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1 Introduction

Abstract: Photocatalysis uses semiconductors to convert
sunlight into chemical energy. Recent reports have shown
that plasmonic nanostructures can be used to extend
semiconductor light absorption or to drive direct photocatalysis with visible light at their surface. In this review,
we discuss the fundamental decay pathway of localized
surface plasmons in the context of driving solar-powered
chemical reactions. We also review different nanophotonic approaches demonstrated for increasing solar-tohydrogen conversion in photoelectrochemical water splitting, including experimental observations of enhanced
reaction selectivity for reactions occurring at the metalsemiconductor interface. The enhanced reaction selectivity is highly dependent on the morphology, electronic
properties, and spatial arrangement of composite nanostructures and their elements. In addition, we report on the
particular features of photocatalytic reactions evolving at
plasmonic metal surfaces and discuss the possibility of
manipulating the reaction selectivity through the activation of targeted molecular bonds. Finally, using solar-tohydrogen conversion techniques as an example, we quantify the efficacy metrics achievable in plasmon-driven photoelectrochemical systems and highlight some of the new
directions that could lead to the practical implementation
of solar-powered plasmon-based catalytic devices.

The conversion of solar light into chemical energy is the
most viable option to satisfy the global energy demand,
which nowadays has reached the threshold of hundreds
of thousands terawatt-hours. The growing needs of Earth’s
population and the urgency of shaping a more sustainable future appear affordable only by the use of abundant
raw materials and renewable energy sources. Energy harvested directly from sunlight offers a desirable approach
towards fulfilling, with minimal environmental impact,
the need for clean energy. The sun is a decentralized and
inexhaustible natural resource with the magnitude of an
instantaneously available solar power striking the surface
of the Earth being equivalent to the capacity of 130 millions
of 500-MW power plants [1].
More than one century ago, the Italian chemist Giacomo Ciamician, a pioneer in the field of molecular photochemistry, foresaw a world where all industrial processes
based on coal could be replaced by the conversion of radiant energy into chemical energy [2]. Since then, the field of
photochemistry has greatly expanded. Nowadays, it finds
application in important industrial processes such as photopolymerization reactions, synthesis of vitamins, drugs,
and fragrances, besides holding promise in energy-related
chemical processes such as molecular artificial photosynthesis [3].
However, the requirement of a solid catalyst was soon
recognized as the master route to promote more efficient
chemical processes of industrial relevance. In modern society, heterogeneous catalysts have numerous industrial
applications in the chemical, food, pharmaceutical, automobile and petrochemical industries, and it has been estimated that 90% of all chemical processes rely on heterogeneous catalysts [4].
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One of the subfields of heterogeneous catalysis is photocatalysis [5–14]. It utilizes semiconductors to promote
chemical reactions by means of solar light conversion into
energetic charge carriers (i.e., holes and electrons). Their
redox energy as well as photocatalyst solar energy absorption are tightly related to semiconductor bandgap excitation. Main limitations of a photocatalytic process based on
semiconductors are their low absorption coefficient, the
restrict wavelength range for light absorption, and the low
selectivity towards a specific chemical reaction pathway.
Nanophotonics can provide powerful tools to break
the limits of light harvesting usually encountered in
semiconductor-based technologies. It offers the possibility to conveniently manipulate, concentrate, and manage solar energy at the nanoscale. In particular, metaldielectric interfaces are able to sustain volume and surface
charge density oscillations called surface plasmons [15,
16]. Moreover, these interfaces form a special genus of lowdimensional optical metamaterials—plasmonic metasurfaces [17]. Depending on the geometry of a metal structure
and the surrounding medium, plasmons may appear in
different forms, ranging from surface plasmon polaritons
that propagate along flat metal-dielectric interfaces, to localized plasmons with electrons oscillating inside metal
nanoparticles (NPs) (i.e. LSPR) [16].
The introduction of plasmonic nanostructures can be
successfully used for controlling the selectivity and reaction yield in heterogeneous catalysis, which is critical to
minimize undesired byproducts and energy requirements.
The amelioration only of a few percentages of such process
descriptors implicates high cost profits when considering
tons-scale production. For example, the partial oxidation
of ethylene to ethylene oxide is the highest-value heterogeneous catalytic process with a market of $20 billion in
2008 [13]. Using plasmonic Ag nanocubes, it has been
shown that the photothermal reaction produced a 4-fold
rate enhancement in comparison with conventional thermal conditions [13]. A further important commercial chemical reaction is the epoxidation of propylene to propylene oxide. The reaction occurs at 400–500 K temperature where the Cu-based catalyst offer low selectivity towards propylene oxide. Through exciting the plasmonic
resonance of Cu, it has been shown that a photothermal
set-up can produce up to 20% increase in selectivity with
respect to thermal process [14]. These are just a few examples that show the importance of controlling chemical reaction pathway through precise materials design. A more
detailed analysis of the state-of-art is presented in the following sections.
On the other hand, plasmonics represents also a powerful approach to enhanced light harvesting and device

optimization for hydrogen production through solar water splitting. The chemical energy of hydrogen is used in
fuel cells to produce clean and efficient electric power,
with water and heat being the only byproducts. Hydrogen is also crucial in well-established industrial processes
such as petroleum recovery and refining, ammonia synthesis, methanol production, metal fabrication, electronics, and food industry [18]. Today, steam reforming of natural gas is the core method of producing hydrogen in
the United States that will continue to dominate for the
near term. It is nonetheless imperative to develop efficient processes of producing hydrogen from sustainable
resources including sunlight. The main directions in this
area are focused on environmentally benign water splitting systems using (1) a biological method, where photosynthetic microbes produce hydrogen from water during
their metabolic processes upon sunlight exposure [19, 20],
(2) solar thermal method, where ultra-high temperatures
(1000–2000∘ C) are used for the thermochemical production of hydrogen [21, 22], and finally, (3) photoelectrochemical (PEC) method—also one of the cleanest way to produce hydrogen [23]. With the PEC method, water is directly
split into hydrogen and oxygen. In a nutshell, inside any
PEC system, the photon energy is converted to electrochemical energy, using a semiconductor device, which is
immersed in an aqueous electrolyte and illuminated with
sunlight and hence directly splits water. Consequently,
PEC systems convert discontinuous solar energy into an innately more storable energy of chemical bonds. After the
first demonstration in 1972 by Fujishima and Honda [24],
the PEC water splitting techniques have been studied for
decades, along with the demonstration of PEC solar-tohydrogen conversion efficiency of 12.4% achieved in 1998
by Khaselev and Turner [25]. Multijunction cell designs inherited from the photovoltaic industry and used in PEC
light harvesting systems can supply sufficient voltage and
are chemically stable. Recent studies have been focused
on more efficient and durable PEC systems that would be
stable in water/electrolyte environment [26, 27]. In view
of their global scale production, there is also an increasing focus on developing PEC devices based on abundant
elements such as iron oxide in the crystalline form of
hematite. Also, the introduction of planar structured PEC
systems can bring down the high cost associated with the
fabrication of micro- or nanostructured photoelectrodes.
The primary energy requirement for the growth of photoelectrodes microwire arrays has been estimated at around
45% of the total energy needs due to the additional costs
for materials, catalyst deposition, chemicals, membrane,
and device encapsulation [28]. The planar configuration
decreases the amount of raw materials and cost of fabri-
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cation, but at the cost of sunlight absorption hence reducing the solar-to-hydrogen conversion efficiency. Coupling
plasmonic nanostructures to a planar configuration can
give us some leverage on this restriction on light absorption in two ways: (a) increasing photogenerated charges
in the visible range; (b) extending the usage of sunlight to
the near-infrared (NIR) region (760–3000 nm), which accounts for almost 40% of the solar energy spectrum.
In this review, we mainly focus on LSPR, discussing
recent results that demonstrate the unique characteristics and advantages of using plasmonic nanostructures
in solar-powered chemical reactions [5, 29–33]. First, in
Section 2, we present a historical overview of plasmonicdriven photocatalysis, followed by the analysis of interactions between plasmonic nanostructures and semiconductors that influence the reaction efficiency. We report
noteworthy examples that show how plasmonic materials can efficiently assist a semiconductor-based device
and break the conventional limits of solar energy conversion in Section 3 thereafter. To provide a more detailed
and comprehensive case study, we analyze in depth (Section 4.1) plasmon-driven water splitting [34, 35]. Here,
we also review some chemistry basics and device design to highlight how plasmonics may be critical for this
energy-related issue. We focus on PEC water splitting results showing breakthrough steps that represent photonic
and plasmonic approaches to increase the yield of solarto-hydrogen conversion up to one order of magnitude.
Section 4.2 is instead dedicated to selective oxidation reactions driven by indirect plasmonic photocatalysis occurring at semiconductor surface. The remainder of the
review, Section 5, deals with particular mechanisms involved in direct plasmonic photocatalysis at metal surfaces and their experimental observation in an important
class of chemical reactions.
We conclude with an outlook of the emerging field of
plasmon-enhanced photochemistry and a discussion on
viable research strategies for promoting the use of plasmonic nanostructures in real industrial processes that involve heterogeneous catalysis. In particular, we discuss
the importance of studying the fundamental physics of
complex interaction in the system of LSPRs, semiconductors, and molecules. Finally, we also overview the tremendous opportunities that the use of alternative plasmonic
materials may offer.

2 Photocatalysis
Photocatalysis is nowadays considered a crossdisciplinary science that requires mastering concepts from
physical and organic chemistry, heterogeneous catalysis,
solid-state physics, nanotechnology, materials science,
and nanophotonics. The elementary steps of a photocatalytic process can be summarized as follows: (i) photon
absorption by the semiconductor and electron-hole pair
generation, (ii) migration of photogenerated charge carriers from the bulk to the surface of the semiconductor, (iii)
reaction of the energetic electron-hole pairs with adsorbed
reactant molecules. Historically, the archetypal photocatalyst has been TiO2 . TiO2 is a wide bandgap (3.2 eV) semiconductor characterized by good electron mobility [36]
and able to harvest only UV light thus providing limited
conversion efficiency of solar light into chemical energy.
In order to improve photocatalytic efficiency, many
efforts have been devoted to optimizing crucial reaction
steps. For instance, light absorption and charge carrier
separation can be improved through engineering of the
semiconductor bandgap (and/or sensitization with organic dyes and quantum dots) and through the use of cocatalysts (e.g., Pt and Au nanoparticles), respectively [8,
37, 38]. The attachment of metallic NPs to the surface of a
semiconductor can provide a two order of magnitude enhancement on the photoreaction efficiency owing to the
amelioration in the electron-hole pair separation [38]. Typically, from the conduction band (CB) of n-type semiconductor, electrons transfer into the metal until Fermi levels
of the two components coincide. This mechanism stabilizes the photogenerated charges in the metal co-catalyst
and extends their lifetime so that they can drive the chemical transformation. Most importantly, it was realized that
using Au NPs as co-catalyst, an additional increase in the
process efficiency could be obtained [32, 39]. Au NPs can
harvest visible light owing to LSPR and thus provide two
simultaneous pathways for the enhancement of the photocatalytic reaction efficiency: (a) increased charge separation in the semiconductor (with Au NPs working as an
electron sink) and (b) surface sensitization effect (due to
LSPR). Starting from the first observations of the positive
effects induced by LSPR, the use of nanostructures featuring plasmonic properties has drawn growing attention.
Plasmon-driven photocatalysis includes two main research fields, classified according to the precise location
of the catalytic active site. In indirect photocatalysis, the
incident photon energy is transferred from LSPR to the
nearby semiconductor, which acts as reaction center, and
the extraction of hot carriers from plasmonic nanostruc-
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3 Light–matter interaction at the
nanoscale in photocatalysis

Figure 1: Light-matter interaction at the nanoscale: (A) Poynting
vectors excluding scattering effects for an Al sphere excited by an
incident electromagnetic wave with an electric field in the plane
of the image. (B) Surface plasmon decay mechanisms: radiative
(scattering) and non-radiative. (C) Field enhancement at 450 nm
from a finite difference time domain (FDTD) simulation of a 120-nm
Ag cube in water. (D) Measured photocurrent (red symbols) and
simulated (solid blue line) absorption enhancement spectra that
show their overlap as a signature of the plasmonic enhancement
in Au/α-Fe2 O3 photoelectrodes. Figures (A), (C) and (D) adapted
with permission from references [40, 46] and [86], respectively. (A):
Copyright (1983), American Association of Physics Teachers. (C,D):
Copyright (2011) American Chemical Society.

tures is governed by the formation of a Schottky barrier.
In direct photocatalysis, the plasmonic nanostructure simultaneously serves as the light harvesting unit and the
catalytic component.
In the following sections, we will introduce some basic
physics related to the interaction between electromagnetic
waves and plasmonic nanostructures, with an emphasis
on energetics and timescales of hot carrier generation and
their impact on chemical reaction pathway. Since indirect
photocatalysis covers the majority of solar-assisted chemical reactions, we will present the mechanisms that promote plasmonic enhancement, examining the parameters
that could be tailored to maximize the energy transfer from
the plasmonic nanostructure to the nearby semiconductor.

This part briefly and without undue mathematical complexities reviews the physics behind the excitation
of specific surface waves (plasmons) and plasmonsemiconductor coupling, with an eye on the fundamentals of optimal match between the absorption bands of a
given plasmonic nanostructure and a PEC semiconductor
device.
The resonant illumination of a metal nanostructure
excites localized surface plasmons, promoting light collection from an area that is much larger than its geometrical cross section (Figure 1A) [40]. LSPR refers to the
collective oscillation of surface electrons in metal nanostructures in response to an external alternating electric
field such as solar light. The unique characteristic of the
cloud of free electrons is their coherent oscillation between the boundaries of the nanostructure. The lifetime of
plasmons is therefore determined by the dephasing time
of this coherent oscillation, which typically falls in the
5–100 fs timescale [29]. Each plasmon can decay radiatively by the elastic re-emission of a photon (scattering)
or non-radiatively through Landau damping [41], which,
in turn, results in the generation of energetic hot electronhole pairs in the metal nanostructure (Figure 1B). Eventually, hot carrier couples to phonon modes producing local
heating of the metallic nanostructure. The energy distribution of plasmon-induced hot carriers (Figure 1C) depends
on the plasmon energy and lifetime, on the nanostructure
size, and the density of states of the material [29, 30, 42–
44]. The energetic population of hot carriers is a crucial
parameter in plasmonic photocatalysis and will be examined in more depth throughout the review. The coherent
oscillation of the electron cloud also generates an oscillating dipole that modifies the electric field associated
with the solar photons.(︁ When
)︁ the LSPR is excited, elec2
tric field enhancement |E| of the order of 102 –103 can
be achieved for an isolated plasmonic metal nanostructure
(Figure 1D) while, when considering more nanostructures
in close proximity, enhancement of 105 –106 (hot spots) can
be reached [32, 45]. This extraordinary field amplification
leads to higher carrier generation rate both in the plasmonic nanostructure itself and in the nearby semiconductor thus being very important for catalysis.
The indirect outcomes from the decay of surface plasmons such as the generation of hot carriers, field enhancement, localized heating effect, and increased scattering
can all be usefully harnessed to drive chemical reactions.
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However, only the first two processes are significant when
using small NPs (i.e., more active in catalysis) and low illumination intensity, and we will mainly discuss them in
the following sections.

3.1 Eflciency of hot carriers generation
We now focus on the general parameter space that influence the efficiency of hot carrier injection and field enhancement in indirect plasmon photocatalytic reactions.
This is the case where the plasmonic nanostructure transfer energy (either via charge or energy transfer) to a nearby
semiconductor that finally acts as the real catalytic center. Figure 2A shows a scheme representing the energetics alignment between an n-type semiconductor and a
plasmonic metal, along with the chemical potential of a
generic redox couple. The physical contact between metal
and semiconductor generates a Schottky barrier that determines the charge flux at the interface. After the excitation
of the LSPR, a high number of energetic hot carriers with
a specific energy distribution are created in the plasmonic
nanostructure (Figure 1C and 2A). Only the hot electrons
having sufficient energy to overcome the Schottky barrier
are injected in the semiconductor CB. There, they finally
react with molecular species at the surface. Hot carrier injection is considered as a mechanism of plasmon enhancement. It may be viewed as a sensitization of the semiconductor, that is, the ability to extend the harvested solar
light to energies below bandgap photons thus promoting
the photocatalytic process.
The fundamental signature of plasmonic enhancement, both via hot electron transfer and field enhancement is that the action spectrum shape (reaction quantum
efficiency as a function of the illumination wavelength) resembles the LSPR absorption line shape [32, 39, 46–52].
Several parameters influence the efficiency of hot
carrier injection and field enhancement in semiconductor/plasmonic metal composites. After LSPR excitation,
Landau damping produces hot electron-hole pairs on the
timescale of few tens of femtoseconds. The semiconductor/metal interface drives the ultrafast injection (about
240 fs) of hot electrons into the semiconductor CB [53]. In
Au/TiO2 photoelectrodes, these transferred electrons can
display excited-state lifetimes two orders of magnitude
longer than those of electrons photogenerated directly
within TiO2 via UV excitation [54]. In addition, the instantaneous photogeneration of a charge-separated state
(electron in the semiconductor CB and hot holes in the
plasmonic nanostructure) on a sub-100 fs timescale has
been recently predicted in Au/TiO2 and experimentally

demonstrated for Au/CdSe heterostructures [55, 56]. The
mismatch between these femtosecond processes and the
timescale of chemical reaction is evident. Long lifetimes
(µs to ms) and close proximity to the surface are indeed the
essential requirements for photogenerated carriers to efficiently participate in chemical reactions. Interactions between molecules and the semiconductor surface play a key
role in photocatalytic processes. Defective sites, due to unsaturated chemical bonds, present local extra charge and
partial structural rearrangement that favor the adsorption of small molecules in their vicinity if compared with
stoichiometric surface regions. In addition, in metal NPs
supported on oxides, the interface clearly plays a critical
role providing enhanced reactivity [57]. With synchrotronbased x-ray absorption spectroscopy (XAS) and resonant
inelastic x-ray scattering spectroscopy (RIXS), some of us
recently provided atomistic insights into the electronic
and structural localization of plasmon-generated charges
in TiO2 /Au (Figure 2B). Our investigation indicated that a
part of the injected hot electrons remained trapped for a
long time (ms to sec) near the composite interface in Ti d–
p states and generated low-coordinated sites that proved
active in plasmonic photocatalysis [58].
Efficient plasmonic photosensitization of semiconductor catalysts can be obtained by judiciously choosing
materials. The collection efficiency of hot carriers crucially
depends on the electronic alignment between the semiconductor and the metal (Figure 2A), the dimensions of
the plasmonic component, and a few electronic and structural properties (e.g., band structure and exposed crystal
facets) of the metal nanocrystal. Photoinjection in a semiconductor/metal Schottky barrier [59] is based on Fowler
theory, which assumes that hot electrons in the metal
have an isotropic distribution in the momentum space;
then, only the electrons within the momentum cone can
be transferred to the semiconductor CB [42]. However, recent experimental and theoretical models based on quantum theory, suggested that plasmonic nanoantennas could
destroy the momentum conservation during the phonon–
electron interaction. In large nanocrystals (i.e., > 20 nm),
the majority of hot carriers have energies close to the Fermi
level while, for smaller size, a high number of hot electronhole pairs have sufficient energy to overcome the 1 eV
Schottky barrier at TiO2 /Au interface and drive chemical
reactions [43, 60]. It has been reported that for a spherical
nanocrystal with a diameter of 15 nm, the hot carrier energy distribution shows similar dependence on the carrier
lifetime. Long lifetimes result in the generation of hot carriers with large energies below and above the Fermi level.
On the contrary, short lifetimes favored the production of
carriers with energy close to thermal energies (Figure 2C).
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Figure 2: Interaction between semiconductor and plasmonic nanostructures: (A) Mechanism of LSPR-induced charge transfer (ax ) and field
enhancement (b). Dashed green lines refer to the redox potentials of a generic molecular species. (a1 ) Electrons near the metal Fermi level,
EF are excited to surface plasmon states; (a2 ) hot electrons transfer to a nearby semiconductor particle; (a3 ) electron-driven reduction
of chemical species; (b) electric field propagation toward the semiconductor electronic structure. (B) Effects of hot electron injection in
TiO2 /Au composites measured through high res x-ray absorption spectroscopy. TiO2 /Au and N-TiO2 /Au laser-off pre-edges (top panel).
Laser-on/laser-off spectral differences (bottom panel) on bare TiO2 /Au powders (line with vertical ticks) and plasmonic TiO2 /Au powders
(line with empty circles). (C) Hot carrier energy distribution (hot electrons and hot holes represented with red and blue plots, respectively)
calculated for nanoparticle diameter of 15 nm. (D) The distance dependence of PIRET in Au@SiO2 @Cu2 O materials. Figures (B), (C), and (D)
adapted with permission from references [? ? ] and [? ], respectively. (B) Copyright (2015) Wiley. (C) Copyright (2014) American Chemical
Society. (D) Copyright (2015) Nature Publishing Group.

Following these findings, the efficiency of charge injection
into the semiconductor CB proved to be high for small crystal size and exponentially decreased for larger nanostructures [44, 60].
Hot carrier distribution depends on the material properties of the plasmonic component. For example, as a consequence of their electronic band structure and relative allowed transitions, Al shows continuous energy distribution of hot electron and hot hole energies, while a holedominant energy distribution in Cu and Au, as well as the
bimodal hot-hole and hot-electron distributions in Ag are
observed [61].
The hot carrier generation and collection dependence
on crystal facets have not been systematically investigated
yet. However, we believe this is an important topic having
great potential in enhancing hot carrier collection through
the engineering of crystal facets.

3.2 Plasmon-induced resonant energy
transfer
Yet another fundamental example of the plasmonenhanced indirect photochemistry is the case when a
plasmonic resonance produces an intense local E-field
that eventually, increases the chemical reaction rate—a socalled plasmon-induced resonant energy transfer (PIRET)
process [46, 48–52]. In this case, the intense electric field
generated at the surface of the plasmonic nanostructure
is able to increase the efficiency of electron-hole pair generation in the nearby semiconductor. The process somehow resembles the well-known Forster energy transfer
observed from donor to acceptor molecules or in heterocomposites such as QDs/molecules. In order to effectively
transfer energy to the semiconductor, the basic principles
that regulate PIRET is that the LSPR wavelength should
be resonant with the bandgap energy or excite some intrabandgap transition due to lattice defects. For example,
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nitrogen atoms in N-doped TiO2 introduce intragap levels
that shrink the bandgap favoring the absorption of visible light. In particular, the absorption threshold can be
shifted from 380–400 nm for undoped TiO2 to 450–550 nm
for N-TiO2 . Nitrogen doping produces an overlap between
N-TiO2 and plasmonic absorption, which makes PIRET
feasible. In particular, the larger overlap between Ag and
N-TiO2 extinction spectra than the Au/N-TiO2 counterpart
leads to a more pronounced enhancement of the plasmonic effect [51]. PIRET largely depends also on the distance between donor and acceptor materials. Figure 2D
shows the dependence of PIRET on donor–acceptor distance for Au/SiO2 /Cu2 O core-shell nanostructures. In the
frame of that work, Au is the plasmonic donor, Cu2 O acts
as the semiconductor acceptor, and SiO2 behaves as an
insulating layer that hinders charge flow from Au to Cu2 O.
The maximum PIRET enhancement has been observed
with the two materials being in close proximity. However,
a considerable enhancement and consequent photocatalytic activity have been also observed when Au and Cu2 O
were at a distance of 10 nm [48, 49].

3.3 Summary of light–matter interaction in
plasmon-enhanced photocatalysis
We have reviewed the physics underlining plasmonic excitation and its interaction with semiconductors. We may
conclude that catalytic efficiency can be strongly improved
by a rational design of composite catalysts. The generation and injection efficiency of hot carriers as well as the
spectral match between absorption of plasmonic nanostructure and semiconductor are central guidelines.
Although hot carrier generation models and systematic studies of field enhancement dependence on structural parameters have recently started to appear, the precise correlation between plasmonic effects and the overall
system design is needed in order to develop more efficient
plasmonic composites for solar-powered chemical reactions. Plasmon-enhanced water splitting using ultrathin
film configuration offers this opportunity and the most relevant breakthrough steps in this area are highlighted in
the next section.

4 Indirect plasmonic
photocatalysis
Yield and product selectivity of many chemical reactions
can be enhanced on plasmonic/semiconductor compos-

ites. Indirect plasmonic photocatalysis involves nanostructures where the incident photon energy is transferred
from LSPR to a nearby semiconductor, which acts as a reaction center. In the following paragraphs, we first use
plasmon-assisted water splitting as a case study to illustrate the most relevant approaches based on nanophotonics that enhance the solar-to-hydrogen conversion
(see Paragraph 4.1), while later on, we discuss plasmonenhanced chemical oxidations (see Paragraph 4.2).

4.1 Plasmon-enhanced water splitting
Due to daily and seasonal availability, energy harvested directly from sunlight needs to be converted into solar hydrogen (H2 ) and stored in the form of chemical bonds that
can be used on demand [62]. Solar-powered water splitting [1, 63–66] is a central technology in the realization
of a sustainable energy economy based on clean and renewable energy vectors such as H2 . The overall reaction is
endothermic and can be divided into two half reactions,
namely, the hydrogen evolution reaction (HER) and the
oxygen evolution reaction (OER), as follows:
2H + + 2e− → H2
2H2 O + 4h+ → O2 + 4H +
2H2 O → 2H2 + O2

(E0red = 0 V vs RHE)

(1)

(E0ox = 1.23 V vs RHE) (2)
(∆E = 1.23 V vs RHE)

(3)

The three main proposed device designs for solarpowered water splitting are based on (i) commercial photovoltaic (PV) modules connected to an electrolyzer [67],
(ii) aqueous photocatalysts colloids [68, 69], and (iii) PEC
device where a semiconductor serves as light absorber [1,
66]. PV-electrolysis technology is currently available, however, this approach is limited by the price of PV and electrolyzer units, resulting in a price of H2 produced around
US$ 10/Kg [70]. While encouraging scientific research on
PV may reduce this price, general drawbacks come from:
(i) the strong dependence of PV performances on the illumination intensity and (ii) the low durability of materials
used in the electrolyzer due to harsh operational conditions (high voltage and corrosive solutions). On the other
hand, despite lower projected cost, the low efficiency of
colloidal photocatalysts (below 7%) [69] and the intrinsic need to implement an apparatus to separate H2 and
O2 gases have pushed recent research efforts towards PEC
water splitting. This path eliminates the need for a separate electrolyzer and reduces the potential losses in the
system [63, 70, 71]. The PEC approach in perspective can
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Figure 3: Photo-assisted water splitting: (A) Band energetics of a
semiconductor/liquid junction (SCLJ) in the dark, and (B) under
illumination. (C) Schematics of PEC water splitting using a dual
absorber tandem cell. (D) Predicted internal quantum eflciency
P(x) distribution as a function of film thickness and depth for αFe2 O3 photoanodes. Figure (D) adapted with permission from reference [80]. Copyright (2012) Nature Publishing Group.

be competitive with other H2 production technologies, setting a H2 cost around US$ 2–3/Kg (American DOE cost goal)
considering a PEC device lifetime of 10 years, a 20% solarto-hydrogen efficiency (measured as electrical output from
the conversion of photons into chemicals) and US$ 100–
200/m2 PEC material cost [72].
PEC water splitting is governed by the semiconductor
liquid junction, which is the physical interface that regulates energetics and reaction steps driving the HER and the
OER. It is traditionally modeled as a metal/semiconductor
Schottky diode (Figure 3A) [66]. When a semiconductor is
placed in direct contact with an electrolyte, the equilibration between the semiconductor’s Fermi level and the redox potential of the electrolyte generates an E-field at the
semiconductor liquid junction. The electric field strength
and thus the potential energy barrier depend on the energy difference between the Fermi level of the semiconductor and the Fermi level of the redox couple (Figure 3A),
which can be as large as 105 V/cm [1]. Upon the absorption
of a photon with energy hν larger than the semiconductor bandgap energy, this space-charge field can separate
photogenerated electrons in the semiconductor’s CB from
their corresponding holes in the valence band (VB). Depending on the electronic nature defining the semiconductor, free minority carriers (holes for n-type and electrons
for p-type semiconductor) will move into the solution. For
example, photogenerated holes oxidize water to O2 within

an n-type photoanode, while for a p-type photocathode,
photogenerated electrons can directly reduce water to H2 .
In an ideal light-assisted water splitting reaction, the semiconductor must absorb photons with energies higher than
1.23 eV and should feature conduction band-edge (ECB )
and valence band-edge (EVB ) energies that straddle the
electrochemical potentials E∘ (H+ /H2 ) and E∘ (O2 /H2 O), respectively. However, though CB and VB may have appropriate energy positions, the semiconductor can only drive
the solar-powered water splitting if the photovoltage (VOC )
exceeds 1.23 V under illumination (Figure 3B). Due to potential losses and kinetic overpotentials required for driving the HER and the OER, the energy range necessary to
sustain the overall water splitting reaction is frequently
reported to be 1.6–2.4 eV [1, 63]. Such a severe thermodynamic and kinetic restriction explains why no semiconductor has been identified until now that is able to efficiently drive the overall water splitting reaction.
A general approach is to accomplish each halfreaction separately by using one semiconductor for the
OER (photoanode) and the other one for the HER (photocathode). These two separate electrodes are then assembled in the so-called tandem cell configuration (Figure 3C) [64, 73]. This approach is particularly advantageous since it offers the possibility to explore several combinations of semiconductor materials with complementary absorption and stability features.
We note that the system requirements for a global commercialization of PEC devices are high efficiency, stability, and scalability. These important guidelines, that drastically narrow the list of material candidates, are to be
kept in mind when designing a PEC device. For example,
III–V semiconductors generally show large charge mobility and optimal bandgap energy to effectively drive water
splitting. However, they have high manufacturing cost and
poor stability in PEC conditions thus they cannot provide
the long-term device durability. Although Turner et al. realized a p-n-GaAs / p-CaInP2 triple junction device able to
drive the unbiased PEC water splitting with 12.4% solarto-hydrogen efficiency, that device showed degradation after only 24 hours of operation [25]. A superficial treatment
could improve the device’s stability, but the implemented
PEC would only reach few hundreds of hours of lifetime.
Although the absorber protection realized through deposition of a passivation layer is an active research field [74, 75],
the ultimate approach would be the use of stable and
earth-abundant materials.
Finding materials suitable for the anodic compartment is most challenging because OER is a four-electron
reaction (HER involves just two electrons) and it requires
a more corrosive environment due to the high pH of the
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electrolyte solution. Therefore, recent efforts have been focused on the development of photoanodes made of earthabundant materials, which are potentially stable in the
long-term. TiO2 offers excellent stability in harsh aqueous conditions though being able to absorb only UV photons and has been used to demonstrate inexpensive water splitting over 40 years ago [24]. More recently, α-Fe2 O3
and BiVO4 have emerged as promising photoanode materials because of good stability, optimal bandgap absorption (α-Fe2 O3 can reach a maximum theoretical solar-tohydrogen efficiency of 17%), and low cost [76–78]. The
major limitation of α-Fe2 O3 for efficient light harvesting
is the very short hole diffusion length (few nm) as compared to the light penetration depth (hundreds of nm at
550 nm) [64, 77, 79]. In other words, α-Fe2 O3 needs to be
a few hundred nanometers thick in order to absorb the entire incident light but, as a main drawback, the photogenerated electron-hole pairs would undergo massive bulk recombination within a few nanometers. This is well represented in Figure 3D, which shows the predicted internal
quantum efficiency distribution as a function of film thickness and depth for α-Fe2 O3 photoanodes [80]. Only photons that are absorbed in the first 10 nm of α-Fe2 O3 are efficiently converted in photocurrent (measured as OER) due
to the drastic recombination occurring in the bulk of the
film.
Finally, in contrast to a traditional PV cell where the
photogenerated charge carriers are extracted by electrical
contacts into an electric circuit, excited charge carriers in a
PEC electrode travel to the semiconductor liquid junction
to perform redox chemistry in-situ. In PEC water splitting
all processes are surface phenomena and, therefore, the
nanoscale management of light harvesting through plasmonic nanostructures is extremely promising to enhance
the achievable solar-to-hydrogen efficiency.
In the following sections, we first highlight some important approaches proposed to increase the efficiency of
PEC devices based on semiconductor light absorber and
plasmonic antennas, which sensitize the semiconductor
scaffold below their bandgap or increase light absorption
through field enhancement and photonic effects. Thereafter, we comment on a novel technique towards artificial photosynthesis where all the charge carriers involved
come from the non-radiative decay of surface plasmons.

4.1.1 Semiconductor photoelectrodes
Since the first demonstration of solar-assisted water splitting in 1972 [24], wide bandgap semiconductors such as
TiO2 and ZnO have been widely investigated as photoelec-

trodes [81, 82]. Despite their good charge transport properties, they are essentially insensitive to visible and NIR light
thus they can convert only a small portion of solar light
into chemical energy. The integration of plasmonic metals
(mostly noble metals such as Au and Ag) on TiO2 nanostructures was demonstrated to be an effective method to
sensitize the semiconductors below their bandgap and extend the range of solar light absorption [83]. Figure 4A
shows the comparison between the incident photon to current quantum efficiency (IPCE) and the absorption spectra
for a photoanode made with TiO2 nanowires, functionalized with Au NPs or Au nanorods. The IPCE plots follow
the same line-shape exhibited by the extinction spectra,
demonstrating that the plasmonic effect (i.e., hot electrons
injection into the TiO2 CB) is responsible for the increased
efficiency. By depositing both Au NPs and nanorods on the
same TiO2 photoelectrode, it was possible to enhance the
IPCE in the whole visible range [81].
Through proper non-metal doping, it is also possible
to reduce the TiO2 bandgap and increase its water splitting
efficiency promoting PIRET [46, 47, 50]. The first demonstrations of photocurrent enhancement due to local field
concentration have been reported almost simultaneously
by Linic [46] and Cronin [47] research groups. They investigated Au/Ag plasmonic nanostructures over N-doped
TiO2 . The intense electric field generated at the surface of
Ag nanostructures yielded a 20-fold enhancement in NTiO2 photocurrent due to a strong overlap between the resonance spectrum of Ag and absorption spectrum of N-TiO2
(Figure 4B) [46]. E-field enhancement can reach 102 –103
times (or even more) the intensity on the incoming E-field
associated with light excitation in a particular position of
plasmonic nanostructures (see Figure 1C). However, the
consequent enhancement in the photocurrent is much less
in absolute value, that is, x20. Energetic losses encountered in the plasmon-induced excitation of electron-hole
pairs into the semiconductor and then into their use in the
production of useful chemical species (i.e., O2 or H2 ) have
to be taken into account.
Several different visible-light-responsive semiconductor materials are interesting candidate materials for water splitting. However, the large mismatch between the
penetration depth of photons and the relatively short
distances of carrier extraction limits their efficiency. αFe2 O3 is one of the most studied photoanode materials
for solar-assisted water splitting and early reports demonstrated PIRET enhancement by using α-Fe2 O3 /Au composites [84–87]. However, only modest photocurrent enhancements have been achieved so far. Li et al. have recently reported a clever approach that significantly advanced the current understanding on plasmonic and pho-
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Figure 4: Different approaches to enhance the eflciency of solar water splitting: (A) IPCE plots of TiO2 modified with both Au NPs and Au
NRs. (B) Photocurrent enhancement upon illumination with a broadband light source (400-900 nm) showing the effect of Ag and Au plasmonic enhancement on N-TiO2 . (C) PEC performance of a α-Fe2 O3 nanorod arrays: J–V curves under the illumination of AM 1.5G (top) and
IPCE enhancement (bottom). (D) FDTD simulations of an Au nanohole array with α-Fe2 O3 nanorods at wavelengths corresponding to: SPP
mode that shows the trapping of incident light as waveguided modes in the α-Fe2 O3 nanorod (top), and LSPR mode concentrating only on
the nanoholes surface. (E) Schematic illustration of the resonant light trapping in a quarter-wave absorbing film on a back-reflector substrate. The different colours represent the light intensity distribution across the film (red, high; blue, low). (F) IPCE data (blue dots) together
with experimental (red curves) and calculated (green lines) optical spectra for ASM structures with TiO2 films of thickness 160 nm. (G) Top:
schematic view of α-Fe2 O3 photoelectrode consisting of a periodic nanobeam-array (brown) on a conductive ITO layer (dark blue) that supports localized Mie and waveguide coupling resonances that boost the absorption of sunlight at the α-Fe2 O3 /H2 O interface. Bottom: refractive index (left) and simulated electric field distributions for an optimized nanobeam electrode (center) and a planar, semi-infinite αFe2 O3 reference electrode (right) for an illumination wavelength of 590 nm. (H) Energy level diagram superimposed on a schematic of an
individual unit of the plasmonic solar water splitter, showing the proposed processes occurring in its various parts and in energy space.
CB, conduction band; VB, valence band; EF, Fermi energy. Figures (A,B,F,G) adapted with permission from reference [46, 81, 94] and [96],
respectively. Copyright (2011-2015) American Chemical Society. Figure (C-D), (E) and (H) adapted with permission from reference [80, 89]
and [98], respectively. Copyright (2012-2013) Nature Publishing Group.

tonic enhancement mechanisms. α-Fe2 O3 nanorods were
grown inside an ordered array of gold nanoholes and one
order magnitude enhancement in the water splitting activity was observed due to both PIRET and photonic energy
transfer (Figure 4C–4D). The Au nanohole array supported
the so-called extraordinary optical light transparency [88]
thus allowing the transmission of surface plasmon polariton modes along the film. This effect was used to concentrate the incident light at energies above the band-edge of
α-Fe2 O3 . The nanorods acted as miniature “fiber optics,”
creating the confined modes, which trapped the incident
light and enhanced the light absorption. The intense local field enhancement also increased α-Fe2 O3 solar energy collection through the PIRET mechanism. As a result,
photonic 13-times enhancement (at 425 nm) and the plasmonic 18-times enhancement (at 650 nm) energy-transfer
enhancement were revealed in the IPCE spectrum [89].
In addition to hot carrier injection and field enhancement, few reports have shown that well-established photonic effects can be exploited to enhance the water split-

ting efficiency through the design of precise geometries
and material components. Light trapping for different geometry devices has been extensively studied for solar cells
over the past 10 years [90–93]. Although solar cells and water splitting devices are both based on the use of a semiconductor, there are few main differences in the working
principle of the two solar conversion technologies. PV converts light directly into electricity, while water splitting
cells exploit the electromagnetic radiation to run chemical
reactions and store energy in the form of chemical bonds.
This main difference reveals that in the case of water splitting device, the concentration of light and the generation
of charge carrier is particularly significant only at the semiconductor liquid junction, that is, where the catalytic reaction occurs. Therefore, though general theory of scattering
can be applied to both systems, we think that a new modeling for water splitting reaction is required to identify the
best operating conditions and, therefore, maximize the efficiency in the solar to chemical energy conversion. The
use of light trapping approaches is particularly interesting
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when ultrathin films are considered. Shrinking the semiconductor films without compromising their light absorption is particularly interesting in the view of limiting the
amount of material required and decreasing the cost associated with the nanostructure growth.
Dotan et al. [80] have demonstrated that by using
an Ag mirror underneath α-Fe2 O3 film, the photocurrent
could be enhanced 3 times in comparison to that of the
bare film. The metallic film enabled the resonant light trapping into the α-Fe2 O3 film, where light could be efficiently
trapped and one phonon absorbed several times from the
semiconductor film. In particular, the strategy employed
optical cavities comprising ultrathin α-Fe2 O3 absorbing
films (20–30 nm) on reflective substrates that serve as current collectors and back reflectors, giving rise to interference between the forward- and backward-propagating
waves, as illustrated schematically in Figure 4E. This enhanced the absorption by increasing the photon lifetime
in the film, leading to maximum absorption in the cavity
resonance modes. A further improvement in terms of water splitting efficiency can be obtained if the semiconductor is “sandwiched” between the metallic mirror and plasmonic nanostructures [94, 95]. This approach was implemented in an antenna/semiconductor/mirror (ASM) structure used for the oxygen evolution reaction. The architecture was composed of (i) a Au/Cr mirror, (ii) a TiO2
thin film, and (iii) gold disks with average 90-nm diameter and 35-nm thickness. The optimized architecture exhibited multiple resonance peaks due to hybridized LSPR
in the nanodisks and Fabry−Perot cavity modes caused by
reflections between the mirror and the particle [94]. The
particular geometry allowed an 8-10 times photocurrent
enhancement under resonant conditions due to the formation of Fabry–Perot cavity modes guided between the mirror and the Au nanodisks (Figure 4F). Finally, a novel approach to light trapping that does not make use of any plasmonic component was introduced by Brogersma’s group
in 2014 [96]. They showed that through a precise design
of α-Fe2 O3 nanostructuring, optical Mie and guided resonances are capable of substantially enhancing the photocarrier generation rate within 10–20 nm from the water/photocatalyst interface and, consequently, producing
a 3-fold photocurrent enhancement (Figure 4G).

4.1.2 All-hot carrier device for artificial photosynthesis
As we discussed in the preceding sections, solar-assisted
water splitting is usually based on light harvesting by
means of semiconductors. Recently, an alternative approach has been introduced where all the charge carriers

are promoted from plasmon decay. Moskovits et al. have
shown that an Au nanorods array grown in anodic alumina template can be a flexible platform to generate hot
electron and hot holes to drive the water splitting reaction [97–99]. For example, if a cobalt catalyst for the OER
was deposited on the surface of Au nanorods, it was possible to generate anodic 0.35 mA/cm2 photocurrent (oxygen evolution) that was driven from hot carrier with 80%
Faradaic efficiency. Conversely, if the plasmonic Au array
was functionalized first with TiO2 and then with Pt deposited on the top of the oxide, the photoelectrodes could
work as photocathode for hydrogen generation producing
−18 µA/cm2 . The photocathode design was also demonstrated with Au nanorods produced from colloidal synthesis and afterwards deposed on conductive substrate.
In this case, through the use of Au nanorods with different size, the panchromatic hydrogen production was obtained with appreciable efficiency (absorbed photons-tohydrogen = 0.1%). Therefore, in the perspective of tandem
PEC cell configuration, it would be possible to couple one
plasmonic photoanode and one plasmonic photocathode
fabricated with the same material, but with different functionalizations.
Extending this scenario, the same group combined the
use of both plasmon-induced hot electron and hole generation in the same integrated device to produce an artificial photosynthetic device [98]. Figure 4H represents the
schematics of an individual unit along with the proposed
processes occurring in the different parts and in energy
space. The skeleton of the plasmonic solar water splitter
was a uniform array of aligned Au nanorods that serve as
antennae. The side of the nanorods was then selectively
covered with different materials to localize the production
of H2 and O2 in different specific regions of the nanostructures. The plasmonic nanorods were capped with a crystalline TiO2 layer and on top of that, a layer of Pt NPs was
deposited. On the side of each nanorod, a cobalt oxygen
evolution catalyst was deposited. When the light impinged
on the device, hot electrons were injected into the TiO2 CB
and then collected in the Pt NPs, which functioned as a
reduction site for the evolution of H2 . Hot holes, on the
other hand, were transported to the cobalt oxygen evolution catalyst where they promoted the local generation of
O2 . The device could evolve H2 for more than 66 h without
a drop in activity of solar-to-hydrogen efficiency equal to
0.1% under AM 1.5G illumination. While 0.1% efficiency is
low for practical use, it is comparable with values reported
for early water splitting systems based on semiconductors.
This design showed unprecedented flexibility and
complexity for a water splitting device unit, paving the
way for the development of platforms for solar fuel produc-
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tion mediated by plasmon-induced hot carrier generation.
We foresee an increased efficiency of one order of magnitude in the next years by using alternative plasmonic materials and by introducing proper engineering of the interfaces [100–102].
In addition to hydrogen production through water
splitting, oxidation reactions such as pollutant abatement
and transformation of amines to imines are already industrially relevant and the possible improvement that plasmonic photocatalysis could bring in the field will be reviewed in the next section.

4.2 Plasmon-enhanced oxidation reactions
This section outlines the use of metal/semiconductor plasmonic composites in selective oxidation reactions. Specific
attention is paid to the role played by the geometric arrangement of nanostructures in the catalytic mechanism.
Many industrial chemical transformations occur at
the metal/metal oxide interface. Indirect plasmonic photocatalysis involves the use of plasmonic nanostructures
to increase both the yield and selectivity of chemical reactions that are driven at the oxide surface. In order to
engineer efficient metal–semiconductor composites, both
the properties of the plasmonic NPs (e.g., material, shape,
size) and those of the metal oxide support (i.e., electronic
structure) should be considered. Indeed, besides serving
as a plasmonic carrier collector, the semiconductor has
intrinsic physico-chemical surface properties (e.g., acidbase character, hydration extent) that influence both the
selectivity and final reaction yield. In addition, important parameters usually considered in traditional catalysis
such as metal loading and strong metal-support interaction (Figure 5A) can be conveniently exploited to increase
plasmonic field enhancement [103, 104].
Recently, it has been shown that the interaction between Au NPs and TiO2 can affect the mechanism of
plasmon-driven formic acid oxidation. Hot electron transfer occurred preferentially when Au was deposited on stoichiometric TiO2 (Figure 5A). By contrast, Au/TiO2 with
intragap defect states was shown to drive the formic
acid photodegradation via both hot electron transfer and
PIRET [37, 50, 58, 103]. From finite element method simulations, Au NPs coupling was shown to be progressively
more efficient as the distance between plasmonic carriers was reduced. In addition, when Au was embedded
in doped TiO2 , the electric field propagated below the
semiconductor surface ensuring an extended region where
charge carriers could be generated and thus produced a
120% photocatalytic enhancement. Parallel investigations

proved that the generation and injection efficiency of plasmonic carriers could be further enhanced by tailoring specific morphological parameters (e.g., size and shape of
metal nanostructures, distance between the semiconductor and the metal) [43, 103, 105–107]. For instance, Awazu
et al. investigated Ag-SiO2 /TiO2 heterostructures, consisting of Ag NPs covered with a SiO2 shell (acting as electronic insulator) and deposited on the surface of a TiO2
film. They found that the distance between the TiO2 film
and the Ag NPs plays a considerable role in plasmonicdriven catalysis. By reducing the thickness of the silica
layer from 20 to 5 nm, the reaction rate could be largely
enhanced [105].
The effect induced on the photoactivity by different aspect ratio of plasmonic Au nanorods was studied for the
photocatalytic oxidation of isopropanol. The LSPR absorption of Au nanorods features two modes, one corresponding to the oscillation of free electrons along the longitudinal direction and the other along the transversal axis. The
transversal mode exhibited the LSPR peak at λ ∼ 520 nm,
while the resonance of the longitudinal mode was redshifted (λ > 650 nm) and was strongly dependent on the
nanorods aspect ratio (Figure 5B). When the Au/TiO2 systems were irradiated with a broadband light source (400–
650 nm), a two order of magnitude increase in acetone
production was achieved with respect to the same reaction run in the dark. More interestingly, when the irradiation wavelength region was extended to cover not only
the transversal, but also the longitudinal oscillation mode
(i.e., 400 nm < λ < 910 nm), a dramatic increase of the
LSPR-induced photoactivity was observed (ca. 6.6 times
higher photoactivity for the best performing system) [107].
The effect induced by different preparation methods
of Au NPs was tested on the benzyl alcohol oxidation to
benzaldehyde promoted on Au/CeO2 photocatalysts under LED irradiation (λ = 532 nm). Tanaka et al. compared Au single-step photo-deposition to a multi-step procedure. The latter promoted the formation of metal NPs
with larger dimensions that led to a more intense LSPR
absorption band and to a higher photocatalytic efficiency
(Figure 5C) [106, 108]. The most remarkable result of this
work is the high selectivity (close to 100%) of benzyl alcohol conversion to benzaldehyde.
In this regard, the great potential of plasmonpromoted indirect photocatalysis stems from the possibility of increasing the selectivity of organic substrates oxidation. Oxidation performed according to traditional catalysis, as well as oxidation on semiconductor photocatalysts
such as TiO2 , usually occurs under harsh conditions (e.g.,
high temperature and pressure) or delivers strong oxidation power [106, 109]. However, the generation of plas-
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Figure 5: (A) Schematics of plasmonic formic acid photo-oxidation performed on Au/TiO2 catalysts. In particular, (i) electronic structure of
the different investigated semiconductors, (ii) Au NPs inter-distance (dAu−Au ) and (iii) strong metal-support interactions (SMSI). (B) UV/Vis
absorption spectra of Au nanorods/TiO2 photocatalysts exhibiting two distinct absorption features: the oscillation of free electrons along
the transversal axis of the NR, peaking at λ ~ 520 nm, and that along the longitudinal direction at λ > 650 nm and strongly affected by the
NR aspect ratio. (C) Effect of the external surface area of Au NPs on the rate of benzaldehyde formation, under green LED irradiation and in
the presence of O2 . The plot compares single-step photodeposited Au/CeO2 (•) and multi-step photodeposited Au/CeO2 (). Values in the
figure indicate the nominal amount of Au NPs. (D) EPR spectra of Au/TiO2 (mixed anatase and rutile phase) treated with 20 Torr O2 in the
dark (grey lines), under visible-light irradiation at 298 K (black lines) or in the dark at 363 K (green line). After evacuation, all the spectra
were acquired at 77 K. (E) Proposed mechanism for the photocatalytic hydroamination of alkynes on Au NPs supported on N-doped TiO2 .
(F) Schematics of Pt-Aux Ag1−x -CdSe non-centrosymmetric hybrid nanostructures (top left) and the different possible reaction pathways for
photocatalytic oxidation of methylene blue (in the present study, OX = methylene blue; Red = ethanol). Figures (B-F) adapted with permission from references [106, 107, 109, 111], and [113], respectively. (B): Copyright (2013), Wiley. (C,D): Copyright (2012) American Chemical
Society. (E): Copyright (2013) Royal Society of Chemistry. (F) Copyright (2014) Nature Publishing Group.
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monic carriers may influence the oxidation mechanism
by favoring the adsorption of intermediate species and/or
of oxidizing agents, improving the selectivity of the reaction. For instance, Au/TiO2 heterostructures were tested
for the visible light aerobic oxidation of 1-phenylethanol to
give acetophenone. Electron spin resonance spectroscopy
measurements (Figure 5D) proved that plasmon activation was followed by electron transfer to the TiO2 scaffold where O2 could be reduced to O-O− anion. This interacted with residual positive charges accumulated on Au
particles (Au δ+) and produced the peroxo anion (O−•
2 ).
The oxidation reaction further proceeded with the O-O−
species binding the H atom of the alcohol, while the positive charge on Au promoted its adsorption with the formation of Au-alcoholate species. The final removal of the H
atom from the target produced the carbonyl product [109].
The same reaction mechanism was further observed for
Au(core)@CeO2 (shell) tested in the selective oxidation of
benzyl alcohol under visible light irradiation. Here, the efficient coupling between Au core and CeO2 shell provided
a high number of catalytically active sites enhancing the
selectivity to benzaldehyde [110].
The selective oxidation of both aromatic and aliphatic
amines to imines represents a new potential process for the fabrication of pharmaceutically important
molecules [5]. Imines can be produced by direct hydroamination of alkynes with anilines, in a process promoted by
Au NPs supported on nitrogen-doped TiO2 . Under visible
light irradiation, were activated on Au, while the Ti3+ centers of TiO2 , formed through N-doping provided suitable
coordination site for the selective adsorption of alkynes
(Figure 5E). The overall effect was that the plasmonic heterostructure was able to activate simultaneously both reactants and gave high reaction yields [111]. Au/TiO2 was
also investigated for the aerobic oxidation of amines to
the corresponding imines. High selectivity (> 99%) was
achieved at room temperature with Au/TiO2 , with hot
electron injection being the mechanism proposed on account of the experimental results. After LSPR excitation,
electron transfer from Au to TiO2 CB lowers the Fermi level
of Au. This implies a reduction in the oxidation ability
of Au so that amines, strongly bound to the metal surface, experience milder oxidation and are converted to
the corresponding imines (that is, overoxidation is hindered). Simultaneously, electrons injected into TiO2 CB
reduce O2 preventing charge recombination. This highlighted that the synergy of anodic (amines oxidation) and
cathodic (O2 reduction) reactions was essential for the
overall mechanism to proceed [112].
A new frontier of indirect plasmonic photocatalysis
is the engineering of plasmonic hybrid heterostructures.

Non-centrosymmetric hybrid nanostructures have been
proposed as a new class of plasmonic photocatalysts.
These nanoarchitectures are based on the concept that
specific arrangements of functional subunits can express
new topological properties. Each subunit can provide surface functional moieties that couple and synergistically
contribute to the properties of the overall nanostructure.
Typically, non-centrosymmetric nanostructures are limited to two-component heterodimers. The intrinsic chemical and structural incompatibilities of each subunit are often addressed as major obstacles to the synthesis of more
complex structures. Weng et al. reported on a novel synthetic method to enable a facile control of higher-order
non-centrosymmetric nanostructures [113]. Pt-Aux Ag1−x CdSe showed significantly enhanced plasmonic photocatalytic activity in the degradation of methylene blue compared with Pt-CdSe heterodimers. This observation was attributed to the reciprocal spatial arrangement of the plasmonic (Aux Ag1−x ) and the semiconducting (CdSe) subunits with respect to the catalytically active material (Pt)
(Figure 5F). The tailoring of subunits structural arrangement enables the formation of interfacial energy barrier
that guides the charge flow through preferential pathways
and enhance reaction efficiency and selectivity. Therefore,
advanced geometry typically reported for tandem catalysis may be considered for the fabrication of a new generation of plasmonic heterostructures. For example, a layered nanocrystal with two distinct metal–metal oxide interfaces (CeO2 -Pt and Pt-SiO2 ) has been explored for a tandem system for multistep reaction. The integration of two
types of metal–semiconductor interface drove first the decomposition of methanol to CO and H2 (CeO2 /Pt interface)
followed by ethylene hydroformylation (SiO2 /Pt interface).
In this heterostructure, the products of the former reaction
(CO and H2 ) led to the selective formation of propanal in
the second process [114]. This new concept of nanocrystal tandem catalysis represents a powerful approach that
may be exploited for the rational design of nanocrystal bilayers with multiple metal–metal oxide interfaces. If appropriately selected, the metallic and the semiconducting
subunits can create active interfaces suitable for the promotion of plasmon-driven chemical reactions.
This section has reviewed the importance of choosing the proper material properties, dimensions, and
shape of the components in engineering efficient metal–
semiconductor composites for oxidation reactions. It has
been highlighted that the reaction yield and product
selectivity are strictly determined by the morphological as well as electronic peculiarity at the plasmonic
metal/semiconductor interface. A different perspective on
chemical transformations is given in the next section
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where we present an overview of major breakthrough results achieved in plasmonic-driven catalysis at metal surfaces.

5 Direct plasmonic photocatalysis
In the previous section, we explained the significance of
reaction where the catalytic active sites are on the semiconductor surface and localized at the interface with plasmonic metals. Here, we outline the singularity of reactions
occurring at the plasmonic metal surfaces highlighting the
additional value that plasmonic components may potentially bring to thermo-chemical processes.
A large number of heterogeneous reactions (e.g., ammonia synthesis, hydrocarbon reforming, oxidation and
hydrogenation reactions) are thermally activated processes catalyzed by means of metal NPs. Thermal catalysis on metallic surface is a phonon-driven process. Thermal energy activates the metal phonon modes that, in
turn, couple with reaction coordinates (i.e., vibrational
modes) of adsorbed reagents. According to classical transition state theory, activated reagents transform into products evolving on the ground-state Potential Energy Surface
(PES). Since these reactions typically require high temperature (T), different competing chemical pathways may be
simultaneously activated. This yields a large distribution
of products and hence a poor selectivity of the process.
In recent years, visible light driven catalysis on metal
surfaces (i.e., direct plasmonic photocatalysis) has received significant attention for promoting selective chemical reactions and overcoming restrictions of thermal catalysis. After plasmon excitation, the decay process deposits
excess energy into the adsorbate either via elastic radiative re-emission of photons (i.e., scattering), or via nonradiative excitation of energetic charge carriers [31]. The
first pathway allows the adsorbed molecules to gain energy from photons re-irradiated from the plasmonic NPs
and is usually significant only for large NPs (diameter
> 50 nm) [39]. Plasmons decay through non-radiative
mechanism instead consists in the conversion of photon
energy into hot electron/hole pairs. After their thermalization in the picoseconds timescale, cooling of the electrons occurs by energy transfer to the metallic NP phonon
modes. The consequent increase of the phonon temperature (i.e., local heating) is afterwards dissipated to the environment. If the energy of incident light is totally converted into heat, then the chemical reaction dynamics is
identical to the reaction process that characterizes conventional thermal catalysis [31]. However, plasmon-induced

Figure 6: (A) Energy diagram of plasmon-promoted non-radiative
charge transfer through Landau damping (left) and Chemical Interface Damping (right). (B) Schematics of the mechanism called
Desorption Induced by Electronic Transition (DIET) involving the
Transient Negative Ion (TNI) formation. (C) Dependence of Kinetic
Isotope Effect (KIE) on the irradiation source intensity. (D) DFTcalculated PES for O2 and the corresponding TNI O−2 , formed upon
plasmon activation on the surface of Ag nanocrystals (* = equilibrium state and τ = evolution of TNI on the potential energy surface
as a function of time). (E) UV-vis extinction spectra of Cu/SiO2 catalyst under different experimental operating conditions. (F) 3-D FDTD
simulation of the spatial distribution of LSPRenhanced electric field
for Pd-tipped (top) and Pd-covered (bottom) Au NRs (E = electric
field vector and k = wavevector). Figures (A–F) adapted with permission from references [13, 14, 56, 116] and [132], respectively. (A,E)
Copyright (2013–2015) AAAS. (B–D) Copyright (2011–2012) Nature
Publishing Group. (F) Copyright (2015) American Chemical Society.

heating can be neglected under low intensity illumination. Experimental and theoretical analysis have shown
that a 2-fold increment in the reaction rate due to plasmonic heating can be achieved only under 106 mW cm−2
(corresponding to 104 times the intensity of solar irradiation) [39, 58, 115]. On the other hand, the use of hot carriers can activate unconventional reaction pathways. Hot
carriers can be transferred (direct or indirect charge transfer) to adsorbate molecules. The indirect charge transfer
mechanism (see Section 2) implies that the energetic car-
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riers are firstly formed on the plasmonic NPs and then are
transferred to the adsorbate acceptor states (Figure 6A).
On the contrary, in the direct charge transfer (chemical interface damping), energetic electrons are readily injected
into the adsorbate orbitals without first occupying available electronic states in the metal (Figure 6A). In both
cases, the plasmonic material can selectively deposit the
energy of photons into specific adsorbate electronic states
thus activating the desired chemical bonds [116, 117]. The
mechanism is also known as desorption induced by electronic transition and consists of three fundamental steps:
(i) charge carriers injection into the targeted molecular orbitals; (ii) coupling between the excited electronic state of
the metallic NP and the excited vibrational state of the adsorbate; (iii) formation of the transient negative ion and
promotion to a more energetic potential energy surface
(Figure 6B) [118–123]. By forcing the adsorbate-metal system to move to a different PES, the energy of hot carriers is
converted into kinetic energy of the complex and specific
chemical bonds can be activated. Thus, unlike phonondriven reaction where all the accessible vibrational modes
are activated, the hot carrier-driven reaction allows one to
pump energy into a specific vibrational mode of the adsorbate. This opens the possibility to manipulate and control
the reaction selectivity.
Electron-driven reactions can be distinguished from
phonon-driven processes due to (a) transition from linear to superlinear dependence of the reaction rate on the
incident photon flux [13, 31, 124], and (b) higher kinetic
isotope effect [31, 125]. In metals, the rate of charge carrier formation is linearly dependent on the photon flux.
In the linear reaction rate-energy regime, a single chargecarrier scattering event is followed by a reaction event.
Nevertheless, if the supplied energy is insufficient to overcome the activation barrier, the adsorbate returns to the
ground PES, though in a vibrationally excited state. Under normal circumstances, the excess energy is afterwards
dissipated and the initial thermal equilibrium distribution of the system is re-established. Transition to the superlinear regime occurs when the timescale between consecutive electronic excitations of the adsorbate becomes
shorter than the time required for the adsorbate molecule
to dissipate the excess energy gained. The average lifetime
of the vibrationally excited states of adsorbates on metals corresponds to ~10−12 –10−11 s. Linear-to-superlinear
regime transition takes place for electron scattering events
occurring at rates of 1011 –1012 s−1 or higher [13, 31]. For
instance, the rate of plasmonic ethylene epoxidation on
Ag nanocubes exhibits linear dependence on intensity up
to 300 mW cm−2 and a superlinear dependence above
300 mW cm−2 (Figure 6C) [124]. The kinetic isotope effect,

the second experimental signature of electron-driven reactions, is defined as the ratio between the rates of a reaction involving a light isotope with respect to the same reaction with a heavier one. The difference between the two
rates originates from the different masses of the two isotopes. According to classical dynamic, a lighter isotope experiences a larger acceleration having identical energy on
the PES of transient state. Hence, it acquires more vibrational energy and the reaction probability increases. This
was experimentally confirmed by performing isotope studies on the reaction rates of O2 dissociation on Ag NPs [13].
Initiation event is the injection of hot electrons formed on
Ag into the 2π * antibonding O-O orbital, yielding the formation of the O−2 species. Acceleration of transient negative ions along an elevated PES driven by a repulsive force
promotes the elongation of the O-O bond [124, 126]. Owing to the difference in the mass between 16 O2 and 18 O2 ,
16 16
O- O bond is more largely stretched than 18 O-18 O bond
(Figure 6D). Therefore, when the electron decays into the
silver NP, and O2 returns to the PES ground state, the vibrational energy associated with the 16 O isotope is still larger,
so that it is easier to activate 16 O2 than 18 O2 [13].
The first comprehensive study on a photocatalytic reaction promoted by visible light excitation of plasmonic
nanostructures (Au) deposited on non-photoactive supports (ZrO2 and SiO2 ) appeared in 2008. Chen et al.
showed that Au NPs are active for HCHO oxidation to
CO2 under 600–700 nm red light irradiation [13, 33, 127,
128]. Hot electrons can drive also H2 dissociation on plasmonic Au NPs at room temperature and laser intensity
of ~2 W cm−2 [129, 130]. Plasmonic nanostructures have
also been reported to drive the selective oxidation of secphenethyl alcohol to acetophenone under LSPR excitation of aqueous colloidal Au NPs with visible light [131].
Similar experimental conditions were adopted for the catalytic oxidation of 9-anthraldehyde in acetonitrile, yielding exclusively acetophenone (~80% yield) [132]. Coupling
of an aldehyde (isovaler-aldehyde), an amine (piperidine) and an alkyne (phenylacetylene) to produce proparglyamine, molecules of pharmaceutical relevance, has
been achieved under 530 nm irradiation of Au NPs supported on ZnO [133]. Enhanced selectivity compared with
the pure thermal counterpart reaction has also been reported for the reduction of nitrobenzene to azobenzene on
Au/ZrO2 .
The intrinsic mechanisms activated by LSPR (hot electron transfer and PIRET) were also exploited in the selective oxidation of propylene to propylene oxide (PO) performed on Cu NPs supported on inert SiO2 substrate [14].
The selectivity to PO and the rate of propylene consumption were measured as a function of the incident light in-
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tensity. Selectivity rapidly increased as the light intensity
surpassed the threshold value of ~550 mW/cm2 and afterwards decreased. Correspondingly, the rate of propylene
consumption was observed to increase up to 550 mW/cm2 ,
followed by a decrease for higher light intensities. These
results well correlated with in situ UV-vis extinction spectroscopy. In oxygen atmosphere and prior to light exposure, the formation of a Cu2 O shell was promoted on the
surface of Cu NPs and this led to the broadening and to the
red-shift of the Cu LSPR peak. However, subsequent illumination under operating conditions (i.e., O2 atmosphere
and UV-vis light) lead to Cu2 O reduction to Cu(0). This
process was driven by Cu LSPR through either (a) PIRET
from the plasmonic Cu states to the oxide shell or (b) hot
electron injection to the antibonding orbital of Cu-O. Both
pathways similarly favored the bond weakening and the
reduction to Cu metallic form. These results highlighted
the critical role of Cu LSPR in leading to the observed 20%
increase in PO selectivity. In addition, the new concept of
photo-switchable oxidation states of plasmonic metal with
a core-shell structure was introduced. The LSPR of a plasmonic core can control the oxidation state of the shell surface atoms leading to a higher control in reactant conversion rate and selectivity to the desired product [14].
Plasmonic-metal/catalytic-metal hybrid nanostructures are potential means for the direct utilization of sunlight for a variety of industrially important catalytic reactions. Recent investigations report on the use of bimetallic
NPs containing a plasmonic unit combined to another
more reactive metallic center. Au NPs alloyed with Pd
and supported on ZrO2 [134] or with Cu on TiO2 [135]
have been reported to enhance benzyl alcohols oxidation under visible light. For the Au-Pd/ZrO2 system, the
amount and distribution of Pd NPs on Au NPs played a
key role in enhancing the reaction yield. On the other
hand, the Cu oxidation followed by the restoration of
Cu by Au LSPR prompted the overall oxidation process
on Au-Cu/TiO2 heterostructures [134]. Unsupported Au
nanorods decorated with multiple Pd NPs were found
to harvest vis-to-NIR light for Suzuki coupling (i.e., C-C
formation for poly-olefins synthesis) under 809-nm laser
irradiation [136]. Au acted as the plasmonic component for
visible light absorption, while Pd was the effective catalyst
for Suzuki coupling. The light energy absorbed by Au were
directly transferred to Pd and both plasmonic photocatalysis and local heating contributed to the overall catalytic
process [137, 138]. Other important Pd-catalyzed cross coupling reactions for the formation of C-C bonds (e.g., Sonogashira, Stille, Hiyama, Ullmann, and Buchwald-Hartwig
reactions) have been performed by using Pd–Au alloys
under visible light illumination at lower temperature

than that required by pure thermal-driven processes [139].
Au nanorods decorated with Pt or Pd nanocrystals have
been tested as bimetallic catalysts for H2 plasmon-driven
production and for formic acid dehydrogenation reaction [140, 141]. In both studies, Au nanorods have been
either fully covered or only tip-coated with the coupling
metal. 3-D FDTD simulations showed that electric field
amplification was localized at the tips of the Au nanorods
in both the fully and tip-covered samples (Figure 6F) [141].
The plasmonic photoactivity showed no substantial increment for the Pt or Pd fully covered Au nanorods. These
results can be used to further optimize the architecture of
plasmonic-metal/catalytic-metal hybrid nanostructures
with a 2-fold approach. The absorption wavelength of the
plasmonic component can be tuned by adjusting simple parameters such as the kind of plasmonic metal, its
shape, and size [32, 137]. Simultaneously, the selective deposition of metallic catalytic active species at the LSPR
field-enhanced sites can drastically reduce the amount of
needed catalyst [141].

6 Outlook and future trends
Plasmon-assisted solar energy conversion has been
demonstrated in a wide range of chemical reactions, from
water splitting to selective oxidations and C-C bond formation. Though in solar water splitting the role of the
plasmonic nanostructure is confined to that of increasing
the system light harvesting capability, in plasmonic-driven
catalysis (direct and indirect) coinage metals such as Ag,
Au, and Cu have been shown to enhance the rate-limiting
elementary steps. In a few cases, it also emerged that LSPR
excitation can manipulate the reaction selectivity.
The efficiency of plasmon-driven photocatalysis
strongly depends on the adopted materials and on their
microscopic properties such as physical size and shape,
hot carrier lifetime, and energy distribution. Despite the
few theoretical models and experimental observations
that have recently appeared, a systematic study of the fundamental physics of LSPR and of the interaction between
LSPR and a nearby semiconductor or molecule has yet
to be provided. In this scenario, we are convinced that
time-resolved x-ray spectroscopies, both with synchrotron
and free-electron laser source as well as on table top stations, will play a fundamental role in the advancement of
the knowledge on energetic carrier distribution and lifetime, and on their interaction with the electronic levels of
molecules and semiconductors [58, 82, 142, 143]. Indeed,
through this basic information, it will be possible to op-
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Figure 7: (A) Distribution of alternative materials over the electromagnetic spectrum where metals cover UV-visible range, plasmonic
metal nitrides cover visible-near infrared and semiconductors cover
longer wavelengths in the near infrared. (B) Transmittance data
obtained from titanium nitride (TiN) nanodisks with varying diameter where extinction dip due to plasmonic resonance covers the
biological transmittance window. (C) Transmittance data from gallium doped zinc oxide (GZO) nanodisks with resonance around
the telecommunication wavelengths. Figures (A,B,C) adapted with
permission from references [139-141], respectively. (A): Copyright
(2011) AAAS. (B) Copyright (2013) American Chemical Society. (C):
Copyright (2013) IEEE.

timize the efficiency and selectivity of plasmon-assisted
chemical transformations.
Further, material properties have been shown to
strongly affect the plasmonic resonances and to provide
a degree of freedom for spectral design. Over the last
decade, the search for alternative plasmonic materials has
gained momentum due to needs emerging with the technology transfer efforts [101, 144, 145]. Process compatibility, spectral match, chemical stability, cost reduction, and
several other needs for specific applications forced the research direction into the investigation and optimization
of a variety of material systems for plasmonic applications [102, 146–148]. Plasmonic photocatalysis can utilize
alternative materials for efficient collection of broad solar
spectrum. Figure 7A shows the distribution of alternative
materials over the electromagnetic spectrum where metals cover UV-visible range, plasmonic metal nitrides cover
visible-near infrared, and semiconductors cover longer
wavelengths in the NIR [140]. Due to optical properties

similar to that of gold, metal nitrides such as ZrN and TiN
(Figure 7B) could be used to replace Au NPs in the vis-NIR
region and to provide enhanced light harvesting and field
concentration [101, 102, 144–147]. Together with galliumdoped zinc oxide (GZO), showing plasmonic resonance in
the 1400–2200 nm range [141], these alternative materials
offer the possibility of covering a broadband spectrum to
selectively activate chemical bonds.
The advances in thin film technology for solar energy
conversion is also envisaged as an important field of investigation to pave the way ahead for the production of
portable or wearable microreactors that could be used for
decentralized generation of small amounts of chemicals
on demand. In this field, it is becoming evident that nanolithography is a powerful tool to explore new light–matter
interactions that may be useful to drive chemical reactions
with nanostructures. In this regard, the study of the collective behavior of ordered plasmonic nanostructures, that
is, the use of metasurfaces to drive specific chemical reactions, holds promises as a potentially new research area in
plasmonic photocatalysis.
To summarize, solar energy conversion and utilization
in chemical reactions with plasmonics undoubtedly represent the future for the development of new sustainable
technologies and addressing societal needs. It is an interdisciplinary science in its developing stage that certainly
represents a feasible area of fundamental and applied research.
Acknowledgement: We acknowledge financial support
from the Italian Ministry of Education, University and Research (MIUR) through the FIR project RBFR13XLJ9; the
U.S. National Science Foundation (MRSEC program), grant
number DMR-1120923; the U.S. Office of Naval Research
Multidisciplinary University Research Initiatives (MURI)
program, grant number ONR-N00014-10-1-0942.

References
[1] Walter MG, Warren EL, McKone JR et al. Solar water splitting cells.
Chem Rev 2010, 110, 6446–73.
[2] Ciamician, G. The photochemistry of the future. Science 1912, 36,
385–96.
[3] Balzani V, Moggi L, Manfrin MF, Bolletta F, Gleria M. Solar energy
conversion by water photodissociation. Science 1975, 189, 852–
6.
[4] Hertl G, Knözinger H, Weitkamp J. Handbook of heterogeneous
catalysis. Wiley-VCH Verlag, Weinheim, Germany, 2008.
[5] Lang X, Chen X, Zhao J. Heterogeneous visible light photocatalysis for selective organic transformations. Chem Soc Rev 2014,
43, 473–86.

130 | A. Naldoni et al.
[6] Hoffmann MR, Hoffmann MR, Martin ST et al. Environmental applications of semiconductor photocatalysis. Chem Rev 1995, 95,
69–96.
[7] Linsebigler AL, Linsebigler AL, Yates Jr JT, Lu G, Lu G, Yates JT. Photocatalysis on TiO2 surfaces: principles, mechanisms, and selected results. Chem Rev 1995, 95, 735–58.
[8] Chen X, Shen S, Guo L, Mao SS. Semiconductor-based photocatalytic hydrogen generation. Chem Rev 2010, 110, 6503–70.
[9] Cappelletti G, Ardizzone S, Bianchi CL et al. Photodegradation of
pollutants in air: Enhanced properties of nano-TiO2 prepared by
ultrasound. Nanoscale Res Lett 2009, 4, 97–105.
[10] Naldoni A, Bianchi CL, Pirola C, Suslick KS. Porous TiO2 microspheres with tunable properties for photocatalytic air purification. Ultrason Sonochem 2013, 20, 445–51.
[11] Ardizzone S, Bianchi CL, Cappelletti G, Naldoni A, Pirola C. Photocatalytic degradation of toluene in the gas phase: Relationship
between surface species and catalyst features. Environ Sci Technol 2008, 42, 6671–6.
[12] Bianchi CL, Cappelletti G, Ardizzone S et al. N-doped TiO2 from
TiCl3 for photodegradation of air pollutants. Catal Today 2009,
144, 31–6.
[13] Christopher P, Xin H, Linic S. Visible-light-enhanced catalytic oxidation reactions on plasmonic silver nanostructures. Nat Chem
2011, 3, 467–72.
[14] Marimuthu A, Zhang J, Linic S. Tuning selectivity in propylene
epoxidation by plasmon mediated photo-switching of Cu oxidation state. Science 2013, 339, 1590–3.
[15] Gaponenko SV. Introduction to nanophotinics. Cambridge University Press, Cambridge, UK, 2010.
[16] Maier SA. Plasmonics: Fundamentals and applications. Springer
Science-Business Media LLC, New York, NY, USA, 2007.
[17] Kildishev AV, Boltasseva A, Shalaev VM. Planar photonics with
metasurfaces. Science 2013, 339, 1232009.
[18] Dal Santo V, Gallo A, Naldoni A, Guidotti M, Psaro R. Bimetallic heterogeneous catalysts for hydrogen production. Catal Today
2012, 197, 190–205.
[19] Blankenship RE, Tiede DM, Barber J et al. Comparing photosynthetic and photovoltaic eflciencies and recognizing the potential
for improvement. Science 2011, 332, 805–9.
[20] Yacoby I, Pochekailov S, Toporik H, Ghirardi ML, King PW, Zhang
S. Photosynthetic electron partitioning between [FeFe] - hydrogenase and ferredoxin: NADP þ-oxidoreductase (FNR) enzymes in
vitro. Proc Natl Acad Sci USA 2011, 108, 9396–401.
[21] Lichty P, Perkins C, Woodruff B, Bingham C, Weimer A. Rapid
high temperature solar thermal biomass gasification in a prototype cavity reactor. J Sol Energy Eng 2010, 132, 011012.
[22] Steinfeld A. Solar thermochemical production of hydrogen—-a
review. Sol Energy 2005, 78, 603–15.
[23] Chen Z, Dinh HN, Miller E. Photoelectrochemical water splitting standards, experimental methods, and protocols. 2013.
Springer, New York, USA, 2013.
[24] Fujishima A, Honda K. Electrochemical photolysis of water at a
semiconductor electrode. Nature 1972, 238, 37–8.
[25] Khaselev O, Turner JA. A monolithic photovoltaicphotoelectrochemical device for hydrogen production via
water splitting. Science 1998, 280, 425–7.
[26] Pilli SK, Furtak TE, Brown LD, Deutsch TG, Turner JA, Herring
AM. Cobalt-phosphate (Co-Pi) catalyst modified Mo-doped BiVO4
photoelectrodes for solar water oxidation. Energy Environ Sci
2011, 4, 5028–34.

[27] Oh J, Deutsch TG, Yuan H-C, Branz HM. Nanoporous black silicon
photocathode for H2 production by photoelectrochemical water
splitting. Energy Environ Sci 2011, 4, 1690–4.
[28] Zhai P, Haussener S, Ager J et al. Net primary energy balance of a
solar-driven photoelectrochemical water-splitting device. Energy
Environ Sci 2013, 6, 2380–4.
[29] Brongersma ML, Halas NJ, Nordlander P. Plasmon-induced hot
carrier science and technology. Nat Photonics 2015, 10, 25–34.
[30] Clavero C. Plasmon-induced hot-electron generation at
nanoparticle/metal-oxide interfaces for photovoltaic and
photocatalytic devices. Nat Photonics 2014, 8, 95–103.
[31] Linic S, Aslam U, Boerigter C, Morabito M. Photochemical transformations on plasmonic metal nanoparticles. Nat Mater 2015,
14, 567–76.
[32] Linic S, Christopher P, Ingram DB. Plasmonic-metal nanostructures for eflcient conversion of solar to chemical energy. Nat
Mater 2011, 10, 911–21.
[33] Gomez L, Sebastian V, Arruebo M, Santamaria J, Cronin SB.
Plasmon-enhanced photocatalytic water purification. Phys Chem
Chem Phys 2014, 16, 15111–6.
[34] Zhang P, Wang T, Gong J. Mechanistic Understanding of the Plasmonic Enhancement for Solar Water Splitting. Adv Mater 2015, 27,
5328–42
[35] Warren SC, Thimsen E. Plasmonic solar water splitting. Energy
Environ Sci 2012, 5, 5133–46.
[36] Schleife A, Varley JB, Janotti A, Van de Walle CG. Conductivity
and transparency of TiO2 from first principles. SPIE Sol Energy &
Technol 2013, 8822, 882205.
[37] Naldoni A, Allieta M, Santangelo S et al. Effect of nature and location of defects on bandgap narrowing in black TiO2 nanoparticles. J Am Chem Soc 2012, 134, 7600–3.
[38] Naldoni A, D’Arienzo M, Altomare M et al. Pt and Au/TiO2 photocatalysts for methanol reforming: Role of metal nanoparticles
in tuning charge trapping properties and photoeflciency. Appl
Catal B Environ 2013, 130-131, 239–48.
[39] Kale MJ, Avanesian T, Christopher P. Direct photocatalysis by
plasmonic nanostructures. ACS Catal 2014, 4, 116–28.
[40] Bohren CF. How can a particle absorb more than the light incident on it?. Am J Phys 1983, 51, 323–7.
[41] Li X, Xiao D, Zhang Z. Landau damping of quantum plasmons in
metal nanostructures. New J Phys 2013, 15, 023011.
[42] Govorov AO, Zhang H, Gun’Ko YK. Theory of photoinjection of
hot plasmonic carriers from metal nanostructures into semiconductors and surface molecules. J Phys Chem C 2013, 117, 16616–
31.
[43] Govorov AO, Zhang H, Demir HV, Gun’ko YK. Photogeneration of
hot plasmonic electrons with metal nanocrystals: Quantum description and potential applications. Nano Today 2014, 9, 85–
101.
[44] Manjavacas A, Liu JG, Kulkarni V, Nordlander P. Plasmoninduced hot carriers in metallic nanoparticles. ACS Nano 2014,
7630–8.
[45] Ingram DB, Christopher P, Bauer JL, Linic S. Predictive model for
the design of plasmonic metal/semiconductor composite photocatalysts. ACS Catal 2011, 1, 1441–7.
[46] Ingram DB, Linic S. Water splitting on composite plasmonicmetal/semiconductor photoelectrodes: Evidence for selective
plasmon-induced formation of charge carriers near the semiconductor surface. J Am Chem Soc 2011, 133, 5202–5.

Solar-Powered Plasmon-Enhanced Heterogeneous Catalysis | 131

[47] Liu Z, Hou W, Pavaskar P, Aykol M, Cronin SB. Plasmon resonant
enhancement of photocatalytic water splitting under visible illumination. Nano Lett 2011, 11, 1111–6.
[48] Li J, Cushing SK, Meng F, Senty TR, Bristow AD, Wu N. Plasmoninduced resonance energy transfer for solar energy conversion.
Nat Photonics 2015, 9, 601–607.
[49] Cushing SK, Li J, Meng F et al. Photocatalytic activity enhanced
by plasmonic resonant energy transfer from metal to semiconductor. J Am Chem Soc 2012, 134, 15033–41.
[50] Naldoni A, Fabbri F, Altomare M et al. The critical role of intragap states in the energy transfer from gold nanoparticles to TiO2 .
Phys Chem Chem Phys 2015, 17, 4864–9.
[51] Ingram DB, Christopher P, Bauer JL, Linic S. Predictive Model for
the Design of Plasmonic Metal/Semiconductor Composite Photocatalysts. ACS Catal 2011, 1441–7.
[52] Shi X, Ueno K, Takabayashi N, Misawa H. Plasmon-enhanced
photocurrent generation and water oxidation with a gold
nanoisland-loaded titanium dioxide photoelectrode. J Phys Chem
C 2013, 117, 2494–9.
[53] Furube A, Du L, Hara K, Katoh R, Tachiya M. Ultrafast plasmoninduced electron transfer from gold nanodots into TiO2 nanoparticles. J Am Chem Soc 2007, 129, 14852–3.
[54] Duchene JS, Sweeny BC, Johnston-Peck AC, Su D, Stach
EA, Wei WD. Prolonged hot electron dynamics in plasmonicmetal/semiconductor heterostructures with implications for solar photocatalysis. Angew Chemie Int Ed 2014, 53, 7887–91.
[55] Long R, Prezhdo OV. Instantaneous generation of chargeseparated state on TiO2 surface sensitized with plasmonic
nanoparticles. J Am Chem Soc 2014, 136, 4343–54.
[56] Kale MJ, Christopher P. Plasmons at the interface. Science 2015,
349, 587–8.
[57] Cargnello M, Doan-Nguyen VVT, Gordon TR et al. Control of metal
nanocrystal size reveals metal-support interface role for ceria
catalysts. Science 2013, 341, 771–3.
[58] Amidani L, Naldoni A, Malvestuto M et al. Probing long-lived
Plasmonic-generated charges in TiO2 /Au by high-resolution xray absorption spectroscopy. Angew Chemie Int Ed 2015, 54,
5413–6.
[59] Knight MW, Sobhani H, Nordlander P, Halas NJ. Photodetection
with active optical antennas. Science 2011, 332, 702–4.
[60] Zhang H, Govorov AO. Optical generation of hot plasmonic carriers in metal nanocrystals: The effects of shape and field enhancement. J Phys Chem C 2014, 118, 7606–14.
[61] Sundararaman R, Narang P, Jermyn AS, Goddard III WA, Atwater
HA. Theoretical predictions for hot-carrier generation from surface plasmon decay. Nat Commun 2014, 5, 5788.
[62] Kim D, Sakimoto KK, Hong D, Yang P. Artificial photosynthesis
for sustainable fuel and chemical production. Angew Chemie Int
Ed 2015, 3259–66.
[63] Devices WSW, Mckone JR, Lewis NS, Gray HB. Will solar-driven
water-splitting devices see the light of day? Chem Mater 2014,
26, 407–14.
[64] Prévot MS, Sivula K. Photoelectrochemical tandem cells for solar water splitting. J Phys Chem C 2013, 117, 17879–93.
[65] Tachibana Y, Vayssieres L, Durrant JR. Artificial photosynthesis
for solar water-splitting. Nat Photonics 2012, 6, 511–8.
[66] Grätzel M. Photoelectrochemical cells. Nature 2001, 414, 338–
44.
[67] Luo J, Im J, Mayer MT et al. Water photolysis at 12.3% eflciency
via perovskite photovoltaics and earth-abundant catalysts. Sci-

ence 2014, 345, 1593–6.
[68] Maeda K, Teramura K, Lu D et al. Photocatalyst releasing hydrogen from water. Nature 2006, 440, 295.
[69] Chen S, Qi Y, Hisatomi T et al. Eflcient visible-light-driven zscheme overall water splitting using a MgTa2 O6−x Ny /TaON heterostructure photocatalyst for H2 evolution. Angew Chemie Int Ed
2015, 54, 8498–8501.
[70] Coridan 5 RH, Nielander AC, Francis SA et al. Methods for comparing the performance of energy-conversion systems for use in
solar fuels and solar electricity generation. Energy Environ Sci
2015, 8, 2886-901.
[71] Jacobsson TJ, Fjällström V, Edoff M, Edvinsson T. Sustainable solar hydrogen production: From photoelectrochemical cells to PVelectrolyzers and back again. Energy Environ Sci 2014, 7, 2056–
70
[72] Miller EL, Peterson D, Randolph K, Ainscough C. Critical metrics
and fundamental materials challenges for renewable hydrogen
production technologies. Mater Res Soc Symp Proc 2014, DOI:
10.1557/opl.2014.912.
[73] Jang JW, Du C, Ye Y et al. Enabling unassisted solar water splitting by iron oxide and silicon. Nat Commun 2015, 6, 7447.
[74] Lee MH, Takei K, Zhang J et al. P-Type InP nanopillar photocathodes for eflcient solar-driven hydrogen production. Angew
Chemie Int Ed 2012, 51, 10760–4.
[75] Hu S, Shaner MR, Beardslee J, Lichterman M, Brunschwig BS,
Lewis NS. Amorphous TiO2 coatings stabilize Si, GaAs, and GaP
photoanodes for eflcient water oxidation. Science 2014, 344,
1005–9.
[76] Kim TW, Choi K-S. Nanoporous BiVO4 photoanodes with duallayer oxygen evolution catalysts for solar water splitting. Science
2014, 343, 990–4.
[77] Sivula K, Le Formal F, Grätzel M. Solar water splitting: Progress
using hematite (α-Fe2 O3 ) photoelectrodes. ChemSusChem 2011,
4, 432–49.
[78] Li Z, Luo W, Zhang M, Feng J, Zou Z. Photoelectrochemical cells
for solar hydrogen production: current state of promising photoelectrodes, methods to improve their properties, and outlook.
Energy Environ Sci 2013, 6, 347–70.
[79] Marelli M, Naldoni A, Minguzzi A et al. Hierarchical hematite
nanoplatelets for photoelectrochemical water splitting. ACS Appl
Mater Interfaces 2014, 6, 11997–2004.
[80] Dotan H, Kfir O, Sharlin E et al. Resonant light trapping in ultrathin films for water splitting. Nat Mater 2013, 12, 158–64.
[81] Pu YC, Wang G, Chang Kao-Der et al. Au nanostructuredecorated TiO2 nanowires exhibiting photoactivity across entire
UV-visible region for photoelectrochemical water splitting. Nano
Lett 2013, 13, 3817–23.
[82] Chen HM, Chen CK, Chen C-J et al. Plasmon inducing effects
for enhanced photoelectrochemical water splitting: X-ray absorption approach to electronic structures. ACS Nano 2012, 6, 7362–
72.
[83] Nanodot SG, Kim HJ, Lee SH, Upadhye AA, Ro I, Tejedor-tejedor
MI, Anderson MA, Kim WB, Huber GW. Plasmon-enhanced photoelectrochemical water splitting with size-controllable gold nanodot arrays. ACS Nano 2014, 8, 10756–65.
[84] Thimsen E, Le Formal F, Grätzel M, Warren SC. Influence of plasmonic Au nanoparticles on the photoactivity of Fe2 O3 electrodes
for water splitting. Nano Lett 2011, 11, 35–43.
[85] Gao H, Liu C, Jeong HE, Yang P. Plasmon-enhanced photocatalytic activity of iron oxide on gold nanopillars. ACS Nano 2012,

132 | A. Naldoni et al.
6, 234–40.
[86] Thomann I, Pinaud BA, Chen Z, Jaramillo TF, Clemens BM, Mark
L. Plasmon enhanced solar-to-fuel energy conversion. Nano Lett
2011, 11, 3440–6.
[87] Tsui K, Zhang Y, Yang S, Fan Z. Eflcient photoelectrochemical water splitting with ultrathin films of hematite on threedimensional nanophotonic structures. Nano Lett 2014, 14, 2123–
9.
[88] Ebbesen TW, Lezec HJ, Ghaemi HF, Wolff PA. Extraordinary optical transmission through sub-wavelength hole arrays. Nature
1998, 391, 667–9.
[89] Li J, Cushing SK, Zheng P, Meng F, Chu D, Wu N. Plasmoninduced photonic and energy-transfer enhancement of solar water splitting by a hematite nanorod array. Nat Commun 2013, 4,
2651.
[90] Atwater HA, Polman A. Plasmonics for improved photovoltaic
devices. Nat Mater 2010, 9, 205–13.
[91] Brongersma ML, Cui Y, Fan S. Light management for photovoltaics using high-index nanostructures. Nat Mater 2014, 13,
451–60.
[92] Schuller JA, Barnard ES, Cai W, Jun YC, White JS, Brongersma
ML. Plasmonics for extreme light concentration and manipulation. Nat Mater 2010, 9, 193–204.
[93] Ferry VE, Munday JN, Atwater HA. Design considerations for
plasmonic photovoltaics. Adv Mater 2010, 22, 4794–808.
[94] Fang Y, Jiao Y, Xiong K et al. Plasmon enhanced internal photoemission in antenna-spacer-mirror based Au/TiO2 nanostructures. Nano Lett 2015, 5, 4059–65.
[95] Sigle DO, Zhang L, Ithurria S, Dubertret B, Baumberg JJ. Ultrathin
CdSe in plasmonic nanogaps for enhanced photocatalytic water
splitting. J Phys Chem Lett 2015, 1099–103.
[96] Kim SJ, Thomann I, Park J, Kang JH, Vasudev AP, Brongersma
ML. Light trapping for solar fuel generation with Mie resonances.
Nano Lett 2014, 14, 1446–52.
[97] Lee J, Mubeen S, Ji X, Stucky GD, Moskovits M. Plasmonic photoanodes for solar water splitting with visible light. Nano Lett
2012, 12, 5014–9.
[98] Mubeen S, Lee J, Singh N, Krämer S, Stucky GD, Moskovits M. An
autonomous photosynthetic device in which all charge carriers
derive from surface plasmons. Nat Nanotechnol 2013, 8, 247–51.
[99] Mubeen S, Lee J, Liu D, Stucky GD, Moskovits M. Panchromatic
photoproduction of H2 with surface plasmons. Nano Lett 2015,
15, 2132–6.
[100] Zheng BY, Zhao H, Manjavacas A, McClain M, Nordlander P, Halas NJ. Distinguishing between plasmon-induced and photoexcited carriers in a device geometry. Nat Commun 2015, 6, 7797.
[101] Naik GV., Shalaev VM, Boltasseva A. Alternative plasmonic materials: Beyond gold and silver. Adv Mater 2013, 25, 3264–94.
[102] Guler U, Kildishev AV, Suslov S, Boltasseva A, Shalaev VM. Colloidal plasmonic titanium nitride nanoparticles: properties and
applications. Nanophotonics 2015, 4, 269-76.
[103] Naldoni A, Riboni F, Marelli M et al. Influence of the TiO2
electronic structure and of strong metal-support interaction
on plasmonic Au photocatalysis. Catal Sci Technol 2016, DOI
10.1039/C5CY01736J.
[104] Ding D, Liu K, He S, Gao C, Yin Y. Ligand-exchange assisted formation of Au/TiO2 schottky contact for visible-light photocatalysis. Nano Lett 2014, 14, 6731–6.
[105] Awazu K, Fujimaki M, Rockstuhl C et al. A plasmonic photocatalyst consisting of sliver nanoparticles embedded in titanium

dioxide. J Am Chem Soc 2008, 130, 1676–80.
[106] Tanaka A, Hashimoto K, Kominami H. Preparation of Au/CeO2
exhibiting strong surface plasmon resonance effective for selective or chemoselective oxidation of alcohols to aldehydes or ketones in aqueous suspensions under irradiation by green light. J
Am Chem Soc 2012, 134, 14526–33.
[107] Liu L, Ouyang S, Ye J. Gold-nanorod-photosensitized titanium
dioxide with wide-range visible-light harvesting based on localized surface plasmon resonance. Angew Chemie Int Ed 2013, 52,
6689–93.
[108] Tanaka A, Sakaguchi S, Hashimoto K, Kominami H. Preparation of Au/TiO2 with metal cocatalysts exhibiting strong surface
plasmon resonance effective for photoinduced hydrogen formation under irradiation of visible light. Catal Sci Technol 2012, 2,
907–9.
[109] Tsukamoto D, Shiraishi Y, Sugano Y, Ichikawa S, Tanaka S, Hirai T. Gold nanoparticles located at the interface of anatase/rutile
TiO2 particles as active plasmonic photocatalysts for aerobic oxidation. J Am Chem Soc 2012, 134, 6309–15
[110] Li B, Gu T, Ming T, Wang J, Wang P, Yu J. (Gold core)@(Ceria shell)
nanostructures for plasmon-enhanced catalytic reactions under
visible light. ACS Nano 2014, 8, 8152–62.
[111] Zhao J, Zheng Z, Bottle S, Chou A, Sarina S, Zhu H. Highly eflcient and selective photocatalytic hydroamination of alkynes by
supported gold nanoparticles using visible light at ambient temperature. Chem Comm 2013, 49, 2676–8.
[112] Naya SI, Kimura K, Tada H. One-step selective aerobic oxidation of amines to imines by gold nanoparticle-loaded rutile titanium(IV) oxide plasmon photocatalyst. ACS Catal 2013, 3, 10–3.
[113] Weng L, Zhang H, Govorov AO, Ouyang M. Hierarchical synthesis of non-centrosymmetric hybrid nanostructures and enabled
plasmon-driven photocatalysis. Nat Commun 2014, 5, 1–10.
[114] Yamada Y, Tsung C-K, Huang W et al. Nanocrystal bilayer for tandem catalysis. Nat Chem 2011, 3, 372–6.
[115] Govorov AO, Richardson HH. Generating heat with metal
nanoparticles. Nano Today 2007, 2, 30–8.
[116] Ke X, Sarina S, Zhao J, Zhang X, Chang J, Zhu H. Tuning the reduction power of supported gold nanoparticle photocatalysts for
selective reductions by manipulating the wavelength of visible
light irradiation. Chem Comm 2012, 48, 3509–11.
[117] Kale MJ, Avanesian T, Xin H, Yan J, Christopher P. Controlling
catalytic selectivity on metal nanoparticles by direct photoexcitation of adsorbate - metal bonds. Nano Lett 2014, 14, 5405–12.
[118] Funk S, Bonn M, Denzler DN, Hess C, Wolf M, Ertl G. Desorption
of CO from Ru (001) induced by near-infrared femtosecond laser
pulses. J Chem Phys 2000, 112, 9888–97.
[119] Denzler D, Frischkorn C, Hess C, Wolf M, Ertl G. Electronic excitation and dynamic promotion of a surface reaction. Phys Rev
Lett 2003, 91, 226102.
[120] Gadzuk J. Vibrational excitation in molecule – surface collisions due to temporary negative molecular ion formation. J Chem
Phys 1983, 79, 6341–8.
[121] Busch D, Ho W. Direct Observation of the crossover from single
to multiple excitations in femtosecond surface photochemistry.
Phys Rev Lett 1996, 77, 1338–41.
[122] Ho W. Reactions at metal surfaces induced by femtosecond
lasers, tunneling electrons, and heating. J Phys Chem 1996, 100,
13050–60.
[123] Madey TE, Yates JT, King DA, Uhlaner CJ. Isotope effect in electron stimulated desorption: oxygen chemisorbed on tungsten. J

Solar-Powered Plasmon-Enhanced Heterogeneous Catalysis | 133

Chem Phys 1970, 52, 5215–20.
[124] Christopher P, Xin H, Marimuthu A, Linic S. Singular characteristics and unique chemical bond activation mechanisms of
photocatalytic reactions on plasmonic nanostructures. Nat Mater
2012, 11, 1044–50.
[125] Bonn M. Phonon- versus electron-mediated desorption and oxidation of CO on Ru(0001). Science 1999, 285, 1042–5.
[126] Avanesian T, Christopher P. Adsorbate specificity in hot electron driven photochemistry on catalytic metal surfaces. J Phys
Chem C 2014, 118, 28017–31.
[127] Zhu H, Chen X, Zheng Z et al. Mechanism of supported gold
nanoparticles as photocatalysts under ultraviolet and visible
light irradiation. Chem Comm 2009, 7524–6.
[128] Chen X, Zhu HY, Zhao JC, Zheng ZF, Gao XP. Visible-light-driven
oxidation of organic contaminants in air with gold nanoparticle catalysts on oxide supports. Angew Chemie Int Ed 2008, 47,
5353–6.
[129] Mukherjee S, Zhou L, Goodman AM et al. Hot-electron-induced
dissociation of H2 on gold nanoparticles supported on SiO2 . J Am
Chem Soc 2014, 136, 64–67.
[130] Mukherjee S, Libisch F, Large N et al. Hot electrons do the impossible: Plasmon-induced dissociation of H2 on Au. Nano Lett
2012, 13, 240–7.
[131] Hallett-Tapley GL, Silvero MJ, González-Béjar M, Grenier M,
Netto-Ferreira JC, Scaiano JC. Plasmon-mediated catalytic oxidation of sec-phenethyl and benzyl alcohols. J Phys Chem C 2011,
115, 10784–90.
[132] Wee TE, Schmidt LC, Scaiano JC. Photooxidation of 9anthraldehyde catalyzed by gold nanoparticles: Solution and single nanoparticle studies using fluorescence lifetime imaging. J
Phys Chem C 2012, 116, 24373–9.
[133] González-Béjar M, Peters K, Hallett-Tapley GL, Grenier M, Scaiano JC. Rapid one-pot propargylamine synthesis by plasmon mediated catalysis with gold nanoparticles on ZnO under ambient
conditions. Chem Comm 2013, 49, 1732–4.
[134] Xiao Q, Sarina S, Zhu H. Enhancing catalytic performance of
palladium in gold and palladium alloy nanoparticles for Suzuki
reactions under visible light irradiation. J Am Chem Soc 2013, 135,
5793–801.
[135] Sugano Y, Shiraishi Y, Tsukamoto D, Ichikawa S, Tanaka S, Hirai T. Supported Au-Cu bimetallic alloy nanoparticles: An aerobic
oxidation catalyst with regenerable activity by visible-light irradiation. Angew Chemie Int Ed 2013, 52, 5295–9.

[136] Wang F, Li C, Chen H et al. Plasmonic harvesting of light energy
for Suzuki coupling reactions. J Am Chem Soc 2013, 135, 5588–
601.
[137] Huang X, Li Y, Chen Y, Zhou H, Duan X, Huang Y. Plasmonic and
catalytic AuPd nanowheels for the eflcient conversion of light
into chemical energy. Angew Chemie Int Ed 2013, 52, 6063–7.
[138] Xiao Q, Sarina S, Jaatinen E et al. Eflcient photocatalytic
Suzuki cross-coupling visible light irradiation. Green Chem
2014,16, 4272–85.
[139] Zheng Z, Tachikawa T, Majima T. Single-particle study of Ptmodified Au nanorods for plasmon-enhanced hydrogen generation in visible to near-infrared region. J Am Chem Soc 2014, 136,
6870–3.
[140] Zheng Z, Tachikawa T, Majima T. Plasmon-enhanced formic
acid dehydrogenation using anisotropic Pd–Au nanorods studied at the single-particle level. J Am Chem Soc 2015, 137, 948–57.
[141] Öström H, Öberg H, Xin H et al. Probing the transition state region in catalytic CO oxidation on Ru. Science 2015, 347, 978–83.
[142] Sa J, Tagliabue G, Friedli P et al. Direct observation of charge
separation on Au localized surface plasmon. Energy Environ Sci
2013, 6, 3584–88.
[143] Guler U, Kildishev AV, Boltasseva A, Shalaev VM. Plasmonics
on the slope of enlightenment: the role of transition metal nitrides. Faraday Discuss 2015, 178, 71–86.
[144] Guler U, Shalaev VM, Boltasseva A. Nanoparticle plasmonics:
going practical with transition metal nitrides. Mater Today 2014,
18, 227–37.
[145] Li W, Guler U, Kinsey N et al. Refractory plasmonics with titanium nitride: broadband metamaterial absorber. Adv Mater 2014,
26, 7959–65.
[146] Guler U, Boltasseva A, Shalaev VM. Refractory plasmonics. Science 2014, 344, 263–4.
[147] Guler U, Ndukaife JC, Naik GV et al. Local heating with titanium
nitride nanoparticles. Nano Lett 2013, 13, 6078–83.
[148] Atwater HA, Boltasseva A. Low-loss plasmonic metamaterials.
Science 2011, 331, 290–1.
[149] Naik GV, Emani NK, Guler U, Boltasseva A. Plasmonic resonances in nanostructured transparent conducting oxide films.
IEEE J Sel Top Quantum Electron 2013, 19, 4601907.

