-1866) confirmed by the prominent (110)
and (011) planes at about the characteristic splitting peak of
20=18.5°5" No diffraction peaks from any other impurities
are detected. To determine the specific surface composition
and chemical state of the BiVO, and Au-BiVO,, XPS measure-
ments were employed. The high-resolution XPS spectra of Bi4f
and V2p are shown in Figure 2¢,d, respectively. The two
strong peaks at 164.03 eV and 158.73 eV with the orbital split-
ting of 5.3 eV, corresponding to Bi4f;, and Bi4f,,, are the
characteristics of Bi*" species for the as-prepared BiVO,
film.2*? The 1/2 and 3/2 spin-orbit doublet components of
the V°* of the same electrode are located at 523.7 eV and
516.25 eV, respectively (see Figure 2d).***¥ After the deposi-
tion of Au nanoislands, the V2p and Bi4f peaks are slightly
blue shifted (~0.1 eV) compared with the bare BiVO,, suggest-
ing an electron transfer from Au to BiVO,, which could be at-
tributed to the relatively high electronegativity of Au (see Fig-
ure 2¢,d).***” Moreover, the characteristics peaks at 87.18 eV
and 83.5 eV in Figure S2 (in the Supporting Information) are as-
cribed to Au4fs, and Au4f,,, respectively,”® for Au-BiVO,. The
XPS measurements are not only used to provide information
about the surface composition of the sample, but it can also
be employed to study the surface properties of the layer and
the electronic band structure of the design. For the investiga-
tion of the existence of surface defects, the O 1s spectra of the
samples were analyzed. The core-level O 1s spectrum of as-pre-
pared BiVO, is deconvoluted into three Gaussian peaks, as ex-
plained in our previous study.” The major O1s peak at
around 529.30 eV is attributed to the lattice oxygen atoms (O,)
in the metal oxide. This low-binding peak is attributed to 0>~
coordinated with the V** and Bi*" ions in the bulk BiVO,. The
other two Gaussian components with center binding energies
of 530.53 eV and 532.06 eV are assigned to oxygen vacancies
or defects (O,) and chemisorbed oxygen species (O), respec-
tively. Owing to water adsorption and dissociation at the sur-
face, hydroxyl groups can be coordinated to the metal ions
(M—O bonds) in the oxygen deficient region (0,).*” These
oxide ions could be described as low-coordinated oxygen ions,
O-species, with lower electron densities than the lattice
oxygen atoms. The surface dissociated oxygen or OH species
can also be loosely attached to the surface (O such as
through dangling oxo-bonds.®***¢"¢4 These loosely surface-
adsorbed oxygen or OH species increase the hydroxyl concen-
tration on the electrode surface.®” As this graph clearly im-
plies, in the case of bare BiVO,, the nanoporous sample has a
relatively large density of the O, and O, components. These
oxygen defects in the metal oxide surface can trap the charge
carriers at the surface and result in interfacial charge recombi-
nation as found in previous articles.®>%? A similar profile is de-
tected for Au-BiVO, (see Figure S3 in the Supporting Informa-
tion), which is expected, considering the fact that the gold
capping layer has been physically evaporated onto the surface,
rather than being chemically bonded. Overall, the BiVO, photo-
anode is an oxygen defect rich sample and, therefore, its PEC-
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WS performance is poor. The effect of oxygen vacancies on the
BiVO, PEC performance is still under debate in the literature.
Recent works indicate that oxygen vacancies can have multiple
roles on the PEC-WS performance of metal oxides.*>*~73 From
the positive side, it is commonly accepted that oxygen vacan-
cies inside the bulk medium improve the free carrier concen-
tration and consequently lead to better charge carrier trans-
port.” Moreover, some authors have highlighted the electro-
catalytic function of these trap states, if they are located on
the surface.” However, it should be noted that not all types
of trap states can provide this beneficial impact. Essentially,
traps can be categorized into two main groups; 1) shallow
traps and 2) deep traps.”*”” Shallow traps that are energetical-
ly close to the conduction band of the metal oxide can be ex-
cited into the conduction band by thermal activation and,
thus, they can improve the overall bulk conductivity. However,
electrons or holes in the deep trap states cannot be de-
trapped, which act as charge recombination centers to reduce
the transport efficiency. Moreover, it has been shown that the
carriers in deep hole trap states are energetically unable to
drive water oxidation.”” Although the above-mentioned dis-
cussion implies that trap states could introduce bulk conduc-
tivity and surface electro-catalytic performance, they have a
major detrimental impact on the interfacial charge transfer
where they mediate electron-hole recombination.” Owing to
this trade-off, the density of these oxygen vacancies is a crucial
factor to determine their effect on the PEC-WS process. In our
sample, the large density of oxygen vacancies can be detected
from the XPS measurements. Although this reduces the charge
transport resistance within the bulk (as it will be shown from
electrochemical impedance spectroscopy (EIS) analysis in the
upcoming section), it induces high interfacial charge recombi-
nation. Thus, in an ideal senario, a bulk vacancy level is needed
to improve the bulk conductvity, and should suppress the sur-
face trap states to minimize interfacial charge recombination.
Gaining an insight into the chemical composition and surface
states of the photoanodes, the band alignment between Au
and BiVO, should be extracted. For this aim, the energetic
level of the valance band maximum (VBM; i.e., Ec.—E gy, Where
the Fermi level energy (Ey) is the zero point) is estimated by
using XPS measurements of the valance band (VB) spectra. As
illustrated in Figure 3a,b, Egy—E; for BiVO, is found to be
1.52 eV. The VB spectra for the Au-BiVO, sample, however, has
a dominant response arising from the top capping of gold. For
the sample with Au nanoislands, a 5d-band edge lies at
1.08 eV relative to its E; whereas the lower energy tail is attrib-
uted to 6sp electrons.” In equilibrium, the Fermi levels of
BiVO, and Au will be aligned. Therefore, in this study, the
aligned E; of the Au-BiVO, interface is assumed to be located
at the original E; of BiVO,. To find the band diagram, we also
need to know the band gap of BiVO,. For this purpose, the ab-
sorption behaviors of the photoanodes were investigated at a
wavelength range of 320-550 nm. As shown in Figure 3¢, the
UV/NVis spectrum of the BiVO, photoanode has an absorption
tail extending up to 490 nm. The optical band gap of BiVO, is
estimated from the Tauc plot, as shown in Figure 3¢, inset.””
This indirect band gap value of about 2.5eV is quite well

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemsuschem.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

ChemSusChem doi.org/10.1002/cssc.202000294

Fermi level is located between the conduction band

Q

——BIVO,| b

Intensity
Intensity

of BiVO, and the water oxidation level. Thus, the
gold nanoislands can act as catalysts for the selective
transfer of photogenerated holes to the electrolyte,
thereby reducing the recombination rate and improv-
ing the interfacial kinetics. The cathodic shift in the
onset overpotential under light illumination also sup-
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Figure 3. XPS valence band spectra of (a) BiVO, and (b) Au-BiVO,. Green lines show the
linear extrapolation of the curves for deriving the valance band edge position of BiVO,
samples, that is, E—Eygy. The gray lines also show the background signal. (c) Absorption
profiles for both BiVO, and Au-BiVO, photoanodes in the wavelength range 300-550 nm.
The inset shows the Tauc plot used for the estimation of the optical band gap (2.5 eV) of
BiVO,. (d) Schematic energy band diagram of Au-BiVO, showing the band alignments

and the involved water oxidation electron transfer processes.

matched with the absorption threshold of BiVO, which is
close to the reported value of the monoclinic phase.”® This is
in line with Raman spectroscopy and XRD findings, implying
the formation of monoclinic phase of BiVO,. It should also be
noted that, in the same panel, the absorption spectrum for Au-
BiVO, suggests that the introduction of Au on top of the BiVO,
nanostructure has improved the light absorption in both the
below and above band gap regimes. In the following sections,
this will be scrutinized in detail by using numerical simulations.
Bringing all of the above results together, the band alignment
between different interfaces for the plasmonic Au-BiVO, photo-
anode is schematically illustrated in Figure 3d. According to
the extracted energy diagram, the photoexcited hot electrons
with energies above the Schottky barrier height will be inject-
ed into BiVO, and the corresponding hot holes will participate
in the water oxidation reaction. Given the aforementioned
structural analysis, we further explored the PEC-WS per-
formance of the photoanodes. The PEC water oxidation meas-
urements were performed with a three-electrode cell using the
as-prepared BiVO, and Au-BiVO, as working electrodes (see the
cell configuration in Figure 4a). As illustrated in Figure 4b, the
linear sweep voltammograms (LSVs) show that Au nanotips in
Au-BiVO, enhanced the photocurrent response of bare BiVO,
from 190 pAcm 2 to 295 pAcm 2 at 1.23 V (vs. RHE). Therefore,
the decoration of the photoanode with Au nanoantennas ef-
fectively improves the photoactivity of the structure. Moreover,
the Au-BiVO, photoanode exhibits a plateau at around 0.7 V
(vs. RHE), which could be due to the catalytic effect induced
by Au nanoislands.”>®" As depicted in Figure 3d, the gold
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ports this thesis. The photogenerated holes in the
BiVO, valance band and hot holes formed in the gold
nanounits are, thus, responsible for this photocurrent
enhancement. As the applied bias increases, the elec-
tron dynamics are improved and the current increas-
es exponentially, similar to that of the bare BiVO, LSV
profile. Overall, gold nanoislands introduce three
main functions: i) enhancing the light absorption in
BiVO, photoanode, ii) generating hot holes for the
direct oxidation of water, and iii) acting as a co-cata-
lyst that mediates the electron transfer from BiVO,
valence band to the electrolyte. To test the long-term
stability of the photoanode, transient photocurrent
measurements by the chronoamperometry (CA) tech-
nique were conducted on Au-BiVO, for a duration of
60 min at 1.23 V (vs. RHE). As seen in Figure 4c, bare
and plasmonic samples have stable operation over
this period of time, which confirms the stability of
both electrodes. From the previous section’s findings,
the as-prepared BiVO, samples are oxygen deficient
and so these oxygen vacancy levels act as shallow/
deep trap states, which capture the photogenerated carriers.
Although some reports claim the positive impact of these sur-
face traps in the water oxidation reaction, their existence in
the bulk or vicinity of the surface may hamper charge trans-
port and increase their recombination probability.*” Here, this
is likely the main reason behind the poor photoactivity of the
bare BiVO, photoanode. Open circuit voltage decay (OCVD)
measurements can provide us with a qualitative comparison of
this issue. In this technique, the sample is left upon light illumi-
nation, and then the voltage decay profile is probed after light
cut-off. The difference between open circuit potential in dark
and light conditions is called photovoltage and it is a direct
measure of photoactivity of the photoanode. As Figure 4d im-
plies, the photovoltage is slightly larger for the Au-BiVO,
sample (=0.22V), compared with that of the bare sample
(~0.20 V). This enhancement originates from the stronger
light-matter interactions in the plasmonic sample, which lead
to the larger density of photogenerated carriers. A more visible
difference can be found in the temporal decay profiles of
OCVDs. The decay traces for both samples was fitted with a
biexponential function having time constants of 7, and 7,.5%%]
These constants for the bare sample were 2.7 s and 92.7 s,
whereas those for the plasmonic photoanode are 1.9s and
44.6's. The shorter lifetime could be attributed to band-to-
band recombination as similar constants were obtained for
both samples. The origin of the longer component is, however,
different. For the bare sample, there is a single semiconductor
layer and no charge separation mechanism is involved, which
implies that the prolonged decay profile is due to the exis-
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Figure 4. (a) lllustrative representations of a 3D schematic of the PEC-WS system consisting of a Au-BiVO,-coated FTO electrode (1 cm?), as a working elec-
trode. (b) LSV measurements, j-V curves, of the working electrodes under light illumination (solid symbols), under dark conditions (empty symbols) with a

white-light source. Anodic scan rate: 50 mVs™'

, electrolyte: N,-saturated 0.1 m PBS pH 7, light intensity: 100 mWcm

2 (c) Chronoamperogram for 1 h of illumi-

nation at 1.23 V (vs. RHE) bias. (d) OCVD measurement as a function of time for a duration of 300 s. (e) EIS Nyquist plots at a bias of 1.23 V (vs. RHE) in the fre-
quency range 100 kHz to 0.1 Hz under solar irradiation. The inset shows the circuit model used for fitting. (f) IPCE spectra of the PECs with a 1.23 V (vs. RHE)
external bias. The wavelength was scanned from 300 to 600 nm with a step size of 10 nm.

tence of bulk and surface traps. The shallow and deep trap
sites capture the carriers and thereby prolong their recombina-
tion times. On the other hand, in the plasmonic Au-BiVO,
sample, the gold particles mediate the recombination between
electrons and holes, facilitating their recombination. This claim
can be further confirmed by electrochemical impedance spec-
troscopy (EIS). From the EIS profiles, shown in Figure 4e, the
radius of the impedance circle is reduced upon Au plasmonic
sensitization. The obtained profiles are fitted to the circuit
model shown in the inset of Figure 4e. In this model, R repre-
sents the series resistance of the cell (including the fluorine-
doped tin oxide, FTO, electrolyte layers), R.; corresponds to the
charge transfer resistance in the semiconductor/electrolyte in-
terface, and Rsc models the resistance within the semiconduc-
tor bulk. Moreover, a constant phase element (&) is employed
to model the imperfect capacitance because a pure capaci-
tance is an inaccurate choice for describing the semiconduc-
tor/electrolyte solution in an actual electrochemical process.
The fitting results of the data is summarized in Table S1 (in the
Supporting Information). According to these fittings, the most
notable change in the resistance values relates to the Rs
which is expected as our modification is in the semiconduc-
tors’ surface. The addition of gold nanotips reduces the Rqr
from 1280.1 Q to 873.6 Q, compared with the bare sample.
This is in line with the XPS and OCVD findings. Thus, the gold
nanoislands act as a catalyst layer and reduce the interfacial
charge transfer resistance, a feature that has previously been
observed in the LSV profiles as well. Therefore, the Au cap not
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only substantiates the optical response of the photoanode,
but also improves the electron dynamics. Direct evidence for
this claim can be acquired by the assessment of the incident
photon-to-current conversion efficiency (IPCE) of the photoan-
odes. Figure 4 f shows the IPCE profiles for bare BiVO, and Au-
BiVO, photoanodes at an applied bias of 1.23V (vs. RHE). As
revealed in this figure, the above-band-gap IPCE values (1<
520 nm) have been enhanced for the plasmonic sample, which
is mainly due to the strengthening of the light-matter interac-
tions in the formed metal-semiconductor nanocavities. More-
over, sub-band-gap IPCE values are also present for the Au-
BiVO, photoanodes, as depicted in the inset. This data con-
firms the existence of hot electron injection from optically ex-
cited gold islands into the BiVO, semiconductor. Therefore, the
Au capping not only improves the optical and electrical re-
sponse of the semiconductor as a photoanode, but also acts
as a secondary source for photocurrent generation by the in-
jection of hot electrons.

To gain an insight into the impact of Au nanoislands in the
optical absorption of the BiVO, photoanode, numerical simula-
tions were carried out by using a commercial finite-difference
time-domain (FDTD) software package (Lumerical FDTD Solu-
tions).® The FDTD is a state-of-the-art method for solving
Maxwell’s equations in complex designs. Being a direct time
and space solution, it is a useful method to solve problems re-
lated to electromagnetics and photonics. FDTD also offers the
frequency solution by utilizing the Fourier transforms, there-
fore a vast variety of quantities including the complex Poynt-
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Figure 5. (a) The simulation unit cell. The normalized absorption as a function of (b) BiVO, length (D) and (c) Au capping radius (R). (d) The E-field distribution
across the design at 450 nm where BiVO, is optically absorptive, and 600 nm, in which BiVO, is transparent to incoming photons. (e) The absorbed power pro-

file across the view line as a function of incoming wavelength.

ing vector, transmission, and reflection of incident light can be
calculated. For this aim, three-dimensional (3D) simulations
were employed. A plane-wave excitation in the desired wave-
length range (350-600 nm) was employed. The boundary con-
ditions in the lateral directions (x and y) are set as periodic
whereas a perfectly matched layer (PML) is assigned for the z
direction. Two monitors were placed to collect the reflected (R)
and transmitted (T) lights. The reflection monitor is placed
above the plane-wave and the transmission monitor is placed
in the bottom side of the unit cell. The absorbed (A) data was
calculated by using the following formula A=1—R—T. As ex-
plained, in this simulation, we suppose the structure is periodic
with a unit cell shown in Figure 5a. Although this assumption
is not realistic (looking at the SEM images of the samples), it
provides us with an overall understanding of the effect of dif-
ferent geometries on the device optical response. As the initial
step, the absorption profile of a simple planar BiVO, is studied.
As deduced from Figure 5b, increasing the thickness of the
active semiconductor layer improves the absorption property
of the design. However, owing to the surface reflection and
weak extinction coefficient of the material in longer wave-
lengths (which leads to light transmission through the layer),
the absorption reaches a saturation level far from the unity
ideal absorption. It should be noted that the existence of rip-
ples in the absorption spectrum arises from the multiple reflec-
tion/transmission in different interfaces. Introducing a top reso-
nant nano gold disc, however, substantiates the response. The
gold layer thickness is chosen as 30 nm, which is obtained also
from the experimental data (SEM images in Figure 1e). This
value has been chosen considering the skin depth of the gold
layer (which is around 4 nm with 500 nm wavelength). Thick-
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nesses above this depth will have a minor impact on the ab-
sorption response of the structure. The absorption enhance-
ment is more pronounced with longer wavelengths (near band
edge absorption), where the inherent extinction of the layer is
weak, see Figure 5c. Moving from R=10nm to R=40 nm,
with the periodicity of the unit cell of 100 nm, the absorption
amplitude is increased. To address the mechanisms responsible
for this improvement, the electric field (E-field) distribution is
probed across the different layers, as schematically illustrated
in Figure 5d. At A =450 nm, where the BiVO, is optically active,
the field profile shows the formation of FP resonances within
the BiVO,. In addition, a dipole-like field distribution is seen at
the location of the Au disc, which likely stems from the excita-
tion of LSPRs in the Au-BiVO, interface. At a wavelength of
600 nm, in which the BiVO, is optically transparent, the same
mechanisms are present, but different from a shorter wave-
length response, a hot spot is created just below the Au nano-
unit. This strongly localized field triggers the excitation of hot
electrons within the gold resonator and the generated hot
electrons are injected into the semiconductor layer. Conse-
quently, charge separation is achieved, and hot holes partici-
pate in a water oxidation reaction. To verify these estimations,
the absorbed power has been calculated along an observation
line, as shown in Figure 5e. As implied by this panel, the ab-
sorption for the above-band-gap photons occurs dominantly
inside the BiVO, layer, whereas the gold nanounit harvests in-
coming light in the longer wavelength ranges. All of the
above-mentioned results prove the superior optical response
of the Au-BiVO, sample. However, the BiVO, suffers from a
large density of oxygen vacancies, which inhibit carrier trans-
portation and diminish the overall photoactivity of the layer.
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Figure 6. High-resolution XPS spectra of (a) O2p, (b) VB spectra for (BiVO,/[CoFe]), and (c) VB spectra for Au-BiVO,/[CoFe]. (d) lllustrative representations of
the Prussian blue-modified Au-BiVO,-coated FTO electrode (1 cm?), as a working electrode for the photoelectrochemical water oxidation process. (e) LSV
measurements under light illumination, j-V curves, of the bare BiVO, and 2-12 times CoFe-PBA-modified BiVO, electrodes. (f) LSV curves for BiVO,/[CoFe] and

Au-BiVO,/[CoFe] under light illumination (solid symbols), and dark conditions (empty symbols) with a white-light source. Anodic scan rate: 50 mV's

~', electro-

lyte: N,-saturated 0.1m PBS pH 7, light intensity: 100 mWcm ™2 (g) EIS Nyquist plots at a bias of 0.8 V (vs. RHE) in the frequency range 100 kHz to 0.1 Hz
under solar irradiation for both electrodes. The inset shows the circuit model. (h) OCVD temporal response throughout a 300 s duration. (i) IPCE spectra of the
photoanodes with a 1.23 V (vs. RHE) external bias. The wavelength was scanned from 300 to 600 nm with a step size of 10 nm.

To expedite the electron dynamics in the photoanode/electro-
lyte interface, a WOC could be employed. Recently, many
groups have explored the integration of a Prussian blue assem-
bly with semiconductor and molecular chromophores.!**5%!
Overall, it was demonstrated that the addition of CoFe-PBA as
a WOC can significantly improve the carrier dynamics of the
electrode, by mediating the water oxidation reaction. To un-
derstand the impact of this WOC on the surface properties of
BiVO,, XPS analysis was employed. Although the Bi4f and V2p
spectra were similar to those of bare the BiVO, sample, the
O1s profile was significantly altered. Based on the fitting re-
sults in Figure 6a, the ratio of 0,/O, was reduced, compared
with that of bare BiVO,. Thus, PBA was dominantly attached
into the oxygen vacancy positions and effectively passivated
the surface traps. This, in turn, leads to an enhancement in the
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carrier concentration and the conductivity of the sample. This
superior impact can be confirmed by elucidating the VB XPS
spectra of the BiVO,/[CoFe] and Au-BiVO,/[CoFe] photoanodes.
For BiVO,/[CoFe], Eygu—E; is found to be 1.69 eV, which is in-
creased by 0.17 eV, compared with that of bare BiVO,. The
shifting of the Fermi level toward the conduction band (CB)
originates from the enhancement in the carrier concentration
of the BiVO, photoanode. Moreover, another signal is in the
lower binding energies, which we can assign to the energetic
location of CoFe-PBA with an energetic position of 0.53 eV
(Figure 6b). The difference in the Au and equilibrium Fermi
level of the Au-BiVO,/[CoFe] is also found to be 1.24 eV, as
shown in Figure 6¢c. Based on these findings, the Au Fermi
level is located at 0.45 eV (1.69-1.24 eV) above the BiVO, VBM,
expectedly similar to the band alignment in Au-BiVO,. The
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CoFe-PBA energetic location is 1.16 eV above the BiVO, VBM.
All these numbers and band positions have been schematically
depicted in Figure S4 (in the Supporting Information). Accord-
ing to the extracted energy diagram summarized in Figure 6d,
proper alignment is achieved between the BiVO, VB and Au
Fermi level as well as the CoFe-PBA water oxidation level.
Upon light illumination, the photons with energies above the
optical band gap excite the electrons from the valance to the
conduction band of BiVO,. The photoinduced holes move into
catalytic sites and participate in a water oxidation reaction. On
the other hand, light absorption in the nano Au unit leads to
the generation of hot electrons (with sub-band-gap energies).
The generated hot electrons, capable of passing the Schottky
barrier, are injected into the semiconductor and the remaining
hot holes are able to oxidize water. It is noteworthy that in
achieving an excellent interfacial carrier dynamic, the loading
of the catalyst should be optimized as well. Considering the in-
sulating nature of the catalyst layers, making them too thick
will reduce the activity of the overall system. Therefore, in opti-
mum conditions, the catalyst should terminate all trap states,
without further unnecessary growth. This can be deduced
from Figure 6e, as the sequential dip-coating increases, the
photocurrent increases to a point where it is almost saturated.
From that point, the photocurrent value in the lower applied
biases (where the bias is not enough to trigger the passage of
electron through the insulator layer) starts to decline and so
the optimum number of dip coating cycles is defined as ten
cycles. As a next step, a gold capping layer is introduced to
the PBA thickness optimized sample. The Au-BiVO,/[CoFe] plas-
monic photoanode was fabricated by using the same oblique
angle deposition. The LSV profiles have been compared for
BiVO,/[CoFe] and Au-BiVO,/[CoFe] photoanodes in Figure 6 f.
As shown in this panel, the introduction of gold capping has
further substantiated the performance of the catalyst-loaded
sample. At 1.23V (vs. RHE), the photocurrent is raised from
1330 yAcm ™2 (for BiVO,/[CoFe]l) to a value as high as
1800 pAcm 2 (for Au-BiVO,/[CoFel). Compared with the bare
BivO,, where the photocurrent was determined as
190 pAcm™?, the proper use of catalyst-plasmonic combination
has improved the activity of photoanode by six-fold. This
prominent enhancement is essentially caused by facilitating
the electron dynamics via the PBA catalyst. EIS findings dem-
onstrate that the charge transfer resistance (which corresponds
to the semi-circle radius) is effectively reduced by CoFe-PBA
and a substantial decrease was attained through plasmonic in-
tegration, see Figure 6g. The same circuit model has been em-
ployed to find the charge transfer resistances. The fitted values
are summarized in Table S1 (in the Supporting Information).
Based on these results, the R¢; is further decreased to 691.2 Q
and 553.8 Q for the BiVO,/[CoFe] and Au-BiVO,/[CoFe] photo-
anodes, respectively. Moreover, the OCVD reveals a photovolt-
age of 0.65V for BiVO,/[CoFe], which is significantly larger
than that of the bare BiVO, sample with much faster photo-
voltage decay (Figure 4d), as shown in Figure 6h. This essen-
tially originates from the photogeneration of a larger density
of electrons upon excitation and could be attributed to the
passivation of surface traps through WOC, as expected by the
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XPS results. The decay time constants for this sample are
found to be 2.4 s and 61.3 s, which are slightly larger than
those of the Au-BiVO, photoanode. This enhanced lifetime is
due to the selective separation of carriers through the extrac-
tion of photogenerated holes in the semiconductor-WOC in-
terface. Finally, IPCE measurements were carried out to under-
stand the contribution of the near field effects and hot elec-
tron injection. As shown in Figure 6i, the photoconversion effi-
ciency of the design has been improved in all the incident
wavelengths, with a maximum as high as 37% for BiVO,/
[CoFe], and 43 % for the Au-BiVO,/[CoFe] sample. In comparing
the obtained results for the pristine BiVO, photoanode, the in-
troduction of PBA WOC improves the IPCE for all incoming
photon energies. This essentially stems from the efficient inter-
facial electron dynamics through the WOC. For the Au-BiVO,/
[CoFe], the coupling of light into FP and LSPR modes has in-
tensified the light absorption and consequently the number of
photogenerated carriers. By means of the WOC, these excess
photogenerated electrons participate in a water oxidation re-
action and the IPCE increases. Moreover, the enhancement is
stronger in longer ranges, that is, near band gap photons. This
is because of the weak absorption response of BiVO, for the
near band edge photons and, therefore, the proposed trap-
ping scheme is more efficient in this spectral range. The en-
hancement in the A>520 nm spectral range is essentially
caused by hot electron injection from the plasmonic nanois-
lands. All the above-mentioned results have important implica-
tions for developing feasible plasmonic-catalysts on the semi-
conductor for solar water splitting. Finally, it should be noted
that the theoretical limit of BiVO, is around 7.5 mAcm™? at
1.23 V (vs. RHE).®” Although many studies have tried to reach
this limit, the reported maximum current densities are
6.1 mAcm™ at 1.23V (vs. RHE)®™ and 6.7 mAcm™ at 123V
(vs. RHE).®? This proof-of-concept study provides an alternative
approach to enhance the PEC performance of a semiconductor
layer through the combinational use of a WOC and plasmonic
particles with proper arrangement. The proposed fabrication
route can be easily extended into other plasmonic hetero-junc-
tion designs with no material restrictions. Thus, it can be used
in a wide variety of materials for future performance-enhanced
PEC-WS cells.

Conclusions

In this work, we have developed a facial, and large-scale com-
patible approach to fabricate plasmonic photoanodes for hot
electron-driven water oxidation utilizing a cyanide-based cata-
lyst assembly. First, the proposed structure, Au-BiVO, shows a
superior optical response with a broadband absorption in the
visible part of the spectrum. The multiple sized/shaped nature
of the formed Au nanoislands triggers the excitation of FP
trapping modes and LSPRs. FP modes are effective trapping
schemes at 1<520 nm (above-band-gap photons), whereas
LSPR reveals their contribution for sub-band-gap photons (4 >
520 nm) through hot electron injection. Then, the superior ab-
sorption capability of the plasmonic Au-BiVO, design has been
coupled with a WOC, called CoFe-PBA, to maximize the PEC-

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemsuschem.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

ChemSusChem doi.org/10.1002/cssc.202000294

WS performance of BiVO,. As a result of this improvement, a
near an order of magnitude improvement is observed in Au-
BiVO,/[CoFe], compared with that of bare BiVO,. A maximum
of 43% above-band-gap IPCE and 1800 pAcm™2 (at 1.23 V vs.
RHE). Moreover, the <5% IPCE of sub-band-gap photons
proves the fact that this structure benefits from the hot elec-
tron injection of plasmonic gold. This study, which presents
one of the first examples of a plasmonic-enhanced photoelec-
trode coupled with a WOC assembly, indicates that unifying
the strengths of WOCs and plasmonic structures can be a
viable approach to increase the performance of photoelectro-
des in the visible region. The large-scale compatible synthesis
route for the plasmonic and WOC components has no material
restrictions and can be extended into other efficient metal-
semiconductor heterostructures.

Experimental Section
Chemicals and materials

The chemicals were used as received without further purification.
Bismuth(lll) nitrate pentahydrate (Bi(NO,);-5H,0, Sigma-Aldrich,
99.99%), p-benzoquinone (C,H,(=0),, Sigma-Aldrich, >98%), va-
nadyl acetylacetonate (OV(CsH,0,),, Sigma-Aldrich, 98%) were
used for nanoporous BiVO, synthesis on FTO-coated glass (2 mm
thick, 7Q/sq,  Solaronix).  Potassium  hexacyanoferrate(lll)
(K;[Fe(CN)gl, 99%, Sigma-Aldrich), cobalt nitride hexahydrate
CoNO;:6H,0 (Fluka, >98%), and Millipore deionized water (resis-
tivity: 18 mQcm) was used for the Prussian blue coating.

Synthesis of BiVO, photoanode

Nanoporous BiVO, photoanodes were prepared by a modified
method reported by Choi and co-workers.*® Nanoporous BiVO,
photoanodes were prepared by the electrodeposition of bismuth
oxyiodide (BiOl) film followed by dipping of vanadium solution
and heat treatment. To prepare a BiOl electrodeposition solution,
sodium iodide (Nal, 1.49 g) was dissolved in DI water (25 mL) and
the pH of the solution was adjusted to 1.8 by using nitric acid
(HNO,). Then, bismuth(lll) nitrate pentahydrate (Bi(NOs);:5H,0,
480 mg) was added to the Nal solution and stirred for 30 min. p-
Benzoquinone (240 mg) was dissolved in dimethyl sulfoxide
(DMSO, 10 mL), and stirred for 15 min. The stirred solution was
then added to the BiOl solution. The BiOl film was electrodeposit-
ed on FTO-coated glass under —0.1V bias vs. Ag/AgCl electrode
for 2 min. Electrodeposited films were washed with DI water to
remove the remaining solution and dried in air. Then, 1 puL of a
0.4m solution of vanadyl acetylacetonate (VO(acac),) in ethanol
was dropped onto a 1 cm? area of the BiOl films, followed by an-
nealing at 450°C for 2 h (ramping rate: 2°Cmin™"). Finally, the sam-
ples were soaked in 1M NaOH solution and stirred gently for
30 min to remove the extra vanadium oxide from the electrode
surfaces.

Cobalt hexacyanoferrate-modified BiVO,, BiVO,/[CoFe]

The Prussian blue coatings were prepared according to the previ-
ously reported procedure with slight modifications.®™ In detail,
BiVO, electrodes were soaked in [K;Fe(CN)] (0.02m) in Milli-Q
water solution for 1 min at room temperature. The samples were
then rinsed with water to remove the non-adsorbed Fe’" ions.
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Once the substrate was completely dried, the electrode was im-
mersed in Co(NO;),-6H,0 solution (0.04 m) for a minute. Then, the
electrode surface was washed with distilled water to remove the
excess Co®" ions over the film. This process was repeated at least
two times to ensure the full coverage of the Prussian blue analog.
Finally, the BiVO,/[CoFe] electrode was left to dry at room tempera-
ture.

Synthesis of Au-capped Prussian blue-modified BiVO,, Au-
BiVO,/[CoFe]

Later, by using the angled deposition technique, 20 nm gold was
evaporated onto the BiVO,/[CoFe] to form an Au-capped BiVO,
nanoporous photoanode.

Materials characterization

The morphological characteristics of the synthesized photoanode
materials were performed by using a scanning electron microscope
(SEM, FEI—Quanta 200 FEG) operated at 10 kV and a focused ion
beam (FIB) operated at 15 kV. X-ray photoelectron spectroscopy
(XPS, Thermo Scientific K-Alpha, AL K-Alpha radiation, hv=
1486.6 eV) measurements were performed in survey mode by op-
erating a flood gun to prevent surface charging with the pass
energy and a step size set to 30 eV and 0.1 eV, respectively. Peak
position correction was calibrated by referencing the C1s peak po-
sition (284.8 eV) and shifting other peaks in the spectrum accord-
ingly. For the optical characterization of the electrode, UV/Vis spec-
tra of the films were collected (Shimadzu UV-3600 UV/Vis/NIR Spec-
trophotometer) in diffuse reflection mode and converted to ab-
sorption spectra by the Kubelka—-Munk transformation. GIXRD pat-
terns were collected by using a Bruker D8 Advance X-ray
Diffractometer and the measurements were done at a grazing inci-
dence angle (1 degree). Raman spectroscopy investigations were
performed by using a Renishaw Invia Raman Microscope using
532 nm excitation laser sources.

Photoelectrochemical measurements

(Photo)electrochemical measurements were performed by using a
Gamry Instruments Interface 1000 Potentiostat/Galvanostat in a
standard three-electrode electrochemical cell configuration using a
Pt mesh counter electrode, Ag/AgCl (saturated KCI) reference elec-
trode, and BiVO, photoanodes with an exposed area of 1cm? as
the working electrodes. All of the calculations were based on the
geometric surface area, unless specified otherwise. The measure-
ments on photoanodes have been performed in phosphate-buf-
fered saline (0.5m Na,SO, in 0.1 m PBS, pH 7 at 25°C) and, prior to
each measurement, the electrolyte solution was saturated with N,
gas (99.999% purity) for 30 min to remove the dissolved O, gas.
The solar light simulator (Sciencetech, Model SLB-300B, 300 W Xe
lamp, AM 1.5 global filter) was calibrated to 1 sun (100 mWcm™?)
by using a thermopile optical detector (Newport, Model 818P-010-
12). The current density-voltage (-V) curves were measured on
photoanodes in 0.1m PBS under dark and light conditions with a
scanning rate of 50 mVs~' between —0.4 and 1V (vs. Ag/AgCl) by
the linear sweep voltammetry (LSV) measurements. The potentials
were converted to V vs. RHE (reversible hydrogen electrode) by
using the Nerst equation:

Veie = Vag/agar (V) +0.059 x pH + VZg/AgCI (V)

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemsuschem.org

ChemSusChem

Full Papers

doi.org/10.1002/cssc.202000294

Chemistry
Europe

European Chemical
Societies Publishing

where Vg is the applied potential versus RHE; Vyg/agq (V) is the ap-
plied potential versus Ag/AgCl reference electrode; V°ugnqc (V) is
the standard potential of the reference electrode (0.197 V).
Transient photocurrent measurements by the chronoamperometry
(CA) technique, electrochemical impedance spectroscopy (EIS)
under light conditions, and open-circuit voltage decay (OCVD)
were also conducted. EIS spectra were recorded in the frequency
range from 100 kHz to 0.1 Hz at a bias of 1.23 V vs. RHE with an al-
ternating current (AC) voltage of 10 mV. For incident photon-to-
current conversion efficiency (IPCE) measurements, light from the
xenon lamp was dispersed by a monochromator and the photocur-
rent was recorded at a constant bias (1.23 V vs. RHE) with a spec-
tral step of 10 nm. This light is entered into a monochromator
(Oriel 1/8 m cornerstone, 1200 linesmm™" grating) and the output
of the monochromator is illuminated onto the photoanode.
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