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a  b  s  t  r  a  c  t

Gold  nanorods  (Au  NRs)  have  received  extensive  attention  owing  to their  extremely  attractive
applications  in  photoredox  catalysis,  plasmon-enhanced  spectroscopy,  biomedical  technologies  and
optoelectronic  devices.  Enabled  by the  unique  and  tunable  surface  plasmon  resonance  (SPR),  anisotropic
Au  NRs  can  interact  with  and harvest  incident  light  covering  the  much  of  the  solar  spectrum.  As  such,
they  may  serve  as  unusual  media  to supply  energetic  hot  charge  carriers,  generate  heat,  and  provide
strong  local  electric  field and  reactive  site  for redox  reactions  through  different  mechanisms.  In  this
review,  we  present  a comprehensive  overview  on  the  burgeoning  field  of Au  NRs-based  materials  for
solar energy  conversion.  We  firstly  provide  a detailed  elucidation  of the  key underpinning  science  for
plasmonic  Au  NRs  and  Au  NRs-mediated  catalysis.  The  possible  charge  transfer  processes  and  corre-
sponding  roles  of Au  NRs  played  in  different  photoredox  catalysis  systems  are  demonstrated,  followed
by  introducing  the  latest  advances  in  constructing  Au  NRs-based  hybrids  with  tailored  structure.  The

applications  of the hybrids  in photoinduced  catalysis,  photothermal  catalysis  and  photoelectrochemi-
cal  catalysis  are  then  discussed.  Particularly,  the  process-intensified  engineering  strategies  to maximize
solar energy  conversion  efficiency  are  further  highlighted  based  on  some  typical  examples.  Finally,  the
perspectives  on  future research  trends  and  challenges  in  rational  design  and  deliberate  construction  of
Au NRs-mediated  photoredox  catalysis  systems  in  a smart  configuration  are  proposed.

©  2019  Elsevier  Ltd.  All  rights  reserved.
ontents

Introduction .  . . . . .  .  . . . .  .  . .  . . .  . . . .  . . . .  . . .  . . . .  .  . . .  .  . . .  .  . .  .  .  . .  .  . . . . . . .  . . .  . . . .  .  . . . . . .  .  . . . . . .  . . . . . . .  . . .  . . . . .  . . . . .  . . .  . .  . . . . . . .  .  . . . .  . .  .  . . . .  . . . . .  .  .  .  .  . .  .  . .  . . . . . . .  . .49
Fundamentals  of Au  NRs-mediated  photoredox  catalysis  .  .  . . .  . . . . . . .  .  . . . . . .  .  . . . .  . .  .  . . . . . .  .  . . . .  . . .  .  . . . . . .  .  .  . .  . . . . .  . . .  . . . .  .  . . . . . . .  . . . . . .  . . .  .  . .  . . .  . . . . . .  . . 49

Properties  of Au  NRs  . . .  . . .  .  . . .  .  . . .  .  . . . .  . . .  . . .  .  . .  .  .  . .  .  .  . . .  .  . . . . . .  .  . . . . . . .  . . . . . .  . . .  . . . .  . .  .  . . . . .  .  .  .  . .  . . .  . . . . .  . .  .  . . . .  . .  . . .  .  .  . . .  .  .  . . . .  .  . . . .  .  . .  .  .  .  .  . . . .  . . . 49
Mechanisms  of  Au  NRs-mediated  photoredox  catalysis  .  . . .  . . .  .  . . . .  .  .  .  . . .  . .  .  . . . . . .  .  . . . . . .  .  . . . . . . . . . . . . . .  .  .  . .  .  . . .  .  . . .  . . . .  .  . . . . . .  .  .  .  .  . .  . . . .  . . . . . .  . . . 51

Charge  transfer  processes  in  Au  NRs-mediated  photoredox  catalysis  . . . . . .  . . .  . . . . .  .  . . . .  . . . . . . . .  . .  . . . .  . . . .  . . . .  . . . . . . . . . . .  .  . .  .  . .  .  . . . . . .  .  . .  .  . .  .  .  .  .  .  . 52

Fabricating,  classifications  and  properties  of Au  NRs-based  hybrids  . . . .  . .  .  . . .  . . . .  . . . . .  . . .  . . . .  .  . . . . .  . . .  . . . . .  .  .  .  . .  . . .  . . . . . . .  .  .  . .  .  . . . .  .  . . . . .  .  . . . . . . . . . .  . . .  53
Core@shell  structures  . .  . . .  .  . . .  .  . . .  .  . . .  . . . .  . . . . . . . . . . . .  . . .  .  . . . . . .  .  . .  . . . .  .  . . . . . .  . . . . . . .  . .  .  . . . . .  .  .  .  . .  . . .  .  . . . .  . .  .  . . . .  . . .  .  . . . . . . .  .  . .  .  .  .  .  . . . . . . . . . . . . .  .  .  . .  53
Yolk/shell  structures  . .  . . . .  . . . .  . . . .  . . .  .  . . .  .  . . .  .  . . .  . . . .  . . .  . . . .  .  . .  . . . . . . . . . . . .  . .  . .  .  . . .  .  .  . .  . . . . .  . . . . .  .  . . .  . . . . .  .  . . .  . . .  . . . .  . . .  .  . .  . . .  .  .  .  .  . .  . . . . . . . . . .  .  . .  .  . .  53

Abbreviations: NR, nanorod; NIR, near infrared; SPR, surface plasmon resonance; UV, ultraviolet; CB, conduction band; PL, photoluminescence; Vis, visible; 0D, zero-
imensional; 3D, three-dimensional; NP, nanoparticle; 1D, one-dimensional; SEM, scanning electron microscopy; VB, valence band; 2D, two-dimensional; XRD, X-ray
iffraction; NWs, nanowires; QDs, quantum dots; PSS, poly-styrene sulfonate; HD, hot-dog; NRAs, nanorod arrays; LEF, local electric field; NSP, nanosteps; BP, black phos-
horus; SDS, sodium dodecyl sulfate; NS, nanosheet; RhB, Rhodamine B; PIC, photoinduced redox catalysis; GR, graphene; NB, nitrobenzene; PTC, photothermal catalysis;
OF,  metal-organic-framework material; PEC, photoelectrochemical catalysis; TEM, transmission electron microscopy; BA, benzyl alcohol; PRET, plasmon-induced resonant

nergy transfer; BAD, benzaldehyde; HET, hot electron generation and transfer; CTAB, cetyltrimethylammonium bromide; HER, hydrogen evolution reaction; MPA, mercap-
opropionic acid; AQE, apparent quantum efficiency; OEC, oxygen evolution co-catalyst; LUMO, lowest unoccupied molecular orbital; ROS, reactive oxygen species; IPCE,
ncident photon-to-electron conversion efficiency; FDTD, finite difference time domain; ABDA, 9,10-anthracenediyl-bis(methylene) dimalonic acid.
∗ Corresponding author at: College of Chemistry, New Campus, Fuzhou University, Fuzhou, 350108, PR China.

E-mail address: yjxu@fzu.edu.cn (Y.-J. Xu).

ttps://doi.org/10.1016/j.nantod.2019.05.001
748-0132/© 2019 Elsevier Ltd. All rights reserved.

https://doi.org/10.1016/j.nantod.2019.05.001
http://www.sciencedirect.com/science/journal/1748-0132
http://www.elsevier.com/locate/nanotoday
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nantod.2019.05.001&domain=pdf
mailto:yjxu@fzu.edu.cn
https://doi.org/10.1016/j.nantod.2019.05.001


C. Han et al. / Nano Today 27 (2019) 48–72 49

Janus  structures  . . . .  . . . . . . .  .  . . .  .  . .  .  . . .  . . . .  . . .  .  . . .  .  . . .  .  . . . . . .  .  . . . . . . . .  . . . .  . . .  . . . . . .  . . . .  . . . . . .  . . . . . . .  .  .  . . .  .  . . .  .  . . .  . .  .  .  . .  .  . . .  . . .  .  . . . .  .  . .  .  .  .  .  . . . .  . . . . . . .  .  54
Supported  structures  . .  .  .  . .  . . . .  . . .  . . . .  . . .  .  .  . .  .  .  . .  .  .  . .  . . .  . . . .  . . .  . . . .  . .  .  .  . . .  . .  .  .  . . .  . .  .  . . . . . . .  . . . . . . . .  . . . . . . .  . . .  . . . . .  . . .  . . .  .  .  .  . .  . . .  .  . . . . . .  . . .  .  . .  .  . .  . . . . . 55

Applications  of  Au  NRs-based  heterostructures  in  photoredox  catalysis  . .  . . .  . . .  . . . . . . . . . .  . . .  . .  . . .  . .  . . . . . . .  .  . . . . . .  . . . . .  . .  . . .  . .  .  .  . .  .  . . . . .  .  .  . .  .  . . .  .  .  .  .  .  .  . . 56
Typical  photoinduced  redox  catalysis  . . . . .  .  . . .  .  . . .  .  .  . .  . . .  . . . .  .  .  .  .  . . . . . .  .  . . . . .  .  . .  . . . . .  . . . .  .  . .  . . .  .  . . . .  . . .  . . . .  . .  .  . . . . . . . .  . . . . .  . . .  .  .  .  . . .  . . . . . . . .  . . .  . .  . .  56
Photoelectrochemical  catalysis  .  . . .  . . . . . . .  .  . . .  .  . . .  . . .  .  . . . . . .  .  . . . .  .  . .  . . . . . . .  . . . . . .  .  . . . . . .  . . .  . . . . . . . .  . . . . . . .  .  . .  . . .  .  .  . . . . . . . . . . . . .  .  .  .  .  . .  . .  . .  .  . . . . .  . . .  . . 60
Photothermal  catalysis  . . . .  .  . .  . . . .  . . .  . . . .  . . . .  . . . .  .  . . . . . . . . .  . . . . . . . . . . .  .  . .  .  .  . . . . .  . . . . . . .  .  . .  . . . . . . .  . . . . .  . .  . . . . .  . . .  . . . .  . . . . . . .  . .  . .  .  . . .  .  . .  . . .  .  . . .  . . .  .  . . .  .  62

Process-intensified  engineering  strategies  for  efficient  photoredox  catalysis .  .  . . .  . . . . .  . .  . . . . .  . . .  . .  . . . . . .  .  . . . . . .  .  . .  . . . .  . . . . . . . .  . .  .  .  .  .  . . . . . . . . . .  . .  .  . .  . . . .63
Enhancing  light  absorption  by  photoabsorption  units  design  . .  . . . .  .  . . . .  . .  . . . . . . .  .  . . . .  . .  .  . . . . . .  .  . . . .  . . .  .  . . .  . . .  . . . .  . . . .  . .  . . .  .  .  .  . . .  . . . . . .  .  . .  .  . . . . .  . . 64
Promoting  charge  carrier  separation  and  transfer  by  heterointerface  engineering  . . . .  .  . .  . . . .  . . . .  . . .  . .  .  .  . . . . . .  . . . . .  . . . .  .  .  .  . . .  .  . . . . . .  .  . .  .  . .  .  .  .  .  . . .  65
Enriching  surface  active  site  by co-catalyst  strategies  . . . .  .  .  .  . . . .  . . . . . . .  . . . . . . . .  . . . .  . . .  . . .  . .  . . .  . .  . . . . . .  . .  .  . . .  .  . . .  . . .  .  . .  .  . . . . . . . .  .  .  .  . . .  .  . . . . . . .  . . .  . .  66
Design  and  optimization  from  a  system-level  consideration  . .  .  . . . .  .  . .  . . .  . .  . . . . .  . . .  .  . . .  .  . . .  . . . . .  . . .  . . . . . . .  . . .  . . . .  . . . . . .  .  .  .  .  .  . . . . . .  . .  . .  . . . .  .  .  . .  .  .  .  . 66

Concluding  remarks  and  future  perspectives  . . . . . . . .  . . . .  . . .  .  . . . . . .  .  .  . . . .  . . .  .  .  .  . . .  . . . .  . . .  . .  . . .  . . .  . .  .  . . . .  .  . . .  . . . .  .  . . .  .  . . . .  . .  .  . . .  .  . . . . .  .  .  .  .  . .  .  . .  . .  . . . . .  . .  . . 69
Acknowledgments  . . .  .  . . .  . . .  .  .  . .  . . . . . . .  .  . . . .  . . .  .  . . .  .  . . . . . . .  . . . . . .  .  . . . . . .  .  .  . . . . . .  .  . . . . . . .  . . . . . .  .  .  . . .  . . .  .  . . .  . . . . .  . .  . . . .  . . .  .  . . .  .  .  .  .  .  . . . . . .  .  . . .  .  . .  .  . .  .  . .  . . . . 69

 .  . . .  . .

I

p
d
s
a
i
e
e
t
r
a
p
r
c
b
r

t
d
l
m
A
n
b
A
v
a
a
s
i
a
c

b
[
s
d
(
A
H
t
b
fl
s
e
o
N

References  . . .  . . .  . .  . . . . .  . . . . . . .  . . .  . . .  .  . . .  .  . . .  . . . . . . . . . . . . . . .  . . .  . .  . .  .  . . .

ntroduction

Solar energy is a major source of renewable energy with the
otential to meet the energy demand and support the sustainable
evelopment of the world [1–7]. Since fossil fuels have been exces-
ively consumed, there is a natural trend to explore alternative
pproaches to serve human activities through sunlight harvest-
ng and its conversion into usable forms [7,8]. In general, solar
nergy can be harnessed and converted into various kinds of
nergy, including chemical and thermal energy, and electricity,
hrough photochemical, photothermal and photovoltaic processes,
espectively [4,7,9–11]. Photoredox catalysis, where photons are
bsorbed by catalysts to generate the charge carriers that can
articipate in photochemical reactions under suitable conditions,
emains as one of the leading hubs of research for solar energy
onversion [12–14]. Recent developments suggest that the metal-
ased plasmonic composites are the promising and cutting-edge
esearch materials for photoredox catalysis [15–18].

Among the various types of metallic nanostructures [19–21],
he utilization of Au NRs has attracted particular attention for the
evelopment of solar energy conversion arising from the intriguing

ight-harvesting, highly focused electric field, effective photother-
al  conversion and unique hot electron generation properties of
u NRs [22]. Compared with the widely used spherical Au or Ag
anoparticles (NPs) that possess only one narrow SPR absorption
and in short-wavelength visible (Vis) or ultraviolet (UV) window,
u NRs exhibit two distinct plasmon resonances termed as trans-
erse SPR (T-SPR) and longitudinal SPR (L-SPR) resulting from their
nisotropic morphology [23]. The T-SPR of Au NRs is mainly located
t 520–540 nm,  matching excellently with the peak wavelength of
olar spectrum, while the L-SPR can be tuned from visible to near
nfrared (NIR) light range by tailoring the aspect ratio and the over-
ll size of nanorod (NR) [24], thus paving the way for solar energy
onversion by harnessing the Vis-NIR light.

Nowadays, uniform Au NRs with tunable SPR absorption have
een well produced by diverse wet chemical synthesis routes
25–27]. Furthermore, Au NRs can be assembled into a number of
uperstructures and coupled with other functional components in
ifferent geometries owing to their anisotropic one-dimensional
1D) nature [28,29]. These allow the plasmonic properties of
u NRs to be easily tuned to cultivate the specific applications.
itherto, there have been some excellent reviews focusing on

he synthesis, physicochemical properties, functionalization, and
iomedical/sensing applications of Au NRs [23,24,30,31]. But the
ourishing field of diverse Au NRs-based hybrids with tailored

tructures for solar energy conversion has not been systematically
laborated with the pace of progress in this research area. In view
f the fact that the optical, electronic and catalytic properties of Au
Rs-based nanostructures can be synthetically modulated, the Au
 . . . . . . . . . . .  . . .  . . . . .  . . . . .  . . . . .  . . .  .  . . . .  . . .  . . .  . .  . .  .  . . . .  . . .  .  .  .  . . . .  .  . . . . .  . . . . .  . . . 69

NRs offer an exciting platform to explore the structure-plasmon-
catalysis interplays of plasmonic catalysts, and understand the
intricate effects related to surface plasmons on the targeted pho-
toredox reactions.

Herein, we  provide an up-to-date review on various Au NRs-
based hybrids with tailored structures, focusing on their properties
and recent application progress in photoinduced catalysis, pho-
toelectrochemical catalysis and photothermal catalysis (Fig. 1).
To enable a better understanding of the physical and chemi-
cal processes underlying these photoredox catalysis applications,
some basic but essential properties of Au NRs and the con-
cepts and fundamentals about SPR-mediated catalysis are briefly
introduced. Following this, the possible charge transfer processes
and the multifarious roles of Au NRs played in the Au NRs-
mediated catalysis are discussed, which would exemplify the
unique structure-property relationships of Au NRs-based nanos-
tructures. After addressing the synthetic chemistry and structural
characteristics of four typical Au NRs-based hybrids, particular
attention is then paid to the recent application developments and
the process-intensified engineering strategies that maximize the
performance of hybrid materials in various photoredox catalysis
processes. Finally, we end with casting a perspective on the chal-
lenges and opportunities for future development of Au NRs-based
nanostructures in solar energy conversion. It is hoped that the basic
knowledge, very recent developments, critical insights and per-
formance optimization strategies elucidated in this review could
help to shed light on understanding fundamental photophysics of
Au NRs-mediated photoredox catalysis, offer useful guidelines to
design high performance Au NRs-based catalysts and other plas-
monic devices, and give further inspirations to push this research
area into the next stage.

Fundamentals of Au NRs-mediated photoredox catalysis

Properties of Au NRs

The phenomenon of symmetry breaking is pervasive throughout
science and nature [32]. For the growth of metal crystals, symme-
try breaking is the crucial step to generate a novel nanoparticle
morphology or structure that exhibits new properties [33]. The
structure-property relationships of such nanoparticle are perhaps
well exemplified by Au NRs. Fig. 2a shows different structural
models of the Au NRs, with their specific planes. Compared with
spherical Au NPs, which consist of only (111) and (100) surface
facets [34], the surface of the Au NRs is composed of side-facets

(110) or (100) and edge-facets (111) or (100) [29,35]. The coexis-
tence of these facets induces the anisotropic shapes of the Au NRs
and results in their unique optical, electric and catalytic properties
[36]. In discussions of SPR-mediated catalysis associated with Au



50 C. Han et al. / Nano Today 27 (2019) 48–72

Fig. 1. Schematic diagram of the contents of the present review.

Fig. 2. (a) Structural models of Au NRs with different surface facet configurations. (b) Schematic illustration of L-SPR and T-SPR excitation for Au NRs. (c) L-SPR and T-SPR
absorption bands of Au NRs with different aspect ratio. (d) Theoretical simulated LEF of Au NRs with different sizes. (e) Polarization dependence of the LEF intensity distribution
obtained  from the numerical calculation on one Au NR excited at the wavelength of 500 nm.  The polarization angles (�) are relative to the short axis of NR. (f) A scenario
for  the processes resulting from SPR. (a) Reproduced with permission from [29]. Copyright 2011, Royal Society of Chemistry. (c) Reproduced with permission from [38].
Copyright 2014, Wiley. (d) Reproduced with permission from [45]. Copyright 2016, American Chemical Society. (e) Reproduced with permission from [44]. Copyright 2017,
The  Optical Society.
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Rs, two crucial issues that determine the solar energy conversion
fficiency have to be taken into account: light harvesting ability,
nd electric field distribution, both of which are strongly correlated
ith the structure of Au NRs.

Au NRs with cylindrical symmetry usually exhibit two SPR
odes (Fig. 2b): the L-SPR mode related to the electron oscillation

long the length direction and the T-SPR mode arising from the
ransverse electron oscillation. When Au NRs are irradiated with
ncident light, the electric field of the light interacts with the free
lectrons in the Au NRs, leading to a charge separation between
he free electrons and the ionic Au core. The Coulomb repulsion
mong the free electrons acting as a restoring force pushes the free
lectrons to move in the opposite direction, which results in the
ollective oscillation of electrons or, in another words, the excita-
ion of SPR [24,37]. The occurrence of SPR also results in a strong
bsorption of incident light (Fig. 2c). The T-SPR absorption is found
o be insensitive to the changes in the size of Au NRs, whereas the
-SPR shows a red-shift with the increase of aspect ratio (R) of Au
Rs and is very sensitive to any change of the refractive index (or
ielectric functions) [38]. In aqueous solution, the L-SPR absorption
aximum (�max) is linearly proportional to the aspect ratio as the

ollowing relationship [24,39,40]:

max = 95R + 420 (1)

This indicates the possibility of optical tuning of Au NRs by sim-
ly varying their aspect ratio, which is different from spheres where
he SPR only slightly red-shifts with increasing particle size [41,42].
esides the geometry effects, the electron density and surrounding
efractive index are also the important factors that affect the plas-
on  resonance of Au NRs. From Gans theory, one can derive the

-SPR wavelength (�L-SPR) of an Au NR by the following equations
23,43]:

L−SPR = �p

√
ε∞ +

(
1
L

− 1
)

εm (2)

p =
√

2�2c2mε∞
Ne2

(3)

here �∞ is the high-frequency dielectric constant of Au NRs, L is
he depolarization factor along the length axis of the Au NRs, �m is
he dielectric functions of the surrounding medium, c is the speed
f light, m is the electron effective mass in Au NRs, e is the elemental
harge, and N is the conduction electron density. The expressions
bove clearly show that increasing the number of free electrons or
ecreasing the dielectric functions will result in a blue-shift of the
-SPR wavelength of Au NRs.

Another prominent property of Au NRs is the SPR-mediated
ocal electric field (LEF) enhancement. Upon resonant excitation,
PR can break the diffraction limit and concentrate light into a
anoscale region. The strong light localization makes the optical
lectric field near the surface of Au NRs largely enhanced [44].
ig. 2d shows the field intensity enhancement distribution con-
ours of Au NRs with different sizes obtained from finite-element

ethod simulations [45]. The field intensity enhancement relative
o the far-field excitation light intensity are maximal at the Au NRs
urface and decay approximately exponentially away from the sur-
ace [46,47], which can be tailored by controlling the aspect ratio
nd curvature of Au NRs [48]. In general, the sharper the Au NRs
re, the stronger the field enhancement is. The intensity and dis-
ribution of field enhancement are also dependent on the external
onditions, such as the wavelength and polarization angle of exci-

ation light [33]. When the wavelength of the excitation light is
lose to the SPR absorption bands of Au NRs nanocrystals, the field
ntensity enhancement factors will be enhanced [49]. As shown
n Fig. 2e, the maximum field enhancement regions rotate away
 27 (2019) 48–72 51

from the Au NRs side synchronously as the excitation polarization
varies gradually from the transverse to longitudinal directions [44].
This rotation is ascribed to the phase difference between the lon-
gitudinal and transverse electron oscillations under the resonance
excitation [50].

Mechanisms of Au NRs-mediated photoredox catalysis

The resonant excitation of Au NRs gives rise to a collection of
optical and electronic effects and induces intense LEF enhancement
near the surface of Au NRs [51,52]. A scenario for the processes
resulting from SPR excitation is briefly illustrated in Fig. 2f. The
surface plasmons in excited state can decay (1) non-radiatively by
transferring the energy to the energetic charge carriers (i.e., hot
electrons and holes), or (2) radiatively by scattering of resonant
photons [15]. The energetic charge carriers can (3) transfer to the
surroundings (e.g., semiconductors) or (4) relax by locally heating
the nanostructure [53]. On the other hand, the intense LEF near the
surface of Au NRs can interact with semiconductors or molecules
through (5) near-field or (6) dipole-dipole coupling [54,55]. Among
these process, three important effects related to surface plasmons
may  impact the redox reactions: generation and injection of hot
electrons (process 1 and 3, respectively), photothermal conversion
(process 4), and LEF enhancement (process 5).

Hot electron generation and transfer (HET) is the most stud-
ied effect involved in Au NRs-mediated photoredox catalysis. With
the absorption of a photon (h�),  a nearly free electron of the Au
NRs can be elevated from the Fermi level (Ef) to a higher energy
level (Esp). This high-energy electron (i.e., hot electron) will lose
energy through electron-electron scatting in about 10–100 fs [22].
During this excitation and energy redistribution process, a portion
of hot electrons may  transfer to a nearby acceptor, which can be
a metal, semiconductor or reactant molecule. When the acceptor
is a semiconductor, the SPR-excited hot electrons can inject into
the conduction band (CB), as depicted in Fig. 3a. Thus, in this HET
mechanism, the role of Au NRs is to act as a photosensitizer, which
can expand the light response region of semiconductors. It can
be inferred from the detailed description of the HET process that
the fraction of excited hot electrons determines the hot electron
injection efficiency. Thus, the size and shape of Au NRs, as well as
the electrochemical properties of neighboring semiconductors play
important roles in affecting the hot electron injection.

The environmental temperature is a critical parameter for
redox reactions. Under the irradiation of light, chemical reac-
tions can benefit from the increasing temperature around catalysts
due to photothermal conversion [4,56,57]. When Au NRs-based
nanostructures are employed as the catalysts in redox reactions,
plasmonic photothermal conversion can generate heat on the cat-
alysts and induce a local temperature increase, usually followed
by heat transfer to the environment such as reactant molecules
and solution [22,58,59]. The photothermal efficiency have strong
correlations with the shape and size of nanostructures [60]. As
mentioned above, the excited plasmons can decay through two
routes: direct transfer of the energetic charge carriers to the nearby
acceptors and local heating by converting the carrier energy into
the phonon modes (process 3 and 4 in Fig. 2f, respectively). Given
the short time scales of hot charge carriers transfer (<1 ns) and
electron-phonon scattering (<10 ps), the heterointerfaces of hybrid
structures should also be precisely controlled so as to maneuver the
photothermal conversion during the plasmons decay [22,59].

Another proposed mechanism for Au NRs-mediated photore-
dox catalysis is ascribed to the promotion of an enhanced LEF

near the surface of Au NRs, as illustrated in Fig. 2f (process 5 and
6). More specifically, the plasmonic Au NRs produce an intense
LEF by localizing the incoming photons with specific frequency
near the surface. This enhanced LEF is orders of magnitude higher
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ig. 3. (a–d) Schematic presentation of the charge transfer processes in Au NRs-ba
f  Au NRs. (b) Under photoexcitation of semiconductors. (c and d) Under simultane

han the field of incident photons, which means that the pho-
on absorption rate of semiconductors located within the field
nhancement regions should be significantly improved, since the
ormation rate of electron-hole pairs in the semiconductors is pro-
ortional to the square of the local intensity of the electric field
23,61,62]. Therefore, when a semiconductor is brought close to

 photoexcited Au NR, the electron-hole generation rate in the
emiconductor will be remarkably enhanced, thus increasing the
hotoactivity. The enhanced LEF can also benefit the photoredox
eactions through dipole-dipole interaction (process 6 in Fig. 2f),
n which the energy of a plasmonic oscillation is transferred from
u NRs to a semiconductor to promote electron-hole pairs gener-
tion and separation through an electric field [15,54]. This effect is
lso described as plasmon-induced resonant energy transfer (PRET)
n some works [15,63]. In contrast to HET, where minimal separa-
ion (<2 nm)  between the Au NRs and semiconductors is essential,
EF enhancement effects can still work in the present of any insu-
ating interlayer, such as SiO2 [64]. The efficiency of electric field
romoting effect is affected by the spatial distance between the
emiconductors and the Au NRs, as well as the spectral overlap
etween the intrinsic photoabsorption of semiconductors and the
PR absorption bands of Au NRs.

harge transfer processes in Au NRs-mediated photoredox
atalysis

When Au NRs are coupled with the semiconductors or other
unctional components to form the heterostructures, two  possible
henomena may  occur at the heterointerface under light irra-
iation: SPR excitation and Schottky barrier (Esb) formation. As
oted above, SPR effects promote the photoredox catalysis in three
ays: HET, photothermal conversion, and LEF enhancement, while
chottky barrier can improve the photoactivity by trapping and
rolonging the lifetime of electrons [8,65]. Although both phenom-
na have been well grounded throughout the research field, one
rucial ambiguity still exists based on the proposed mechanisms.
eterostructures under different illumination conditions. (a) Under photoexcitation
otoexcitation of both Au NRs and semiconductors.

Specifically, what is the direction of charge flow? In this section, we
will discuss the intricate relationships between the Schottky bar-
rier and SPR excitation in the matter of affecting charge flow in Au
NRs-based heterostructures, and the corresponding roles of Au NRs
played in different charge transfer processes will be highlighted.

From the literature reports, it has been revealed that the Au
NRs-based photoredox catalysis systems can be broadly classified
in two categories, according to the modes of photoexcitation. Tak-
ing the Au NRs-semiconductor heterostructure as an example, in
the first case, either semiconductor or Au NR component is pho-
toexcited (Fig. 3a and b). The charge carriers are initially transferred
from photoexcited component to other part of the composite mate-
rial, which then induce the catalytic process. With visible light
irradiation, the heterostructures combining wide bandgap semi-
conductors such as TiO2 with plasmonic Au NRs fall in this category,
where the hot electrons with energy higher than Schottky barrier
inject from Au to the semiconductor TiO2 to initiate the catalytic
reactions [66–69]. This process is known as SPR-sensitization. A
possible electron transfer from the surface plasmon state (Esp) of Au
NRs to the CB of semiconductors is schematically shown in Fig. 3a.
For a particular case with exclusive photoexcitation of semiconduc-
tors, the excited electrons are flowing from the semiconductors and
then trapped by the Au NRs due to the lower work function of Au
[70,71]. A schematic presentation of such electron flow is shown in
Fig. 3b, in which the Au NRs serve as electron sinks that capture the
photoexcited electrons in the CB of semiconductors, resulting in an
efficient spatial separation of charge carriers and prolonging the
lifetime of the electrons for the redox reactions [8,65]. In this case,
the presence of Schottky barrier can prevent the electrons from the
Au NRs drifting back to the semiconductors.

Another possibility is that the Au NRs and semiconductors are
both photoexcited (Fig. 3c and d). Composite materials, where the

Au NRs are coupled with narrow bandgap semiconductors such as
CdS, MoS2, Cu2O, and so forth, remain in this category [63,72–74].
The electron transfer process becomes more complicated in this
situation. Even though most of the reports have predicted that the
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hotoexcited electrons are transferred from the excited state of
emiconductors to the Au NRs [75], a recent study on Au-CdS NRs
as showed that, the electron transfer in both ways (i.e., from CdS to
u or from Au to CdS) is possible [76]. In addition, the electron-hole
airs photogenerated from semiconductors can further interact
ith the plasmons or electric field of Au NRs [73]. Summarizing

ll the possible processes in this category, we show the charge car-
ier transfer protocols in Fig. 3c. Here, the Au NRs serve as optical
ntennas to provide energetic hot electrons and enhance LEF which
an assist in generating and separating of the charge carriers. How-
ver, the competition between injection of hot carriers from Au
Rs to semiconductors and charge transfer driven by the electron

ink effect (i.e., from semiconductors to Au NRs) would reduce the
chottky barrier and the efficiency of charge trapping on Au NRs
77,78]. Introducing the third functional component as the elec-
ron accepters of Au NRs might be a promising strategy to solve
his problem. As shown in Fig. 3d, Au NRs pose as electron relays to
acilitate the charge transfer between different functional compo-
ents. The matched band alignment and the formation of Schottky
arrier in these Au NRs-based heterojunctions are favorable for
teering the HET from Au NRs to semiconductors while suppressing
he backflow of injected electrons from semiconductors to Au NRs
79]. Thus, when analyzing the electron transfer processes in Au
Rs-semiconductor heterostructures, it is observed that the elec-

rons can transfer from Au NRs to semiconductors or vice versa,
hich depends on the compositions and band alignment of the
eterostructures as well as the light excitation source.

abricating, classifications and properties of Au NRs-based
ybrids

The synthetic routes of Au NRs have been well established
nd described in several reviews [24,80–83]. There are three
ain routes to synthesize Au NRs, including electrochemi-

al/photochemical method [84,85], template method [86,87], and
eed-mediated growth method [25,88]. Readers who  are interested
n the synthesis of Au NRs can further refer to these works. In this
ection, we concentrate on the preparative methods and struc-
ural characteristics of different Au NRs-based heterostructures.
ccording to the geometrical configuration of the heterostruc-

ures, Au NRs-based hybrids can be divided into four categories:
1) core@shell structures; (2) yolk/shell structures; (3) Janus struc-
ures; (4) supported Au NRs-based hybrid structures. In the past
ew years, several methods have been developed to control the
ize, morphology and crystalline phase of Au NRs-based compos-
tes, which can be generally classified into two  groups, i.e., in-situ
nd ex-situ synthesis procedures.

ore@shell structures

In-situ growth approach has been considered as one of the
ffective methods to synthesize Au NRs-based composites with
ore@shell, yolk/shell or Janus morphology (Fig. 4a). Generally,
he Au NRs, surface-capping agent and the soluble precursor
f functional components (e.g., semiconductors, metal or metal-
rganic-framework materials) are mixed together in a certain
olvent. Followed by hydrothermal/solvothermal [89,90], hydrol-
sis [91–93], thermal decomposition [94,95], cation exchange or
hemical reduction treatment [96–98], the precursors can be trans-
ormed into specific nanostructures anchored on the Au NRs surface
orming the hybrid structures (Fig. 4a). Au NRs-based core@shell

ybrids with the maximum interface interaction between Au NRs
nd functional components, have led to fascinating properties
specially in optics, catalysis, solar cell, and biotechnological appli-
ations [23]. By encapsulating Au NRs with a shell, it is possible to
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prevent aggregation, avoid undesirable corrosion, enhance thermal
stability and strength interfacial electron transfer of the composites
[99,100].

As shown in Fig. 4b-g, the development in nanotechnol-
ogy enables the production of Au NRs@metal [101,102], Au
NRs@semiconductor [89,93,94], Au NRs@insulator [103], and
Au NRs@metal-organic-framework material (MOF) composites
[58,104,105] with a wide range of size and shape tunable proper-
ties. Many studies have performed on coating semiconductor TiO2
onto Au NRs through in-situ growth approach. Mainly three types
of TiO2 precursors, including inorganic titanium (III and IV) salt,
organic titanium (IV) alkoxides and titanium (IV) complexes, have
been used in these coating experiments [91,106–108]. Delicate
control of the synthetic conditions, such as the type of precur-
sors, the hydrolysis and condensation rates, can result in coating
the TiO2 shell with desirable thicknesses on Au NRs and good
dispersibility of the obtained Au NRs core@TiO2 shell nanostruc-
tures. Compared with Au NRs@metal oxide nanostructures, the
synthesis of Au NRs@metal sulfide nanostructures with crystalliza-
tion, composition and morphology control still remains a challenge
because of the large lattice mismatch between the two compo-
nents [109]. Taking advantage of the non-epitaxial growth enabled
better crystallinity engineering under large lattice mismatch and
cation exchange enabled precise control of stoichiometry, Zhang
and co-workers have integrated plasmonic Au NRs and plasmonic
nonmetallic Cu2-xS to form Au@Cu2-xS core@shell nanostructures
with flexible shape, crystallization, and composition tailoring [110].
As shown in Fig. 4h, Au@CdS nanostructures with single-crystalline
CdS shell are firstly synthesized by in-situ conversion of Ag shell on
Au NRs core to amorphous Ag2S and then to CdS shell by efficient
tributylphosphine-initialized cation exchange synthetic chemistry.
Then starting from the Au@CdS, the cation exchange between Cu2+

and CdS shell is controlled to obtain Au@Cu2-xS hybrids.

Yolk/shell structures

Au NRs-based yolk/shell structures can be considered as a spe-
cial kind of core@shell architectures [100]. The major difference is
the void between Au NRs core and shell in yolk/shell structures.
Hence, some properties of yolk/shell structures are the same as
core@shell structures. In addition to the commonality, Au NRs-
based yolk/shell structures also have some unique characteristics.
First, since the inside Au NRs core is isolated and has less contact
with the outside hollow shell, any contact interference from the
shell is minimized [109]. As a consequence, yolk/shell structures are
excellent for modeling the catalytic properties of Au NRs, especially
when the shell is an inert material such as SiO2 [100]. Furthermore,
because of the detachment from outside shell, the internal Au NRs
core can provide more exposed active sites for catalytic reactions
[110]. Second, the hollow shell is normally porous, which increases
the accessibility of reactants to the Au NRs  core and reduces the
diffusion resistance of the products out of the space [111]. Third, it
has been proved that the yolk/shell systems own the multiple light
reflection ability between core and shell [109], which thereby can
optimize the optical utilization of Au NRs.

The hard template method is an effective approach to synthe-
size the Au NRs-based yolk/shell materials. SiO2 has been widely
used as a hard template to synthesize yolk/shell nanostructures
[112–114]. Typically, SiO2 was  firstly coated on the surface of Au
NRs cores to form the core@shell nanostructures. Next, a semicon-
ductor shell was  deposited on the surface of core@shell composites
through the hydrolysis or thermal decomposition of precursors.

Lastly, NaOH or HF solution was  added to remove the SiO2 layer
and form the Au NRs-based yolk/shell structures (Fig. 4a) [115]. In
addition to this, recently developed sacrificial template method, in
which the template is also used as the precursor of second func-
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Fig. 4. (a) Scheme of synthesizing the core@shell, yolk/shell and Janus Au NRs-based hybrid by in-situ growth method. (b–g) Transmission electron microscopy (TEM) images
of  (b) Au NRs@Ag, (c) Au NRs@AuAg with AuAg alloyed shell, (d) Au NRs@CdS, (e) Au NRs@ZnO, (f) Au NRs@SiO2 and (g) Au NRs@MOF nanostructures. (h and i) Schematic
illustration of the synthesis route for (h) core@shell Au@Cu2-xS and (i) yolk/shell Au/Cu7S4 hybrid based on the in-situ growth method. The TEM images in (h and i) are
corresponding to the targeted samples. (j–o) TEM images of (j) Au NRs/TiO2, (k) Au NRs/NaYF4, (l) Au NRs/CdS, (m)  Au NRs/Nd2O3, (n) Au NRs@Ag and (o) Au NRs/Pt. (b)
Reprinted with permission from [101]. Copyright 2011, Royal Society of Chemistry. (c) Reprinted with permission from [102]. Copyright 2015, Wiley. (d) Reprinted with
permission from [89]. Copyright 2012, Wiley. (e) Reprinted with permission from [94]. Copyright 2013, Royal Society of Chemistry. (f) Reprinted with permission from [103].
Copyright 2014, American Chemical Society. (g) Reprinted with permission from [54]. Copyright 2018, Springer. (h) Reprinted with permission from [110]. Copyright 2016,
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ional component, has also been attempted in the synthesis of Au
Rs-based yolk/shell structural materials [116,117]. For example,
u NRs/Cu7S4 octahedral yolk/shell structures have been prepared

hrough a sacrificial template method based on the Au NRs@Cu2O
ore@shell nanostructures [117]. As shown in Fig. 4i, the Au NRs
re primarily used as seeds for the preparation of Au NRs@Cu2O
ore@shell NPs through an in-situ nucleation of Cu2O on the sur-
ace of Au NRs in the aqueous solution. Then, the surface of Au
Rs@Cu2O template is sulfurized into Cu7S4 shell based on an

nward replacement strategy. The residual Cu2O is removed by HCl,
esulting in the formation of Au NRs/Cu7S4 yolk/shell NPs. Fig. 4j,

 and l disclose the typical Au NRs-based yolk/shell structures pre-
ared by hard template method and sacrificial template method,
espectively. The samples obtained by the former method usually
ave well-defined interface and composition.
A series of Au NRs-based yolk/shell structures have also been
reated by Ostwald ripening [118–120]. For example, Wang et al.
ave prepared Au NRs/Nd2O3 yolk/shell structural composites
Fig. 4m)  by a simple hydrothermal method [118]. During this pro-
ety. (j) Reprinted with permission from [112]. Copyright 2015, Wiley. (k) Reprinted
[109]. Copyright 2018, Royal Society of Chemistry. (m) Reprinted with permission
ion from [121]. Copyright 2010, Wiley.

cess, tiny Nd2O3 nanocrystallites are firstly assembled into solid
shell. Then, the loosely packed crystallites on the outer surface of
the particles serve as seeds for the re-crystallization process. With
the consumption of the crystallites from the inner layers and the
formation of re-crystallized shell, a void is formed. This empty space
divides the particles into the core and the shell. Galvanic replace-
ment reactions provide a versatile route to fabricate Au NRs/metal
composites with controllable yolk/shell structures [121,122]. The
key step of this process involves the replacement reaction between
a suspension of nanoscale metal template and a salt of less active
metal [115]. By means of galvanic replacement with other noble
metals, the Au NRs@Ag core@shell solid nanocrystals (Fig. 4n) can
successfully transform into yolk/shell structures with the Au NRs
encapsulated inside a hollow Au, Pt or Pd nanocage (Fig. 4o) [121].
Janus structures

Janus structures, a special kind of material which integrates
two or more components at small junctions and exposes other
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egions, offer great opportunities for creating synergistic functions
17,123,124]. The peculiar properties of Janus structures, derived
rom their asymmetric structure, allow for their controlled self-
ssembly and surface activity [123]. Janus Au NRs/semiconductor
or metal) structures possess excellent catalytic activity, because
he direct exposure of the Au NRs core and semiconductor shell
o reactants on one side endows rapid transfer and separation
f charge carriers at Au NRs/semiconductor, Au NRs/solution and
emiconductor/solution interface [91,92]. Meanwhile, due to the
rotection from the semiconductor coating on the other side, Janus
tructures also show long-term stability in comparison with bare
u NRs [125–127].

Since the concept described by Gennes [128], various efforts
ave been focused on fabricating different kinds of Janus structures.
ommon strategies used to achieve the Janus heterostructures

nclude site-selective nucleation or etching [129–131], direct epi-
axial growth [132,133] and nonepitaxial growth [91]. The second
unctional component involved in Au NRs-based Janus nanostruc-
ures mainly include metals [134,135], metal oxides [91,92] and
halcogenide semiconductors [129,136]. Han et al. have reported
he Au NRs-TiO2 heterostructures with controlled geometry [91].
n their work, short and long Au NRs were firstly synthesized using
eed-mediated growth method. Then, TiO2 was  grown anisotrop-
cally on one side of the NRs by controlled hydrolysis of titanium
iisopropoxide bis(acetylacetonate) because of its slow hydrolysis
ate (Fig. 5a). It is worth mentioning that the amount of the titanium
recursor and the addition manner are very critical for the shape of
he finally obtained nanostructures. By precisely controlling these
wo factors, Janus Au NRs/TiO2 structures can be produced. Galen
nd co-workers have found that the spatial selectivity of the TiO2
eposition on the Au NRs can be controlled by engineering the sur-
ace chemistry of Au NRs [92]. Anisotropic overgrowth of TiO2 on
he Au NRs tips was achieved by using cetyltrimethylammonium
romide (CTAB) as soft template, because bilayers of CTAB surface-
apping agents are more densely packed on Au NRs sides than at
he tips (Fig. 5b–d). In contrast, sodium dodecyl sulfate (SDS) or
imilar surfactants modified Au NRs have a more random molec-
lar assembly on them, resulting in homogeneous overgrowth of
iO2 on Au NRs (Fig. 5e). This property has also been utilized for
he anisotropic overgrowth on CTAB-capped Au NRs with metal
eterostructures [135,137].

In addition, Zhang et al. have demonstrated a versatile method
or generating Janus Au-AgCdSe hybrid NRs with well controlled

orphology and symmetry [136]. The synthesis mainly involves
eposition of Ag tips at the ends of Au NRs seeds, followed by
elenization of the Ag tips and overgrowth of CdSe on these
ites. By simply manipulating the pH value of the system, the
gCdSe can selectively grow at one end, at both the ends or on

he side surface of Au NRs, generating a mike-like, dumbbell-
ike, or toothbrush-like hybrids, respectively (Fig. 5f). These three
ypes of Au-AgCdSe hybrids displayed distinct localized SPR
nd photoluminescence enhancement properties, demonstrating
n effective pathway for maneuvering the optical properties of
anocrystals.

upported structures

The ex-situ synthesis procedure has been widely used to fab-
icate Au NRs-based hybrids with supported structures due to its
implicity and operability. In the ex-situ synthesis procedure, the
re-synthesized semiconductors (or other functional components)
ith different morphology are mixed with the Au NRs to prepare

u NRs-semiconductors composites, as illustrated in Fig. 6a. The

nterfacial area has great influence on the properties of composites.
u NRs decorated semiconductors provide only a 1D-based interfa-
ial interaction between them, which leaves the majority of the Au
 27 (2019) 48–72 55

NRs surface uncovered [138,139]. In order to harness the unique
physiochemical properties of Au NRs more effectively, the sur-
face functionalization of individual counterparts is often required
to enhance its solvent processability, stability and strengthen the
spatial interaction between Au NRs and functional components
[139–141]. For instance, Majima and co-workers have developed
a novel plasmonic surface heterojunction composite by integrating
Au NRs with La2Ti2O7 nanosteps (Au-LTO NSP) [141]. The synthe-
sis procedures of the composites based on a facile self-assembly
approach are schematically shown in Fig. 6b. Au NRs samples are
prepared through seed-mediated strategy and then attached on the
mercaptopropionic acid (MPA)-functionalized La2Ti2O7 nanostruc-
tures (LTO NSP) by ligand exchange for constructing Au-LTO NSP
composites. The intermediate ligand of MPA  can replace the origi-
nal capping agent CTAB on Au NRs, facilitating a strong interaction
between Au and LTO NSP through its thiol (-SH) and carboxylic
(−COOH) groups. A final calcination can further strength the inter-
facial contact. As demonstrated in Fig. 6c and d, the Au NRs are
well loaded on the step-structured LTO surfaces by the effective
interfacial interaction.

The morphology of substrates is another key factor influenc-
ing the properties of supported Au NRs-based hybrid structures,
as the SPR effects depend sensitively on the dielectric proper-
ties of the surrounding environment [23,142]. Sun et al. have
argued that compared with 1D TiO2 nanowires (NWs) coun-
terpart, the hierarchical morphology on the three-dimensional
(3D) surface of TiO2 microspheres greatly increases the chance
of reflected photons from all directions to re-contact with the
Au NRs, and thereby stimulates the absorption of the incident
photons on the surface of the 3D-based catalyst, which ulti-
mately harvests a higher photon-electron and photo-thermal
conversion efficiency [66]. Up to date, diverse substrates with dif-
ferent morphologies, such as zero-dimensional (0D) NPs [143,144],
1D NWs  [79,138,145], two-dimensional (2D) nanosheets (NSs)
[74,146–148] and 3D nanoarrays [149], nanoflowers [66,150] or
nanospheres [151–153], have been used as the functional com-
ponents to couple with Au NRs (Fig. 6a). Typical morphology
of these composites is disclosed in Fig. 6e–j. These composites
with various morphology oftentimes provide suitable substrates
to incorporate with the third functional component, and thus more
complex structures with desired property can be designed and
synthesized [79,138].

Based on above descriptions, it is seen that we can control the
structures, morphologies and properties of Au NRs-based hybrids
by tuning the precursors, reaction time, temperature and sur-
factant in in-situ synthesis procedure, or simply adjusting the
morphology and structure type of the pre-grown substrates in
ex-situ assembling process. The in-situ preparation procedure
is often more efficient than the ex-situ method to intimately
integrate Au NRs with semiconductors or other functional compo-
nents. Additionally, one-step synthesis through in-situ growth can
produce the monodispersed hybrids, which is essential in research-
ing the structure-property interplays of the samples. However,
the specific virtue of ex-situ method should be given atten-
tion. For example, in the ex-situ assembling process, the size
and morphology of the semiconductors in the composites can be
retained almost the same as those of the initial forms [5,140].
This enables us to exclude the size and morphology effects when
comparing the performance between blank semiconductors and
Au NRs-semiconductors composites. Conversely, for the in-situ
synthesized heterostructures, these effects cannot be eliminated
due to the structural changes of semiconductor component in
the composites in comparison to blank semiconductors, caused
by the introduction of Au NRs during synthesis process, which

can serve as the templates or supports to tune the structure of
semiconductors [99,154].
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Fig. 5. (a) Schematic representations of the Au NRs-TiO2 heterostructure with various geometries and corresponding TEM images. (b) Schematic showing the origin of
anisotropic TiO2 coating. (c) TEM image and (d) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image and elemental map profiles
of  Janus Au NRs/TiO2 prepared in the presence of CTAB as surfactant. (e) TEM image of core@shell Au NRs@TiO2 prepared in the presence of SDS as the surfactant. (f) Schematic
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llustration of the syntheses of three different types of Janus Au-AgCdSe hybrids b
011,  Wiley. (b–e) Reprinted with permission from [92]. Copyright 2016, American
hemical Society.

pplications of Au NRs-based heterostructures in
hotoredox catalysis

Solar energy is an inexhaustible and economical clean energy
ource [1–5,8,9]. The use of sunlight to drive chemical reactions
i.e. photoredox catalysis) is one of the new approaches that can
e potentially applied to various industrial chemical processes and
nvironmental remediation applications [100,155]. With recent
dvances in photoactive material design, catalysis reaction sys-
em optimization, and new emerging mechanisms, the photoredox
eactions have been exploited in thermal-based and electrochemi-
al catalysis [9,149,156]. Although the photothermal catalysis (PTC)

nd photoelectrochemical catalysis (PEC) are not the typical pho-
ocatalytic redox process based on photoelectric property of the
atalysts (i.e. photoinduced catalysis, PIC), they are the assisted
ffects to activate the catalysts and reactants, facilitate the separa-
n the in-situ growth method. (a) Reprinted with permission from [91]. Copyright
ical Society. (f) Reprinted with permission from [136]. Copyright 2012, American

tion of photoinduced charge carriers and ultimately promote the
related redox catalysis reactions [4,9–11]. To achieve more effi-
cient solar light utilization, the photothermal and photoelectric
effects induced/enhanced catalysis are very useful strategies. We
have provided a comprehensive list in Table 1 including a range of
shape-controlled Au NRs-based nanostructures employed in pho-
toredox catalysis, which demonstrate tremendous progress in this
field.

Typical photoinduced redox catalysis

The existing works are mainly focused on the applications of

Au NRs-based materials in PIC reactions, including photocatalytic
elimination of pollutants [118,145,157], photoinduced selective
green synthesis [68,112,138] and water splitting for H2 production
[158,159]. Photocatalysis is considered as “advanced oxidation pro-
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Fig. 6. (a) Schematic illustration of the preparation for Au NRs-based composites with supported structure by ex-situ synthesis procedure. (b) Schematic illustration of the
preparation for Au-LTO NSP composites. (c and d) TEM images of Au-LTO NSP. (e–j) TEM or SEM images show the morphology of (e) 0D Au NPs supported on Au NRs, (f) 1D Si
NWs  supported Au NRs, (g) 2D GR NSs supported Au NRs and (h) 3D TiO2 nanoarrays, (i) TiO2 nanoflowers and (j) SiO2 nanospheres supported Au NRs. (b–d) Reprinted with
permission from [141]. Copyright 2018, American Chemical Society. (e) Reprinted with permission from [143]. Copyright 2013, American Chemical Society. (f) Reprinted
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ith  permission from [145]. Copyright 2011, American Chemical Society. (g) Reprin
rom  [149]. Copyright 2013, American Chemical Society. (i) Reprinted with permissi
rom  [153]. Copyright 2004, Royal Society of Chemistry.

ess” because of its capability to generate reactive oxygen species
ROS), such as singlet oxygen (1O2), hydroxyl radicals (

•
OH) and

uperoxide anion radicals (
•
O2

−) with strong oxidizability, which
ould be used for photocatalytic chemical oxidation and elimina-
ion of pollutants [9,93,160]. TiO2 is one of the most important
emiconductor that has been extensively studied for photocatalytic
xidation process, owing to its low toxicity, chemical and ther-
al  stability, resistance to photocorrosion, and relative abundance

161]. However, pristine TiO2 can only absorb UV light due to its
arge bandgap. To extend the photoresponse of TiO2 to the visible
nd even NIR regions, many strategies have been developed, such
s doping with metal or non-metal elements, introducing disorder,
ensitizing with organic dyes, and coupling with other semicon-
uctors [161–163]. For most of these methods, the photoresponse
f TiO2 can only be extended slightly to the visible region, and the
btained absorption coefficient in the extended spectral region is
enerally small [164]. Yet, plasmonic Au NRs nanocrystals that pos-
ess large absorption/scattering cross-sections in Vis-NIR region
an strongly focus light close to the metal surface, thus expand-
ng and enhancing the light absorption of TiO2 in a broad-spectrum

egion [158].

In one example, Au NRs coated with a uniform TiO2 nanoshell
Au/TiO2) have been prepared by the ligand-assisted coating

ethod [165], where a ligand exchange with an anionic polymer
ith permission from [146]. Copyright 2013, Elsevier. (h) Reprinted with permission
m [150]. Copyright 2017, Royal Society of Chemistry. (j) Reprinted with permission

poly-styrene sulfonate (PSS) is firstly carried out to facilitate the
Au NRs core contacting with the titanium (III) chloride precur-
sor and induce a successful shell growth (Fig. 7a). This coating
method can also be applied to Au nanospheres and other mono-
and bi-metallic nanocrystals. UV–vis extinction spectrum indicates
a distinct optical response of the TiO2 coated Au NRs (NR/TiO2) sam-
ple in 400–1200 nm range (Fig. 7b). The authors have employed the
Au/TiO2 to explore if they can function as photocatalysts for pho-
tobleaching of 9,10-anthracenediyl-bis(methylene) dimalonic acid
(ABDA) under the L-SPR excitation (809 nm). To exclude the effect
of the plasmonic photothermal conversion, the reactor is kept in a
water bath maintained at room temperature. As shown in Fig. 7c,
after 2 h of illumination, the absorption of ABDA rapidly decreases
for Au/TiO2 while that changes slightly for blank TiO2, suggesting
a large population of electron-hole pairs are generated under NIR
light irradiation. The slight NIR light-driven photoactivity of blank
TiO2 may  result from the structural defects.

In order to further improve the crystallinity of the TiO2 coated
Au NRs (Au NRs-TiO2), Santamaria et al. have modified the
above-mentioned synthesis method by supplementing a followed

calcination procedure in air at 450 ◦C for 2 h [166]. In this case,
the anatase TiO2 shell with multiple nanocrystallites is formed
(Fig. 7d). Bare Au NRs and Au NRs-TiO2 are evaluated as photo-
catalytic enzyme-like glucose oxidase surrogates under NIR laser
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Table 1
Summary of Au NRs-based nanostructures with tailored structures for photoredox catalysis.

Catalyst Structure Preparation Application Irradiation source Ref.

Au NR/ZnO Core@shell NP In-situ hydrolysis PIC elimination of ABDA Ti:sapphire laser [93]
Au-Pt@CdS Core@shell NP In-situ refluxing PIC alcohol splitting >420 nm [212]
Au  NR-TiO2 Core@shell NP In-situ coating PIC oxidation of glucose 809 nm laser [166]
Au  NR@CeO2 Core@shell NP In-situ coating PIC oxidation of BA >420 nm, FSRa [68]
GR-ZnO-Au NR Supported NS Ex-situ hydrothermal PIC reduction of NB UV light [168]
Au  NR@Cu2O Core@shell NP In-situ epitaxial growth PIC production of H2 Simulated sunlight [159]
Au-Pt-CdS Core@shell NP In-situ assembly PIC production of H2 AM 1.5, FSR [73]
Pt/MIL-125/Au Supported NP Ex-situ assembly PIC production of H2 300-800 nm [184]
Au  NR-Fe2O3 Supported film Ex-situ electrodeposition PEC water splitting AM 1.5 [173]
Au  NR-TiO2 Supported array Electron beam lithography PEC water oxidation 450-1150 nm, FSR [174]
Au/TiO2/Au Supported cavity Ex-situ assembly PEC water splitting, PIC elimination of MBb >405 nm, FSR [175]
Au-TiO2-Pt Janus film Electron beam deposited PEC production of H2 AM 1.5, FSR [176]
Co/Au  NR/TiO2 Supported array Electron beam evaporation PEC water splitting AM 1.5, FSR [177]
Au-Pd  Janus NP Seeded growth PTC Suzuki coupling 809 nm laser [137]
Pd-tipped Au NR Janus NP Seeded growth PTC reduction of 4-NPc, dehydrogenation of FAd >460 nm, FSR [182]
Au  NR-TiO2 Yolk/shell NP In-situ template method PIC BA oxidation >420 nm [112]
Pd-covered Au NR Core@shell NP Seeded growth PTC reduction of 4-NP, dehydrogenation of FA >460 nm, FSR [182]
Au-Pd  Core@shell NP Seeded growth Styrene hydrogenation >400 nm, FSR [59]
Au  NR@ZIF-8 Core@shell NP In-situ assembly PTC production of ROS 808 nm laser [58]
Au/TiO2 Core@shell NP In-situ coating PIC elimination of ABDA 809 nm laser [165]
Pt@MIL-125/Au Supported NP Ex-situ assembly PIC production of H2 300-800 nm [184]
Au@Pd  Core@shell NP Seeded growth PIC ROS production, PTC C-C coupling reaction >510 nm [22]
Au@Cu2O Yolk/shell NP In-situ encapsulation Conversion of n-hexene N.A.e [120]
Au@Cu2-xS Core@shell NP Hydrothermal method Water heating 700-2000 nm [185]
Au-Metal sulfide Core@shell NP In-situ deposition PIC elimination of RhB N.A. [194]
Au-TiO2 Supported NP Ex-situ deposition PIC production of H2 >420 nm, FSR [193]
Au-TiO2-Au Supported array Ex-situ assembly PEC water splitting 300-900, FSR [149]
Pt-tipped Au NR Janus NP Anisotropic overgrowth PIC production of H2 460-820 nm, FSR [135]
Pt-covered Au NR Janus NP Anisotropic overgrowth PIC production of H2 460-820 nm, FSR [135]
Au  NR-CdS Yolk/shell NP Cation exchange reaction PIC production of H2 >400 nm [109]
Au  NR-TiO2 Supported NP Ex-situ assembly PIC oxidation of IPAf 400-920 nm,  FSR [139]
CdS-Au  Supported array Hard template methods PEC production of H2 AM 1.5 [198]
(MoS2-TiO2)/Au Supported array Drop-casting method PEC production of H2 Simulated sunlight [199]
Au@Pd  Supported nanoarray Seeded growth PIC production of ROS,PTC C-C coupling reaction >510 nm [22]
Au-MoS2 Supported film Ex-situ assembly PIC production of H2 809 nm laser [74]
Co-Au/TiO2-Pt Supported array Atomic layer deposition PEC water splitting AM 1.5, FSR [219]
CdS-Au  NR Supported NW Ex-situ assembly PIC production of H2,nitrocompounds reduction >510 nm, FSR [138]
BP-Au-CdS Supported NW Ex-situ assembly PIC production of H2 Simulated sunlight, FSR [79]
Au@Pt@CdS Core@shell NP In-situ refluxing PIC alcohol splitting >420 nm [212]
Au  NRs-TiO2 Janus NP In-situ anisotropic growth 4-NP reduction N.A. [91]
Au  NR/TiO2 Janus NP In-situ anisotropic growth PIC production of H2, elimination of MB  Visible light [92]
Au/CdSe Janus NP Cation exchange reaction PEC production of H2 >420 nm, FSR [220]
Au-La2Ti2O7 Supported NSP Ex-situ assembly PIC production of H2 >420 nm, FSR [141]
Au/Ag  NRs-Si Supported NW Ex-situ assembly PIC degradation of NB N.A. [145]
TiO2/Au NR Supported NP Ex-situ assembly PIC degradation of RhB 420-780 nm [150]
Au@PtAg@ZIF-8 Core@shell NP In-situ assembly PIC reduction of CO2 200-1000 nm [105]
Bi4Ti3O12-Au Supported NS Ex-situ assembly PIC pollutants degradation Visible light [118]
Au  NR-Cu7S4 Janus NP Ix-situ hydrothermal Photothermal conversion 808 nm laser [221]
Au  NR/ZnO Supported NP Ex-situ assembly PIC degradation of RhB, PEC water splitting 200-1100 nm [152]
TiO2/Au Supported NP Ex-situ assembly PIC production of H2 Simulated sunlight [222]
AgTiO2-Au NR Supported NP Ex-situ assembly PIC production of H2 >550 nm [158]
Au  NR/Ag3PO4 Supported NP Ex-situ co-precipitation PIC degradation of RhB >420 nm, FSR [223]
Au  NR@Fe3O4 Core@shell NP In-situ hydrolysis PIC elimination of ABDA >470 nm [224]
Au/TiO2 Supported NP Ex-situ assembly PTC degradation of RhB 420-780 nm [66]
Au-CdS Supported NR Ex-situ impregnation PIC pollutants degradation Direct sunlight [157]
Au@Cu2O Core@shell NP Epitaxial growth PIC degradation of MOg >400 nm [72]
Au@Pd Janus NP Seeded growth PIC production of ROS,PTC C-C coupling reaction >510 nm [22]
Au  NR-MoS2 Supported NS Ex-situ assembly PIC production of H2 >460 nm [147]
GR-Au  NR Core@shell NP Ex-situ assembly PIC reduction of CO2 808 nm laser [225]

a FSR refers to full spectrum response.
b MB  refers to methylene blue.
c 4-NP refers to 4-nitrophenol.
d FA refers to Formic acid.

(
t
t
a
c
c

e N.A. refers to not available.
f IPA refers to 2-propanol.
g MO refers to methyl orange.

808 nm)  irradiation while keeping a constant reaction tempera-
ure of 32–34 ◦C with the aid of a thermostatic bath. Remarkably,
he uncoated Au NRs show no significant formation of gluconic

cid (Fig. 7e). In contrast, the Au NRs-TiO2 photocatalyst with the
ore@shell configuration progressively converts glucose into glu-
onic acid. However, the selectivity toward gluconic acid is not
very satisfactory in this reaction system (Fig. 7f). This may  be
due to the formation of nonselective

•
OH, which has strong oxi-

dation capacity to mineralize organic compounds (Fig. 7g) [160].

To avoid the production of

•
OH, some organic molecules such as

acetonitrile and benzotrifluoride have been chosen as solvent for
the selective photooxidation reactions [68,112,167]. For instance,



C. Han et al. / Nano Today 27 (2019) 48–72 59

Fig. 7. (a) Schematic describing the coating of TiO2 onto Au NRs to produce Au/TiO2 nanostructures. (b) Extinction spectra of the Au NRs sample (NR) and the Au/TiO2

core@shell nanostructure sample (NR/TiO2). (c) Normalized reductions in the absorption of ABDA as functions of the illumination time. (d) X-ray diffraction (XRD) pattern of
Au  NRs-TiO2 after calcination at 450 ◦C. Inset shows the TEM image of Au NRs-TiO2. (e) The formation of the gluconic acid upon irradiation with a NIR laser at different time
intervals and in the presence of the Au NRs and Au NRs-TiO2. (f) Evaluation of the cumulative glucose conversion and selectivity towards gluconic acid and other oxidation
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hemistry.

u’s group has demonstrated that the Au NRs core@CeO2 shell (Au
Rs@CeO2) nanostructures are an attractive type of photocatalysts

or the selective oxidation of benzyl alcohol (BA) to benzalde-
yde (BAD) with O2 in acetonitrile [68]. Under the broad-band
is-NIR (� > 420 nm)  light irradiation, the conversion and selectiv-

ty obtained with this core@shell nanostructures are superior to
he blank CeO2. The enhanced performance of the Au NRs@CeO2 is
erived from the synergistic effect between the Au NRs core act-

ng as a plasmonic component for efficient light harvesting and
he CeO2 shell providing catalytically active sites for the oxidation
eactions.

In the works mentioned above, the roles played by Au NRs in
ifferent photocatalysis systems are the Vis-NIR light-activated
hotosensitizers to sensitize the semiconductors. However, the
hotocatalytic efficiency over such systems is relatively low in con-
rast to those by semiconductor photoexcitation. To obtain higher

hotocatalytic activity, the structural design of special composite
atalysts to synergistically integrate Au NRs-mediated enhance-
ent mechanism and bandgap photoexcitation of semiconductors

s desirable. Chang and co-workers have recently developed a
e NIR-induced generation and consumption of ROS species such as •O2
− , 1O2 and

stry. (d–g) Reprinted with permission from [166]. Copyright 2017, Royal Society of

highly active graphene (GR)-ZnO-Au NRs composites for photo-
catalytic reduction of nitrobenzene (NB) [168]. It is demonstrated
that the contribution of Au NRs toward the photoactivity enhance-
ment of ZnO is acting as an electron sink, which assists in efficient
charge separation. As shown in Fig. 8a, under irradiation with UV
light, a large number of free electrons in the CB and holes in the
valence band (VB) are generated within ZnO. The electrons in CB
of ZnO have work functions of -4.05 eV (vs. vacuum). On the other
hand, the work functions of GR and Au are -4.42 and -4.70 eV (vs.
vacuum), respectively. As a result, the electrons transfer rapidly
from ZnO to GR and to Au NRs, minimizing electron-hole recom-
bination, leading to rapid reduction of NB. A novel hot-dog (HD)
structured Au NRs@Cu2O has been designed and synthesized using
Au NR as inner “sausage” and Cu2O as outside “bread” to harness
the plasmonic antenna and co-catalytic effect of Au NRs [159].
The HD structure is a kind of quasi-core@shell structure with inti-

mate interfacial contact between Au NRs and p-type semiconductor
Cu2O (Fig. 8b), which could promote the holes transfer through
Au NRs/Cu2O interface, reducing the charge carriers recombina-
tion of the semiconductor, as depicted in Fig. 8c. In addition, the
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Fig. 8. (a) Schematic diagram showing the transfer of electrons from the different energy levels of the GR-ZnO-Au NRs for the photoreduction of NB. (b) TEM images of Au
NRs@Cu2O. (c) Schematic illustration of electron transfer in Au NRs@Cu2O. (d) Simulated electric-field spatial distribution on the x–y plane for Au NRs@Cu2O under 600 nm
photoexcitation. (e) Synthesis routes and TEM images of the Au@CdS, Au-Pt, and Au-Pt-CdS. (f) Time-dependent photocatalytic H2 generation plots of the as-synthesized
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ead-exposed Au NRs exhibit strong SPR to extend the visible light
bsorption region and provide a strongly enhanced LEF at surface
f photocatalyst to improve the transfer of electrons (Fig. 8d). The
2 evolution rate of HD Au NR@Cu2O shows 23.6 times improve-
ent compared with that of pure Cu2O due to these structural

dvantages.
Recently, Dong et al. have reported a novel plasmonic photocat-

lyst, where Au NRs work as electron relays, active photosensitizers
nd plasmonic antennas simultaneously [73]. The heterostruc-
ures are synthesized through selective assembly of the Pt and/or
dS nanostructures onto the Au NRs via a controllable multi-step
et-chemistry route (Fig. 8e). The H2 generation rates over Au NRs-

ased materials under different irradiation conditions are shown
n Fig. 8f. The photoactivity of Au-Pt-CdS is higher than that of
u@CdS, blank CdS and Au, no matter under simulated sunlight

AM 1.5), visible light or infrared (IR) light irradiation. They have
emonstrated that the enhanced photoactivity of Au-Pt-CdS can
e ascribed to the dual-resonance modes of anisotropic Au NRs,
hich induce a unique synergistic effect between the PRET and HET
rocesses within the ternary Au-Pt-CdS heterostructure (Fig. 8g).

ore specifically, the T-SPR of Au NRs arising from the electron

scillations along the perpendicular direction of length axis, are
verlapped with the interband absorption of CdS, which can induce
he plasmonic PRET process for promoting the charge carriers gen-
t irradiation. (g–i) Simulated electric field distributions and the schematic diagrams
and T-SPR excitation. (a) Reprinted with permission from [168]. Copyright 2013,
, Elsevier. (e–i) Reprinted with permission from [73]. Copyright 2018, Wiley.

eration and separation in the CdS component after visible light or
simulated sunlight irradiation (Fig. 8h). The L-SPR originating from
the electron oscillations in the length axis of Au NRs is the dominant
channel for the generation and transfer of plasmonic hot electrons
in the bimetal Au-Pt component (Fig. 8i). As such, upon simu-
lated sunlight irradiation (both L-SPR and T-SPR are photoexcited,
Fig. 8g), the photoactivity of Au-Pt-CdS is higher than that of the CdS
by almost one order of magnitude. However, the H2 generation rate
of Au-Pt-CdS under IR light irradiation is still inefficient, which is
even lower than that of Au-Pt due to the slow interfacial charge
transportation across the semiconductor CdS (Fig. 8f). Further pho-
toactivity improvement may  be accomplished by engineering the
ingredient composition and spatial distribution of semiconductor
or the heterointerface between the Au NRs, Pt and semiconductor.

Photoelectrochemical catalysis

The concept of PEC has emerged as a result of an effort to mimic
photosynthesis by coupling solar energy harvesting and electro-
chemical catalysis in a single device [169,170]. This approach

provides a big step forward towards the conversion of solar energy
to chemical energy by applying a small to no external bias [171]. A
typical design of PEC system, which is initially presented in 1972
[172], is shown in Fig. 9a. The basic cell is composed of at least one
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Fig. 9. (a) Schematic of a basic PEC cell including a photoanode and cathode that are immersed in an electrolyte and connected by an external electric wire. (b) Reaction
yield  of O2 and H2O2 as a function of the wavelength ranges and its corresponding IPCE action spectrum. (c) Schematic of the hot carrier generation in Au/TiO2/Au nanocavity
through both SPR excitation and d-band transitions. (d) Measured IPCE for the Au/TiO2/Au nanocavity system and their corresponding extinction spectra. (e) Representative
TEM  image of the Au-TiO2-Pt Janus particle. (f) A digital photograph of H2 bubbles rising above a tandem stack of multiple plates bearing Janus particles with different aspect
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atios  and illuminated with white light (AM 1.5). (g) Schematic of the Co/Au NRs/T
Rs/TiO2 PEC cell under visible (� > 410 nm)  or UV (� < 320 nm)  light irradiation. (b
nd  d) Reprinted with permission from [175]. Copyright 2018, Wiley. (e and f) Repr
eprinted with permission from [177]. Copyright 2012, American Chemical Society

hotoactive material or photoelectrode and a metal counter elec-
rode that are immersed in an electrolyte and connected by external
lectric wire. Different from the typical PIC based on particulate sys-
em, the reduction and oxidation reactions in PEC system occur on
he different electrodes separately.

The first Au NRs-based photoelectrode has been reported by
ark et al., which is composed of the highly ordered and verti-
ally grown �-Fe2O3 NRs arrays on an Au NRs substrate [173]. The
omposite electrode shows high photocurrent density (8 mA  cm−2)
nder 1 sun condition. Since then, many other Au NRs-based pho-
oelectrodes with various components and structures have been
eported. Misawa and colleagues have firstly demonstrated the fea-
ibility of water oxidation using NIR light-responsive Au NRs arrays
174], which show two distinct SPR features at 1040 and 780 nm
orresponding to the L-SPR and T-SPR modes, respectively. Under
isible light (� < 750 nm)  irradiation, the main product arising from
he photoanode is O2, while for NIR window (900 < � < 1150 nm),

8% of the resulting product is H2O2 (Fig. 9b). This result suggests
he great promising for utilizing the plasmon-induced charge exci-
ation under different irradiation conditions to regulate the charge
ransfer process and activation energy of the targeted reactions.
rking cell for overall water splitting. (h) Photocurrent versus time plots for Co/Au
rinted with permission from [174]. Copyright 2012, American Chemical Society. (c
with permission from [176]. Copyright 2015, American Chemical Society. (g and h)

Au NRs has also been applied to photocathode systems that
generate H2 as the main product. Lei et al. have demonstrated
that Au/TiO2 dumbbell nanostructures assembled on a thin Au film
(Au/TiO2/Au) can serve as an efficient optical absorber and a hot
carrier generator in the visible region [175]. Upon excitation of SPR
in such coupled particle-on-film nanocavities, the energetic elec-
trons in Au NRs can inject over the Au/TiO2 Schottky barrier and
migrate to TiO2, participating in the proton (H+) reduction reaction
occurring at the TiO2 surface (Fig. 9c). The incident photon-to-
electron conversion efficiency (IPCE) result in Fig. 9d shows that
the wavelength-dependent IPCE for the system follows the same
trend as the extinction spectrum, which reveals the strong near-
field coupling between the Au/TiO2 and the Au film. To achieve
a panchromatic light absorption across the entire Vis-NIR region,
Moskovits and colleagues have utilized Au NRs of different aspect
ratios to construct Au-TiO2-Pt Janus particles assembled in a sin-
gle photocatalytic device (Fig. 9e) [176]. The Au NRs harvest light

to generate hot electrons, which then inject into the adjacent TiO2
and transfer to the Pt NPs for H2 evolution. By using a rational mix
among the Janus particles with different aspect ratios ranging from
1.4 to 3.0, the absorption spectrum of the entire system (stacks of
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uartz substrates) highly resembles that of the AM 1.5 solar spec-
rum (Fig. 9f). With methanol as the sacrificial electron donor, the
evice can operate for more than 200 h with a H2 production rate
f 2.3 �mol/h.

Fig. 9g shows the overall water splitting on a type of relatively
omplex hybrid nanostructures composed of Co oxygen evolution
o-catalyst (OEC) and crystalline TiO2 co-modified Au NRs (Co/Au
Rs/TiO2) [177]. Under simulated AM 1.5 solar irradiation, the
chottky interface between Au NRs and TiO2 collects and conducts
he hot electrons to an unilluminated Pt counter-electrode where
2 gas evolves. The resultant positive charges holes in the Au NRs
re extracted by the Co OEC for oxidizing water to O2 gas. Notably,
t is seen from the Fig. 9h that the solar-to-fuel production effi-
iency under visible light (� > 410 nm)  illumination is up to 20-folds
igher than that with UV (� < 320 nm)  wavelength irradiation, indi-
ating that 95% of the effective charge carriers derives from the SPR
xcitation of Au NRs. This is the first work to show the efficiency
f plasmonic devices with visible light irradiation significantly in
xcess of that with UV light illumination.

In general, the PEC configuration provides great flexibility in
esigning and selecting photoactive materials [178]. The photoac-
ive and catalytic materials can be fixed on the separate electrodes
hat are located in different chambers. Also, in a PEC cell, the Fermi
evel of the photoelectrode can be controlled via a potentiostat, and
he redox reactions can be controlled at a desirable potential so that
eaction selectivity can be improved [179]. However, from the per-
pective of applications, current utilization of Au NRs-based PEC
atalysis is mostly immersed in water splitting. The applications
n N2 and CO2 reduction, organic synthesis and recently developed
lectrocatalytic oxidative biomass upgrading integrated with H2
roduction may  require more exploration [180].

hotothermal catalysis

Based on above discussions, it can be seen that in typical PIC
nd PEC processes, the driving forces to catalytic reactions are the
hotogenerated electron-hole pairs. Being different from these two
ypes of catalytic reactions, PTC proposed in this section refers to
he photo-assisted catalysis process dominated by the photother-

al  effect of plasmonic metals with an additional photoactivation
echanism resulting from HET. Typical photothermal catalysis

without HET) has nothing different from conventional thermal
atalytic reactions, except for the heating method [10,57]. By the
exible use of catalytic materials, photothermal catalysis can be
n important supplement to photocatalysis and thermal catalysis
or improving the efficiency of solar energy utilization, especially
or low-energy photons [22,57,181]. Plasmonic Au NRs-based com-
osites can effectively channel the flux of UV, visible, and especially
IR photons into heat to drive the catalytic reaction directly.

In the non-irradiative SPR decay, electrons in Au NRs with a
on-thermal electron distribution will undergo a thermalization

nto a thermal Fermi-Dirac distribution. Then, cooling of the hot
lectrons occurs by energy transfer to the phonon modes, leading
o an increase of temperature on the Au NRs (also called Ohmic
amping) [10]. Therefore, if the energetic hot charge carriers are
ot involved in the charge transfer process in plasmonic photo-
atalysis, the energy of the SPR will finally dissipate into heat in
he local environment to enhance the mass transfer and reaction
peed. Pd is a well-known catalyst for many important organic
ynthesis reactions [98,127]. Some effective approaches have been
eveloped to couple the light harvesting ability of Au NRs with the
atalytic activation ability of Pd. For instance, Pd NPs deposited on

he surface of Au NRs (Au-Pd) have been reported to efficiently drive
uzuki coupling reaction under light irradiation (Fig. 10a) [137].
he integration of plasmonic Au NRs with catalytic Pd NPs through
eed-mediated growth enables efficient Vis-NIR light harvesting
y 27 (2019) 48–72

of the hybrid nanostructures (Fig. 10b). Under illumination with
809 nm laser at 1.68 W,  the yield of the Suzuki coupling reaction is
approximately 2 times as large as that obtained when the reaction
was thermally heated to the same temperature (Fig. 10c). More-
over, the yield is also higher than that obtained from Au-TiOx-Pd
nanostructures under the same laser illumination, where a 25 nm
thick TiOx shell is introduced to prevent the photoinduced catalysis
process (Fig. 10c). These results indicate that the catalytic reactions
are induced and accelerated through both plasmonic photoinduced
catalysis and photothermal effects. The overall contribution of the
photothermal effect is found to be related to the incident laser
power, the plasmonic wavelength, the separating layer between
Au NRs core and Pd NPs, the environmental temperature, and the
size of the hybrid nanostructures.

Formic acid has been widely used as the liquid hydrogen
storage medium due to its capability of releasing H2 via the cat-
alytic dehydrogenation. Nevertheless, the activity and selectivity of
formic acid dehydrogenation are not satisfied under low temper-
ature. Majima and co-workers have developed Pd-tipped Au NRs
(Fig. 10d) and Pd-covered Au NRs (Fig. 10e) hybrids [182], which
can work as light absorber and catalytically active site simulta-
neously, and exhibit efficient plasmon-enhanced catalytic formic
acid dehydrogenation under low temperature (5 ◦C). Fig. 10f shows
that with light irradiation, the H2 evolution rate over Pd-tipped
Au NRs increases nearly 15 times compared with that under the
dark (conventional thermal catalysis), which is even comparable
with that of the conventional thermal catalysis (in dark) at 40 ◦C
using the same catalyst. In addition, the Pd-tipped Au NRs show
much higher activity compared to the Pd-covered sample under
the same conditions. Finite difference time domain (FDTD) simula-
tion results show that the enhancement of electric field occurs at
the tips of the NRs for both of the samples, regardless of the polar-
ization direction (Fig. 10g). Single-particle photoluminescence (PL)
spectroscopy discloses that the L-SPR PL intensity dramatically
decreases compared to Au NRs, while the T-SPR PL intensity is
similar for both samples, indicating that PL at the L-SPR region is
quenched by the Pd segment due to the HET and PRET from Au NRs
to Pd. These findings may provide a route to improve the atom uti-
lization efficiency of Pd species by selective depositing it only at the
field-enhanced sites.

The above discussions show that both HET and the photother-
mal  effects will be generated by plasmonic Au NRs during the SPR
decay and provide driving forces to catalytic reactions. However,
the two  plasmonic effects are unfortunately entangled, making
their individual roles still under debate. Xiong et al. have reported
that in a model system of bimetallic Au-Pd core@shell nanos-
tructures, the two  effects can be disentangled through tailoring
the shell thickness at atomic-level precision [59]. To distinctly
differentiate photothermal effect from HET, they adopted the well-
studied hydrogenation of styrene as a model reaction to assess
the plasmonic catalysis performance, considering that plasmonic
hot electrons have been recognized to be detrimental to styrene
hydrogenation [183]. Fig. 10h shows the performance of styrene
hydrogenation using Au NRs-Pd core@shell nanostructures with
varied Pd shell thicknesses from 2 layers to 27 layers under dif-
ferent illumination conditions. Without thermostatic control, the
yield of ethylbenzene exhibits a volcano shaped relationship with
the Pd thickness. Eliminating the photothermal contribution (i.e.,
with the thermostatic control) can reduce the efficiency down
below the control value in the dark due to the detrimental effect
from plasmonic hot electrons. Both local heating and hot elec-
tron transfer have a nontrivial dependence on Pd shell thickness

and irradiation wavelength. The discoveries in this work suggest
that the photothermal and HET effects can be separately manip-
ulated through delicate materials design and reaction condition
control.
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Fig. 10. (a) Schematic of photocatalytic Suzuki coupling reactions with Au-Pd nanostructures. (b) Extinction spectrum of the Au and Au-Pd. (c) Yield of the Suzuki coupling
reaction between bromobenzene and m-tolylboronic acid in the presence of Au-Pd or Au-TiOx-Pd under different reaction conditions. (d and e) Scanning TEM (left) and
energy  dispersive spectroscopy (right) analysis of (d) Pd-tipped Au NRs and (e) Pd-covered Au NRs. (f) The rate of H2 evolution from formic acid suspensions of different
Pd  modified-Au NRs under the dark and visible light irradiation (� > 460 nm, 100 mW cm−2) at 5 ◦C. (g) Spatial distribution of the SPR-induced enhancement of electric field
intensity from FDTD simulation for Pd-tipped Au NRs (left) and Pd-covered Au NRs (right). Here E denotes the vector of the electric field and k denotes the wavevector. (h)
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The photothermal effect of Au NRs-MOF [58,104,184] and Au
Rs-semiconductor [63,116,117,185] composites have also been
emonstrated. It is worth noting that the present works on
hotothermal catalysis of Au NRs-based composites are usually
ccompanied by the HET process, which results in the complicated
harge and energy transfer in the reaction system. A clear scenario
f how the geometry (e.g., size and shape) and compositions of Au
Rs-based hybrids affect the photothermal catalysis performance

s still lacking, and a delicate reaction system design to eliminat-
ng the HET contribution is highly sought after. Toward this end,

onochromatic light sources with variable wavelength and inten-
ity could be employed to unravel the SPR effects and determine

heir relative contributions on the catalysis activity [186–188]. In
ddition, the geometrical configuration of plasmonic Au NRs-based
omposites should be taken into account to verify the different
PR effects. The HET effect requires intimate contact at the inter-
ation under different reaction conditions. (b and c) Reprinted with permission from
 [182]. Copyright 2014, American Chemical Society. (h) Reprinted with permission

face between the two functional components. Control experiments
using an insulating interlayer with variable thicknesses at the inter-
face can help in banishing the HET effect [55,64].

Process-intensified engineering strategies for efficient
photoredox catalysis

Since multiple physicochemical steps are involved in the
photoredox catalysis reactions [2,189], the performance of Au
NRs-based composites can be enhanced by diverse optimization
approaches. In this section, the strategies employed to maximize

solar energy conversion efficiency of Au NRs-based composites will
be categorized and discussed in four sub-sections (Fig. 11a): 1)
enhancing light absorption by plasmonic units design, 2) promoting
charge carriers separation and transfer by heterointerface engi-
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Fig. 11. (a) Schematic description of process-intensified engineering strategies for efficient photoredox catalysis. (b) Extinction spectra of different Au NRs-based core@shell
hybrid structures and initial Au NRs. (c) UV–vis diffuse reflectance spectra of blank TiO2 mesocrystals (TMC) and Au NRs/TMC with different aspect ratios. (d) IPCE plots of
different Au-decorated TiO2 electrodes in the incident wavelength between 450 and 900 nm.  (e) H2 evolution rates over Au NR-CdS YSNs, Au NR-CdS CSNs, CdS HNPs and
Au  NRs samples. The inset shows the schematic illustration of the synergism between the radiative relaxation of the plasmon energy of the Au NRs yolks and the multiple
reflections of the incident light within the voids due to the yolk/shell structure. (f) Schematic illustration of charge carrier transfer in Au NRs-decorated TiO2 electrode. (g)
Schematic illustration of charge carrier transfer and arrangement of particles between electrodes in Au@Cu2O system. (h) The linear relationship between the photocurrent
intensities and the amount of segments in the multi-segmented CdS-Au nanorod arrays (NRAs) and the pure CdS NRAs photoanodes. The inset shows the schematic diagram
of  charge carrier transfer in multi-segmented CdS-Au NR. (i) Schematic illustration of energy band structure and electron-hole separation of (MoS2-TiO2)/Au substrate. (b)
Reprinted with permission from [194]. Copyright 2015, Wiley. (c) Reprinted with permission from [193]. Copyright 2017, Elsevier. (d and f) Reprinted with permission from
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eering, 3) enriching surface active site by co-catalyst strategies,
nd 4) design and optimization from a system-level consideration.

nhancing light absorption by photoabsorption units design

As the first step of the photoredox catalysis process, the light
bsorption ability of photocatalysts directly determines the gen-
ration density of charge carriers and subsequently influences the
verall solar energy conversion efficiency [11,190]. Unfortunately,
any reactive photocatalysts usually have wide bandgap, and thus

an utilize only short-wavelength UV–vis light, which accounts
or less than 50% of the total energy from the sun (solar light
onsists of 5% UV, 43% visible and 52% IR light) [9,191]. Hence,
rom the viewpoint of solar energy harvesting, extending the light
bsorption range of the photocatalysts to the Vis-NIR region is
ssential to enhance the solar-to-chemical energy conversion effi-
iency [192,193]. A prominent advantage of Au NRs is that the L-SPR

an be easily tuned in NIR region by adjusting their shape and size.
oreover, the T-SPR band of Au NRs located in the visible region is

table and excellently matches the peak wavelength of solar irra-
iation spectrum. However, in extinction spectra, the intensity of
9]. Copyright 2018, Royal Society of Chemistry. (g) Reprinted with permission from
[198]. Copyright 2014, Wiley. (i) Reprinted with permission from [199]. Copyright

T-SPR is only 20–40% of L-SPR, which indicates that the harvesting
of visible light energy is limited for Au NRs.

Wang’s group has reported a facile method to manipulate the
SPR absorption of Au NRs-based core@shell hybrid structures [194].
Accompanying with the coating of metal sulfides (including CdS,
Bi2S3, ZnS and CuxS), the morphology of Au NRs synchronously
transforms to the dumbbell-like shape. Due to the reconstruction of
Au NRs core and the deposition of sulfide shell, the T-SPR of Au NRs
is highly enhanced. As shown in Fig. 11b, the initial Au NRs exhibit
two extinction bands at 514 and 780 nm,  corresponding to the T-
SPR and L-SPR, respectively. After the Bi2S3 layers are coated, the
L-SPR band red-shifts to 810 nm with the slight T-SPR red-shifting
to 519 nm because of the increased refractive index of the surround-
ing medium. The intensity ratio of T-SPR to L-SPR (R = IT-SPR / IL-SPR)
changes little (from 0.4 to 0.3). As for the dumbbell-like Au-Bi2S3
NRs, the T-SPR is red-shifted to 546 nm and the L-SPR is red-shifted
to 860 nm.  Both the intensities of T-SPR and L-SPR are enhanced and

the R is increased to 0.8. It implies that the SPR absorption for the
dumbbell-like Au-Bi2S3 core@shell NRs is greatly enhanced, espe-
cially for the T-SPR band, which is about 3 times as that of the initial
Au NRs. Owing to the highly ascendant visible light absorption and



 Today

s
N
B
(
b
T
A
a

e
N
c
T
[
c
t
i
r
r
e
c
e
w
d
o
a
T
d

c
i
t
c
i
I
e
(
p
(
w
i
o

m
d
t
o
t
N
h
c
c
N
e
s
[
e
v
N
a
t
y
t
t
e
C

C. Han et al. / Nano

trong LEF, the photocatalytic activity of dumbbell-like Au-Bi2S3
Rs is largely boosted compared with pure Bi2S3 and normal Au-
i2S3 NRs by testing the photodegradation rate of Rhodamine B
RhB). Moreover, the second-layer CdS semiconductor, which has a
andgap perfectly matched with the solar irradiation as well as the
-SPR of Au NRs, can be coated on Au-Bi2S3 NRs and double-shell
u-Bi2S3-CdS heterostructures show further improved visible light
bsorption and photoactivity.

Another important factor affecting the overall light harvesting
fficiency of Au NRs-based hybrids is the shape of plasmonic Au
Rs. Majima and co-workers have demonstrated that Au NRs with
ontrollable size and tunable SPR absorption loaded onto anatase
iO2 mesocrystals can achieve the broad-band light harvesting
193]. The aspect ratio of Au NRs has great impacts on the photo-
atalytic activity for H2 production of the composites. On one hand,
he higher aspect ratio is beneficial for the NIR light harvesting and
mproves the photoactivity. On the other hand, as increase of aspect
atio, the L-SPR absorption peak shifts toward longer-wavelength
egion with lower photon energy (Fig. 11c), resulting in the low
fficiency of HET. Thus, the optimal activity is achieved over the
omposites with a medium aspect ratio of Au NRs (about 3.2). Gong
t al. have reported that the Au NRs-TiO2 yolk/shell photocatalysts
ith different aspect ratios of Au NRs core exhibit significantly
ifferent photocatalytic performance for BA oxidation [112]. The
ptimal photoactivity was obtained over the sample with Au NRs
spect ratios of 2.4, due to its efficient Vis-NIR light harvesting.
hese works highlight that the hot carrier generation efficiency is
irectly influenced by the shape of Au NRs.

The Au NRs-based composites with improved light harvesting
an also be accomplished by integrating different plasmonic units
n one ensemble. For example, it has been found that the pho-
oactivity of Au-decorated TiO2 electrodes for PEC water oxidation
an be effectively tuned in the Vis-NIR region by manipulat-
ng the shape of the decorated Au nanostructures [149]. The
PCE (Fig. 11d) results reveal that the Au NPs decorated TiO2
lectrodes exhibit significantly enhanced photoactivity in visible
� = 450–650 nm)  region. For Au NRs decorated TiO2 electrodes, the
hotoactivity enhancement is, however, observed in the NIR region
� = 650–900 nm)  only. Significantly, the TiO2 electrodes deposited
ith a mixture of Au NPs and Au NRs show enhanced photoactivity

n the entire Vis-NIR region due to the increased optical absorption
f TiO2 associated with SPR electrical field amplification.

In addition to manipulating the photoabsorption of the plas-
onic components, optimizing the geometrical arrangement and

ielectric environment of the building units have demonstrated
o be another effective strategy to enhance the optical absorption
f the Au NRs-based composites. Tachikawa et al. have reported
hat Pt-modified Au NRs can be used for producing H2 under Vis-
IR light irradiation [135]. The Pt-tipped sample exhibits much
igher L-SPR intensity and photoactivity compared with Pt fully
overed sample. The obvious decrease in L-SPR intensity of Pt-
overed sample is ascribed to the complete encapsulation of Au
R core by the Pt shell, which possesses distinct plasmon damping
ffect. A novel heterostructure composed of Au NRs yolk and CdS
emiconductor shell has recently been developed by Han’s group
109]. The Au NRs-CdS yolk/shell nanostructures (Au NR-CdS YSNs)
xhibit superior photocatalytic H2 evolution performance under
isible light irradiation over their core@shell nanostructured (Au
R-CdS CSNs) counterparts, CdS hollow nanoparticles (CdS HNPs),
nd Au NRs (Fig. 11e). A series of mechanistic studies on the pho-
ocatalysis corroborate that the photoactivity enhancement of the
olk/shell nanostructures is due to the synergism between the mul-

iple reflections of the incident light within their voids provided by
he yolk/shell structure and the radiative relaxation of the plasmon
nergy of the Au NRs yolks, which promote the light absorption of
dS that can drive the photocatalysis (inset of Fig. 11e).
 27 (2019) 48–72 65

Taken together, the light harvesting efficiency of Au NRs-based
composites is dependent on the shape, size and components of the
plasmonic units as well as the geometrical arrangement and dielec-
tric environment of the building units. Maximizing the energy
transfer from photons to photoactive components requires the
rational understanding of structural design principle [4,7], because
randomly hybridizing counterparts would often shield the SPR
intensity and LEF of plasmonic Au NRs or weaken the net photoab-
sorption of semiconductors [22,51,135,195].

Promoting charge carrier separation and transfer by
heterointerface engineering

Fast charge carriers recombination is the main limiting factor on
the substantial performance improvement of the most photoredox
catalysis systems [5,155]. Therefore, not only the high genera-
tion density of charge carriers should be satisfied, but also these
electrons and holes should be efficiently coupled into transport
medium before they get recombined [5]. Toward this end, tremen-
dous efforts have been devoted to exploring multifarious strategies
to harness the plasmonic effects and co-catalyst functionality of Au
NRs by maximizing the interfacial charge carrier transfer efficiency,
which has proven to be effective to enhance the photoactivity.
In general, the charge carrier separation and transfer efficiency
depend on the interfacial contact, overall morphology, component
arrangement and band alignment of the composite materials.

Considering that the photogenerated charge carrier transfer
predominantly occurs across the interfacial domain in Au NRs-
based composite systems, maximizing interfacial contact between
Au NRs and other components is significant on the reduction
of these charge carrier recombination. However, some organic
ligands are always required in colloidal synthesis for stabiliz-
ing Au NRs [23], which often still remain at the heterointerface
and thus form an insulating layer that prevents the formation of
effective interfacial contact. To solve this problem, a delicately
designed surfactant removal method has been developed, which
is based on a HClO4 oxidative process [135,139]. Benefiting from
this effective strategy, the obtained photocatalysts show superior
activity to the sample without the oxidative treatment. In addition,
ligand-exchange method has been usually utilized to enhance the
interfacial contact [141,149,196]. Au NRs-decorated TiO2 nanowire
arrays prepared by ligand-exchange with MPA  show efficient hot
electron transfer from Au to TiO2 semiconductor through the inter-
face (Fig. 11f) [149]. The interfacial charge carrier transfer efficiency
is also dependent on the overall morphology of the composites. Yu
et al. have demonstrated that tuning the morphology of Au@Cu2O
core@shell NPs from brick to spherical shape can facilitate the
charge flow and significantly decrease the charge carrier transfer
resistance, which is due to the presence of sharp edges in brick
like structure hindering the close contact between the particles
(Fig. 11g) [197].

Although combination of Au NRs with semiconductors shows a
significant promise to prevent the recombination of electron-hole
pairs in Au NRs or semiconductors, incorporating an overly large
amount of Au NRs may  lead to the undesired defects and resul-
tant recombination of photogenerated charge carriers [38,169].
To balance these two effects, controllable arrangement of the
ordered Schottky barriers in the composite photocatalysts is nec-
essary. Chen and co-workers have reported the fabrication of
programmable photoanode based on multi-segmented CdS-Au
nanorod arrays (NRAs) and demonstrated its high efficiency and
programmability in PEC catalysis [198]. As disclosed in Fig. 11h, the

photoactivity of CdS-Au NRAs is greatly enhanced compared to pure
CdS NRAs with that same length. Moreover, the activity of the NRAs
shows programmable photocatalysis behavior and can be linearly
increased by increasing the number of segments in the composites,
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hich indicates that the photogenerated electrons can easily flow
cross the series of height-reduced Schottky barriers when posi-
ive bias is applied at the photoanode (inset of Fig. 11h). Higher
hotocatalytic activity could be achieved by further increasing the
umber of segments.

Rational designing and optimizing the electron transfer paths
an also benefit the improvement of charge carrier transfer effi-
iency. In this direction, constructing multi-component hybrids
ith multiple heterointerface has been explored. Ternary (MoS2-

iO2)/Au hybrid has been fabricated by loading plasmonic Au NRs
n the MoS2 NSs coated TiO2 NRs arrays and used as PEC cell for H2
eneration [199]. The highest photocurrent and photoactivity are
btained over the (MoS2-TiO2)/Au sample, which is benefited from
he plasmon-coupled multichannel electron transfer (Fig. 11i). In
etail, the Au NRs have intense SPR absorption and work as the
hotosensitizers to produce hot electrons. The hot electrons can
et over the Schottky barrier and inject into the CB of MoS2 and
iO2. In addition, the band alignment between MoS2 and TiO2 is
avorable for the electron transfer from the CB of MoS2 to the CB
f TiO2 and suppresses the photogenerated carrier recombination.
oreover, the inserted MoS2 NSs connect neighboring TiO2 NRs

nd act as the bridge routes, which further promote the electron
ransfer along the TiO2 channel to the conductive substrate.

nriching surface active site by co-catalyst strategies

Another bottleneck for efficient photoredox catalysis is the
ow activation ability of semiconductor surfaces [191,200]. Once
he charge carriers are generated and injected into the semicon-
uctors, they should be timely consumed by redox reactions on
heir surface. However, the semiconductor surface often does not
ffer highly active sites to activate the chemical bonds in many
olecules and decrease the overpotential for the reactions such as

he H2 and O2 evolution, thereby limiting the catalytic activity of
hotocatalysts [191]. The combination of co-catalysts with semi-
onductors has been widely used to resolve this problem, because
he co-catalysts can accept the electrons or holes from the semi-
onductors, tune charge carriers kinetics, and act as the alternative
ighly active sites for redox reactions. Nanostructured Pd and Pt
ave been demonstrated to be the potential co-catalysts for many
eactions owing to their strong affinity interaction with organic
olecules and extremely low overpotential for proton reduction

112,138,184,201–203], which can be employed to overcome the
luggish kinetics of the reactions.

Tang and co-workers have demonstrated that the photoactiv-
ty of Au NRs for molecular oxygen activation and carbon-carbon
oupling reactions can be significantly enhanced by construct-
ng Au NRs@Pd superstructures (Au@Pd SSs), where the ordered
d nanoarrays are precisely grown on Au NRs surfaces (Fig. 12a)
22]. Taking molecular oxygen activation reaction as an example
Fig. 12b), bare Au NRs show no discernible photoactivity under
oth light irradiation and dark conditions, in spite of its significant
lectric field enhancement and hot electron generation efficiency
Fig. 12c). The noticeable photoactivity of Pd NPs and the mixture
f Au NRs and Pd NPs keeps unchanged with respect to that under
ark environment. These results suggest that the oxygen activa-
ion occurs on active Pd sites. The photoactivity enhancement of
u NRs@Pd is closely related to the organization of Pd NPs on

he surface of Au NRs. The Au@Pd SSs show higher activity than
he samples of Au@Pd NDs with Pd NPs randomly attached on
he surfaces of Au NRs and Au@Pd CSs with continuous Pd thin
hells coating on Au NRs. Since the composition weight, absorption

and and reaction temperature of these Au@Pd nanostructures are
ontrolled to be the same, such prominent plasmon enhancement
roperty of Au@Pd SSs in oxygen activation and carbon-carbon cou-
ling reaction should be attributed to their structure superiority,
y 27 (2019) 48–72

where the ordered open structure of Pd nanoarrays on-rod exposes
rich active sites for incoming reactants.

On the basis of a semiconductor-like MOF  (i.e., MIL-125), the
composites integrated SPR excitation of Au NRs and nonplasmonic
Pt NPs co-catalyst into MIL-125 have recently been reported by
Jiang’s group [184]. To build the heterojunctions, Pt NPs are firstly
dispersed into or supported on MIL-125 to afford Pt@MIL-125 and
Pt/MIL-125, respectively. Subsequently, Au NRs are assembled onto
Pt@MIL-125, Pt/MIL-125 and pure MIL-125, respectively, to pro-
duce Pt@MIL-125/Au, Pt/MIL-125/Au and MIL-125/Au (Fig. 12d).
In the composites, the interface between the MIL-125 and Au NRs
allows the plasmonic hot electrons injecting from SPR-excited Au
into the lowest unoccupied molecular orbital (LUMO) of the MOF.
The nonplasmonic Pt/MOF interface is to establish a Schottky bar-
rier as the charge “pump”, which steers the charge flow and allows
the electrons delivery to specific sites for further proton reduc-
tion (inset of Fig. 12e). As a result, the Pt@MIL-125/Au presents
an exceptionally high photocatalytic H2 production rate by water
splitting under visible light irradiation, far superior to MIL-125/Au
and other counterparts with similar Pt or Au contents (Fig. 12e).
Moreover, thanks to the more effective spatial separation of Pt
and Au, the Pt@MIL-125/Au presents much better charge separa-
tion efficiency and photoactivity than Pt/MIL-125/Au. This work
highlights the synergetic effect of coupling co-catalyst strategies
with the formation of charge flow toward efficient photocatalytic
H2 production.

Nonprecious metal co-catalysts, such layered MoS2, have also
been demonstrated to be the promising hydrogen evolution reac-
tion (HER) catalysts due to the optimal affinity of H2 on the
unsaturated sulfur atoms on the edges of MoS2 NSs [204]. It has
been reported that MoS2 hybridized with Au NRs can improve
the HER activity of Au NRs and MoS2 [74,147,148]. Xia et al. have
synthesized Au NRs/MoS2 NSs hybrids (Au-MoS2) for plasmon-
activated HER [74]. In this system, Au NRs acting as the light
absorbers generate electron-hole pairs during SPR excitation, and
MoS2 NSs working as the active sites and electron acceptors facili-
tate HER. As shown in Fig. 12f, in contrast to blank Au NRs and MoS2,
the plasmonic Au-MoS2 hybrids dramatically improve the HER per-
formance and decrease the onset potential for H2 evolution under
L-SPR excitation of Au NRs.

Spatially separated dual co-catalysts modified Au NRs-based
hybrid structure, which are composed of Au NRs with Pt modified
crystalline TiO2 layer on its top and Co-based OEC on its bottom
side (Fig. 12g), has been demonstrated by Moskovits et al. [205].
All charge carriers involved in the water oxidation and reduction
steps on this type of hybrid nanostructures are found to be orig-
inated from the SPR excitation of Au NRs. The excited plasmons
of Au NRs decay into electron-hole pairs. The hot electrons trans-
port to the Au/TiO2 interface and overcome the Schottky barrier
to enter in the CB of TiO2, and finally reach the surface Pt active
site to reduce H+ (Fig. 12h). On the other hand, the holes transport
to the Co-based OEC to produce O2. Fig. 12i shows the amounts
of both O2 and H2 produced under full solar illumination (AM 1.5,
300 mW cm−2) over a 6 h period. The rate of H2 production are
2.8 mmol  h-1 g-1 under full solar irradiation without any hole scav-
enger. Although the rates of H2 and O2 production on this type of
nanostructures are not high, the use of electron-hole pairs derived
from the SPR photoexcitation of Au NRs in overall water splitting
has been unambiguously demonstrated. This work reveals a new
paradigm for designing plasmonic catalysts with spatially sepa-
rated dual co-catalysts loading for overall water splitting.
Design and optimization from a system-level consideration

With the key advances in the literatures, the above three strate-
gies have been proven to be efficient for better utilization of the
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Fig. 12. (a) Schematic description of photoredox catalysis over Au@Pd SSs for molecular oxygen activation and carbon-carbon coupling reactions. The right panel show the
TEM  image of Au@Pd SSs. (b) Normalized singlet oxygen signal intensity of varied nanostructures under both dark environment and light irradiation. (c) Correlation between
hot  electron generation efficiency and field enhancement among different Au NR-based nanostructures. (d) Schematic illustration showing the synthesis of Pt@MIL-125/Au
and  the corresponding Pt/MIL-125/Au and MIL-125/Au analogues. (e) Photocatalytic H2 production rates of different catalysts. The inset shows the electron migration at the
two  metal-MOF interfaces based on the energy levels. (f) HER polarization curves obtained on different catalysts. (g) TEM image (left) of the photosynthetic unit and magnified
views  of the Pt/TiO2 cap (top right) and the Co-OEC (bottom right). (h) Energy level diagram superimposed on a schematic of the plasmonic solar water splitter, showing the
proposed processes occurring in its various parts and in energy space. (d) Measured O2 and H2 productions as a function of irradiation time under full solar illumination (AM
1 ight 2
C meric
N

u
s
f
s
c
t
o
[
t
o
p
c
d

w
e
p
i
m
A
h
o

.5,  300 mW cm−2) illumination. (a–c) Reprinted with permission from [22]. Copyr
opyright 2018, Wiley. (f) Reprinted with permission from [74]. Copyright 2015, A
ature Publishing Group.

nique optical, electrical and catalytic properties of Au NRs for
pecific photoredox reactions. Nevertheless, these strategies often
ocus on only investigating an isolated process or individual con-
tituents of the photoredox catalysis system. One major point
ould be learned from the nature photosynthetic organisms is
hat designing an efficient photoredox catalysis system requires
ptimizing the entire ensemble from a system-level consideration
206]. In this context, Xu et al. have shown that the finely con-
rol of a series of factors, including the shape and loading contents
f plasmonic units, interfacial interaction, charge carrier transfer
aths and surface active sites in Au NRs-based heterostructures,
an result in progressively improved performance for Vis-NIR light-
riven plasmonic photocatalysis [138].

In detail, they have firstly demonstrated that coupling Au NRs
ith semiconductor CdS (Step 1 in Fig. 13a) can dredge the hot

lectrons generated from the SPR excitation of Au NRs to partici-
ate in photocatalysis processes, and strengthening the interfacial

nteraction (Step 2 in Fig. 13a) by the surface charge tuning enables

ore efficient extraction and injection of hot electrons from the
u NRs to CdS across the interfacial domain. Subsequently, they
ave argued that the shape (aspect ratio) and loading contents
f Au NRs have great impacts on the photocatalytic performance
017, American Chemical Society. (d and e) Reprinted with permission from [184].
an Chemical Society. (g–i) Reprinted with permission from [205]. Copyright 2013,

(Step 3 in Fig. 13a). As mentioned above, high SPR absorption inten-
sity and resonance energy of Au NRs result in more energetic hot
electrons that can inject over the Schottky barrier at the semi-
conductor/metal interface under L-SPR excitation. On one hand,
increasing the aspect ratio of Au NRs is beneficial for improving
the SPR absorption intensity, but will reduce the resonance photon
energy. On the other hand, higher content of Au NRs loading results
in higher SPR absorption intensity. However, excess Au NRs loading
in the composites can lead to strong photon scattering and charge
recombination, thus suppressing the photoactivity. The optimal
aspect ratio and loading content of Au NRs in this work are 3.3
and 2 wt.%, respectively.

The above optimization strategies allow higher efficiency of HET
from Au NRs into the CB of CdS. However, the overall efficiency
of the Au-CdS composites is still limited by the well-known fac-
tors, such as fast damping and cooling of hot charge carriers, slow
charge migration rate, random charge diffusion directions, and
the low activation ability of semiconductor surfaces [191,207,208].

In this context, they have utilized metal (Au, Ag or Pt) NPs as
the co-catalysts to construct ternary composites, aiming to mod-
ulate the spatial transfer channels of hot charge carriers, and thus
further improve the photocatalytic activity of Au-CdS (Step 4 in
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Fig. 13. (a) Schematic illustration of principle on how to make efficient use of the prominent SPR property of Au NRs toward boosting photocatalytic activity. (b) Schematic
illustration of the hot charge carrier generation, separation, and transfer in the ternary M NPs-CdS-Au NR composites. (c) TEM image of ternary BP-Au-CdS composite. (d)
Schematic illustration of electron-transfer pathway in the BP-Au-CdS system. (e) Comparison of H2 production rate over different samples under UV–vis-NIR, Vis-NIR, and
NIR  light irradiation. (f) Diffuse reflectance spectroscopy (left axis, red line) and AQE (right axis, blue column) of BP-Au-CdS. (g) TEM image shows the direct and multiple
metal-semiconductor and metal-metal interfacial contact in Au-Pt@CdS. (h) Schematic illustration of the efficient charge carriers generation, transfer and utilization over
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u-Pt@CdS photoredox catalysis system. (i) H2 and BAD generation rate in the photo
etal-CdS hybrids. (a and b) Reprinted with permission from [138]. Copyright 201

ociety.  (g–i) Reprinted with permission from [212]. Copyright 2019, Royal Society

ig. 13a). These step-by-step modulation methodologies finally
esult in the multiple synergy promotion of separation and trans-
er of hot charge carriers generated from the SPR excitation of Au
Rs, while the CdS and metal NPs respectively act as the mediator
nd co-catalysts to boost the extraction and transfer of hot charge
arriers from Au NRs and provide effective reduction sites, thereby
eading to the distinctly enhanced activity toward photoreduction
f nitroaromatics and water splitting (Fig. 13b).

In another work based on Au-CdS composites, Zhang et al. have
eported that Au NRs serve as both electron relays and plasmonic
lectron donors in a ternary heterostructure (BP-Au-CdS), consist-
ng of black phosphorus (BP) quantum dots (QDs), CdS NWs  and
u NRs [79], which can synergistically utilize the SPR enhance-
ent mechanism of Au NRs, photosensitizing effect of QDs and

andgap photoexcitation of semiconductors for efficient H2 gen-
ration under full solar spectrum irradiation. Fig. 13c shows the
EM image of ternary BP-Au-CdS composites, which indicates that
P QDs are deposited directly on the surface of Au NRs, while Au
Rs are decorated along the side of CdS NWs  to form 1D-1D inter-

acial interaction. The first principles calculations suggest that a

chottky barrier can be formed between the Au (100) surface and
dS (100) surface, and an Ohmic contact is formed in the case of Au
nd BP. Thus, the structure arrangement in Fig. 13c is very essential
or prolonging the lifetime of charge carriers photogenerated from
tic conversion of BA under Vis-NIR light (� > 420 nm)  irradiation over Au-Pt, CdS and
ey. (c–f) Reprinted with permission from [79]. Copyright 2018, American Chemical
mistry.

both BP QD and Au NRs due to the steered charge flow, as disclosed
in Fig. 13d.

The H2 production rates of BP-Au-CdS have been exam-
ined under different illumination conditions, including full solar
spectrum (UV–vis-NIR) light, Vis-NIR (� > 420 nm)  light and NIR
(� > 700 nm)  light irradiation. As shown in Fig. 13e, compared with
binary counterparts, the ternary BP-Au-CdS composites exhibit the
highest photoactivity under similar conditions. Notably, when the
irradiation source turns to NIR light illumination, the photocatalytic
H2 evolution rate of BP-Au-CdS can still reach 4.3 mmol  g−1 h−1. The
wavelength-dependent apparent quantum efficiency (AQE) of H2
production over BP-Au-CdS shows that the action spectrum of the
AQE is basically in agreement with the absorption spectrum, further
confirming the full solar spectrum-responsive photocatalytic H2
production. The BP-Au-CdS hybrids present several superiorities as
follow: (1) BP QDs exhibit unique optical properties due to quantum
confinement and edge effects, meanwhile the broadened bandgap
and up-shifted CB edge endow the photogenerated electrons in BP
QDs with improved reduction activity. (2) Au NRs serve as the elec-
tron relays to dredge the charge transfer channels between BP and

CdS, while the intimated interfacial contact between Au NRs and
CdS enables the effective electron delivery from Au to CdS. (3) Au
NRs with visible and NIR plasmonic absorption offer hot electrons to
CdS, further contributing to the photocatalytic performance. These
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ndings would promote the development of full solar spectrum-
esponsive Au NRs-based heterostructure photocatalysts with high
erformance.

To achieve efficient solar-to-chemical energy conversion, both
he photogenerated electrons and holes should be synchronously
tilized without sacrificial agent consumption [209–211]. Toward
his end, Xu’s group has recently reported a controllable design
f bimetal-semiconductor hybrids for simultaneous H2 and value-
dded aldehyde production from one redox cycle [212]. Specifically,
aking advantage of Au NRs, Pt NPs, and CdS as plasmonic metal,
onplasmonic co-catalyst and semiconductor respectively, they
ave constructed a CdS deposited anisotropic Pt-tipped Au NRs (Au-
t@CdS) hybrid, which features the multiple metal-semiconductor
nd metal-metal heterointerface (Fig. 13g). They have demon-
trated that integrating co-catalytic factor with semiconductor
hotoexcitation and SPR resonance modes in different optical
esponse region by rational assembly of Pt NPs and CdS on the
urface of Au NRs can provide the spatial transfer multichannel
or electrons and boost the local electric field, promoting the gen-
ration and migration of electron-hole charge carriers (Fig. 13h).
s a result, the Au-Pt@CdS exhibits distinctly higher photoac-

ivity than blank CdS and other metal-CdS hybrids counterparts
or photocatalytic conversion of alcohol to aldehyde and H2 by
imultaneous utilization of photogenerated holes and electrons
Fig. 13i). This work could be instructive for further rational design
f plasmonic bimetal- or multimetal-semiconductor dual-function
hotocatalytic reaction system toward efficient redox catalysis.

oncluding remarks and future perspectives

In summary, we have provided a detailed review of the struc-
ure, plasmonic properties, as well as the synthetic chemistry of
u NRs-based hybrid materials with tailored architectures. The

atest progresses on utilizing Au NRs-based hybrids for differ-
nt photoredox catalysis applications, and particularly the various
rocess-intensified engineering strategies for enhancing the per-
ormance of hybrid materials have been highlighted. Clearly, the
tilization of Au NRs has attracted particular attention for the devel-
pment of SPR-mediated photoredox catalysis due to the fact that
he introduction of Au NRs into solar-to-chemical energy conver-
ion can efficiently improve the performance by harnessing their
ighly focused electric field, effective photothermal conversion,
nique hot electron generation and remarkable co-catalytic effect.
rom our perspective, several challenges need to be overcome for
urther advancing this research topic.

First, although a large fraction of studies have been devoted to
he preparation of Au NRs-based hybrid nanostructures, the mor-
hology and heterointerface of the overall nanostructures have not
een controlled very well owing to the distinct differences in the
onding nature and crystalline structure among the different func-
ional components. For most of the hybrid structures obtained from
x-situ synthesis procedure, the interfacial contact is usually not
ery tight. Some organic molecules have been utilized to modify the
urface of Au NRs or second component for enhancing the interfa-
ial interaction. However, these molecules are often not conductive
nd may  be decomposed during the catalytic reactions, which ulti-
ately affect the charge carrier transfer and activity of the hybrids.
dditionally, for the nanostructures that are prepared by in-situ
pproach, the morphology, position, size, and crystallinity of the
ubsequently formed second component are often difficult to con-

rol. But these parameters play a crucial influence on the properties
nd performance of the hybrids, as discussed in the early parts of
his review. Therefore, a simple yet efficient method to produce
u NRs-based hybrid structures with better control of the size and
 27 (2019) 48–72 69

shape of the overall nanostructure, as well as the individual com-
ponents and heterointerface is highly sought after.

Second, despite efforts paid to illustrate the working mechanism
of Au NRs-mediated photoredox catalysis, the activity enhance-
ment mechanism still needs further in-depth investigation. For
example, in most reaction systems, the photothermal conversion,
hot electrons transfer and enhanced electric field effects are simul-
taneously involved, which results in an obstacle to accurately
depicting the function of each effect. The apparent activation bar-
rier for photothermal catalysis could be decreased by SPR-induced
thermal effect [213,214]. But a viable experimental approach for
directly probing the SPR-induced local temperature within the
nanometer size regime is still scanty. In these regards, developing
advanced detection technology to dynamically monitor the local
surface temperature of plasmonic units, and delicately designing
the reaction systems to quantify the contributions of each effect in
targeted catalysis are desirable.

Third, the application scope of Au NRs-based photoredox
catalysis could be extended to various reactions in addition to
photocatalytic non-selective pollutants degradation and water
splitting. Some emerging fields, such as CO2 reduction, N2 fixation
and selective biomass transformation, need to be paid more atten-
tion. Recent works show that some molecules can be excited from
a low-energy state to a high-energy state by the incident photons,
and these reactant molecules in excited states can interact with
SPR-excited metal nanostructures to elongate bond lengths and
lower reaction barriers [213,215–217]. The generation of energetic
hot charge carriers, enhanced electric field and spatially heteroge-
neous hotspots from plasmonic Au NRs-based materials may thus
offer great opportunities for producing unique excited states, tai-
loring the catalytic reaction pathways and even selectively cleaving
chemical bonds [218]. Therefore, there are wide promising oppor-
tunities toward these inspiriting directions.

Last, developing theoretical analytical models, that can rigor-
ously describe the plasmon coupling phenomenon and electron
transfer process among Au NRs, functional components and reac-
tant or product molecule, is very important to identify the optimal
geometry and composition of Au NRs-based plasmonic catalysts
for the targeted photoredox reactions. Joint efforts of experiment
and theory are expected to provide reliable analyses of the excited
states, the reaction pathways, the distribution of electric field and
the exact energy levels of energetic charge carriers. Looking to the
future, we believe that devotion of great efforts to these directions
would generate exciting new scientific development and advance
technological applications in this exciting field.
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