Nanoscale
Advances

rsc.li/nanoscale-advances

~

-«

o € TN

ROYAL SOCIETY
OF CHEMISTRY

ISSN 2516-0230

REVIEW ARTICLE

Jerome Kartham Hyun, Ho Won Jang et al.
Enhancing photoelectrochemical water splitting with
plasmonic Au nanoparticles

Volume 3
Number 21

7 November 2021
Pages 5971-6244




#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online
View Journal | View Issue

REVIEW

Enhancing photoelectrochemical water splitting

i") Check for updates‘
with plasmonic Au nanoparticles

Cite this: Nanoscale Adv., 2021, 3, 5981

Cheon Woo Moon, & 12 Min-Ju Choi, @ 1° Jerome Kartham Hyun @ *2
and Ho Won Jang (& *®¢

The water-based renewable chemical energy cycle has attracted interest due to its role in replacing existing
non-renewable resources and alleviating environmental issues. Utilizing the semi-infinite solar energy
source is the most appropriate way to sustain such a water-based energy cycle by producing and
feeding hydrogen and oxygen. For production, an efficient photoelectrode is required to effectively
perform the photoelectrochemical water splitting reaction. For this purpose, appropriately engineered
nanostructures can be introduced into the photoelectrode to enhance light—matter interactions for
efficient generation and transport of charges and activation of surface chemical reactions. Plasmon
enhanced photoelectrochemical water splitting, whose performance can potentially exceed classical
efficiency limits, is of great importance in this respect. Plasmonic gold nanoparticles are widely accepted
nanomaterials for such applications because they possess high chemical stability, efficiently absorb

visible light unlike many inorganic oxides, and enhance light—matter interactions with localized plasmon
Received 28th June 2021 laxati H derstandi f the physical bh behind th ticles i
Accepted 24th August 2021 relaxation processes. However, our understanding of the physical phenomena behin ese particles is
still not complete. This review paper focuses on understanding the interfacial phenomena between gold

DOI: 10.1039/d1na00500f nanoparticles and semiconductors and provides a summary and perspective of recent studies on
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1. Introduction

Our continuing reliance on fossil fuels over the past two
centuries has adversely impacted the global environment and
society. Many problems such as the acceleration of global
warming due to increased carbon dioxide generation, and the
rise of air, land and water pollution comprising sulfur and
nitrogen impurities arise from fossil fuel combustion. Although
the use of nuclear fuel could alleviate these problems, issues
with radioactive nuclear waste storage have challenged its
widespread implementation. Moreover, fossil and nuclear fuels
are limited, non-renewable resources that cannot be recovered
once used. To this end, a sustainable energy system relying on
renewable fuels is desired. The hydrogen cycle, involving the
use of sunlight, may allow humanity to harness energy in a way
akin to the photosynthesis cycle in plants. This can be applied
to solve the energy problem on Earth and also be extended to
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plasmon enhanced photoelectrochemical water splitting using gold nanoparticles.

sustain space exploration, considering that sunlight is an
inexhaustible energy source.

Paradoxically, hydrogen for ‘clean energy’ is made from
cracking hydrocarbons because of the low cost. This process
involves carbon dioxide emission into the environment, which
defeats the benefits associated with using a clean fuel."> Alter-
natively, hydrogen production from water electrolysis is a clean
and economical method. Here, an external power source is
required for the water splitting reaction, which can be achieved
by using light to drive a photovoltage inside the active material.?
If photoactive semiconductors are adopted as photoelectrodes,
water splitting can potentially be autonomous with sunlight
providing an infinite supply of energy. When light is absorbed
into the photoactive semiconductor, the absorbed light gener-
ates electron-hole pairs. The charged pairs are then separated
due to the internal electric field from the space charge region at
the electrode-electrolyte interface. Charges transferred to the
surface of the electrode may participate in splitting water.* As
a result, the two following reactions occur, one on the surface of
the photoanode (oxygen evolution reaction; OER) and the other
on the photocathode (hydrogen evolution reaction; HER). Half-
cell reaction equations in water splitting and their potential
with respect to the reversible hydrogen electrode (RHE) at pH
0 are presented below. Overall reactions theoretically require
avoltage of 1.23 V. In practice, a driving voltage of 1.6 V or more
is required due to the overpotential and thermalization loss.**
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Fig. 1 Relations between structural, electronic, and optical properties and processes in Au nanoparticles attached to a semiconductor, which
generate various effects contributing to plasmon enhanced photoelectrochemical water splitting.

4H* + 4¢~ — 2H,, (HER, 0 V vs. RHE) (1)
2H,O +4h* — O, + 4H", (OER, 123 V vs. RHE)  (2)

Many strategies have been introduced to enhance the water
splitting performance, such as strain engineering,® catalyst
decoration,” doping,® interfacial dipole polarization,” etc. To
further achieve an efficient photoelectrochemical water split-
ting reaction at the photoelectrode, it is critical to understand
and exploit the interactions of light with matter.

The light-matter interactions at the interface between
a dielectric and metal are critical to understanding the perfor-
mance of the photoelectrode immersed in solution. The vast sea
of electrons at the metal interface can be excited into a reso-
nance by an oscillating electric field under the appropriate
conditions determined by the type of metal, the geometrical
configuration of the metal and the refractive index contrast
between the dielectric and the metal. A rule of thumb is that the
metal must have a negative permittivity within the considered
wavelength range, and its magnitude must be larger than that of
the dielectric. Common metals that satisfy this condition in the
visible range include Ag, Au and Al. The corresponding reso-
nance is called a surface plasmon.' The surface plasmon can
propagate along the surface of a metal film, in which case it is
known as a surface plasmon polariton. But for an isolated
nanostructure, the surface plasmon is locally bounded, in
which case it is known as a localized surface plasmon.™*?
Extraordinary optical effects result from the excitation of the
surface plasmon resonance including strengthened near-field
intensities at the boundary of the nanostructure, enhanced
scattering and absorption efficiencies, and extreme spatial
compression of the electric field.

5982 | Nanoscale Adv, 2021, 3, 5981-6006

It has been reported that the combination of plasmonic
nanostructures with other photoactive platforms can also lead
to interesting optical phenomena such as mode hybridization
and filtering.">"* In particular, the combination of nano-
structured photoactive semiconductors and plasmonic nano-
structures has been known to benefit the performance of
photoelectrochemical water splitting. Plasmon-enhanced pho-
toelectrochemical water splitting was first experimentally
proposed in 1996 by Yoko et al.*® A localized surface plasmon
resonance (LSPR) occurs in a nanostructure at a wavelength
dictated by the geometry, metal type and dielectric environ-
ment. Such a phenomenon is absent in the bulk state of the
metal, highlighting the benefits of using nanostructured metal.
Through a handful of mechanisms described further in this
review, the plasmonic nanostructure can significantly enhance
the photocatalytic activity. In fact, recent theoretical studies
showed that the maximum classical theoretical water splitting
efficiency could be overcome with the aid of plasmons.*®

To optimize the water splitting performance, it is necessary
to understand the LSPR phenomenon and its role at the metal-
semiconductor interface. Several metals such as Cu, Ag, Au and
Al and several types of geometry can be used. But, this paper
will focus on the use of gold nanoparticles (Au NPs) as they are
the most commonly used performance enhancing plasmonic
agents. Au NPs are stable against corrosive environments
compared to other metals and can be readily synthesized with
fine control over their sizes, providing a clear incentive for their
widespread study and use.

When a Au NP is incorporated onto the photoactive semi-
conductor, several optical and electronic effects can take place
at the interface, as described in Fig. 1. These effects generally
depend on the morphology of the NP including the dimension,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(Left) Possible localized surface plasmon energy transfer mechanism from Au nanoparticles to the photoanode. Abbreviations: hot

electron injection (HEI), plasmon induced metal-to-semiconductor interfacial charge transfer transition (PICTT), plasmon induced resonant
energy transfer (PIRET), local electromagnetic field enhancement (LEMF), light scattering (LS). (Right) Timeline of key developments in the field of

plasmon enhanced photoelectrochemical water splitting.

shape and size of the NP. Other structural factors of the NP also
play an important role including the presence of ligands, type of
facet in contact with the semiconductor, and geometry of
contact. These structural considerations influence the optical
properties of the LSPR such as the resonance frequency and
spectral overlap with the interband transitions of the semi-
conductor. More importantly, the LSPR induces several useful
effects such as hot carrier generation and near-field enhance-
ment that can help enhance charge generation and transfer.
The structural factors can also affect the electronic band
structure at the interface through the formation of a Schottky
junction that bends the electronic bands in the semiconductor.
The extent of band bending is a complex function of contact
geometry, density of free carriers in the semiconductor and
static dielectric constant.

Fig. 2 shows the various pathways taken by light and charge
at the interface in response to a LSPR excitation alongside
a brief timeline of their discovery and proposal. Note that,
though the schematic illustrates a photoanode, its concepts can
be similarly applied to a photocathode. When incident light at
the resonance frequency meets the Au NPs, LSPRs are induced
in the nanostructure (®). The excitation and relaxation of the
LSP induces several effects in the semiconductor (®-®) that
help generate and transfer charges. Details related to the near-
field phenomena (®-®) will be described in later sections.

Herein, we will provide a detailed review of plasmon
enhanced photoelectrochemical water splitting with a specific
system, that is, Au NPs on a semiconductor. To provide
a comprehensive overview, we will review the origin of the
plasmonic resonance and optical loss in Au NPs, the various
plasmon-induced charge transfer pathways, the formation of Au
NPs on semiconductor surfaces and demonstrations of the
system in photoelectrochemical water splitting showing
enhanced performance relative to the bare semiconductor.
Based on these details, strategies to maximize efficiency will be
outlined, supported by the latest research results. We finish our

© 2021 The Author(s). Published by the Royal Society of Chemistry

review with a brief perspective on practical challenges in the
field.

2. Plasmon resonance of Au
nanoparticles
2.1 Localized surface plasmon resonance

As discussed earlier, localized surface plasmon resonances
(LSPRs) occur in metal nanostructures or nanoparticles in
a dielectric environment (Fig. 3a) as a consequence of the
coupling of light and electron charges bound to the metal-
dielectric interface.’® In the electrostatic limit, the coherent
displacement of the electron cloud about the origin in response
to the oscillating electric field is of a dipolar nature." For a solid
spherical particle, this disturbance of the electron cloud due to
an applied external electric field can be represented as the
polarizability ().

a(3) = dren ()R} SP—en(2)

)+ 2en() (3)

where ¢ and ¢, are the dielectric constants of the NP and the
surrounding medium, respectively, and R is the diameter of the
NP.>*** The LSPR frequency (wispr) is then expressed as

wp
w = —_—
LSPR T 2e,

where the plasma frequency (wp) is given by

(4)

ne?

Eom

wp=

where 7 is the number density of electrons, ¢, is the permittivity
of a vacuum and m is the effective electron mass.?> We note that
while the LSPR frequency in eqn (4) represents that of a dipole,*
higher order multipoles can also be excited with increasing
ratio of particle size to wavelength.** At resonance, the

Nanoscale Adv., 2021, 3, 5981-6006 | 5983
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absorption and scattering cross-sections of the NPs and elec-
tromagnetic fields near the surfaces of NPs experience
a dramatic enhancement.*

Since the surface plasmon depends sensitively on the surface
charge density and distribution on the NP, one can selectively
control its resonance by controlling the shape, size, and

5984 | Nanoscale Adv, 2021, 3, 5981-6006

dimension of the Au NPs. Even before the advent of nano-
photonics, the relation between the resonance and size of a Au
NP was known from the work of Gustav Mie, which presented
analytical solutions to the electromagnetic scattering problem
of a spherical particle.** Recent advances in computational
power, nanofabrication and characterization tools over the past

© 2021 The Author(s). Published by the Royal Society of Chemistry
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two decades have led to a renewal of interest and studies on
plasmonic Au NPs.

The LSPR of a spherical Au NP lies in the visible wavelength
range, and is generally characterized through the absorption
spectrum. As the NP size increases, the scattering and absorp-
tion properties undergo marked changes. Fig. 3b exhibits the
calculated spectra of extinction, absorption, and scattering
efficiency for Au NPs with various diameters (D = 20, 40 and 80
nm).” For comparison, results of a 300 nm-diameter poly-
styrene sphere are also shown. The extinction efficiency (Qex) is
the sum of the scattering (Qs..) and absorption (Q,ps) efficien-
cies. Below a Au NP size of 10 nm, the absorption and scattering
are both weak. When the Au NP size is 20 nm, the scattering is
still weak and dipolar (i.e., Rayleigh scattering) while a rising
absorption dominates the optical behavior. The resultant color
of Au NPs in solution is red. One can see that the extinction
efficiency for the Au NP at D = 80 nm is larger than that for
a much larger polystyrene sphere with D = 300 nm due to the
large LSPR band near ~530 nm. Although not shown in Fig. 3b,
further increases in size lead to a rise and redshift in the scat-
tering spectrum, leading to the appearance of a blue color at
a size of around 150 nm. While the spherical model provides
good guidelines for predicting the scattering and absorption
behavior of a non-spherical Au NP, the accuracy increasingly
deviates with increasing NP size. This is due to the emergence of
higher order multipolar contributions for larger NPs that are
sensitive to the actual shape of the NP.

This size-dependent behavior can influence the light-matter
interactions at the interface between the metal and dielectric.
Wei and co-workers reported the size-dependent photocatalytic
activity of Au NPs on octahedral anatase particles.”® They
showed that an increase in the size of Au NPs from 5 to 30 nm
led to a gradual increase in photocatalytic performance due to
enhanced absorption.

Changes in the Au NP shape rather than the size have
a stronger impact on the resonance.” Elongating the NP into
a rod-like shape can drastically alter the behavior of the reso-
nance. As shown in Fig. 3¢, two resonances appear from the two
distinct dimensions along the longitudinal and transverse axes
of the rod. As the longitudinal dimension offers much less
confinement than that of the transverse axis, the longitudinal
resonance is significantly lower in energy compared to that of
the transverse axis.** Murphy and co-workers synthesized Au
nanorods with various aspect ratios and observed the optical
properties.** As shown in Fig. 3d, two different peaks, origi-
nating from the longitudinal and transverse plasmon modes,
can be easily observed.?> When two Au nanorods are placed
nearby without being brought into contact with each other,
coupling of plasmon resonances can produce distinct plasmon
modes. Fig. 3e shows the extinction spectra of Au NPs with
different shapes. The spectrum of the symmetric octahedral Au
NPs exhibits a single dominant peak while the spectrum of the
rods shows two distinct peaks from the different confinement
dimensions.* In a similar manner, flattening the Au NP along
the light incidence direction also blueshifts the resonance
because of increased confinement in the compressed dimen-
sion.** The plasmon resonances of other more complex

© 2021 The Author(s). Published by the Royal Society of Chemistry
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nanostructures featuring shells can be predicted by using the
plasmon hybridization model.** Sharp vertices and edges of Au
NPs lead to a field-concentrated dipolar region yielding
enhanced electric fields.*® This can help improve the sensitivity
of the plasmonic NP to the surrounding refractive index.*” Jeon
et al. investigated this effect using Au nanocubes.*® A single Au
nanocube with sharp vertices and edges was found to show
a higher sensitivity to the refractive index than a Au nanosphere
due to enhanced fields at the sharp sites. Furthermore, coupled
Au nanorods can support higher responsivities and larger
electric field enhancements than solitary Au nanorods due to
field confinement between nanorods.

2.2 Plasmon relaxation process
The lifetime of the surface plasmon (SP) is given as®

2h

=7 (5)
where T is the dephasing time of a plasmon and { is the
damping constant. An LSP oscillation decays after a few
femtoseconds.*® Fig. 4 exhibits the characteristic time scales of
possible LSPR-induced processes in a plasmonic NP-semi-
conductor system. The probability that the SP decays by emit-
ting a photon, i.e., the quantum efficiency, is given as*

TI'iot = I'raa + Toraa (6)
Frad

= e 7

Q Frad + Fnrad ( )

where I'.,q and I'y,q are the radiative and nonradiative decay
rates, respectively. The radiative decay of a SP is primarily in the
form of scattering. When the LSP has higher energy than the
semiconductor bandgap, the scattered light can be absorbed by
the semiconductor. In the dipole limit, the scattering rate is
proportional to the square of the NP volume. Therefore,
a smaller NP (<20 nm) has a longer SP lifetime than a larger
particle. For example, the SP lifetime of large Au spherical NPs
(150 nm) is 1.4 fs, while that of small Au NPs (15-20 nm) is 5-8
fs.***> The dephasing time can also be influenced by the shape,
as is evident from the longer lifetime of Au nanorods, reported
near 18 fs.*

The non-radiative decay is referred to as Landau damping,
whose timescale is 1-100 fs.**** When a plasmonic NP absorbs
light, electron-hole pairs are generated. These hot carriers
experience electron-electron scattering (z.; = 100 fs to 1 ps) and
are in thermal equilibrium with the electron-phonon-heated
lattice (t,, =~ 1-10 ps).”~* The heated plasmonic NP cools
down via energy exchange with its surroundings. The cooling
time, which depends on the material and size of the plasmonic
NP, and the thermal conductivity of the surrounding medium,
takes about 100 ps to 10 ns.*®** Alternatively, if the NP is
attached to a semiconductor, the hot carriers from the NP can
be injected into it. In order for this process to be more
competitive than the electron-electron and electron-phonon
scattering processes, the transfer must occur within 1 ps after
the LSP generation.*” This process is called indirect electron
injection. In contrast, direct electron injection is also possible,

Nanoscale Adv., 2021, 3, 5981-6006 | 5985
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which describes the generation of a hot charge carrier from the
conduction band of an n-type semiconductor or valence band of
a p-type semiconductor in contact with a metallic NP. This
process occurs within 20 to 50 fs, which is much faster than
indirect injection.**** Since the direct and the indirect carrier
injection both lead to the generation of additional charge
carriers in the semiconductor using sub-bandgap light, appli-
cation of plasmonic nanoparticles in photoelectrochemical
cells is an attractive method for expanding the usable band-
width of light in photoelectrochemical water splitting.

Another non-radiative decay mechanism is plasmon-
induced resonant energy transfer (PIRET), i.e., energy transfer
by dipole-dipole coupling. PIRET is a modified form of Forster
resonance energy transfer (FRET), which transfers energy from
a donor to an acceptor through dipole-dipole coupling.”” The
timescale of PIRET is 10 fs.*® The excitons in the semiconductor
could be formed by energy transfer from the dipole in a metallic
NP to the dipole in a semiconductor.®® This mechanism is
influenced by the distance between the NP and semiconductor,
the degree of spectral overlap between the emission and
absorption, and the orientation of the dipole moments.**
Enhancement by PIRET can be quantified by the number of
LSPR-excited carriers in a semiconductor.*

The hot electrons and holes created during the plasmon
relaxation process contribute to the water splitting reaction. As
shown in Fig. 4, the photoelectrochemical water splitting reac-
tion occurs on a timescale from microseconds to milliseconds.®
The OER process is longer than the HER process because more
charges are involved in the reaction. The above mechanisms on
charge transfer via plasmon relaxation will be described in
detail in Section 3.

2.3 Interband/intraband transition

Non-radiative decay of the LSP occurs via electron transitions
between the occupied and unoccupied states of the metal. The
electron configuration of a gold atom in the ground state is [Xe]
5d'%6s", characterized by a fully filled 5d orbital and a partially
filled 6s orbital. As a solid, the orbitals hybridize to form a 6sp
and a 5d band. These bands are shown in Fig. 5a illustrating the
theoretical and experimental band structure for gold, predicted
by density functional calculations, quasiparticle self-consistent
GW calculations and angle-resolved ultraviolet photoemission
measurements.®* The corresponding illustration of the density
of states shown in Fig. 5b indicates a narrow 5d band and free-
electron-like 6sp band.

A decaying plasmon can deliver energy to excite intraband
transitions within the 6sp band or interband transitions
between the 5d band and 6sp band. The dominant contribution
can be selected by tuning the LSP resonance. Analysis using the
Drude model shows that for LSP resonances in the red and
infrared range, the absorption is dominated by intraband
transitions, while for those in the ultraviolet (UV) and visible
range, it is dominated by interband transitions.®*® Since the
LSP resonance is tunable through the shape as described
earlier, selection of the dominant transition is possible by
controlling the geometry of the NP. These interband and

5986 | Nanoscale Adv., 2021, 3, 5981-6006
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61, copyright 2014, with permission from Nature Research. (b) Sche-
matic diagram of the intraband and interband transitions. (c) Extinction
spectra of Au nanorods from interband and intraband transitions.
Reprinted from ref. 66, copyright 2017, with permission from the
American Chemical Society. (d) Appearance of the coupled plasmon
mode of Au NPs due to high surface coverage on SiO,. Reprinted from
ref. 67, copyright 2018, with permission from Multidisciplinary Digital
Publishing Institute. (e) IPCE from Cu/TiO, and Au/TiO, diodes. (f)
Absorbance of Cu and Au plasmonic NPs. Reprinted from ref. 68,
copyright 2019, with permission from the Royal Society of Chemistry.

intraband transitions play nontrivial roles in water-splitting
reactions by enhancing both the OER and HER
performance.®"*+%*

The intraband/interband transitions in Au NPs can be
separately recognized from the extinction spectra. As shown
Fig. 5¢,° a sample of Au nanorods shows two characteristic
LSPRs near 480 and 750 nm, corresponding to the transverse
and longitudinal modes, respectively. Intraband transitions are
dominantly excited by these modes. The background extinction
is found to increase for shorter wavelengths, which is attributed
to the 5d to 6sp interband transition. By decreasing the particle
size down to scales where quantum confinement effects
emerge, one can minimize the intraband contribution such that
interband transitions become the dominant contribution.***®
Alternatively, as has been shown for closely distributed Au NPs,
the near-field interactions between Au NPs can diminish the
normal intraband transition peak by redshifting the coupled
resonance peak as shown in Fig. 5d.*”

Lee and co-workers distinguished between hot electrons
generated from interband and intraband transitions in Cu NPs/
TiO, and Au NPs/TiO, diodes.®® To achieve this, they measured
the incident photon-to-current conversion efficiency (IPCE)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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using a monochromator system. As shown in Fig. 5e, the IPCE
from the Au NPs/TiO, nanodiode shows one distinct peak at
600 nm, which arises from the intraband transition in agree-
ment with theoretical predictions. On the other hand, the IPCE
from Cu/TiO, has two distinct peaks at 450 and 675 nm, cor-
responding to interband and intraband excitations. The
measured absorbance spectrum provides a more detailed
analysis as shown in Fig. 5f. LSPR peaks were observed at 600
and 675 nm for Au and Cu NPs/TiO,, respectively, indicating
that intraband transitions were the origin. Absorption peaks
were also observed at around 480 nm and 550 nm for Au and Cu
NPs/TiO,, respectively, indicating interband excitations. The
reason the two absorption peaks are not apparent in the Au NPs/
TiO, IPCE plot is that the electrons excited by the interband
transition do not have enough energy to overcome the Schottky
barrier height at the metal-semiconductor interface.

Due to the fact that the LSP is, generally, of lower energy than
the interband transition, the LSP excitation and decay usually
leads to hot carrier generation from intraband transitions. In
this case, the distribution of hot electrons and hot holes is
created with respect to the Fermi level. Unlike the behavior of
intraband transitions, interband transitions leave a hot electron
slightly above the Fermi level and a hot hole in the 5d band.*®
These hot carriers are quickly thermalized.® While intraband
excitations have been the hot carriers traditionally observed in
Au NPs, J. Zhao et al. demonstrated through a photoinduced
oxidative etching reaction of Au NPs with FeCl; that the inter-
band transitions are a more efficient pathway toward hot carrier
generation in addition to offering a higher catalytic reactivity.

Another important factor related to the electron transitions
in the Au is the size of NPs. Since the hot charge carriers
generated by intraband transitions have a mean free path of 10-
40 nm, most hot carriers in plasmonic NPs (<20 nm) can reach
the NP surface before thermalization. On the other hand, hot
charge carriers generated by interband transitions have
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a shorter mean free path (~1 nm), necessitating the use of
smaller NPs (2-3 nm) for charge extraction.

In summary, an improved understanding of the origin of hot
carriers is beneficial for designing efficient photo-
electrochemical water splitting systems. The type of transition
should be considered when selecting the semiconductor
material, the range and frequency of usable light, and shape of
the Au NP. These insights should provide strategies for efficient
injection of hot carriers into semiconductors. The junction
between the plasmonic NP and semiconductor is another
important factor to consider. A suitable semiconductor that can
selectively isolate the photogenerated carriers to enhance their
lifetimes must be found.”®”* This will be described in detail in
Section 3.

3. Mechanisms of plasmon enhanced
photoelectrochemical water splitting
3.1 Exceeding the Shockley-Queisser (SQ) limit

The theoretical photoelectrical conversion efficiency was first
proposed by William Shockley and Hans-Joachim Queisser
(1961).” For a simple ideal p-n junction solar cell with a 1.1 eV
bandgap, the maximum achievable efficiency (referred to as the
detailed balance limit) was found to be 30%, assuming (1) one
electron-hole pair excitation per photon, (2) 100% radiative
recombination, and (3) no loss of generated carriers. Obviously,
these assumptions correspond to an idealized scenario, and for
this reason, the Shockley-Queisser (SQ) limit represents an
upper bound to practical conversion efficiencies. To obtain the
conversion efficiency of a solar cell (ngc) with a solar light
standard (AM 1.5 G; ASTM International Standard G173-03), one
can calculate the ratio of generated electrical power (Wg) to
incident light power (W), that is, nsc = Ws/W; (Fig. 6a).”

The discovery of water decomposition using TiO, by
Fujishima and Honda in 1972 stimulated new research efforts
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Semiconductor bandgap E; (eV)
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(a) Detailed balance limit of a solar cell operated at 298.15 K and illuminated with AM 1.5 G sunlight plotted against bandgap wavelength

(upper) and bandgap energy (lower). Adapted from ref. 74, copyright 2016, with permission from Elsevier. (b) Maximum harvested solar-energy
percentage of semiconductor absorbers with respect to the bandgap energy (upper). Maximum STH efficiencies (solar to hydrogen conversion
efficiencies) of single absorber photoelectrochemical cells (lower). Adapted from ref. 78, copyright 2018, with permission from the American
Physical Society. (c) Maximum solar energy conversion efficiency for plasmon enhanced photoelectrochemical water splitting (dark blue curve),
bare semiconductor (grey curve) and the Shockley—Queisser limit (light blue curve) plotted against bandgap energy. Reproduced from ref. 16,

copyright 2015, with permission from the PCCP Owner Societies.
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on photoelectrochemical water splitting.” In particular, efforts
have been dedicated to finding the theoretical efficiency limits
of photoelectrochemical water splitting. Bolton et al first
summarized the ideal limits of photoelectrochemical water
splitting in 1985.” The excited states were assumed to reach
equilibrium with the surroundings very quickly and reversibly,
while the hot carrier effect was disregarded. The ideal solar
energy conversion efficiency was defined using the formula
below, where J, is the absorbed photon flux, uc is the excess
chemical potential generated in the system by absorption of
light, ¢conv is the photon to product conversion quantum yield,
and S is the total incident solar irradiance.

NpEC = Jg“e):gd)conv (8)

The above theoretical efficiency has been refined in recent
days to include more detailed experimental conditions. For
example, even the absorption of water was considered in 2014.7°
Jacobsson et al. included losses (carrier separation, carrier
transportation, and reaction overpotential) during photon
absorption for carrier excitation and showed an expected solar
to hydrogen (STH) conversion efficiency (7pgc) of 17.8% in one-
bandgap (single-cell) devices in 2015.”” It was shown that even
for an idealized situation the STH efficiency could not reach
100% as shown in Fig. 6b.”® In 2016, Fountaine's group sug-
gested a unified framework to establish the theoretical effi-
ciency limit for photoelectrochemical water splitting cells.” For
a device operating at some potential E,, at a faradaic efficiency
fre with a corresponding operating current of j,, under an
incident solar power of Wi, the efficiency is calculated as
follows.

jopErxanE
= 9
MpEC W, )

Strategies to improve the efficiency can be found from
insights gained from photovoltaic (PV) cells. PV cells and pho-
toelectrochemical cells both share the key principle of
producing work by generating electron-hole pairs through light
absorption, separation, and recombination. The use of a multi-
junction cell is a straightforward way to increase the PV effi-
ciency by expanding the bandwidth of harnessable light.*
However, even with a single PV semiconductor, one can beat the
SQ limit by considering ways to overcome the basic assump-
tions used to define it. These could include (1) multi-electron-
hole-pair generation, (2) hot carrier excitation and collection,
and (3) use of nanostructures rather than a planar structure. In
a similar manner, multiple exciton generation (MEG) in
quantum dots has been reported to exceed 100% quantum
yield.** Plasmons can generate two or more excitons when the
resonance is tuned to the bandgap energy and the phonon
emission is prohibited.*” There have been several reports of
multiple electron-hole pair generation processes during plas-
mon excitation—-decay. Linic's group in 2012 observed a super-
linear photocatalytic rate dependence on illumination source
intensity for an ethylene oxidation reaction with a plasmonic Ag
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nanocube, and attributed this phenomenon to multiple elec-
tron excitations mediated by the plasmon.** A plasmon-induced
two-electron reaction was also reported for Au NPs in the
presence of a hole scavenger during carbon dioxide reduction
(2018).3* Compared to conventional dielectrics where the mode
volume (vp,) is limited to ~(4/2)?, a plasmonic NP offers an
ultrasmall mode volume via tight light confinement corre-
sponding to a large density of optical states.*® The light
concentrating properties of plasmonic gold NPs have great
potential for driving water splitting reactions beyond the SQ
limit."**® A density matrix model developed by Cushing et al
showed that the photochemical conversion efficiency that takes
into account the various plasmonic effects can be greater than
the SQ limit above the practical band gap energy of 2 eV
required for water splitting (Fig. 6¢).*®

3.2 Hot carrier injection (HCI)

Through Landau damping discussed earlier, a plasmon reso-
nance at a frequency w can excite electron-hole pairs in the
metal with energy distributions of Ex ~ (Eg + hiw) for electrons
and (Eg — /iw) ~ Eg for holes.®>®” Such energetic charge carriers
are referred to as hot carriers (e.g., hot electrons or hot holes).
The hot carriers can exchange their energy with the environ-
ment to reach an equilibrium carrier energy distribution.

Hot carrier injection (HCI) refers to the transfer of an excited
carrier from a metal to an interfacing semiconductor by over-
coming the Schottky barrier with sufficient kinetic energy. Hot
electron and hole injection are abbreviated as HEI and HHI,
respectively. The Fermi levels of the semiconductor and metal
in their isolated states are written as Epgsemi and Egmetal
respectively. To activate HCI in plasmon enhanced water split-
ting, several electronic factors must be considered including (1)
Fermi level alignment between the metal and semiconductor,
(2) band bending at the interface and (3) carrier momentum
along the carrier flow direction. The generated carriers should
be separated at the metal-semiconductor interface. Let us
consider an n-type semiconductor and a plasmonic metal for
this system. When Eg semi = Er,metal, AN 0hmic contact is formed
at the interface between the metal and semiconductor, char-
acterized by the conduction and valence bands of the semi-
conductor bending downward near the interface (Fig. 7a).*® Hot
electrons that are generated from the metal through plasmon
damping may transfer across the interface into the semi-
conductor, but will return to the metal due to the electric field in
the space charge region. Therefore, plasmon enhanced photo-
electrochemical water splitting will not occur in this situation.
On the other hand, when E semi > Er,metal, @ Schottky contact is
formed at the interface. Here, the conduction and valence
bands bend upward near the interface. A hot electron with
enough kinetic energy to overcome the Schottky barrier can be
injected into the semiconductor, where it can drift away from
the metal in accordance to the electric field of the space charge
region. In this configuration, efficient charge separation is
enabled as shown in Fig. 7a. The electronic band picture can be
extended to treat redox chemistry at the surface of the metal.
The equilibrium band structure of an n-type semiconductor

© 2021 The Author(s). Published by the Royal Society of Chemistry
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at the metal-semiconductor interface. Reprinted from ref. 88, copyright 2013, with permission from Institute of Physics Publishing. (b) Band
diagram for hot electron injection over the Schottky barrier. Reprinted from ref. 62, copyright 2014, with permission from Elsevier. (c) Angular
pathways of carrier injection at smooth (left) and rough surfaces (right). Reprinted from ref. 89, copyright 2020, with permission from De Gruyter.
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with permission from Institute of Physics Publishing. (e) Plasmon induced hot carrier distribution around the Fermi level in a Au nanosphere.
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joined to a metal with a work function W in a chemical envi-
ronment comprising a redox pair (D/D") with an electrochemical
potential Eyeqox is presented in Fig. 7d (Ergemi > FEredox >
E'F,met:al)-88

We describe the detailed constraints for charge transfer from
the metal into the semiconductor. The Schottky barrier is the
energy difference between the conduction band at the interface
and the metal Fermi level (AEg = Eg — Ep meta)- TO OVercome
this barrier, the energy of the hot carrier, E, partially or fully
attained through the photon energy, should be higher than that
of the barrier height (iwy = E — Egmetal = AEg). The corre-
sponding energy levels are depicted in Fig. 7b.*** One must
also consider the momentum of the charge carriers as they also
provide an additional constraint for charge transfer. From the

energy relations, one can find the momentum that is needed for
2

the carrier to overcome the Schottky barrier’;i > AEg + Ef metal-
m

This defines the injection cone of hot electrons that can over-

come the barrier, characterized by the angle,
VEr + AE . .
Ocric = cos‘lg.% One way to bypass this additional

Vhw

constraint on the injection angle is to introduce a rough surface

© 2021 The Author(s). Published by the Royal Society of Chemistry

as shown in Fig. 7c.** Such a surface allows charge carriers
outside the injection cone to be scattered into the semi-
conductor by endowing them with the appropriate momentum.

The energy distribution of hot carriers depends on the size
and shape of the Au NP. For a spherical plasmonic NP in the
dipole limit, the hot carrier generation rate (Rycg) can be
derived as

2 @Eg* (ho — AEg) 41,

=k (hw)t 3

3e matrix
2€matrix + 38mcta1

RHCG = Eoz (10)

where the permittivity of the matrix and metal is eyaeix and
emetal, T€Spectively, D is the NP diameter, and E, is the incident
electric field intensity. From this equation, it is clear that the
hot carrier generation rate will increase with NP size within the
electrostatic limit. This analytical equation of Rycg could be
adopted further to estimate the fundamental properties such as
quantum yield, hot electron generation efficiency, and energy
dissipation. One must also consider the distribution of low-
energy Drude (frictional) electrons near the Fermi level as
shown in Fig. 7e.*7°>** Over time, the hot carriers become low
energy carriers near the Fermi level. A longer hot carrier lifetime
is beneficial for driving high-energy hot carriers.* Shape control

Nanoscale Adv., 2021, 3, 5981-6006 | 5989


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00500f

Open Access Article. Published on 25 Mhawuri 2021. Downloaded on 2026-01-27 10:40:56.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

over the Au NPs provides a possible route for modifying the
distribution of optically excited carriers near the Fermi level
since it controls the LSPR frequency and field intensity. For
example, it has been shown that the maximum hot carrier
energy is higher for a nanosphere than for a nanorod while the
relative hot carrier concentration of the nanorod is larger than
that of the nanosphere.”

3.3 Quantum tunneling injection

If the energy of a hot carrier (E) is lower than the Schottky
barrier height (for hot electrons; E — Egmetal < AEg), carrier
injection from the metal to the semiconductor is classically
forbidden. However, when the scales of interest are a few
nanometers, hot carriers may penetrate through the Schottky
barrier by quantum tunneling as shown in Fig. 8a. Therefore,
decreasing the Schottky barrier height and depletion width is
essential to observe this effect.®® This effect can also appear
more pronounced at very high dopant concentrations.

In 2011, photosensitization of TiO, with embedded Au NPs
was reported to result in an increase in TiO, conductance by
over 1000-fold when illuminated by 600 nm light due to hot
electron tunneling.”® It was found that a hot carrier tunnels
through the barrier into an unoccupied defect state formed in
the depletion region.®*®”

The tunneling probability is highly dependent on the dopant
concentration of the semiconductor. Theoretical calculations of
the tunneling probabilities at a Au (10 nm)-TiO, junction were
performed using the transfer matrix formalism. The results
showed that the probability of tunneling increases with dopant
concentration as shown in Fig. 8b.°° It is worth noting that
tunneling through Schottky barriers is a commonly observed
phenomenon in photocurrent measurement of nanoscale metal
contacts on degenerately doped nanostructured devices.

3.4 Local electromagnetic field enhancement (LEMF)

One of the most prominent features of an LSPR is the enhanced
local electromagnetic field associated with the resonance.®***
The effect is characterized by a strong near-field intensity at the
surface of the plasmonic NP. This region of high local electric
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Fig. 8 (a) Band diagram picture of hot electron injection at the Au—
TiO, heterojunction by (A) transfer over the barrier or (B) tunneling.
Reproduced from ref. 96, copyright 2017, with permission from the
Royal Society of Chemistry. (b) Tunnelling probability at the Au-TiO,
interface as a function of electron energy for different doping
concentrations. Reprinted from ref. 90, copyright 2018, with permis-
sion from Elsevier.
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field is referred to as a “hot spot” as shown in Fig. 9a and
depends on the shape and size of the metal NP and the polar-
ization direction of the incident field.**® The electric field in
a hot spot possesses an intensity that can be up to several orders
higher than the incident field, which is useful for enhancing
various optical signals in neighboring systems including
Raman, fluorescence and nonlinear intensities. If the hot spot is
located near a semiconductor and has energy above the
bandgap (E; < /w), electron-hole pairs in the semiconductor
can be locally generated at an enhanced rate proportional to the
square of the electric field (|E|?) intensity."®® This radiative
mechanism is distinct from those describing hot carrier trans-
fer from the metal into the semiconductor. To harness the
energy in the hot spot more effectively, it is necessary to visu-
alize its distribution and use it to configure the contact geom-
etry between the metal and semiconductor. The field intensity
decays exponentially with distance. This distance is character-
ized by the decay length (Lg), which dictates the interaction
length between the semiconductor and metal NP. As the decay
length is a function of the hot spot intensity, it can be tuned by
varying the NP shape and can increase with NP size (Fig. 9b)."**

The hot spot distribution of a plasmonic NP can be easily
predicted through simulations including the finite-difference
time-domain (FDTD) algorithm and discrete dipole approxi-
mation (DDA)."”* Direct imaging of the spatial distribution is
another matter. Due to the subwavelength size of the NP,
imaging the fields with light is a challenging task since the
resolution is diffraction-limited to ~A/2. Near-field scanning
optical microscopy (NSOM) offers ways to overcome this limit by
operating with a resolution that is no longer defined by wave
optics but by the probe aperture size. However, since the signal
and aperture size are inversely related, improvements in reso-
lution are followed by decreases in signal-to-noise ratios. The
use of fast electrons instead of light is an alternative but
powerful route toward imaging the hot spots with substantially
improved resolution that can reach atomic scales. By combining
electron energy loss spectroscopy (EELS) with transmission
electron microscopy (TEM) or scanning transmission electron
microscopy (STEM), the local hot spots arising in plasmonic
NPs can be spatially and spectrally resolved (Fig. 9c).'¢"%

For the case where the plasmonic NP is close to a semi-
conductor, understanding the hot spot distribution can assist
in identifying where the electron-hole pair generation occurs in
the semiconductor. Fig. 9d presents calculations of the LSPR-
induced charge density distribution in a TiO, nanosphere
(left) next to a Ag NP (right). The plot was obtained by calcu-
lating the divergence of the local electric field.” It is clear that
the generation rate of electron-hole pairs is maximum closest to
the plasmonic NP, and it decreases as we move away from it.

The increased number of sharp edges does not guarantee
a higher absorption efficiency (Fig. 9¢).'” To enhance the hot
spot intensity of a single plasmonic NP, one can devise schemes
to introduce a strong potential gradient in the NP, which can
lead to the so-called ‘lightning-rod effect’. This can be accom-
plished by introducing a smaller radius of curvature or sharper
edge in the NP. A decreased edge sharpness generally leads to
a blue-shift in LSPR due to a reduced electron oscillation path

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Near-field enhancement simulation (A = 522 nm) by the Boundary Element Method (BEM) of a 20 nm-diameter Au nanoparticle
embedded in a vacuum (n = 1) and water (n = 1.33). Reprinted from ref. 102, copyright 2015, with permission from the American Chemical
Society. (b) Plasmon decay length vs. average axis length of Au nanoislands. Nominal thickness is indicated. Reprinted from ref. 104, copyright
2011, with permission from the American Chemical Society. (c) Comparison of experimental (upper) and simulated (lower) mode profiles
measured with electron-energy-loss spectroscopy. Reprinted from ref. 108, copyright 2011, with permission from the American Physical Society.
(d) Theoretical representation of the charge densities by means of the divergence of the local electric field for Ag NPs loaded on TiO,. Reprinted
from ref. 99, copyright 2018, with permission from the Royal Society of Chemistry. (e) Absorption efficiency (Q,) of nanoparticles with sharp
edges. Reprinted from ref. 109, copyright 2020, with permission from Elsevier. (f) Surface maps of the normal electric fields of Au nanostars

(upper) and Au nanorods (lower). Reprinted from ref. 111, copyright 2020, with permission from the American Chemical Society.

length (or characteristic particle size), and decreased field
intensity due to a weakening of the lightning-rod effect.*****°
The addition of spikes on a NP, that transforms the NP into
a nanostar, is an effective route for enhancing the hot spot
intensities. This is evident from comparisons between
a conventional spherical Au NP and a nanostar sharing the
same LSPR and volume, demonstrating superior hot spot
intensities and hot electron generation rates for the nanostar as
shown in Fig. of.""*

3.5 Plasmon induced resonant energy transfer (PIRET)

For a coupled metal NP-semiconductor system, electronic
transitions in the semiconductor are possible even with sub-
bandgap photon energies (E, > /iw) if there is partial spectral
overlap between the LSPR and semiconductor absorption. The
dipole moment associated with the LSPR in the plasmonic
metal NP can transfer its energy non-radiatively via dipole-
dipole coupling to the neighboring semiconductor, resulting in
an interband excitation. This mechanism is distinct from that
of Forster resonance energy transfer (FRET), which is charac-
terized by a dipole-dipole mediated energy transfer from
a higher-energy donor (emitter) to a lower-energy acceptor
(absorber). FRET applied to the coupled metal NP-

© 2021 The Author(s). Published by the Royal Society of Chemistry

semiconductor system would refer to an energy transfer from
the semiconductor to the metal, and the process would serve as
a quenching mechanism for the semiconductor because it
describes energy leaving the semiconductor. In contrast to the
FRET mechanism, energy transfer can occur in the reverse
direction from the plasmonic NP (lower-energy donor) to the
semiconductor (higher-energy acceptor) by dipole-dipole
coupling. This process is referred to as plasmon induced reso-
nant energy transfer (PIRET), and affords one the ability to
induce charge carriers in the semiconductor without direct
contact or above-bandgap light. The excitation of PIRET
depends on the separation distance between the semiconductor
and metal NP, the dephasing time of the plasmon, and the
recombination time of the semiconductor.?**°

The energy transfer rate from the donor to the acceptor can
be theoretically described by the well-known Forster theory. The
Forster critical distance (R,) is defined as the distance corre-
sponding to 50% of energy transfer. The energy transfer rate (w)
from the above resonant energy transfer process including
FRET (Wgger) and PIRET (Wpper) is represented by*®

L (R’

(%)) R6

w= (11)
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where 7y, is the donor lifetime and R is the distance between the
two dipoles. The theoretical maximum energy-transfer effi-
ciencies of FRET and PIRET are represented as

1

Eprer = ﬁ (12)
1 =
- (RO)
« w 1
Epirer = aLSPl_{((w)) X (13)

lR6
"\

where agemi(w) and oy spr(w) are the absorption coefficient of the
semiconductor and plasmonic metal NP. One can see that the
maximum energy transfer efficiency for PIRET is essentially the
same as that for FRET except for a factor that describes the
relative absorption of the plasmonic NP relative to the semi-
conductor. Eqn (11) and (13) provide obvious guidelines on how
to maximize the energy transfer efficiency between a Au NP and
semiconductor. Keeping the separation distance short can

. . . 1
dramatically increase the efficiency due to the ~ — depen-
R6

dence. Furthermore, enhancing the plasmonic absorption of
the Au NP through geometrical means while using a semi-
conductor with a low absorption coefficient can boost the
efficiency.

In realistic situations, PIRET and FRET compete with each
other in plasmon mediated reactions such as plasmon
enhanced photoelectrochemical water splitting. FRET and
PIRET should lower and raise the gain factor in the semi-
conductor exciton population, respectively (ANggrgr < 1, ANpreT
> 1). The net gain of the exciton in the semiconductor near the
plasmonic metal nanoparticle with PIRET and FRET mecha-
nisms can be expressed as follows using the energy-transfer
efficiency formula (i.e., AN = (1 — Egger) X (1 + Eprer)):™*?

AN = ANgrgr X ANprer = | 1 —

Q1 SPR (w) 1
asemi(w) R "
1+ ( ROPIRET)

where the exponent (1) can vary from 4 to 6 according to the
shape of the dipoles. The net gain can be experimentally gauged
by measuring the fluorescence. PIRET usually dominates over
the 30 nm-sized NPs. The energy transfer potential (Vp,)
between dipoles is expressed as follows:

x| 1+

(14)

« Ho
D A
TR (2)

where « is the orientation factor, up and u, are the dipole
moments of the donor and acceptor, and R is the distance
between the NP and semiconductor. The dot product of the
vectors up and u, indicates that to increase energy transfer the
dipole moments must be spatially aligned. Furthermore, the
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dipole of the plasmonic NP should be coherent with the elec-
tron-hole pair dipole moment of the semiconductor interband
transition before undergoing a Stokes shift via thermal relaxa-
tion. In other words, the dipole in the plasmonic NP must stay
‘alive’ before dephasing. The interface is essential to maximize
this mechanism. For example, it has been shown that direct
contact between the metal and semiconductor introduces
interfacial damping. Comparisons of Au@SiO,@Cu,O and
Au@Cu,O NPs have demonstrated rapid reduction of the plas-
mon's coherence time for Au@Cu,O, leading to poorer PIRET
efficiency. On the other hand, Au@SiO,@Cu,O NPs have shown
enhanced PIRET by stabilization of the plasmon dipole through
the use of a thin SiO, insulating layer.*®

3.6 Plasmon induced metal-to-semiconductor interfacial
charge transfer transition (PICTT)

In 2014, Long and Prezhdo suggested a new instantaneous
charge separation pathway using time-domain density func-
tional theory with nonadiabatic molecular dynamics in a Au-
TiO, system (Fig. 10a).** The authors theoretically showed
a high probability (50%) of the photoinduced plasmon deloc-
alizing into the TiO, surface, thereby realizing the instanta-
neous appearance of an electron in the semiconductor without
requiring the traditional steps of electron-hole pair generation
in the metal and carrier transfer across the interface. In 2015,
Lian and co-workers proved the process in a CdSe nanorod-Au
NP system and recorded a quantum efficiency of around 24%.>
They named the process plasmon-induced interfacial charge-
transfer transition (PICTT). As we discussed earlier, HCI is
another process through which carriers can be introduced into
the semiconductor by means of LSPR. As both processes, HCI
and PICTT, describe the plasmon-mediated appearance of an
electron in the semiconductor, it is important to understand
how to select between the two. Z. Zhang et al. showed that
PICTT is dominant when the metal and semiconductor share
a strong chemical interaction, while HCI is dominant when the
van der Waals interaction is significant."* In the case where
these two interfacial processes coexist, the polarization direc-
tion of the plasmon plays a crucial role in determining which
process is more dominant (Fig. 10b)."** Using non-adiabatic

Donor

Cluster Semiconductor

Fig. 10 (a) Schematic of possible electron transfer pathways from
a donor to an acceptor. (Red) Adiabatic transfer over a transition state
barrier. (Blue) Non-adiabatic transfer via hopping between donor and
acceptor states. Reprinted from ref. 54, copyright 2014, with permis-
sion from the American Chemical Society. (b) Schematic of the PICTT
mechanism. IV and V indicate the interfacial hot-electron transfer from
a cluster to a semiconductor and the charge diffusion back from the
semiconductor to the cluster, respectively. Reprinted from ref. 114,
copyright 2019, with permission from the American Chemical Society.
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500nm

Fig. 11 Methods to form direct contact between Au nanoparticles and photoactive semiconductors: (a) sputtering and post-heating. Reprinted
from ref. 120, copyright 2020, with permission from the American Institute of Physics. (b) E-beam evaporation and post-heating. Reprinted from
ref. 122, copyright 2015, with permission from the American Chemical Society. (c) Short-time sputtering. Reprinted from ref. 123, copyright 2021,
with permission from the American Chemical Society. (d) E-beam evaporation and masking. Reprinted from ref. 124, copyright 2021, with
permission from the American Chemical Society. (e) Pulsed laser ablation in liquids. Reprinted from ref. 127, copyright 2018, with permission from
the American Chemical Society. (f) Thermal reduction. Reprinted from ref. 129, copyright 2014, with permission from the Royal Society of
Chemistry. (g) Chemical reduction from the nearby medium. Reprinted from ref. 130, copyright 2020, with permission from the American
Chemical Society. (h) Photoreduction. Reprinted from ref. 131, copyright 2014, with permission from the American Chemical Society.

molecular dynamics simulations, J. Zhang et al. demonstrated
that parallel and perpendicular polarizations with respect to the
semiconductor surface give rise to HCI and PICTT, respec-
tively."** PICTT can be of significance in plasmon enhanced
device applications. For example, a plasmonic phototransistor
with a significantly high photoresponsivity of 22.3 A W™ " was
reported using Si-(Au@MoS,), and its performance was attrib-
uted to the enhanced optical and electronic device properties
and the possible realization of HCI and PICTT.**?

3.7 Remarks on the unified mechanism

In 2013, Li's group showed synergetic photocatalytic activity in
TiO, NPs decorated with smaller Au NPs from UV and visible
light illumination. The photocatalytic performance under the
two different bands of light was better than the combined
performance under each band.™® Since sub-bandgap light was
used, this result suggested the presence of another mechanism
besides the plasmon enhanced photocatalytic mechanism but it
was not fully understood. The result is now attributed to the
contribution of two different plasmon-induced charge transfer
mechanisms, PIRET and HCI, which are not dictated by the
bandgap of TiO,."” In a similar manner, Wu's group suggested
the combination of PIRET and hot carrier injection (HCI)
processes operating in a Ag@Cu,O NP system."*® Transient
absorption spectra were measured for various shell thicknesses
to determine the dominant mechanism. Since PIRET reflects
the overlap between the LSPR and Cu,O interband transition
and HCI follows the LSPR, one can identify the two mechanisms
by tuning the LSPR with the Cu,O shell thickness. For thin

© 2021 The Author(s). Published by the Royal Society of Chemistry

shells, a significant overlap between the LSPR and Cu,O band
edge was found to allow PIRET and HCI to both contribute to
charge transfer. The competition between the two processes was
found to adversely affect the photocatalytic activity. On the
other hand, a thicker shell redshifted the LSPR, separating the
two contributions. This effect was found to be synergetic,
enhancing the photocatalytic activity.

X. You et al. developed a unified theoretical framework for
HCI and PIRET.* The authors showed that the two processes
could be distinguished by the line-shape, where PIRET showed
an asymmetric Fano-type line shape due to the interference
between the external and plasmon-induced electric fields and
HCI showed a Lorentzian line shape for the plasmon. These
results help guide the design of coupled metal-semiconductor
architectures and allow one to target the wavelengths of interest
without compromising the photocatalytic performance.

4. Formation of the semiconductor
and Au nanoparticle interface
4.1 Au nanoparticle direct contact formation methods

Direct contact between Au NPs of a desired shape and a target
substrate can be achieved through a variety of methods. Here,
we emphasize two types of popular method that do not involve
any ‘buffer’ in the contact between Au and the substrate:
physical vapour deposition (PVD) and solution-based
techniques.

One of the simplest ways to create Au NPs directly on
a substrate is through the process of coalescence starting with

Nanoscale Adv., 2021, 3, 5981-6006 | 5993
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an ultrathin Au film. On a nonwetted surface, a deposited
ultrathin Au film is energetically metastable such that rather
than forming a uniform planar sheet, it forms an irregular
complex morphology including holes. Annealing the film at
high temperatures induces a morphological transformation of
the film into isolated sphere-like Au nanoislands, as the system
tries to reduce its total energy by minimizing the surface area.
As shown in Fig. 11a, a Au nanoisland with an average size of
about 22 nm was obtained on a ZnO substrate by this process.
The ultrathin Au film was prepared by thermal evaporation on
a ZnO layer, and was heated to 250 °C for 2 hours under
vacuum.* Picosecond decay dynamics from laser pumping
showed an increase in the intraband and decrease in the
interband electron transfer rates with increasing Au NP size.
Since the transformation from film to island is dependent on
the temperature, the annealing temperature provides a degree
of control over the shape and spacing of the Au nanoislands.***
Similarly, the thickness of the Au film can also be used to
control the geometrical parameters of the Au nanoislands. H.
Robatjazi et al. prepared Au films with 2, 6, and 10 nm thick-
nesses on a NiO, layer by E-beam evaporation and subsequently
heat treated them at 300 °C for 1 hour. Fig. 11b shows the
morphology of the heat-treated 2 nm-thick film, where Au NPs
with an average size of 10 nm are observable."

Even without heat treatment, Au NPs can be directly formed
on substrates with low surface energy. An example can be found
in Au sputtered onto a bismuth oxyiodide nanoflake. Fig. 11c
shows a TEM image illustrating a Au NP, identifiable by the Au
(111) lattice, prepared on the BiOI nanoflake through sputter-
ing."** Here, the sputtering time (i.e., sputtered mass) was used
to control the coverage density and average Au NP size.

(a) Dark current Photocurrent
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Fig. 12 Fermi level pinning at a semiconductor—Au nanoparticle
junction. (a) Band diagram and photoelectrochemical performance of
Au nanoparticles interfaced with p/n-GaN. (Left) Band bending
diagram of GaN in 1 M HCl electrolyte. (Right) Dark current and
photocurrent from electrodes with (red line) and without (black line)
Au NPs. Reproduced from ref. 135, copyright 2011, with permission
from Elsevier. (b) (Left) Band bending diagram of Ti doped Fe,Os
nanorods (Ti—-Fe,O3) (i) possessing interface states, (ii) with Au nano-
particles (Ti-Fe,Oz/Au), and (iii) with an AlLOs passivation layer and Au
nanoparticles (Ti—Fe,Oz/AlL,O3/Au). (Right) Photocurrents of (i), (i), and
(iii). Reprinted from ref. 137, copyright 2018, with permission from
Wiley-VCH.

5994 | Nanoscale Adv, 2021, 3, 5981-6006

View Article Online

Review

It is clear that the spheres are the energetically favored
shapes for Au deposited on nonwetted substrates. Complex
shapes other than spheres with the desired order and spacing
can also be created with the use of templates. Templates or
masks can be created using top-down approaches such as E-
beam lithography or bottom-up approaches relying on self-
assembly of nanostructures. Self-assembly is particularly
attractive because it is low-cost, scalable and easily imple-
mentable. A common example is the self-assembled formation
of a hexagonal lattice with polystyrene nanospheres on
a substrate. An inverse pattern comprising an arrangement of
triangular Au nanoprisms can be created through the deposi-
tion of Au and subsequent removal of the polystyrene spheres
(Fig. 11d). More sophisticated control over the shape of the Au
NPs is possible by controlling the Au deposition parameters
including the evaporation rate and angles.***> A major benefit
of using a template is that the desired shape for the Au nano-
structure can be achieved without a post-heat treatment
process. This is especially useful if the Au NPs are to be used in
devices that can suffer damage under high temperatures.

Solution-based methods may offer more accessibility than
PVD techniques for the preparation of Au NPs on a target
substrate since the latter often require ultrahigh vacuum
conditions. Pulsed laser ablation in liquids (PLAL) is a method
for producing a dispersion of Au NPs with narrow size distri-
butions in solution without the use of surfactants. To form the
Au NPs, a high-power laser pulse is applied to a bulk Au pallet
contained in the solution. The NP size distribution and yield
can be controlled by the PLAL duration. If the process is carried
out for a long time, the NP size distribution becomes narrow,
and Au NP yield increases. The formed particles are relatively
stable in solution for more than 1 month despite having no
capping agent. This stability is due to surface passivation by
hydroxyl groups (OH™) in water."”® Attaching the Au NPs to
a target substrate can be easily accomplished by inserting the
substrate into the as-formed Au NP solution and allowing the Au
NPs to drift and diffuse toward it (Fig. 11e)."* The advantage of
the PLAL process is that the Au NPs carry no capping agent, and
therefore direct contact between the Au NP and substrate is
achievable.

Another popular method for attaching Au NPs to a substrate
with homogeneous coverage is through the process of ionic
layer adsorption and thermal reduction (ILATR). The method
involves the sequential steps of dipping the substrate into
a solution containing gold ions which forms an adsorbed ionic
layer on the surface, drying it, and introducing it into an
ethanol-water mixture heated to a temperature of 100 °C or
higher. This process allows the adsorbed Au ions at the surface
layer to be reduced by ethanol into Au NPs with average sizes of
10 nm or less.” The Au NP coverage is homogeneous
throughout the substrate surface as a result of the homogeneity
of the adsorbed ionic layer. This method is especially useful for
preparing Au NPs on nonplanar structures featuring complex
morphologies, in contrast to vacuum deposition methods
which allow Au to only be deposited in areas within the line of
sight from the Au target. Fig. 11f demonstrates the successful

© 2021 The Author(s). Published by the Royal Society of Chemistry
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preparation of a 3D photoanode homogeneously decorated with
Au NPs using the processes of ILATR.**®

It is clear that other reducing agents besides ethanol can be
used to reduce Au ions into Au NPs. For example, the curing
agent used to solidify poly(dimethylsiloxane) (PDMS) reduces
Au ions. S. Y. Lee et al. created a porous PDMS sponge loaded
with TiO, and Au NPs as a plasmonic photocatalyst, where the
Au NPs were created by the reducing power of the PDMS curing
agent (Fig. 11g)."*°

If the Au ions are attached to a semiconductor, above-
bandgap light can also be used as a reducing agent. Photore-
duction of Au NPs onto ZnO nanorods is a good example. It was
shown that illuminating ZnO nanorods immersed in a Au ion
solution with a 300 W xenon lamp resulted in a coating of Au
NPs on the surface of the ZnO nanorods (Fig. 11h).*** In this
case, electrons in the ZnO, photoexcited into the conduction
band, are transported to the interface and used in the reduction
of the attached Au ions.

As shown in the above examples, there are many methods to
directly attach Au NPs to a surface. However, challenges still
remain in achieving precise control over the shape, coverage,
and size of the NP, which continues to stimulate research
activity dedicated to this area.

4.2 Fermi level pinning

The barrier height of a Schottky junction formed at the metal
and semiconductor contact can be found as follows:

q¢b = q(¢m - X) = EF,m - EC (16)

where g is the charge, ¢, is the work function of the metal, x is
the electron affinity, Er , is the Fermi level of the metal, and Ec
is the semiconductor conduction band energy. The barrier is
a consequence of charge equilibration between the semi-
conductor and metal, which aligns the Fermi levels of the two
materials. Ideally, the differential barrier height with respect to
the Fermi level of the metal (S = d(g¢p)/dEr ) should be unity
as indicated by eqn (16) since ¢, is equivalent to Eg,, with
respect to the vacuum level. However, in reality, S, also known
as the pinning factor, converges to zero for commonly produced
elemental (IV) and compound (III-V) semiconductors such as
Si, GaAs and InP."*? This is attributed to the fact that surfaces
share different electronic structures compared to the bulk,
manifested by the existence of surface states within the
bandgap. For high surface state densities, the semiconductor
Fermi level can be dictated by the surface instead of the bulk,
giving rise to the so-called ‘Fermi level pinning’ effect.'3***
Likewise, the metal-semiconductor barrier height becomes
independent of the metal's Fermi level. Fermi level pinning can
help or hinder the intended performance of a metal-semi-
conductor device, and therefore requires careful analysis.

In 2011, Tu et al. showed the photoelectrochemical proper-
ties of a GaN substrate pinned by Au NPs in a 1 M HCI aqueous
solution as summarized in Fig. 12a."® In this case, contact
between Au NPs and the GaN substrate introduced metal
induced gap states which pinned the Fermi level. A chloride ion
oxidation test performed on n-GaN showed a deteriorative

© 2021 The Author(s). Published by the Royal Society of Chemistry
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positive onset potential shift with Au NPs. On the other hand,
hydrogen ion reduction tests from p-GaN showed a beneficial
positive onset potential shift with Au NPs. This can be inter-
preted as a decrease and increase in band bending for n-GaN
and p-GaN, respectively, with the Au NPs. In 2007, Boettcher
et al. formed an assembly of hexanethiolate ligand functional-
ized Au NPs (diameter: 2.1 &+ 0.4 nm) on an n-InP electrode. By
measuring both the Fermi level of the NP and the barrier height
of the interface, the authors were able to report a pinning factor
of § = 0.69 + 0.04 that was markedly higher than that for bulk
metals on n-InP (S = 0 = 0.05). One of the reasons for the
dramatic improvement in the pinning factor was attributed to
weakening of the Fermi level pinning effect due to the use of
ligand shells on the Au NPs.*** In 2017, Xu et al. attached Au NPs
to Ti-doped hematite (Ti-Fe,O3) nanorod surfaces. As shown in
Fig. 12b, the photoelectrochemical properties of Ti-Fe,O;
nanorods were modified in the presence or absence of Au NPs
and Al,O; coating. When pristine Ti-Fe,O; nanorods were
decorated with Au NPs, the photoelectrochemical properties
were degraded. In contrast, the photoelectrochemical proper-
ties were improved in the presence of Au NPs and a passivating
Al,O; layer. This result was partially attributed to the prevention
of Fermi level pinning by passivating the surface with Al,0;."%
Yoo et al. experimentally demonstrated that Fermi level pinning
may occur for small Au NPs attached to TiO, nanotubes. This
effect was shown to decrease the width and height of the
Schottky barrier, enabling increased photoelectrochemical
efficiency."®

4.3 Au nanoparticle indirect contact formation methods

As introduced in Section 4.1, Au NPs can be brought into direct
contact with the target substrate through PVD or solution-based
methods. However, the degree of control over the particle size,
shape and coverage offered by these methods is limited. In
contrast, colloidal synthesis arguably provides a higher degree
of control over the size and shape of Au NPs through additional
tunable constraints associated with the use of ligands and
capping agents. The contact between the metal and substrate,
in this case, would not be direct due to the presence of ligands
or capping agents on the NPs. However, the benefits of using
well-controlled Au NP shapes could compensate for the poten-
tial weaknesses associated with the indirect contact formation.
Au NP decoration methods that result in indirect contact with
a photoelectrode surface are discussed below.

If a photoelectrode and Au NPs are oppositely charged, the
Au NPs are naturally attracted to the photoelectrode surface by
coulombic attraction. Once the Au NPs arrive at the photo-
electrode, the system achieves charge neutrality through charge
transfer. Han et al. showed enhanced photoelectrochemical
performances from CdS nanowires through the successful
attachment of Au, Ag and Pt NPs. The NPs were prepared from
a seed-mediated growth method using cetyl-
trimethylammonium bromide (CTAB), resulting in positive
charges at the surface. Mercaptoacetic acid was adsorbed onto
the surface of CdS nanowires by immersion to accumulate
negative charge (Fig. 13a). After placing the CdS nanowires in
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the metal NP solution for several hours, the attractive
coulombic forces led to the formation of CdS nanowires
homogeneously decorated by metal NPs.**®

A different method for homogeneous Au NP decoration is
ligand exchange. Surface capping agents such as cetyl-
trimethylammonium bromide/chloride (CTAB/C) often used for
seeded-growth can be replaced by another ligand through
appropriate treatment. Specific functional groups are usually
required to link Au NPs to the photoelectrode. The thiol (-SH)
group enables selective gold-sulfur (Au-S) bonding. The
hydroxide (-OH), carboxylate (-COO), or amino (-NH,) func-
tional groups link with materials having (-O-) or (-NH-)

Functionalized CdS NWs

View Article Online

Review

terminal groups. Using these functional groups, Au NPs can be
chemically bound to various photoelectrodes. For example,
octahedral Au NPs capped with CTAB/C during synthesis were
successfully attached to a TiO, nanorod without aggregation
through a ligand exchange reaction in dichloromethane using
thiolated-polyethylene glycol (Fig. 13b).*** Forming a Au NP
dimer is also possible through a solution process by exploiting
charge neutralization and surface functionalization. M. Kim
et al. demonstrated this process in a few steps (Fig. 13c). First,
a CTAB/C-stabilized Au NP (positively charged) was anchored
onto a NaOH treated glass substrate (negatively charged). To
link the second Au NP onto the anchored NP, the anchored NP
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Fig. 13 Methods to form indirect contact between a Au nanoparticle and photoactive semiconductor: (a) charge neutralization between the
ligand and surface. Reprinted from ref. 139, copyright 2017, with permission from Wiley-VCH. (b) Ligand replacement. Reprinted from ref. 140,
copyright 2018, with permission from the Royal Society of Chemistry. (c) Charge neutralization and post surface functionalization. Reprinted
from ref. 141, copyright 2019, with permission from the American Chemical Society. (d) Surface functionalization. Reprinted from ref. 143,
copyright 2015, with permission from the American Chemical Society. (e) Destabilization of the capping agent. Reprinted from ref. 144, copyright
2018, with permission from the American Chemical Society. (f) Dropcasting and heating. Reprinted from ref. 146, copyright 2020, with
permission from the American Institute of Physics.
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underwent a ligand exchange to a dithiol group (1,8-octanedi-
thiol (C8DT)) which carries thiol groups on both sides of the
ligand. To spatially restrict the linkage to the anchored NP, the
surrounding NaOH was removed with acetonitrile. The second
CTAB/C-stabilized Au NP was then attached to the anchored NP,
resulting in the formation of a Au NP dimer.**" It is worth noting
that the thiol group adheres well not only to Au but also to metal
oxides.* This allows a metal oxide substrate to be decorated
with Au NPs by dithiol derivatives without the use of direct
ligand exchange. After functionalization using dithiol, Au NPs
can coat the desired metal oxide nanostructure. To improve
spatial selectivity, the functional groups remaining on the
unwanted regions of the substrate can be removed by heat
treatment or ozone treatment (Fig. 13d)."*

The quality of the contact between the Au NPs and the
desired surface can be improved by removing the capping
agents. For example, when Au nanorods synthesized with CTAB/
C on a TiO, substrate were treated with a hot water-ethanol
mixture and annealed, the electrical contact between the two
materials was found to improve (Fig. 13e).*** Similarly, Au NPs
were pretreated with sulfuric acid before being drop-cast onto
a TiO, substrate to improve the contact quality.**® Another
simple method is to spray a Au NP dispersed solution onto the
desired nanostructure and heat the system for a certain period
of time above 100 °C to induce complete water evaporation and
physisorption (Fig. 13f).*¢

So far, we have discussed ways to bring capped Au NPs into
contact with a desired surface and how to improve the contact.
In the case where the NPs are not directly attached to the surface
due to the presence of surface ligands, photocatalytic perfor-
mances can be hindered through interface damping.

4.4 Chemical interface damping

Organic molecule adsorption is an inevitable consequence in
the wet-chemical synthesis of Au NPs because capping agents
are introduced to prevent aggregation and provide morpho-
logical control. Therefore, post-processes as mentioned in
Section 4.3 are required to decorate Au NPs on the desired
nanostructure. Sometimes, ligand exchange reactions are per-
formed to provide functionality. These molecules act as small
gaps that prevent direct contact of Au NPs with the desired
surface, and are often considered to degrade the electrical
performance. Recent findings have further shown that the
adsorbed molecules can contribute to the plasmon damping
mechanism separate from the commonly known radiative, bulk
and surface damping processes. This damping contribution
changes for Au NPs in different chemical environments and is
referred to as chemical interface damping (CID). In short, the
adsorbate presents an additional decay channel for the plas-
mon energy. As a consequence, the plasmon linewidth (I'),
which expresses the decay rate of the plasmon, can be
summarized as a combination of four damping terms: bulk
damping (I'pun), radiation damping (I'y.q) electron-surface
damping (I'surf) and CID (I'¢pp).**”

I' =Toux + I'tag * T'sur + Tcip

(17)
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CID depends on multiple factors including charge transfer,
NP size, induced dipole moment and resonance energy transfer.
Foerster et al. investigated the dependence of the CID effect on
NP size using Au nanorods functionalized with dodecanethiol
(DDT).**” Effects of the CID were manifested as a decreased
intensity, redshifted frequency, and broadened full width at
half maximum (FWHM) in the LSPR. The authors showed that
the CID effect became more dominant for smaller NPs and
established that the CID is inversely proportional to the
distance of electrons to the surface. Therefore, for very small
ligand-functionalized Au NPs, the CID effect becomes domi-
nant. Changing the chemical interface was further confirmed to
modify the CID. Au nanorods functionalized with DDT and
cetyltrimethylammonium bromide (CTAB) showed energy
transfer efficiencies to the interface of 46% and 30%, respec-
tively. The difference was found to arise from the different types
of contact: covalent bonding (DDT) vs. physisorption (CTAB).
This result indicates that the CID effect is highly dependent on
the molecular structure and bonding at the Au NP surface. In
fact, further studies showed that CID can be different even for
two chemical isomers with the same molecular size. This was
attributed to a difference in induced surface dipole moments.***
The lengths and types of the molecule are also relevant. The
FWHM of the LSPR was not observed to change in the case of
citrate capped Au NPs.' But in the case of molecules with
a thiol functional group, the FWHM was found to increase in
proportion to the carbon length.*® The shape of the Au NPs was
also found to be essential. For example, a sharp tip from a Au
bipyramid was shown to produce stronger interface damping
than a conventional Au NP.** For more details on CID, readers
can refer to the latest review.™*

5. Boosting the
photoelectrochemical water splitting
reaction: the key role of the interface

This section introduces the various material systems used in
plasmonic photoelectrochemical water splitting, focusing on
the key role of the Au NPs. To choose the appropriate photo-
electrode material, one must first carefully consider the posi-
tion of the semiconductor band edge, the redox potential of
water, and the Fermi level of the Au NPs. The alignment of these
energy levels determines whether the reaction can take place or
be efficient.”® It is assumed that the Fermi levels of the Au and
the semiconductor line up with the redox level of water, which
remains fixed since it presents a far larger number of available
energy states compared to the other two. For simplicity, the
corrosion potential of the photoelectrode is not considered
here. The equilibration of charges between water and a semi-
conductor gives rise to band bending when the two are in
contact, in a manner similar to the formation of the Schottky
barrier for metal-semiconductor junctions. To allow for spon-
taneous charge exchange between water and the semi-
conductor, the Fermi level position for the photoanode and
photocathode must satisfy Eg semi > $#°(H,0/0,) and Eggemi <
¢°(H'/H,), respectively.®® If these two conditions are met, then
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introducing a Au NP can further promote the reaction efficiency
by serving as a catalyst through the reduction of the recombi-
nation rate and improvement of the interfacial kinetics.**>***
The plasmonic effect of the Au NP is particularly well suited for
improving the reaction at the photoanode due to the inherently
slow kinetics of the OER.™* The band alignments of Au and 50
well-adopted photoactive water splitting semiconductors are
depicted in Fig. 14 with respect to the redox potentials of water.
The materials are displayed in descending order of valence
band edge position from left to right. Among these, we narrow
our discussion to a few popular semiconductors that have
shown promise in enhanced water splitting with Au NPs.
BiVO, (BVO) is a promising photoanode material for pho-
toelectrochemical water splitting because it displays a valence
band position and bandgap well-suited for visible light
absorption.”® Nevertheless, BVO based photoanodes have
shown photoelectrochemical performances much poorer than
theoretical predictions.**® This is largely due to charge recom-
bination caused by the short diffusion length of the charge
carriers and inefficient charge carrier separation.*” To improve
the performance, Lee et al. introduced shape-controlled (octa-
hedral and hemispherical) plasmonic Au NPs to the BVO pho-
toanode.**® The authors investigated the photoactivity of the Au
NP-decorated photoanode and reported an enhancement in the
water splitting performance. Octahedral Au NPs were synthe-
sized from seed-mediated growth and hemispherical Au NPs
were formed from a PVD method. The photoelectrochemical
properties of the photoanode with and without different shape
Au NPs were measured in a phosphate buffer solution with
a 0.1 M sodium sulphite hole scavenger. The authors found that
the octahedral Au NP-decorated BiVO, photoanode achieved
a photocurrent density of 2.4 mA cm ™ at 1.23 V vs. RHE, which
was three times higher than that of undecorated BivVO,. The
main enhancement mechanism was proposed to originate from
the combination of HCI and PIRET (Fig. 15a). Octahedral Au
NPs were found to assist light absorption at the lower energy
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end of the bandgap enabled by the LSPR, and excite hot elec-
trons across the Schottky barrier into the conduction band of
BVO. The authors also found that PIRET can contribute to the
enhancement because of the overlap between the absorption
band of BVO and LSPR spectrum of the octahedral Au NPs,
permitting the two materials to optically resonate together.
Furthermore, an increase in field intensity near the sharp edges
of the Au NP was proposed to induce a dipole near the semi-
conductor interface, resulting in a large increase in the gener-
ation rate of electron-hole pairs. As this effect is unique to the
octahedral Au NP, the BVO photoanode decorated with octa-
hedral Au NPs exhibited a higher photocurrent density
compared to the case with hemispherical Au NPs, and
a substantially higher improvement compared to the undeco-
rated case. These mechanisms were clarified by comparing the
IPCE profiles of the undecorated and octahedral Au NP-
decorated BVO as shown in Fig. 15b. Observations of the IPCE
enhancement in the off-resonance frequency and the intense
local fields generated by the pointed vertices of octahedral
shape were strong indicators of the PIRET mechanism.

Kim et al. investigated the photoelectrochemical properties
of a Mo-doped BiVO, (M0:BivVO,) photoanode using patterned
Au nanospheres where the improved performance was attrib-
uted to the PIRET mechanism."® To generate hot spots across
the photoanode area, the authors formed a dense hexagonal
array of Au NPs on the photoanode by electrodeposition. The Au
NP sizes were also modulated to find the optimum structure.
Through transient absorption and time-correlated single
photon counting studies, the authors showed an increase in the
lifetime of electrons and holes, corresponding to the PIRET
effect. The Mo:BVO photoanode with patterned Au nanospheres
also showed a 2.2-fold higher photocurrent density compared to
a bare Mo:BiVO, photoanode. These results demonstrated that
the plasmonic effect not only expands the light absorption over
a broad ultraviolet-visible light region but also enhances the
charge transfer and transport efficiencies.
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Fig. 14 Band energies of semiconductors and the Fermi level of Au with a d-band maximum between the water redox levels. 50 widely used
semiconductors are selected and displayed in descending order of valence band edge position from left to right.
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(a) Energy band diagram of the BiVO, photoanode with an octahedral Au NP that shows the HCI (DET) and PRET mechanisms. (b) IPCE

spectra of BiVO,4 and octahedral Au NP/BiVO, photoanodes at 1.23 V vs. RHE. (a) and (b) are reprinted from ref. 158, copyright 2017, with
permission from Wiley-VCH. (c) Schematic of the energy band diagram for a Au NP/TiO, nanotube array-photoelectrode under visible light
illumination that shows the mechanism for the hot electron mediated OER. Reprinted from ref. 163, copyright 2018, with permission from the
Royal Society of Chemistry. (d) Energy band diagram of the Au—MoS, heterostructure with formation of a Schottky barrier. (e) Calculated electric
field intensity as a function of wavelength. The inset shows the electric field distribution at 1405 nm. (d) and (e) are reprinted from ref. 168,
copyright 2019, with permission from the Royal Society of Chemistry. (f) Possible mechanisms for the HER in a Au@CeO, core-shell photo-

catalyst under visible light illumination. Reprinted from ref. 171, copyright 2021, with permission from Elsevier.

Ghobadi et al. also showed strong improvements in the
photocurrent for Au capped nanoporous BVO photoanodes.**
Au caps were selectively deposited on the top of the BVO
nanostructures by vacuum-depositing Au at an oblique angle.
The photoelectrochemical measurements were carried out
using a phosphate-buffered saline (pH 7) solution. The photo-
current density was boosted from 190 pA cm ™~ for bare BiVO, to
295 pA ecm 2 for Au-BiVO,. With the Au cap, photogenerated
holes from the BVO valence band and hot holes created by the
Au nanounits were proposed to contribute to the photocurrent
enhancement. Multiple benefits of Au nanounits were outlined
as follows: (i) increase in light absorption of the BVO photo-
anode, (ii) generation of hot holes, which can participate in the

© 2021 The Author(s). Published by the Royal Society of Chemistry

direct oxidation of water, (iii) acceleration of reaction as co-
catalysts by mediating the electron transfer from the valence
band of BiVO, to the electrolyte, and (iv) generation of Fabry-
Perot (FP) modes for above-bandgap photons (1 < 520 nm), and
LSPR-induced activation of hot electron injection with sub-
bandgap photons (A > 520 nm). Au-capped nanoporous BiVO,
with these superior photoelectrochemical capabilities was
coupled with a water oxidation catalyst (CoFe-Prussian blue
analog) to enhance the electron transfer dynamics and maxi-
mize the photoelectrochemical water splitting performance.
Choi and co-workers reported enhanced PEC properties of
hematite and BVO semiconductors with 2D arranged globular
Au NPs. The PEC water splitting performance was characterized
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in a 1 M KOH electrolyte with Pt wire as a counter electrode and
Hg/HgO as a reference electrode. The photocurrent density
from a Au array/Fe,O; was 1.07 mA cm > at 1.23 V vs. RHE,
which was 3.3-fold higher than that from a bare Fe,O; photo-
anode (0.31 mA cm ?). To evaluate the charge transfer and
charge transport ability, the photocurrent density was
measured with a hole scavenger. Charge carrier recombination
was found to be suppressed in PEC cells through PIRET.***

TiO, is another popular semiconductor material for water
splitting studies, and is the oldest, being the material that
jumpstarted the field of water splitting. However, in its bare
form, it is unable to absorb visible light due to its large
bandgap, which keeps it from harnessing the strongest irradi-
ance region of the solar spectrum.'® To this end, there have
been concerted efforts to enhance its photoelectrochemical
performance through the use of plasmonic NPs. Moon et al.
reported on the improved photocatalytic activity of TiO, nano-
tube arrays decorated with citrate-stabilized Au NPs of various
sizes.'®® They tested the photoelectrochemical performance
under visible light (2 > 415 nm) in a conventional three-
electrode system. A quartz cell filled with 1 M KOH electrolyte
was used for the measurement. The electrochemically dormant
TiO, nanotube arrays were activated with Au NPs, where
attachment of smaller Au NPs produced the highest photocur-
rent density of 0.14 mA cm ™2, The working principle is shown in
Fig. 15c. Hot electrons and hot holes are excited in Au NPs by
LSPR relaxation under visible light. It is clear that a low barrier
height is beneficial for easier charge transfer into the semi-
conductor. The authors showed through conductive atomic
force microscopy that the Schottky barrier height was lower for
the smaller Au NPs. These results prove that the Au NP size plays
an important role in shaping not only the optical properties at
the interface but also the electronic properties.

The influence of the Au NP shape on the photo-
electrochemical water splitting properties of the TiO, photo-
anode was also explored by C. W. Moon et al.*** Various shapes
of Au NPs including citrate synthesized quasi-spherical Au NPs,
seed-grown octahedral Au NPs, and vacuum-deposited hemi-
spherical Au NPs were prepared on a TiO, thin film photoanode.
For the photoelectrochemical characterization, the authors
used 1 M NaOH solution as an electrolyte, Pt wire as a counter
electrode, and a Ag/AgCl (saturated KCl) electrode as a reference
electrode. The attachment of spherical Au NPs to TiO,
decreased the photocurrent density, while the attachment of
octahedral Au NPs led to a more than two-fold increase in
photocurrent from 76 pA cm > to 170 pA cm > Two laser
sources at 532 and 405 nm were used to investigate intraband
and interband generated photocurrents, respectively. For
532 nm excitation, the photoanode with hemispherical Au NPs
showed the highest photocurrent density, while for 405 nm
excitation, the photoanode with octahedral Au NPs exhibited
a superior photocurrent density. The authors explained that the
intense local field from the sharp vertices of the octahedral Au
NPs facilitates hole transfer to the water-Au interface for oxygen
evolution. They also explored the effect of light shading from Au
NPs that may be deteriorative to photocatalytic activity. They
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controlled the coverage of Au NPs to minimize the shading
effect, which may degrade the photocatalytic activity.

To better understand the enhancement mechanisms in Au
NP decorated TiO, photocatalysts, Asapu et al. experimentally
disentangled the near-field mechanism and charge transfer
process.'® The authors selectively suppressed or induced the
charge transfer and field enhancement effect by introducing
a spacer shell on the Au NPs. The thickness and conductivity of
the shell were controlled to separate the Au NP from the TiO,
surface and enable electron transfer, respectively, while surface-
enhanced Raman spectroscopic (SERS) measurements were
employed to quantify the effect of the near-field enhancement.
As the shell thickness increased, the near-field effect was found
to gradually decrease, which was supported through measure-
ments of the SERS enhancement factor and electromagnetic
field enhancement simulations. The study showed that the HCI
mechanism was rather limited in the absence of the near-field
enhancement effect. Furthermore, it was shown that the HCI
no longer occurs when the Au NP is encapsulated with an
ultrathin insulating layer, in which case only the near-field
effect can be attributed to the photocatalytic reaction rate
enhancement. Regardless of the conductivity of the shell, the
reaction rate degraded with increasing shell thickness. The
authors concluded that the distance between the Au NP and
TiO, is more critical than the conductivity of the shell in HCI.

Adding cocatalysts or catalytic sensitizers to the Au NP-TiO,
photoanode is a strategy for synergistically achieving additional
enhancements in the photoelectrochemical performance. Oka-
zaki et al. studied plasmonic photoelectrochemical water
oxidation with a site-selective CoO, deposited Au/TiO, thin
film."*® Au NPs were formed by coalescence from a Au film. The
optimized CoO,/Au/TiO, photoanode demonstrated a ~3 times
higher photocurrent density compared to the unsensitized Au/
TiO, photoanode due to the synergetic effect between Au NPs
and the CoO,, which is a cocatalyst and a catalytic sensitizer for
water oxidation with TiO,.'*” However, excess deposition of
CoO, was found to reduce the active surface area for water
oxidation and bury the interface between TiO, and Au, inter-
rupting the movement of holes from the active interface
between Au and TiO, to the surface of CoO, and resulting in
poorer water oxidation activity.

2D transition metal dichalcogenides (TMDs) have also been
receiving increased attention as possible candidates for water
splitting, where the bandgap energy can be varied by controlling
the number of stacked TMD layers. This is a powerful ability
that allows one to easily engineer the bandgap to satisfy the
optical and electronic demands of photoelectrochemical water
splitting. Ali et al. examined the photoelectrochemical water
splitting reaction of Au NPs/Au nanorods on MoS, nanosheets
(Fig. 15d and e)."*® The MoS, nanosheets were engineered to
support a bandgap of 1.3 eV, which can harness photons from
the UV to the NIR range. Au NPs were formed on MoS, nano-
sheets by reducing Au ions with ascorbic acid. Au nanorods
were synthesized by a seeded-growth method and were attached
to the MoS, nanosheets by gentle mixing. To measure the
photoelectrochemical water splitting, a buffer solution of 0.1 M
KH,PO, (pH 7) was used. The authors found that the MoS,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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decorated with Au nanorods and Au NPs showed 2 times and 3.5
times higher OER efficiency in the visible-infrared region than
the bare MoS,, respectively, where the improved photoactivity
was attributed to multiple factors including a larger number of
reaction sites, the plasmon-induced HCI effect and local field
enhancements (LEMF).

While many of the examples discussed above report water
oxidation performances at the photoanode, water reduction at
the photocathode for the production of hydrogen is also an
active area of research that benefits tremendously from plas-
monics. Various architectures that rationally combine distinct
semiconductors and plasmonic metals to synergistically boost
the HER efficiency have been proposed. As an example, an
improvement in the HER performance with a CdS-Au/MoS,
core-shell heteronanostructure photocathode was reported by
Chava and co-workers.'® Au NPs were synthesized by citrate
reduction and the CdS nanorods were prepared by a sol-
vothermal method. The CdS-Au/MoS, hybrid nanostructure
was prepared by mixing the CdS nanorods in a Au colloidal
solution, after which MoS, precursors were added. The mixture
was allowed to react in an autoclave, resulting in the formation
of MoS, nanosheets on the Au NP-decorated CdS nanorod. For
the measurement of photocatalytic hydrogen production, 10 mg
of photocatalytic powder was suspended in 50 mL of aqueous
solution with 10% lactic acid as a sacrificial reagent. The
apparent quantum yield of the CdS-Au/MoS, photocatalyst was
calculated to be 27.85%. The hybrid nanorods demonstrated a 7
times higher H, evolution rate (7.01 mmol g~* h™") and 5 times
higher current density (32.67 uA cm™?) than bare CdS nanorods,
which the authors explained was through the combined effects
of increased carrier generation rate in the CdS due to LEMF, the
facile electron transfer from CdS to MoS, mediated by the Au
NPs, and the abundance of catalytically active sites for H,
provided by the MoS,.

Shi and co-workers reported the photocatalytic properties of
Au/CdSe nanocrystal clusters under visible-light. They

© 2021 The Author(s). Published by the Royal Society of Chemistry
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synthesized the Au/CdSe nanocrystal cluster through an
emulsion-based self-assembly approach. The photocatalytic
hydrogen evolution activities were determined in Na,S/Na,SO;
aqueous solution under visible light (A > 420 nm). The Au/CdSe
nanocrystals with 7.2 nm Au NPs achieved a hydrogen evolution
rate of 73 mmol gcgqse * h™ %, which was 10 times higher than
that of the bare CdSe nanocrystals (7.2 mmol gcgse " h™"). The
outstanding photocatalytic performance was found to derive
from PRET between the Au NPs and the CdSe nanocrystals,
which suppresses the bulk recombination and boosts the
charge carrier generation in the semiconductor.'”’

Rare-earth semiconductors have also been known to exhibit
attractive photocatalytic properties, prompting studies that
combine them with plasmonic NPs for improved water splitting
performances. Dao and co-workers investigated plasmonic
Au@CeO, core-shell photocatalysts for the HER (Fig. 15f)."”* To
evaluate the photocatalytic HER, 50 mg of the photocatalyst was
dispersed in 50 mL of methanol (25%) solution as a sacrificial
reagent. The Au@CeO, core-shell photocatalysts demonstrated
10 times superior HER rates (4.05 umol mg™* h™") than pure
CeO, (0.40 pmol mg~* h™") under visible light, and improved
long-term stability. The Au@CeO2 core-shell photocatalyst
achieved an apparent quantum yield of 19.46% at 550 nm,
which is a much higher value compared to that of CeO,. These
improvements were accounted for by multiple mechanisms
which we outline here. (i) The strong plasmonic near-field from
the Au NP at resonance penetrates into the CeO, shell, greatly
increasing the electron-hole pair generation rate. This is the
LEMF effect. (ii) The HCI effect also plays an important role. The
excited LSPR decays through Landau damping, exciting hot
electrons from the d-band (ground state) that cross over the
Schottky barrier at the interface of the core-shell structure and
into conduction bands (Ce* and Ce*") of CeO,, which increases
the free electron density in the CeO, shell."”> The accumulated
hot electrons in the CeO, conduction band can drive the
conversion of H' ions to H, at the shell surface. (iii) PIRET can
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also be a contributing mechanism since the LSPR and ceria
absorption spectra overlap. The PIRET helps the CeO, harvest
electron-hole pairs under visible light with lower energy states
compared to the conduction band and promotes electrons in
the valence band of CeO, into the conduction band of CeO,
(Ce*"). (iv) The enrichment of Ce®" in the CeO, shell also affects
the performance. This causes the plasmonically excited elec-
trons to populate the Ce*" conduction band, and also allows
electron hopping from Ce** states (4f") to Ce*" states. The high
concentration of electrons is then used to drive the HER.

As can be witnessed, extensive research efforts have been
dedicated to understanding and designing photo-
electrochemical water splitting systems with a combination of
plasmonic NPs and various semiconductor systems. According
to the ‘Web of Science’, the number of citations from reports
including the keywords ‘solar’ and ‘plasmon’ is progressively
increasing, as shown in Fig. 16a. This trend proves the rising
level of interest in the area of solar energy harvesting, and
reflects the growing importance of the topic. It is well under-
stood that efficient water splitting technology is key to achieving
a clean and sustainable fuel that is consumable in many sectors
of industry and technology (Fig. 16b). From the past three
decades of scientific research, we now have a better under-
standing of the plasmonic interactions between Au NPs and
photocatalytic systems that can help lead us toward devising
more efficient and economical systems for hydrogen fuel
generation.

6. Conclusion

Since the breakthrough discovery of the Honda-Fujishima
effect in 1972, research activity on improving water splitting
efficiencies to practical and economical levels has been rising in
the face of accelerating climate change and exacerbating envi-
ronmental pollution. Our renewed interest in and improved
understanding of plasmonic systems and their decay mecha-
nisms have greatly benefited this effort by introducing pathways
for improving the water splitting performance beyond classical
limits. Among the few plasmonic candidates, Au NPs are
regarded as the champion nanomaterials for solar water split-
ting applications, because they are resistant to corrosion in
solution, possess plasmonic resonance in the visible region
unlike Ag and Al, and are easily preparable in various shapes,
sizes, and dimensions.

Over the past three decades, we have learned that Au NPs
coupled with photoactive surfaces can bring forth a number of
benefits through a variety of mechanisms. The plasmonic decay
accompanying the LSPR excitation can mediate charge transfer
from the NP to the coupled photoactive surface through hot
carrier injection over the Schottky barrier, dipole-dipole
coupling, tunneling, and wavefunction overlap, which we
described in the initial sections. Also the strongly concentrated
near-field intensity associated with the LSPR can be used to
enhance the charge carrier generation rate in the photoactive
material, leading to further improvements. These effects can be
tuned by varying the shape, size and dimension of the NPs that
allow one to selectively control the various mechanisms.

6002 | Nanoscale Adv, 2021, 3, 5981-6006
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Combined with the appropriate semiconductor material, the Au
NP-photoactive material can be rationally designed to satisfy
the optical and electronic demands of the envisioned water
splitting system.

In the last section, we selectively reviewed recent research
efforts that combine Au NPs with various semiconductor
materials. The common strategy was to use Au NPs to
compensate for the electronic and optical limitations inherent
in the semiconductors. The Au NPs were shown to increase the
light absorption, boost the generation rate of charge carriers,
facilitate charge transfer, and improve charge separation,
resulting in enhanced photoelectrochemical water splitting
performance. While a huge variety of different semiconductors
combined with Au NPs have been studied, the phase space still
remains vast. There are still plenty of opportunities to find
improved designs and material combinations that offer
dramatic improvements in performance.

Despite the wealth of accumulated knowledge, we still have
not witnessed plasmonic photoelectrochemical water splitting
reaching mainstream use. In order to achieve a self-sustainable
hydrogen cycle, water splitting must be economically feasible,
which can be achieved by either lowering the cost of the mate-
rials and production, or by achieving further improvements in
the water splitting efficiency. Challenges still remain in these
two areas. Most notably, Au is inherently expensive and its price
is very sensitive to market fluctuations. Therefore, developing
cheaper plasmonic materials that exhibit low optical loss and
high stability is necessary. In this regard, plasmonic metal
alloys'”® and metal nitrides'”* offer promising solutions. Scal-
able fabrication techniques for plasmonic NPs with optimized
shapes, and improved NP-semiconductor designs that effi-
ciently harness the beneficial effects of the plasmonic NPs must
also be realized. Furthermore, research into extending the
absorption bandwidth of light into the NIR region can also lead
to improvements in the photoelectrochemical conversion effi-
ciency. As many of the concepts in this review are general to
coupled plasmonic NP-semiconductor systems, we hope that
the readers will also find them useful in other solar harvesting
systems such as photovoltaics, photosynthesis and photo-
thermal devices.
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