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Photoelectrochemical water splitting (PEC-WS) was inspired by
the natural photosynthesis process that utilizes sunlight
energy to produce chemical energy through splitting water to
form hydrogen and oxygen. One recent promising and innova-
tive approach in this field is to implement the concept of plas-
monic to PEC-WS devices. This Review provides a systematic
overview of the plasmonic and hot-electron-driven PEC-WS
and elucidates their possible mechanisms for plasmon-mediat-
ed energy transfer. In the first section, we provide a brief sum-
mary of the basics of PEC-WS and the strategies employed to
maximize its conversion efficiency. Highlighting the advantages
of the plasmonic-based PEC system, in the next part we cluster

1. Introduction

The biological systems that drive photosynthesis have been
under vigorous research in the recent years since it is consid-
ered to be the key process for the sustainability of life. Photo-
synthesis could simply be described as the conversion of sun-
light to chemical energy where water is activated by sunlight
to produce high-energy chemicals. Although many enzymes
with different functionalities are involved in this process, it is
known to constitute three essential steps: ()an antenna
system for light harvesting; (i a donor-acceptor system for
charge separation; and (iii) catalytic sites for water oxidation
and water reduction. In natural photosynthesis, the water oxi-
dation active sites are attached to protein chains in a specific
configuration to release oxygen and protons in each catalytic
cycle™ In this system, the sunlight is harvested by an “anten-
na” system that is made of molecular pigments (chlorophyll,
carotenoids, phycobilins, and etc.). The main function of the
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our discussion based on the basics of plasmonics and the in-
volved energy transfer mechanisms, which are classified as ra-
diative (scattering, optical near field coupling) and nonradiative
energy transfer (hot electron injection, plasmon resonant
energy transfer) processes for plasmonic metal-semiconductor
junctions as a photoactive material. Then, the recent research
efforts in this field are categorized and discussed in three main
sections: 1) nanoplasmonic units, 2) nanostructured support
scaffolds, and 3)interface engineering with state-of-the-art
demonstrations. Finally, we conclude our Review with pointing
out the challenges and perspectives of the plasmonic-based
architectures for future water-splitting devices.

antenna system is to transfer the absorbed energy to their re-
spective reaction centers through a transport layer (i.e., the
donor-acceptor system). The acceptor part is connected to the
active sites of water oxidation, which are bonded to protein
chains. In fact, four manganese atoms, which are surrounded
by 2500 pigments, are required to produce oxygen from water.
Therefore, the efficiency of natural photosynthesis is governed
by the densities and portions of these pigments and catalytic
sites.” The complex nature of this process also implies that
challenging processes such as light-driven water oxidation can
be achieved with a set of well-designed materials, which are
equipped to handle specific parts of the process.

The concept of photoelectrochemical water splitting (PEC-
WS) has emerged simply as a result of an effort to mimic pho-
tosynthesis by coupling solar energy and electrochemical
water splitting in a single device.®** Although this approach
provides a big step forward towards the conversion of solar
energy to chemical energy by applying a small to no external
bias, the necessity of using a combination of materials, as in
the case of natural photosynthesis, makes the design of an
ideal device rather challenging.”’ Nevertheless, the recently
growing interest on PEC systems led to more than 3,000 scien-
tific papers and several books in the last 5 years. While each of
the previously studied systems mainly differs in the type of
materials used, they adopt the same principle. It is then evi-
dent that the right combination of materials, serving as an an-
tenna, donor-acceptor, and catalyst, must be used in a proper
fashion to construct a PEC-WS cell and thus the selection of an
ideal material for a specific task should be made also based on
the properties of the other material components of the device.
Therefore, the understanding of the overall mechanism is of
critical importance to introduce new materials and methodolo-
gies to the field. There are already several comprehensive re-
views in the literature and the reader is encouraged to refer to
them for a detailed discussion on photoelectrochemical water
splitting recent strategies, cell designs, and materials used for
this purpose.*®'® Herein, a short introduction on the basic
working principle of PEC-WS devices and common materials
will be given only to explain why the concept of “Hot-Electron
and Plasmonic Driven Photoelectrochemical Water Splitting”
has a promising potential and how it can contribute to the
field. The next chapters are devoted to the basic operation of
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a plasmonic system and recent strategies used to implement
this methodology to PEC-WS devices.

1.1. Basic Concepts of Photoelectrochemical Water Splitting
(PEC-WS)

1.1.1. Working Principle

A simple design of a PEC-WS system, which was initially pre-
sented in 1972, is shown in Figure 1."” The basic cell is com-
posed of at least one semiconductor as a photoactive material
or photoelectrode and a metal counter electrode that are im-
mersed in an electrolyte and connected by external electric
wire. Overall, PEC-WS consists of two half reactions;"®'? i) oxi-
dation of water to oxygen gas (O,) and ii) reduction of protons
to hydrogen gas (H,), which take place at the (photo)anode
and (photo)cathode, respectively. Generally, the photoanode is
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Figure 1. Schematic of a) a basic PEC-WS cell including an n-type semicon-
ductor photoanode and a metal cathode that are immersed in an electrolyte
and connected by an external electric wire, and the b) particulate form of
the photocatalyst.

an n-type semiconductor and photocathode is a p-type semi-
conductor. Water splitting is thermodynamically an uphill reac-
tion and requires relatively high energy (237 kJ mol™),?” which
corresponds to a band gap of 1.23 V per electron.
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In fact, OER requires to multiple electron transfer during the
formation of an O—O bond."®?" The redox reactions on each
electrode occurs by the following mechanisms and standard
redox potentials [Eq. (1)]:

Photon Absorption :
Semiconductor"%e_, + hi,
PhotoAnode/Basic :
40H™ +4h* — 0, +2H,0 E° =1.23VvsRHE
Cathode/Basic : (1)
4H,0 +4e” —40H +H, E5 =0VvsRHE
Overall :

H,0+2h9 — H, + 4,0, AE =+1.23VvsRHE

AG = +2.37kimol ™!

Before introducing the materials for PEC-WS, it is beneficial
to get an idea about how solar energy is converted to chemi-
cal energy by means of several kinetic-based processes inside
the cell. In PEC-WS, the theory of operation consists of four
main steps (Figure 3a);*? 1) light absorption, 2) charge separa-
tion, 3) charge collection and 4) catalytic reactions. The first
step is mainly dependent on the optical properties of the pho-
toelectrode while the rest are strongly affected by the elec-

tronic properties of the photoactive components.

1.1.1.1. Light Absorption and Charge Carrier Photoexcitation

A photoabsorber is mainly a semiconductor with suitable va-
lence band (VB) and conduction band (CB), where the energy
difference between these two levels is called the band gap (E,)
of the semiconductor. While the bottom energy level of the CB
(LUMO:s) is a measure of the reducing potential of photoelec-
trons, the uppermost level of VB (HOMOs) corresponds to the
oxidizing potential of photoholes.”® Upon light irradiation, a
photon with energy higher than the band gap of the photoab-
sorber generates electron and hole pairs.* Since the main re-
quirement of an ideal water splitting system (photoelectrolysis)
is the use of only sunlight as a source of energy, a photoelec-
trode should have strong absorption across the solar spectrum
and concurrently its band gap should be higher than the elec-
trochemical water splitting potential of 1.23V in order to
obtain a large amount of photo-excited carriers capable of per-
forming the desired reactions.””’ Most of the materials, howev-
er, do not meet this energetic requirement.”’ Furthermore the
theoretical minimum band gap of the photoelectrode needs to
be higher than sum of this minimum required potential
(1.23 V) and the cathodic and anodic overpotentials (around
100 mV and 300 mV for a current density of 10 mAcm 2 for
catalytic reactions, respectively) which are due to catalyst acti-
vation, Ohmic contact losses, and mass transport limita-
tions.”®?" Therefore, the generally accepted minimum optical
band gap of a semiconductor should be about 1.6-2.0 eV. Ad-
ditionally, a certain amount of external bias is, also required for
driving electron/hole transfer processes in an overall water
splitting device. It should also be noted that recent studies
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have proven the operation of an unassisted efficient PEC-WS
cell where the PEC system is monolithically integrated to a
photovoltaic (PV) cell. In such a system, the external bias is
supplied with the PV cell to device for water splitting reac-
tions.?52

1.1.1.2. Separation of Photogenerated Charge Carriers

When a photosensitizer is excited, electrons will be excited
from VB to CB and holes will be left free at the VB. A portion
of these excited carriers will recombine on the semiconductor
surface or in the bulk within a few picoseconds (ps) and re-
lease their energy in the form of heat or phonons. Thus, rapid
separation and collection of photo-induced carriers are desira-
ble to reduce the e-h™ recombination and to increase the
overall yield of water splitting.>”

During photoelectrocatalysis, a space charge depletion layer
occurs at the semiconductor-liquid electrolyte interface (also
known solid-liquid junction), which stimulates the upward
band bending in a photoanode and downward band bending
in a photocathode.®*" This potential profile, which depends
on the relative alignment of the semiconductor work function
and the reaction potential, enables the efficient separation of
photoinduced charges and prevents the recombination of e -
h™ pairs.’? Thus, it is favorable to use n-type and p-type semi-
conductors as photoanode and photocathode candidates,
respectively.

1.1.1.3. Collection and Transportation of Charges to
Electrode Surfaces

In this step, holes migrate to semiconductor-liquid junction at
the n-type photoanode surface (they can also travel to the co-
catalyst surface and then to its electrolyte interface) where the
oxygen evolution reaction (OER) takes place while electrons
reach the counter electrode through an external wire to trigger
the hydrogen evolution reaction (HER) at the surface.® In the
case of a photocathode, which is a p-type semiconductor, the
photo-activated electrons are transferred to the semiconductor
surface and the HER takes place with the mediation of a co-
catalyst. Consequently, the OER occurs in the counter electrode
material while electrons travel to the photocathode within ex-
ternal bias to recombine with the free holes in the photoca-
thode.

1.1.1.4. Catalytic Reactions at the Surfaces

After the efficient separation of the carriers, these photogener-
ated electrons and holes are adsorbed on surface active sites
to reduce and oxidize water to produce H, and O, gases, re-
spectively. Holes have lower mobility and hence shorter diffu-
sion lengths compared to electrons. Therefore, electrocatalysts
can be employed as co-catalysts to enhance the kinetics of the
water splitting process by reducing the activation energy for
gas evolution.®*** This method, however, can be applied at
the expense of an additional charge transfer resistance as a
result of an additional interface introduced to the system. The
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oxygen evolution step (photo-oxidation) is the rate-determin-
ing step due to its slow kinetics.

The comparison of all the reported systems in the literature
is not an easy task because of the rapid growth of the field,
substantially various PEC cell designs, and different efficiency
parameters reported at different experimental conditions. Nev-
ertheless, the studies indicate that the photoelectrode (both
surface and its bulk) are vitally important since the light ab-
sorption, charge separation and collection, and catalytic reac-
tions all occur in the same electrode. Thus, improving the opti-
cal and electrical characteristics of the photoelectrode material
together with its stability is of great importance in this field.
This improvement can be attained with novel design architec-
tures and/or the introduction of new materials. In the next sec-
tion, a brief review on common strategies is conducted in this
area.

1.1.2. Materials for PEC-WS

Given that most of the solar irradiation energy is concentrated
in visible (Vis) and near infrared (NIR) regimes, one of the most
prominent features of an optimum light absorber is to have a
low band gap (E; <3 eV). There are, however, a couple of bot-
tlenecks that make this requirement difficult to satisfy, one of
which, as noted hereinabove, is the difference between the en-
ergetic location of HER and OER process that are located at 0V
(vs. RHE) and 1.23 V (vs. RHE), respectively. Therefore, the reali-
zation of both reactions with a single semiconductor ideally re-
quires an optical band gap larger than 1.23 eV. This value rises
up to approx. 1.6 eV for practical applications, which corre-
sponds to a wavelength of ~774 nm, due to ohmic losses in
different parts of the system. In addition to this requirement,
CB energy level of photoanode should lie above the H*/H,
(0 V vs. RHE) and VB should be below O,/H,0 (1.23 V vs. RHE)
under standard conditions. In other words, both the reduction
and oxidation potentials of water should be within the band
gap of the semiconductor.

Figure 2 shows how well the commonly studied semicon-
ductors satisfy these requirements. The energy difference be-
tween the VB and the potential for water oxidation (Eyg-Eqgg) is
plotted with respect to the energy difference between the CB
of the semiconductor and the potential for hydrogen evolution
(Ecg-Ener)-2>3%%"  Additional potentials (overpotentials) of
200 mV and 400 mV are also considered for HER and OER, re-
spectively, to account for the losses during electrocatalytic pro-
cesses.’®3¥ According to the figure, a semiconductor that lies
on the right side of the black dashed line has a suitable VB po-
sition for water oxidation. The same analogy can be made for
water reduction as well. The diagram also displays the compar-
ison of the band gaps of semiconductors in the units of wave-
length to show whether the semiconductor is suitable to har-
vest visible light or not. Therefore, an ideal semiconductor,
which can efficiently harvest visible light and derive both
water oxidation and reduction, should lie in the highlighted tri-
angular region. For example, TiO,, which is considered to be
the first example of the photoelectrocatalytic splitting of
water, has a suitable VB for water oxidation while it is a poor
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Figure 2. Comparison of different semiconductors, in contact with the aque-
ous electrolyte at pH 0, according to their band gaps (in units of nm) and
band positions with respect to HER and OER half-reactions. An additional
overpotential of 200 and 400 mV was considered to define the optimum
region. Since these overpotentials are merely estimated values (lower over-
potentials are available in the literature)®*®¥ the highlighted region does
not retain exact borders.

absorbing semiconductor in the visible region. While TiO, re-
mains to be the most studied semiconductor in this field,“”
many other d° metal oxides, including ZrO,, NbO,, and WO,,*"
d'"® metal oxides involving ZnO,*? and even mixed oxides con-
taining both d° and d'® metal ions such as BiVO,** have been
widely studied. Some of these metal oxides have smaller band
gaps than desired and most of them have exhibit poor optical
and electrical performances. Moreover, as it can be clearly seen
from Figure 2, their band positions are not suitable for per-
forming the whole water splitting reaction. In the case of d'°
metal oxides, they are generally more advantageous as photo-
active materials in terms of the mobility of photogenerated
electrons in the CB and photocatalytic activity due to hybrid-
ized empty sp orbitals of typical metals.*” Besides, these large
band gap metal oxides, at the other end of the scale, there are
several narrow band gap visible light responsive non-oxide
semiconductors that can absorb most of the solar irradiation.
These materials, however, have the chemical instability defi-
ciency that mitigates their long-term sustainabilities under a
high oxidative environment.™ For example, metal chalcoge-
nides, including CdS, appear to be one of the most suitable
photocatalysts for overall water splitting, exhibiting band gap
energies sufficiently small to allow for the absorption of visible
light and having conduction and valence bands at potentials
appropriate for water reduction and oxidation (see Figure 2).
These metal chalcogenides, however, are not suitable for water
oxidation since sulfide and selenide anions are more suscepti-
ble to oxidation than water, which causes CdS or CdSe cata-
lysts themselves to be oxidized and degraded over time."
Therefore, the ideal approach would be the enhancement of
optical properties and stabilities of oxide based semiconduc-
tors with novel strategies. In recent years, a major part of the
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current research revolves around manipulating the band posi-
tions and band gaps of already studied semiconductors by
doping. Doping could be performed with metal ions and/or
non-metal elements since the position of valence and conduc-
tion bands are generally according to the type of metal and
non-metal ions, respectively.*® A well-known example to this
approach is the gradual increase in the valence band energy
of a d° metal oxide, such as Ta,0s, with increasing the amount
of N-doping while the energy of the conduction band remains
constant leading to a decrease in the band gap. This method
yields a semiconductor, named TaON, which has ideal band po-
sitions for overall water splitting (Figure 2).*~* Another viable
method is the incorporation of alkali metal ions to the crystal
structure of semiconductors, which has been employed partic-
ularly to enhance the stability of the crystal structure and even
for the construction of new crystal structures. For example, a
study performed on a series of alkali metal tantalates, MTaO,
(M=Li, Na, and K), revealed that Ta-O-Ta angle in the crystal
structure can be varied by changing the alkali metal ion, which
has a direct effect on the band diagram.®”

With decades of investigations since the seminal work in
1972, there is still no semiconductor that simultaneously satis-
fies all of the requirements mentioned above. Therefore, it is
common to combine multiple semiconductors together (build-
ing junctions), which is essentially analogous to natural photo-
synthesis that uses a series of enzymes and molecules that are
equipped with specific features. An efficient heterojunction
system generally consists of two semiconductors, one of which
has a valence band suitable for water oxidation (higher than
1.23 V vs. NHE) while the other one has a conduction band
properly suited for water reduction (lower than 0V vs. NHE).
Furthermore, they should have matched band positions with
respect to each other to allow for efficient charge separation.
For example, an enhancement in the photocurrent density has
been achieved with BiVO,-WO,,°"*? TiO,-WO,,¥ TiO,-SrTiO; "
BaTiO5-TiO,"* ZnO-Ti0,,*¥ and BiVO,-TiO,*” compared to their
single component cases. This methodology has been used for
non-oxide semiconductors as well.”®*® The efficiency of the
visible absorption can also be improved by coupling the semi-
conductor with a molecular chromophore (dye-sensitizing).
This is known as dye-sensitized photoelectrochemical cells
(DSPECs), which consist of a metal oxide coupled to a molecu-
lar dye and catalyst assembly (dyad).®®®" As illustrated in the
Figure 33, in the DSPEC system, the absorption of the light is
provided using a visible responsive dye. Although promising
studies have been introduced by Sun etal. and others, these
systems generally suffer from the high tendency of molecular
dyads to decompose during the catalytic process.®” Therefore,
stability is still the main issue that limits the long-term opera-
tion and large scale compatibility of these systems.

In summary, several different strategies® such as the
doping of external elements to tune the band structure, con-
struction of heterojunctions to suppress the recombination of
electron-hole pairs, decreasing the particle sizes of the photo-
catalysts to reduce the migration distance of charge carriers,
optimizing the crystal structure to expose more active
facets,”? using efficient electrocatalysts for HER and OER, and
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Figure 3. The steps involved in the operation of a a) dye sensitized PEC
(DSPEC) and b) plasmonic hot-electron-driven PEC systems. In the DSPEC
cell, the sensitizer photoactive material is a visible absorptive dye layer while
this material is replaced with plasmonic metal NPs in the case of the hot-
electron-driven system.

sensitizing the semiconductor with molecular organic or inor-
ganic molecular chromophores have been employed to im-
prove the overall performance of PEC-WS. There are many
great reviews related to their performances, limitations, and
potentials by analyzing the pathway of energy capture and
conversion mechanism in water splitting systems. Among all of
the proposed methodologies, the integration of plasmonic
metals (mostly noble metals including Au and Ag) with photo-
catalysts have recently been introduced and it is considered as
an effective route to attain high performance and stable water
splitting cell.

Comparing with DSPEC system, a plasmonic enhanced water
splitting device utilizes the hot electrons inside the metal to
drive the HER process. In the other word, in this Scheme, the
plasmonic metal acts as the sensitizer layer. This has been
schematically shown in Figure 3b. In the next section, we aim
to provide an overview of recent strategies toward the devel-
opment of hot-electron driven photoelectrode designs
through optimized parameters for PEC-WS.

2. Plasmonics

Since the discovery of the PEC-WS by Honda and Fujishima in
1972, a substantial number of articles (> 3,000 source: Web of
Science) have been published in this field. Figure 4 describes
the advances in this technology, which started with TiO, as a
photoanode, followed by heterojunction designs in 1990s and
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Figure 4. Timeline of emerged technologies in PEC-WS applications.

DSPEC designs applied in PEC-WS systems in 2010s."7%7% Al-
though the light absorption enhancement through plasmon
resonance in the near surface of the metal emerged in 1960s,
usage in light driven water splitting has started for not even
after a decade.

2.1. Localized Surface Plasmon Resonance

Upon excitation with a frequency close to the natural oscilla-
tion frequency, sub-wavelength”" nanosized geometries of
noble metal (e.g. Au and Ag) nanoparticles (NPs) can excite lo-
calized surface plasmon resonance (LSPR) originated from col-
lective oscillations of the free electrons at the interface of
metal-dielectric.”’”*" Under this condition, intense localized
electric field enhancement can be probed at the NP sur-
face.”*7”) LSPR can decay through two main pathways; 1) radi-
atively or 2) nonradiatively’®’? (see Figure 5). The radiative
decay emits photons and transfers the radiated energy isotrop-
ically into the surrounding environment. The nonradiative
decay of LSPR, however, can generate hot carriers. These hot
electrons/holes are formed during the nonradiative relaxation
process primarily through electron-electron scattering, which
results in intra- and inter-band excitation of the conduction
band electrons. The nonradiative decay pertains to the forma-
tion of hot-carriers and then these carriers can transfer to a
neighboring semiconductor with a proper band alignment.
The injection of these carriers to the semiconductor is called
internal photoemission and can happen irrespective of the ex-
citation of a plasmon. In this section, we will provide a detailed
analysis on the origin and principle of each of these energy
transfer mechanisms.

2.2. Mechanisms for Plasmon-Mediated Energy Transfer

Upon exciting the LSPR in plasmonic unit, it decays and trans-
fers its energy to the adjacent components through two main
processes; 1) radiative or 2) nonradiative energy transfer.””
Based on the geometry of the design including its size, shape,
and composition and the nature of its junction with the neigh-
borhood semiconductor, one or some of these mechanisms
dominate the functionality of the design. In this section, we
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Figure 5. The excitation of localized surface plasmon resonance and differ-
ent energy transfer mechanisms responsible for plasmon-driven per-
formance enhancement. These mechanisms can be divided into two main
parts; radiative and nonradiative. In the radiative process, the energy can be
transferred to an adjacent semiconductor through a) far-field scattering or
b) near-field coupling. In the nonradiative case, the energy transfer can be
obtained by means of c) hot-electron transfer or d) plasmon resonant
energy transfer. Reproduced with permission from Ref. [78]. Copyright 2016,
The Royal Society of Chemistry.

will render the requirements for the occurrence of each of
these mechanisms.

2.2.1. Radiative Energy Transfer

In this type of energy transfer, the particle acts as a plasmonic
antenna, in which the LSPR relaxes radiatively and transfer its
energy by emission of a photon. Taking the antenna terminolo-
gy into consideration, this power can be decomposed into two
main parts; 1) far field propagating of electromagnetic (EM)
wave and 2) near field coupling of evanescent modes. Consid-
ering the fact that, in the far field propagation, this nanoplas-
monic geometry gets activated upon excitation and radiates
its energy as a secondary source, this process is called light
scattering. While the near field light confinement is named as
optical coupling it is responsible for absorption enhancement
in the metal-semiconductor nanocomposite. Both of these
energy transfers mainly work as a secondary source providing
light absorption for the adjacent environment. In other words,
these phenomena are not directly responsible for photocurrent
enhancement but provide a condition, in which photoactive
material generates more electron and hole carriers. In this sec-
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tion, details of each of these energy transfer processes will be
scrutinized.

2.2.1.1. Scattering

As mentioned earlier, if a sub-wavelength particle is illuminat-
ed by incident light, its electrons begin to oscillate, which
makes a secondary radiation called scattering. If the particle
transfers the energy of the exciting light to another energy
type, for example, heat, the light is said to be absorbed. In
general, to evaluate the absorption or scattering capacity of a
system, a term called cross-section with a unit of m? is used.
The scattering cross-section is calculated by dividing the inte-
grated total scattered power by the intensity of the light. This
property is greatly influenced by the size of plasmonic particle.
In dimensions much smaller than the incident wavelength,
scattering and absorption cross-sections can be calculated
using the following formula [Eqgs. (2)-(3)]:7%"

o B R & — &m
Oabs R Oeye = k IM(a) = 47kR® Im <—5p T 2£m> (2)
K* 8T, | & —Em |
e =gzl =T KR T2, ®)

where k is wavenumber, R is the particle radius, ¢, is the com-
plex permittivity value of the system, and &, is the surrounding
environment permittivity. As this formula implies, the scatter-
ing cross-section is proportional to R° while this dependence
proportionality is R® for absorption case. A better qualitative
comparison has been provided in Figure 6a.”® As this figure
depicts, the scattering property of the nanosphere is almost
negligible compared to that of its absorption cross-section in
diameters smaller than 50 nm (R < 25 nm). Therefore, in a plas-
monic NP, the absorption is the dominant process affecting
the overall optical performance of the system. When the NP di-
ameter exceeds 100 nm, the scattering dominates the absorp-
tion cross-section and, therefore, this far field radiation is
mainly the property of bigger particles. Moreover, comparing
the scattering cross-section with the real cross sectional area
of the particle, it can be understood that, at the surface plas-
mon resonance, the scattering cross section exceeds the geo-
metrical cross section of the NPs.®Y For instance, Ag NPs in air
have scattering cross-sections that are about an order of mag-
nitude larger than their cross sectional areas at the vicinity of
the resonant frequency. That is why a partial coating of plas-
monic NPs on a surface with a filling factor much smaller than
one can ensure the scattering of the whole incoming light.®%8"
It should be noted that scattering is not only a metal NP char-
acteristic but dielectric particles can also scatter the light. Fig-
ure 6b compares the scattering and absorption spectra of dif-
ferent sized gold NPs with polystyrene dielectric particle.®? As
it can be clearly seen from this panel, a dielectric particle has a
scattering property that exponentially decays as we go to
larger particle sizes. In fact, when the incident light wavelength
is bigger than the particle size it does not see it. However, this
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Figure 6. a) The scattering and absorption property of a nanosphere as a
function of its diameter (reproduced with permission from Ref. [78], copy-
right 2016, The Royal Society of Chemistry), b) comparing the scattering
spectra of metal and dielectric NPs (reproduced with permission from

Ref. [82], copyright 2006, American Chemical Society), and c) the ratios be-
tween scattering and absorption as a function of plasmonic design shape,
size, and composition. (Reproduced with permission from Ref. [82]. Copy-
right 2006, American Chemical Society).

property does not follow the same trend in the case of metallic
Au NPs. This is due to the fact that scattering cross section is
effective only around the oscillation resonance frequency of a
plasmonic particle. As mentioned above, this cross section is
much larger than dimensions of the particle around resonance
frequency and reduces abruptly as we go far from the reso-
nance condition.

The size of the particles is not the only variable that defines
the overall scattering property of the object. The use of core-
shell configuration and other geometries, such as nanorod in-
stead of a bare spherical particle, are other methods employed
for tailoring the scattering efficiency of the system.®? The ratio
between scattering and absorption cross sections can be uti-
lized as a measure to evaluate these different designs. Fig-
ure 6¢ shows this ratio for different configurations of scatter-
ing nano objects. As this panel implies the scattering capacity
of the system takes its dominancy as we go to larger dimen-
sions regardless of the object shape and its configuration.
However, in the nanorod case, this ratio can be obtained in
much smaller dimensions compared to that of nanosphere and
it does not change considerably by changing the aspect ratio
of the design. These results also prove that this ratio is the
largest for the core-shell configuration, in which as the radius
of shell layer increases the scattering becomes the main mech-
anism involved in the metal NP operation.

2.2.1.2. Optical Near Field Coupling

Another mechanism, responsible for radiative energy transfer,
is through optical coupling originated from near field evanes-
cent modes. Unlike propagating far field modes, evanescent
waves do not transport energy and, therefore, they can create
large electric field amplitudes without violation of energy con-
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servation. On the other hand, the confined nature of decaying
localized plasmon modes confirms their near field evanescent
behavior. This highly concentrated light in sub-wavelength ge-
ometries is called a hot spot. Many applications of plasmonic
nanostructures indeed take advantage of the existence of
these hot spots. The electric field distribution in the vicinity of
a plasmonic design is a direct function of its shape. The shape
does not only change the near field amplitude but also it mod-
ulates the spectral position of this peak. Figure 7a compares
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Figure 7. a) The field enhancement factor for different shapes of nano-plas-
monic designs as a function of light wavelength (Reproduced with permis-
sion from Ref. [83]. Copyright 2015, Springer Nature). b) The electric field
amplitudes and distribution on different plasmonic shapes (Reproduced
with permission from Ref. [85]. Copyright 2016, American Chemical Society).
) The electric field amplitude and d) its distribution for different almost-
touching plasmonic configurations (Reproduced with permission from

Ref. [88]. Copyright 2016, American Chemical Society).

the near field enhancement between different structures in-
cluding nanopallet, nanosphere, nanorod (NR), and nanowire
(NW).B As this Figure implies, the field enhancement is the
lowest for the case of pallet and sphere designs. Moreover, the
spectral position of this peak is located at the UV region which
has only 3% of the solar spectrum energy. The story, however,
is different for the other elongated designs such as NRs and
NWs. As the ratio between longitudinal and lateral dimensions
gets larger both amplitude and resonance positions get im-
proved where an efficient visible and NIR light harvesting can
be possible. Hot spots can also occur at the sharp corners and
edges of a design.®*® As shown in Figure 7b, the use of
nanostars has been shown to be an excellent choice for light
confinement in a small spatial position where an electric en-
hancement with an order of magnitude larger amount can be
attained compared to that of a NW design.®™ This enhance-
ment can be also probed within narrow gaps between metal
NPs cluster. The enormous intensity enhancement factors asso-
ciated with localized surface plasmons, up to several orders of
magnitude, directly translate into an increase of electronic
transition probabilities for atoms or molecules exposed to such
fields. In other words, an extraordinary absorption cross sec-
tion is provided in the vicinity of these nano resonant units. If
a photoactive component, such as a photoanode in a water
splitting process, is brought to the vicinity of this particle, a rel-
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atively high concentration of electrons and holes would result.
These photo-induced carriers are involved in photocurrent en-
hancement and overall performance of the PEC-WS system
would be substantiated. The small spatial gap between aggre-
gated nanostructures is one of the architectures that support
the formation of hot spots. However, in this design, there is no
control on the position of these highly focused points. There-
fore, geometries with anisotropic sharp corners such as nano-
triangles, NRs, and nanostars are desired structures for opti-
mum light confinement.®*®¥ These designs can offer spatial
control for the formation of hot spots. However, the confine-
ment is much more efficient in the case of nearly touching
nano resonators where light is bounded in the small gaps. The
coupling between these units is also a function of single ele-
ment geometry. Figure 7c,d compares the electric field distri-
bution intensity between two close nanostructure elements for
different resonator shapes. This coupling has been compared
with a self-similar chain design that is realized as an efficient
hot spot generator. The cascaded field enhancement in a self-
similar antenna of nano spheres was first introduced by Stock-
man.®*®” |n this architecture, the radii of the particles in the
array scale as R,.; = kR, and the inter particle distances as
d(ns1)(n+2) = kd(n) (n+1), I which k is the scaling factor and n is
the particle number. This geometry provides a multiplicative
cascade effect in which the largest element intensifies the inci-
dent field by a factor of f, the enhanced field excites the next
smaller particle which in turn enhances the field by another
factor of f, and in this way the structure can provide a highly
spatially confined spot. As this Figure shows, the field is con-
centrated in the gap of two units. This means that the configu-
ration possesses an extraordinary absorption cross section in
the vicinity of its surface which can be utilized to create elec-
tron/hole pairs to boost the photocurrent amount in the PEC-
WS cell. Better qualitative comparison on the light confine-
ment ability of the design can be provided by considering the
near field electric field enhancement of each of these designs.
As Figure 7 c illustrates, the strongest response belongs to the
NR case, which is about two times larger compared to that of
the self-similar design. Therefore, taking near field enhance-
ment as one of the prominent factors in defining the effective-
ness of a design, NRs with a proper proximity can be the most
promising option for a hot electron driven PEC-WS system.
However, the strength is not the only variable that matters. An-
other Figure of merit for a photo active material is the band-
width of the operation that can be evaluated as full width at
half maximum (FWHM). This factor is the best in the case of a
bowtie structure, although it is not too different. The last prop-
erty that defines the functionality of a nano resonant unit is its
spectral position of the resonance unit. This property is directly
related to the shape, size, and composition of the plasmonic
design. Although this near touching resonators have the high-
est light confinement capacity, their fabrication generally
needs to e-beam lithography which is a complex process and
has large scale compatibility issues. Therefore, it is envisioned
that the use of chemically synthesized nanostructures is the
most promising approach in design of a highly efficient PEC-
WS cell.
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2.2.2. Nonradiative Energy Transfer

In this type of energy transfer, the plasmonic structure contrib-
utes to photocurrent enhancement by directly injecting its
electron into the conduction band of the semiconductor. Dif-
ferent from radiative energy transfer process, this process can
harvest the entire visible light spectrum regardless of the band
gap of the substrate semiconductor. In other words, the
unique property of below band gap absorption and electron
generation in plasmonic structure depends on the efficiency of
this process. This mechanism can be classified as two main
transfer processes; (1) hot electron injection, and (2) plasmon
resonant energy transfer. In the following section, these two
processes will be discussed in detail.

2.2.2.1. Hot Electron Injection

One of the responsible mechanisms for photocurrent enhance-
ment is hot carrier injection. Upon the excitation of plasmonic
metal, the LSPR gets excited. The nonradiative decay of LSPR
can generate hot carriers. The initial distribution of electrons
and holes does not follow Fermi-Dirac distribution and they
decay according to the Landau damping process (Figure 8a)."”

Hot e~

Hot h*

Population Population Population

Figure 8. Ultrafast direct hot electron transfer mechanism in a plasmonic
design. a) The initial distribution of electrons and holes that does not follow
a Fermi-Dirac distribution. b) Electron—electron scatterings redistribute the
energetic location of electrons and the Fermi-Dirac distribution is again
formed. c) Finally, the system is cooled down and electrons come back to
their initial state. Reproduced with permission from Ref. [75]. Copyright
2015, Springer Nature.

During this process, the large density of hot carriers is within
energy levels close to E; (within a few tenth of eV) and only a
portion of these carriers has enough energy to pass the
Schottky barrier and contribute to photocurrent.®® However,
this initial hot electron distribution is not in equilibrium and e-
e scatterings redistribute the energetic location of electrons
and the Fermi-Dirac distribution is again formed but this time
the equivalent Fermi energy level (E;) is at more energetic
levels, see Figure 8b.%°"" Although the lifetime of hot carriers
for each energy level is in the order of tens of fs, relaxing from
the non-equilibrium distribution to a Fermi-Dirac one takes
hundreds of fs. It has been found that electrons within 1 eV of
the Fermi level have lifetimes around 100 fs, but this time re-
duces to 10 fs for electrons with energetic locations of above
3 eV." Similar to electrons, holes close to sp-band have less
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scattering compared to ones in the proximity of d-band, which
prolongs their lifetime.” This state is a hot thermally equilibri-
um state and it needs to dissipate its energy to come back to
the initial state, as shown in Figure 8c. This occurs during the
relaxation of hot carriers by transferring the additional energy
to the vibrational motions of the nuclei via electron-phonon
interactions. During this process, electrons are cooled down to
the nuclei temperature. The time scale of this step is generally
a few ps and it is tailored with plasmonic metal geometry and
size together with the substrate material, wherein plasmonic
design is located on it. As mentioned in the near field coupling
section, the plasmonic response of different nanostructures
can be tuned with their shape. Although NWs were found to
be an excellent light harvesting design, their hot electron in-
jection efficiency is not as promising as their near field en-
hancement. As depicted in Figure 9b, the injection efficiency
has the highest value for the case of nanospheres that makes
them an excellent choice for hot electron driven systems.®® To
be able to use these hot carriers, they need to be injected to
the semiconductor before they return to their initial states.
Considering the fact that lifetime of these carriers is ultrashort,
the overall efficiency of this injection is quite short. In a typical
architecture, a plasmonic metal is brought into contact with an
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Figure 9. a) The hot electron generation and injection process at a metal-
semiconductor interface (reproduced with permission from Ref. [74], copy-
right 2014, Springer Nature) and b) comparison of the injection efficiency of
different plasmonic shapes (reproduced with permission from Ref. [83],
copyright 2015, Springer Nature).
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acceptor, which is typically an n-type semiconductor. As Fig-
ure 9b shows the interface of a metal-semiconductor hybrid
forms a Schottky junction, if the E; of the metal is located
within the semiconductor band gap. This junction sets a barri-
er for electron transfer from metal to semiconductor. If an elec-
tron has enough energy to pass this barrier (or tunnel through
it), it can be collected with semiconductor material. The forma-
tion of this barrier significantly mitigates electrons back reac-
tion that makes this process efficient. This barrier depends on
the E; position of plasmonic metal and for a typical Au-TiO,
junction it is about 1eV. However, the density of energetic
electrons that can pass this barrier is quite low. Moreover, as
mentioned earlier, the density of electrons can be significantly
improved by reducing NPs size. The introduction of hot spots
can be also a promising approach to increase the efficiency of
this process. However, these energetic hot electrons have
much smaller lifetimes compared to that of close to the E;
level. Additionally, the time scale for injection of a hot electron
to the neighborhood semiconductor is a function of the metal-
semiconductor interface. It has been experimentally demon-
strated that this time scale is in the order of 50 fs for Au-
TiO,® and 20 fs for Au-CdS.”* Therefore, a proper design is re-
quired to improve the efficiency of this process. That is why
the efficiencies have generally been limited to an amount
below 10% for a metal-semiconductor junction. One of the
ways that can enhance the injection probability of these carri-
ers is to increase the contact area between plasmonic NPs and
the semiconductor. Moreover, taking the short diffusion length
of carriers inside the metal, the dimensions of these particles
should remain small. However, this architecture increases the
probability of recombination of electrons, in which hot carriers
can back react with hot holes inside the metal. This probability
can be intensified considering the existence of trap level on
the semiconductor surface. During the hot electron injection
process, these surface traps can trap these carriers and medi-
ate recombination path. It has been experimentally and theo-
retically proven that interface engineering with an angstrom
thick embedded layer can significantly passivate surface traps
without hindering electron tunneling probability.*>* It has
been shown that first cycles of an atomic layer deposited
(ALD) metal oxide on TiO, surface can passivate surface
oxygen vacancy trap states. Substantial layers, however, imped
injection probability of photogenerated carriers exponentially.
Therefore, it is envisioned that use of a subnanometer interfa-
cial layer can greatly substantiate hot electrons extraction.

2.2.2.2. Plasmon Resonant Energy Transfer

Another mechanism responsible for nonradiative energy trans-
fer of hot electrons is plasmon-induced resonance energy
transfer (PRET). In this process, the decay of surface plasmons
induces electron/hole pairs directly in the semiconductor via
dipole—dipole interactions with a transient exciton (Figure 10a).
The overlap between plasmonic metal and semiconductor con-
duction band defines the efficiency of this transfer. The rate of
this transfer can be analytically found as [Eq. (4)]:°"%?

ChemPhotoChem 2018, 2, 161-182 www.chemphotochem.org

CHEMPHOTOCHEM
Reviews

C Hot electrons

No Spectral

Contact Overlap

Au@TiO,

PIRET + Hot electrons

Figure 10. a) The set of processes involved in a PRET energy transfer for an
Au-Cu,0 interface. Reproduced with permission from Ref. [100]. Copyright
2012, American Chemical Society. b) The differences of energy transfer in
three different processes of direct hot electron transfer, localized electric
field coupling, and plasmon resonance energy transfer. Reproduced with
permission from Ref. [100]. Copyright 2012, American Chemical Society.

) The responsible plasmonic energy transfer mechanisms for four different
metal-semiconductor composition configurations. Reproduced with permis-
sion from Ref. [101]. Copyright 2015, American Chemical Society.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemphotochem.org

\\z»‘ ChemPubSoc
T Europe
1 R\ °
k ransfer — — - 4
trans Tretal plasmon (f) ( )

Where Tyl pasmon IS the lifetime of an isolated metal carrier, r is
the distance between plasmonic metal and semiconductor,
and R, is a constant that depends on the material properties of
the system and their spectral overlap. As the formula clearly il-
lustrates, unlike the hot electron injection process, the transfer
does not need a direct contact between metal and semicon-
ductor. It should be mentioned that the involved mechanism
in this phenomenon is different from that in radiative optical
near field coupled electron/hole pair generation. This can be
clarified through a comparison among three different process-
es, as shown in Figure 10b." In the hot electron injection
process, the generated electrons are directly transferred into
the adjacent semiconductor. In the near field coupling, origi-
nated from radiative emission of plasmonic hot electrons, the
near field evanescent modes activate the neighborhood semi-
conductor. In this reaction, the photon requires an energy
above the semiconductor band gap to create electron/hole
pairs. Unlike this mechanism that create carriers only for ener-
gies above the band gap of semiconductor, PRET directly ex-
cites free carrier nonradiatively through the relaxation of local-
ized surface plasmon dipole for above and below band gap
photons. The efficiency of this process has a close relationship
with the composition of the metal-semiconductor hybrid
design. Wu and co-workers conducted transient absorption
spectroscopy on four different core-shell metal nanospheres
including, Au-TiO,, Au-SiO,-TiO,, Ag-TiO,, and Ag-SiO,-TiO,, to
study different energy transfer mechanisms in each of these
hybrid designs."®" Figure 10c demonstrates that hot electron
injection is the dominant process in Au-TiO, NPs following
light absorption due to direct contact between metal and sem-
iconductor, whereas the PRET process was not supported in
this design that is due to lack of spectral overlap between
gold absorption and TiO, absorption tail. Embedding a thin
SiO, shell in between, both mechanisms get deactivated due
to missing direct contact. However, proper overlap between
Ag and TiO, makes this design as an excellent core-shell struc-
ture for plasmonic based water splitting system. Finally, the
Ag-SiO,-TiO, ternary design just stimulates the PRET process.

3. Recent Strategies for Hot-Electron-Driven
PEC-WS

In this section, the strategies employed to improve plasmonic-
based water splitting have been categorized and discussed in
three sub-sections: 1) nanoplasmonic units, 2) nanostructure
support scaffolds, and 3) interface engineering of the design.

3.1. Nanoplasmonic Units
3.1.1. Shape

As mentioned above, one of the most important parameters
defining the effectiveness of the system is the shape and ge-
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ometry of the plasmonic unit. The most commonly used plas-
monic unit is considered to be spherical (or semi spherical)
NPs and several studies have utilized this design."*>"*% Howev-
er, these NPs typically provide the SPR absorption in a specific
frequency range around ~550 nm and they cannot be utilized
fully in the solar spectrum (Figure 11)."3" This is an important
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Figure 11. a) The electron injection process in an Au-TiO, composite where
the Au nano units are NPs and NRs. b) A comparison on the electric field dis-
tribution and formation of hot spots in NPs and NRs structures and c) their
corresponding IPCE profiles. Reproduced with permission from Ref. [131].
Copyright 2013, American Chemical Society.

factor where the use of broader nanoplasmonic units can
create higher density of hot electrons to be injected into semi-
conductor transport layer. To be able to extend light absorp-
tion spectra toward the NIR region, the unit should be elongat-
ed in one dimension. This has been proven in other plasmonic
based devices.*? In this case, the structure can support two
fundamental modes corresponding to transverse and longitu-
dinal dimensions. Moreover, it has been demonstrated that
electric field distribution in NR structure provides stronger hot
spots. This intense electric field can improve PEC device per-
formance by providing an efficient electron-hole pair separa-
tion, stronger PRET process and hot electron injection. It was
found that the combination of NRs and NPS of Au can provide
light absorption in both visible and NIR region."*" The incident
photon conversion efficiency (IPCE) results revealed that NPs
enhance the photocurrent values in a 450-650 nm range but
the NR case shows its response in the NIR regime (between
650 nm and 900 nm). Moreover, the near electric field ampli-
tude shows different intensities for NP and NR cases. While the
NP decorated TiO, proves an enhancement in the order of 5
times, this value is recorded to be 15 times in the case of NR
plasmonic Au unit. The similar results have been obtained with
other studies where the use of Au NRs can provide broader
spectral response and higher near field enhancement facilitat-
ing the hot electrons injection into adjacent semiconductor.**
As mentioned in the previous sections, the stronger hot spots
can be seen in the morphologies with sharp corners.® Calcu-
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lated absorption, scattering and extinction spectra show that,
although NP plasmonic structure can support a single relative-
ly narrow mode, the use of nanocube provides multiple modes
corresponding to dipolar, quadrupolar, and other higher order
ones associated with the corners of the design.®” The superpo-
sition of these modes has caused the overall response to be
broad covering the whole visible spectrum. The similar spectral
response is recorded for nanopyramids but the weaker overlap
between these modes makes the overall response to be a mul-
tiple narrow band one. Moreover, the plasmonic synthesized
structures are not the only choices to get plasmon enhanced
water splitting. Some reports have revealed the possibility of
all plasmonic systems for PEC-WS application where the bulk
material is a bulky plasmonic nanostructure.®* ' In these de-
signs, the Au NRs have been utilized to provide generation of
hot electron/hole pairs in a wide frequency range. These NRs
are partially coated with electron extraction layer such as TiO,
and an oxygen evolution catalyst. Upon excitation of LSPR in
the Au NR and its nonradiative decay, the hot carriers are gen-
erated inside the Au bulk. The electrons are transferred into
TiO, to perform HER. The remaining hot holes are accumulated
in the oxygen evolution catalyst to oxidize water and create O,
gas.

3.1.2. Size

Another important factor affecting the overall water splitting
process is the size of plasmonic NP. As we explained earlier in
the introduction section, the hot carrier generation and its
transport distance is directly influenced with the particle size
and dimension. The size of plasmonic metal governs the effi-
ciency of plasmon induced hot electron transfer. As Figure 12a
shows, to elucidate the mechanism responsible for water re-
duction under the use of different sized NPs (4.4 nm and
67 nm), two different light sources (A>400nm and A>
435 nm) were utilized."? Figure 12b explains that upon excita-
tion with L>400 nm source, the small NPs show significantly
higher hydrogen production capacity compared to that of big
ones while for A>435 nm, the large Au NPs represents high
activity and no hydrogen molecule is detected for the small
ones. The hydrogen evolution activity of the system under
only visible light irradiation depends on the SPR strength in
the metal-semiconductor interface (because the TiO, support
cannot be activated). It is known that this effect is much
higher for the larger plasmonic particles and small particles
have much smaller strength. Upon the excitation of the Au
SPR with A >435 nm, intense SPR-enhanced EM fields are gen-
erated on the Au NP surface significantly increases the yield of
interfacial “hot electrons” with a higher potential energy than
¢ at the interface, which in turn induces fast and efficient
transfer of “hot electrons” to the conduction band of semicon-
ductor, see Figure 12a. Since, under this condition, TiO, is not
excited, the electrons injected to semiconductor would have
longer lifetime to transport. However, for A >400 nm excitation
case, this recombination impedes the electron lifetime and
consequently less hydrogen will be generated. The activity of
the small NPs in this case has been attributed to electron
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Figure 12. a) The mechanisms responsible for hydrogen generation for small
and large Au NPs under visible light irradiation. b) The amounts of evolved
hydrogen gas for small and large NPs under two different sources of inci-
dent light irradiation. Reproduced with permission from Ref. [123]. Copyright
2014, American Chemical Society.

transfer from semiconductor conduction band to metal Fermi
level in which this local separation reduces the recombination
rate of the semiconductor. Moreover, the conducted investiga-
tions have shown that the chemical reduction potentials are
also a function of the particles size. The injection of electrons
from metal to semiconductor builds up a high concentration
of electrons and this brings the potential level to higher values
than the H, evolution potential. Therefore, considering the
stronger SPR mediated hot electron transfer in larger particles,
they have more suitable condition to evolve hydrogen. Even at
the SPR regime, where the particle size is couple of tens of
nanometers, the photocatalytic performance of the plasmonic
metal can be tuned. In fact, the localized SPR frequency of a
metal can be tailored by adjusting its size. From spectral line
shape of a metal, one can analyze the spectral peak position
(ELspr) and its full wave half-maximum (AZqyuu). The change on
these parameters can influence the local field enhancement
which is an important phenomenon defining overall per-
formance of a PEC-WS system. This effect has been scrutinized
in a study, where precisely controlled Au nanodot with dimen-
sions of 50 nm, 63 nm, and 83 nm were utilized for plasmon
enhanced PEC cell”®" To be able to provide a qualitative com-
parison on the field enhancement capacity of these particles,
the quality factor (defined as Q=E /" where T is found from
Plank’s equation (E=pc/Ahsyum)) Of these particles have been
compared as shown in Figure 13. As this figure suggests that
the Q factor of the particles gets larger amplitudes as we go to
smaller ones. This large value proves higher local field en-
hancement, in which larger photo induced carriers will be cre-
ated and consequently the photocurrent values rise up. As im-
plied in this paper, under visible irradiation (with light intensity
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of 1225 mWcm %) the photocurrent values have been im-
proved by 10 times for 83 nm sized Au dots while it is about
25 times for the 50 nm case. The optimum particle size is also
a function of the main mechanism responsible for photocur-
rent generation. This has been proven in a recent study on the
use Au-BiVO, combination for PEC water splitting."® Sweeping
the NP size from 10 nm to 80 nm, it was found that the high-
est response is obtained for the 30 nm size case. It was dem-
onstrated that the main mechanism responsible for water split-
ting enhancement is the generation of electron/hole carriers in
BiVO,, due to high near filed light coupling. As the particle size
gets larger, a red shift is recorded for the plasmonic spectra of
the particle. Therefore, the overlap between the absorption
edge of BiVO, and Au plasmonic particle gets narrower and
fewer carriers are generated. Moreover, larger particles hinder
the exposed area of semiconductor to electrolyte, which can
diminish the water oxidation efficiency on the BiVO, surface.
Therefore, the function of particle size also depends on the
support substrate, in which a narrow band gap semiconductor
can make the PRET process and near field optical coupling an
efficient mechanism for activity enhancement of the design.
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3.1.3. Composition

Rather than a bare single plasmonic metal, the use of metal-
metal, metal-semiconductor, and metal-insulator composite
can provide a performance enhancement by tailoring the ab-
sorption/scattering strength and bandwidth. Bimetallic design,
where two metals are brought in contact in a core-shell con-
figuration, can offer several optical and electrical properties
that cannot be attained by a monometallic structure;'*%"”
(1) broader spectral absorption bandwidth of the design due
to multiple plasmon resonances of different metals, (2) intense
light spatial confinement to boost electron-hole pair genera-
tion, (3) stronger light scattering, and (4) less ohmic losses by
tailoring the radiative damping ratio of the lossy metals. It has
been demonstrated that Au-Ag core-shell nanosheets, embed-
ded within the mesoporous TiO, photoanodes, can propose
much higher photocurrent density relative to the bare Au-TiO,
photoanode design. The enhancement in the cell performance
has been attributed to the existence of dual resonance modes
from these two metals, strong near field coupling of the plas-
mons, and better charge separation and transfer through the
interface and inside of the TiO, semiconductor.®” Based on
Mie theory, the coating of a metal with a semiconductor struc-
ture can also enhance its SPR interaction with light.""*?"
Moreover, employing a semiconductor with proper band align-
ment can provide an efficient charge separation at the metal-
semiconductor interface. In all the above mentioned hetero-
structures, the plasmonic NP is fully coated with the semicon-
ductor shell. In this configuration, hot electrons are injected to
titania and are involved in photoreduction reaction but holes
cannot take place in oxidation reaction, due to sluggish kinet-
ics of this reaction. Wu et al.”® have developed a novel wet
chemistry synthesis method, as shown in Figure 14, to make
AuNR-TiO, nanodumbbells in which the plasmonic Au is par-
tially coated with TiO,. The injection of electrons from Au parti-
cle to the TiO, shell conducts the reduction process and at the
meantime, the charge balance is restored through the oxida-
tion reaction occurred at the bare surface of Au NR. This has
been demonstrated to be much more effective for PEC-WS ap-
plication compared to that of an entirely coated Au NR design.
The same methodology has been used in a CdS based system.
In the proposed study, a hybrid heterostructure of Au-CdS
core-shell has been synthesized for this aim."*® The shell is
made of tightly packed 3-5 nm quantum dots coated on a
14 nm Au NP. Owing to its optimized band gap and band posi-
tions, CdS is an excellent semiconductor for overall water split-
ting process. However, the use of this material is impeded due
to its lack of photo stability. In this design, Au core acts as a
hole scavenger for the photo generated carriers inside the CdS
shell and hinders its corrosion. This mechanism is not only
useful for providing photo stability but also it introduces a
proper route to separate carriers and reduces their recombina-
tion probability. The results of this paper reveal that hot elec-
tron injection due to excitation with a Vvisible light
A > 500 nm, cannot be an effective way to improve the hydro-
gen evolution reaction rate. In another study, this core-shell
configuration has been employed on a SrTiO; support.>® As
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depicted in Figure 15, in this design the electrons follow a
pathway from CdS to Au and then from Au to SrTiO; where
the conduction band of this semiconductor is favorable for H,
evolution. The clear fact in the aforementioned compositions
is that the formation of a shell layer around the metallic core is
mainly employed to boost the injection efficiency of hot elec-
trons. The injection of hot holes can also be modified to a
more efficient way using a co-catalyst such as IrQ,["*)

a Direct reduction . UV-light-driven
of AuCl, using Sulfg'r,idus:lr’;;ﬂon reaction of S’
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Figure 15. a) The preparation route and b) electron transfer dynamics in a
CdS-coated AuNPs-SrTiO; multi-junction design. Reproduced with permis-
sion from Ref. [139]. Copyright 2014, Wiley-VCH.
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Figure 16. The electron- and hole-transfer dynamics of an AuNP plasmonic
unit in the presence of an IrO, co-catalyst. Reproduced with permission from
Ref. [129]. Copyright 2016, Wiley-VCH.

Figure 16 proves that this OER co-catalyst can mediate the in-
terfacial charge transfer between electrolyte and surface of
plasmonic NPs (gold; due to its valence band position located
in between). Along with improving the sluggish reaction rate
of the oxidation process, this separation boosts hot electron
injection process as well.

3.2. Nanostructured Support Scaffolds

One of the most prominent factors influencing the overall effi-
ciency of a water-splitting cell is the configuration of the sup-
port scaffold where plasmonic metal is coated. In a typical
design, metal NPs are attached on a bulk semiconduc-
torl"16:119.121,123,127,140-1431 o 3y insulator,®> 1% "% in which in some
of the configurations the semiconductor is a porous struc-
ture 16119123141 |n this design configuration, the generated hot
electrons are injected into semiconductor layer and transport-
ed toward counter electrode where the HER takes place. On
the other hand, the OER process is realized on the surface of
plasmonic metal. Therefore, the overall PEC-WS strongly de-
pends on the surface area of the semiconductor and, therefore,
a bulky design (with a small surface area) is not an efficient
choice for the photoanode design. Moreover, in a bulk design,
fewer particles are loaded on the semiconductor and conse-
quently a smaller density of electrons is obtained. Besides
these drawbacks, this design does not have the capability to
trap the light inside the design and during the light passage
through the design, only a part of incident light is absorbed
with the metal NPs. All of these deficiencies are suppressed by
employing a properly designed nanostructure. A nanostructure
architecture can be one-dimensional (1D) such as
NWS’[103,131,144] NRS’[102,111,125,129,134,145,146] and nanotubes
(NTs),l'"""'8 or a three-dimensional (3D) scaffold like branched
structures, nanocones, and so on. The use of nanostructure
support semiconductor scaffold has been the subject of many
studies in the field of plasmonic PEC WS. Ideal solar-to-fuel
convertor must efficiently harvest sunlight to generate signifi-
cant quantities of long-lived charge carriers necessary for
chemical reactions. However, as already mentioned, the main
limiting factor for this process is the short lifetimes of photo-
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generated electron-hole pairs. The use of these nano designs
increases both density of photogenerated carriers and reaction
surface area and this in turn leads to conversion efficiency en-
hancement. In this section, different nanostructures for PEC-WS
application are reviewed.

The use of TiO, NW and NR array as the support and Au NP
as the plasmonic sensitizer is one the most commonly em-
ployed designs for PEC WS. In this Scheme, the semiconductor
nanostructure is served solely as a conduit for hot electron
transport. This NWs topology has been proved to improve PEC
performance by decoupling the directions for light absorption
and charge transport within the device, while providing an un-
interrupted conductive corridor for charge carriers to reach the
back contact. Under visible light irradiation, Au-TiO, hetero-
structure can create a large density of photogenerated carriers
in which the plasmonic NPs act as light harvesting assemblies
and transfer the hot electrons into semiconductor design
through the PRET and hot electron injection processes. These
hot carriers have lifetimes of one to two orders of magnitude
longer than those of TiO, generated via UV excitation.!'” This
is mainly due to formation of Schottky barrier in the metal/
semiconductor interface which impedes electrons back transfer
and consequently reduces their recombination rate.'” More-
over, this recombination reduction has also been assigned to
the surface passivation of semiconductor by using gold
NPs.'9 130 Simjlar results have also been reported for ZnO-Au
heterostructure.®'* The match-like heterostructure with Au
NPs coated on the tip of ZnO NRs exhibits high plasmon en-
hance light absorption together with better charge separation
and transport. The current density for this design is found to
be 9.11 mAcm™ at an applied voltage of 1V (vs. Ag/AgCl) that
was much higher compared to that of a pristine NR array
(0.33 mAcm ). |nterestingly, it was shown that the stability
of the design is also improved for the metal coated structure
which is a major drawback for ZnO based cells. The accumula-
tion of the holes at the ZnO NR results in its photocorrosion.
However, Au NPs can efficiently separate electrons and holes
and consequently reduce surface photocorrosion. The use of
nanopencil array of ZnO is another strategy to improve the
overall efficiency and stability of the cell. In this structure, the
NR is narrowed to a needle-like tip where generated carriers
need to pass shorter distance to reach to the semiconductor-
electrolyte interface. Moreover, the energy transfer through
the PRET process intensifies the electric field intensity in a
small part of semiconductor structure. The Au-ZnO nanopencil
heterojunction array provides a photocurrent of ~1.5 mAcm™
at an applied voltage of 1V (vs. Ag/AgCl)."* Ag microflowers
decorated on top of Si microwires were also demonstrated to
be an efficient photocathode for water splitting."** Therefore,
the essential goal of using these nanostructures is to increase
the surface area of the design. This can be attained by reduc-
ing the NWs radius or increasing their density. However, the
carrier diffusion length becomes significantly shorter when the
radius gets smaller. A better strategy is to use 3D branched
structures where smaller and thinner branches are attached to
the vertically aligned NWs.'%'% By using this design configu-
ration, not only the surface area and the gold NPs loading in-
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crease but also the light harvesting capability of the design is
enhanced. Zhang et al. employed Au-ZnO branched nanostruc-
ture and obtained a photoconversion solar-to-hydrogen effi-
ciency as high as 0.52% under simulated sunlight illumina-
tion."® It has been shown that, although the absorbance
values for bare ZnO NWs and branched ZnO NWs are quite
close to each other, Au loaded samples have much greater visi-
ble light absorption capacity compared to that of pristine NWs
coated with Au plasmonic particles. Moreover, the obtained ar-
chitecture, both the branches and the backbone, are single
crystalline structures, which make them an excellent transport
corridor for injected electrons. As illustrated in Figure 17, simi-
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Figure 17. The a) design architecture, b) operation principle and c¢) STH con-
version efficiency of a branched TiO, nanostructure coated with AuNPs. Re-
produced with permission from Ref. [106]. Copyright 2013, Royal Society of
Chemistry.

lar findings have been reported for the case of dendritic Au-
TiO, NR arrays. Large surface area, efficient charge separation,
and high carrier density (6 times compared to that of bare TiO,
NR ones) have revealed one of the highest reported photoelec-
trochemical activities with a solar to hydrogen (STH) efficiency
as high as 1.27%, as shown in Figure 17 b. This heterostructure
provides a photocurrent of 2.32 mAcm 2 at a potential of 0V
vs. Ag/AgCl, under AM 1.5 G illumination (100 mWcm 2.l
Employing nanorod-nanoplatelet hybrid design of ZnO is an-
other design architecture that has been proved for enhancing
the PEC-WS capability of the cell where a photocurrent density
of 1.17 mAcm? is achieved at a bias value of 0.6 V.'™ The
maximum STH efficiency for this design is reached to 0.69%. In
all of these designs, the plasmonic unit is loaded on the sur-
face of nanostructure design and considering the wide band
gap of ZnO and TiO,, hot electron injection is the main mecha-
nism responsible for PEC performance enhancement of the cell
in the visible portion of the spectrum. In a wise design, Li et al.
demonstrated that the incorporation of visible light responsive
hematite (Fe,O;) NRs into a plasmonic gold nanohole array
pattern can significantly substantiate the PEC performance of
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the design.'*! It was shown that the incorporation of this plas-
monic design can lead to an approximately ten-fold increase in
the photocurrent value compared to that of bare hematite
NRs. Considering the visible light response of hematite semi-
conductor, the proposed periodic array of plasmonic nanohole
design is responsible for PEC performance enhancement at the
energy values below the band edge of the hematite NR.
Above the band edge, however, the surface plasmon polari-
tons launch a guided mode through the length of NRs and
this mode gets absorbed inside of it creating a high density of
electron-hole pairs. Moreover, due to the strong light amplifi-
cation inside the plasmonic nanohole, an efficient charge carri-
er separation leads to less recombination. This design provides
an efficient strategy to utilize both photonic and plasmonic
energy transfer for covering a wide spectral regime from UV to
NIR." TiO, NTs have been also shown to be a promising scaf-
fold for the water splitting.""® Although all of the above men-
tioned designs could efficiently transfer holes to the semicon-
ductor-electrolyte interface, due to low conductivity (or low
mobility) of TiO,, electrons collection efficiency is rather low.
Therefore, a core-shell heterostructure, where the core materi-
al is a good electron conductor, could be a beneficiary for
better charge separation and transport. In a recent study, au-
thors have fabricated a core-shell configuration of aluminum
doped ZnO (AZO)-TiO, as the semiconductor substrate for Au
NPs."" Figure 18a reveals the preparation route of this design.
The proposed multilayer design has been grown on periodic
Al nanocone array as the scaffold. The use of nanocone pattern
is not only advantageous for charge separation and transport,
but it can also propose a good light trapping property, as it
can be clearly revealed from Figure 18b. The IPCE findings of
this study reveal that the enhancement in the PEC per-
formance of the cell in the UV regime is due to optimal density
of particles and their strong electric field confinement. Howev-
er, the visible response of the system is originated from injec-
tion of hot electrons induced by localized surface plasmons.
The PEC STH efficiency of this multi-junction design is found to
be 0.73% at a low potential of 0.21 V vs. RHE. In another inno-
vative design, as shown in Figure 19, Zhang et al. proved the
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Figure 18. The a) preparation route, b) operation principle and electric field
distribution, and c) conversion efficiency of periodically designed plasmonic
AuNP-loaded nanocones. Reproduced with permission from Ref. [114]. Copy-
right 2015, Wiley-VCH.
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Figure 19. The a) mechanism responsible for the operation of a photonic
crystal combined Au-TiO, NR plasmonic design and b) its STH conversion ef-
ficiency. Reproduced with permission from Ref. [102]. Copyright 2014, Royal
Society of Chemistry.

use of coupling surface plasmon resonance of gold NPs with
slow-photon-effect of TiO, photonic crystals for synergistically
enhanced PEC water splitting system, in which a STH efficiency
of 0.71% (at 0.64 V vs. RHE) was attained, (see Figure 19b).1%?
As Figure 19a illustrates that the proposed structure is made
of Au-TiO, bi-layer design photoanode fabricating a TiO, pho-
tonic crystal (PC) layer through a template-assisted sol-gel pro-
cess on a TiO, NR array. By alternating the characteristic pore
size of the TiO, PC layer, the slow photon region at the red
edge of the PC band gap can be proposed to overlap with the
strong localized surface plasmon resonance (SPR) region of Au
NPs. This phenomenon amplifies the SPR effect and conse-
quently, more hot electrons are generated and injected into
the conduction band of TiO,. Surface-textured TiO, inverse
opal nanonetworks,"*® N-doped TiO, bowl nanoarrays,"™ and
other novel designs are examples of the proposed structures
for PEC performance improvement of a water splitting device.
In addition to all of these nanostructures, one of the most fre-
quently used substrates for plasmon induced water splitting is
two-dimensional (2D) planar structures. As already mentioned,
the generated hot electrons have short diffusion length and
can transport for a short distance before they recombine.
Moreover, the near field coupling is strong only at the vicinity
of the plasmonic metal which is smaller than couple of tens of
nanometers. Therefore, the most efficient part of a semicon-
ductor bulk is its surface. Taking all of these factors into consid-
eration, a 2D high mobility plane can efficiently extract these
hot carriers and transport them into the contact. As illustrated
in Figure 20, employing MoS,"* ¥ nanosheets (Figure 20a-b)
and CdSe? nanoplatelets (Figure 20c) are some examples of
such designs.

3.3. Interface Engineering

Fast hot carriers recombination is the main limiting factor on
the substantial improvement in a hot electron driven PEC-WS
cell. Therefore, not only the generation of high density of carri-
ers should be satisfied, but also these electrons should be effi-
ciently coupled into transport layer before they get recom-
bined with their conjugate. Therefore, the role of metal-semi-
conductor interface is significant on the reduction of these car-
riers recombination.*®' The utilization of a semiconductor
interlayer with a proper band position and band gap not only
offers recombination suppression but it can also generate elec-
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tron and hole pairs to boost the photocurrent value of the
system. This has been shown in a sandwiched design of ZnO-
ZnS-Au where an ultrathin ZnS layer (=4 nm) is uniformly
wrapped around the ZnO NR structure" in a hydrothermal
based synthesis approach (as illustrated in Figure 21a). Fig-
ure 21b schematically explains the impact of ZnS layer on the
PEC performance of the multilayer design. The photoconver-
sion STH efficiency of the design reached to a maximum of
0.21% that was 2-fold and 3.5-fold larger compared to ZnO-Au
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Figure 21. The a) preparation route, b) electron transfer dynamics and

) conversion efficiency of a ZnS engineered ZnO-Au plasmonic nanocom-
posite design. Reproduced with permission from Ref. [111]. Copyright 2015,
Springer Nature.
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and pristine ZnO photoanodes, respectively. SPR visible light
induced hot electrons are injected into ZnS and then they dif-
fuse into ZnO conduction band. However, the location of con-
duction band of ZnS, which is above that of ZnO, blocks their
back reaction and thus carriers’ recombination is mitigated.
Moreover, under UV irradiation, this ZnS layer gets activated
and directly contributes to the photocurrent enhancement of
the PEC device. Similar mechanisms have also been found to
be responsible for photocurrent enhancement in ZnO (NR)-
ZnFe,0,-Au ternary design.'” However, the difference in this
design is the narrow band gap of ZnFe,0, semiconductor,
which makes it active in the visible frequency range (see Fig-
ure 223a,b). Therefore, this configuration not only impedes car-
rier recombination but also it can generate carriers, which in
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Figure 22. The a) structure, b) electron transfer dynamics and c) conversion
efficiency of a ZnO-ZnFe,0,-Au plasmonic hybrid design. Reproduced with
permission from Ref. [125]. Copyright 2013, Wiley-VCH.

turn leads to overall photocurrent enhancement. This has been
schematically depicted in Figure 22b. As exhibited in Fig-
ure 22¢, by getting advantage from this property, this design
can boost the STH efficiency of the design to a value of about
0.35, which is relatively higher, compared to abovementioned
Zn0O-ZnS-Au hybrid design. Therefore, utilization of a proper in-
terfacial layer can be envisioned as an alternative approach to
substantiate the overall activity of a PEC-WS design. A compar-
ison of the performances (including conditions investigated) of
different plasmonic-enhanced photoelectrodes for PEC-WS is
presented in Table 1.

4. Conclusions and Outlook

Driven by the current growing concern about global climate
change and the depletion of fossil fuels, hydrogen (H,) is con-
sidered to be an attractive energy carrier compared to hydro-
carbons since it has the highest gravimetric energy density
(140 mjkg™") and zero carbon emission. Although the produc-
tion of hydrogen via solar light driven water splitting has a
better impact on the environment, the generation of hydrogen
is not the only aim for modern photoelectrochemical water

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemphotochem.org

.@2 ChemPubSoc
oclg Europe

CHEMPHOTOCHEM
Reviews

Table 1. A comparison on different plasmonic-enhanced photoelectrodes in PEC-WS.

Photoelectrode Electrolyte, pH Light Source, Intensity Efficiency Year Ref
Au (NP/NR)/ TiO, (NW) 1 M NaOH White-light illumination (AM 1.5G) IPCE < 19% @ UV 2013 [131]
100 mW/cm? IPCE < 0.015% @ Vis (at 0V vs.
Ag/AgCl)
Au (NP)/ ZnFe,0,/ ZnO 0.1 m Na,SO, White-light illumination (AM 1.5G) STH=~0.35% 2013 [125]
(NR) 100 mW/cm? (at 0.5 V vs. Ag/AgCl)
Au (NP)/ TiO, (inverse opal) 0.24 m Na,S and 0.35 m  White-light illumination (AM 1.5G) with a 425 nm STH=1% 2013 [128]
Na,SO; pass band filter (at =1V vs. Ag/AgCl)
(PH ~12) 80 mW/cm?
Au (NP)/ TiO, (Dendritic 1 m KOH White-light illumination (AM 1.5G) with a 420 nm STH=1.27% 2013 [106]
NR) pass band filter (at 0.64 V vs. RHE)
100 mW/cm?
Au (nano hole)/ Fe,O; (NR) 1.0 m NaOH White-light illumination (AM 1.5G) 100 mW/cm? IPCE=7.4% 2013 [145]
@ 425 nm
Au (NP)/ TiO, bilayer (PC- 1 m KOH White-light illumination STH=0.71% 2014 [150]
NR) (pH 13.5) (AM 1.5G) (at 0.64 V vs. RHE)
100 mW/cm?
Au (NP)/ TiO, (NW) 1 m NaOH A>515nm Not given 2014 [103]
Au (NP)/ SrTiO; (planar) (HCl)/ (KOH) aqueous Xe light Not given 2014 [142]
solutions filtered over the range of 450 nm-850 nm
Au (NP)/ TiO, (porous film) 1 m NaOH White-light illumination (AM 1.5G) IPCE=~2% 2014 [141]
(pH 13) 100 mW/cm? @ 550 nm
Au (NP)/ MoS, (NS) 0.1 m KH,PO, 150 W Halogen lamp with a 420 nm pass band filter Not given 2014 [104]
(PH7) 350 mW/cm?
Matchlike Au (NP)/ ZnO 0.1 m Na,SO, (pH 7.0) White-light illumination (AM 1.5G) STH=0.48% 2014 [146]
(NR) 100 mW/cm? (at 1.05 V vs. RHE)
Au (NP)/ ZnO (3D 0.5 m Na,SO, White-light illumination (AM 1.5G) with a 420 nm STH=0.52% 2014 [108]
Branched NW) (pH~7.0) pass band filter (at ~0.8 V vs. RHE)
100 mW/cm?
CdS(QDs)/ Au (NP) 0.5 m K;SO, White-light illumination (AM 1.5G) with a 420 nm Not given 2014 [138]
pass band filter
Au-Ag (core-shell)/ TiO, Not given White-light illumination (AM 1.5G) IPCE < 0.004% 2014 [84]
(NP) 100 mW/cm? @ Vis
(at 0V vs. Ag/AgCl)
Au (NP)/ ZnO (NPEN) 0.5 m Na,SO, 300 W Xe lamp light source with a 420 nm pass Not given 2015 [105]
(pH 6.8) band filter
100 mW/cm?
Ag (micro flower)/ Si (NW) 0.5 m Na,SO, White-light illumination (AM 1.5G) IPCE=~9.1% 2015 [144]
(pH 1.0) 100 mW/cm? @ 380 nm
IPCE=~26.3%
@ 650 nm
(at —1.0 V vs. Ag/AgCl)
Au (NP)/ ZnO (NR@ nano- 0.5 m Na,SO, White-light illumination (AM 1.5G) STH=0.69% 2015 [120]
platelet) (pH 6.8) 100 mW/cm? (at 0.42 V vs. Hg/Hg,Cl,)
Au (NP)/ ZnS/ ZnO (NR) 0.5 m Na,SO, White-light illumination (AM 1.5G) with a 420 nm STH=0.21% 2015 [111]
(pH=~7.0) pass band filter (at ~20.928 V vs. RHE)
45 mW/cm?
Au (NP)/ CdSe (nano plate- phosphate buffer 200 mw/cm? Not given 2015 [112]
lets) (pH 7.0) Xe lamp
Au (NP)/ TiO, (nano bowl) 0.5 m Na,SO, White-light illumination (AM 1.5G) Not given 2016 [113]
100 mW/cm?
Au (NP)/ TiO, (nano cone)/ 0.1 m Na, SO, White-light illumination (AM 1.5G) with a 455 nm STH=0.73% 2016 [114]
AZO (pH ~6.8) pass band filter (at 0.21 V vs. RHE)
Au (NP)/ RGO/ TiO, (NT) 1 m KOH White-light illumination (AM 1.5G) with a 400 nm IPCE=5.8% 2016 [117]
pass band filter @580 nm
100 mW/cm?
Au (NP)/ TiO, (NT) 1 m KOH White-light illumination (AM 1.5G) with a 400 nm STH=0.81% 2016 [118]
pass band filter (at 1.23 V vs. RHE)
100 mW/cm?
Au (NP)/ TiO, (porous film) 0.05 m NaOH White-light illumination (AM 1.5G) with a 425 nm IPCE=1.27% 2015 [140]
pass band filter @ 550 nm
100 mW/cm?
IrOy (NP)/ Au (NP)/ TiO, 0.5 M Na,SO, White-light illumination (AM 1.5G) with a 495 nm IPCE=0.06 % 2016 [129]
(NR) (pH =~ 6) pass band filter @ 550 nm
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splitting (PEC-WS) systems. Researchers are still tackling some
fundamental problems related to the material selection and
mechanisms of photosynthetic systems. This Review attempted
to scrutinize the concept and technological development
toward plasmon-driven PEC-WS, which has been the subject of
intensive multidisciplinary research in recent years. The recent
strategies based on plasmon-mediated energy transfer are
categorized into three classifications as the nanoplasmonic
unit (shape, size, composition, and so on), nanostructured sup-
port scaffold, and interface engineering. In each section, we
highlighted the main function of each strategy and its major
impacts on cell performance enhancement. The whole picture
of all the strategies serves one ultimate aim, which is to har-
vest the solar spectrum efficiently in order to enhance photo-
current (up to around 10 mAcm™) at low or no applied bias.
The main figure of merit for a hot-electron-driven water split-
ting system is, in fact, to maximize the STH efficiency of the
cell. The excitation of hot electrons in the metal-semiconduc-
tor Schottky junction, if designed properly, can propose several
advantages to boost overall absorption:

1) Facilitating below band gap absorption by the mediation
of electron transfer from the VB to the CB;

2) Increasing the inherent absorption capacity of the semicon-
ductor by the excitation of localized surface plasmons in
the semiconductor/metal interface using a near-field cou-
pling;

3) Reducing electron/hole pair recombination by offering
more efficient spatial charge separation due to high electric
field amplitudes in the interface;

4) Increasing reaction rate of PEC cell through the introduc-
tion of proper energetic locations to mediate carriers trans-
fer;

5) Providing a high chemical stability due to non-corrosive
and non-oxidant nature of noble metals.

For scale-up and long-term usage of plasmonic metal nano-
structures combined with semiconductors, high conversion ef-
ficiency, high photo (and chemical) stability, and cost-effective-
ness are still at the top of the “wanted list”. In light of these
demands, several points need to be pursued for further under-
standing to enhance the light absorption in water splitting
system for the future applications;

1) Innovations in material architecture for efficient and broad-
band light harvesting in which most of the solar spectrum
from UV to NIR can be employed for carriers generation.
Mixed-metal oxides, perovskites (ABO;), non-oxide narrow
band gap semiconductors, and 2D materials such as gra-
phene and transition metal oxides, combined with earth-
abundant metals such as Al and Cu or alloyed noble metals
or up-conversion nanocrystals can be used to extend ab-
sorption. For substantial performance enhancement, they
should also be coupled with optimized performance co-cat-
alysts.

2) Plasmonics is a versatile technique to manipulate light in
the entire solar spectrum, and considering the ultrafast ki-
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netics of hot electron injection, a deep understanding of
the kinetics of interfacial electron and hole transfer in pho-
toactive plasmonic materials is necessary. This suggests
that hot electrons act as a mediator for the conversion of
solar energy to chemical energy.

To synthesize them with high-throughput, long-term stabili-
ty and precise control for obtaining different geometries
and compositions, defect chemistry, corrosion and surface
sciences should be encouraged as well as (photo)electro-
chemistry. In addition, in the purity and toxicity issues (i.e.
metal release), environmental chemistry and green chemis-
try are also part of this research when it becomes commer-
cial.

For the best choice of material and nanostructuring, fast
theoretical studies and characterization techniques should
be conducted and more exploration.

Newly emerged PEC configurations integrated by photovol-
taics and electrolysers are a big step for water splitting
technology toward commercialization. In this case, engi-
neers and materials scientists should be encouraged to
work together for designing a highly efficient solar water
splitting systems.

To some extent standardization is necessary to eliminate
the efficiency discrepancies stemming from experimental
set-ups, conditions, and light sources.
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