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ABSTRACT Plasmonic nanocrystals with unique properties
have been extensively studied in the past decades. A combi-
nation of plasmonic materials with other characteristic ma-
terials of metals and semiconductors leads to properties far
beyond single-component materials and excellent perfor-
mances in many optical-related applications. In this review, we
summarize the recent advances in the controlled growth of
plasmonic heterostructures with a specific composition,
morphology, size, and structural symmetry. Plasmon-
enhanced properties of the heterostructures and their excellent
performances in applications are also discussed. The synthesis
strategies and the intriguing properties of the plasmonic het-
erostructures provide great opportunity for applications in
plasmon-enhanced nonlinear optics, optical spectroscopy,
photocatalysis, solar energy conversion, and so on.

Keywords: surface plasmon resonance, metal-semiconductor
heterostructures, photocatalysis, nonlinear optical effects

INTRODUCTION
Surface plasmon resonance (SPR) strongly enhances local
electromagnetic fields and various light-matter interac-
tions, which are largely dependent on the size, shape,
composition, and local environment [1–3]. Moreover,
plasmonic heterocrystals, which consist of two nanoma-
terials with integrated multifunctionalities in single col-
loidal nanoparticles, may demonstrate better performance
than their individual components [4]. In recent decades,
great efforts have been devoted to developing synthetic
methods for the growth of diverse colloidal heterocrystals

with controlled morphologies and optimized perfor-
mances; the abovementioned colloidal heterocrystals have
prospective applications ranging from photocatalysis and
solar energy conversion to bioimaging as well as quantum
information processing [5–8].
For instance, the simplest plasmonic heterocrystals

consisting of Au and Ag have the advantages of a large
tunability of the plasmon resonances, including electric
and magnetic modes as well as multipole resonances,
which have better sensitivity and high stability for prac-
tical applications [9,10]. Heterocrystals consisting of a
plasmonic metal (such as Au, Ag, Cu, Al) and a photo-
catalytic metal (Pt or Pd) have the integrated advantages
of an antenna-reactor effect as well as a high catalytic
activity on a high-index plane; therefore, they have largely
enhanced photocatalytic efficiency [11,12]. Furthermore,
metal-semiconductor heterocrystals not only combine
plasmonic and excitonic advantages but also have very
efficient excitation energy and charge transfer; therefore,
they may demonstrate plasmon-exciton coupling and
have better photonic and photoelectronic performances
than individual metals and semiconductors, such as the
prominently enhanced optical Stark effect [13], plasmon-
exciton Fano interference [14], reversed saturable ab-
sorption [15,16], and enhanced photocatalytic activity [8].
Self-doped semiconductors, such as Cu2−xS and Cu2−xSe
nanocrystals, have strong plasmon resonances in the
near-infrared (NIR) region; therefore, Cu2−xS/Au hetero-
structures demonstrate plasmon-plasmon coupling and
have excellent performance in photothermal therapy [17–
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21]. In recent years, plasmonic heterocrystals containing
more than two components, such as (CdS-Pt)@Au [22]
and (Cu2−xS-CdS)@Au [23], have been synthesized, which
combine the advantages of an antenna-reactor effect and
a semiconductor. Multichannel charge transfers in these
complex heterostructures further improve their photonic,
photocatalytic, and photovoltaic performances. The op-
timized morphology and component configuration of the
heterostructures are largely dependent on the specific
photonic and photocatalytic applications.
The main mechanisms of plasmonic enhancement ef-

fects of plasmon-semiconductor heterostructures are
summarized in Scheme 1 [4,8,24–26], and the plasmon-
enhanced photocatalytic performance is frequently dis-
cussed in the following sections. SPRs with intense ab-
sorption produce (1) large local field enhancement. The
radiative decay of SPRs leads to (2) large light scattering.
Nonradiative SPR damping occurs through electron-
electron interactions, successively generating (5) hot
electrons and (3) heat. The nonradiative decay of SPR can
also occur via (4) plasmon resonance energy transfer. The
processes of (1) and (2) can improve the light absorption
of semiconductor nanocrystals. The processes of (4) and
(5) can enrich the population of photoexcited carriers
through plasmonic light harvesting. The plasmonic pho-
tothermal effect of (3) can accelerate catalytic reactions.
In this article, we review the syntheses of metal-metal

and metal-semiconductor heterostructures and introduce
their plasmonic as well as photocatalytic properties. The
following four sections are related to the four kinds of
heterostructures: i) metallic heterocrystals containing two
plasmonic metals; ii) metallic heterocrystals with plas-
monic and catalytic metals; iii) semiconductor-metal
heterostructures with two components, including sym-
metric and asymmetric overgrowth of semiconductors on
metal nanocrystals; and iv) semiconductor-metal hetero-
structures with three components, including plasmonic
and catalytic metals on one semiconductor and two
semiconductors on one plasmonic metal.

METALLIC HETEROCRYSTALS WITH
TWO PLASMONIC METALS
Plasmonic metallic nanocrystals exhibit characteristic
SPRs determined by their composition, shape, size, etc.
The controlled growth of metallic nanocrystals is sig-
nificantly important for obtaining SPRs with an expected
wavelength and intensity or other intriguing properties.
In addition, the integration of two plasmonic metals can
lead to more interesting SPRs and more active chemical
properties. The configuration of heteronanocrystals has

several categories such as alloyed, core–shell, Janus and
segment types. For the convenience of discussions, we use
AB, B@A, B/A, and C-B-A to represent an AB alloy, a B
shell on an A core, B overgrown on the tip or one side of
A, and segmented heterostructures, respectively.
Kim et al. [27] prepared AuCu alloyed nanocrystals

having different stoichiometric ratios of Au-to-Cu (Au,
Au3Cu, AuCu, AuCu3 and Cu) with a uniform average
size of approximately 10–11 nm via a co-reduction of
metal precursors in an oil phase (Fig. 1a). Pure-phase Au
and Cu nanoparticles exhibit characteristic SPR peaks at
523 and 570 nm, respectively. Interestingly, as the content
of Cu increases in the alloyed phase, the SPR peak of
alloyed nanoparticles redshifts from the SPR peak of Au
toward that of Cu with some broadening [28,29] (533 nm
for Au3Cu, 539 nm for AuCu and 549 nm for AuCu3)
(Fig. 1b). Similar results have also been observed in AuAg
and AgCu alloyed nanocrystals [30–32]. Moreover, AuCu
nanoparticle monolayer platforms with catalytically active
surfaces were fabricated by a solvent evaporation-medi-
ated self-assembly approach and the electrochemical CO2
reduction was evaluated [27]. Au3Cu nanoparticles ex-
hibit the highest CO mass activity with a value of −0.73 V
vs. a reversible hydrogen electrode (RHE), while Cu na-
noparticles exhibit the largest number in product types,
for instance, many hydrocarbon species [33]. The results
can be explained in terms of the electronic effect related
to the binding of intermediates and the geometric effect

Scheme 1 For a plasmon-semiconductor heterostructure, the main
plasmonic effects are shown as (1) a local field enhancement, (2) light
scattering, (3) a photothermal effect, (4) plasmon resonance energy
transfer, and (5) hot-electron transfer. Reprinted with permission from
Ref. [24]. Copyright 2018, Elsevier.
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of the local atomic arrangement of the active site. More
interestingly, He et al. [34] reported an aqueous phase
route for the synthesis of pentacle-shaped AuCu alloy
nanocrystals with fivefold twinning, which display three

SPR bands with one in the visible region and two in the
NIR region. These AuCu nanocrystals demonstrated a
notable photothermal effect toward killing 4T1 murine
breast tumors and also demonstrated excellent catalytic

Figure 1 Heterostructures of plasmonic metals. (a, b) AuCu alloyed nanoparticles with tunable SPRs (scale bar, 100 nm) by Kim et al. Reprinted with
permission from Ref. [27]. Copyright 2014, Springer Nature. (c, d) Ag@Au core-shell nanoparticles with a tunable SPR in a range of 380–550 nm and
used as colorimetric/Raman spectroscopic probes. Reprinted with permission from Ref. [35]. Copyright 2019, Springer Nature. (e, f) Ag@Au core-
shell nanorods with four plasmon bands by Jiang et al. Reprinted with permission from Ref. [38]. Copyright 2012, John Wiley & Sons. (g) AuAg
alloyed nanocages prepared via a galvanic replacement reaction (scale bar, 100 nm) by Skrabalak et al. Reprinted with permission from Ref. [49].
Copyright 2007, Springer Nature. (h, i) Au@Ag core-shell nanocubes with three atomic layers of Au, which improve the chemical stability for
enhanced SERS activity by Yang et al. Reprinted with permission from Ref. [42]. Copyright 2014, American Chemical Society. (j–m) Ag@Au
bimetallic particles with twinned structures grown from a pseudo-spherical single-crystalline Au seed via a plasmon-mediated reaction by Langille et
al. Reprinted with permission from Ref. [46]. Copyright 2012, American Association for the Advancement of Science. AuAg alloyed hollow triple-
walled nanoshells (n) and double-walled (o) nanotubes (scale bar, 100 nm) by Sun et al. (Reprinted with permission from Ref. [56]. Copyright 2004,
American Chemical Society), and by Sun et al. (Reprinted with permission from Ref. [57]. Copyright 2004, John Wiley & Sons). (p, q) Ag-Au-Ag
heterometallic nanorods formed through anisotropic growth (scale bar, 50 nm) by Seo et al. Reprinted with permission from Ref. [59]. Copyright
2008, American Chemical Society.
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activity.
Ag@Au core-shell nanoparticles can be synthesized by

a reduction of silver nitrate with ascorbic acid (Fig. 1c, d)
[35]; the above structure combines the advantages of the
high refractive index sensitivity of silver and excellent
stability of gold and demonstrates large tunability in
plasmon resonances. They can be widely used in colori-
metric chemical biosensing since the SPRs of gold and
silver are both in the visible range. Hydrogen peroxide
(generated from glucose catalyzed by glucose oxidase)
directly oxidizes and gradually erodes the silver shell [36],
leading to the solution color changing from brownish
yellow to wine red without any indicator. This is more
sensitive than other Ag nanoparticle-based materials that
fade directly from yellow to colorless. The SERS intensity
of this Ag@Au nanomaterial is very sensitive to the
concentration of glucose in the presence of the oxidase
[37]. The detection limit of this colorimetric and SERS
dual-nanoprobe is 0.02 μmol L−1, which is 10-fold lower
than that of other Au nanoparticle-based materials. The
dual-nanoprobe is also successfully used for the detection
of serum samples. Moreover, Jiang et al. [38] reported the
overgrowth of Ag shells on Au nanorods, and the ob-
tained Ag@Au core-shell nanorods had four bands of
plasmon resonance ranging from the visible to the NIR
region (Fig. 1e, f). The lowest-energy peak belongs to the
longitudinal dipolar plasmon mode, the second-lowest-
energy peak is the transverse dipole plasmon mode, and
the two highest-energy peaks can be ascribed to octupolar
plasmon modes [39,40]. These different plasmon modes
of the Ag@Au core-shell nanorods have advantages in
various plasmon-based applications. In particular, the
octupolar plasmon resonance has a higher Q factor than
the dipolar resonance, which is used for high-sensitivity
sensors as well as the enhancement of second-order
harmonic generation [41].
The synthesis approaches for preparing core-shell type

heteronanocrystals with a precisely controlled dimension
and morphology have been developed [42–46]. Yang et al.
[42] reported a galvanic replacement-free deposition of
Au on Ag nanocubes by introducing a fast reduction from
adjusting the pH of the solution. An ultrathin Au shell of
0.6 nm thick with three atomic layers was able to deposit
on the Ag nanocubes (Fig. 1h, i). The combination of
excellent SERS activity from the high-quality SPRs in Ag
and the chemical stability of Au were exhibited. Langille
et al. [46] used spherical, cubic, and octahedral single-
crystalline gold nanoparticles as seeds and tracked the
growth of multiple-twinned silver nanostructures
through a light-induced and plasmon-mediated reaction

[47,48]. As shown in Fig. 1j–m, a pseudospherical single-
crystalline Au seed was observed to be coated by a single-
crystalline tetrahedron and even by a twinned bitetrahe-
dron, 5-fold twinned decahedron, and 20-fold twinned
icosahedron.
Bimetallic hollow nanostructures have attracted con-

siderable attention due to their complex morphology and
composition. Skrabalak et al. [49] developed a method
using a galvanic replacement reaction between silver and
chloroauric acid for preparing an abundance of AuAg
alloyed hollow and porous nanostructures; moreover, the
morphology is determined by the initiation of the Ag
nanostructures. As shown in Fig. 1g, the uniform AuAg
alloyed nanocages are prepared by using a template of
high-quality Ag nanocubes. The galvanic replacement
reaction provides a facile way to precisely tune the SPRs
by adjusting the amount of HAuCl4 relative to that of the
Ag templates [50–55]. The hollow metal nanostructures
with multiple walls can be synthesized by coupling gal-
vanic replacement with sequentially deposited templates,
as the AuAg alloy nanoshells contain triple-walled and
double-walled nanotubes as shown in Fig. 1n, o [56,57].
The advantages of the tunable SPRs extending to the NIR
region, the large reactive surface with inner and outer
surfaces, the porous surface and hollow interiors, and the
tunable composition make these hollow and porous na-
nostructures attractive for various practical applications
[52–55].
Many other heteronanocrystals combining two plas-

monic metals with a symmetrical and an asymmetrical
configuration were also reported [55–60]. Seo et al.
[58,59] reported the growth of Ag-Au-Ag heterometallic
nanorods formed through a symmetrical growth of Ag on
both ends of anisotropic Au nanorods (Fig. 1p, q). The
segmented Ag-Au-Ag nanorods with an asymmetrical
configuration can also be synthesized through kinetics
control by tuning the reaction rate [60]. The segmented
heterometallic nanostructures containing two plasmonic
metals with a well-defined morphology and controlled
symmetry may enable a variety of new applications [61–
63].

METALLIC HETEROCRYSTALS WITH
PLASMONIC AND CATALYTIC METALS
The combination of plasmonic metals (Au, Ag, Cu, Al,
etc.) with catalytic metals (Pt, Pd, etc.) can utilize the
advantages of efficient light-harvesting capability and
local field enhancement from plasmonic metals as well as
the highly active chemical surfaces from catalytic metals.
Many interesting mechanisms have been proposed and
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exhibited in the hybrids of these two kinds of metals. For
instance, the Nordlander and Halas group demonstrated
a Pd/Al heterometallic antenna-reactor complex that
largely improved the light absorption and hot-carrier
generation inside the Pd nanocrystals for photocatalysis
[11,64,65]. Therefore, the controlled growth of metallic
heterocrystals with plasmonic and catalytic metals is
significant for many solar energy applications and has
attracted intense attention.
Based on plasmonic metal nanocrystals with the desired

size, shape, and SPR, many catalytic metals have been
successfully overgrown on the plasmonic metal nano-
crystals with a controlled configuration [66–71]. Wang et
al. [66] designed and synthesized a Pd/Au hybrid na-
norod with multiple Pd nanoparticles heteroepitaxially
grown onto an Au nanorod, which were mainly located at
the two ends of the nanorod. As shown in Fig. 2a, the Pd
nanoparticles tightly attached to the Au nanorods could
gain electrons from the plasmon resonances of the Au
nanorods. A Pd-catalyzed Suzuki coupling reaction is
accelerated through plasmonic photocatalysis and pho-
tothermal heating. As a result, under the illumination of
an 809 nm laser at 1.68 W, the yield of the Suzuki cou-
pling reaction was ∼2 times that of the reaction per-
formed at the same temperature with thermal heating.
Some other heterocrystals with a similar configuration
and plasmon-enhanced photocatalytic applications are
also reported [72–98]. By altering the side-coating sur-
factants for the growth of Au nanorods, Zheng et al. [72]
synthesized Pt-modified Au nanorods with the Pt cov-
ering the whole or only the ends of the nanorods
(Fig. 2b, c). The anisotropic overgrowth of Pt for the Pt-
tipped Au nanorods was achieved through building a
close packing of surfactants at the sides of the nanorod by
using a binary surfactant mixture consisting of cetyl-
trimethylammonium bromide (CTAB) and 5-bromosa-
licylic acid. The plasmon-enhanced hydrogen generation
under visible to NIR illumination exhibited that the ap-
parent quantum efficiency (AQE) of the Pt-tipped Au
nanorods reached 0.51% at 540 nm and 0.68% at 940 nm;
the above results were due to the transfer of hot electrons
from Au to Pt. Meanwhile, Pd-tipped and Pd-covered Au
nanorods were also prepared for a plasmon-enhanced
catalytic formic acid dehydrogenation at low tempera-
tures [73]. Lou et al. [91] also prepared Pt-covered, Pt-
edged, and Pt-tipped Au triangular nanoprisms by con-
trolling the overgrowth of Pt over the whole surface, and
on the edges and the corners, respectively (Fig. 2d). An
anisotropic growth of Pt was achieved with the help of
selective adsorption of I− ions on Au(111) facets and the

binding of Ag+ to form AgI on the surface of Au [92]. The
photocatalytic H2 generation under visible-NIR light ir-
radiation shows that the H2 generation rate of the Pt-
edged Au triangular nanoprisms was 3 and 5 times higher
than those of Pt-tipped and Pt-covered Au triangular
nanoprisms due to a strong electric field and an increased
interface for hot-electron transfer.
The deposition of catalytic metals on plasmonic metals

can be precisely controlled in specific dimensions to form
core–shell heterocrystals [12,99–104]. Aslam et al. [12]
prepared a hybrid Pt@Ag core-shell nanocube with ap-
proximately six atomic layers of Pt shell, which corre-
sponded to a thickness of 1.2 ± 0.2 nm (Fig. 2e). The
ultrathin Pt shells protected the unstable Ag core inside
and provided chemically active surfaces. The measured
and calculated optical extinction, absorption, and scat-
tering of Ag and Pt@Ag nanocubes reveal that the energy
of visible-light photons harvested by core plasmonic
metals can selectively be flowed into the catalytically ac-
tive centers on the nanostructure shell. The utility of these
nanostructures for photocatalytic chemical reactions in a
preferential oxidation of CO in excess H2 is demon-
strated. In addition to the deposition of catalytic metals
on plasmonic metals, the reverse configuration has also
been developed [105–106]. Yuan et al. [105] reported the
preparation of ultrathin PdAu alloy nanoshells with a
controllable alloying degree on Pd nanocubes by a gal-
vanic replacement reaction of Pd nanocubes mixed with
HAuCl4, and a subsequent co-reduction of the dissolved
Pd2+ and AuCl4− (Fig. 2f, g).
Additionally, the configurations of heterocrystals

combining plasmonic and catalytic metals have also been
well controlled and exhibited in many cases with well-
defined morphologies. Xu et al. [107] reported the
growth of segmented Pd-Au-Pd nanorods with con-
trollable sizes by growing Pd on both sides of Au dec-
ahedrons along the five-fold axial direction using CTAB
and I− as growth modifiers (Fig. 2h). These Pd-Au-Pd
nanorods showed a tunable SPR similar to that of the
segmented Ag-Au-Ag nanorods [59–63,108,109]. Inter-
estingly, Pd-Ag [110] and Pd-Cu [111] heterorods are
synthesized through growing plasmonic metals of Ag or
Cu onto only one side of Pd decahedrons (Fig. 2i). Xia’s
group also reported a kinetically controlled overgrowth
of Ag [112,113], Au [114], and Cu [115] on Pd nano-
crystal seeds to form hybrid dimers as well as noncon-
centric and concentric bimetallic nanocrystals (Fig. 2j);
the newly formed metallic atoms could be selectively
nucleated and then epitaxially grown on a specific
number of the six faces on a cubic Pd seed.
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METAL-SEMICONDUCTOR
HETEROSTRUCTURES WITH TWO
COMPONENTS

Symmetric Morphology
Overgrowth of semiconductor nanocrystals on plasmonic

metals to obtain semiconductor-metal heterocrystals is
much more difficult than that of metal-metal hetero-
structures. The remarkable achievement in this field is the
overgrowth of monocrystalline CdS and CdSe semi-
conductor shells on Au nanoparticles [116,13]; these
heterocrystals demonstrate a largely enhanced optical

Figure 2 Heterostructures of plasmonic and catalytic metals. (a) Pd-modified Au nanorods for Suzuki coupling reactions by Wang et al. Reprinted
with permission from Ref. [66]. Copyright 2013, American Chemical Society. Pt-covered (b) and Pt-tipped (c) Au nanorods for plasmon-enhanced
hydrogen generation by Zheng et al. Reprinted with permission from Ref. [72]. Copyright 2014, American Chemical Society. (d) Pt-covered, Pt-edged,
ant Pt-tipped Au nanotriangles with enhanced hot-electron transfer for H2 generation by Lou et al. Reprinted with permission from Ref. [91].
Copyright 2016, American Chemical Society. (e) Pt@Ag heterocubes with a controlled energy flow for photocatalytic CO oxidation by Aslam et al.
Reprinted with permission from Ref. [12]. Copyright 2017, Springer Nature. (f, g) Ultrathin PdAu alloy nanoshells on Pd nanocubes for CO2

reduction by Yuan et al. Reprinted with permission from Ref. [105]. Copyright 2019, American Chemical Society. (h) Symmetrical Pd-Au-Pd
segmented nanorods prepared by growing Pd on Au decahedrons by Xu et al. Reprinted with permission from Ref. [107]. Copyright 2016, American
Chemical Society. (i) Asymmetrical Pd-Cu nanorods by Luo et al. Reprinted with permission from Ref.[111]. Copyright 2016, John Wiley & Sons. (j)
Site-selective growth of Ag on Pd nanocubes by controlling the reaction kinetics by Zeng et al. Reprinted with permission from Ref. [112]. Copyright
2012, John Wiley & Sons.
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Stark effect and revised saturable absorption owing to the
resonant interactions between plasmons and excitons
[13]. Plasmon-plasmon coupling between a metal (Au)
and a self-doped semiconductor (Cu2−xS) was also ob-
served in Cu2−xS@Au heterorods [17]. In recent years,
oxide semiconductors (CeO2 and Cu2O) and 2D semi-
conductors (MoS2 and ReS2) have also been successfully
overgrown on plasmonic metals, and enhanced photo-
catalytic activities have been reported [117–121]. Fur-
thermore, controlling the morphology of the overgrown
semiconductors on the metals has critical significance for
second-order nonlinear responses and the photocatalysis
efficiency.
Sun et al. [122] developed a general method for the

preparation of sulfide shells on Au core nanoparticles
under hydrothermal conditions (Fig. 3a). In this method,

metal thiobenzoates decompose and provide sulfur for
Ag+ or Cu2+ ions to form sulfides that act as an adhesive
layer for the deposition of other metal sulfides that are
generated hydrothermally from the corresponding thio-
benzoates. The preparation of hybrid nanostructures
(CdS@Au, ZnS@Au) with CdS or ZnS shells on Au na-
nosphere cores has also been demonstrated via a direct
decomposition of cysteine complexes with Cd2+ or Zn2+

ions [123–125]. Wang et al. [126] obtained CoxS@Au
core-shell nanoparticles by firstly forming Co@Au and
then a subsequent sulfidation of the Co shell in octade-
cylamine. By combining the sulfidation or selenization of
silver with a cation exchange, Zhang et al. [13,116] re-
ported the nonepitaxial growth of monocrystalline CdS
and CdSe nanoshells with precise structural and com-
positional tailoring on Au core nanoparticles (Fig. 3b, c).

Figure 3 Overgrowing semiconductor shells on the metal cores. (a) Overgrowing ZnS nanocrystals on Au nanoparticles by Sun et al. Reprinted with
permission from Ref. [122]. Copyright 2009, John Wiley & Sons. Monocrystalline CdS (b) and CdSe (c) shells overgrown on Au nanoparticles (scale
bar is 20 nm in (b) and 5 nm in the inset of (b), scale bar is 50 nm in (c)) by Zhang et al. Reprinted with permission from Ref. [116] and [13].
Copyright 2010, American Association for the Advancement of Science and Copyright 2010. Springer Nature, Respectively. (d) CdS nanocrystals on
the Au nanotriplates by Ma et al. Reprinted with permission from Ref. [128], Copyright 2016, American Chemical Society. Closed (e) and end-opened
(f) shells of Ag2S on Au nanorods by Nan et al. Reprinted with permission from Ref. [129], Copyright 2014, John Wiley & Sons. (g) Plasmonic
semiconductor shells of Cu2−xS on Au nanorods by Li et al. Reprinted with permission from Ref. [17]. Copyright 2018, John Wiley & Sons. Oxide
semiconductors of Cu2O (h) and CeO2 (i) on Au nanoparticles and nanorods by Zhang et al. Reprinted with permission from Ref. [131]. Copyright
2011, American Chemical Society, and Li et al. Reprinted with permission from Ref. [118]. Copyright 2014, American Chemical Society.
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Nonepitaxial growth is achieved by an overlayer of metal
Ag shells, conversion to silver-compound shells (Ag2X)
with an amorphous structure, and a cation exchange re-
action to monocrystalline CdX. The above structures
further demonstrate a plasmon-enhanced optical Stark
effect induced by the resonant plasmon-exciton coupling
in the core-shell nanostructures. Following these studies,
sulfide shells are successfully grown on various Au na-
nostructures, such as triangles (Fig. 3d) and nanorods
(Fig. 3e, f) [127–129]. Very recently, few-layer 2D semi-
conductors, such as MoS2 and ReS2, have also successfully
been overgrown on Au nanoparticles, and very efficient
charge transfer has been observed in this type of core-
shell nanoparticle [119–121].
The growth of sulfide semiconductor shells can effi-

ciently manipulate the nonlinear optical responses of Au
nanocrystals. The complete, corner-opened, and end-
opened shells of Ag2S on Au-core nanorods are obtained
by controlling the position of an intermediate layer of Ag
on the Au nanorods (Fig. 3e, f) [129]. The nonlinear
absorption (NLA) is suppressed, and the nonlinear re-
fraction (NLR) is largely enhanced after the overgrowth
of the semiconductor shells. Ag2S@Au heterorods with
end-opened shells have the smallest saturation absorption
with an NLA coefficient β = −1.93 cm GW−1 at the
longitudinal SPR, which is only 35% that of the bare Au
nanorods. Ag2S@Au heterorods with complete shells de-
monstrate the largest NLR index γ = −38.9 ×
10−4 cm2 GW−1 at the longitudinal SPR, which is en-
hanced 3.1 times that of the bare Au nanorods. Ag2S@Au
heterorods with corner-opened shells display the largest
NLR index γ = −10.6 × 10−4 cm2 GW−1 at the transverse
SPR, which is 8.6 times that of the bare Au nanorods.
Interestingly, the overgrowth of complete CdS shells on
Au nanorods leads to a sign reversal of the NLA coeffi-
cient β, varying it from −7.7 to 22.2 cm GW−1 at the
longitudinal SPR, while the NLR coefficient γ increases
from −9.3 × 10−4 to −13.3 × 10−4 cm2 GW−1; the above
results indicate a strong local field enhancement and
plasmon-exciton interaction in the CdS@Au core-shell
nanorods [15].
In particular, self-doped semiconductors, such as

Cu2−xS and Cu2−xSe, demonstrate plasmon resonances in
the NIR region, which can be used for studies of plas-
mon-plasmon coupling and photothermal effects
[17,127,130]. Ji et al. [127] synthesized Cu2−xS@Au core-
shell nanorods through a cation exchange reaction by
substituting Cd2+ with Cu+ based on nonepitaxially grown
monocrystalline CdS on Au nanorods [116]. A plasmon-
enhanced photothermal effect of the Cu2−xS@Au core-

shell nanorods was demonstrated and harnessed for di-
verse HeLa cancer cell ablation applications in the NIR
window. Li et al. [17] synthesized Cu2−xS@Au heterorods
using a hydrothermal method and demonstrated a cou-
pling effect between the two different kinds of plasmon
resonances originating from the metal Au core and the
Cu2−xS semiconductor shell (Fig. 3g). By tuning the rod
length and shell thickness, the coupled strength between
the SPR of the Cu2−xS shells and the longitudinal SPR of
the Au nanorod cores was measured to be 180 meV. This
plasmon coupling effect disappears for the prepared
Cu2S@Au heterorods without self-doping (x = 0).
Heterostructures with oxide semiconductor shells on

plasmonic metal cores also exhibit unique properties and
potential applications ranging from photocatalysis to
optical devices [117,118,131–134]. Various oxide semi-
conductor shells have been synthesized, such as TiO2,
Cu2O, Fe2O3, ZnO, and CeO2. Here, we only introduce
core-shell Cu2O@Au nanoparticles and CeO2@Au na-
norods as two examples. Cu2O is a promising p-type
semiconductor for solar energy harvesting applications.
Zhang et al. [131] synthesized Cu2O@Au core-shell na-
noparticles with geometrically tunable optical properties
by the hierarchical assembly of Cu2O nanocrystallites and
the formation of a polycrystalline Cu2O nanoshell wrap-
ped around the Au core (Fig. 3h). By controlling the
geometrical parameters, such as the thickness of the Cu2O
shell, the size of the Au core and the spacing between the
core and shell, the light absorption and scattering can be
tuned over a broad spectral range from the visible to NIR
region. In addition, the transverse dipolar and octupolar
SPRs appear as a result of the anisotropic morphology;
furthermore, the coupling between the core and the high
dielectric constant of the shell can be tuned by the gap
between the Au core and Cu2O shell [132]. Metal-Cu2O
core-shell nanoparticles also exhibit efficient photo-
catalytic activities compared with that of pristine metal or
Cu2O nanoparticles because of a plasmon-induced re-
sonant energy transfer and direct hot-electron transfer
[133,134]. The oxide semiconductor CeO2 has been
widely used as an ultraviolet absorber and an electrolyte
for fuel cells, and CeO2 and Au can form an appropriate
Schottky barrier to facilitate hot-electron injection. Li et
al. [118] reported a general method to grow uniform ceria
on Au nanocrystals through the heterogeneous nucleation
and growth of CeO2 by forming Ce3+–EDTA (ethylene-
diaminetetraacetic acid, EDTA) complex ions with a slow
hydrolysis and oxidation of Ce3+ (Fig. 3i). Under visible
light, the CeO2/Au core-shell nanorods show good pho-
tocatalytic activities of selectively transforming benzyl
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alcohol to benzaldehyde. The Au core works as a plas-
monic component for efficient light harvesting, which
leads to both photothermal conversion and hot-electron
injection, while the CeO2 shell can provide catalytically
active sites for the oxidation reaction.

Asymmetric Morphology
Morphology control of the semiconductor nanocrystals
that are overgrown on plasmonic nanostructures has
critical significance for photocatalytic applications. For
asymmetric metal-semiconductor heterocrystals with
both components exposed to the outside, the reactive
hotspots, metal plasmons and quantum-confined elec-
tronic states in the semiconductor nanostructures are
tactfully integrated in one nanosystem [135–139]. Great
efforts have been made to explore the physical and che-
mical properties observed with asymmetric hetero-
structures [140–146]. An abundance of synergistic
properties from the asymmetric heterocrystals have re-
ceived wide attention, such as the heterojunction-induced
photogenerated carrier separation, the plasmon-enhanced
sunlight harvesting and the plasmon-induced hot-elec-
tron transfer from metal nanostructures into strong
coupled semiconductors [147–150]. The essence of
asymmetric synthesis for metal-semiconductor hetero-
structures is selective growth of the shell, which comes
from the anisotropic growth environments and kinetics
parameters. A large number of schemes keep emerging
toward the synthesis of asymmetric metal-semiconductor
heterostructures, including those based on selective ani-
sotropic growth [151–161], oxidation-directed decom-
position [135], phase segregation induced by ripening
[162,163], an assembly welding process, photochemical
fabrication [164], in situ sulfuration [154], and cation-
exchange technology [155,116].
Zhao et al. [165] comparatively deposited CdS nano-

crystals on Au nanoparticles with concentric core/shell,
nonconcentric core/shell, and heterodimer morphologies.
The various morphologies were achieved by tuning the
crystallinity of Ag2S in an intermediate step. An amor-
phous Ag2S leads to a core/shell morphology, while a
crystalline Ag2S results in a nonconcentric core/shell
morphology and then Au-CdS heterodimers. The hy-
drogen generation efficiency of semishelled CdS/Au het-
erodimers is much larger than that of CdS@Au core-shell
heterostructures since both Au and CdS are involved in
the charge transfers that generate hydrogen (Fig. 4a).
Very recently, Liu et al. [19] synthesized Cu2−xSe/Au
heterodimer nanoparticles for deep tissue imaging by
initiating nucleation and growth of a Cu2−xSe nanocrystal

domain on each Au seed through a gradually increasing
reaction temperature (Fig. 4b). Liu et al. [166] obtained
CdSe/Au Janus nanoparticles with a high-quality inter-
face using an etching effect during the overgrowth of
CdSe. The hydrogen generation efficiency of the CdSe/Au
Janus nanoparticles increases by 3.9 times compared with
that of the CdSe/Au heteroparticles with semishells of
CdSe, which indicates that the interfaces strongly influ-
ence carrier transfer in the heterostructures. Liang et al.
[167] reported the controlled overgrowth of CdSe nano-
crystals on one side, one tip or two tips of Au nanorods
(Fig. 4c–e). The morphology tuning was achieved by se-
lectively overgrowing a mediated layer of Ag on Au na-
norods and controlling the pH value of the reaction
solution (deposition rate) for the overgrowth of CdSe.
Wang et al. [168] achieved a tip and side growth of CdSe
on Au nanorods by improving Liang’s method and con-
trolling the concentration of Cd2+. These two growth
modes lead to strong interactions between excitons of
CdSe and the transverse or longitudinal SPRs of Au na-
norods. The local field of the CdSe nanocrystals over-
grown on the one side of Au nanorods is enhanced by the
transverse SPR in the visible region. The side-growth
mode also leads to a larger interface between the Au and
CdSe compared with that of the tip-growth mode; even-
tually, the hydrogen production efficiency of the side-
grown CdSe/Au heterorods is 2.2 times that of the tip-
grown CdSe/Au heterorods as well as being 26.4 times
that of the pure Au nanorods. These studies reveal the
significance of morphology as well as the interface of the
metal-semiconductor heterostructures on photocatalytic
hydrogen generation.
Based on anisotropic metal nanocrystals (such as Ag

and Cu) with low chemical stability, asymmetric hetero-
crystals can be directly synthesized by selective sulfura-
tion or oxidation without assistance of a mediation layer.
Zeng et al. [154] reported Ag2S/Ag hybrid nanocrystals
prepared by site-selective sulfuration at the corner sites of
nanotriangles and nanotubes of Ag, which greatly im-
proved their stability in air. Liu et al. [169] reported two
types of CuxS/Cu heterocrystals (heterodimers and het-
ero-oligomers) produced from Cu nanocrystals with al-
kanethiol as both a surfactant and a sulfur source; the
above method utilized the high reactivity toward sul-
furation of the Cu nanocrystals.
The anisotropic growth of oxides, such as TiO2 and

CeO2, on Au nanorods have been reported. As shown in
Fig. 4f, Wu et al. [170] obtained TiO2/Au nanodumbbells
with spatially separated Au and TiO2 regions with the
help of a high curvature and low density of a CTAB
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surfactant at the tips. Compared with the TiO2@Au core-
shell nanorods, the TiO2/Au nanodumbbells present sig-
nificantly more efficient photocatalytic H2 evolution and
dye degradation, which is attributed to a hot-electron
transfer from the plasmonic metal to the semiconductor
across a Schottky junction formed between the TiO2 and
Au. Jia et al. [171] also reported a strategy to selectively
coat crystalline CeO2 on Au nanorods (Fig. 4g). Due to
the smaller steric hindrance at the ends than at the side
surfaces, K2PtCl4 may preferentially adsorb at the ends of
Au nanorods, triggering an autoredox reaction with the
ceria precursor at the ends to form end-CeO2/Au het-
erorods. Compared with the CeO2@Au core-shell na-
nostructures, these end-CeO2/Au heterorods offer
reaction sites for both reduction and oxidation. Under

plasmon excitation, the Au nanorods absorb NIR light to
generate hot electrons and hot holes. The produced hot
electrons are injected into the CeO2 to reduce N2 into
NH3, meanwhile, the hot holes are consumed at the side
surface of the Au nanorods. In contrast, in the core-shell
nanostructures, the Au nanorods are buried inside and
CH3OH has difficulty accessing the hot holes, thus re-
sulting in a useless electron-hole recombination. The end-
CeO2/Au heterorods exhibit an excellent performance
with a rate constant of 0.68 × 10−2 min−1, which is an 8.9-
and 5.0-fold increase compared with that of the bare Au
nanorods and the CeO2@Au core-shell nanostructures,
respectively; the above results suggest that the spatially
separated structure facilitates electron-hole separation.
Overgrowing semiconductor nanosheets (2D mor-

Figure 4 Morphology control of semiconductor nanocrystals overgrown on metal nanostructures. (a) CdS/Au heterostructures with CdS semishells
coated on Au nanoparticles (scale bar, 20 nm) by Zhao et al. Reprinted with permission from Ref. [165]. Copyright 2014, John Wiley & Sons.
(b) Cu2−xSe/Au Janus nanoparticles with an etching effect on the interfaces by Liu et al. Reprinted with permission from Ref. [19]. Copyright 2013,
American Chemical Society. Controlled growth of AgCdSe nanocrystals on one tip (c), two tips (d), and one side (e) of Au nanorods with an etching
effect by Liang et al. Reprinted with permission from Ref. [167]. Copyright 2012, American Chemical Society. Oxide semiconductor nanocrystals of
TiO2 (f) and CeO2 (g) overgrown around the two ends of Au nanorods with excellent photocatalytic efficiency by Wu et al. (Reprinted with
permission from Ref. [170]. Copyright 2016, American Chemical Society), and by Jia et al. (Reprinted with permission from Ref. [171]. Copyright
2019, American Chemical Society). Ultrathin nanosheets of CuSe (h) and MnO2 (i) overgrown on Au nanoparticles by Ma et al. (Reprinted with
permission from Ref. [172], Copyright 2019, John Wiley & Sons), and by Liu et al. (Reprinted with permission from Ref. [173], Copyright 2016, Royal
Society of Chemistry).
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phology) on plasmonic metal has also attracted con-
siderable attention owing to their unique photoelectronic
properties. Ma et al. [172] reported the synthesis of CuSe/
Au hybrids, where CuSe nanosheets were grown along the
tangent of Au nanospheres by a convenient hydrothermal
method (Fig. 4h). In detail, by adding Au nanospheres
into a mixture solution of cupric nitrate, NaHSe and
CTAB, the CuSe nanosheets would grow on the surface of
the Au nanospheres. Then, they would enlarge along the
tangent of the Au nanospheres. Under light irradiation at
550 and 950 nm, the CuSe/Au tangential hybrids showed
stronger photocatalytic hydrogen generation than that of
a mixture of Au and CuSe. The strong enhancement
originates from the dual-plasmon coupling as well as the
synergistic effect between the plasmon and exciton. Liu et
al. [173] successfully prepared the MnO2/Au nanosheets
by a hydrothermal reduction of KMnO4 on Au nano-
particles (Fig. 4i). During the growth process of MnO2/Au
nanosheets, citrate-capped AuNPs act as a nucleation
center and the trace sodium citrate on the AuNP surface
performs as a reducing agent for KMnO4. The MnO2/Au
nanosheets exhibit largely enhanced electrocatalytic ac-
tivity of 30–40 times compared with that of pure MnO2
nanosheets and Au nanoparticles due to the strong in-
teraction between the Au nanoparticles and MnO2 na-
nosheets.

METAL-SEMICONDUCTOR
HETEROSTRUCTURES WITH THREE
COMPONENTS
Semiconductor-metal heterostructures with multiple
components integrate more functionalities and have
better performance than those with two components
[174–193]. The plasmonic and catalytic metals combined
with a semiconductor, such as (CdS-Pt)@Au hetero-
triangles and Au/XS2@Au (X = Mo, Re) heteroparticles,
demonstrate considerably improved photocatalytic ac-
tivities [22,120]. On the other hand, two semiconductors
with vertical or lateral configurations on a plasmonic
metal have also been presented and exhibit configuration-
dependent functions and applications. For vertical het-
erocrystals, such as CdS-AgS2-Ag heterorods and
PbS@AgS2@Au core-multishell nanorods, the middle
material acts as a spacer, while the outer material is a
functional semiconductor; the spacer enhances the func-
tional material, which then provides a better performance
on fluorescence, nonlinear responses, and photocatalytic
activities [194,195]. For lateral heterocrystals, such as
(Cu2−xS-CdS)@Au, two semiconductors construct a p-n
junction shell, and both semiconductors are directly

overgrown on the Au core, resulting in a significantly
improved photocatalytic efficiency [23].
For the instance of photocatalysis, Chen et al. [120]

synthesized Au/XS2@Au heterostructures (Fig. 5a), which
contain a plasmonic antenna (large Au-core nano-
particles), a semiconductor shell (2D XS2), and a catalytic
reactor (small Au nanoparticles), through coating few-
layer XS2 (MoS2 and ReS2) on 40-nm Au nanoparticles by
a hydrothermal method and depositing small gold na-
noparticles on the XS2 layers via a photoreduction of
HAuCl4. The ultrathin 2D XS2 layers work as a spacer
between the antenna and reactor, which also increases the
charge transfer and carrier separation in the reactors and
notably enhances the photocatalytic activity of the het-
erostructures. With visible light irradiation, the Au/
ReS2@Au and Au/MoS2@Au heterostructures exhibit
enhanced photocatalytic hydrogen generation rates of
3.59- and 2.66-fold compared with that of the sum of the
three individual components, respectively. Ma et al. [22]
synthesized (CdS-Pt)@Au heterotriangles, which also
contain a plasmonic antenna (Au triangles), a catalytic
reactor (Pt around three corners of the Au triangles), and
a semiconductor (CdS on the surface of Au triangles).
The (CdS-Pt)@Au heterotriangle was achieved by selec-
tively growing Pt nanoparticles onto the three tips that
were covered by fewer CTAB molecules on the Au na-
notriangles and then depositing a CdS shell on the re-
maining sites. The three components (Au, Pt, and CdS)
are in contact with each other, providing multiple chan-
nels of charge transfer (Fig. 5b). Under visible light ir-
radiation, the (CdS-Pt)@Au heterotriangles exhibit
significantly improved photocatalytic hydrogen genera-
tion efficiency, which is approximately 2.5 and 1.4 times
higher than those of Pt/CdS and Pt/CdS@Au, respec-
tively.
Nonlinear optical responses can be enhanced in finely

designed multiple-component heterocrystals. In core-
multishell heterostructures of PbS@Ag2S@AuAg@Au
(shown in Fig. 5c) [195], the middle spacer layer (Ag2S)
has a relatively low refractive index, and the out-layer
shell (PbS) has a very high refractive index. The core-
multishell heterostructures were synthesized by a ra-
tionally designed multiple-step method involving the
deposition of Ag shells onto the surfaces of the Au na-
norod seeds; the above structure was achieved through
the formation of AuAg shells by a galvanic replacement
reaction, and then the overgrowth of Ag2S and PbS shells.
The Ag2S shell and the air gap inside serve as double
light-trapping layers that efficiently confine and enhance
the local field within the colloidal nanostructures. Open-
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aperture Z-scan and time-resolved pump–probe mea-
surements both demonstrate suppressed saturable ab-
sorption in the PbS@Ag2S@AuAg@Au core-multishell
heterostructures. The nonlinear refraction index γ of the

bare Au nanorods is −0.12 × 10−4 cm2 GW−1 and that of
PbS@Ag2S@AuAg@Au is −1.14 × 10−4 cm2 GW−1, which
shows an enhancement of 9.5 times. The large enhance-
ment of γ is mainly attributed to the strong field con-

Figure 5 Metal-semiconductor heterostructures with three components. (a) Au/XS2@Au (X = Mo, W, Re) heterostructures with an antenna and
reactor separated by an ultrathin 2D XS2 layer by Chen et al. Reprinted with permission from Ref. [120]. Copyright 2018, The Royal Society of
Chemistry. (b) (CdS-Pt)@Au heterostructures with multichannel charge transfer by Ma et al. Reprinted with permission from Ref. [22]. Copyright
2016, John Wiley & Sons. (c) PbS@Ag2S@AuAg@Au multishelled Au nanorods with double light-trapping layers by Nan et al. Reprinted with
permission from Ref. [195]. Copyright 2016, The Royal Society of Chemistry. (d) CdS quantum dots on Ag2S@Au core-shell nanorods with Ag2S as a
spacer layer for fluorescence enhancement by Sancholi et al. Reprinted with permission from Ref. [196]. Copyright 2019, Elsevier. (e) CdS nanorods
on Ag nanoparticles with Ag2S as a carrier-selective blocking layer for enhancement of the hydrogen evolution reaction by Kawawaki et al. Reprinted
with permission from Ref. [194]. Copyright 2019, American Chemical Society. (f) Cu2−xS-CdS p-n junction on Au nanoparticles with plasmon-
enhanced photocatalytic activities by Ma et al. Reprinted with permission from Ref. [23]. Copyright 2019, The Royal Society of Chemistry.
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finement in the core-multishell heterostructures. Corre-
spondingly, the one-photon figure of merit (FOM) of
PbS@Ag2S@AuAg@Au heterostructures is enhanced by 5
times, while the two-photon FOM is decreased by 80%.
The above results indicate that the one- and two-photon
FOMs are significantly improved and suitable for appli-
cations in all-optical switching. Additionally, the influ-
ence of the surrounding environment is very small since
the field enhancement around the interface of the outer
layer and the surrounding medium is very weak.
In many three-component heterocrystals, the interlayer

between the metal and semiconductor plays a critical role
in delivering a good performance in many applications.
The middle shell Ag2S in the CdS@Ag2S@Au heterorods
acts as a spacer between the CdS quantum dots and Au
nanorods (Fig. 5d) [196], which efficiently suppresses the
fluorescence quenching effect. The corresponding fluor-
escence peak of the CdS quantum dots is tuned from 530
to 580 nm, which is much stronger than the NIR fluor-
escence of Ag2S, which is in a range of 750–950 nm. The
semiconductor Ag2S can also work as a carrier-selective
blocking layer between Ag nanoparticles and CdS na-
norods in the heterostructures of CdS-Ag2S-Ag (Fig. 5e)
[194]. CdS-Ag2S-Ag was prepared by a seeded growth of
CdS on Ag2S seed nanoparticles and a subsequent che-
mical extraction of S2− ions from Ag2S. The Ag2S layer
synergistically improves the plasmonic enhancement ef-
fect of Ag on the hydrogen evolution reaction of CdS by
both a selective blocking of photoexcited electrons and an
effective transfer of holes. The above mechanism extends
the lifetime of the electrons in the conduction band in the
CdS semiconductor photocatalyst and leads to a 33-fold
enhancement of the hydrogen evolution reaction.
Moreover, two semiconductors constructing a vertical

bilayer or a lateral p-n junction on a plasmonic metal may
prominently improve their photocatalytic efficiency. For
instance, Ma et al. [197] synthesized CdS@Bi2S3@Au
dumbbell-like heterostructures by successively growing
Bi2S3 shells and CdS shells onto Au cores through a
possible chelation of CTAB and ascorbic acid molecules
with metal ions to overcome a lattice mismatch. Dumb-
bell-like Au was formed due to a rate difference in Au
overgrowth (higher overgrowth rate along the {111} di-
rection) on the different facets of CTAB-stabilized Au
nanorods. The dumbbell-like Au cores prominently in-
crease the absorption in the visible region via transverse
SPR, and the energy alignment of CdS@Bi2S3 has the
advantage for carrier separation in photocatalytic pro-
cesses. Very recently, Ma et al. [23] developed a three-step
method to grow CdS-Cu2−xS lateral heteroshells on Au

nanoparticles (Fig. 5f). The synthesis strategy for lateral
heteroshells was realized step-by-step through the growth
of incomplete Ag2S shells, followed by Cu2−xS growth to
complete the shells, and then a selective cation exchange
process from Ag2S to CdS. All the components in this
complex nanostructure are directly connected with each
other. CdS is an n-type semiconductor with a bandgap of
2.4 eV and good photocatalytic activity, while Cu2−xS is a
p-type semiconductor with a stoichiometry-dependent
bandgap. CdS-Cu2−xS has a type II band alignment as well
as p-n junction properties, so the electrons can transfer to
the conduction band of CdS and the holes transfer to the
valence band of Cu2−xS in the photocatalytic process. The
Au cores in this nanostructure have plasmon-mediated
effects such as light harvesting in the visible region, a
plasmon-enhanced local field, hot-electron generation,
and energy transfer from a metal to a semiconductor.
Owing to the two plasmonic materials (Au and Cu2−xS),
the structure can absorb the light in the visible region and
NIR region efficiently, and the p-n junction leads to good
separation of the photon-excited electron–hole pair. The
(CdS-Cu2−xS)@Au heteroparticles show a high conversion
efficiency of 22.4% and a high apparent quantum effi-
ciency in photocatalytic dye degradation of 1.68 ×
10−12 mol mW−1 h−1.

SUMMARY AND OUTLOOK
In this review, we focus on the controlled growth and
applications of plasmonic-metal-involved hetero-
nanostructures. Many bicomponent hybrids, including
plasmonic metal/plasmonic metal, plasmonic metal/cat-
alytic metal, plasmonic metal/semiconductor, and multi-
ple-component hybrids, are introduced according to their
synthesis methods, characteristic properties and excellent
performances in applications. The interaction between
the different materials allows the plasmonic properties to
be extended and enhanced by tuning the plasmonic wa-
velength and intensity as well as introducing a new
plasmonic mode. The unique properties of plasmonic
materials, including local field enhancement, intense
optical absorption and scattering, and hot-electron gen-
eration and transfer, can dramatically enhance the
properties of the adjacent materials and improve the
performances of the hybrids. It should be noted that the
properties and performances of the hybrids are highly
dependent on the configuration, morphology, and di-
mension. Therefore, a controlled growth of plasmonic
heterostructures is significantly important for their ap-
plications in a large variety of fields.
Controlled growth of colloidal metal nanostructures to
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satisfy the optimized design of plasmonic antennas is still
a challenge, since the theoretically optimized antennas
have a 3D hollow nanostructure consisting of an open
cavity that supports magnetic plasmon resonance for far-
field coupling and a hotspot for near-field coupling [198].
Colloidal heterocrystals consisting of two plasmonic
metals offer a possible approach to satisfy these theore-
tical demands [199]; the above configuration can also
support multifrequency plasmon resonances for the en-
hancement of both linear and nonlinear optical processes,
especially the enhancement of second-harmonic genera-
tion (SHG) by combining electron and magnetic plasmon
resonances.
The combination of plasmonic metal and catalytic

metal can make use of a large local field enhancement in
the plasmonic metal to improve the light absorption of
the catalytic metal through a “forced plasmon” effect in a
non-contact condition; the above combination can also
take advantage of plasmon-induced hot-electron genera-
tion and transfer to enrich the active electrons in the
catalytic metal for chemical reactions on its surface in an
intimate-contact condition. The atomic-scale arrange-
ment, especially on surfaces with tunable electronic
structures and electron transfer, is also important for
understanding the chemical reaction processes in catalytic
applications. Site-selective growth with a precisely con-
trolled size and stoichiometric ratio is highly expected for
photocatalysis and solar-to-chemical energy transfer.
For metal-semiconductor heterostructures, controlling

the morphologies of both the metal and semiconductor as
well as their interface directly influence their plasmonic
and catalytic performances. Further studies may focus on
the following three aspects. i) Enhancing coupling
strengths of plasmon-exciton, exciton-plasmon-exciton,
and plasmon-plasmon of metals and doped semi-
conductors in heterostructures by tuning the resonances
of plasmon(s) and exciton(s). ii) Enhancing excitonic
fluorescence by optimizing radiative and nonradiative
processes in colloidal heterostructures used in multi-
functional biolabeling. iii) Enhancing excitation energy
and charge transfer in heterocatalysts, especially by
overgrowing ultrathin 2D nanomaterials at a low tem-
perature, searching for an appropriate carrier-selective
blocking layer, and overgrowing lateral p-n junctions on a
plasmonic metal.
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等离激元异质纳米结构的可控制备及其应用
钟瑶1,2†, 马松1†, 陈凯3, 王鹏飞1, 邱运航1, 梁珊4, 周利1*,
陈艳伟2*, 王取泉1,3*

摘要 近年来, 具有独特光学性质的等离激元纳米材料研究得到了
广泛关注. 等离激元光学材料与其他功能材料(金属材料或半导体
材料)的结合会产生远胜于单组分材料的性质, 因此在许多光学应
用中展现出优异的性能. 本文综述了具有特定成分、形貌、大小
和结构对称性的等离激元异质纳米结构可控生长的最新进展, 并
介绍了其中等离激元增强的性质和应用性能. 等离激元异质纳米
结构的可控制备和优异性能使其在等离激元增强的非线性光学、
光谱学、光催化、光伏等应用中具有巨大的应用前景.
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