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A repertoire of gold-based nanostructures with
integrated optical and catalytic tunabilities

Hui Wang

Au nanoparticles exhibit geometry-dependent optical characteristics dictated by localized plasmon

resonances and intriguing catalytic properties intimately tied to their atomic-level surface structures.

While the dimensions of well-performing plasmon resonators typically range from tens of nanometers

to submicrons, heterogeneous catalysis usually entails the use of much smaller nanoparticulate Au

catalysts in the sub-5 nm size regime. Due to such a size gap, merging optical and catalytic tunabilities

in a single Au nanoparticle has been a challenging task. In this feature article, I review several paradigm-

shifting strategies for integrating tunable optical and catalytic properties within single Au-based

nanostructures that are experimentally realizable. These strategies include nanoscale surface roughening

of Au nanoparticles, creation of nanoporosity inside Au nanoparticles, facet control of anisotropic Au

nanostructures, growth of Au nanocrystals with intrinsic structural chirality, and alloying Au with other

metal elements in nanoparticles. By going through several case studies, I further elaborate on how the

optical and catalytic properties can be judiciously tuned in a selection of dual-functional Au-based

nanostructures to enable real-time monitoring of molecular transformations at the catalyst–adsorbate

interfaces through in situ plasmon-enhanced spectroscopic measurements and kinetic modulation of

catalytic/photocatalytic reactions through optical excitations of plasmonic electron oscillations and

interband electronic transitions.

1. Introduction

Metallic nanoparticles exhibit intriguing optical properties
dictated by nanoconfined collective oscillations of free electrons,
known as localized plasmons.1–9 Optical excitations of localized
plasmons result in significantly amplified optical cross-sections at
the resonant frequencies and locally enhanced electric fields near
the nanoparticle surfaces.1–9 Besides radiative decay through light
scattering, the resonantly excited plasmons can also decay non-
radiatively through Landau damping to produce nonthermal hot
carriers across the Fermi level within the conduction band of the
metals.10–13 These energetic hot carriers, far from the thermal
equilibrium, can either be extracted and harnessed for photo-
catalysis or undergo multistep carrier relaxation and thermaliza-
tion processes to generate heat within the metal lattices, an effect
known as photothermal transduction.10–13 In principle, nano-
particles made of any metal element in the periodic table can
sustain localized plasmons as long as they contain a certain
concentration of free electrons. However, the plasmonic behaviors
of metallic nanoparticles are intrinsically tied to the material
compositions, varying drastically from metal to metal.14 From a
materials design perspective, well-performing plasmon resonators
should not only have high quality factors (defined as the
resonance frequency-to-bandwidth ratios) but also be chemically
stable and easily processable. Therefore, coinage metals,
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especially Au and Ag, have long been considered as ideal candi-
dates for constructing plasmonic materials and devices.14,15

Although nanoparticles made of some non-coinage metals, such
as Al16,17 and Mg,18 may also function as well-behaving plasmon
resonators within certain spectral ranges, it remains challenging
to leverage their plasmonic properties for practical applications
due to highly reactive chemical nature of these metal elements
and the difficulties in synthesizing and preserving these nanos-
tructures. Nanoparticles made of semiconductors, such as metal
chalcogenides,19–27 oxides,28–35 nitrides,36,37 and phosphides,38,39

may also exhibit metal-like plasmonic behaviors when they are
doped with cation/anion vacancies or other ionized species to
achieve appropriate free carrier concentrations. However, the
plasmon resonance frequencies and quality factors of these doped
semiconductor nanoparticles are typically far lower than those of
Au and Ag nanoparticles. While Ag has the highest quality factor
among all metals with minimal plasmon damping,14 Au nanos-
tructures appear more appealing than their counterparts made of
Ag for plasmon-related applications in many cases benefiting
from their greater chemical stability, biocompatibility, and versa-
tility in surface functionalization. The dimensions, shapes, and
interior structures of Au nanoparticles can all be precisely tailored
through deliberately designed colloidal syntheses, which enables
us to fine-tune the plasmon-dominated optical properties for
targeted applications.40–45

Besides their fascinating optical properties, Au nanoparticles
have also been of tremendous interest to the heterogeneous
catalysis community. Although bulk Au appears catalytically
inert, nanoparticulate Au in the sub-5 nm size regime can
efficiently catalyze a series of important chemical reactions
under mild and environmentally friendly conditions with
enhanced chemoselectivity not readily attainable by other noble
metal nanocatalysts.46–54 Sub-5 nm Au nanoparticles dispersed
on oxide- or carbon-based support materials exhibit intriguing
size- and support-dependent catalytic behaviors.48,50,55–60 Since
the initial discovery of low-temperature CO-oxidation catalyzed
by oxide-supported Au nanoparticles in 1980s,61 Au-based het-
erogeneous nanocatalysis has been a highly active research area
fully of fundamentally interesting open questions and exciting
opportunities for transformative technological innovations.

The past decade has witnessed ever-increasing research
interests in merging plasmonic and catalytic tunabilities within
one unified nanomaterial platform. In the case of Au nanos-
tructures, however, plasmonics and catalysis call for materials
dimensions on two strikingly different, non-overlapping length-
scales. Strong plasmon resonances with tunable resonant fre-
quencies, well-defined spectral lineshapes, and large local-field
enhancements become attainable when tailoring the particle
dimensions in the subwavelength size regime ranging from
tens of nanometers to submicrons, whereas the Au nano-
particles utilized for heterogeneous catalysis are typically smal-
ler than 5 nm. In the sub-5 nm particle size regime, the
behaviors of free electrons start to deviate from the classical
plasmonic model due to modifications of the electronic band
structures of Au,62,63 resulting in strongly dampened reso-
nances and diminished local-field enhancements. Bridging

such a critical size gap to implement desired plasmonic and
catalytic properties within a single Au nanoparticle has been a
challenging task. This feature article elaborates on strategies
for integrating optical and catalytic tunabilities in several
deliberately designed and experimentally realizable Au-based
nanostructures. The plasmonic-catalytic dual-functionalities
contrived in these nanostructures not only enable use of
plasmon-enhanced spectroscopies, such as surface-enhanced
Raman scattering (SERS),64–66 as in situ molecular fingerprint-
ing tools for detailed mechanistic studies of catalytic reactions
but also create unique opportunities for leveraging plasmonic
effects to either energetically drive or kinetically boost molecu-
lar transformations on nanocatalyst surfaces.

2. Strategies for tuning the plasmonic
properties of Au nanostructures

A solid sphere is the geometrically simplest, isotropic shape a
nanoparticle can adopt. Within the quasi-static limit where the
particle size is substantially smaller than the wavelength of the
incident light, only the dipolar oscillations of free electrons
contribute to the extinction of light, which is the sum of
absorption and scattering,67 at the plasmon resonance frequencies.
The scattering-to-absorption ratio increases with the particle size.67

In the size window of 5–100 nm, spherical Au nanoparticles
exhibit a single light extinction peak signifying the dipolar
plasmon resonances in the green portion of the visible
spectrum.68–70 In larger Au nanospheres beyond the quasi-
static limit, the extinction spectral features of higher-order
multipolar plasmon modes, such as quadrupole and octupole
resonances, become prominent, while the dipole plasmon band
is redshifted and significantly broadened due to the phase
retardation effect.68–70 Colloidal Au nanoparticles exhibiting
spherical or quasi-spherical shapes have been synthesized in
a size-controlled manner both within and beyond the quasi-
static limit, and the experimentally observed size-dependency
of their plasmonic features is in excellent agreement with
theoretical predictions.68–70

Although spherical Au nanoparticles exhibit rather limited
plasmonic tunability, breaking the particle symmetry or intro-
ducing hollow interior structures, as schematically illustrated
in Fig. 1(A), may drastically enhance the plasmonic tunability of
Au nanoparticles. Symmetry-breaking of Au nanoparticles can
be accomplished through seed-mediated anisotropic nanocrys-
tal growth processes. Au nanorods, derived from asymmetric
growth of single-crystalline or pentatwinned Au seeds, repre-
sent a prototypical quasi-one-dimensional nanostructure with
reduced symmetry and tunable plasmonic properties.71–78

Experimentally synthesized Au nanorods typically exhibit a
quasi-cylindrical morphology (Fig. 1(B)) with precisely tunable
particle volumes and aspect ratios (length-to-width ratios). An
Au nanorod responds to the polarization of incident light in an
anisotropic manner, resulting in a transverse plasmon band in
the wavelength range similar to that of nanosphere plasmons
and a longitudinal plasmon band, which shifts to longer
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wavelengths as the particle aspect ratio progressively increases.79

The local-field enhancements at the ends of Au nanorods are also
aspect ratio-dependent and can be substantially higher than those
achievable on spherical Au nanoparticles.79 Au nanobipyramids
are considered as structurally analogous to Au nanorods.80–82

Experimentally synthesized Au nanobipyramids, each of which
has a 5-fold rotational symmetry with two sharp tips (Fig. 1(C)),
are derived from anisotropic growth of pentatwinned Au seeds.
The plasmonic characteristics of Au nanobipyramids are deter-
mined by not only the particle aspect ratios but also the sharpness
of the tips.83 In comparison to Au nanorods, Au nanobipyramids
exhibit narrower plasmon bandwidths and higher local-field
enhancements.83 Unlike their single-crystalline and pentatwinned
counterparts, singly twinned Au nanocrystals may evolve into
quasi-two-dimensional nanostructures, such as Au nanoprisms
(Fig. 1(D)), through seed-mediated anisotropic growth.84,85 Due to
its intrinsic structural anisotropy, an Au nanoprism supports
various in-plane and out-of-plane plasmons at distinct resonant
frequencies.86–88 In an Au nanoprism, the lateral dimensions,
the thickness, and the tip sharpness all become critical geometric
parameters determining the resonant frequencies, spectral line-
shapes, and local-field enhancements of various plasmon
modes.84–88 Structural anisotropy may also be developed in
multi-twinned Au nanocrystals to form multi-branched nano-
particles, known as nanostars (Fig. 1(E)).89–96 The plasmonic
characteristics of an Au nanostar are determined by the aspect
ratios, tip sharpness, and relative orientations of the branched
arms.92–97 In an Au nanostar, the core serves as a nanoscale
antenna that amplifies both the excitation cross-sections and the
local fields in the hot spots near the tips.97

An alternative strategy for enhancing the plasmonic tun-
ability involves the introduction of interior cavities to Au
nanoparticles. One striking example is Au nanoshells, which
are chemically synthesized by growing a thin shell of Au
surrounding a spherical dielectric nanoparticle (Fig. 1(F)).98,99

The plasmon resonance frequency of an Au nanoshell can be
fine-tuned over a broad spectral range by tailoring its core size
and shell thickness, and such plasmonic tunability in Au nano-
shells essentially arises from the plasmon hybridization between
a nanosphere and a cavity.99,100 More complicated nanostruc-
tures derived from Au nanoshells, such as nanoeggs (noncon-
centric nanoshells),101 nanorice (ellipsoidal nanoshells),102 and
nanomatryoshkas (concentrically multilayered nanoshells),100

exhibit more sophisticated plasmonic features with further
enhanced tunability, and their detailed structure–property rela-
tionships can all be interpreted in the context of the plasmon
hybridization model.99,100 Au nanoparticles with hollow interior
structures can also be synthesized through galvanic exchange
reactions, in which a less-noble metal in a sacrificial nanoscale
template undergoes oxidative etching while a more-noble metal is
reduced and deposited onto the surfaces of the structurally evolving
templates.103 The primary driving force for particle hollowing
during galvanic exchange is the Kirkendall effect, which is rooted
in non-equivalent atomic interdiffusion rates of different metal
elements.104–107 Through deliberately controlled galvanic exchange,
a series of hollow nanostructures made of Au-rich alloys with
geometrically tunable plasmonic properties, such as nanocages
(Fig. 1(G)) and nanoframes (Fig. 1(H)), can be selectively synthe-
sized using single-crystalline Ag nanocubes as the templates.108–110

Structurally and compositionally more complicated metallic hollow

Fig. 1 (A) Various anisotropic and hollow Au nanostructures exhibiting tunable plasmonic properties. Transmission electron microscopy (TEM) images of
(B) single-crystalline nanorods, (C) nanobipyramids, (D) nanoprisms, and (E) nanostars. Scanning electron microscopy (SEM) images of (F) nanoshells (SiO2

core and Au shell), (G) nanocages, (H) nanoframes, and (I) dual-rim nanoframes. Adapted with permission from (B) ref. 72 (Copyright 2013 American
Chemical Society), (C) ref. 81 (Copyright 2017 American Chemical Society), (D) ref. 84 (Copyright 2014 American Chemical Society), (E) ref. 89 (Copyright
2022 American Chemical Society), (F) ref. 99 (Copyright 2007 American Chemical Society), (G) ref. 109 (Copyright 2006 American Chemical Society), (H)
ref. 110 (Copyright 2008 Springer Nature), and (I) ref. 111 (Copyright 2022 Springer Nature).
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nanostructures, such as dual-rim Au nanoframes (Fig. 1(I)), can
be synthesized either through multistep regioselective deposi-
tion and etching or by coupling galvanic exchange with redox
manipulation.111–116 Increasing the interior architectural com-
plexity of hollow nanoparticles not only further expands the
plasmon tuning range but also creates intraparticle plasmonic
hot spots with intense local fields exploitable for plasmon-
enhanced spectroscopies.117

In addition to tailoring the sizes and geometries of Au
nanoparticles, the plasmonic properties can be further tuned
by changing the particle compositions or the local environ-
ments surrounding the Au nanoparticles. For example, incor-
porating other materials into Au-based nanostructures to form
alloys, intermetallics, or heteronanostructures (core–shell,
yolk–shell, and janus nanoparticles) may profoundly modify
the optical properties of the nanoparticles.14,118,119 With great
success achieved in geometry- and composition-controlled col-
loidal synthesis and quantitatively understanding structure–
property relationships, a solid knowledge foundation has
started to emerge, built upon which the plasmonic properties
of Au-based nanostructures can be precisely tuned and ration-
ally optimized for widespread applications ranging from optical
imaging and molecular sensing to biomedicine and
photocatalysis.

3. Strategies for tuning the catalytic
properties of Au nanostructures

The materials design principles for Au-based heterogeneous
nanocatalysis are fundamentally different from those used for
nanoplasmonics. In heterogeneous catalysis, the surface atoms
in the outermost atomic layer of a catalyst material are the key
players, while the bulk atoms in the materials’ interior are not
directly involved in the catalytic reactions. Therefore, the
catalytic properties can be tuned most effectively by tailoring
the atomic-level surface structures rather than the geometric
shapes of Au nanoparticles. In crystalline Au materials forming
face-centered cubic (fcc) lattices, bulk atoms have a coordina-
tion number (CN) of 12, while the atoms exposed on the
materials surfaces are coordinatively unsaturated with lower
CNs ranging from 6 to 9.48,50 In the case of an Au nanoparticle
adopting the classical Wulff structure, the surface atoms at the
particle corners and edges have CNs of 6 and 7, respectively,
while the CN of a surface atom at a terrace site is either 8 for a
{100} facet or 9 for a {111} facet. When the particle size is below
2 nm, the particle surface is dominated by the corner and edge
atoms. As the particle size increases, the fractions of both
corner and edge atoms decrease and the particle surfaces
become dominated by terraces when the particle size exceeds
5 nm (Fig. 2(A)).50 Although Au nanoparticles larger than 5 nm
appear catalytically inert, Au nanoparticles in the sub-5 nm size
regime become highly active in catalyzing CO oxidation at low
temperatures and their mass-specific catalytic activity increases
drastically upon decrease of the particle size, an interesting
phenomenon consistently observed in a variety of oxide support

materials (Fig. 2(B)).50 These results strongly indicate that the
Au surface atoms located at the particle corners and edges
rather than those residing on the terraces serve as the primary
active sites for catalytic CO oxidation benefiting from their
lower CNs. However, such intriguing size-dependent activities
observed in supported Au nanocatalysts should not be inter-
preted solely in the context of surface atomic coordination.
First, in the sub-5 nm size regime, the electronic band energies
of Au are shifted due to quantum size effects, which modifies
the interactions between the Au catalysts and the reactant/
intermediate/product molecules.55,120 Second, the intrinsic cat-
alytic activities of sub-5 nm Au nanoparticles can be signifi-
cantly modified by the support materials due to strong metal–
support interactions.121–125 Third, Au nanocatalyst surfaces
may undergo structural rearrangement under operando condi-
tions (Fig. 2(C)),126 causing the catalyst behaviors to change
over time during the reactions. It remains challenging to fully
delineate several intertwining effects on the catalytic behaviors
of supported Au nanocatalysts.

Nanoporous Au, also known as Au nanosponges, has
emerged as a unique class of free-standing metal catalysts ideal
for detailed investigations of structure–property relationships with-
out the complications caused by the support materials.127,128

Nanoscale porosity can be introduced to bulk Au through percola-
tion dealloying, which involves selective etching of the less-noble
constituents in an alloy matrix and structural rearrangement
of the nonleachable, more-noble components.129 Au–Ag alloy
membranes have been most widely utilized as the precursors for
nanoporosity-evolving percolation dealloying, which leads to the
formation of solid/void bicontinuous nanoporous Au membranes
(Fig. 2(D)).130,131 Although both the ligaments and pores exhibit
feature sizes beyond 5 nm, the dealloyed nanoporous Au may even
outperform oxide-supported sub-5 nm Au nanocatalysts in catalyz-
ing certain reactions.127,128,132–134 The remarkable catalytic activ-
ities of dealloyed nanoporous Au are intimately tied to the high
abundance of undercoordinated atoms located at the kink sites
and step edges on the locally curved ligament surfaces.135 It is
noteworthy that the dealloyed nanoporous catalysts are not made
purely of Au, because it is impossible to completely remove the
less-noble elements through percolation dealloying. The residual
Ag atoms on the surfaces of dealloyed nanoporous Au may
profoundly influence not only the catalytic activity but also the
reaction selectivity in the case of catalytic oxidation reactions.131,136

When exposing fully dealloyed nanoporous Au (o1 atomic%
residual Ag) to an oxygen-deficient atmosphere composed of
1 volume% of O2 and 2 volume% methanol, methanol is selec-
tively converted to a partially oxidized product, methyl formate,
without forming the fully oxidized product, CO2, over a broad
temperature range from 20 to 80 1C (Fig. 2(E)).131 Increasing the
residual Ag content to 2.5 atomic% leads to loss of selectivity for
methyl formate, especially at reaction temperatures higher than
65 1C (Fig. 2(F)).131 When the fraction of residual Ag is above 10
atomic%, CO2 becomes the dominate product with negligible
yields of methyl formate.131

Another class of Au nanostructures possessing high abun-
dance of low-coordination surface atoms are nanocrystals
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enclosed by high-index facets (at least one of the Miller indices
greater than unity).137,138 High-index facets are characterized by
a high density of atomic steps and kinks, exhibiting increased
catalytic activity in comparison to low-index facets.139,140 For a
single-crystalline fcc Au nanoparticle, there are three basic low-
index faceting polyhedral geometries, an octahedron enclosed
by 8 {111} facets (Fig. 2(G)), a cube enclosed by 6 {100} facets
(Fig. 2(H)), and a rhombic dodecahedron enclosed by 12 {110}
facets (Fig. 2(I)).141 Through deliberate kinetic control and
regioselective surface passivation during colloidal nanocrystal
growth, surface convexity or concavity can be introduced to the

basic low-index facets to produce Au nanocrystals that selec-
tively adopt a series of exotic polyhedral shapes, each of which
is exclusively enclosed by one specific type of high-index facets
(see representative examples in Fig. 2(J)–(M)).142–148 To form
well-defined polyhedral shapes with fully developed crystallo-
graphic facets, experimentally synthesized high-index faceting
Au nanocrystals are typically in the size range from tens of
nanometers to submicrons. Although ideal for fundamental
studies, these relatively large high-index faceting Au nano-
particles are of rather limited value for industrial applications
because of their low surface-to-volume ratios.

Fig. 2 (A) Calculated fractions of Au atoms at corners (red triangles), edges (blue squares), and terraces (green rhombuses) in uniform nanoparticles
consisting of the top half of a truncated octahedron as a function of Au particle diameter. (B) Reported Au mass-specific catalytic activities for
CO oxidation at 273 K as a function of Au particle diameter for different support materials. The solid curve shows the calculated particle size-
dependent fractions of corner atoms on the surface of the top half of a truncated octahedral particle. (C) Cartoon illustration of a CeO2-supported Au
nanoparticle (left panel) and high-resolution TEM images highlighting the reconstruction of the {100} surface of a 4-nm Au nanoparticle with
B1000 atoms under operando conditions for CO oxidation (right panel). (D) SEM image of dealloyed nanoporous Au and schematic illustration of
selective oxidation of methanol on Au surfaces. The catalytic activity and selectivity of the methanol oxidation over dealloyed nanoporous Au with (E) o1
atomic% of residual Ag (catalyst mass: 20.1 mg) and (F) 2.5 atomic% of residual Ag (catalyst mass: 20.6 mg). The total oxidation of methanol to CO2

and partial oxidation of methanol to methyl formate are represented by blue rhombuses and black squares, respectively. The catalytic reactions
were conducted under continuous flow conditions at different temperatures at a total gas stream of 50 standard cubic centimeters per minute.
Cartoon illustrations (upper panels) and SEM images (lower panels) of (G) octahedral, (H) cubic, and (I) rhombic dodecahedral Au nanoparticles. SEM
images of (J) Au concave nanocubes enclosed by {720} facets, (K) Au truncated ditetragonal nanoprisms enclosed by {310} facets, (L) trapezohedral Au
nanocrystals enclosed by {310} facets, and (M) hexoctahedral Au nanocrystals enclosed by {321} facets. Adapted with permission from (A), (B) ref. 50
(Copyright 2007 Elsevier), (C) ref. 126 (Copyright 2018 National Academy of Sciences), (D)–(F) ref. 131 (Copyright 2010 American Association for the
Advancement of Science), (G)–(I) ref. 141 (Copyright 2024 American Chemical Society), (J) ref. 142 (Copyright 2010 American Chemical Society), (K) ref.
143 (Copyright 2011 American Chemical Society), (L) ref. 144 (Copyright 2017 American Chemical Society), and (M) ref. 145 (Copyright 2012 American
Chemical Society).
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4. Combining the best of both worlds:
merging nanoplasmonics and
nanocatalysis within the same
Au-based nanostructures

In this section, I will elaborate on the strategies for merging
plasmonic and catalytic tunabilities within single nanoscale
entities by explicating the detailed structure–property relation-
ships in a selection of rationally designed and experimentally
realizable Au-based nanostructures. Taking full advantage of
the integrated plasmonic-catalytic dual-functionalities, I will
further discuss how to use plasmon-enhance spectroscopic
tools for in situ monitoring of catalytic reactions and how to
leverage various plasmonic effects to drive or boost chemical
transformations on Au nanocatalyst surfaces.

4.1. Nanoscale surface roughening of Au nanoparticles

Introduction of nanoscale surface roughness to subwavelength
Au nanoparticles provides a straightforward but effective pathway
to drastically enhance both the plasmonic tunability and catalytic
activity of the particles. Colloidal Au surface-roughened nano-
particles (SRNPs) can be synthesized through seed-mediated
nanocrystal growth under kinetically controlled conditions, choos-
ing sub-5 nm single-crystalline Au nanoparticles as the seeds,
HAuCl4 as the Au(III) precursor, cetyltrimethylammonium chloride
(CTAC) as a surface-capping ligand, and ascorbic acid as a mild
reducing agent, respectively.149 As schematically illustrated in
Fig. 3(A), the single-crystalline Au seeds may selectively evolve
into several geometrically distinct Au nanostructures, depending
on the rate of the nanocrystal growth, which can be tuned by
adjusting either the concentration of ascorbic acid or the pH of
the nanocrystal growth solution.149 Fast nanocrystal growth favors
full development of high-index facets, leading to the formation of
single-crystalline trisoctahedral (TOH) Au nanoparticles, each of
which is enclosed by 24 equivalent {221} facets (Fig. 3(B)).150

In contrast, slow nanocrystal growth favors the formation of low-
index facets and twinned crystal structures, producing thermo-
dynamically favored quasi-spherical nanoparticles (QSNPs)
enclosed by alternating {100} and {111} facets (Fig. 3(C)).149 When
the Au nanocrystals grow at medium rates, both intraparticle
crystal-twining and nanoscale surface texturing occur during seed-
mediated growth, resulting in Au SRNPs exhibiting a nanotex-
tured surface morphology (Fig. 3(D)).149 By varying the Au(III)-to-
seed ratio, the overall particle sizes of Au SRNPs can be precisely
tuned over a broad range from B50 nm up to B500 nm, while
well-preserving the nanotextured surface features.

Colloidal Au SRNPs exhibit size-dependent plasmonic
features, with their plasmon resonance band shifting to longer
wavelengths as their particle sizes increase (Fig. 3(E)).149 When
functioning as SERS substrates, Au SRNPs also significantly
outperform Au QSNPs because nanoscale surface roughening
gives rise to substantially higher local-field enhancements on
the particle surfaces (Fig. 3(F) and (G)). Under resonant excita-
tions, the apparent enhancement factors of SERS signals on an
individual Au SRNP can approach B107, more than 3 orders of

magnitude higher than those achievable on individual Au
QSNPs.149 The intense local-fields at the roughened Au nano-
particle surfaces provide sufficiently high sensitivity for SERS-
based characterization of surface-adsorbed molecular ligands
at monolayer and sub-monolayer coverages with minimal inter-
ference by the unbound ligands in the solution phase. There-
fore, SERS can be utilized as a unique in situ spectroscopic tool
to study dynamic interfacial behaviors of molecular ligands on
locally curved Au surfaces without the need to separate
the colloidal Au SRNPs from their native environments (see
schematic illustration in Fig. 3(H)).151 The local surface curva-
ture of Au SRNPs varies significantly from site to site, providing
both high-curvature and low-curvature sites on open surfaces
directly accessible by molecular ligands. Organothiol ligand
molecules exhibit intriguing chemisorption behaviors that are
sensitive to the local surface curvature at the ligand-binding
sites.151 Comparative studies of ligand binding to Au SRNPs
and QSNPs reveal that chemisorption of organothiols to high-
curvature Au surfaces is kinetically faster but thermodynami-
cally less favored in comparison to ligand binding to low-
curvature surface sites (Fig. 3(I) and (J)).151 While the binding
of thiolated ligands to low-curvature Au surfaces is a non-
cooperative process that can be fully described by the classical
Langmuir adsorption model, ligand binding to high-curvature
surface sites becomes cooperative with Hill coefficients around
2. The results of SERS-based ligand titration and kinetic mea-
surements clearly show that the nanoparticle surface curvature
plays crucial roles in regulating nanoparticle–adsorbate
interactions.

Au SRNPs with plasmonic-catalytic dual-functionalities are
ideal for SERS-based spectroscopic monitoring of catalytic
reactions. Au SRNPs, which are rich in undercoordinated sur-
face atoms at their locally curved surface sites, appear far more
active than Au QSNPs with comparable particle sizes in catalyzing
the reduction of para-nitrophenol by borohydride in an aqueous
environment,152 a model transfer hydrogenation reaction widely
used for assessing the performances of metallic nanocatalysts. To
gain further mechanistic insights, SERS has been utilized as an
in situ molecule-fingerprinting tool to track the structural evolution
of para-nitrothiophenol (pNTP) chemisorbed to colloidal SRNPs
upon exposure to borohydride (Fig. 3(K)).152 The in situ SERS
results clearly reveal that pNTP is converted to para-
aminothiophenol (pATP) on the locally curved Au surfaces in a
chemoselective manner before pATP eventually desorbs from Au
surfaces. A key intermediate produced during the reaction is
identified to be p,p0-dimercaptoazobenzene (DMAB), which is
derived from reductive bimolecular coupling of surface-adsorbed
pNTP. The reaction mechanism proposed based on the temporal
evolution of SERS spectra is schematically illustrated in Fig. 3(L).
The in situ SERS measurements conducted on ligand-capped Au
SRNPs during catalytic reactions provide detailed kinetic informa-
tion and mechanistic insights that are not readily attainable
through other measurements.152

The unique combination of tunable plasmonic and catalytic
properties in Au SNRPs enables not only SERS-based mecha-
nistic studies but also plasmon-mediated kinetic modulation of
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catalytic reactions. A particularly interesting property of Au
nanoparticles is that they can mimic natural enzymes, such
as peroxidases, in terms of catalytic behaviors. Enzyme-
mimicking inorganic nanomaterials, known as nanozymes,
are structurally more robust than the natural enzymes, exhibit-
ing enhanced catalytic durability over a broader range of work-
ing conditions.153,154 However, the catalytic efficiencies of Au
nanozymes are rather low in comparison to those of natural
enzymes in numerous cases, and there is still plenty of room for
further improvement. Colloidal Au SRNPs are unique plasmo-
nically tunable nanozymes, allowing us to fine-tune their
enzyme-mimicking activities through plasmonic excitations.

Au SRNPs significantly outperform QSNPs when executing their
peroxidase-mimicking functions both in dark and under light
illumination.155 In dark reactions, both natural peroxidases
and Au nanozymes can effectively mediate the electron transfer
from organic substrate molecules to H2O2, which catalyzes the
homolytic split of surface-adsorbed H2O2 to generate hydroxyl
radicals. The undercoordinated Au atoms at the locally curved
surfaces serve as the primary active sites responsible for the
remarkable peroxidase-mimicking activities of Au SRNPs.155

Under plasmon excitations, the photoexcited hot electrons in
Au SRNPs can be harnessed to kinetically maneuver the elec-
tron transfer from Au to surface-adsorbed H2O2 (see a

Fig. 3 (A) Schematic illustration of seed-mediated growth of Au TOH nanoparticles, QSNPs, and SRNPs. SEM images of Au (B) TOH nanoparticles, (C)
QSNPs, and (D) SRNPs. Higher-magnification SEM images of individual nanoparticles are shown in the insets of panels B, C, and D, and the upper-right
inset in panel D shows a TEM image of an individual Au SRNP. (E) Optical extinction spectra of colloidal Au SRNPs with various average particle diameters
as labeled in the figure. Cross-sectional view of the local-field enhancements of an Au (F) QSNP and (G) SRNP with a diameter of 108 nm at 785 nm plane
wave excitation calculated using the finite-difference time domain method. (H) Cartoon illustration of using SERS to study the interfacial adsorption/
desorption behaviors of thiolated ligands on locally curved surfaces of an Au SRNP. (I) Adsorption isotherms (quantified based on the SERS peak intensity
at 1078 cm�1) of pATP on Au SRNPs and QSNPs. (J) Temporal evolution of apparent pATP coverage (ypATP) upon exposure of colloidal Au SRNPs and
QSNPs to 50 mM pATP. The solid black curves in panels I and J show the curve fitting results. (K) Temporally evolving SERS spectra collected from pNTP-
coated Au SRNPs at different reaction times after exposure to 30 mM NaBH4. (L) Schematic illustration of the reaction mechanism of transfer
hydrogenation of pNTP adsorbates on the Au surface. (M) Temporal evolution of oxidized TMB (oxTMB) concentrations during the reactions catalyzed by
Au SRNPs under illumination by a continuous wave 785 nm laser at various excitation powers. The inset illustrates the reaction mechanism of Au-
catalyzed TMB oxidation in the presence of H2O2 under light illumination. (N) Turn-over numbers (upper panel) and catalytic efficiencies (lower panel) of
HRP in the dark and Au SRNPs in the dark and under laser illumination (785 nm, 3.0 W). Adapted with permission from (B) ref. 150 (Copyright 2014
American Chemical Society), (C), (E), (F) and (G) ref. 149 (Copyright 2014 American Chemical Society), (D), (K) and (L) ref. 152 (Copyright 2014 American
Chemical Society), (H)–(J) ref. 151 (Copyright 2017 American Chemical Society), and (M) and (N) ref. 155 (Copyright 2020 American Chemical Society).
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schematic illustration in the inset of Fig. 3(M)). The injection of
a plasmonic hot electron into the antibonding orbital of a
surface-adsorbed H2O2 triggers the homolytic cleavage of the
O–O bond and gives rise to enhanced reaction kinetics.
3,30,5,50-Tetramethylbenzidine (TMB) has been a chromogenic
substrate widely used for assessing the catalytic activities of
both natural peroxidases and nanozymes. The kinetic features
of Au-catalyzed TMB oxidation by H2O2 can be well-described
by the Michaelis–Menton steady state kinetic model both in
dark and under plasmonic excitations, with the initial velocity
increasing linearly with the excitation power (Fig. 3(M)). The
turn-over numbers (kcat) and catalytic efficiencies (kcat/km,
where km is the Michaelis constant) of Au SRNPs become
substantially higher than those of horseradish peroxidase
(HRP) upon resonant excitations of plasmons (Fig. 3(N)). Here,
the kcat of Au SRNPs is essentially a descriptor of the overall
nanozyme activities at the nanoparticulate level rather than at
single active sites. While there is only one active site in each
HRP molecule, each Au SRNP possesses a large number of
active sites on its surface. It remains challenging, however, to
quantify the exact number of active sites per particle, and the
catalytic activity at individual active sites may vary drastically
from location to location on the nanozyme surfaces.

4.2. Introduction of nanoporosity to Au nanoparticles

The plasmonic and catalytic properties of an Au nanoparticle
can be drastically modified upon creation of nanoscale poros-
ity. While porous Au nanoparticles can be synthesized through
multistep procedures involving the use of either hard or soft
templates,156–159 percolation dealloying of Au-containing alloys
provides a more straightforward strategy for creating nanoscale
porosity with structural and compositional control at a higher
level of precision and versatility.160–162 The nanoporosity evolu-
tion during percolation dealloying entangles atomic dissolu-
tion, deposition, and migration both at the solid/electrolyte
interfaces and in the bulk of alloy matrices, which can be well-
described by a surface-diffusion continuum model proposed by
Erlebacher and coworkers.129 Taking Au–Ag bulk alloys as an
example, chemical or electrochemical dealloying is initiated
upon dissolution of Ag atoms exposed on the alloy surfaces,
which produces undercoordinated Au surface atoms at the
solid/electrolyte interface. These undercoordinated Au surface
atoms undergo rapid surface migration to agglomerate into
local patchy islands, while patches of undealloyed materials
remain exposed to the etching environment. Continuous etch-
ing of Ag atoms and surface migration of Au atoms at the
dealloying frontier creates a network of branched pore chan-
nels, which eventually evolves into a solid/void bicontinuous
nanoporous structure through pore expansion and ligament
coarsening.

Much of the knowledge gained from macroscopic bulk alloy
materials also applies to nanoparticulate alloys, which provides
the guiding principles for structural and compositional control
of spongy metallic nanoparticles through percolation dealloy-
ing. Spongy Au–Ag alloy nanoparticles with tunable pore sizes,
ligament thicknesses, and Ag : Au stoichiometric ratios can be

synthesized through percolation dealloying of Au–Ag alloy nano-
particles (Fig. 4(A)).163 Au@Ag core–shell nanoparticles may evolve
into fully alloyed Au–Ag bimetallic nanoparticles upon thermal
annealing at high temperatures above 900 1C. Prior to thermal
annealing, each Au@Ag core–shell nanoparticle is coated with a
SiO2 shell to form a triple-layer nanostructure (denoted as
Au@Ag@SiO2), which effectively prevents the particles from sin-
tering during thermal annealing. After the Ag and Au atoms are
fully intermixed, the alloy@SiO2 core–shell nanoparticles
(denoted as AuAg alloy@SiO2) are treated with an alkaline
solution to selectively etch SiO2, which converts the dense SiO2

shell into an ultrathin (o5 nm) porous shell. The alloy nano-
particles encased in ultrathin silica shells [denoted as AuAg
alloy@SiO2(thin)] undergo percolation dealloying when exposed
to concentrated nitric acid. Besides the formation of nanoporos-
ity, the overall particle sizes also shrink significantly during
percolation dealloying, resulting in the formation of yolk@shell
nanoparticles (denoted as pAuAg@void@SiO2), each of which
consists of a porous Au–Ag alloy yolk inside an ultrathin SiO2

shell (Fig. 4(B)). Introduction of nanoporosity leads to a spectral
redshift and line-shape broadening of the plasmon resonance
band in the extinction spectra (Fig. 4(C)) due to the plasmon
coupling between nanoligaments.163 As an increasing amount of
Ag is removed from the alloy nanoparticles, both the pore volumes
and ligament thicknesses increase, resulting in a spectral blue-
shift of the plasmon resonance bands. Benefiting from the high
densities of intraparticle hot spots (inset of Fig. 4(C)) and large
mass-specific open surface areas, the SERS signals of Raman
reporters, such as crystal violet, on a single pAuAg@void@SiO2

particle become orders of magnitude higher than those achiev-
able on a single nonporous Au nanoparticle (Fig. 4(D)).163

Spongy nanoparticles can also be derived from Au–Cu alloy
nanoparticles through percolation dealloying (Fig. 4(E)).164

Au–Cu alloy nanoparticles can be synthesized by thermally redu-
cing Au@Cu2O core–shell nanoparticles either in an H2-containing
atmosphere or in a polyol solvent at reaction temperatures
(o400 1C) much lower than that required for the Au–Ag
alloying.106,164 The particle sizes and Au : Cu stoichiometric ratios
of the alloy nanoparticles are predetermined by the core and shell
sizes of the parental Au@Cu2O core–shell nanoparticles. Besides
the atomically disordered alloys, atomically ordered intermetallic
phases, specifically AuCu3-L12 and AuCu-L10, can also emerge in
the bimetallic nanoparticles derived from Au@Cu2O core–shell
nanoparticles.106 While nanoparticles made of the intermetallic
phases and Au-rich alloys (Cu : Au ratios oB70%) undergo surface
dealloying without forming intraparticle nanoporosity upon expo-
sure to etchants, Cu-rich alloy nanoparticles with Cu : Au stoichio-
metric ratios higher than B70% evolve into spongy nanoparticles
through percolation dealloying (Fig. 4(F)).164 The fully dealloyed
spongy Au nanoparticles (o3 atomic% residual Cu) can be utilized
as nanoscale carriers to assemble multi-functional drug vehicles
for the synergistic chemo-photothermal therapy (Fig. 4(G)).165

Doxorubicin (DOX), a widely used chemotherapeutic anticancer
drug, can be loaded into the dealloyed spongy Au nanoparticles at
controlled loading dosages through electrostatic interactions. A
pH- and thermo-dual stimuli responsive copolymer–liposome
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bilayer (PLB) is conjugated to the surfaces of DOX-loaded spongy
Au nanoparticles to generate a smart gate-keeping layer for precise
control of the drug release profiles. The surfaces of the copolymer–
liposome-coated spongy nanoparticles are further functionalized
with an RNA aptamer that not only specifically targets the Epithe-
lial Cell Adhesion Molecule overexpressed on the tumor cell
surfaces but also enhances the cell internalization of the nano-
constructs. The colloidal spongy nanoparticles also exhibit broad-
band plasmon resonances in the near-infrared (NIR) water win-
dow, which can be harnessed for local tumor hyperthermia and
photothermally triggered drug release. The as-constructed drug
vehicles enable simultaneous delivery of DOX and heat to targeted
cells (Fig. 4(H)). Employing the MCF-7 tumor-bearing nude mice as
a model system, in vivo studies reveal that synergized chemo-
photothermal therapy using Au nanosponge-based drug vehicles

offers remarkable therapeutic efficacy with minimized side effects
(Fig. 4(I)).

The dealloyed metallic spongy nanoparticles have large
mass-specific surface areas, high densities of active surface
sites, and great electron conductivity in their nanoporous
frames, all of which are highly desired for electrocatalysis.164

Au–Cu bimetallic spongy nanoparticles derived from percola-
tion dealloying of Au–Cu alloy nanoparticles exhibit tunable
catalytic activities toward electrochemical oxidation of liquid
alcohols, such as methanol, ethanol, iso-propanol, and ethy-
lene glycol.164,166 During percolation dealloying, the leaching of
Cu atoms from the alloy matrices creates atomically under-
coordinated surface sites that are catalytically active for alcohol
electro-oxidation, whereas the coarsening of nanoligaments
causes both the mass-specific surface area and the surface-

Fig. 4 (A) Scheme illustrating synthesis of p-AuAg@void@SiO2 yolk–shell nanoparticles through percolation dealloying. (B) TEM image of p-
AuAg@void@SiO2 nanoparticles. (C) Optical extinction spectra of colloidal Au@Ag@SiO2, AuAg alloy@SiO2, and p-AuAg@void@SiO2 nanoparticles. (D)
SERS spectra of crystal violet on the surfaces of an individual non-porous Au nanoparticle and a p-AuAg@void@SiO2 nanoparticle. (E) Synthesis of Au–Cu
bimetallic nanosponges through stepwise alloying and dealloying processes. (F) SEM image of spongy Au0.72Cu0.28 alloy nanoparticles synthesized
through percolation dealloying of Au0.19Cu0.81 alloy nanoparticles in 0.5 M HNO3 for 3 h. Schematic illustration of (G) construction of Au nanosponge
(AuNS)-based drug vehicles and (H) working mechanism of pH- and temperature-triggered drug release from the AuNS-based drug vehicles. (I) Change
of tumor volume after mice were intravenously injected with phosphate-buffered saline (control), AuNS-PLB-Apt nanoconstructs with NIR irradiation,
DOX@AuNS-PLB-Apt nanoconstructs, and DOX@AuNS-PLB-Apt nanoconstructs with NIR irradiation. (J) Percolation dealloying of Au–Ag–Cu ternary
alloy nanoparticles. SEM and TEM (insets) images of (K) NS-T nanoparticles derived from percolation dealloying of Au–Ag–Cu ternary alloy nanoparticles
and (L) NS-B nanoparticles derived from percolation dealloying of Au–Cu binary alloy nanoparticles. (M) Cyclic voltammetry and (N) chronoamperometry
curves of NS-T and NS-B in 0.5 M KOH electrolyte solutions containing 1 M methanol. Adapted with permission from (A)–(D) ref. 163 (Copyright 2016
American Chemical Society), (E) and (F) ref. 164 (Copyright 2016 American Chemical Society), (G)–(I) ref. 165 (Copyright 2016 John Wiley and Sons), and
(J)–(N) ref. 166 (Copyright 2016 American Chemical Society).
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density of active sites to decrease. The optimization of electro-
catalytic activities of dealloyed spongy nanoparticles essentially
relies on the precise control of the ligament thickness and
surface-density of undercoordinated atoms, which can be
achieved by regulating the relative rates of Cu leaching with
respective to ligament coarsening during percolation dealloying.

Both the activity and durability of the dealloyed Au nanoca-
talyts can be significantly further enhanced upon incorporation
of residual Ag, which can be achieved through percolation
dealloying of Au–Ag–Cu trimetallic alloy nanoparticles
(Fig. 4(J)).166 As shown in Fig. 4(K) and (L), the fully dealloyed
nanosponge particles obtained from dealloying of Au–Ag–Cu
ternary alloy nanoparticles (denoted as NS-T) exhibit substan-
tially thinner ligaments, smaller pore sizes, and higher densi-
ties of surface active sites in comparison to their Ag-free
counterparts derived from Au–Cu binary alloy nanoparticles
(denoted as NS-B) as the consequence of accelerated Cu leach-
ing and hindered ligament coarsening. The dealloyed NS-T
particles exhibit remarkably higher electrocatalytic activities
than the Ag-free NS-B particles (Fig. 4(M)). The residual Ag in
the dealloyed NS-T particles keeps the catalytically active sur-
face atoms from structural reconstruction during electrocataly-
tic reactions, giving rise to enhanced catalytic durability
(Fig. 4(N)). Structurally and compositionally more complicated
spongy nanoparticles can be synthesized when further coupling
the percolation dealloying with galvanic exchange. For example,
when reacting Au–Cu alloy nanoparticles with H2PtCl6 in ethy-
lene glycol at 140 1C, an ultrathin Au–Pt alloy skin (B1 nm thick)
forms on the nanoligament surfaces as the consequence of
dynamic interplay between Cu–Pt galvanic exchange and perco-
lation dealloying of Au–Cu alloys.167 In comparison to their Pt-
less counterparts, the Au–Pt alloy skin-covered spongy nano-
particles exhibit further enhanced electrocatalytic activities and
durabilities for a variety of important reactions, such as formic
acid oxidation and hydrogen evolution reactions.167 These
results, once again, highlight the importance of the synergisms
among multiple metal elements present on the nanoligament
surfaces in regulating the catalytic activity and durability of Au-
based spongy nanocatalysts.

4.3. Facet control of anisotropic Au nanoparticles

In an anisotropic Au nanostructure, its catalytic properties can
be tuned by tailoring the atomic-level surface structures, while
preserving the plasmonic tunability associated with its structural
anisotropy. A striking example is Au nanorods, which exhibit
aspect ratio-dependent plasmonic properties and intrinsic cata-
lytic activities intimately tied to the atomic coordinations on
their locally curved surfaces. Although single-crystalline Au
nanorods synthesized through seed-mediated growth are gener-
ally described as cylindrical particles capped by hemispherical
ends, they are essentially enclosed by a variety of high-index and
low-index crystallographic facets that are capped with surfactant
molecules and Ag adatoms.168 The detailed assignments of the
Miller indices of local facets exposed on nanorod surfaces have
long been controversial.169–174 The catalytic activities vary dras-
tically from site to site on the surfaces of individual Au

nanorods,175 and the detailed structure–property relationships
remain challenging to elucidate due primarily to the presence of
structural defects and ill-defined facets.

Developing well-defined crystallographic facets on single-
crystalline Au nanorod surfaces creates unique dual-functional
materials serving as both heterogeneous nanocatalysts and SERS
substrates, enabling us to quantitatively compare the intrinsic
catalytic activities of various types of Au facets through in situ
SERS measurements. Precise control of nanorod facets can be
achieved through kinetically controlled overgrowth of cylindrical
Au nanorods co-guided by surface-capping molecular ligands and
foreign ion additives. For example, cylindrical single-crystalline Au
nanorods evolve into Au nanocuboids (NCB), each of which is
enclosed by 6 {100} facets, through overgrowth in the presence of
Cu2+ ions and CTAC.176 When switching from the CTAC mono-
surfactant to binary surfactant systems, surface convexity and
concavity start to develop on the nanorod surfaces, resulting in
the formation of high-index faceting convex nanocuboids
(CVNCB) and concave nanocuboids (CCNCB) in benzyldimethyl-
hexadecylammonium chloride (BDAC)/CTAC and cetyltrimethy-
lammonium bromide (CTAB)/CTAC binary surfactant systems,
respectively.176 The aspect ratios of the Au NCBs, CVNCBs, and
CCNCBs can all be precisely tuned by varying the aspect ratio of
the Au nanorod seeds or by adjusting the HAuCl4-to-seed ratio in
the overgrowth solution, which allows us to tune the longitudinal
plasmon resonance frequencies with respect to that of the excita-
tion lasers to maximize the SERS enhancements. In situ SERS
results reveal that the high-index faceting CVBCBs and CCNCBs
are far more active in catalyzing the transfer hydrogenation of
chemisorbed pNTP than the low-index faceting NCBs.176

The CVNCBs, also known as elongated tetrahexahedral
(ETHH) nanoparticles, represent a single-crystalline nanorod-
derived geometry enclosed exclusively by {hk0} high-index facets.
Overgrowth of ETHH Au nanoparticles leads to selective for-
mation of a series of anisotropic nanoparticle geometries enclosed
by well-defined crystallographic facets, such as elongated trisoc-
tahedral (ETOH), concave cuboidal (CCB), quasi-cuboidal (QCB),
and elongated octahedral (EOH) nanoparticles.177 Precise facet
control of Au nanorods relies on the use of Cu2+ ions and CTAB as
a pair of surface-capping competitors to guide the facet evolution
during nanorod overgrowth. As shown in Fig. 5(A)–(E), the Miller
indices of the characteristic facets at the ends of the ETHH,
ETOH, CCB, QCB, and EOH nanoparticles are {730}, {221},
{511}, {100}, and {111}, respectively. pNTP molecules chemisorbed
on the Au nanoparticle surfaces are converted to pATP in a
chemoselective manner upon exposure to ammonia borane,
which severs as the hydrogen donor for the catalytic transfer
hydrogenation reactions (Fig. 5(F)). The results of in situ SERS
measurements (Fig. 5(G) and (H)) reveal that pNTP undergoes
bimolecular coupling to form DMAB, followed by further
reduction of DMAB to produce pATP. The pNTP-to-DMAB conver-
sion is found to be kinetically slower than the DMAB-to-pATP
conversion, serving as the rate-limiting step for the transfer
hydrogenation reactions. Under NIR laser excitations, the SERS
signals collected from colloidal samples are dominated by the
molecular adsorbates residing in the longitudinal hot spots,
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allowing us to directly correlate the catalytic reaction rates with
the facets exposed at the longitudinal ends of the nanorod-derived
anisotropic nanoparticles. The reaction rate decreases in the order
of {730} 4 {511} 4 {221} 4 {100} 4 {111} (Fig. 5(I)), revealing that
lower CN of surface atoms results in higher catalytic activity for
the transfer hydrogenation reaction (Fig. 5(J)).

Foreign ions other than Cu2+ can also be used in conjunc-
tion with surface-capping surfactants to guide the structural
evolution during nanorod overgrowth. When substituting Cu2+

with Ag+, metallic Ag may be either deposited as adatoms
through underpotential deposition (UPD) or co-reduced
together with Au to form alloys on nanorod surfaces.178 The
selective surface passivation by Ag UPD adlayers leads to the
formation of high-index faceting dogbone-like nanorods with

concave surface features, whereas the co-deposition of Au and
Ag results in the formation of low-index faceting arrow-headed
nanorods composed of Au–Ag alloys.178 The two reaction
pathways are interswitchable upon variation of the relative
concentrations of Ag+ ions, CTAB, and the reducing agent in
the nanorod overgrowth solutions. Single-crystalline Au nanor-
ods have also been used as the seeds to guide the co-deposition
of Au and Pd to form Au–Pd alloy nanorods with well-defined
facets. Deliberate kinetic control over the electroless deposition
of Au–Pd alloy shells on Au nanorod seeds enables selective
synthesis of a family of multifaceted Au–Pd bimetallic
alloy nanostructures, including elongated hexoctahedral
(EHOH) nanoparticles enclosed by 56 {hkl} high-index facets
(Fig. 5(K)), truncated concave cuboidal (TCCB) nanoparticles

Fig. 5 Atomic-level surface structures (upper panels), TEM images (lower left panels), and high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images (lower right panels) of Au (A) ETHH, (B) ETOH, (C) CCB, (D) QCB, and (E) EOH nanoparticles. (F) Schematic illustration
of catalytic transfer hydrogenation of pNTP adsorbates on Au surfaces. (G) Temporally evolving SERS spectra and (H) snapshot spectra collected at
reaction times of 0, 12, and 48 s during the reactions after exposing pNTP-coated Au ETHH nanoparticles to 2 mM ammonia borane. (I) Apparent
pseudo-first-order rate constants of the rate-limiting step (k1) for the transfer hydrogenation reactions catalyzed by Au ETHH, ETOH, CCB, QCB, and
EOH nanoparticles. (J) Fractions of surface atoms with various atomic coordination numbers for {730}, {511}, {221}, {100}, and {111} facets. Cartoon
models (left panels) and SEM images (right panels) of individual Au–Pd alloy (K) EHOH, (L) TCCB, and (M) TCB nanoparticles. (N) Schematic illustration of
the catalytic hydrogenation of nitrophenol by ammonia borane on an Au–Pd alloy surface. (O) Comparison of the apparent pseudo-first-order rate
constants, kobs, on EHOH, TCCB, and TCB alloy nanorods with various Pd/Au atomic ratios. Adapted with permission from (A)–(J) ref. 177 (Copyright 2016
American Chemical Society) and (K)–(O) ref. 179 (Copyright 2017 American Chemical Society).
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whose surfaces are dominated by 24 {hkk} high-index side facets
with 8 truncated tips terminated by {111} facets (Fig. 5(L)), and
truncated cuboidal (TCB) nanoparticles enclosed by {100} and
{111} facets (Fig. 5(M)).179 The seed-mediated co-reduction under
diffusion-controlled conditions also enables the fine-tuning of
the Au : Pd stoichiometric ratios in the alloy shells deposited on
the Au nanorod seeds while well-preserving each multifaceted
particle geometry. Both the surface atomic coordination and the
compositional stoichiometries of the multi-faceted Au–Pd alloy
nanorods are found to be key factors determining the overall
rates of catalytic hydrogenation of para-nitrophenol by ammonia
borane (Fig. 5(N) and (O)), a model reaction exhibiting the
Langmuir–Hinshelwood kinetic features.

4.4. Implementing structural chirality in Au nanoparticles

Creation of structural chirality in Au nanostructures gives rise
to the emergence of intriguing chiroptical activities and
enantioselective catalytic properties. There are three basic ways
to make achiral Au nanoparticles chiral: (1) coupling achiral Au
nanoparticles with chiral molecular adsorbates;180–184 (2)
assembling achiral Au nanoparticles into chiral suprananos-
tructures;185–190 and (3) implementing structural chirality in
individual Au nanoparticles.191–194 Among the three types of
chiral nanostrucutures, Au nanoparticles adopting intraparticle
chiral geometries have been of particular interest because their
functional chirality arises directly from their intrinsic structural
chirality rather than indirectly from foreign molecular addi-
tives. Here, I focus on the most fundamental aspects concern-
ing the development of structural chirality in colloidal Au
nanocrystals, which are rooted in the enantioselective interac-
tions between chiral molecular adsorbates and high-index
crystallographic facets. The latest progress in the field of chiral
plasmonic Au nanostructures regarding synthetic method
development, structure–property relationships, and newly
emerging applications in enantioselective catalysis, biosensing,
and nanophotonics has been reviewed elsewhere in a series of
recently published comprehensive review articles,188,191–209 and
therefore, is not further discussed in this feature article.

High-index facets of fcc Au have built-in structural
chirality.210–212 The absolute configurations of these chiral
surfaces are determined by the spatial arrangement of the
surface atoms at the kinked sites where low-index microfacets
intersect. Chiral molecules can recognize and interact with the
intrinsically chiral kinked sites on the high-index facets in an
enantio-specific manner, resulting in nonequal crystal growth
rates on the two oppositely chiral high-index planes. As a proof-
of-concept, Nam and coworkers213 successfully synthesized a
series of single-crystalline chiral Au nanoparticles with helicoid
morphologies that consist of highly twisted chiral elements.
The synthetic methods for chiral Au nanohelicoids are similar
to those developed for the high-index faceting Au nanocrystals
in many aspects, except that chiral molecules, most commonly
amino acids and peptides, are added to establish the enantio-
selective metal–adsorbate interactions.

In the absence of chiral molecular additives, single-
crystalline Au nanocubes evolve into stellated octahedral

nanocrystals, each of which is bound by 48 identical triangular
high-index {321} facets with a 4/m2/m point group symmetry.213

According to the rotational direction of the low-index micro-
facets, a {321} facet may adopt either the R (clockwise rotation,
{321}R) or the S (anticlockwise rotation, {32%1}S) conformation.
Cysteine, a chiral amino acid, can interact with {321} facets in
an enantioselective manner, resulting in asymmetric over-
growth of the {321}-faceting Au nanocrystals. L-Cysteine adsorbs
to the {321}R regions with higher affinity than to the {32%1}S

regions, selectively slowing down the crystal growth on the R
regions. Such enantioselective surface-passivation leads to the
splitting of the boundaries between the {321}R and {32%1}S

regions, tilting the boundaries preferentially toward the S
region to form a chiral structure with the 432-point group
symmetry, termed as Helicoid I (left panel in Fig. 6(A)). Simi-
larly, adsorption of D-cysteine to the surfaces of the stellated Au
nanooctahedra twists the boundaries toward the R region,
producing Helicoid I structures with the opposite handedness
(right panel in Fig. 6(A)). The left- and right-handed Helicoid I
particles have essentially the same peak positions but inverted
peak shapes in circular dichroism spectra (Fig. 6(B)).

Chiral molecular additives play crucial roles in guiding the
growth of chiral Au nanocrystals. When L-glutathione (L-GSH)
instead of L-cysteine or D-cysteine is added to the overgrowth
solution, Au nanocubes evolve into a strikingly different chiral
morphology with the same 432 point group symmetry, referred
to as Helicoid II (Fig. 6(C)), by twisting a different R–S boundary
between {312}R and {312}S.213 Under the same overgrowth
conditions, switching the seed particles from Au nanocubes
to Au nanooctahedra leads to the formation of another type of
chiral nanostructures, denoted as Helicoid III, without chan-
ging the 432 point group symmetry of the particles. Each
Helicoid III nanoparticle exhibits a pinwheel-like morphology
consisting of four highly curved arms on each of the six faces of
the cubic geometry (Fig. 6(D)).213 In comparison to Helicoids I
and II, the chiral elements in Helicoid III are twisted with a
higher curvature and the grooves between the twisted ridges are
deeper, resulting in even stronger optical activity with dissym-
metry factors (g-factors) significantly larger than those of Heli-
coids I and II.

Over the past few years, a large library of structurally distinct
Au nanocrystals with intrinsic structural chirality have been
successfully synthesized choosing structurally tailored Au nano-
crystals as the seeds and a diverse range of chiral molecules as the
structure-directing agents. For example, a pentatwinned Au nano-
dodecahedron with 5-fold rotational symmetry evolves into a
chiral pentagonal nanostar (PNS) and a chiral pentagonal nanopr-
ism (PNP) when using CYP (cysteine–phenylalanine) and GSH (g-
glutamic acid–cysteine–glycine) as chirality-inducers, respectively
(Fig. 6(E)).214 Employing achiral single-crystalline Au nanorods as
the seeds, a series of quasi-one-dimensional chiral Au nanostruc-
tures with tunable aspect ratios and controlled handedness can be
synthesized (Fig. 6(F)–(H)).215–217 Quasi-two-dimensional chiral Au
nanostructures have also been synthesized through deliberately
designed colloidal or surface-guided nanocrystal overgrowth pro-
cesses. For example, Au nanopropellers (Fig. 6(I)) can be derived
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from cysteine-guided overgrowth of achiral Au nanoprims.218 Au
nanospirals (Fig. 6(J) and (K)) can be synthesized through
plasmon-driven asymmetric growth of surface-immobilized seeds
using protonated phenyl-modified carbon nitride as a chirality-
inducer.219 Regardless of how complicated the targeted chiral
nanostructures are, three most critical factors much be taken
into careful consideration when designing synthetic approaches
to chiral Au nanostructures. First, the nanocrystal overgrowth
conditions must be controlled to favor the formation of specific
types of high-index facets or atomically kinked surface sites with
intrinsic structural chirality. Second, the choice of chiral mole-
cular additives should ensure effective transfer of the molecular
chirality to the chiral growth of nanocrystals. Third, the struc-
tures of the Au seeds need to be judiciously tailored to promote
the chiral twist at the boundaries between targeted facets. These
guiding principles provide the keystone for designing synthetic
approaches to chiral Au nanostructures with targeted chiroptical
and enantioselective catalytic functions. The library of experi-
mentally realizable Au chiral nanostructures will continue to
expand rapidly, as there seem to be an unlimited number of
combinations of seed structures, chiral molecular additives, and
nanocrystal overgrowth environments one can choose for chiral
nanostructure synthesis.

4.5. Tuning interband transitions in Au-based nanostructures

The tunable light absorption and scattering properties of Au
nanoparticles in the visible and NIR spectral regions are

essentially determined by the behaviors of free electrons in
the conduction band (6sp band in the case of Au), purely
plasmonic in nature. Au nanoparticles also absorb light on
the higher-energy (shorter-wavelength) side of their plasmon
resonances due to electronic interband transitions.220 As sche-
matically illustrated in Fig. 7(A), the interband transitions of
electrons in Au from the 5d to 6sp bands occur when the
excitation photon energy exceeds a threshold of B2.3 eV
(B538 nm). Photoexcitations of d-to-sp interband electronic
transitions in Au result in generation of hot holes in the d band
below the Fermi level and hot electrons in the sp band near the
Fermi level.13,220 In contrast to the interband transitions,
resonantly excited localized plasmons in Au nanoparticles, in
the context of the classical electromagnetic theory, can be
described as collective oscillations of free electrons in the 6sp
band in response to the electric fields of the excitation light.
The plasmon resonances may decay nonradiatively into non-
thermal hot electrons and holes within the 6sp band of Au.11,13

The hot electrons can be distributed within an energy range
from EF to EF + �ho (EF is the Fermi energy of Au and �ho is the
energy of an excitation photon), while the hot holes reside
below EF. In a quantum mechanical description, resonant
excitations of localized plasmons involve electronic transitions
between sp-band states with different electron momenta and
are thus, also called intraband electronic excitations.10,13 Both
the interband hot carriers derived from the d-to-sp interband
transitions and the intraband hot carriers derived from

Fig. 6 (A) SEM images and (B) circular dichroism spectra of Au Helicoid-I nanoparticles with two different handedness. SEM images of Au (C) Helicoid-II and (D)
Helicoid-III nanoparticles. (E) Schematic illustration of particle synthesis (upper panel) and SEM images of chiral PNS (lower left panel) and PNP (lower right panel)
particles. (F) Tomography reconstruction (left panel) and HAADF-STEM image (right panel) of chiral Au nanorods synthesized through micelle-directed chiral
seeded growth. (G) SEM image of helical Au nanorods. (H) SEM image of fourfold twisted Au nanorods. (I) TEM image of Au nanopropellers. (J) and (K) SEM images
of Au nanospirals. Adapted with permission from (A)–(D) ref. 213 (Copyright 2018 Springer Nature), (E) ref. 214 (Copyright 2024 American Chemical Society), (F) ref.
215 (Copyright 2020 American Association for the Advancement of Science), (G) ref. 216 (Copyright 2021 American Chemical Society), (H) ref. 217 (Copyright 2023
John Wiley and Sons), (I) ref. 218 (Copyright 2020 American Chemical Society), and (J) and (K) ref. 219 (Copyright 2021 American Chemical Society).
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plasmon decay are exploitable for photocatalysis. However, these
two types of photoexcited hot carriers in Au nanoparticles differ
strikingly from each other in terms of energy distributions,
relaxation dynamics, and diffusion lengths, and therefore may
exhibit remarkably different photocatalytic behaviors.220–223

Oxidative etching of Au nanorods by Fe3+ cations has been a
model reaction ideal for comparing the photocatalytic efficacies
of the interband and intraband hot carriers photogenerated in
Au.224 As illustrated in Fig. 7(B), Fe3+ cations can oxidize
metallic Au to produce Au(III) ions preferentially at the ends
of Au nanorods, which leads to shortening of Au nanorods and
a spectral blue-shift of the longitudinal plasmon band. The
etching of Au nanorods is kinetically very slow in the dark but
becomes significantly faster under light illumination due to
photogeneration of either intraband or interband hot carriers
in Au nanorods. The hot carriers are more abundant at the ends
than at the lateral sides of Au nanorods, promoting the
regioselective Au dissolution at the ends of Au nanorods under
both chemical and electrochemical etching conditions.224,225

The longitudinal plasmon resonance of Au nanorods can be
shifted into the NIR region, far below the energy threshold for
interband transitions, whereas the transverse plasmon reso-
nances spectrally overlap with the tail of the interband absorp-
tion. The wavelength-dependence of quantum yields, i.e. the

action spectrum of photocatalysis, shown in Fig. 7(C) reveals
that the interband hot carriers are drastically more efficient in
catalyzing the etching of Au nanorods. The quantum yield of
the interband hot carrier-driven reactions becomes higher as
the excitation wavelength decreases. Although the longitudinal
plasmon peak is far more intense than the transverse plasmon
peak in the extinction spectrum, photoexcitations at the trans-
verse plasmon resonance wavelengths result in much higher
quantum yields than at the longitudinal plasmon resonance
wavelengths due to the contribution of interband transitions.
These results indicate that interband transitions can
more efficiently generate hot carriers exploitable for oxidative
etching of Au nanorods than intraband excitations of
localized plasmons. A similar trend has also been observed
in the Au nanoparticle-catalyzed cyclization reaction of
alkynylphenols.224

Only a small fraction of the photoexcited hot carriers can be
extracted from Au nanoparticles and become exploitable for
photocatalysis. The size of Au nanoparticles has been found to
be a critical factor determining the excitation and utilization
efficiencies of hot carriers.226 The scattering-to-absorption
ratio increases with the size of Au nanoparticles. Smaller Au
nanoparticles are stronger light absorbers at their plasmon
resonance frequencies, and are thus considered more efficient

Fig. 7 (A) Photoexcitation of interband and intraband hot carriers in Au. (B) Schematic illustration of photo-enhanced etching of Au nanorods by Fe3+.
(C) Quantum yield of the Au etching reaction at various excitation wavelengths, with reference to the optical extinction spectra of Au nanorods. (D)
Schematic illustration of hot carrier-driven etching of Au nanoparticles and reduction of styrene. Particle size-dependent quantum yields for (E) the
etching of Au nanoparticles under interband excitations (440 nm, 13.7 mW) and (F) the reduction of styrene under interband excitations (405 nm, 415
mW). (G) Schematic illustration of hot carrier-driven generation of �OH radicals catalyzed by an Au–Cu alloy nanoparticle. Experimentally measured
extinction spectra of various Au and Au–Cu alloy nanoparticle samples and the apparent rate constants of photocatalytic RhB degradation at various
excitation wavelengths in the presence of 2 mM H2O2 and (H) Au-58, (I) AuCu4.3-58, (J) Au-180, and (K) AuCu4.5-178 nanoparticles. The concentration of
colloidal nanoparticles in the reactant mixtures was kept at B1.0 � 109 particles mL�1. The excitation power at various excitation wavelengths were fixed
at 0.5 W. Adapted with permission from (B) and (C) ref. 224 (Copyright 2017 American Chemical Society), (D)–(F) ref. 226 (Copyright 2019 American
Chemical Society), and (G)–(K) ref. 230 (Copyright 2024 American Chemical Society).
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in generating plasmonic hot carriers in comparison to larger Au
nanoparticles. To become exploitable for photocatalysis, the
energetic hot carriers must migrate to the nanoparticle surfaces
and get transferred to surface-adsorbed molecules or ions
before they are relaxed and thermalized within the metal
lattices. Choosing chemical etching of Au nanoparticles by
Fe3+ and transfer hydrogenation of styrene (Fig. 7(D)) as model
reactions, Nguyen and coworkers226 have demonstrated that
the diffusion of photoexcited hot carriers inside Au nano-
particles is a critical factor limiting the surface abundance
and utilization efficiencies of hot carriers for photocatalysis.
For both reactions, Au nanoparticles are photocatalytically
more active under interband excitations than under plasmonic
excitations. The apparent reaction rates decrease as the size of
Au nanoparticles increases. The quantum yields under inter-
band excitations are proportional to the reciprocal of the
particle size (Fig. 7(E) and (F)), a characteristic scaling law
rooted in the intraparticle diffusion of photoexcited hot car-
riers. Under plasmon excitation conditions, however, the size-
dependent photocatalytic activity of Au nanoparticles deviates
slightly from this scaling law, possibly due to the influence by
the local-field enhancements on the nanoparticle surfaces.

Although the plasmon resonance frequencies of Au nano-
particles can be systematically tuned over a broad spectral
range across the visible and infrared regions, interband transi-
tions in Au nanoparticles can only be excited within an essen-
tially fixed spectral window ranging from the ultraviolet to the
blue region of the visible spectrum, independent of the particle
geometries and local environments.220 The spectral range in
which interband transitions occur is essentially determined by
the electronic band structures of Au. The electronic states in an
Au nanoparticle are considered as continuous and metal-like,
analogous to those in bulk Au materials, as long as the nano-
particle is larger than a few nanometers, i.e., in the plasmonically
relevant size regime. The onset of interband transitions in Au
nanoparticles is around 2.3 eV, which corresponds to the energy
gap between the edge of the d band and the Fermi level of Au.
Tuning the onset of interband transitions requires modification
of the d band energy with respect to the Fermi level, which can
be achieved by alloying Au with transition noble metals, such as
Pd. As demonstrated by McPeak and coworkers,227 AuxPd1�x

alloy films, under NIR excitations at 1550 nm (the optical fiber
wavelength), can provide up to a 20-fold increase in the number
of hot carriers in comparison to their monometallic Au counter-
parts with carrier lifetimes about 3 times longer than those in
monometallic Pd films. As shown more recently by Ross and
coworkers,228,229 incorporating post-transition metal elements,
such as Sn, In, and Bi, into the Au lattice can shift the onset of
interband transitions with respect to the plasmon resonance
wavelengths, which enables modulation of plasmon damping
caused by interband transitions. How the spectral overlap
between plasmon resonances and interband transitions affects
the photocatalytic efficacies of interband and intraband hot
carriers remains a fundamentally interesting open question.

Au–Cu alloy nanoparticles represent a unique material sys-
tem, in which the excitation energy threshold for d-to-sp

interband transitions becomes tunable upon variation of Cu/
Au stoichiometric ratios, while the plasmon resonance fre-
quency can be tuned by changing the particle sizes.230 The
degree of spectral overlap between interband transitions and
plasmon resonances in the visible region not only regulates the
damping of plasmon resonances but also profoundly influ-
ences the photocatalytic efficacies of intraband and interband
hot carriers in Au–Cu alloy nanoparticles. As illustrated in
Fig. 7(G), both the intraband and interband hot electrons
photoexcited in Au–Cu alloy nanoparticles can be harnessed
to drive the reduction of H2O2, which produces �OH radicals.
Alternatively, �OH radicals can be produced through interband
hot hole-driven oxidation of H2O. The �OH radicals derived
from interband and intraband hot carrier-driven reactions are
highly reactive, capable of degrading dye molecules, such as
Rhodamine B (RhB), in aqueous environments. When using
relatively small Au nanoparticles (average diameter of 58 nm,
denoted as Au-58) within the quasi-static limit as the photo-
catalysts for RhB degradation in the presence of H2O2, the
action spectrum matches the extinction spectral profiles of the
nanoparticles very well (Fig. 7(H)). However, alloying Au with
Cu in similar-sized nanoparticles (AuCu4.3 alloy nanoparticles
with an average diameter of 58 nm, denoted as AuCu-58) leads
to remarkably enhanced photocatalysis under interband excita-
tions, and the photocatalytic action spectrum deviates signifi-
cantly from the optical extinction spectra (Fig. 7(I)). In larger
nanoparticles beyond the quasi-static limit, the interband hot
carriers have been observed to be photocatalytically more active
than the intraband plasmonic hot carriers in both monome-
tallic Au (Fig. 7(J)) and Au–Cu alloy nanoparticles (Fig. 7(K)).
With similar particle sizes around 180 nm, AuCu4.5 alloy
nanoparticles (denoted as AuCu4.5-178) appear photocatalyti-
cally far more efficient than their monometallic counterparts
(denoted as Au-180) under interband excitations. At a fixed Cu/
Au stoichiometric ratio, the surface-specific rate constants of
the photocatalytic reactions driven by intraband hot carriers
decay more rapidly than those of interband hot carrier-driven
reactions as the particle size increases, suggesting that the
interband hot carriers may have longer lifetimes and diffusion
lengths in comparison to the intraband hot carriers. At a given
particle size, the photocatalytic reactions become kinetically
faster upon increase of the Cu/Au stoichiometric ratio in the
alloy nanoparticles under interband excitations, which can be
most reasonably interpreted in the context of composition-
dependent hot carrier lifetimes as well as the energy shift of
the d band and Fermi level. These results indicate that the
particle dimensions and compositional stoichiometries are
both key factors influencing the photocatalytic efficacies of
interband and intraband hot carriers in Au-based alloy
nanoparticles.

5. Conclusions and outlook

In this feature article, I have elucidated the detailed structure–
property relationships underpinning the integrated optical and
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catalytic tunabilities of several deliberately designed Au-based
nanostructures, including surface-roughened Au nanoparticles,
dealloyed Au nanosponges, high-index faceting Au nanorods,
and chiral Au nanocrystals. Although experimental realization of
the above-mentioned nanostructures relies on seemingly diverse
synthetic approaches, the basic strategies for integrating tunable
optical and catalytic properties in single Au nanostructures inevi-
tably involve precise control of the atomic-level surface structures
of Au nanoparticles whose dimensions are in the plasmonically
relevant, subwavelength size regime. Merging plasmonic and
catalytic tunabilities within the same nanoscale entities creates
unique opportunities to use plasmon-enhanced spectroscopies,
such as SERS, as in situ molecule-fingerprinting tools to precisely
monitor detailed structural evolution of molecular adsorbates in
real time during catalytic reactions. Au nanoparticles with finely
optimizable plasmonic-catalytic dual-functionalities also provide
a unique material platform, based upon which various plasmon-
derived photophysical and photochemical effects can be har-
nessed to drive or enhance catalytic molecule-transforming pro-
cesses. Alloying Au with other metal elements in nanoparticles
further enables us to tune the degree of spectral overlap between
interband transitions and plasmon resonances, which profoundly
influences not only the damping of plasmons but also the
photocatalytic behaviors of intraband and interband hot carriers.
Success in precise tuning of both the optical and catalytic proper-
ties of Au-based nanostructures provides a solid foundation for us
to further answer a series of fundamentally important and
challenging scientific questions at the interface between nano-
plasmonics and nanocatalysis.

All the Au-based nanostructures discussed so far in this
feature article, regardless of how complicated their particle
geometries are, form the fcc crystalline lattices. It has been
recently observed that non-fcc lattices may also emerge in Au
nanostructures under specific synthetic conditions.231–234 The
unconventional non-fcc Au nanostructures may become even
more active in catalyzing certain reactions than their counter-
parts adopting the conventional fcc structures.231–233 The non-
fcc Au nanocrystals typically exhibit exotic anisotropic particle
geometries with intrinsic plasmonic tunability. In the case of
non-fcc Au nanostructures, the design principles of synthetic
methods and the structure–property relationships may differ
vastly from those applicable to the fcc Au nanoparticles. How to
fine-tune the optical and catalytic properties simultaneously
within the same non-fcc Au nanoparticles remains a funda-
mentally intriguing topic well-worthy of further investigations.

The surfaces of virtually all experimentally synthesized
colloidal Au nanoparticles are capped with molecular ligands,
which play crucial roles in guiding the structural evolution of
Au nanocrystals during colloidal synthesis. Surface-adsorbed
ligand molecules may cause a spectral shift of the plasmon
resonance bands by changing the local dielectric environments
surrounding the nanoparticles. When the adsorbate orbitals
are strongly coupled Au plasmons, the spectral lineshapes of
plasmon resonance bands can be significantly modified due to
chemical interface damping, which involves direct injection of
hot carriers in molecular adsorbates.235,236 On the other hand,

molecular adsorbates may modify the intrinsic catalytic proper-
ties of the Au nanoparticles by influencing the interactions of
reactant molecules with the active sites on Au surfaces.237–241

How molecular adsorbates affect the intrinsic physicochemical
properties of plasmonic-catalytic dual-functional Au-based
nanostructures deserves further investigations in greater detail
at a higher level of quantitativeness.

Au-based nanostructures may function as plasmonic reso-
nators and active catalysts simultaneously, and have thereby
been widely used for plasmon-mediated photocatalysis. Several
plasmon-derived effects, including nonthermal hot carriers,
local-field enhancements, and photothermal transduction,
can all play crucial roles in determining the overall kinetic
features of photocatalytic reactions.10–12,242–252 It has long been
challenging to distinguish and quantify the contributions
of multiple intertwining effects to plasmonic photocatalysis,
especially for mechanistically complex reactions involving mul-
tiple reaction pathways. The exact roles of nonthermal vs.
thermal effects,253–257 Landau damping vs. chemical interface
damping,258,259 and local-field enhancements vs. hot carrier
transfer260 in various plasmon-mediated photocatalytic reac-
tions have been widely debated. Success in developing an in-
depth mechanistic understanding of plasmonic photocatalysis
not only requires development of time-resolved and steady-
state spectroscopic and computational tools but also ultimately
relies on precise structural control of plasmonic-catalytic dual-
functional nanoparticles.
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78 G. González-Rubio, V. Kumar, P. Llombart, P. Dı́az-Núñez, E. Bladt,
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