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This review provides the basic concepts, an overall survey and the state-of-the art of plasmon-based

nanogold photocatalysis using visible light including fundamental understanding and major applications

to organic reactions and clean energy-conversion systems. First, the basic concepts of localized surface

plasmon resonance (LSPR) are recalled, then the major preparation methods of AuNP-based plasmonic
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photocatalysts are reviewed. The major part of the review is dedicated to the latest progress in the
application of nanogold plasmonic photocatalysis to organic transformations and energy conversions,

and the proposed mechanisms are discussed. In conclusion, new challenges and perspectives are

WwWw.rsc.org/csr proposed and analyzed.

Introduction

Sunlight is a reagent of choice for “‘green” chemical synthesis due
to its abundance, absence of cost, and environmentally friendly
nature. Considerable efforts have been made to use sunlight as a
driving force for chemical synthesis processes. However, the
simple inability of most organic molecules to absorb light in
the visible range of the spectrum has largely limited the potential
applications of photochemical reactions.” Thus, the design of
highly efficient photocatalysts should bring significant progress
in fine chemical synthesis, as exemplified by the recent review on
general organic photocatalysis by Zhao’s group.”
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Gold nanoparticles (AuNPs) have been extensively studied
because of their unique optical and electronic properties
together with their various applications in electronics, photonics,
catalysis, and nano- and biotechnology.> Triggered by their
unprecedented catalytic properties, AuNPs have also attracted
tremendous interest in the past years in both heterogeneous®®
and homogeneous catalysis.” Recently, the localized surface
plasmon resonance (LSPR) effect of nanostructured materi-
als,'® for example noble Au and Ag nanoparticles (NPs),"* and
Cu'®™ NPs, has been successfully applied to photocatalysis
under visible light irradiation and proved to be promising.
Therefore, in the present review, we are selectively dealing
with plasmonic nanogold photocatalysis. We mainly focus on
five aspects: (i) basic concepts of the LSPR effect of metal NPs,
(if) AuNP-based plasmonic photocatalyst preparation methods,
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(iii) recent developments in the efficient AuNP-based plasmonic
photocatalysis for organic synthesis, (iv) application of plasmon
photocatalysis to energy conversions processes that are driven by
visible-light, and (v) possible mechanisms of LSPR-enhanced
photocatalytic activity. Finally, the challenges and potential
future applications will be highlighted.

1 Basic concepts of the LSPR effect of
metal NPs

The century-old Mie’s theory defines the LSPR as the resonant
photon-induced coherent oscillation of charges at the metal-
dielectric interface that is established when the photon frequency
matches the natural frequency of the metal surface electrons
oscillating against the restoring force of their positive nuclei.'®
Simply, LSPR is made up of collective oscillations of free electrons
in metal NPs driven by the electromagnetic field of incident light
and because of which metallic NPs absorb visible and infrared
light in particular regions.'® For example, Au, Ag and Cu NPs
show a strong photoabsorption of visible light due to their
surface plasmon that displays maxima at approx. 530, 400 and
580 nm, respectively. However, nanostructured copper and silver
are easily oxidized, whereas AuNPs are more chemically stable
and resistant in the presence of oxygen. The LSPR, a character-
istic of NPs with conduction bands, is not observed for such
clusters that are smaller than 2 nm, because the latter are
molecules that are defined by localized molecular orbitals. It is
around this 2 nm-size that one finds the progressive transition
between the molecular state (cluster molecules with only a few
tens of atoms) and the nanometallic state defined by conduction
bands with a large (or very large) number of atoms in nano-
particles up to the order of 200 nm. Thus, this unique plasmonic
absorption that characterizes larger noble metal NPs has been
used for a variety of applications including sensors,"” solar cells,"®
nanomedicine™®>* and theranostics (therapeutics + diagnostics),
especially for cancer treatment.>® Very recently, researchers have
successfully introduced this unique property in the new field of
plasmonic photocatalysts in order to catalyze organic reactions™*
and water splitting.>®> Plasmonic photocatalysis has offered a
new opportunity to solve the problem of the limited efficiency
of photocatalysts and photovoltaic devices. In these reactions,
the nanostructured plasmonic metals are often combined with
a semiconductor-based material (e.g., TiO, and ZrO,, namely
plasmonic photocatalysts), and the catalytic activity and effi-
ciency are greatly enhanced due to the SPR effect that improves
the solar-energy-conversion efficiency in three aspects:*® (i) the
near-field enhancement of localized plasmons, (ii) the increase
of the scattering effect, and (iii) the excitation e -h" pairs in the
semiconductor due to the plasmonic energy transfer from the
metal to the semiconductor.

1.1 Fundamentals of the LSPR

The basis of the LSPR effect has been described in a recent
review by Mayer and Hafner,”” and the detailed illustrations of the
mechanisms of the plasmonic enhancement to photocatalysis

This journal is © The Royal Society of Chemistry 2014

View Article Online

Chem Soc Rev
have been shown by Zhang et al.>® These two reviews provide
understanding of the physical principles of the LSPR, and
hereafter we therefore only give a short introduction. When a
small spherical metallic NP is illuminated by light (with a
wavelength far exceeding the NP size), the electron decreases
on the one side of the NP and increases on the other side.
This causes the redistributions of the charge density, and the
distributed charge density creates an electric field inside and
outside the metal NP with a direction that is opposite to that of the
electric field of the light. During the process of the displacement of
electron density, the coulombic restoring force that is caused by
the oscillations in the NP is established, and the resonance
between the oscillations and the incident light is known as
the LSPR (Fig. 1a).>° Thus, LSPR endows the metal nanocrystals
with very large absorption and scattering cross-sections and
local electromagnetic field enhancement in the near-field
region near the surface of plasmonic metal nanocrystals.

When the wavelength of the incident light is in the range
of the LSPR absorption of noble metal NPs, the energy level
reached by the electrons excited by LSPR is observed, and these
electrons are excited to a higher state. For example, the resonance
energy of AuNPs usually occurs in the visible range (e.g., 530 nm,
however depending on the AuNP size, shape, and diffraction
index of the medium). The interaction between the resonant
photons and the surface electrons results in a high absorption
coefficient of photons in resonance with plasmon excitation and
capacitive coupling between clusters of plasmonic AuNPs.?**?!
Thus, upon irradiation with visible light, through the excitation
of LSPR of AuNPs, the energetic electrons are redistributed to
the energy levels above the Fermi level. A strong electric field and a
high concentration of energetic electrons are then formed or
produced at the AuNP surface. These light excited energetic
electrons remain in the excited “hot” state for up to 0.5-1 ps;>>>*
they gain enough energy under visible light irradiation to activate
reactant molecules adsorbed on the AuNPs and induce chemical
reactions. Plasmon-excited NPs were proved to be an efficient
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Fig. 1 (a) Schematic of SPR in a small spherical metallic NP that is irradiated
by light, reprinted with permission from ref. 29. Copyright 2003 American
Chemical Society. (b) Surface-plasmon decay processes, localized surface
plasmons can decay radiatively via re-emitted photons (left), or non-radiatively
via excitation of hot electrons (right). Reprinted with permission from ref. 39.
Copyright 2014, Nature Publishing Group.
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source of hot electrons through plasmon decay, because the
direct excitation of hot electrons usually requires large incident
light intensities.**®® Plasmon excitation decaying processes
through different pathways deposit energy into adsorbates,
and the energy transfer from the plasmonic metal NPs to
the adjacent semiconductors plays a crucial role in the photo-
catalytic functions. Following the dynamics of the LSPR and
depending on the NP size and radiance of the plasmon, the
coherent oscillation of electrons (plasmon quantum) decays
by two competitive pathways.”®3%3*>3° One is the radiative
plasmon decay process (Fig. 1b left) that is dominant for AuNPs
that are larger than 40 nm*’ and results in scattering. After the
radiative plasmon decay process, the plasmon quantum decays
into a photon. However, the efficiency of emission of the
photon during this process has proved to be very low. Previous
studies showed that the luminescence quantum yields were
only 107° and 10" for Au nanospheres*' and Au nanorods,*?
respectively. Thus, this low yield excludes the radiative energy
transfer from the major contributors of the plasmonic enhance-
ment.?® The other pathway is the non-radiative decay process
(Fig. 1b right), which is dominant for small NPs and enhances
absorption, resulting in the excitation of energetic electrons
and holes in the metal NPs. For instance, Au nanocrystals in the
size of 10-20 nm are efficient for the generation of hot electrons
with overbarrier energies.*> In noble-metal nanostructures
(e.g:, Au and Ag NPs), non-radiative decay occurs through intraband
excitations within the conduction band or through interband
excitations resulting from transitions between other bands
(e.g., d bands) and the conduction band.*®

The generation and injection of hot electrons are of great
importance in understanding the mechanism of plasmon-
assisted chemistry. The plasmon-induced hot electron injection
efficiency is enhanced by controlling the size and shape of the
plasmonic nanostructure.** The generation and injection of hot
electrons will be discussed in more detail. Following the
absorption of a photon, a free electron of the metal NP is excited
to a higher energy level. The single electronic excitation will
occur from below the metal Fermi level (Eg), creating a constant
probability distribution of finding primary excited electrons at
the energy level between the Er and E; + hw.*® The electron may
then quickly lose energy through the electron-electron scattering
within ~10 fs after the initial plasmon excitation,** leading to a
cascading process redistributing the energy of the primary
electron to the electronic gas and creating a non-equilibrium
Fermi-Dirac electron distribution. In this excitation and energy
redistribution process, hot electron transfer may have two different
pathways:*® (1) hot electrons transfer from the metal NP tunnels
into the lowest unoccupied molecular orbital (LUMO) of the
adsorbed molecule located nearby the metal NP, or (2) hot electrons
transfer from the metal NP to the contacted semiconductor. In this
case, the equilibration of the E; causes bending of the semicon-
ductor conduction band and formation of a Schottky barrier that
blocks electron transfer from the metal to the semiconductor. By
the LSPR decay processes, hot electrons with energies higher than
the Schottky barrier energy are injected into the adjacent semicon-
ductor with an emission efficiency that depends on their energy.*’
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After this process, due to electron depletion, the plasmonic
nanostructures are left positively charged. To keep the charge
balance and sustain an electric current, the carrier generation
takes place in the presence of the electron-donor solution or a
hole-transporting material, which should be in contact with the
nanostructures to transport the generated holes to the counter
electrode. Otherwise, the injected hot electrons decay back to
the NP.*’ Hot electrons may then undergo a relaxation step
through electron-phonon coupling*® or scatter into an excited
state of the molecular adsorbates. Thus, the activation energy of
a specific photochemical reaction is reduced. As demonstrated
by Nordlander’s group, the activation energy of the photo-
catalytic dissociation of H, over Au/TiO, is reduced from
4.5 eV to 1.7-1.8 eV.*® However, a question raised here is
whether the reaction occurs on the AuNP surface or on the
TiO, surface. In order to answer this question, recent work from
this research group showed that, by changing the support from
TiO, to SiO,, due to the Schottky barrier at the Au/TiO, surface
facilitating the hot-electron transfer into the TiO, matrix, the
number of electrons available for the H, dissociation is reduced.
Consequently, an almost two orders of magnitude H, dissociation
rate improvement was observed on Au/SiO, samples compared to
AU/TiO,.* Thus, it appears that dissociation takes place on the
illuminated AuNP surface, because plasmon decay transfer to the H,
molecules substantially reduces the barrier for H, dissociation. In
parallel with the cascading processes of electron energy spreading,
photoexcited electrons with low energy relaxation through electron-
photon collision lead to an increase of temperature of metal NPs,
heating the local surrounding environment and/or the semi-
conductor and transferring energy to adsorbates.>**°
Plasmonic nanostructures showed promise in manipulating
light absorption in photocatalytic systems. For example, Fe,0;
is a kind of photocatalyst with a low band gap of 2.2 eV, making
the usage of visible light difficult. However, as reported by
Yang’s group,”® by taking the advantage of both the LSPR effect
of Au nanopillars in the visible range and low band gap of the
active semiconductor Fe,O3, a net photocurrent enhancement
of about 50% for photoelectrochemical water splitting over
the solar spectrum was obtained. This showed a promising
way to produce renewable hydrogen fuel from solar energy by
introducing the plasmonic nanostructures. The LSPR also
enhances local electric field and the electron-hole pair genera-
tion. However, the detailed charge carrier transfer process is
not fully understood. For example, in the decomposition of
organic compounds under visible light, the observed enhance-
ment of the reaction rate was attributed to direct charge carrier
transfer,”’* the local heating effect®*® and radiative photon
transfer.'>” Thus, the interaction between the electronic charge
carrier and the adsorbate plays a crucial role in the photocatalytic
functions. It is widely accepted that in the charge transfer mecha-
nism charge carriers are directly injected from excited plasmonic
metal NPs into the adjacent semiconductor surface.”® This ultrafast
charge carrier transfer is ascribed to the direct contact between
plasmonic NPs and the semiconductor. Due to the similarity
between this charge transfer mechanism and the sensitization
of semiconductors by organic dyes,”®*° this mechanism is also
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called the “LSPR sensitization effect”. In addition to the local
electric field enhancement mechanism, one part of emitted
light is scattered to the far field while the other is concentrated
at the metal surface. The LSPR mediates an indirect charge
carrier transfer between plasmonic metal NPs and the semi-
conductor. The intensity of the local electromagnetic field is
several orders of magnitude larger than that of the far-field
incident light, and the highest charge carrier formation is
observed at the semiconductor/liquid interface, which benefits
the photocatalytic reactions.®® The local electric field enhance-
ment caused by the plasmon excitation is strongly dependent
on the shape of the metal nanocrystal. Also, the distance
between the plasmonic metal NPs affects the enhancement of
the near field, because the increasing distance between the
metal NPs leads to a decrease of the influence of the hot spot.®
Furthermore, plasmon coupling forms a “hot spot” region
where more charge carriers are formed and easily couple with
chemisorbed molecules of the photocatalytic system, leading to
an efficient charge transfer. Thus, the magnitude of the near
field intensity is several orders larger than that at the interface
of the metal NP and the semiconductor. To make it clear, the
detailed illustrations of these mechanisms and their related
examples are discussed in Section 4. In addition, the LSPR is
responsible for the electromagnetic (EM) field enhancement
that also leads to surface-enhanced Raman scattering (SERS),
which is related to rough surfaces or small metallic particles,*
and other surface-enhanced spectroscopic processes. This
enhancement is very effective, and theoretical simulations have
predicted that the intense EM field produced near the plasmon
resonant metallic NPs leads to 10'° SERS enhancement,®*®
and even >10" for special silver nanoparticle array structures
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at specific locations in the structure.®®> The methods and models
were used to study the EM of Au and Ag NPs, with an emphasis on
the determination of the extinction and SERS spectra that were
reviewed by Schatz’s group.®® In the EM SERS excitation mechanism,
due to its requirement of bond polarizability, however a chemical
reaction is less likely to be induced compared to adsorbate photon
absorption via allowed electronic transitions.*

1.2 Influencing factors

In general, the LSPR usually occurs in small NPs in which the
resonant wavelength and LSPR intensity are influenced by many
factors. We will pick up the factors that are most important to
the final photocatalytic performance such as the NP size, the
shape of the NP and the surrounding environment (including
the solvents). By precise control of the size, shape, and environ-
ment of a plasmonic metal nanostructure, it is possible to design
efficient plasmonic photocatalysts for applications that were
previously considered impossible.*

1.2.1 AuNP size. For a plasmonic metal NP of a given shape,
the LSPR features strongly depend on the NP size. By tailoring the
size of the NP, the ratio of absorption to scattering, the number of
LSPR modes and the LSPR peak position are greatly changed to
obtain a desired LSPR effect, which results in improved catalytic
functions.®”"®® Therefore, when applying the LSPR effect to
chemical reactions, the size effect on the LSPR properties must
be carefully considered.

AuNPs with a diameter in the range of 10 nm have a strong
LSPR absorption maximum at around 520 nm (Fig. 2a).”® However,
when the AuNPs reach 10-40 nm, they show a sharp absorption
band in the 520-530 nm region, and further increase in the
size in the range of 40-80 nm leads to a LSPR wavelength
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Fig. 2 Size-dependent effect on the LSPR absorption of AuNPs with different shapes. (a) Gold nanospheres. (b) AuNRs with various aspect ratios. (c)
Plasmon resonance frequency calculated using Mie theory of silica core-AuNSs upon changing the shell thickness. Reprinted with permission from
ref. 70, 74 and 76, respectively. Copyright 2006-2007, American Chemical Society (d) UV-vis extinction spectra of Au rhombic dodecahedra with
different edge lengths. Reprinted with permission from ref. 78. Copyright 2013, Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2014

Chem. Soc. Rev., 2014, 43, 7188-7216 | 7191


http://dx.doi.org/10.1039/c4cs00145a

Published on 14 July 2014. Downloaded by UNIV BORDEAUX 1-SCD-BIBLIO UNIVERSITAIRE on 10/10/2014 15:52:56.

Chem Soc Rev

of 530-540 nm.”" Moreover, as the size of gold nanosphere
increases, there is a red-shift in the LSPR due to a low frequency
for the collective oscillation of electrons, which causes electro-
magnetic retardation in larger particles.®””?

The association of AuNP size and LSPR properties has also
been examined for other nanostructures of gold that are aniso-
tropic,” such as Au nanorods, Au nanoshells and Au rhombic
dodecahedra. In the case of gold nanorods (AuNRs), the SPR
absorption maximum is shifted by either the change in size or
aspect ratio, which is due to rod-shaped AuNPs usually having
two kinds of resonance: one in the transverse direction and the
other in the longitudinal direction, which is more sensitive to
the aspect ratio. As shown in Fig. 2b, when the aspect ratio of
gold nanorod increases, the SPR absorption band along the
longitudinal direction shifts from the visible to the near infrared
(NIR) region. Gold nanorods with an aspect of 3.9 show absorp-
tion overlapping with a region of minimum extinction of the
human tissues,”* and the AuNR aspect ratio can be tailored by
using various methods.””

Gold nanoshells (AuNSs) are a new kind of nanoparticles
that often comprise a dielectric core such as silica, coated with
an ultrathin gold layer. Therefore, the LSPR response of AuNSs
is often associated with the relative size of the core and the
thickness of a gold shell. Fig. 2¢ shows the plasmon resonance
frequency of 80 nm silica core-AuNSs upon changing the shell
thickness relative to the core size. Starting from a 40 nm solid
AuNS, when decreasing the gold shell thickness, the LSPR red-
shifts from the visible to the NIR region, and the plasmon band
extinction increases. In addition, when the gold shell thickness
is 4 nm, a small shoulder at around 690 nm is noticeable,
corresponding to the quadrupolar/higher-order resonance mode.”®
Furthermore, the thickness of the Au nanoshell layer, core size
and the surrounding medium all played determining roles in
the absorption and scattering efficiencies of the LSPR wave-
length of semiconductor-coated Au nanoshells.””

The size and shape uniformity of the Au rhombic dodecahedra
results in LSPR peaks of Au rhombic dodecahedra with relatively
small sizes in the very narrow and sharp range.”® As shown in
Fig. 2d, when the edge length of the Au rhombic dodecahedra
gradually increased from 19.0 to 24.3, 29.8, 35.3, 41.2 and 46.1 nm,
their LSPR peaks were red shifted from 532 to 544, 554, 561, 574
and 582 nm, respectively. Moreover, as the edge length of Au
rhombic dodecahedra further increases (from 55.9 to 67.2 nm),
the LSPR peak substantially broadens, and a shoulder becomes
noticeable. These features are attributed to the interactions
between dipole resonances in larger Au nanocrystals and
the wide size distributions in the larger size of Au rhombic
dodecahedra. Furthermore, the trend of the LSPR peak position
and the edge length of Au rhombic dodecahedra show linear
relationships that are not well-fitted.

1.2.2 AuNP shape. Generally, the shape changes are also
associated with the size changes in nonspherical nanostructures.
Since the surface geometry varies with the shape, causing a shift
in the electric field density on the surface, the resulting oscillation
frequency of the electrons also changes, thereby generating
different cross-sections of the LSPR properties.”
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In the case of the silver nanoparticles, Mock and his
co-workers have investigated the shape effect of individual
colloidal AgNPs on the LSPR properties.®” By using high-
resolution transmission electron micrographs (HRTEM) and
optical spectroscopy, they compared the optical plasmon resonant
properties of various AgNPs shapes and concluded that the
geometrical shape played a major role in determining the plasmon
resonance, while the increase in particles size was responsible for
the spectrum red-shifts. Xia et al. have discussed the relationship
between the plasmonic properties of Ag nanostructures and the
size, shape, morphology and chemical composition, providing a
better understanding of the effect of these parameters on the LSPR
properties of AgNPs.®” For AuNPs however, even in the same
diameter of Au nanospheres and AuNSs, the refractive index
sensitivities are different. AuNSs with a mean diameter of 50 nm
exhibit almost 7 times larger red-shift for the SPR band compared
to their sphere counterparts. In addition, this greatly improved
sensitivity in optical response, making AuNSs very promising
optical probes for chemical or biological binding events at solid-
liquid interfaces.®

1.2.3 Surrounding environment. The LSPR absorption is
also tuned by the surrounding dielectric environment that is
influenced by the solvent effect and substrate effect.>® For
example, Ghosh et al.®* synthesized surfactant-stabilized AuNPs
and measured the LSPR spectra of AuNPs that were exposed to
various solvents. By comparison, they divided the solvent influences
into two aspects: on the one hand, solvents (e.g., cyclohexane,
chloroform, carbon tetrachloride, toluene, and o-xylene) that
do not possess any active functional group that change the
refractive index at the NP/bulk interface; on the other hand,
solvents such as acetonitrile (CH;CN), tetrahydrofuran (THF),
1,4-dioxane, dimethylformamide (DMF), and dimethyl sulfoxide
(DMSO) having nonbonding electrons that can coordinate to
the AuNP surface, which influences the LSPR. Moreover, the
shift in ;. of the LSPR absorption depends on the AuNP core
to ligand shell volume ratio, which is attributed to the change
in the local dielectric environment upon introduction of the
stabilizing ligands.

Apart from the influencing factors discussed above, other
parameters such as the intensity and wavelength of the incident
light®*®* also affect the LSPR properties. Furthermore, a discussion
of the thermal effect is also necessary in order to evaluate the
photocatalytic activity of Au based plasmonic photocatalysts
(see Section 3.1.6). When introducing the LSPR effect into, for
example, photocatalysts in a specific reaction, these factors
should be comprehensively considered in order to obtain a
better catalytic activity and modify product selectivity.

2 Methods of preparation of

AuNP-based plasmonic photocatalysts
The components of the plasmonic photocatalysis are the plasmonic
NPs, e.g. AuNPs and AgNPs, and the semiconductors. The photo-

catalytic reactions are initiated as a result of excitation of electrons
in plasmonic metals by LSPR under visible light absorption,

This journal is © The Royal Society of Chemistry 2014
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during which LSPR boosts the generation of electrons and holes
in semiconductor photocatalysts.*® Also, the LSPR enhances the
UV absorption of the large-bandgap materials.®® Various methods
and approaches are used to form this combined structure.
Herein, we select the most frequently used methods of prepara-
tion of AuNP-based plasmonic photocatalysts, and related
examples are discussed.

2.1 Deposition-precipitation (DP) method

Among various AuNP-based plasmonic photocatalyst prepara-
tion methods, the one that is the most frequently used is the
deposition—precipitation method that is usually followed by
further washing and reduction. In a typical synthetic procedure,
the supporting material is immersed into the aqueous solution
of HAuCl,, followed by adding the solution (e.g. NaOH) to bring
the resulting suspension to a required pH value by continuously
stirring for a certain time. Then the precursor of the catalysts is
recovered, filtered and washed with deionized water to hopefully
completely remove the Cl™ ions. Finally, the powder is calcinated
at different temperatures under a certain atmosphere to obtain
the catalyst. Size control of the Au-based plasmonic photo-
catalysts that are prepared by the DP method is very important:
it is conducted by careful control of the loading amount of gold,
and the calcination temperature can lead to very small size
and narrow size distributions of the supporting materials.
Tsukamoto et al.®® have shown that when the Au loading is
increased from 0.5 w% to 2 wt%, 3 wt% and 5 wt%, the dy, is
gradually increased from 2.4 nm to 3.7, 4.9 and 7.8 nm,
respectively, at the same calcination temperature. Generally,
in the case of AuNPs loaded on TiO,, a higher calcination
temperature causes a larger AuNP size and sintering on the
interphase between them. Interestingly, at a constant amount
of Au loading, a higher calcination temperature not only leads to
larger AuNPs but also changes their location. That is, at higher
temperature (e.g., 673 K), AuNPs preferably locate at the anatase/
rutile interface, and there is a well-defined contact surface for the
Au/anatase/rutile phase (Fig. 3). Moreover, in the deposition step,
the pH is also a key factor in determining the size distributions of
the AuNPs. At the same calcination temperature, an increase of
the pH value leads to a narrower size distribution.®”

2.2 Photoreduction (PR) method

Generally, when a semiconductor is irradiated with light of
appropriate wavelength, the electrons in the valence band (VB)
are photoexcited into the conduction band (CB), leaving positive
holes in the VB. The electrons can then be used to reduce
Au*/AuCl,” to Au® that is deposited on the semiconductor,
while the holes are captured by the scavenger to prevent
accumulation of positive charges. Probably the most outstanding
advantage of this method is that it provides a high deposition
ratio of gold. The deposition ratio of Au species and both Au and
Pd species can be larger than 99.9% for Au/CeO, catalysts** and
Au@Pd/TiO, catalysts,®® respectively, under irradiation with light
of 4 > 300 nm. However, the average AuNP size can be very large
using the photoreduction method. Tanaka and his co-workers
synthesized Au/CeO, catalysts by using two different kinds of

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Effect of the calcination temperature on the location and size of AUNPs
on P25 TiO, and typical TEM images of Au,(DP,)/P25 catalysts prepared by the
DP method, y stands for the calcination temperature. Reprinted with permis-
sion from ref. 86. Copyright 2012, American Chemical Society.

photoreduction methods, namely the single-step (SS) and multistep
(MS) photodeposition methods. As shown in Fig. 4, the average
particle sizes of SS- and MS-Au(1.0)/CeO, catalysts are 59.3 +
4.9 and 92.1 + 8.0 nm, respectively, indicating that the size of
AuNPs-loaded CeO, on is strongly affected by the type of
photoreduction method, and the MS photoreduction method
tends to form larger AuNPs.>* Their recent work shows that the
MS photodeposition method leads to the co-existence of large
(>10 nm) and small (<5 nm) AuNPs. Au size distribution and
Au/TiO, photoabsorption are controlled by the times of photo-
deposition, post-calcination and TiO, properties.®® Furthermore,
in order to prepare a AuNP-based plasmonic photocatalyst, this
method is often used alone or combined with other synthesis
methods, for example with the DP method and is therefore called
the deposition-precipitation-photoreduction method.”?

2.3 Encapsulation

The encapsulation of AuNP-based plasmonic photocatalysts
usually corresponds to composite photocatalysts and core-shell
nanostructure photocatalysts with the AuNPs as the core and
the semiconductors as the shell. Encapsulation is not a typical
method for the preparation of catalysts, but it is just a way to
process or fabricate the catalyst composites that are often
achieved by using other techniques. However, encapsulation
is very useful, because it prevents the agglomeration and the
growth of AuNPs and leads to the enhancement of long-term
stable photocatalytic activity.”® Recently, Zhang et al. designed
and synthesized a sandwich-structured SiO,/Au/TiO, plasmonic
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Fig. 4 Transmission electron micrographs (TEM) images of (a) SS-Au(1.0)/
CeO,, (b) MS-Au(1.0)/CeO,, and (c) size distributions of Au particles of
SS- and MS-Au/CeO, catalysts. Reprinted with permission from ref. 24.
Copyright 2012, American Chemical Society.

photocatalyst that comprised a SiO, core, a AuNPs layer and a
droped TiO, nanocrystalline shell, by combining simple sol-gel
and calcination processes. The fabrication of the SiO,/Au/TiO,
sandwich structures is depicted in Fig. 5. In the synthesis
procedure, SiO, NPs with an average diameter of 400 nm are
first synthesized, followed by incorporating the AuNPs with
controlled loading and location in the sol-gel process, then
introducing the TiO, matrix and calcinating to form the sand-
wich structure. This well-designed structure makes the SiO,/Au/
TiO, plasmonic photocatalyst very efficient in catalyzing the
decomposition of organic compounds under UV, visible-light
and natural-sunlight irradiation.®

Very recently, another particular example of the core-shell
and sandwich structures has been clearly demonstrated by
Cushing et al.®* As shown in Fig. 6, first of all, Au nanospheres
with an average diameter of 20 nm were synthesized (Fig. 6a).
Then, Au@SiO, and Au@Cu,O core-shell structures were success-
fully formed by coating AuNSs with ~ 5 nm thick SiO, layer and
a ~25 nm thick Cu,O layer, respectively (Fig. 6b and c).

., TiO, coating
o

Au deposition 9 Calcination

0Qo°

Sio. -NH N Au NPs Anatase TiO,

2 2

Fig. 5 Schematic illustration of the fabrication process of a sandwich-
structured SiO,@Au@TiO, photocatalyst (APTES is 3-aminopropyl-
triethoxysilane). Reprinted with permission from ref. 90. Copyright 2011,
Wiley-VCH.
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Fig. 6 HRTEM of (a) 20 nm uncoated Au nanospheres, (b) Au@SiO, core—shell
structure, (c) Au@Cu,O core-shell structure, (d) Au@SiO,@Cu,O sandwich
structure and (e) An enlargement of the micrograph for the interface regions
of the sandwich structure shows the various crystal orientations. Reprinted with
permission from ref. 91. Copyright 2012, American Chemical Society.

Furthermore, a ~25 nm thick Cu,O layer was also used to coat
the Au@sSiO, core-shell with the hope of creating a Au@SiO,@-
Cu,0 sandwich structure, and a higher magnification HRTEM
gave the details of the Au@SiO,@Cu,O structure confirming the
formation of the sandwich structure (Fig. 6e). The LSPRs of these
NPs with different structures were also shifted due to a change in
the dielectric constant. The bare AuNSs exhibited a broad LSPR
centered at 520 nm. However, when coated with the SiO, layer, a
red-shift of the plasmon peak to 525 nm was observed for
Au@SiO, core-shell NPs. A further shifted LSPR at 600 nm was
also shown in the Au@SiO,@Cu,0 sandwich structure. The same
phenomenon is also apparent for the Au@Cu,O core-shell NPs,
the LSPR of which is 650 nm compared to 620 nm for pure Cu,O
samples.”® These examples discussed above give directions con-
cerning the synthesis of any kind of efficient Au-based plasmonic
photocatalysts for which a precise structural design should be
considered in advance, in order to enhance the efficiency of LSPR-
dependent light harvesting and charge separation, and finally
result in better photocatalytic functions.

3 Recent developments

AuNP-based plasmonic photocatalysts have been recently used
to catalyze various chemical reactions at moderate temperatures
under UV and visible-light irradiation. Among them, the most
important examples are organic transformations and clean
energy conversion to develop greener, safer and more effective
chemical transformations that are valuable to our environment
and society.

3.1 Organic transformations

In a seminal paper on plasmonic photocatalysis, Awazu et al.
reported the deposition of TiO, on a Ag-SiO, core-shell structure.®
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This plasmonic photocatalyst was very efficient under UV illumi-
nation, showing enhancement by a factor of 7 of the decomposi-
tion of methylene blue (MB). Chen et al*® introduced the SPR
effect with a AuNP-based system to catalyze formaldehyde oxida-
tion, which opened the way to organic compound transformations
by using AuNP-based plasmonic photocatalysts.

3.1.1 Oxidation of alcohols. Selective oxidation of alcohols
by nanogold has been widely investigated as a fundamental
organic transformation in both academic laboratories and
industry, because carbonyl and carboxylic products serve as
important and versatile intermediates in organic synthesis.’>
Among various alcohol substrates, benzyl alcohol is the most
investigated one. Benzyl alcohol has often been used as a
reference oxidation reaction to test the catalytic performance
of AuNP-based plasmonic photocatalysts.

AuNPs themselves acted as a plasmonic photocatalyst for the
oxidation of benzylic alcohols in the presence of H,O, under
530 nm light emitting diode (LED) irradiation as reported by
Hallett-Tapley et al. This colloidal AuNP plasmonic photocatalyst
was found to give high conversion to the corresponding carbonyl
products when monochromatic 530 nm LEDs were used. How-
ever, recycling the catalyst was unsuccessful.”® To overcome this
disadvantage, in later work the authors used AuNPs supported
on hydrotalcite and metal oxides (e.g., HT, y-Al,O3, n-Al,05; and
ZnO) (eqn (1)). It was found that the overall efficiency of alcohol
oxidation was strongly dependent on the nature of the support
and HT-supported AuNPs resulted in the highest conversion
to acetophenone and benzaldehyde from sec-phenethyl and
benzyl alcohols, respectively, after 40 min of LED irradiation.’"
Bimetallic nanostructured systems have also been extended to
the field of plasmonic photocatalysts. Huang et al. synthesized
AuPd nanowheels, in which the Au core was surrounded by
metallic Pd, by a facile wet-chemical reduction method, and
they successfully applied this catalysis system to the oxidation of
benzyl alcohol under xenon-lamp irradiation.”® Under the same
experimental conditions, the introduction of light irradiation
promoted faster oxidation with a 97.7% conversion of benzyl
alcohol and a 98.0% selectivity in benzaldehyde, compared to
18.4% conversion under the conventional heating within 6 h. This
superior light-enhanced catalytic performance is attributed to the
unique heterostructure and SPR of the AuPd nanowheels.

R OH R O

Au/Support
2 +2H,0, S AN 2

530 nm LED vamor o, (1)

R=H and CHj.
Support= HT, y-Al,03, #-Al;O3 and ZnO.

However, the monometallic and bimetallic plasmonic photo-
catalysts suffered from their poor stability under the photocatalytic
conditions. To overcome this problem and promote electron-
transfer efficiency, various semiconductor-based materials,
especially metal oxides (MOs) are used as supports, among
which CeO,, TiO, and ZrO, are the most used ones. Au/CeO,
plasmonic photocatalysts prepared by photochemical deposi-
tion of HAuCl, on CeO, in the presence of citric acid as the
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reducing agent showed a maximum SPR absorption at 550 nm.”®
Under irradiation of green light (530 nm LED irradiation) in
the presence of O,, benzyl alcohol was almost consumed, and
benzaldehyde was formed with high selectivity (>99%) in 20 h of
reaction time. Other aromatic alcohols and their corresponding
aldehydes also showed high conversions and selectivities. It
was found that AuNPs with sizes >30 nm were very active
under visible light, and the external surface area of the AuNPs
played a crucial role in determining the activity of the plasmonic
photocatalyst. In order to provide further evidence for this
phenomenon, Au/CeO, plasmonic photocatalysts prepared by
SS and MS photodeposition methods were both shown to be
highly efficient in the photocatalytic oxidation of benzyl alcohol
under irradiation by green light from a LED (eqn (2)). Benzyl
alcohol was completely consumed after 20 h and 15 h for SS-Au/
CeO, and MS-Au/CeO,, respectively. In addition, a surprising
>99% selectivity to benzaldehyde was also noticeable. It was
shown that the external surface area of AuNPs loaded on CeO,
and the intensity of photoabsorption due to SPR of AuNPs were
responsible for the high photocatalytic activity regardless of the

type of photodeposition method.>*
X X (2)
Various kinds of TiO, samples were also used as supports of

AU/C602
—_— -
green LEDs

X=NO,, Cl, CH3, OCH; and NH,.

plasmonic AuNPs. For example, the Au/P25 TiO, plasmonic
photocatalyst (da, < 5 nm, P25: anatase/rutile ~ 83/17) was
found to be very effective in catalyzing 1-phenylethanol oxidation
in toluene under visible light irradiation (4 > 450 nm) compared
to its Au/anatase and Au/rutile catalyst counterparts.*® More
importantly, when the Au,(DP673)/P25 catalyst was activated by
sunlight to catalyze aerobic oxidation of alcohols (eqn (3)), the
conversions of alcohols and the corresponding products yields
were also greatly enhanced. To further increase the activity and
decrease the cost of the catalysts, their recent work showed
supported AuNPs that were alloyed with another metal NPs,
and this approach to achieve this goal was considered as
powerful. For example, AuNPs alloyed with active transition
metals like Cu, Pt, Ag and Pd supported on the P25 TiO, were
successfully synthesized. The results showed that Cu alloying
(AuCu/P25) decreased the SPR intensity with a red shift of the
band compared with Au/P25 that showed a distinctive SPR
band at 551 nm. This led to the enhancement of O, activation
efficiency and enhanced transfer of plasmon-activated electrons
to the oxidized Cu surface atoms, thereby resulting in the best
activity in the oxidation of benzylic alcohols under sunlight
irradiation at ambient temperature.”” In addition, AuNPs alloyed
with Pd were also shown to be an efficient plasmonic photo-
catalyst upon choosing ZrO, as the support in the oxidation of
benzyl alcohols under visible-light irradiation. The promoting
effect was attributed to the distribution of Pd sites and charge
heterogeneity at the NP surface.*

Au NPs supported on zeolite also efficiently catalyzed the
oxidation of aromatic alcohols to aldehydes under visible light
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irradiation at ambient temperature.”® High product selectivity
(>99%) of the photooxidation of benzyl alcohol over Au/zeolite
catalysts is noticeable. By comparing the conversion rate of different
kinds of alcohols under light and under dark, the authors confirmed
that the enhanced photocatalytic ability was related to the LSPR
effect of Au NPs. Moreover, the role of molecular oxygen was proved
to be the hydrogen remover from the AuNPs surface. Benzyl alcohol
was also used as a starting substrate to synthesize amide through
a tandem oxidation/amidation process catalyzed by a Au/SiO,
plasmonic catalyst under 532 nm laser irradiation (eqn (4)).”° This
proposed reaction was efficient with high conversion and selectivity
in the target product and was divided into two continuous steps,
in which benzyl alcohol was first oxidized to benzaldehyde. Then,
further oxidation of benzaldehyde and morpholine in the presence
of H,0, and KOH occurred forming amide in THF.

OH o)

R*  Au,(DP673)/P25 R2
ol Sunlight X (3)
R
R'=H, CH;, MeO and Cl .
R%=H, CHj; and Ph,

oale!

2-Propanol (IPA) was often used as a substrate for aerobic
oxidation to give acetone, the reaction being catalyzed by AuNP-
based plasmonic photocatalysts. Liu et al. synthesized AuNRs
with various aspect ratios supported on TiO, and tested their
photoactivity by analyzing the amount of acetone and CO, under
the irradiation of a wide-range visible light.'®® It was shown that
the photocatalytic activity was enhanced by 2.8 times in terms of
acetone production under broadband light irradiation, which
was mainly attributed to the LSPR of AuNR enhancing the
broadband visible-light activity. This work provided a simple
HCIO, oxidative method to remove the surfactant that was
adhered onto the AuNR surface without noticeably changing
its morphology. This strategy is very useful and opens an avenue
to develop broadband visible-light sensitive plasmonic photo-
catalysts, because little work focused on this point. Functionali-
zation of Au/TiO, samples with a metal co-catalyst is an effective
method for enhancing performances, especially when electron
scavenging is important.’®* Tanaka et al. prepared Au/TiO,-M
(M stands for the metal cocatalyst of Ir, Cu, Ag, Au, Rh, Ru, Pd
and Pt) catalysts by a combination of the photodeposition
method and colloid photodeposition with a hole scaveger
(CPH) method and the formation of H, and acetone from
2-propanol over Au/TiO,-M catalysts under irradiation of visible
light from a xenon (Xe) lamp with a Y-48 cut-filter that was used
for the model reaction (eqn (5)).'> The dehydrogenation of
2-propanol occurred stoichiometrically to form H, and acetone.
The photocatalytic activity of the Au/TiO,-M samples was found
to be highly dependent on the nature of the metal cocatalyst.
The best photocatalyst was Au/TiO,-Pt showing a photocatalytic

AWSIO, N/\
532 nm Laser K/o

irradiation
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activity that was 5-9 times larger than that of Au/TiO, samples.
This is due to the fact that the activity of Au/TiO,-Pt follows a
linear relationship with its SPR photoabsorption that is deter-
mined by the amount of Au particles. Trilayered nanorod
structured plasmonic photocatalysts (Au/Ag/TiO,) were also
synthesized for the photooxidation of 2-proponal visible-light
illumination (4 > 420 nm). The photocatalytic activity of this
unconventional structure was strongly dependent on the Au/Ag
composition and TiO, shell thickness. For example, the activity
was increased with increasing Ag content up to Au/Ag = 1:5
(molar ratio), then decreased with the further increasing Ag content.
A similar phenomenon was also apparent for the increasing thick-
ness of the titania shell. These results related to the photooxidation
activity were explained by the cross section of LSPR mediated
electron transfer and energy-transfer mechanisms.'

The high efficacy of the AuNP-based plasmonic photo-
catalysts for photoreactions was also evidenced by catalytic
oxidation of other alcohols. Examples include aerobic oxidation
of 1-phenylethanol to acetophenone on Au-Pd@Zr0,,**** oxidation
of 4-methoxybenzyl alcohol on Au-Pd@ZrO, (ref. 83 and 84)
and the Au/Y catalyst,”® oxidation of cinnamyl alcohol and
2-phenyl ethanol on the Au/Y catalyst,’® oxidation of methanol
on Au/TiO,,"** and selective oxidation of 4-aminobenzyl alcohol
to 4-aminobenzaldehyde (despite the presence of amine func-
tional groups) on Au/CeO,.**

OH ) (o}
! AVTIOPM _ c—C—CHy + 1

H3C (|: CH3 Xe lamp 3 3 2 (5)
H (A = 450-600 nm)

M=1Ir, Cu, Ag, Au, Rh, Ru, Pd and Pt.

3.1.2 Photocatalytic reduction. In addition to the oxidation
reactions discussed above, AuNP-based plasmonic photocatalysts
have recently been applied to promote the reduction of organic
compounds with high conversion and selectivity under ambient
conditions and under visible light. For example, Zhu et al
synthesized Au/ZrO, catalysts and tested the reaction activity
in the reduction of nitroaromatic compounds to form azo
compounds under visible or UV-light irradiation.' This work
highlighted a reduction process driven by sunlight occurring
with high selectivity under ambient conditions on Au/ZrO,
plasmonic photocatalysts. Recently, these authors showed that
AuNP/CeO, was an efficient photocatalyst for the selective
reduction of organic compounds at ambient temperatures
under visible-light irradiation.'®® The SPR absorption of AuNPs
was found to be crucial for the catalytic activity, and shorter
wavelengths led to higher excited-electron energy. Very recently,
the supporting effect in the reduction processes on the Au/support
(supports: CeO,, TiO,, ZrO,, Al,05 and zeolite Y) was investigated
including the reduction of nitro-aromatics to azo compounds,
hydrogenation of azobenzene to hydroazobenzene, reduction of
ketones to alcohols, and deoxygenation of epoxides to alkenes.'®”
Due to the strong linkage between AuNPs and CeO,, 3 wt%
Au/CeO, showed the best catalytic performance under the
irradiation with visible light (Table 1). The SPR absorption of
AuNPs was shown to be crucial for the catalytic activity, and the
active Au-H species would react with N—O, N—N and C—O0 double
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Table 1 Performance of 3 wt% Au/CeO, in four photocatalytic reductions. (Reprinted with permission from ref. 107. Copyright 2013, Royal Society of

Chemistry)
Visible light No light
Entry Reagents Products Time (h) Temp. (°C) Conv. (%) Sel. (%) Conv. (%) Sel. (%)
!
1 ©_N°2 QN* N@ 2 30 435 96 8.1 >99
) @—N=N@ ©/ N : 6 30 40 78 10 79
o]

3 (j)k ©)\ 24 30 31 >99 1 >99

25 20 88 4.4 72

H
OC—CHZ 16

bonds or epoxide bonds depending on the AuNPs excited electrons
energy, which can be manipulated by changing the wavelength. %%’
Au/TiO, plasmonic photocatalysts with a suitable co-catalyst were
also found to promote the reduction reactions. A plasmonic Au/TiO,
photocatalyst with an Ag co-catalyst was shown to be more active
than Ag-free Au/TiO, in the photocatalytic reduction of nitrobenzene
to aniline along with oxidation of 2-propanol to acetone under
irradiation of visible light, during which aniline was almost quanti-
tatively formed with a stoichiometric amount of acetone (eqn (6))."**
However, in the case of Au-Pd@ZrO, catalyzed reduction of nitro-
benzene to azobenzene, the alloyed effect turns out to be negative.*®
Functionalization of Au-based plasmonic photocatalysts by for-
mation of a core-shell structure was an effective way to improve
the catalytic functions in the photocatalytic reactions. Tanaka et al.
successfully synthesized core-shell TiO,-supported Au-Pd nano-
particles (Au@Pd/TiO,) by using a two-step photodeposition method
and introduced the catalysts for the photoreduction of chloroben-
zene to benzene along with the oxidation of 2-propanol to acetone
under irradiation with visible light (eqn (7)). After irradiation for
20 h, benzene was formed with >99% selectivity at >99% conver-
sion of chlorobenzene, and oxidation of 2-propanol to acetone and
H, occurred, maintaining the stoichiometry. Both the cocatalyst and
SPR effects contributed to improve photocatalytic performances that
were optimized by controlling the thickness of the Pd shell.*®
NO;, NH,
OH 0

| AWTiO,-A |
+3 HyC—C—CH,y — 8 +3 H;C—C—CH; + 2 1,0

Xe lamp
(A =450-600 nm)
©)
Cl
OH
+ )\ Au@Pd/T102 LCreHt
Xe lamp
(A =450-600 nm)
@)

3.1.3 Imine and amine synthesis. Selective aerobic oxida-
tion of amines to imines was also successfully catalyzed by

This journal is © The Royal Society of Chemistry 2014

Au/MOs (MOs stand for metal oxides) plasmonic photocatalysts, in
which AuNPs were loaded onto TiO,, WO;, ZnO, In,0; and SrTiO3,
under the visible light irradiation (4 > 430 nm) without solvent.'%®
Although Au/rutile TiO, showed the best catalytic performance
with an outstandingly high selectivity (>99%) to imines, the
overall conversions of amines were very low (from 0.1 to 4.5%)
in a 24 h reaction (eqn (8)). Moreover, the AuNP size effect was also
a determining factor, because the increase in AuNP size led to the
increases in LSPR absorption intensity while decreasing the AuNP
surface area. Thus, the optimum diameter of the AuNPs is about
6.7 nm resulting in the best photocatalytic activity. In the case of
Au-Pd/ZrO, catalysts,® the activity of catalytic oxidation of benzyl-
amine into imines is greatly enhanced upon visible-light irradia-
tion in CH3CN solvent (eqn (9)). In addition, the target product,
imine, can also be obtained by hydroamination of alkynes with
anilines on an Au/TiO,-N (AuNPs supported on nitrogen-doped
TiO, nanofibres) plasmonic photocatalyst with toluene as the
solvent under visible-light irradiation (eqn (10))."%° The reac-
tion was achieved in high yield and selectivity. Interestingly, the
supporting effect was more important than the size effect to
render the photocatalyst active or inactive due to the presence
of Ti*" in nitrogen-doping TiO, that enhanced the conversion
without sacrificing the selectivity. Similarly, one-pot synthesis
of propargyl amines by ternary coupling of aldehyde, alkyne
and secondary amine was successfully performed using the Au/
ZnO catalyst under 530 nm LED irradiation (eqn (11)), which
led to the rapid and selective formation of these products in
good yields under ambient conditions.**°

~
NH, N
A/ rutile TiO, X x

X _—

or Xe lamp (A > 430 nm) or

_R N
N N
H

X=H, Me, Cl and OMe.

R= Me and CH,Ph.

R

(8)
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Au-Pd@Z10,
Halogen Lamp

/@/\NHZ
R (A =450-750 nm)

R=H, Cl, CH3 and OCHj3.

S0,

)
RZ
AU/TiO,-N N
Rl—=——H + H,N—R? S l/k
Halogen lamp R CH;
R'= Ph-(CH,),, Ph-CH,, Ph, CH;(CH,)s, Br-Ph, CH;0-Ph, CH;-Ph,
Ph-C=C-CHj; and Ph-C=C-Ph.
R2=Ph, C1-Ph, Br-Ph, CH;-Ph, CH;0-Ph, C¢H;; and Ph-NH-CHj.
(10)
. = R A
R '> o AWZnO
4 + +
N Rzk 530 nm LEDs N
i CJ
R'= CH,, C,H, and OCH,. R
R2=H, C¢Hs and CH(CHz),.
(11)

3.1.4 Hydroxylation of benzene to phenol. The one-step
hydroxylation of benzene to phenol is challenging, because this
reaction usually gives low yield and selectivity. Introducing
plasmonic photocatalysts to catalyze benzene hydroxylation
might provide a valuable solution to solve this problem. Zheng
et al. synthesized noble-metal plasmonic photocatalysts M@TiO,
(M = Pt, Ag and Au) by a facile in situ method and tested the
photocatalytic performance under visible light (A > 400 nm)
(eqn (12)). Among these three kinds of catalysts, Au@TiO, showed
the best results. The content of Au loading was a key factor in
determining the photocatalytic activity and selectivity. 2 wt%
Au loading showed the best dispersivity and photocatalytic
performance with 63% yield and 91% selectivity, which may
be attributed to the enhanced visible light absorption as well as
the strongest SPR effect.®® The sunlight-introduced photocatalytic
oxidation of aqueous hydroxylation of benzene on Au@TiO, was
considerably improved when the reaction atmosphere was CO,.
A CO, effect was noticed and 13% yield and 89% selectivity for
phenol were obtained on 3% Au/P25 under 230 kPa of CO,,

which is of environmental interest.**
O o

3.1.5 Decomposition/degradation of organic compounds.
Photocatalytic decomposition of volatile organic compounds
(VOCs) and purification of the environment on the basis of
AuNP-based plasmonic photocatalysts have also attracted
increasing attention. Hou et al. synthesized a Au/TiO, plasmo-
nic photocatalyst by depositing ~5 nm AuNPs on the TiO,
surface and tested its photocatalytic activity in methyl orange
(MO) photodecomposition under visible illumination. A more
than 9-fold improvement in the photocatalytic decomposition

M/TiO, (M=Au, Pt and Ag)
Xe arc lamp (A > 400 nm)
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rate of MO on the Au/TiO, plasmonic photocatalyst was
highlighted.""*

Engineering of AuNPs or TiO, with appropriate morpholo-
gies and dominant facets contributed to the enhancement of
the design of high-performance photocatalysts. As reported,
titania-coated 2D array AuNP photocatalysts were fabricated by
wet chemical bottom-up deposition processes. Due to the LSPR
peak of the AuNP 2D array at around 700 nm with a full-width
at half-maximum of 350 nm, a 6.5 times higher photodegrada-
tion rate was confirmed compared to the titania reference
sample under visible light irradiation."™® The cuplike anatase
TiO, crystals with mesoporous structure decorated with
plasmonic AuNPs were synthesized using a very facile silica
template method and chemical etching treatment. Compared
with the AuNPs modified TiO, hollow spheres (HSs) and
P25 TiO,, the Au/TiO, nanocup showed the highest reaction
rate of decomposition of MB under visible light irradiation
(780 nm > 4 > 400 nm). The photocatalytic activity follows an
order of Au-TiO, nanocups > Au-TiO, HSs > Au-P25 > TiO,
nanocups and TiO, HSs that is attributed the unique structure
of TiO, nanocups and the LSPR effect of AuNPs."'* An enhance-
ment of photocatalytic activity was also obtained by increasing
the percentage of TiO,{001} facets. AuNPs with an average
diameter of ca. 5 nm were deposited on the {001} facet of
TiO, nanosheets in the form of a Au/TiO, plasmonic photo-
catalyst, and this nanomaterial showed superior photocatalytic
activities toward the degradation of rhodamine B (RhB) in
aqueous solution. The possible mechanism is illustrated as
follows (Fig. 7): (1) under visible light irradiation, the SPR effect
of AuNPS on the TiO,-001 surface promoted electron transfer
between them. (2) Photodegradation of RhB would start from
hole (*Au’) attack. Meanwhile, oxygen trapped electrons to
form *0,  radicals that react with H" and trapped electrons
to produce H,0, in aqueous solution. (2) RhB was destroyed
via the formation of *O,™ and *OH radicals. Additionally, when
the reaction does not involve O,, h" played a predominant
role rather than °O,” and °OH radicals under visible-light
irradiation."*

The high-yield, well-dispersed and tightly-interacted AuNP/
titanate nanobelt heterojunctions are also found to possess high
photocatalytic activity in the MO photodecomposition reaction.
AuNP/titanate nanobelt heterojunctions self-assembled with

Empty state
0, @ o Visible light
© CB ¢
OH ¢<=¢=0 2
1
i J—
>,< Filled state
1
\I/B (SPR effect)
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Fig. 7 The possible mechanism for photocatalytic degradation of RhB
over AUNP/TiO,-001. Reprinted with permission from ref. 115. Copyright
2012, Elsevier B.V.
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the linker molecule of thioglycolic acid were prepared by Liu
et al."® It was shown that the activity for MO photodegradation
depended on the content of the Au precursor, and 5 wt% Au
nanocrystals showed the best degradation ratio under visible-
light irradiation due to the SPR excitation of Au nanocrystals.
The photodegradation of MO on the AuNP/TiO, nanocomposite
also proved to be of high efficiency under sunlight irradiation.
Naik et al. introduced a green method to synthesize the AuNP/
TiO, nanocomposite; all the AuNP/TiO, samples showed better
efficiency towards photodegradation of MO than neat TiO,,
because the SPR effect determined the electron-transfer efficiency
between AuNPs and TiO, in the presence of solar-light irradiation.
In addition, the photocatalytic activity was also found to be
strongly affected by pH and plant-extract concentration. More
importantly, the rate of MO degradation over AUNP/TiO, followed
first-order kinetics."'” More recently, AuNPs deposited on ana-
tase TiO, mesocrystal (Au/MesoTiO,) superstructures showed a
more than 10 times activity in liquid-phase visible-light photo-
catalytic degradation of MB than that of Au/NanoTiO, and
Au/P25 systems (Fig. 8a). This was mainly induced by the SPR
excitation of the AuNPs; the mechanism of this activation is
8 photocatalytic decomposition reac-
tions are also promoted when semiconductor catalysts are
decorated with metal NP arrays. Kochuveedu et al. reported
SiO,@TiO, core-shell nanospheres decorated with AuNP arrays
at high densities for methylene blue (MB), MO and p-nitrophe-
nol (PNP) photodegradation under visible light. This plasmonic
AuNPs decorated SiO,@TiO, (SiO,@TiO,-Au) showed stable
and recyclable visible-light photocatalytic efficiency because the
optimum size and density of AuNPs on the surface of TiO,
determined the synergistic effect between Au NPs and TiO,
and the SPR excitation degree.''® In contrast, when AuNPs
coated with SiO, were supported on TiO,, namely with the
shell-isolated plasmonic photocatalyst (Au@SiO,/TiO,), higher
MB photodegradation efficiency was obtained than that of Au/
TiO, under both UV and visible-light irradiation in 5 h, because
its LSPR was much higher."*°

The combination of one-dimensional (1D) anisotropic nano-
structured semiconductor materials such as KNBO; nanowires
(NWs) and TiO, nanotubes (NTs) with plasmonic metal NPs

discussed in Section 4.1.

MesoTiO,, k = 0.011 min”
Au/MesoTiO,, k = 0.25 min’’
Au/MesoTiO,-PD, k = 0.02 min"'
Au/NanoTiO,, k =0.013 min”
Au/P25, k = 0.014 min'
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showed great promise in plasmonic photocatalysis of degrada-
tion reactions. As a wide-band-gap semiconductor material,
1D KNBO; nanowires modified with AuNPs showed high per-
formance in photocatalytic degradation of RhB reaction, as
reported by Lan et al.'*' This work suggested that photocatalytic
reactivity can be tuned by changing the 1D anisotropic nano-
structures and the AuNP size. In the case of depositing AuNPs
on the 1D TiO,NTs through a DP process followed by calcina-
tion, a homogeneous distribution of AuNPs on both internal and
external tube-walls of TiO, NTs was obtained and they served as
an efficient plasmonic photocatalyst in the decomposition of
MB at room temperature. Under visible-light irradiation, the
SPR absorption from the AuNPs surface increased, enhancing
the separation of e -h" charge pairs at the interface of the
mixed TiO, NTs, which resulted in the enhancement of photo-
catalytic efficiency of Au/TiO, NTs compared to TiO, NTs with-
out AuNP deposition.'**

Visible-light photodegradation of organic compounds on
unconventional structured catalysts such as core-shell and sandwich
nanostructures has also been reported. In the case of Au@ZnO
core-shell NP-catalyzed photodegradation of MO dyes and
photooxidation of methanol under visible irradiation, Misra
et al. concluded that Au@ZnO core-shell NPs exhibited effi-
cient plasmonic photocatalytic activity because of the presence
of SPR of the Au core; the photocatalytic activity was enhanced
with an increase in shell thickness.””® In contrast, SiO,/Au/TiO,
sandwich-structured catalysts showed high efficiency in catalyzing
decomposition of organic compounds under illumination of UV,
visible light and natural sunlight, which can be ascribed to inter-
facial nonmetal doping-improved visible-light activity. AuNP decora-
tion enhanced light harvesting and charge separation, and the small
grain size of anatase nanocrystals reduced the exciton recombina-
tion rate.”® Pure Au, Cu,0, Au@Cu,O core-shell and Au@SiO,@
Cu,0 sandwich NPs were also introduced for the photodegradation
of MO in aqueous solution under visible light (Fig. 8b). Among these
three catalysts, Au@SiO,@Cu,O sandwich NPs exhibited the best
photocatalytic activity, and enhanced photocatalytic activity at the
LSPR wavelengths was attributed to an interaction between the LSPR
and semiconductor through the local electromagnetic field domi-
nated by the resonant energy transfer (RET) mechanism.”

0.21—a— Au@sio,@Cu,0

T

0.0 05 1.0 1.5 2.0
Time (hrs)

Fig. 8 (a) Kinetic linear fitting curves for liquid-phase photocatalytic degradation of MB over different samples under visible-light irradiation (460—
700 nm), and (b) no catalyst, uncoated Au, Cu,O control, Au@Cu,0O, and Au@SiO,@Cu,O nanostructures. Reprinted with permission from ref. 118 and 91.
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Apart from the examples discussed above, the AuNP-loaded
rutile TiO, (Au/rutile TiO,) plasmonic photocatalyst success-
fully extended its application to water purification, which
involved rapid and complete removal of nonylphenol from
its dilute aqueous solution by degradation.'”® And, Au/TiO,
prepared by the CPH method was also used for the photo-
decomposition of oxalic acid and acetic acid to CO, as well
as formic acid under visible light irradiation."®® Moreover,
plasmon-enhanced photocatalytic decomposition was also
tested by using other organic compounds like trichloroethylene
(TCE). By choosing nonporous SiO, nanospheres as an inactive
support to prevent NP coalescence or sintering, and depositing
on 5 nm AuNPs, higher reaction rates by manipulating the
wavelength of the incident light with the plasmon resonance
of the catalysts (532 nm) were obtained.'*® All these results
promoted an advanced, non-toxic, low-cost, and easy photo-
catalytic process for water purification.

3.1.6 Miyaura-Suzuki coupling reactions. The Miyaura-
Suzuki coupling reaction has greatly contributed to the
straightforward and convenient synthesis of biaryls in organic
synthesis. Great efforts have been made to use transition
metals to catalyze Miyaura-Suzuki coupling reactions, espe-
cially using homogeneous palladium catalysts. Very recently,
the interest in palladium catalysts has shifted to bimetallic
AuPd plasmonic photocatalysts, especially under ambient
conditions, which is promising for practical and industrial
applications. Wang et al. reported plasmonic harvesting of light
energy for Miyaura-Suzuki coupling reactions under laser and
solar irradiation on Au-Pd nanostructures, with PANPs that
were grown on the surface of AuNRs (eqn (13))."*” It has been
demonstrated that light was absorbed by the Au nanocrystal
cores and that PANPs promoted the Suzuki coupling reactions,
with the smaller Au-Pd nanorods showing the best photocata-
lytic performance. More importantly, the high catalytic activity
is mainly attributed to the plasmonic photocatalysis contribu-
tion rather than photothermal heating contribution, which was
confirmed by comparing the activities of Au-Pd and Au-TiO,~
Pd catalysts. That is, the Au-TiO,-Pd catalysts possessed only
the photothermal heating effect while the Au-Pd nanorods
showed both the plasmonic photocatalysis and the photother-
mal heating effects for the Miyaura-Suzuki coupling reactions.
Unconventional structures containing bimetallic AuPd nano-
wheels were synthesized by a facile wet-chemical reduction
method in which the AuNP core was surrounded by metallic
Pd that also acted as a highly efficient catalyst in Miyaura-
Suzuki coupling reactions under light irradiation, which could
be attributed to the unique heterostructure and SPR of AuPd
nanowheels.”> When alloyed Au-Pd NPs supported on ZrO,
(Au-Pd@Zr0O,) were tested for the Miyaura-Suzuki coupling
reaction under visible-light illumination (eqn (14)), high yields of
the target products were obtained, because the activation energy
of Miyaura-Suzuki coupling was reduced to ~33.7 kJ mol "
compared to ~49.2 k] mol ' in the dark.®?

A discussion of whether the enhancement of the chemical
reaction is attributed to contributions of the light or thermal
effect is necessary, because irradiation causes increase of the
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Fig. 9 Conversion of iodobenzene as a function of time during
a Miyaura—Suzuki coupling reaction under irradiation with light or
conventional heating conditions. Reprinted with permission from ref. 95.
Copyright 2012, Wiley-VCH.

reaction temperature.'®” By comparing the activity under light
irradiation and conventional heating conditions (photocatalytic
activity of the former is 3.8 times greater than that of the later),
the AuPd nanowheels enhanced not only the catalytic activity
but also their ability to exploit the light (Fig. 9). Further study
on the dependence of the catalysis on the reaction temperature
and light intensity confirmed that the accelerated rate of
the reactions under light irradiation was due to the plasmonic
resonance effect, which inspired the design of new catalyst
systems for chemical conversion reactions under ambient con-
ditions. In the case of Au-Pd@ZrO,-catalyzed Miyaura-Suzuki
coupling,® Sarina et al. discussed contributions of light and
thermal processes to the conversion efficiencies in detail by
tuning the light intensity and wavelength. As shown in Fig. 10a,
the linear relationship between the conversion and the light
intensity clearly demonstrated the enhancement that light
irradiation produced in the catalytic activity of Au-Pd@ZrO,
catalysts. More importantly, in the longer light-wavelength
range (especially the LSPR peak of AuNPs is in this wavelength),
the contribution of light is superior to that of the thermal effect,
Fig. 10b. These results clearly demonstrated that the enhance-
ment of photocatalytic activity is mainly attributed to light-
excited plasmonic photocatalysis, which inspires the design
and usage of combined gold and other transition metals
as efficient catalysts for a wide range of organic synthesis

reactions promoted by sunlight.
@ R? Au-Pd nanorods C>_<j>/ R
X+ (HO),B 4
Rl/ (HO 809 nm Laser Rl/\ / \ /
X=I.R'=H.R>=H.
X=Br. R'=2-OCH3, 3-OCHj and 4-OCHj;. R>= 2-CH3, 3-CH; and 4-CHj.

2

or Sunlight
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In short, the transformation of organic starting materials to
target compounds in a green, effective and low-cost process is
always a pursuit, especially under ambient conditions. Although
rapid progress has been made in the area of organic transforma-
tions by AuNP-based plasmonic photocatalysts under visible light
irradiation, the reactions types catalyzed by these promising photo-
catalysts are still limited. Great efforts are still needed to continue
understanding plasmonic gold-photocatalyzed organic reactions
from both fundamental and mechanistic points of view in order
to guide the design of catalysts and extend the reaction types.

3.2 Clean energy conversion

3.2.1 Water splitting. With the understanding of the
exhaustion of fossil fuels and the deterioration of ecological
environment, scientists are encouraged to develop clean and
renewable energies. Among them, hydrogen (H,) is considered
as the simplest and most attractive fuel for production due to
its high-energy capacity and friendly environment. Utilization
of solar energy to produce hydrogen as a storable clean fuel
using sunlight to drive a photocatalytic or photoelectrochem-
ical (PEC) water splitting reaction producing H, and oxygen (O,)
is attractive. Since the first report of the use of a plasmonic
photocatalyst to split water in a plasmon-enhanced photo-
current generation system,'?® considerable advances'*® have
been made in solar-to-hydrogen energy conversion via plasmonic
photocatalysis, and research is still in progress.

In a study by Liu, photocatalytic water splitting was investi-
gated under visible illumination in TiO, film by exploiting the
large plasmon resonance of AuNPs. Compared to TiO, with no
AuNPs, a significant enhancement factor of 66 was highlighted
for the photocurrent value with AuNPs at A = 633 nm (Fig. 11).
The LSPR contributes to the enhancement in the photocatalytic
splitting of water in the visible region due to the electromagnetic
spectrum photocurrent value that increases at the plasmon
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resonant wavelength.'*® This represents a possible route to
direct solar energy to fuel production using plasmonic photo-
catalysts, which was further supported by Chen et al. These
authors suggested that AuNPs not only acted as electron traps
as well as active sites but also played an important role in the
SPR enhancement to provide extra electromagnetic field for
the enhancement of H, production in photocatalytic water
splitting."** However, a comparison of the photoelectrochemical
water splitting performance over Ag/N-TiO, and Au/N-TiO, also
suggested that the Au SPR is insufficient to lead to the formation
of e -h" pairs in N-TiO, in the radiative energy transfer process,
because N-TiO, absorbs only below ~500 nm.”” More recently,
an efficient, autonomous plasmon-enhanced solar water splitting
device based on a AuNR array was reported by Moskovits’ group.
The AuNRs were first coated with a thin TiO, layer for charge
separation. Then, the TiO, was covered by tiny Pt NPs that capture
the hot electrons and thereby trigger the reduction of hydrogen
ions. Moreover, a cobalt based catalyst was used to feed the metal
back with electrons. All effective charge carriers involved in the
oxidation and reduction steps arise from the hot electrons
resulting from the excitation of surface plasmons in the AuNRs.
The as-reported AuNRs function without external wiring, producing
5 x 10" H, molecules per cm” per s under 1 sun illumination
(AM 1.5 and 100 mW cm 2) with unprecedented long-term
operational stability."*"

As already illustrated in 1.2.2, the NP shape plays a major role
in determining the SPR absorption peak, resulting in various
catalytic functions. Thus, the photoactivity of Au-TiO, electrodes
for photoelectrochemical water oxidation is effectively enhanced
in the entire UV-visible region by tuning the shape of AuNPs. For
example, depositing AuNPs, AuNRs and a mixture of AuNPs and
AuNRs on the surface of TiO, nanowire arrays as photoanodes
for photoelectrochemical water oxidation enhances the photo-
activity of TiO, at various wavelengths. An electric-field amplifi-
cation effect was observed for AuUNP-TiO, due to electric-field
increase at wavelengths between 300 and 400 nm (overlapped
with the absorption edge of TiO,), which together with the effective
surface passivation promoted water oxidation in the UV region.
Most importantly, the electrical-field amplification effect and
hot-electron generation upon SPR excitation are responsible for
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Fig. 10 Dependence of the catalytic activity of Au—Pd@ZnO, catalysts for the Miyaura—Suzuki coupling reaction on (a) intensity and (b) wavelength of
light irradiation. Reprinted with permission from ref. 83. Copyright 2013, American Chemical Society.
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green light
irradiation

Fig. 12 Expected working mechanism for the reduction of Cré* to Cr**
along with H,O oxidation to O, over Au/TiO,—Pt under irradiation with
visible light. Reprinted with permission from ref. 133. Copyright 2013,
American Chemical Society.

the photoactivity enhancement over Au nanostructure-decorated
TiO, samples in the visible region.'*” Furthermore, as also
described in 3.1.1, the addition of a suitable metal co-catalyst
with Au/TiO, effectively promotes alcohol oxidation reactions,
and so does it in the H,O oxidation reaction. The Au/TiO,-Pt
photocatalysts were successfully applied to Cr®" reduction and
H,O oxidation reactions under the visible-light irradiation of a
green LED (4 = 540 nm) (eqn (15)). The proposed mechanism of
this reaction is illustrated in Fig. 12. To begin with, AuNPs are
excited by SPR under visible-light irradiation and absorb the
incident photons. Then, electrons are transferred from AuNPs to
the conduction band of TiO,. Finally, the resultant electron-
deficient AuNPs oxidize H,O to O, and return to the original
metallic state, while Cr®" is reduced to Cr**, because electrons
are transferred from the TiO, conduction band to PtNPs. This
reaction does not induce irreversible changes in the photo-
absorption property and activity of the photocatalysts."*?

Au/TiO,
20,07 + 16H IO 4ert 130, 4 8H,0 (15)

540 nm LED
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Metal-semiconductor hybrid photocatalysts were shown to
be efficient in solar H, production. For instance, mesoporous
Au-TiO, nanocomposites showed remarkable visible-light activity
for H, evolution from photocatalytic water reduction in the
presence of ascorbic acid as the electron donor, which can be
explained the defects/impurity states in the TiO, matrix; the
AuNP LSPR enhanced the weak visible-light excitation of the
TiO, matrix."** On the other hand, by arranging plasmonically
modified wide-bandgap oxides in three dimensions (3D),
visible-light-active electrochemical water-splitting photocata-
lysts are also obtained. DeSario et al. prepared 3D Au-TiO,
aerogels using the sol-gel procedure and deposited AuNPs onto
anatase TiO, aerogels (DP Au-TiO,) as catalysts for compari-
son.'® Various preparation methods lead to almost the same
average AuNP size that is 4.7 & 1.5 nm and 4.7 £ 1.9 nm for the
DP-8.5% and 3D-8.5% samples, respectively. However, the SPR
absorptions are quite different from one another. The SPR in
DP Au/TiO, markedly red-shifts by 20-25 nm relative to that of
3D Au-TiO, aerogels that is centered at 545-548 nm and shows
the maximum improvement factor of 55 in visible-light photo-
activity. Another example also demonstrated that the use of an
ultrathin layer of a suitably chosen material to coat a light-
harvesting nanostructure helps enhancing the benefits of AuUNP
near-field plasmonic functionalization in the context of photo-
electrochemical water splitting."*® The Au/ZFO/ZnO nanocomposites
are prepared by first depositing ZnFe,O, (ZFO) onto ZnO nanorods
followed by a second deposition of AuNPs onto the ZFO/ZnO
nanostructure. UV-visible absorption spectra showed that Au/ZFO/
ZnO had the highest absorption in the visible region. Furthermore,
due to the near-field optical enhancement effect of plasmonic
AuNPs on ZFO/ZnO nanostructured hetero-junction, the photo-
current densities of Au/ZFO/ZnO are five times and two times
higher than that for ZnO and ZFO/ZnO samples, respectively.
These examples highlight the importance of the material design
when considering the use of plasmonic photocatalysts under
visible light based on LSPR as already discussed in 2.3 and 3.1.5.

3.2.2 H, formation from organic compounds. H, formation
by nanogold plasmonic photocatalysts from organic compounds
(or organic-water mixture) has also attracted much attention.
Tanaka et al. showed that catalyst preparation methods greatly
influence the H, formation rate from organic compounds. The
Au/TiO, catalysts were synthesized by SS and MS photodeposi-
tion methods. A larger rate of photoinduced H, production from
various substrates (2-propanol, ethanol, methanol, ammonia
and benzyl alcohol) was reported under irradiation using visible
light. MS-Au/TiO, samples exhibited the highest H, formation
rate. Indeed, the SPR of AuNPs exhibited stronger photoabsorp-
tion at around 550 nm."” Very recently, these authors also
suggested that the co-existence of large (>10 nm) and small
(<5 nm) AuNPs in Au/TiO, catalysis prepared by MS photo-
deposition method contributed to stronger SPR photoabsorp-
tion, enhanced H, evolution rate from 2-propanol in aqueous
suspensions, and H, and N, evolution rates from NH; under
visible light irradiation. In these cases, smaller AuNPs acted as
a reduction site for H, evolution. However, in the case of the
mineralization of acetic acid in the presence of O,, smaller Au

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c4cs00145a

Published on 14 July 2014. Downloaded by UNIV BORDEAUX 1-SCD-BIBLIO UNIVERSITAIRE on 10/10/2014 15:52:56.

Review Article

particles had little effect on the photoactivity, because O, itself
acting as the electron acceptor is enough for reduction of electrons
from CB of TiO,. Thus, controlling electron consumption is an
effective way for nanogold based plasmonic photocatalysts to
improve photocatalytic performance.’® The AuNP loading effect
is also important for the H, production from ethanol-water
mixtures under UV excitation."*® By loading 0-10 wt% AuNPs on
the P25 TiO,, highest activities were observed in the Au loading
range 0.5-2 wt% (H, production rate 31-34 mmol g~' h™),
because in this range of Au loading, LSPR excited AuNPs effectively
suppress electron-hole pair recombination in TiO, to promote
H, production. The size effect of AuNPs is ignored in this case,
because all samples had almost the same average AuNP dia-
meter. Normally, the AuNP size effect has a great influence on
the photocatalytic performance. This was shown in the case of
Au-loaded mesoporous Ta,Os (Au/m-Ta,Os plasmonic photo-
catalysts) prepared by a facile photodeposition method. The
larger size of AuNPs led to a stronger SPR effect thereby
resulting in the enhancement in the photocatalytic H, produc-
tion rate from methanol aqueous solution.™*°

The electron-transfer pathway in Au/TiO, is essential to
understand the underlying mechanism of the SPR absorption
as well as its impact on the H, production reaction. Using in situ
electron paramagnetic resonance (EPR) spectroscopy, Priebe
et al. investigated the visible-light-driven electron transfer
in photocatalytic H, evolution from MeOH-H,O mixtures over
Au-TiO, catalysts."*® Their work suggested that the electron-
transfer pathways are dependent on the wavelength of the light,
namely, e -h" pair generation by d-sp interband transition
in the shorter wavelength region, while the electron-transfer
pathway in the higher wavelength range of the visible spectrum
is dependent on SPR transitions. Furthermore, synergetic
promotion of the photocatalytic activity of TiO, by AuNP
deposition under UV-visible light irradiation was also observed."*!
As shown in Fig. 13, upon visible-light irradiation, electrons in
large AuNPs are excited by LSPR and transferred to the con-
duction band of adjacent TiO,, during which the local electric
field of adjacent TiO, and separation of electron-hole pairs
are enhanced. Meanwhile, small AuNPs on TiO, act as efficient
co-catalysts and trap the electrons from the conduction band of
TiO,. Thus, a triple synergistic promotion effect is achieved in
the separation of electron-hole pairs over TiO, by large and
small AuNP deposition. This was proved by Rayalu et al. who
deposited AuNPs on TiO, by a photodeposition method, showing
that the highest H, evolution rate under visible-light irradiation
was because of the formation of the plasmonic state of AuNPs
upon illumination with the light source.?®

A higher performance also benefited from the successfully
nanostructure design. Janus Au-TiO, photocatalysts (Fig. 14b
inset)'*> were rarely explored compared to their core-shell
counterparts, the LSPR properties of which have been widely
studied.®*"''°® However, the Janus morphology generates
extremely strong localization of the plasmonic near-field close
to the Au-TiO, interface, leading to the enhancement of optical
absorption and the generation of e ~h" pairs for photocatalysis
and resulting in a higher H, generation rate from isopropyl

This journal is © The Royal Society of Chemistry 2014
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Fig. 13 Synergetic promotion effects of AuNPs on the photocatalytic
activity of TiO, under UV-visible light irradiation. Reprinted with permission
from ref. 141. Copyright 2013, Royal Society of Chemistry.

alcohol-aqueous solution (Fig. 14a). The size effect is also
clearly seen in this novel nanostructured photocatalysis. Under
visible-light irradiation, the rate of H, generation from the
Janus photocatalysts decreased in the order: Auyon,-TiO, >
AU500~TiO, > Auzenm—TiO,, suggesting that larger AuNPs
resulted in higher photocatalytic activity, which was ascribed to
their stronger plasmonic near-fields (Fig. 14b). Torimoto et al.
prepared a novel semiconductor/insulator/metal structured hybrid
photocatalyst (CdS@SiO,//Au@SiO,) composed of AuNPs and
CdSNPs, separated by an insulating SiO, layer, as shown in
Fig. 15a, for H, production from 2-propanol-water. In this
nanocomposite catalyst, the AuNP core acts as light capture
and the local electric field around AuNP cores is enhanced via
LSPR, while the SiO, layer works as an insulator layer to prevent
direct electron transfer from CdS to AuNPs. Fig. 15b shows the
amount of H, as a function of irradiation time over CdS@SiO, and
CdS@SiO,//Au@SiO, catalysts with various SiO, shell thicknesses.
The photocatalytic activity of the CdS@SiO,//Au@SiO, catalyst
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Fig. 14 (a) Volume of hydrogen generated (V\;,) under visible-light irra-
diation using various nanostructures (AuNP size: 50 nm) and (b) Janus
Augy—TiO, photocatalysts with various AuNP sizes d (in nm). Reprinted with
permission from ref. 142. Copyright 2012, WILEY-VCH.
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(a) Schematic illustration of the immobilization of CdS@SiO, on Au@SiO, particles. (b) Amount of H, evolved as a function of irradiation time

over CdS@SiO,//Au@SiO, photocatalysts ((17) and (2.8) mean thickness of the SiO, shell layer in CdS@SiO,//Au@SiO, samples is 17 and 2.8 nm,
respectively). Reprinted with permission from ref. 143. Copyright 2011, American Chemical Society.

with a SiO, shell thickness of 17 nm is higher than that of
CdS@Si0,//Au@SiO, with an SiO, shell thickness of 2.8 nm,
suggesting that the photocatalytic activity is dependent on the
distance between the cores of the CASNPs and AuNPs, which
can also be tuned by changing the AuNP core size.'*?
Combining plasmonic photocatalysts and band-gap photoca-
talysts (Pt/Au/WO;) has been recently shown to be a powerful
method for the photocatalytic decomposition of glycerin, a bypro-
duct in the production of soap and biodiesel oil from fats and oils.
This reaction leads to the formation of H, and CO, under visible
light irradiation (eqn (16)). A study of H, production from
2-propanol under additional irradiation by light from the blue
LED or green LED indicated that both the band-gap excitation of
WO; and SPR of AuNPs simultaneously contributed to the H,
formation, which was further supported by experimental results
of the visible-light-induced water oxidation reaction. This work
highlighted for the first time the application of a SPR photo-
catalyst for a two-step photoexcitation system through combi-
nation with WOj;. It represents the successful attempt to use both
SPR and band-gap excitation for photochemical reactions.**

OH PUAUWO
+
HO\/K/OH + 300 Xe lamp 2 2
(A=450-600 nm)
(16)

3.2.3 Photocatalytic CO, conversion to hydrocarbon fuels.
Besides the photocatalytic or photoelectrochemical water-
splitting reactions, AuNP-based plasmonic photocatalysts have

also been used to catalyze other energy-conversion reactions,
especially photocatalytic methane formation upon reduction of
CO, by H,0:

CO, + 2H,0 — CH,4 + 20,.

For example, Hou et al. reported the use of the Au/TiO,
plasmonic photocatalyst to convert CO, to hydrocarbon fuels.'*®
Under visible illumination (4 = 532 nm), a 24-fold enhancement in
the photocatalytic activity was highlighted due to the intense local
electromagnetic fields created by the surface plasmons of the
AuNPs (Fig. 16a). Various reduction products such as CH,, HCHO,
and CH3;OH are detected because of the differences in the
conduction and valence band energies of TiO, with the reduction
potentials of CO, (Fig. 16b). More recently, Zhang et al. fabricated
TiO, nanofibers that were codecorated with AuNPs and PtNPs
(Au/Pt/TiO,NFs) and used these photocatalysts to evaluate the
activities in hydrogen production.'*® These studies suggested
that PtNPs mainly contributed to the active sites for H, produc-
tion. The photoreduction of CO, by water vapor was also
employed to confirm the contribution of codecorated AuNPs
to the photocatalytic activity, which showed that the synergy of
the electron-sink function of Pt and SPR of AuNPs significantly
improved the charge separation of photoexcited TiO, and resulted
in great enhancement in photocatalytic activities for both H,
generation and CO, reduction. This catalyst design provided a
more effective way to harvest solar energy for fuel production,
which could inspire future work in this area.
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(a) Photocatalytic product yields (after 15 h of visible irradiation) on three different catalytic surfaces. (b) Energy band alignment of anatase TiO,, Au, and

the relevant redox potentials of CO, and H,O under visible illumination. Reprinted with permission from ref. 145. Copyright 2011, American Chemical Society.
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4 Mechanistic overview

From the examples discussed in Section 3, the photocatalytic
properties of AuNP-based plasmonic photocataysis were often
described as greatly enhancing the photocatalytic activity or
high conversion with high selectivity to the target product.
The question is raised, however, concerning what is responsible
for those superior photocatalytic functions. In order to illustrate
the potential mechanism of LSPR-enhanced photocatalytic
properties under visible light illumination, two mechanisms
have been widely used: the charge-transfer mechanism and the
local-electric-field enhancement mechanism. These two possible
mechanisms and other possible mechanisms are now discussed
in some detail.

4.1 Charge-transfer mechanism

The charge-transfer mechanism was proposed by Tian et al.
when they reported visible-light irradiation (1 > 420 nm)
of AuNPs on a semiconductor TiO, film coated on an indium-
tin-oxide electrode. This system generated an anodic photocurrent
in the presence of Fe". The charge-transfer mechanism was
proposed by these authors to explain the experimental observation
of photo-to-current conversion efficiency enhancement.> Gener-
ally, this mechanism is depicted as follows: when the plasmonic
AuNPs are irradiated with visible light, the collective oscillation of
electrons on the AuNPs excited by the LSPR is induced by the
incident visible light, and conduction electrons (e ) are transferred
from AuNPs to the conduction band of the semiconductor, while
the positively charged AuNPs receive e~ from electron donors such
as Fe?*, HCHO and alcohol molecules."

The charge-transfer mechanism was found to be more
functional in the composite photocatalyst structures, in which
the direct contact between plasmonic metal NPs and semi-
conductor allows the rapid charge-carrier transfer.'* For example,
as shown in Fig. 17a, in the aerobic oxidation of alcohol
reactions, this oxidation reaction and reduction of O, by e~
(formation of O-O~ species) occur simultaneously over AuNPs
and the conduction band of TiO,, respectively. Then, the O-O™
species attracts the H atom of the alcohol and produces
Au-alcoholate species. Subsequently, H atoms from Au-alcoholate

(a) Visible light

0,
(electron acceptor)

electric field

oxidized
product

substrate
(electron donor)
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species are removed to produce the carbonyl products. This e™
transfer from photoactivated AuNPs to TiO, and subsequent O,
reduction on the TiO, surface was confirmed by ESR analysis.®®
However, in the water-splitting reactions, the mechanism is
more complicated. Due to the alignment of the electronic
states, plasmonic metal NPs/semiconductor composite photo-
catalysts only allow for the transfer of energetic electrons from
the metal NPs to the semiconductor. All the plasmonic charges
residing at the Fermi energy of the metal cannot drive the
reduction and oxidation half-reactions, because the plasmonic
electrons (at Eg) are too low in energy to drive the reduction
half-reaction, and the plasmonic holes (also at Er) are too high
in energy to drive the oxidation half-reaction.'*” Therefore, in
order to successfully take into account the excitation of the
electrons by the LSPR and their transfer from metal NPs to the
semiconductor, the working mechanism must involve three
continuous steps (Fig. 17b): (i) the electrons on the plasmonic
metal near the metal Fermi level are excited to the surface
plasmon (SP) states under the visible light irradiation; (ii) the
excited electrons then transfer to the adjacent semiconductor;
(iii) the electron transfer in steps (i) and (ii) activates the
electron-driven processes in the O, evolution half-reaction
(H,O0 + 2h" — 1/20, + 2H") and H, evolution half-reaction
(2H" + 2e” — H,)."" Moreover, in photoelectrochemical water
splitting, plasmonic Au nanocrystals coupled to TiO, nano-
tubes with top seamless photonic crystal layer (AuNCs/TiO,
NTPC) showed excellent PEC water-splitting performances due
to the SPR-induced electron transfer, which inspired the design
of plasmonic-photonic crystal systems to prepare efficient
visible-light photocatalysts.'*®

In Au/TiO, catalytic systems promoted by the charge-transfer
mechanism, the location of AuNPs was found to be crucial for
the promotion of electron transfer from LSPR excited AuNPs to
various kinds of TiO,. As mentioned previously, AuNPs with
<5 nm diameter located at the interface of anatase/rutile TiO,
particles behave as the active sites for the photoreaction.
Plasmon activation of the AuNPs consecutively transfers conduc-
tion electrons from AuNPs to rutile and then to adjacent anatase
TiO,, thus catalyzing the oxidation of organic substrates®® and
decomposition of MB at room temperature.'** Very recently,

Semi-
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. |
X of-s-m-yr--mommm———-
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Fig. 17 LSPR induced charge-transfer mechanism:(a) aerobic oxidation by AuNPs/semiconductor, (b) water splitting with approximate energy levels on
the NHE scale by the plasmonic metal/semiconductor. Reprinted with permission from ref. 11 and 86, Copyright 2012 American Chemical Society and

2011 Nature Publishing Group, respectively.
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AuNPs located on the basal surface of the anatase TiO, meso-
crystal were found to be much more effective in transferring
electrons from the LSPR excited AuNPs to the MesoTiO, system
than those located on the lateral surfaces of MesoTiO, prepared
by a PD method. In order to provide evidence of this ultrafast
electron-transfer process, time-resolved diffuse reflectance
spectroscopy was used to measure the lifetime of the injected
electrons. This suggested that electron accumulation time in
the Au/MesoTiO, system (5.6 min) is significantly shorter than
those in the Au/MesoTiO,-PD (16 min) and Au/TiO, NP systems
(10-26 min). Indeed, >60% electrons in the Au/MesoTiO,
system have a prolonged electron lifetime of ~10 ns in ambient
air, while the electrons in the Au/MesoTiO,-PD and Au/P25 TiO,
systems recombine with the holes in the Au NPs within a few
nanoseconds.'*® Thus, the importance of the location of AuNPs
on semiconductors is that it may significantly retard the charge
recombination process of the electrons, thereby enhancing the
visible-light photocatalytic performance.

4.2 Local electric field enhancement mechanism

As mentioned above, plasmonic metal NPs have their own absor-
bance spectral surface plasmon band. When plasmonic metal NPs
are irradiated with visible light with the wavelength near their
plasmon resonance frequency, the incoming photons are absorbed,
and the optical absorption produces a local electric field near the
surface of the NPs. Excited plasmonic NPs act as concentrators
and the LSPR greatly enhances the intensity of electric field. Then,
the enhanced local field would in turn boost the generation rate
of electron-hole pairs in semiconductors by a linear or nonlinear
relationship. Thus, the probability of a photocatalytic reaction is
high compared to that of e ~h" recombination."*
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The estimation of the induced electromagnetic field enhance-
ment is mainly based on Maxwell’s classic electromagnetism
theory (the finite-difference time-domain (FDTD) method).
Electromagnetic simulations using the FDTD method have
shown that the induced electromagnetic field enhancement is
approximately 10-100 times larger than the incident electro-
magnetic field intensity. Surprisingly, in the “hot spot” regions,
the electric-field intensity of local plasmonic “hot spots” can reach
as much as 1000 times that of the incident electric field.*>'*° For
example, Cronin’s group performed FDTD numerical simulations
of electromagnetic response to study the enhanced electric-field
intensities at the interface of Au-TiO,.'**'*® The enhanced
electric fields are observed local “hot spots” that can be clearly
seen in regions between nearly touching AuNPs (Fig. 18a and b).
Furthermore, a cross-sectional plot of the electric fields in one of
these hot-spot regions illustrates that the electric-field intensity
at the TiO, surface reaches 1000 times that of the incident
electric field (Fig. 18c). This greatly enhances the rate of e -h"
pair formation in the near-surface region, thereby leading to the
overall enhancement in the photocatalytic water-splitting activity
by factors of 5 and 66 at wavelengths of 532 nm and 633 nm,"*®
respectively, and 9-fold improvement in the photocatalytic
decomposition rate of methyl orange.'*>

An enhancement in the local electric field benefits from the
successful design of the photocatalyst structure due to the
enhancement in the local electric field that was found to be highly
dependent on the size'** and shape of the plasmonic metallic
NPs."™® Recently, Wang et al. prepared Au/TiO,/Au plasmonic
coupling photocatalysts by first growing TiO, nanosheets directly
on a Ti foil, then depositing AuNPs on both sides of these
nanosheets. More importantly, the maximum electric-field
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(a—c) Electric-field intensity at the interface of Au-TiO, calculated using FDTD. (d) Simulated spectra for x-polarized illumination of AuNPs only

(blue line) and AuNPs covered with 3 nm SiO, (redline) in water. The inset shows the TEM image of SiO,-covered AuNPs. (e) Simulated electric-field
intensity on the outer surface of AuNPs (left) and Au-SiO, core-shell NPs (right) at plasmonic wavelength on the logarithmic scale. The wavelength of
incident light is 540 nm (left) and 545 nm (right). Reprinted with permission from ref. 112 and 120. Copyright 2011 Elsevier and 2012 American Chemical

Society, respectively.
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intensity enhancement of the Au/TiO,/Au nanostructure is
38-fold through the calculation of the FDTD method."*" The
electric-field intensity can be enhanced in both cases of Au and
Au@SiO, core-shell nanoparticles by their LSPR (Fig. 18d). But,
as shown in Fig. 18e, the electric-field intensity on the outer
surface of Au@SiO, core-shell nanoparticles is 8.98 times
higher than that of bare AuNPs. When Au@SiO, and AuNPs
were separately deposited on TiO,, the enhancement of the
local electric field of the former was also observed to be larger
than that of the latter, which can be attributed to the promoted
LSPR that can assist in generating more e -h" pairs inside
the TiO, thin film to compensate the loss of the electron trap
effect due to SiO, insulation.’® However, a Janus Au-TiO,
nanostructure was more efficient than its core-shell counter-
part due to strong, non-centrosymmetric localization of
the plasmonic near-fields on one side of the AuNPs in Janus
Au-TiO, nanostructures that was different from the symmetric
near-field enhancement of the electric field in Au-TiO, core-shell
nanostructures.**> More importantly, the photodegradation of MB
rate of Au/Ag/TiO, (1.06 x 10> min ") was much higher than that
of Au/TiO, (3.73 x 10~® min~ ") under irradiation with visible light
(500-700 nm), because the AgNRs displayed higher electric-field
enhancements than AuNRs, and the Fermi level of Au/Ag NRs
became closer to that of TiO, upon Ag coating.">>

Additionally, in core-shell or sandwich nanostructured plas-
monic photocatalysis, the distance between the plasmonic
metal NPs and the semiconductors also plays a role in deter-
mining the enhancement factor in the near field. Torimoto
et al. indicated that the photocatalytic activity of Au@SiO,/CdS
for H, evolution was greatly dependent on the distance between
CdS and AuNPs, due to the locally enhanced electric field
produced by photoexcitation of the LSPR of AuNPs.'** Plasmonic
coupling in various metallic layers plays a determining role
in the LSPR properties. Very recently, the LSPR properties of
Au-Ag-Au three-layered nanoshells were investigated theoreti-
cally using quasi-static electricity by Zhu et al. Thus multilayered
nanoshells constituted with various metals alternately appear-
ing created abundant LSPR modes and were easily tuned by
altering the geometric factors of different metallic layers.'>* All
these examples gave further support of the local electric-field-
enhancement mechanism.

4.3 Mechanism in large NPs

Apart from these two main mechanisms, another mechanism that
was usually used is the scattering mechanism normally occurring for
large plasmonic nanostructures (larger than ~50 nm in diameter).
Generally, the resonant photons that are not absorbed by a
semiconductor are scattered by larger plasmonic metal NPs,
ultimately increasing the average path length in plasmonic
nanostructures and the rate of e"-h" pair formation in the
semiconductor. The efficiency of scattering is sensitive to the
size, shape and the loading level of the plasmonic metal NPs.
For example, high loading of plasmonic metal NPs leads to the
absorption of many photons in the first interaction with metal
NPs, leaving only a few for multiple scattering, while the
influence of scattering is negligible with low plasmonic metal

This journal is © The Royal Society of Chemistry 2014
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NP loading.”® The scattering mechanism is widely used to
illustrate the working mechanism for the LSPR-enhanced
photoactivity in Ag based plasmonic photocatalysis.!!*32134153
However, for AuNP-based plasmonic photocatalysts, this
mechanism has rarely been examined.

5 Conclusions and outlook

In summary, the introduction of SPR/LSPR into photocatalysis
under visible-light irradiation can efficiently improve the
photocatalytic activity and modify the product selectivity. Using
plasmonic photocatalysts to catalyze chemical reactions is
promising, and the obtained results are encouraging. The
knowledge of the traditional photocatalysts has been recently
updated by recognizing that the LSPR effect of noble-metal NPs
can significantly improve the photocatalytic ability of their
adjacent semiconductors, resulting in better photocatalytic
functions. However, the use of plasmonic photocatalysts to
catalyze chemical reactions is a new field, and its applications
are challenging. From our perspective, several challenges need
to be overcome as illustrated below:

First, the physical understanding of plasmonic photocatalysis
requires more studies, especially the unified and widely-accepted
predictive models to guide the effective design of stable, low-cost
and efficient AuNP-based plasmonic photocatalysts.

Secondly, though some efforts have been made to illustrate
the working mechanism of plasmonic photocatalysts, the electron-
transfer pathway is not fully understood. For example, the deter-
mination of the electron-transfer process from plasmonic AuNP to
its adjacent semiconductor or to the absorbed molecules is crucial
to the associated photocatalytic properties. In addition, AuUNP
size, shape and other parameters are sensitive to the LSPR
absorption, which may affect the electron-transfer efficiency
and the final photocatalytic performance.

Thirdly, although the use of Au-based plasmonic photo-
catalysis has been extended to various reactions, the reaction types
are still limited. The applications could be extended to various
practical reactions, for which fundamental work is needed to control
the photocatalytic functions in various experimental systems.

Fourth, the reported studies currently used relatively large
AuNPs, making the nominal turnover number (TON) in relation
to Au atoms very small.> Moreover, the available publications
mainly focused on the near UV and visible light, and only a few
works concentrated on extending the wavelength response
region to near infrared using plasmonic photocatalysis.>®

It is reasonable to believe that with significant attention paid
to this area, the challenges mentioned above will be worked out
in the forthcoming years. Since the physical, technological and
experimental breakthroughs are forthcoming, widespread appli-
cations of AuNP-based plasmonic photocatalysts should make it
possible to disclose greener, safer and more effective processes
for chemical reactions.

Finally, all the selected examples of Au-based plasmonic
photocatalysts discussed in Section 3, including the type of catalysts,
main size, structure, the catalyzed reaction, light resource,
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main photocatalytic performance and the corresponding refer-

ences are listed in Table 2 in order to better represent the
picture of the area and make comparisons possible.

Abbreviations

AuNPs Gold nanoparticles

LSPR Localized surface plasmon resonance
SPR Surface plasmon resonance

NPs Nanoparticles

EM Electromagnetic

AuNRs Gold nanorods

NIR Near infrared

AuNSs Au nanoshells

HRTEM High resolution transmission electron microscopy
TEM Transmission electron microscopy
DP Deposition-precipitation

VB Valence band

CB Conduction band

SS Single-step

MS Multistep

LED Light-emitting diode

IPA 2-Propanol

Xenon Xe

CPH Colloid photodeposition with a hole scaveger
MOs Metal oxides

VOCs Volatile organic compounds

MO Methyl orange

RhB Rhodamine B

Meso Mesocrystal

MB Methylene blue

1D One-dimensional

NWs Nanowires

NTs Nanotubes

RET Resonant energy transfer

H, Hydrogen

0O, Oxygen

PEC Photoelectrochemical

3D Three dimensions

ZFO ZnFe,0,

EPR Electron paramagnetic resonance
PNP p-Nitrophenol

4-CP 4-Chlorophenol

NFs Nanofibers

ESR Electron spin resonance

SP Surface plasmon

AuNCs Au nanocrystals

FDTD Finite-difference time-domain
TON Turnover number

Note added in proof

Major contributions to the field of nanogold based plasmonic photo-
catalysis have appeared since this paper was submitted including
theoretical study,"”® applications toward photoreduction,'®”**8

This journal is © The Royal Society of Chemistry 2014
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cross-coupling reactions,"® acetalisation of aldehydes with
methanol,*®° visible-light-driven H, evolution from H,0,'617163
ethanol,’® and water-methanol,'®® PEC water splitting for H,

generation,'® and a review.'®’
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