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Converting solar energy into chemical fuels through photoelectrochemical water splitting is an important
technology for renewable energy development. Plasmon resonance of metal-semiconductor structures
promises a great improvement of the efficiency of solar energy conversion. The principal mechanism is
believed to be the spectral wavelength overlap of the photon absorbance of the semiconductor and
surface resonance bands of the metal. A fundamental understanding of their structure—properties
relationship has to be fully exploited for further developing efficient water-splitting techniques. This
review aims to summarize design principles of plasmonic photoelectrodes and to rationalize many
experimental observations. We have examined popular metal-semiconductor systems that show
remarkable water-splitting performance. Three groups of plasmonic photoelectrodes are discussed in
terms of their configurations, such as planar thin films, nanowire/rod arrays as well as porous structures.
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1. Introduction

Hydrogen generation through solar water splitting is one of the
promising routes to meet growing energy demands. Since water-
splitting using a TiO, photoelectrode was reported, many efforts
have been made to design efficient photoelectrodes."” A large
number of oxide materials have been explored as light
absorbers and electrode materials.** These oxides are prom-
ising materials due to their chemical stability in aqueous envi-
ronments, affordability and easy availability. However, the
known oxide materials and structures have not been able to
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Fig.1 (a) A photoelectrochemical process with a plasmon-semiconductor photoanode responding to visible light. Charge transport in (b) planar

thin films, (c) nanowire/rod arrays and (d) porous structures.

satisfy both requirements of high energy-conversion efficiency
and long-term stability. The crucial obstacles limiting the
performance are the poor light-harvesting properties and high
recombination rate of photo-excited charge carriers.

Attempts to address these issues focus on engineering
material structures to enhance light absorption while short-
ening the travel distance of carriers to their surface. Surface
texturing has been used to improve light trapping by reducing
light reflection.® Nanostructure engineering has been employed
to increase the exposure of active sites and reduce bulk
recombination.® Crystallization is a good way to control the
electronic structures for increasing carrier concentration and
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mobility.® Elemental dopants have been used to improve water-
splitting efficiencies through a variety of doping effects, such as
electrical conductivity enhancement, intra-band gap state
formation and band gap narrowing, while the dopants or
impurity sites act as recombination centers.* Band modification
with small bandgap semiconductors or sensitization with
organic dyes is a promising approach to extend light absorp-
tion.? Nevertheless, it creates undesired defects at the interfaces
or is limited by the poor stability of the sensitizing agents.

Functionalization of light-absorbers with plasmonic metals
is the best strategy because of the feasibility of increasing light
harvesting and facilitating charge separation.” The plasmonic
metals initiate surface plasmon resonance (SPR) in response to
visible light and localize the electromagnetic energy to their
surfaces.® The interaction of metals with their adjacent semi-
conductor allows for an enhanced generation of electron-hole
pairs in the near surface region.'” The SPR enhancement
depends on the intensity of local electromagnetic fields as well
as the surrounding environment. By engineering plasmon-
dielectric structures, photons can be trapped and concen-
trated into a thin dielectric layer and consequently enhance the
intensity of electromagnetic fields and the absorption.'>*
However, how to construct plasmon-semiconductor structures
with the desirable stability and high efficiency still remains
a challenging goal.

In this work, we highlight the fundamental mechanisms of
plasmonic enhancement for photoelectrochemical water split-
ting, followed by a brief remark on structure design and classi-
fication. A series of nanostructured plasmonic photoelectrodes
(PPEs) including planar thin films, nanowire/rod arrays as well as
porous structures (Fig. 1) are then extracted from the literature to
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illustrate the conceptual development. Independent plasmon-
enhanced effects in different types of nanostructures are differ-
entiated from each other by analyzing the material properties,
structural configuration and band diagram of the electrodes.™
We simultaneously examine the physical explanations with focus
on understanding their structure-property relationships. Finally,
the report concludes with a summary on the achievements and
a few perspectives on the remaining challenges.

2. Fundamentals of plasmonic water
splitting
2.1. Physical mechanisms

Different mechanisms have been proposed for plasmonic water
splitting (Fig. 2),">'*** which include (i) direct hot-electron
transfer (DET), (ii) local enhancement of electromagnetic field
(LEF), (iii) plasmon resonance energy transfer (PRT), (iv)
plasmon-heating effect, (v) far-field light scattering and (vi)
dipole-dipole coupling reaction. DET refers to injection of hot
electrons from metals into the conduction band of semi-
conductors or direct reduction of water to hydrogen.** LEF
strengthens light absorption and increases the generation and
separation rates of charge carriers over the composite. PRT
occurs when the resonance energy of plasmon oscillation is
transferred from the metal to the neighboring semiconductor
via a dipole-dipole interaction. This effect allows for charge
generation below or near the semiconductor bandgap thanks to
overlapping of the plasmonic resonance and bandgap. Plas-
monic heating is a photothermic process resulting from the
decay of LSPRs through phonon-electron relaxation, and
subsequently the gained energy of mobile carriers turns into
heat.”** Light scattering on plasmonic crystals with a high
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Fig. 2 Physical mechanisms involved in plasmonic water splitting:
direct hot-electron transfer — DET; local enhancement of electro-
magnetic field — LEF; plasmon resonance energy transfer — PRT;
plasmonic heating; far-field light scattering and dipole interactions.
LSPR - local surface plasmon resonance. Adapted from
references_12,14,15,17,18
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albedo extends the photon-traveling path in photoactive mate-
rials. Plasmon oscillation induces fast-varying dipoles. The
dipoles polarize molecules for better adsorption and thus
increase their local concentration and catalytically active
centers.

Apart from the above-mentioned effects, other mechanisms
such as metal catalytic effect and quantum tunneling effect may
also contribute to the performance. It is a challenge to deter-
mine the dominant mechanism in different situations since
each effect has some requirements."*** For instance, metals
simultaneously serve as light absorbers and active catalytic sites
in direct photocatalysis. The catalytic reactions are initiated
directly on the surface of plasmonic metals.>»* In indirect
catalysis on metal-semiconductor structures, synergistic effects
of plasmonic metals and photoactive semiconductors are used
for hydrogen generation.' Light-absorption properties of the
materials together with their configurations determine the
photoelectrochemical (PEC) performance. For a specific system,
DET and PRT may function in a parallel manner or only one of
them may be responsible for the enhancement. The preliminary
requirement for DET is direct contact between plasmonic
sensitizers and conductive materials. Isolation of plasmonic
components with an insulator prohibits direct electron transfer.
Light scattering properties of plasmonic components depend
on the material, size and shape of the components. For
a spherical metal nanoparticle (NP), the scattering increases
with its size while the absorption decreases, denoting that the
size of NPs can be tuned for maximum solar energy harvesting.

2.2. Design principles

Four aspects should be considered when designing a target SPR
system.”® The first is to determine the supporting semi-
conductor with/without insufficient light absorption and thus
can benefit from plasmonic enhancement. The insufficient
light absorption has two meanings. In one case, the absorption
is inadequate since the semiconductor thickness is less than the
absorptive depth. Plasmonic metals in this situation are
employed to collect photons that would penetrate the semi-
conductor film if no metal particles are present. In another case,
the light absorption occurs in an undesirable location, such as
in the bulk volume of the semiconductor instead of the space-
charge region at the interface. Besides harvesting photon
energy, metal NPs in this case mainly serve to transfer the ob-
tained energy to the neighboring semiconductor. Second,
photoexcitation triggers the interplay of plasmon resonance
and semiconductor excitation. Resonance coupling between
them must be examined to ensure efficient energy transfer.>* To
determine the efficiency of energetic coupling, the light-
absorption spectrum of the materials can be used to predict
the spectral overlap of oscillation frequencies. The third
concern is the physical contact states between the materials.
Metal NPs have different contact states with the semi-
conductor.”” An appropriate contact interface with the local
environment would extend the light absorption spectral range
while improper contact induces trap states at the interface,
resulting in recombination and Fermi level pinning. These
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Fig. 3 Classification of plasmon—-semiconductor structures. (a) Pure-metal form, (b) embedded form, (c) buried form, and (d) isolated form.

Adapted from reference.**

contact states can be controlled and optimized through
a fabrication process. The last consideration is the work func-
tion of the metal and its Schottky barrier at the interface. The
barrier height determines the amount of the majority carrier
that flows from the semiconductor to the metal. A design
principle is to maximize the Schottky barrier height as much as
possible, e.g. by using tiny metal NPs or isolating metal particles
with an insulator layer.

To maximize charge collection, an appropriate contact
pattern and a nanostructured semiconductor have been
designed to enhance the efficiency. The contact pattern
describes whether the plasmon metals are in direct touch with
photoconductive materials or/and surrounding reactants.">** In
this regard, PPEs can be classified as shown in Fig. 3. The pure
metal form refers to the reaction that depends only on the
surface plasmon resonance of metal nanostructures (direct
catalysis). The embedded form has metal NPs partially mounted
on the photoconductive material with an electrical link, and is
partially exposed to the neighboring electrolyte. The buried
form presents a pattern without exposure to the electrolyte, and
the metal NPs are completely buried into the photoconductive
material. In the isolated form, metallic NPs are separated from
the semiconductor film by a different dielectric layer so that no
direct connection exists between the metals and the semi-
conductor. A variety of nanostructures including planar particle
films, nanowire/rod arrays, nanotubes and porous structures
have been adopted as supporting semiconductors for the metal
NPs. Planar semiconductor films have a limited surface area

and suffer from serious recombination due to the repeated
electron scattering/trapping at grain boundary sites. One-
dimensional arrays possess merits such as vectorial charge
transport, decoupling orientation for photon harvesting and
carrier transfer. Porous structures offer large surface areas that
extend the light responsive region and enhance light absorp-
tion, facilitate charge separation and reactant accessibility. We
elaborate these three types of plasmonic structures and their
corresponding PEC performances in the following sections.

3. Structures and performance of
plasmonic photoelectrodes
3.1. Planar thin films

3.1.1. Embedded form. Recent advances in deposition
techniques have made it easy for coating metal NPs onto the
surfaces of semiconductor thin films to create Schottky junc-
tions. The Schottky barriers are central building blocks for
harnessing hot carriers. In this scenario, only hot-electrons with
sufficient energy to surmount the Schottky barrier can climb up
to the conduction band of the semiconductor. Direct injection
of hot electrons from plasmonic metals to the adsorbed water
molecules opens up a new way to fully harvest hot carriers with
diverse energies.” Direct hot-electron injection has been
observed in a thin film photocathode (Au NPs/NiO,/Al), in
which the carrier separation is facilitated by a transport layer
NiO,.”® The thin film NiO, serves as a wide bandgap spacer layer

FTO

Fig. 4 Configurations of metal NPs on planar thin films: (a) direct plasmon-driven photocathode. Reproduced with permission.?® Copyright 2015
American Chemical Society. (b) Plasmon-embedded film. Reproduced with permission.3 (Copyright 2014 Elsevier). (c) Buried and (d) coreshell
NP film photoanodes. Reproduced with permission.*®48 Copyright 2011 American Chemical Society and Copyright 2014, Wiley-VCH. (e) A
sandwich-structured film photocathode. Reproduced with permission.*® Copyright 2015 Royal Society of Chemistry.
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between Au NPs and the back reflector Al (Fig. 4a). The layer
thickness can be adjusted to achieve maximum absorption. A
pronounced photocurrent of 25 pA ¢cm™> was observed for
30 nm diameter Au NPs on top of a 40 nm thick NiO, film, while
only 0.250 pA cm™ > could be achieved without Au NPs.?* The
major factors contributing to this large photocurrent include
enhanced light absorption of the structure by an optical
impedance matching design, effective charge separation
through the transport layer as well as efficient hot-electron
injection from Au NPs to water molecules.

Plasmonic metals play a key role in photoelectrodes in which
the resonance wavelength and localized SPR intensity are
a function of the size or shape of the metal structures. By
controlling the synthesis and assembling metal nanostructures,
it is possible to construct PPEs with a wide solar spectrum
response.*” The size of gold NPs on TiO, photoelectrodes can be
tuned from 30, 80 to 220 nm by thermal annealing of Au films
with various initial thicknesses (5, 10, 20 nm). After annealing,
the continuous metal film segregates into nanoparticles
(Fig. 4b). The photocurrent density of the prepared electrodes
increases from 1.38 pA cm ™2 for the Au NPs of 30 nm to 2.23 pA
cm 2 for the NPs of 80 nm, and then decreases to 1.47 uA cm ™2
with further increase in the diameter to ~220 nm, while the
pristine TiO, film produces an ultra-small current density of
0.03 pA cm™ 2% This confirms that there is an optimal initial Au
film thickness at which the current density could be improved
significantly. Au:wWO; photoanode thin film was also prepared
with various concentrations of cubic nanocrystalline Au. The
cubic structures are formed with the size of 29-52 nm.** The
highest photocurrent was observed for 1 mol% Au sample, with
a hydrogen production rate of ~3 pmol h™'. Another study
further demonstrates that the optimized content of Au NPs with
a diameter of 10 nm on WOs; is 1.2 wt%. The electrode presents
a high photocurrent of 0.44 mA cm ™2, which is about quadruple
that of a WO; electrode.??

To distinguish the plasmonic effects, Au NPs with diameters
ranging from 10 to 80 nm have been anchored on BiVO, thin
films as photoelectrodes for solar water splitting.>® Enhanced
photocurrent densities are observed for all the films after add-
ing Au NPs. A higher RET effect is observed at larger off-normal
irradiation angle, while the effect of hot-electron injection is
weak since the interband excitation of BiVO, is unfavorable for
hot-electrons accumulation. The resonant photon scattering
effect plays an important role when the Au NP size is greater
than 60 nm. The maximum enhancement factor is reached for
20 nm and 30 nm Au NPs, resulting in a ~100% increase in
photocurrent density. The evolution rates of H, and O, with the
30 nm Au NPs/BiVO, photoanode are 13.5 pmol h™' em 2 and
6.6 umol h™! em ™2, respectively. This is due to the pronounced
overlap of the resonantly amplified electric near-field with the
inter-band excitation in BiVO,.

Bimetallic particles are an alloy of two metals with comple-
mentary properties. When rationally synthesized and assem-
bled, they can cause significant improvement of the
photocatalytic properties.>**® A planar TiO, photoanode deco-
rated with Au-Ag alloy NPs has been prepared using a reactive
magnetron co-sputtering method.*” The uniformity of the alloy

This journal is © The Royal Society of Chemistry 2017
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particles has been verified by UV-visible spectroscopy as well as
binding energy shifts in XPS. Scanning electron microscopy
shows that the diameter of the alloy particles is about 40 nm on
the surface. Photoresponse measurements confirm a 30%
enhancement of the photocurrent in the presence of alloy
metals, and a 50% reduction of charge transfer resistance. Such
performance mainly comes from the adjustment of the Schottky
barrier height at the TiO,/metal alloy interface. The work
function of the alloy is decided by the composition of Au (~5.4
eV) and Ag (~4.5 eV). High silver content reduces the barrier
height and increases the energy of hot electrons, and thus
facilitates charge transfer from the metal alloy to TiO,.

3.1.2. Buried form. In this pattern, all surface regions of the
metal NPs have direct contact with the semiconductor mate-
rials, which will induce a large Schottky junction and fast charge
transport. Although metal NPs act as electron sinks under UV
irradiation, they would be saturated after they accumulate
sufficient charges. The accumulated charges have no channel to
escape in this situation, except for slow diffusion across the
surrounding interface. Planar multilayer Au/TiO, has been
prepared by depositing Au NP arrays with each layer being
isolated by TiO, (Fig. 4c). The gold NP arrays were obtained by
evaporation of thin film Au on TiO,/quartz, and the film was
then converted into NP arrays through a thermal annealing
process.*®* The Au buried electrode exhibits a photocurrent of
0.35 pA cm ™2, which outperforms that of the Au sitting on the
TiO, electrode (1.1 pA cm?). Multilayer 3D Au-buried TiO,
electrodes further improve the performance to 1.8 pA cm 2
because of enhanced light absorption. Simulation results
illustrate that the electric field in the vicinity of the Au NPs is
very intense, which increases the electron-hole generation and
accelerates charge separation.

Plasmon-enhanced performance has been observed in
a hematite film buried with Au NPs as well.* The photocurrent
of the films in the presence of Au NPs is about 3 times higher
than that of the pristine one. The light concentration and
scattering effects of Au NPs excite a large amount of charge
carriers in the neighboring hematite and thus provide superior
water splitting ability. Thickness-dependent PEC activities show
a greater improvement in thin hematite films (110 nm) in
contrast to thicker films (350 or 650 nm). This is due to the short
distance of charge transport and enhancement of the local
electromagnetic field in the structure. The PEC efficiency also
increases with the amount of Au NPs for the same thickness of
film. Integrating plasmon metals with a p-n junction can
reduce charge recombination by speeding up the transport of
electrons and holes. An n-ZnO/p-Cu,O/Ag film triple-junction
electrode has thus been constructed with a 11 times increase
of photocurrent to ~1100 pA cm ™ > compared to that of the Cu,O
film.** This can be attributed to the optimal tandem-structure
design, in which the plasmon resonance of the silver film and
the heterojunctions harvest solar energy in a complementary
manner, leading to the enhancement of charge generation.

3.1.3. Isolated form. Considering the stability of metallic
NPs in photoelectrodes, surface passivation is indispensable.
After high temperature annealing of the electrode, the coating
layer offers good thermal and chemical stability, which may
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provide additional functionality, such as conductivity or
mechanical reinforcement. There are three kinds of spatial
configurations for isolated structures. Firstly, both core and shell
are active components. The metal core with a conductive semi-
conductor shell is dispersed on a planar substrate, such as
Ag@TiO, core-shell NPs synthesized by a hydrothermal method
on an indium tin oxide planar substrate (ITO).**** They showed
characteristic absorption under visible light owing to the SPR of
metal cores. The conductive shells enable charge accumulation
because of the formation of Schottky barrier band bending at the
interface as well as the transfer of photoelectrons from the
surface of metal cores to the conduction band of the semi-
conductor shells. The obtained Ag@TiO, NP film exhibits strong
light absorption and photoresponse in the wavelength range of
300-800 nm with an obvious band at 450 nm. Its photocurrent is
much larger than that of the pristine TiO, film, whether under
UV or visible-light irradiation. Au NPs have also been examined
as the core but showed trivial enhancement in the absorption of
TiO, due to the mismatch in the wavelength peak of plasmon
resonance with the absorption band of TiO,.**** Nevertheless,
Au@TiO, NPs anchored at the CuWO,—-electrolyte interface or at
the CuWO, back contact were studied for PEC water splitting.*®
Incident photon-to-current conversion efficiencies (IPCEs) of the
two samples increased about 6.0 times and 1.2 times, respec-
tively. Au NPs with a 2 nm TiO, shell placed on a 200 nm CuWO,
film increase the water-splitting photocurrent to 0.1 mA cm™ >,
Benefits of the core-shell NPs at the CuWO,/electrolyte interface
include improvement of the surface catalytic properties, excita-
tion of more charge-carriers in the space charge region and thus
reduction of charge recombination.

Maintaining small NPs in a dispersed state is difficult,
because of their high tendency of transport and agglomeration.
An effective method for solving this problem is to coat the
particles with a monolayer of polymer. In this case, the core is the
active element and the shell works as a protector. Polymer
coating does not affect the optical properties of the core because
of its transparency. It also protects the electrical and optical
properties of the material from environmental disturbances. The
most common polymers used to stabilize plasmonic metals are
polyvinylpyrrolidone and polyoxometalates. Ag nanocubes
encapsulated by polyvinylpyrrolidone have been synthesized and
then mixed with N-doped TiO, NPs.” This organic stabilizer
molecule plays an important role in isolating a metal from
semiconductor particles and avoiding backward charge transfer
from TiO, to the metal. The sample presents one order
enhancement of photocurrent to ~2.5 pA cm™> as compared to
the N-TiO, sample. Like the organic capping ligand, inorganic
polyoxometalates also can be irreversibly adsorbed onto metal
NPs (Fig. 4d).*® Protecting Au NPs with polyoxometalates opens
a new way to reduce recombination centers by the repulsive effect
exerted on their ionic charges. The induced plasmon
and catalytic effect of Au@polyoxometalate particles on thin film
WO; leads to a large increase of the photocurrent to ~1.8 mA
cm 2, which is about twice as large as that of bare thin film WO;.

Another strategy is to design plasmonic catalysts that have
active nanoparticle cores protected by insulating silica shells.
Silica is the most chemically inert material available. Silica
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coating blocks the core surface without interfering in the redox
reaction and reduces the bulk conductivity. It can also be used
to modulate the position and intensity of the surface plasmon
absorbance band since silica is optically transparent. This
insulating layer can be sandwiched between a metal core and
a semiconductor layer, which protects the semiconductor
against corrosion, and prohibits hot-electrons from crossing
over the contact interface.”*> In this case, the associated
mechanisms such as LSPR sensitization effect, electron transfer
and Schottky junction are no longer effective. Besides, the
insulating coating cuts off electric connections between the
materials, so the enhancement effects are attributed to the
increased photocurrent instead of photovoltage.>® Thomann
et al. have studied photocurrent enhancement of Au@SiO, NPs,
which are buried in or embedded on an a-Fe,O; thin film.** The
Au NPs of diameter 50 nm are coated with a 10 nm silica shell
and the thickness of the a-Fe,O5 thin film is about 100 nm. The
pristine thin film produces a photocurrent of 0.1 mA cm 2
while the photocurrent of Au@sSiO,/Fe,0; increases ~11 and 20
times for the buried-in and the embedded-on samples, respec-
tively. In addition, close matching of the peak positions is
observed by comparing the photocurrent-enhancement spectra
with the absorption spectra. This firmly indicates that the
photocurrent enhancement is attributed to the LSPR of the
Au@SiO, NPs. Photocurrent enhancement was also detected by
modification of BiVO, film with Ag@siO, core-shell NPs.>®
Optical absorption and catalysis are two contributions to this
enhancement. The improved light absorption is triggered by the
surface plasmonic resonance of Ag NPs, while the electro-
catalytic activity of the core-shell NPs contributes to the cata-
lytic enhancement.

Au@TiO, plasmonic NPs and p-Cu,0/Al,03/n-TiO, junction
have been designed as a hybrid electrode (Fig. 4€).°® The insu-
lating Al,O; layer was inserted between TiO,-1 wt% Au@TiO,
and Cu,O to promote charge separation. The fundamental
mechanism of the photoelectrode can be deduced based on
IPCE measurements (Fig. 5a). The IPCE spectra of Cu,O
approaches zero at 620 nm, which results in a bandgap of
2.0 eV. Compared with the TiO,-P25/Cu,O photoelectrode, IPCE
spectra of the above photoelectrode exhibit enhancement both
in the UV and visible-light regions. Based on these observations,
we can infer that scattering and plasmon-induced resonance
transfer effects play a role in the phenomenon (Fig. 5b). Of the
various sizes ~37, 70, 100, and 120 nm examined, the PPE with
120 nm Au cores not only enhances light absorption but also
accelerates charge separation with photocurrent density of
~4.34 mA cm™?, which is 20 times enhancement compared to
the TiO,/Cu,O electrode. This high photocurrent is related to
enhanced surface-scattering as well as effective separation of
charge carriers through the insulating layer.

3.2. Nanowire/rod arrays

3.2.1. Metal nanorods/dots. Au nanorods (NRs) are elon-
gated nanostructures with distinguished optical properties.
Depending on their shape anisotropy, gold NRs exhibit two
plasmonic modes. A transverse plasmon resonance band at

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) Incident-photon-to-current efficiency spectra of (i) FTO/TiO,-1 wt% Au@TiO, (120 nm), (i) FTO/Cu,O, (iii) FTO/TiO,-P25/Cu,O and
(iv) FTO/TiO,-1 wt% Au@TiO, (120 nm)/AlO3/Cu,O photoelectrode. (b) Photon utilization on the photoelectrode. Reproduced with permis-

sion.*® Copyright 2015 Royal Society of Chemistry.

visible light of around 520 nm and a longitudinal plasmon
resonance band at a longer wavelength that can be controlled by
tuning the aspect ratio of the NRs.”” In PEC water splitting,
surface plasmon excitation on Au NR arrays is liable to generate
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all the charge carriers for the redox reaction (Fig. 6a or b).***°
The cell works by irradiating an Au NR array shielded with TiO,,
forming a series of metal-semiconductor Schottky junctions.
These junctions collect hot-electrons and then conduct them to
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Fig. 6 Configurations of plasmonic elements on nanowire/rod arrays: (a) direct plasmon-driven photocathode and (b) anode. Reproduced with
permission.®®%° Copyright 2013 Nature Publishing Group and Copyright 2012 American Chemical Society. (c) Plasmon-embedded NWs,
reproduced with permission.®* Copyright 2016 Elsevier. (d) Coreshell NWs. Reproduced with permission.” Copyright 2014, American Chemical
Society. (e) Plasmon-buried in coreshell NWs, reproduced with permission.” Copyright 2014 American Chemical Society. (f) Branched NWs and
(9) nanoplatelet NWs. Reproduced with permission.®$#8 Copyright 2014 American Chemical Society and Copyright 2015 Wiley-VCH.
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a counter electrode to perform the water reduction reaction.
Meanwhile, the remaining positive holes on Au NRs are
extracted to the oxidation catalyst for the water oxidation reac-
tion (Fig. 6b).® The hydrogen generation efficiency shows 20
times improvement at visible wavelengths compared to that
under UV illumination, proving that all effective charges can be
derived from surface plasmon decay on the Au NRs. The size
control of the plasmonic metal is critical for direct water split-
ting. A direct printing method has been used to print Au
nanodot arrays onto ITO with dot size from 83 to 50 nm.* It was
found that the water splitting reaction increases with
decreasing the nanodot size. The photocurrent produced under
visible light illumination is ~10-25 times that without visible
light. TiO, coating on the nanodot array further increases the
activity by 6 times.

Research on optoelectronic responses of organic molecules
caused by SPRs of metals is significant for designing organic-
inorganic PPEs. To design effective molecular-metal nanowire
(NW) systems, Ag NWs coated with organic molecular perylene
layers have been synthesized by an in situ surface reaction
between silver nanowires and perylene.** The thickness of the
perylene layer can be tuned by controlling the amount of initial
perylene cation radicals. Strong coupling of the plasmon reso-
nance of the silver NWs with the molecular exciton resonance
leads to enhancement of fluorescence with a red shift in the
Ag@perylene samples. Photocurrent measurements indicate
that the perylene thickness is a key parameter. The optimal
thickness is 5.8 nm and results in 16 times enhancement of the
photocurrent. However, a simple mixture of Ag and perylene
presents 6 times enhancement of the photocurrent, where hot-
electron transfer from Ag NWs to perylene molecules in the
organic-coating system plays a key role in the photocurrent
enhancement.

3.2.2. Embedded nanowires/rods. Semiconductor NWs
receive significant attention due to their distinct light absorp-
tion and scattering properties. NW arrays with different levels of
anisotropy bring about strong polarization. The enhanced
polarizability gives rise to multiple plasmon-resonance modes
and red-shifts the peaks of optical resonance. Plasmon-induced
enhancement in water splitting has been verified in diverse
plasmon-semiconductor nanowires/rods (TiO,, ZnO hematite,
etc.). Au NPs ~20 nm have been photochemically grafted onto
TiO, NWs.®* The lifetime of hot electrons transferred to the TiO,
conductive band is ~2 orders of magnitude longer than that of
pristine TiO, under UV excitation. This is due to the Schottky
junctions reducing the charge recombination, leading to a long
excited-state of the transferred electrons. The long-living hot-
electrons enable hydrogen evolution at a rate of 0.9 pmol
ecm 2 h™" under visible light. The resonant absorption peak of
gold NPs is around 550 nm. Manipulating the shape of the Au
nanostructure is possible for utilization of other wavelengths of
the solar spectrum.® Compared to pure TiO,, Au NPs embedded
on the TiO, NW array display an enhancement of photo-
response under both UV and visible-light illuminations. An
enhanced photoresponse of gold NRs decorated TiO, electrodes
was observed in the visible-light region with a peak at 710 nm.
More interestingly, a mixture of Au NPs and NRs doped TiO,
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NW array can extend the absorption range to a wide UV-visible
region from 300 to 800 nm.

Silver or gold NPs can also be assembled onto ZnO NRs with
a dense array (Fig. 6¢).***® ZnO NR arrays loaded with a diverse
amount of Au NPs (~0.8%, 2.5%, 4.7%, 9.8%, 18.5%) have been
studied for water splitting.*® Pristine ZnO NRs show no photo-
current because ZnO is not excited under visible light. After
decoration of a few Au NPs on the ZnO NR array, the photo-
current increases rapidly. The photocurrent increases as the Au
concentration increases from 0.8 to 9.8%, achieving
a maximum photocurrent ~0.3 mA cm™ >, Further increasing
the gold-particle density reduces the photocurrent. The
enhanced photocurrent with an increased Au concentration is
due to the extended light absorption range and improved
separation of charge carriers. However, excessive deposition
would make Au NPs an additional center of charge recombi-
nation, and thus reduce the photocurrent. Recently, Au NPs
positioned on the tip of ZnO NR arrays were in situ prepared by
using a facile hydrothermal and photoreduction method.* The
structure with 1.9% Au atomic ratio presents a high photocur-
rent of 9.11 mA cm 2, with solar-to-hydrogen efficiency of
0.48%. This efficiency is 16 times greater than that of the pure
ZnO NRs. The ZnO NW array modified by Ag NPs with a trian-
gular shape shows enhancement in photoelectric energy
conversion with a maximum conversion efficiency of 1.45%.%
The photocurrent intensity is 3.1 and 10 times greater than that
of Ag NPs decorated ZnO and as-grown ZnO NRs. This
enhancement is ascribed to enhanced plasmonic hotspots on
their sharp tips. ZnO NRs shielded with a silver film have been
constructed on a polyethylene terephthalate (PET) flexible
substrate to improve light harvesting.®® The plasmonic effects
are studied by varying the Ag film thickness to ~0, 5, 10, 20, 30,
50 nm. Compared with a flat nanorod structure, ZnO NRs with
10 nm silver film coating on a curved substrate (R = 6.0 mm)
facilitate optimal light-harvesting. The short circuit current
density is 0.60 mA cm >, with a photon-to-electron conversion
efficiency of ~0.81%. Plasmonic effects of the metallic film,
directional charge transport in the 1D NR surface together with
enhanced light trapping through the bending substrate account
for this performance.

The efficiency of water splitting is further studied by using
Au NPs buried in hematite particle films and embedded on the
surface of hematite NRs.>® When Au NPs ~50 nm diameter are
buried in a 31 nm compact hematite film, no obvious plasmon
enhancement was observed due to the spectral mismatch
between the plasmonic resonance band of the metals and the
photoexcitation band of the semiconductor. However,
improvement of spectral response was observed for the NR
photoelectrode. This is due to plasmon-enhanced photon
absorption and charge generation, and subsequent transfer of
the energy gained to the hematite NRs. As such, the PPEs
produce a photocurrent of 2.0 mA cm™2 in contrast to only 0.4
mA cm 2 of the buried one. To utilize both propagating surface
plasmon and localized surface plasmon resonance, Li et al.
developed a photoanode where hematite NR arrays were
assembled inside gold nanohole arrays.®® In this manner, the
propagating surface plasmon of Au nanoholes captures
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incident light at the energies above the hematite band edge. The
transfer of resonance energy of the spectral overlap of photo-
excitation harvests solar energy below the hematite band edge.
The NRs serve as optical antennas for enhancing light absorp-
tion. As a result, the hematite NRs in Au plasmonic nanoholes
give rise to 10 times enhancement of photocurrent.

Rational assembly of various plasmonic segments within
a single NW assists in interfacial charge separation and trans-
port. However, improper arrangement of the components with
an undesired energy band would introduce unexpected energy-
barriers at the interfaces and prohibit carrier transport. This
has been verified in complex nanobamboo arrays (NBAs) that
consist of various plasmonic-metals and semiconductor
segments.”” The ZnS-Ag-CdS-Au-CdSe NBAs produce a high
photocurrent density of 8.57 mA cm >, while its opposite
structure ZnS-Au-CdS-Ag-CdSe NBAs yields a photocurrent
density of 2.22 mA cm 2. This is because the former architec-
ture has a designable cascade interfacial energy band. In
particular, the silver Fermi level (—0.48 Vyyg) is higher than that
of CdS and ZnS, producing ohmic contacts both at ZnS/Ag and
Ag/CdS interface, which is advantageous for charge transport.
The Fermi level of Au is +0.42 Vyug, which is lower than that of
both CdS and CdSe. Interfacial Schottky barriers are generated
at both CdS/Au and Au/CdSe interfaces. However, due to the
PRT effect, more excitons are generated in CdS segments,
leading to increase in the carrier density. This enhances the
conductance of CdS and realigns relative energy levels at the
interface, resulting in a reduced barrier height. Therefore,
electrons can cross over the height-reduced Schottky barrier.
For the reverse structure, a notable barrier height of 0.87 eV is
created at the ZnS/Au interface. Since there is no absorption
spectrum overlap between ZnS and Au, the PRT effect between
them is negligible. Without more excitation, neither can the
carrier density in ZnS be increased nor can the Schottky barrier
height be reduced. Thus, the electrons cannot cross over the
Schottky barrier.

3.2.3. Coreshell nanowires. Coreshell NPs or NWs possess
unique physical and chemical properties. Coating plasmonic
NPs with a protective layer can improve their stability. Ag@Ag,S
coreshell NPs decorated TiO, NW electrodes have been
observed with pronounced photoelectrochemical responses
and stability (Fig. 6d).” The collective merits such as the visible
light harvesting ability of Ag,S, surface plasmon enhancement
of Ag and fast charge transport in 1D NWs are responsible for
the performance. Au@SiO, NPs have also been loaded onto the
surface of TiO, NRs.”” Compared with bare NR arrays, the core—
shell NPs anchored on TiO, NRs show outstanding performance
in water splitting, with IPCE increasing from 31% to 37%. This
is attributed to the plasmonic resonance effect of the Au@SiO,
NPs, which creates a strong localized electromagnetic field with
spatially distributed intensity. Consequently, the excited charge
carriers are easily separated in the neighboring region of TiO,
NRs. By depositing Ag NPs with a 2 nm thick shell of Ags(-
PO,4);_» on ZnO NR arrays, remarkable water oxidation was
achieved with a photocurrent density 3.1 mA cm™ 2.7 The rate of
0, evolution for the electrodes is ~34 pumol h™' with good
stability for ~10 h. This is due to the plasmonic effects of Ag
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resulting in an increase of light absorption as well as enhanced
charge generation rate in the nearby surface of ZnO NRs. Cu,O
nanowire networks decorated with Au@SiO, core-shell NPs
have also been studied to investigate the plasmonic effect.”*
Introducing core-shell NPs into the Cu,0 NW network not only
increases light absorption, but also creates an intense localized
electromagnetic field to promote charge generation and trans-
port. The cathode displays an increased IPCE at a wavelength of
550 nm to yield 3 times enhancement of the photocurrent that
agrees well with the plasmon resonance band of Au NPs. Pho-
toluminescence measurements combined with optical simula-
tions reveal that the electromagnetic near-field enhancement is
responsible for the enhancement of photocurrent.

There are two other types of plasmonic core/shell NWs. One
of them is plasmonic metals embedded on the surface of core/
shell NWs (Fig. 6e). This has been realized in Au decorated
Zn,Cd;_,SeyTe,_,/ZnO core-shell NWs,”> Au-ZnS/ZnO NWs,”
Ag-polydopamine (PDA)/ZnO NWs’” and Ag-conductive
polymer-protected Si NWs.”® After modification with 10 nm Au
NPs, the Au-Zn,Cd,_,Se,Te;_,/ZnO NW array shows remark-
able hydrogen-production ability by water splitting,
~2.172 mmol g ' without obvious degradation after three
cycles in 12 h. The Au-ZnS/ZnO NW anode achieves a solar-to-
fuel conversion efficiency of 0.21%, which is 2 times and 3.5
times that of Au-ZnO and pristine ZnO anodes, respectively.
The results illustrate that the combination of semiconductor-
heterojunctions with the SPR of plasmonic NPs has simulta-
neous merits of a broad absorption edge and high charge
separation efficiency. To realize spatial distribution of the
plasmonic NPs, polydopamine (PDA) has been proposed to help
the decoration of ZnO NWs with silver particles. The obtained
photoanode has superior light-absorption ability because of the
plasmonic effect of the metal NPs and additional photon har-
vesting from carbonized PDA. Ag NPs also function as an elec-
tron sink, while the carbonized PDA shell acts as the stabilizer
and separator, which facilitates charge transport and reduces
charge recombination. Thus, a larger photocurrent of 1.8 mA
cm 2 with a longer lifetime is observed in comparison with
other reported Ag-ZnO anodes.

Another case is metal NPs buried in a core/shell NW struc-
ture. In CdS/Au/TiO, NRs, gold NPs buried between TiO, NRs
and the CdS quantum dot (QD) layer undertake two functions in
water splitting.” The gold NPs firstly function as an electron
transfer mediator that promotes charge transport from CdS to
TiO, when both materials are photoexcited at a wavelength of
525 nm. Secondly, the gold NPs act as a plasmon sensitizer at
a longer wavelength of 725 nm where CdS is not active. The dual
role of gold NPs gives rise to a high photocurrent density of 4.0
mA cm 2 under solar spectrum irradiation, with solar-to-fuel
efficiency of ~2.8%. Au NPs buried in organic-inorganic
hybrid structures (e.g. polythiophene shell/Au/TiO, NW on an
FTO substrate) have also been synthesized by hydrothermal and
electrodeposition methods.* The as-prepared photoelectrode
exhibits optimal photoelectric conversion efficiency of 0.11%
and hydrogen production rate of 2.929 mmol h™" m™2 The
enhanced water splitting is attributed to the transparent poly-
thiophene shells acting as the photosensitizer and Au NPs
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acting as both an electron-transport bridge and plasmonic sites.
Similarly, CdS/Ag/ZnO NW photoanodes improve water oxida-
tion, presenting a constant hydrogen evolution rate of ~155
umol h™" for 10 h. Even without bias, a hydrogen production
rate of ~22 pmol h™! is still observed.?* The Al,Os/Au/Fe,0;
electrode shows 1.78 times photocurrent enhancement
compared to that of the pristine Fe,O; at a bias of 0.4 V.*> Al film
has also been proposed as a plasmonic element for achieving
low cost and scalable electrodes. The thin film Fe,03/Al/Si NWs
theoretically produce photocurrent densities comparable to
Fe,03/Ag/Si NWs.** An expected photocurrent of ~11.81 mA
cm™ 2 can be achieved by the photoelectrode with a 40 nm thick
hematite layer.

3.2.4. Branched nanowires/platelets. Constructing leaves
and/or secondary branches on bare NWs is an effective way to
improve charge collection efficiency and enhance the rough-
ness. By assembling various functional materials, the structure
is normally heterogeneous, and can also be homogeneous. A
tree-like Ag/ZnO NW array has been prepared by a two-step
electrodeposition process.** ZnO NWs act as the main trunk,
while the silver nanocluster leaves are selectively anchored on
top of the NWs. Under visible light irradiation, strong electro-
magnetic fields around the Ag nanocluster induced by SPR
promote energy transfer to ZnO through hot-electron injection.
The photocurrent of the electrode increases to 0.17 mA cm ™2 at
1.23 Vgyg, corresponding to a photon-to-fuel efficiency of
~0.23%. Ag plasmonic nanoclusters on the top of Si microwires
increase ionic or gas diffusion rates.*® The onset potential of the
cathode with a rough surface positively shifts by ~500 mV as
compared to the Si microwire electrode. An optimized
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photocurrent of —35 mA cm 2 at —1.0 V can be obtained by
tuning the amount of Ag nanoclusters. These systems demon-
strate that leaf-like plasmonic clusters deposited on a semi-
conductor trunk is a successful architecture for PEC
application.

Compared with 1D NWs, 3D branched NWs offer an addi-
tional roughness factor. The increased roughness is advanta-
geous to the loading of plasmonic NPs, which improves the
light-harvesting efficiency. The gold NPs on branched ZnO
NW photoanodes exhibit outstanding PEC performance in both
UV and visible-light regions (Fig. 6f). The H, evolution rate of
the electrode is ~19.6 pumol h™' em 2 with photoconversion
efficiency reaching 0.52%.%¢ This high efficiency is ascribed to
hot-electron injection from excited gold NPs to branched ZnO
NWs. Heterogeneous-branched Ag/Ag,S/Ag;CuS,/TiO, NRs have
also been constructed by successive ion layer adsorption/
reaction followed by an ion-exchange method.*”” The hetero-
structures increase the charge collection efficiency and inhibit
the recombination via light harvesting through multi-
photosensitizers. By optimizing the quantity of the compo-
nents, such structures exhibit a photocurrent of ~2.27 mA
cm ™2, which is about 2 times larger than that of TiO, nanorods.

Two NPs with a small gap is a classic plasmonic model. In
the gap region, electromagnetic fields are folded into a hot spot
via plasmon-coupling interaction.*®*® In this manner, inserting
an ultrathin platelet into this hot spot, forming a dimer struc-
ture, can boost charge generation (Fig. 6g).****** Au NPs
sensitized ZnO nanorod@nanoplatelet (NR@NP) arrays have
been prepared by a hydrothermal method following Au NP
decoration. The coordination of the hierarchical structure and
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(a) Energy conversion mechanism on the Au/UCNs/CdTe/ZnO NR photoelectrode. (b) Linear-sweep voltammograms and (c) gas

evolution process of the photoanodes in 0.5 M Na,SO,4 solution. Reproduced with permission.®* Copyright 2013 Royal Society of Chemistry.
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intensive electromagnetic field from plasmon-coupling
enhances visible-light absorption and facilitates the exposure
of active sites, thus increasing the charge generation rate. The
structure exhibits exceptional water splitting properties, leading
to a high photocurrent density of ~1.47 mA cm 2, much
superior to those of ZnO NR arrays (0.89 mA cm™>) and ZnO
NRs@NPs (1.17 mA cm ?).”> The near-infrared-driven water
splitting is further explored by using ZnO NRs decorated with
CdTe QDs and Au plasmonic upconversion-nanoplatelets UCNs
(Er**Yb** co-doped NaY).* In this system, UCNs are used to
harvest and convert NIR light to high-energy photons. The
plasmonic resonance effect of Au is channeled to excite
upconversion luminescence from UCNs, and the luminescence
further excites the CdTe quantum dots to produce charge
carriers (Fig. 7a). These long-lived carriers flow through the ZnO
conductive band to the platinum counter electrode for
hydrogen production, thereby producing the photocurrent. The
photocurrent of Au-1.0 wt%/UCNs/CdTe/ZnO reaches ~0.036
mA cm™?, which is ~3 times larger than that of the UCNs/CdTe/
ZnO electrode (Fig. 7b). The system produces 0.18 pumol h™" of
hydrogen under 980 nm laser illumination (Fig. 7c), evidencing
that water splitting had been achieved under near-infrared
irradiation.

3.3. Porous structures

3.3.1. Nanotube arrays. Nanotube arrays show higher
surface area than planar particle films. The porous channels
with a high surface area enhance photon-absorption by multi-
reflections and reactant adsorption. Precisely controlling the
local position of metals outside or inside the pore surface of
nanotubes is the main focus in the synthesis of plasmon-
nanotube catalysts.®® Gold NPs have been deposited on TiO,
nanotubes (TNTs) via a seed-mediated approach.®® The TNTs
with Au NPs located outside wall surfaces are a disordered,
porous scaffold. By tuning the size of the metallic particle to 20—
100 nm, hot-electron injection enhances the photocurrent over
a wide wavelength from 500 to 1000 nm. IPCE measurements
indicate the largest photocurrent increase of ~200 times at 700—
730 nm wavelength. To decorate metal NPs onto inner pore
surfaces of TNTs (Fig. 8a), a pulse electrodeposition or evapo-
ration technique has been adopted to disperse Au NPs on
ordered TNTs obtained by anodization.”**” In this way, surface
plasmon resonance induced a strong electric field near the
nanotube surface, which enhances the light-absorption of TiO,
and thus boosts PEC activity. The photoanode exhibits 66 times
enhancement in water splitting, producing a photocurrent of
0.3 pA.”” However, the hot-electron injection from gold to TiO,
is difficult owing to the unsuitable band energy alignment of the
two materials. Inserting a proper electron mediator between
them is a wise tactic to facilitate carrier transport. Au/reduced
graphene oxide/hydrogenated TNTs (Au/RGO/H-TNTs) are
thus synthesized via electrophoretic deposition of gold and
graphene oxides onto H-TNTs. The hydrogenation process
narrows the bandgap and improves the conductivity of TNTs.
The plasmon resonance of gold NPs has a strong and broad
visible-light harvesting ability. Moreover, the deposited RGO
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films act as an efficient electron relay that accelerates hot-
electron transfer. Thus, the obtained sample shows a prom-
inent photocurrent of 224 pA cm™> with a hydrogen generation
rate of 45 pmol h™', much larger than that of the other
references.”®

Among various metallic nanocrystals (Au, Ag, Cu, Pd), silver
is a suitable material since it has an appropriate energy-level
arrangement and good photo-stability. Different methods
have been attempted to load Ag NPs on TNTs. Ultrafine Ag NPs
from 1.3 to 21.0 nm have been precisely controlled and
uniformly deposited on TNT surfaces via the pulse electro-
deposition route.”® Strong plasmon resonance without the
shielding effect of the silver crystals greatly improves the TNT
performance for water splitting. The optimal size of the silver
crystals is ~2.5 nm, delivering a hydrogen generation rate of
~124.4 pmol em~> h™'. Ag NPs in the diameter of 5 nm have
been decorated on N-TNTs by an electrochemical deposition
method.* The carrier density of the sample is two orders
magnitude higher than that of pristine TNT. Owing to the high
generation rate of photocarriers and fast transport, the photo-
anode delivers a photocurrent of 0.14 mA cm 2. This current is
the highest one compared with the TNT, N-TNT and Ag/N-TNT
samples. AgX (X = Br, I, Cl) silver halides are excellent photo-
sensitive materials. TNTs sensitized with AgBr/Ag core-shell
NPs have been synthesized via a successive ionic layer
adsorption/reaction technique combined with a photoreduc-
tion method.' The synergy of visible light harvesting by the
strong SPR and polarization field offered by the AgX core greatly
enhances charge separation and transport. As a result, the
samples display strong plasmonic response to visible light with
photocurrent equal to 0.73 mA cm ™,

Dielectric properties of the neighboring materials or envi-
ronment have a key influence on the plasmon resonance
frequency and intensity. Using high refractive-index materials
in the surroundings would strengthen the plasmon resonance
and induce a red-shift, which is advantageous to enhance the
performance.'” To unveil energy transfer mechanisms in
metal-dielectric-semiconductor structures, a series of struc-
tural configurations of TNT backbones coated with Au, Al,O3, or
both have been fabricated via photoreduction plus atom layer
deposition methods. The plasmon-excited hot electron injec-
tion is dominant in the Au/Al,O;/TNT electrode (i.e., an insu-
lating spacer in the middle, Fig. 8b), and the photocurrent
generated is 0.5 mA cm 2. The Al,05/Au/TNT electrode shows
outstanding photoresponse and the best PEC performance,
producing a photocurrent of 0.7 mA cm 2. The Al,O; coating in
the latter case enhances the local electromagnetic field and
reduces recombination, accounting for the difference in
performance.

Semiconductor photonic segments possess strong light-
harvesting ability due to slow-photon enhancement and
multiple stop-band reflection among the segments. A plas-
monic photonic segment has been assembled by using Au
nanocrystals with a TNT photonic crystal layer (Fig. 8c)."** Due
to appropriate matching of the gold surface plasmon wave-
length with the TiO, photonic bandgap, the increased SPR
intensity boosts hot electron injection and thus enhances PEC
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Fig. 8 Configurations of plasmonic NPs on porous structures: (a) embedded on nanotubes and (b) on coreshell nanotubes, reproduced with
permission.®®1°% Copyright 2015 Elsevier and Copyright 2015 Wiley-VCH. (c) On nanotube photonic crystal, reproduced with permission.***
Copyright 2013 American Chemical Society. (d) On a mesoporous layer, reproduced with permission.’*” Copyright 2014 American Chemical
Society. (e) On an inverse opal structure and (f) on a dual-layer photonic crystal. Reproduced with permission.****2 Copyright 2014 Wiley-VCH

and Copyright 2014 Royal Society of Chemistry.

water-splitting performance. The photonic composite delivers
a photocurrent of ~150 pA cm™ > under visible light. Gas
evolution rates are 27.9 pmol h™* for H, and 13.6 pmol h™* for
0O,, respectively. When the size of metal NPs becomes atomically
small (<2 nm), and protected by a stabilizing ligand, they can be
named “metal clusters”. Metal clusters featuring peculiar atom
packing have a quantum confinement effect, resulting in a band
structure with discrete energy levels. Coupling gold nano-
crystals and glutathione-capped Au, clusters with a TNT-
photonic crystal framework greatly improves the visible-light
PEC performance as compared with single and binary coun-
terparts.’® This is because Au nanocrystals functioning as
electron relay mediators and the Au, clusters as the plasmonic
sensitizer synergistically enhance light absorption and charge
transfer.

3.3.2. Mesoporous structure. Photonic structures with
ordered porous structures give rise to a photonic stop-band to

J. Mater. Chem. A

certain light frequencies. Arranging photoconductive materials
in a porous structure offers a promising approach to tailor the
spectral response of the material to match the plasmonic
resonance spectra.’® Loading both gold NPs and TiO, meso-
porous NPs on a fluorine-doped tin oxide conducting substrate
(Au/mp-TiO,/FTO, Fig. 8d) shows that the mesoporous structure
permits permeation of solution into the mesopores to reach the
FTO surface. The fluorine-doped tin oxides with good conduc-
tivity promote long-distance charge transport with restricted
back electron transfer to gold, enabling higher activity of the Au/
mp-TiO,/FTO (1.5 uM h™') than Au/mp-TiO,/glass (0.75 pM
h™"). Furthermore, by tuning TiO, particle size (~15, 80, 250,
500 nm), visible-light activity was found to increase with
a decrease in particle size.'”” Diverse amounts of Au NPs
embedded on mesoporous TiO, have been further introduced to
differentiate LSPR and catalytic effects.'®® Faster charge transfer
kinetics demonstrate that the presence of gold particles
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increases the catalytic performance of the photoelectrodes,
while it is difficult to translate the plasmonic hot-electrons into
photocurrent.

Inverse opals with long-range ordered pores can produce
a periodic modulation of the refractive index in space.'® By
deposition of Au NPs onto TiO, inverse opals, the opal
composite enhances photon-harvesting through the exposed
large surface area for plasmonic loading, while the small pore
areas are retained for liquid penetration. The strong plasmonic
resonance of the gold NPs improves the photon-to-electric
conversion efficiency. The anode induces a remarkable photo-
current of 0.8 mA cm ™2, which is about 2.8 times higher than
that of pristine inverse opal.'*® Photonic photoanodes are also
fabricated through coupling of an inverse opal BiVO, with
plasmonic gold NPs (Fig. 8e).""* By synergetic coupling with the
photonic Bragg resonance from the inverse opal, surface plas-
mon resonance is greatly improved in this photonic scaffold,
leading to a photocurrent of 3.1 mA cm™ > that is about 4 times
higher than that of the planar film.

A scaffold consisting of two functional structures (i.e., TiO,
NRs plus inverse opal layers) has been designed for supporting
Au NPs (Fig. 8f). By optimizing the pore size of inverse opals, the
photonic bandgap is tuned to match the plasmonic resonance
band of gold NPs. Hereby, more hot-electrons from gold NPs are
transferred to the TiO, conductive band, leading to an improved
PEC performance with a photoconversion efficiency of 0.71.'*
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Plasmonic particles plus QDs as dual sensitizers on photonic
structures have been built to boost the efficiency.*>**>*** These
3D-heterogeneous inverse opals offer a large surface area for
loading both metal particles and quantum-dot sensitizers
(Fig. 9a and b), exposing abundant active-sites for the reaction.
The charge transfer mechanism of the structure is explained in
Fig. 9c. Under irradiation, ZnO inverse opal and quantum-dot
sensitizers are simultaneously excited and produce charge
carriers. The decorated gold NPs function as a bridge for
transferring the electrons from CdS to the conductive band of
ZnO. At the same time, plasmon-induced hot electrons from Au
NPs also inject into the conduction band. Thus, the combined
effects increase charge transport and photon absorption,
producing a photocurrent density of 5.7 mA cm . This
photocurrent is much larger than that of the Au NPs doped
sample, ~0.85 mA cm ™2, and CdS sensitized sample, ~2.5 mA
cm 2 (Fig. 9d).'** These results suggest that a combination of
plasmonic metals with photonic crystals brings a synergistic
effect and amplifies the corresponding PEC performance.

4. Summary and prospects

This work summarizes the physical understanding and struc-
tural design of plasmonic photoelectrodes, and illustrates their
key features for solar water splitting. Particularly, we focus our
discussion on three essential heterostructures: planar thin
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Fig.9 (a) TEMimage of Au NPs—ZnO inverse opals and (b) HRTEM image of Au/CdS—-ZnO inverse opals. (c) Charge transport in the ZnO/Au/CdS
photoelectrode and (d) /-t curves of the different photoanodes. Reproduced with permission.*** Copyright 2015 Wiley-VCH.
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films, nanowire/rod arrays and porous structures. Many
intriguing examples have been selected to demonstrate these
configurations, which include the pure metal form, embedded
form, buried as well as isolated form. The preparation methods,
structural configuration of the electrodes and their water-
splitting properties are summarized in Tables 1-3. In general,
many aspects have been considered for designing an efficient
photoelectrode such as the shape or size of plasmonic metals,
plasmon-semiconductor interface, film thickness, surface
roughness, annealing temperatures and contact status between
materials, passive or dielectric layer and stability in electrolytes.
A framework has been established to guide the design of elec-
trodes. By judiciously coupling metallic nanomaterials with
photoconductive materials, the photocurrent is enhanced to
hundred times. However, we have to face trade-offs in many
situations, such as shortening the charge-transfer path and
enhancing carrier transport, coating a passive layer with
retention of electrical contact between materials, etc.

Future prospects are likely to focus on clarifying the physical
mechanisms in detail to distinguish the dominating parame-
ters in related systems. In addition to the basic understanding
of plasmonic water splitting, a novel concept design, controlled
synthesis and assembly of the structures are interesting aspects
to be explored. Advanced manufacturing processes such as wet-
chemical synthesis, low-cost materials deposition and large
scale self-assembly are required to meet the technology goals.
More techniques for in situ characterization should be carried
out to predict the experimental results. The unified models that
can describe complex interactions between the components are
urgently to be mapped. Since there is much scope for plasmon-
semiconductor systems, we expect that remarkable advances
can be accomplished in the coming years to promote their
further commercial applications.
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