Governor's Award Winner: Young Scientist Award For Excellence In Scientific Research

In Situ Monitoring of Catalytic Molecular Transformations on Noble Metal
Nanocatalysts Using Surface-Enhanced Raman Spectroscopy

Hui Wang*, Qingfeng Zhang, Esteban Villarreal, Hao Jing, and Kexun Chen

Department of Chemistry and Biochemistry, University of South Carolina, 631 Sumter Street, Columbia, South Carolina 29208, United States

Noble metal nanoparticles have long been of tremendous interest in the nanophotonics and nanocatalysis communities owing to their
intriguing size- and shape-dependent plasmonic and catalytic properties. The combination of tunable plasmon resonances with superior
catalytic activities on the same noble metal nanoparticle, however, has long been challenging because the research on nanoplasmonics
and nanocatalysis deals with nanoparticles in two drastically different size regimes. While tunable plasmon resonances are a unique
feature of metallic nanoparticles in the sub-wavelength size regime, heterogeneous catalysis requires the use of substrate-supported sub-
5 nm nanoparticulate catalysts. In this mini-review article, we share with the readers several approaches we recently developed toward
the realization of plasmonic-catalytic dual-functionalities on a single noble metal nanoparticle. Our approaches involve judicious
tailoring of the atomic-level surface structures of sub-wavelength plasmonic nanoparticles through either kinetically controlled seed-
mediated nanocrystal growth or regioselective surface etching. These structurally tailored, dual-functional nanoparticles serve as both
substrates for surface-enhanced Raman spectroscopy (SERS) and free-standing nanoparticulate catalysts. Using SERS as a molecular
finger-printing spectroscopic tool, we have been able to track detailed structural evolution of molecular adsorbates in real time during
catalytic reactions. The quantitative insights gained from the in situ SERS measurements shed light on the detailed
relationships between interfacial molecule-transforming behaviors and the atomic-level surface structures of noble metal nanocatalysts.

Introduction

While noble metals, such as Au, Ag, Pt, and Pd, are all precious
materials, they may become even more “precious” when their
dimensions are reduced to the nanoscale owing to the emergence of
unique optical and catalytic properties that are otherwise unobservable in
their bulk counterparts. Noble metal nanoparticles (NMNPs) exhibit
highly tunable optical properties that are dominated by the resonantly
excited free electron oscillations, known as plasmons. By tailoring the
size, shape, composition, and local environment of NMNPs, the plasmon
resonance frequencies can be fine-tuned over a broad spectral range
spanning the visible and near-infrared regions, offering unique
opportunities for applications in photonics, sensing, and biomedicine.'”
An optically excited plasmonic nanoparticle may also function as a
nanoscale antenna that concentrates light into ultrasmall volumes in
close proximity to the particle surfaces, creating electromagnetic “hot
spots” with enormous local-field enhancements exploitable for plasmon-
enhanced  spectroscopies.”® Besides their fascinating  optical
characteristics, NMNPs, especially multimetallic alloys and
heteronanostructures, have also aroused rapidly growing interest in the
heterogeneous catalysis community because they represent a family of
catalyst materials whose structural and compositional parameters can be
systematically tuned to achieve the optimal catalytic performance toward
specific reactions.'*!?

Development of detailed mechanistic understanding of NMNP-based
catalysis relies critically on our capability to precisely monitor the
molecular transformations occurring on catalyst surfaces in real time.
Surface-enhanced Raman scattering (SERS) provides an ultrasensitive,
non-invasive plasmon-enhanced vibrational spectroscopic tool ideal for
detailed structural characterizations of molecular adsorbates residing in
the plasmonic hot spots on NMNP surfaces.”” SERS-based in situ
monitoring of catalytic reactions requires dual functionalities that merge
desired plasmonic and catalytic properties on the same NMNPs, which
has long been a challenging task because plasmonics and catalysis
require the use of NMNPs in two drastically different size regimes.
Tunable plasmon resonances are a unique feature of NMNPs in the sub-
wavelength size regime typically ranging from tens of nanometers to
submicrons, whereas heterogeneous catalysis requires the use of much
smaller nanoparticulate catalysts in the sub-5 nm size regime. The most
straightforward  strategy to realize plasmonic-catalytic  dual-
functionalities on the same nanoscale entity is to assemble catalytically
active sub-5 nm NMNPs on or near the surfaces of sub-wavelength
plasmonic nanostructures to form suprananostructures.”*'” Although
these dual-functional suprananostructures enable SERS-based reaction
monitoring, it still remains challenging to elucidate the detailed structure
-property relationships underpinning the materials performance and the
interfacial molecular behaviors because of the intrinsic structural

complexity of the suprananostructures and additional complication
arising from multimodal interactions between the discrete functional
units.

This mini-review article epitomizes the mechanistic insights on
NMNP-catalysis we recently gained through deliberately designed in situ
SERS measurements. The key to the success of our research endeavor is
the integration of desired plasmonic and catalytic properties on dual-
functional single-component nanoparticles, which serve as both SERS
substrates and free-standing catalysts. Our synthetic approaches to the
dual-functional NMNPs involve fine-engineering of the surface atomic
coordination and configurations of plasmonically tunable sub-
wavelength nanoparticles through either seed-mediated nanocrystal
growth or regioselective surface etching under kinetically controlled
conditions. Monitoring NMNPs-catalyzed reactions in sifu using SERS
as a unique molecular finger-printing tool allows us to correlate detailed
interfacial molecule-transforming behaviors to the atomic-level surface
structures of the nanocatalysts.

Surface Textured Au Nanoparticles

The intriguing size-dependent catalytic behaviors of NMNPs have
been best manifested by Au nanocatalysts. Although Au is catalytically
inert in the form of bulk materials, ultrasmall Au nanoparticles with
diameters below ~ 5 nm exhibit remarkable catalytic activities toward a
diverse set of reactions.'®*® When serving as the catalysts, these sub-5
nm Au nanoparticles are typically dispersed on high-surface-area oxide
supports to suppress the particle sintering under operando conditions.
Interestingly, the oxide materials supporting the Au nanocatalysts may
further enhance the overall catalytic activities through various
mechanisms _ involving  particle-support and  molecule-support
interactions.”'** While several aspects regarding detailed mechanisms
dictating the size-dependent catalytic behaviors of Au still remain
ambiguous, it has become increasingly evident that the undercoordinated
surface atoms, which are highly abundant on the locally curved surfaces
of sub-5 nm Au nanoparticles, serve as the primary active sites for
catalysis.”®**2* When Au nanoparticles become larger than 5 nm, their
catalytic activity rapidly decays and diminishes owing to the low fraction
of undercoordinated atoms exposed on their surfaces. Despite their
limited catalytic activity, these larger Au nanoparticles show strong,
tunable plasmon resonances with intense local field enhancements
exploitable for SERS. In contrast, sub-5 nm metallic nanoparticles
exhibit weak plasmon resonances featured by broadened extinction
spectral lineshapes and diminished scattering and absorption features.?’

We bridged this intrinsic gap between the two particle size regimes
required for catalysis and plasmonics by creating nanoscale textures on
the surfaces of sub-wavelength Au nanoparticles.”® Sub-wavelength
quasi-spherical nanoparticles (QSNPs) represent a thermodynamically
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favored geometry whose surfaces are dominated by energetically stable,
low-index facets, such as {111} and {100} facets, with only a small
fraction of undercoordinated surface atoms located at the surface defect
sites and the crystalline domain boundaries (Figure 1A). Through
deliberate kinetic control of the seed-mediated nanocrystal growth, we
were able to synthesize Au surface-roughened nanoparticles (SRNPs), a
kinetically favored meta-stable structure. Au SRNPs are rich of
undercoordinated surface atoms at the locally curved surface sites
(Figure 1B-1E), well-mimicking the local surface structures of the
catalytically active, sub-5 nm nanoparticles. Au SRNPs also exhibited
greatly enhanced size-dependent plasmonic tunability (Figure 1F) and
remarkably higher local field enhancements in comparison to Au QSNPs
(Figure 1G and 1H). When the nanoparticle plasmons were tuned to be
on resonance w1th the excitation laser, apparent Raman enhancements on
the order of 10® were achieved on individual Au SRNPs, more than 3
orders of magnitude higher than those on individual Au QSNPs.”
Therefore, Au SRNPs represent a unique dual-functional materials
system ideal for SERS-based spectroscopic monitoring of catalytic
reactions.

We compared the catalytic activities of colloidal Au SRNPs and
QSNPs toward the hydrogenation of 4-nitrophenol (4-NP) by
borohydride in aqueous environment, a prototypical model reaction
widely used for assessing the catalytic performances of metallic
nanocatalysts. The reaction progress can be tracked in real time
straightforwardly using UV-vis absorption spectroscopy because the
reactant, 4-NP, and the final product, 4-aminophenol (4-AP), display
distinct characteristic absorption peaks at 400 nm and 320 nm,
respectively. Our UV-vis absorption spectroscopic results clearly
showed that colloidal Au SRNPs exhibited surface-specific catalytic
activities commensurate with those of ultrasmall Au nanoparticles (~ 2
nm in diameter) even though their overall particle sizes are in the
catalytically inactive size regime (> 100 nm). However, the UV-vis
absorption spectroscopic results neither precisely reflected the intrinsic
catalytic activity of the Au nanocatalysts nor provided detailed
molecular-level information regarding the multi-step reaction
mechanisms. To gain deeper insights, we used a confocal Raman
spectrometer/microscope setup to track the molecule transformations
during catalytic hydrogenation of self-assembled monolayers (SAMs) of
4-nitrothiophenol (4-NTP) pre-immobilized on the surfaces of colloidal
nanoparticles through time-resolved SERS measurements.

Our SERS-based approach has several unique advantages. (1) The
plasmonic properties of the colloidal nanoparticles can be fine-optimized
to generate intense local field enhancements that allow us to fine-resolve
the spectral features of monolayer and sub-monolayer molecular
adsorbates at the molecule-catalyst interfaces, enabling identification of
transient reaction intermediates that are difficult to resolve through other
means. (2) The reactant molecules were pre-immobilized on the
nanocatalyst surfaces through covalent metal-thiol interactions, which
makes it possible to unravel the intrinsic surface reaction kinetics with
minimal complication caused by the molecular diffusion, adsorption,
desorption, and ligand exchange occurring at the catalyst-solution
interfaces. (3) Performing SERS measurements on colloidal samples
allows us to quantitatively evaluate the intrinsic catalytic activities of
free-standing metallic nanocatalysts without any complication caused by
the support materials. (4) Using a confocal Raman microscope allows us
to collect SERS signals from colloidal nanoparticle suspensions within
an excitation volume as small as ~100 fL. The limited exposure time of
each diffusing nanoparticle to the confocal laser beam effectively
minimized sample damage caused by photothermal heating and
suppressed plasmon-driven photoreactions.

Figures 2A shows the temporal evolution of SERS spectra during the
catalytic reaction. 4-NTP chemisorbed on the surfaces of Au SRNPs
exhibited three characteristic SERS peaks at 1080, 1338, and 1571 cm™
corresponding to C-S stretching (vcs), O-N-O stretching (vno), and the
aromatic ring stretching modes, respectively. At the initiate stage, we
observed an induction time during which all the 4-NTP SERS features
remained unchanged. The induction time was tied to the molecular
oxygen dissolved in solution, Wthh prohibited the adsorption of
borohydride ions to the Au surfaces After the dissolved oxygen was
consumed, borohydride started to interact with the Au surfaces to form
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Figure 1. Scanning electron microscopy (SEM) images of an Au
(A) QSNP and (B) SRNP. (C) Transmission electron
microscopy (TEM) image of an Au SRNP. (D, E) High angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images highlighting the atomic-level surface
structures of an Au SRNP. The inset in panel E is the fast Fourier
transform pattern of the HAADF-STEM image. Reprinted with
permission from ref [28]. Copyright 2014, American Chemical
Society. (F) Optical extinction spectra of colloidal Au SRNPs
with various average particle diameters as labeled in the figure.
The vertical dash line indicates the wavelength of excitation
laser for SERS measurements.  Cross-sectional  view  of
the local field enhancements of an Au (G) QSNP and (H)
SRNP with a diameter of 135 nm at 785 nm plane wave
excitation calculated using the Finite-Difference Time Domain
(FDTD) method. Reprinted with permission from ref [29].
Copyright 2014, American Chemical Society.

Au hydride species. After the surface coverage of metal hydride was
built up to a certain threshold value, the catalytic hydrogenation of the
surface-adsorbed 4-NTP was initiated. As the reactlon proceeded, the
peak intensities of both the 1338 and 1571 cm” modesprogresswely
decreased, while a new band corresponding to the phenol-ring modes
(vee) of 4 ATP at 1590 cm™ emerged and became more intense. The
characteristic vibrational modes of 4,4’-dimercaptoazobenzene (DMAB)
at 1140, 1388, and 1438 cm™ were clearly resolved at the intermediate
stage of the reactions, indicating that DMAB was the intermediate along
the reaction pathway. While the SAMs of 4-NTP and DMAB were
stable on the surfaces of Au SRNPs, the final product, 4-ATP,
dissociated from the particle surfaces in the presence of excessive
NaBH4, as the characteristic peaks of the vcs(1080 em™) and vee (1590
cm™) modes of 4-ATP both gradually decreased in intensity upon the
completion of the hydrogenation reaction. Based on the temporal
evolutions of several characteristic SERS peaks (Figure 2B), we
proposed a four-step reaction mechanism (Figure 2C): (1) generation of
Au hydride species through interactions between borohydride ions and
metal surfaces, which gave rise to the induction time; (2) reduction of
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Figure 2. (A) SERS spectra collected from 4-NTP-coated Au
SRNPs at different reaction times of 0, 100, 180, 220, 240, 260,
280, 300, and 350 s after exposure to 30 mM NaBH, in an
aqueous solution at room temperature. (B) Temporal evolutions of
the intensities of various SERS peaks at 1334, 1432, 1590, and
1080 cm™'. (C) Schematic illustration of the mechanism of the
catalytic hydrogenation reaction. Reprinted with permission from
ref [28]. Copyright 2014, American Chemical Society.

surface-adsorbed 4-NTP by the surface hydride to form DMAB; (3)
further reduction of DMAB into 4-ATP; and (4) desorption of 4-ATP
from the nanocatalyst surfaces.

The desorption of 4-ATP from the surfaces of Au SRNPs can be
interpreted in the context of nanoscale surface curvature effects.’' The
energetics and dynamics of the ligand-surface interactions are drastically
modified when nanoscale curvatures are introduced to the planar Au
surfaces. Through in situ SERS measurements, we found that the
binding behaviors of thiolated ligands to atomically flat Au surfaces
could be well-described using the classic Langmuir adsorption model,
exhibiting much stronger binding affinity than to nanocurved surfaces.
Although thermodynamically less favored, the binding of thiolated
ligand molecules to the locally curved Au surfaces was kinetically faster,
exhibiting a non-classic adsorption behavior with high binding
cooperativity. These results imply that the local curvature on
nanoparticle surfaces is a key structural parameter we can adjust to
further fine-optimize the nanoparticle-molecule interfaces for catalysis.

High-Index Faceting Au Nanocrystals

The SERS results collected on colloidal Au SRNPs clearly showed
that the undercoordinated surface atoms served as the primary active
sites for catalyzing the hydrogenation of 4-NTP. However, it still
remained challenging to quantitatively correlate the catalytic activity to
the surface atomic configurations because the surface structures of Au
SRNPs were highly sophisticated with a spatially heterogeneous
distribution of surface atoms adopting a diverse set of atomic
coordination numbers. This motived us to conduct a detailed
comparative study on the catalytic activities of polyhedral Au

nanocrystals enclosed by specific crystallographic facets with

characteristic surface atomic configurations.

We are particularly interested in high-index faceting Au
nanoparticles whose surfaces are rich of coordinatively unsaturated
atoms at the surface steps and kinks. Although thermodynamically less
stable, high-index facets exhibit remarkably higher catalytic activities
toward a variety of reactions than those of the low-index facets
terminated with close-packed surface atoms.> We chose single-
crystalline Au elongated tetrahexahedral (ETHH), concave cubic (CC),
and trisoctahedral (TOH) nanoparticles as three representative model
nanostructures, each of which was exclusively enclosed by one specific
type of high-index facets.*> The ETHH geometry can be derived from a
cuboid by creating surface convexity on each {100} facet (Figure 3A).
Through kinetically controlled seed-mediated nanocrystal growth, we
synthesized colloidal ETHH nanoparticles each of which was enclosed
by 24 high-index {730} facets (Figure 3B). A CC nanoparticle was
geometrically derived by introducing tetragonal indentation to each
{100} facet of a nanocube (Figure 3C). Each of the Au CC nanoparticles
synthesized through seed-mediated growth was enclosed by 24 high-
index {520} facets (Figure 3D). A TOH nanoparticle was derived from a
nano-octahedron by creating a trigonal pyramid on each triangular {111}
facet (Figure 3E). The Miller index of the exposed facets on the surfaces
of experimentally synthesized Au TOH nanoparticles was identified to
be {221} (Figure 3F). The Au ETHH, CC, and TOH nanocrystals were
all in the sub-wavelength size regime with well-defined facets
significantly larger than 5 nm in size, ensuring that the catalytic
activities were essentially tied to the characteristic distribution of
undercoordinated surface atoms on each type of facets rather than those
at the particle corners and edges. Sub-wavelength Au ETHH, CC, and
TOH NPs all exhibited appealing plasmonic properties, exhibiting size-
dependent plasmon resonances and significantly higher SERS
enhancements than the low-index facetin§ QSNPs primarily due to the
presence of vertices on their surfaces.’¥ Therefore, these high-index
faceting nanocrystals provided an ideal materials system for us to
quantitatively compare the intrinsic catalytic activities of three types of
high-index facets, {730}, {520}, and {221} facets, through in situ SERS
measurements.

Figure 3G shows the geometric models illustrating the atomic-level
surface structures of high-index {730}, {520}, {221} facets, on the basis
of which the fractions of surface atoms with specific coordination
numbers can be calculated. No surface desorption of final product, 4-
ATP, was observed upon completion of the reactions, indicating that 4-
ATP molecules were bound more strongly to the high-index facets than
to the nanotextured surfaces of SRNPs. Therefore, we were able to track
the fraction trajectories of both 4-NTP and 4-ATP in real time according
to the temporal evolution of SERS peak intensities at 1338 and 1590 cm”
!. Under our experimental conditions, this catalytic reaction obeyed
pseudo-first-order kinetics following the rate laws for a two-step
consecutive reaction.

HR — e*k1 x(t—ty)

(1),
0,=1+ ky ek”(”: - % x g 1)
2 @),
0,=1-6,-0
1 R P (3)’

where 0y and 0p were the fraction of reactant (4-NTP) and product (4-
ATP), respectively. 0, was the fraction of the intermediate (DMAB). ¢
was the reaction time. ¢, was the induction time. k; and k, were the rate
constants for the first and second hydrogenation steps, respectively. In
Figure 3H, we directly compared the k; and &, values for various Au
facets. Because k, was significantly larger than k;, 6, remained low
during the reactions. However, the high detection sensitivity of SERS
and the intrinsically large Raman cross-section of DMAB allowed us to
clearly identify DMAB as the intermediate and fully resolve the kinetics
of the two-step reaction. All the high-index facets were catalytically
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Figure 3. (A) Geometric models of a nanocuboid and an ETHH
nanoparticle. (B) SEM image of ETHH nanoparticles. (C)
Geometric models of a nanocube and a CC nanoparticle. (D)
SEM image of CC nanoparticles. (E) Geometric models of an
octahedral nanoparticle and a TOH nanoparticle. (F) SEM image
of TOH nanoparticles. (G) Schemes of the atomic level surface
structures of the high-index {730}, {520}, and {221} facets. (H)
Comparison of the rate constants, k; and k,, of the two-step
hydrogenation reactions on Au ETHH, CC, TOH nanocrystals
and QSNPs. (I) Fraction of the surface atoms with various
coordination numbers on the {730} (ETHH), {520} (CC),
{221} (TOH), and {111}/{100} (QSNPs) facets. Reprinted with
permission from ref [33]. Copyright 2014, American Chemical
Society.

more active than the low-index {111} and {100} facets. The catalytic
activity of Au surfaces increased with decrease in surface atomic
coordination numbers (Figure 31), displaying a general trend of {730} >
{520} > {221} > {100}/{111}. Our results provided clear experimental
evidence verifying the crucial roles of undercoordinated Au surface
atoms in catalyzing the nitro-aromatic compound hydrogenation
reactions.

Regioselective Surface Etching of Ag Nanostructures

Substituting Au and the Pt-group metals with Ag significantly
reduces the cost of catalyst materials because Ag is more earth-abundant
and less expensive than the other noble metals. Although chemically less
stable, Ag nanoparticles offer multiple advantages for plasmonic
applications as they have far stronger plasmon resonances, wider
plasmonic tuning range, and more intense local field enhancements than
those achievable on the other noble metal counterparts. This motivated
us to study the facet-dependent catalytic activity of Ag nanocatalysts
using SERS as a plasmon-enhanced spectroscopic tool. However,
controlled synthesis of high-index faceting Ag nanocrystals has been
significantly more challenging because undercoordinated surface atoms
of Ag are thermodynamically less stable than their Au and Pt
counterparts and are thus, more difficult to retain during nanocrystal
growth. Our strategy of integrating desired plasmonic and catalytic
properties on the same Ag nanostructure is to create high-index facets on

sub-wavelength Ag nanoparticles surface

through
etching

regioselective

Our synthetic approach to the high-index faceting Ag nanostructures
is schematically illustrated in Figure 4A. We chose Au@Ag core-shell
nanocuboids enclosed by thermodynamically stable low-index {100}
facets as the starting materials. By regioselectively etching the
nanocuboid surfaces, we were able to create catalytically active high-
index facets on the particle surfaces while maintaining the capability to
fine-tune the plasmonic properties of the nanoparticles. Au@Ag core-
shell nanocuboids were synthesized through epitaxial growth of Ag on
the surfaces of single-crystalline Au nanorods. The nanocuboids
underwent oxidative etching preferentially at the particle corners and
edges upon exposure to Cu?’, ascorbic acid (AA), and
cetyltrimethylammonium chloride (CTAC) in an aqueous environment
at 65 °C, gradually evolving into rice-shaped nanoparticles. CTAC
served as a structure-directing surface-capping agent that selectively
passivated the Ag {100} facets against etching. When the nanocuboids
were exposed to Fe’" and cetyltrimethylammonium bromide (CTAB),
fast etching of the Ag {100} facets occurred, while the etching of the
edges and corners were observed to be significantly slower than the side
facet indentation, leading to the formation of dumbbell-shaped
nanoparticles.

The geometric evolution of nanoparticles during etching caused
systematic spectral shifts of the plasmon resonances. When the
nanoparticle plasmons were tuned to be on resonance with the excitation
laser at 785 nm, large local field enhancements were achieved on the

Nanocuboid
Cu2*
AA Fe3*
CTAC CTAB
N
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Figure 4. (A) Schematic illustration of regioselective etching of

Au@Ag core-shell nanocuboids. (B) FDTD-calculated cross-
sectional views of the local field enhancements of a nanocuboid
(left), nanorice (middle), and nanodumbbell (right) upon excitation
of their longitudinal plasmons at 785 nm. HAADF-STEM images of
a (C) nanocuboid, (D) nanorice, and (E) nanodumbbell. The left
panels show the images of individual particles and the right panels
show the high-resolution images of the regions enclosed by the
yellow squares in the left panels. (F) Comparison of k; and &, of the
two-step hydrogenation reactions catalyzed by nanocuboid, nanorice
and nanodumbbell particles. Reprinted with permission from ref
[35]. Copyright 2014, American Chemical Society.
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surfaces of nanocuboids, nanorice, and nanodumbbells (Figure 4B),
giving rise to strong SERS enhancements. The regioselective nanoscale
etching of nanocuboids also resulted in the formation of high-index
facets at the etched surface sites. Prior to etching, a nanocuboid was
enclosed by 6 {100} facets with some slight truncations at its edges and
corners (Figure 4C). After a nanocuboid was etched into a nanorice
particle, various well-defined high-index facets, such as {210} and
{310} facets, formed on the particle surfaces (Figure 4D). Multiple
stepped and kinked surfaces composed of localized high-index facets
with Miller indices of {310}, {410}, {510}, and {610} were found at the
tips and sides of the nanodumbbell particle (Figure 4E). The mechanism
of the catalytic hydrogenation of 4-NTP on Ag surfaces appeared similar
to that on Au surfaces, with DMAB and 4-ATP serving as the
intermediate and final product, respectively. Both nanorice and
nanodumbbells exhibited drastically enhanced catalytic activities in
comparison to the nanocuboids due to the presence of high-index facets
on the particle surfaces. Nanodumbbells exhibited the highest catalytic
activity with k; approximately 10 times higher than that of nanorice
particles and 2 orders of magnitude higher than that of the low-index
faceting nanocuboids.

Kinetically controlled seed-mediated nanocrystal growth and
regioselective surface etching provided two distinct pathways to create
high densities of undercoordinated atoms on NMNP surfaces.
Interestingly, oxidative etching and nanocrystal growth may interplay
with each other to synergistically guide the versatile structural evolution
of NMNPs under kinetically controlled conditions. Recently, we found
that the nanoscale surface topography of shape-controlled Au
nanocrystals could be fine-tailored through deliberate kinetic control of
oxidative etching with respect to nanocrystal growth (Figure 5).>® Our
experimental observations strongly indicated that oxidative etching must
be added as a pivotal missing piece to the puzzle to fully decipher the
complex mechanisms underpinning the intriguing structural evolution of
nanocrystals under the foreign ion- and surfactant-coguided seed-
mediated growth conditions. Nanoscale surface texturing of sub-
wavelength metallic nanoparticles greatly expands the plasmonic tuning
range and enhances the local electric fields exploitable for SERS.
Meanwhile, the surface-textured nanocrystals are enclosed by highly
abundant undercoordinated surface atoms, which may serve as the active
sites for heterogeneous catalysis. Therefore, judicious coupling of
nanocrystal growth with regioselective oxidative etching enables
structural control of NMNPs at a higher level of sophistication, greatly
enhancing our capabilities to further fine-optimize the optical and
catalytic properties of nanoparticles for specific applications.

Facet Control Of Au Nanorods

Au nanorods are anisotropic nanostructures with tunable plasmonic
properties and built-in catalytic activities. The state-of-the-art colloidal
synthesis of single-crystalline Au nanorods exhibiting a cylindrical
morphology involves seed-mediated anisotropic nanocrystal growth co-
guided by a foreign metal ion, Ag', and halide-containing cationic
surfactants, typically CTAB.?” This seed-mediated synthetic approach
offers excellent control over the aspect ratios of Au nanorods, enabling
fine-tuning of the longitudinal plasmon resonance (free electron
oscillations along the longitudinal axis of the nanorods) in the visible
and near-infrared spectral regions. Upon optical excitation of the
longitudinal plasmons, the local electric fields can be enormously
enhanced at the rod tips, providing hot-spots for SERS. Although
generally described as a cylindrical nano-object with two rounded ends,
experimentally synthesized Au nanorods essentially exhibit multifaceted
surfaces enclosed by a mixture of various types of high-index and low-
index facets. Heterogeneous site-specific catalytic activities were
recently observed on individual single-crystalline Au nanorods, which
were intimately tied to the geometric distribution of various local facets
and defects on the nanorod surfaces.** Quantitative assignment of the
crystallographic facets on the nanorod surfaces, however, has long been
a widely debated subject.***' While the locally curved nanorod surfaces
are rich of catalytically active sites, it remains challenging to
quantitatively correlate the catalytic activities to the atomic-level surface
structures due to the intrinsic structural complexity and poor control over
the nanorod facets.

gt
Figure 5. SEM images of Au nanoparticles synthesized after 16 h
in growth solutions containing 100 mM CTAC, 50 uM AgNOs;,
500 uM HAuCly, and 1.2 mM AA at various HCI concentrations:
(A) 0, (B) 2, (C) 5, (D) 10, (E) 15, and (F) 20 mM. As the HCl
concentration increases, the relative rates of oxidative etching vs.
nanocrystal growth increases. All SEM images share the same scale
bar in panel A. Reprinted with permission from ref [36]. Copyright
2018, Royal Society of Chemistry.
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We have been particularly interested in creating well-defined
crystallographic facets with specific Miller indices on the surfaces of
single-crystalline Au nanorods. We found that shape-controlled
overgrowth of cylindrical Au nanorods guided by Cu®' and cationic
surfactants led to the formation of various anisotropic Au nanostructures
each of which was enclosed exclusively by one specific type of low-
index or high-index facets.*? Our success in facet control of Au nanorods
essentially relied on selective modification of the surface energies of
various Au facets by Cu®* ions and surface capping surfactants. Our key
findings are schematically illustrated in Figure 6A. Cylindrical Au
nanorods evolved into Au nanocuboids (NCBs) upon overgrowth in the
presence of Cu?* and CTAC. Overgrowth of Au nanorods in the
benzyldimethylhexadecylammonium chloride (BDAC)/CTAC binary
surfactant system resulted in Au convex nanocuboids (CVNCBs),
whereas Au concave nanocuboids (CCNCBs) were obtained in the
presence of CTAB/CTAC binary surfactants. While each NCB was
enclosed by 6 low-index {100} facets, both CVNCBs and CCNCBs
were high-index faceting nanostructures, each of which was enclosed by
24 {hk0}-type ({730} for CVNCB and {830} for CCNCB) high-index
facets (Figure 6B-6D). Creation of well-defined facets on plasmonically
tunable Au nanorods provided unique opportunities of using SERS to
fine-resolve the molecule-transforming processes during catalytic
hydrogenation of 4-NTP by ammonia borane (Figure 6E and 6F). Both
CVNCBs and CCNCBs exhibited significantly higher activities than
NCBs. On all three nanostructures, the conversion of 4-NTP into DMAB
was observed to be the rate-limiting step. The undercoordinated surface
atoms on high-index facets facilitated the surface-adsorption of ammonia
borane, and thus served as catalytically more active sites for the
hydrogenation reaction than the close-packed surface atoms on the low-
index facets. The ratios between the two rate constants, k; and k,, which
determined the fraction of DMAB, could be effectively modulated by
either tuning the facets of Au nanocatalysts or by changing the
concentration of ammonia borane.

Using the {hk0}-faceting CVNCBs, also terms as elongated
tetrahexahedral (ETHH) nanoparticles, as the starting materials, we
further demonstrated that an entire family of high-index and low-index
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Figure 6. (A) Scheme illustrating the formation of Au NCBs,
CVNCBs, and CCNCBs through overgrowth of cylindrical
Au nanorods. SEM images of Au (B) CVNCBs, (C) NCBs, and
(D) CCNCBs. (E) Temporal evolution of SERS spectra
after exposing 4-NTP-coated CVNCBs to 2 mM ammonia
borane at room temperature. (F) SERS spectra at reaction
times of 0, 70, and 116 s. Reprinted with permission from ref
[42]. Copyright 2015, American Chemical Society.

facets can be controllably created on the surfaces of single-crystalline
nanorods using cuprous ions and CTAB as a unique pair of surface
capping competitors to judiciously maneuver the thermodynamic and
kinetic factors dictating the nanorod overgrowth.* We found that a
series of interesting nanorod-derived geometries enclosed by well-
defined characteristic high-index and low-index facets, such as {hhk}-
faceting elongated trisoctahedral (ETOH) NPs, {Akk}-faceting concave
cuboidal (CCB) NPs, as well as low-index faceting quasi-cuboidal
(QCB) and elongated octahedral (EOH) nanoparticles, could be
synthesized in a highly selective and controllable manner by
systematically varying the molar ratio between Cu?* and CTAB in the
overgrowth solution (Figure 7). The Miller indices of the characteristic
facets at the ends of the ETHH, ETOH, CCB, QCB, and EOH
nanoparticles were {730}, {221}, {511}, {100}, and {111},
respectively. By exciting the longitudinal plasmon resonances, we were
able to use SERS to monitor the catalytic reactions occurring on the end
facets because the local field enhancements were confined at the two
ends of these anisotropic nanostructures. The three types of high-index
facets were catalytically much more active than the low-index facets
toward the catalytic hydrogenation of 4-NTP. The {730} facets on
ETHH nanoparticles exhibited the highest catalytic activities among all
the nanostructures we investigated, with k; approximately 500 times
larger than that of the EOH nanoparticles enclosed by the least active
{111} facets. Both k; and k, were observed to be facet dependent,
decreasing in the order of {730} > {511} > {221} > {100} > {111}. &,

Figure 7. (A) Geometric model, (B) SEM, (C) TEM, and (D)
HAADF-STEM images of Au ETHH nanoparticles. (E) Geometric
model, (F) SEM, (G) TEM, and (H) HAADF-STEM images of Au
ETOH nanoparticles. (I) Geometric model, (J) SEM, (K) TEM,
and (L) HAADF-STEM images of Au CCB nanoparticles. (M)
Geometric model, (N) SEM, (O) TEM, and (P) HAADF-STEM
images of Au QCB nanoparticles. (Q) Geometric model, (R) SEM,

(S) TEM, and (T) HAADF-STEM images of Au EOH
nanoparticles. All the SEM images share the same scale bar in
panel B. All the TEM images share the same scale bar in panel S.
Reprinted with permission from ref [43]. Copyright 2016,
American Chemical Society.

was much more sensitively dependent upon the facets than k, The
observed facet-dependent catalytic activities correlated well with the
characteristic distributions of undercoordinated surface atoms on various
facets, with lower surface-atomic coordination number giving rise to
higher catalytic activity toward the hydrogenation reaction. These
faceted Au nanorods, which exhibited fine-tailored atomic-level surface
structures while still inheriting the plasmonic tunability of the
conventional cylindrical Au nanorods, served as a unique
multifunctional nanomaterials system that allowed us to quantitatively
correlate the intrinsic catalytic activities with the atomic-level surface
structures of Au nanocatalysts using SERS as a time-resolving
spectroscopic tool.
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Summary and Outlook

As exemplified by the case studies described above, the integration
of desired plasmonic and catalytic properties on the same NMNPs can
be experimentally realized through deliberately designed colloidal
syntheses that enable precise control of the atomic-level surface
structures and fine-tuning of the plasmonic properties of the
nanoparticles. These dual-functional nanoparticles serve as both the
substrates for SERS and the catalysts boosting the reactions, allowing us
to use SERS as an in situ spectroscopic tool to fine-resolve the molecular
structural evolution during catalytic reactions and develop quantitative
understanding of detailed reaction mechanisms. The knowledge gained
from in situ SERS measurements, coupled with the detailed surface
structural information obtained from electron microscopy imaging, form
the foundation that allows us to precisely correlate the intrinsic catalytic
behaviors to the surface atomic configurations of metallic nanocatalysts.
Using the hydrogenation of 4-NTP catalyzed by structure-controlled
monometallic Au and Ag nanoparticle surfaces as a model reaction, we
have clearly shown the crucial roles of undercoordinated surface atoms
in noble metal-based heterogeneous catalysis. The work summarized in
this mini-review article provides a proof-of-concept clearly
demonstrating the feasibility of using SERS for in situ monitoring of
catalytic reactions on NMNPs. Built upon the insights extracted from
our previous work, we are currently exploring the structure-property
relationships of more complex materials systems, such as alloy
nanocatalysts and multimetallic heteronanostructures. The SERS-based
approach can also be used as a generic in situ spectroscopic tool for
detailed mechanistic investigations of a large variety of catalytic,
electrocatalytic, and photocatalytic molecule-transforming processes that
are directly relevant to fuel production, energy conversion, and
environmental remediation. At the end of this mini-review article, we
briefly mention some of our latest progress in these relevant areas to
highlight the value of SERS as an in situ spectroscopic tool for
investigating catalysis, electrocatalysis, and photocatalysis.

Multimetallic nanoparticles exhibit remarkably further enhanced
structural, optical, and catalytic tunabilities in comparison to their
monometallic counterparts. Precise structural control of multimeallic
nanocrystals represent a synthetically more challenging task because the
nucleation and growth of multimetallic nanoparticles involve
substantially more complicated structure-transforming processes due to
the interplay of multiple thermodynamic, kinetic, and geometric factors.
We recently demonstrated that single-crystalline cylindrical Au
nanorods selectively transformed into a series of structurally distinct Au-
Pd and Au-Ag bimetallic anisotropic nanostructures with interesting
geometric, compositional, and plasmonic characteristics through
kinetically controlled, seed-mediated coreduction processes.‘”'45 These
bimetallic nanostructures exhibit exotic multifaceted geometries
enclosed by specific types of facets with fine-tailored surface
compositional stoichiometries. The success in precise facet and
composition control and the capability of using SERS to track catalytic
reactions in real time will further allow us to investigate the detailed
correlation between the surface structures (atomic coordinations, alloys
vs. intermetallics, interfacial lattice strain in heteronanostructures), the
compositional stoichiometries, and the catalytic behaviors of colloidal
multimetallic nanocatalysts.

Beside chemical catalysis, NMNPs also exhibit excellent
electrocatalytic performance toward a variety of electrochemical
reactions directly relevant to clean fuel production and fuel cell
operation. Over the past few years, we have been focusing on the
structure-property  relationship underpinning the electrocatalytic
behaviors of dealloyed nanoporous metallic nanostructures.**’ These
sponge-like metallic nanostructures also exhibit interesting plasmonic
properties highly desired for SERS* and local photothermal heating.’'
We envision that SERS will serve as a power tool to resolve detailed
molecular transformations occurring at the electrode/electrolyte
interfaces.

NMNPs have also been of tremendous interest in the photocatalysis
community. On one hand, the plasmon resonances of NMNPs may
greatly enhance the photocatalytic activity of nearby semiconductor
photocatalysts through various mechanisms.”>** One the other hand, the

non-thermally distributed hot carriers generated during nonradiative
plasmon decay can be effectively harnessed to drive intriguing
photocatalytic transformations of molecules directly adsorbed on the
NMNP surfaces along unconventional pathways fundamentally distinct
from those involved in conventional thermal catalysis and exciton-driven
photocatalysis.>* Recently, we used SERS as a unique in situ
spectroscopic tool to precisely monitor exciton- and plasmonic hot
electron-driven photocatalytic reactions occurring on the surfaces of
rationally designed plasmonic suprananostructures.”>° Plasmon-driven
and plasmon-enhanced photocatalysis is an emerging area full of
challenges and open questions. Using SERS to monitor the interfacial
photocatalytic molecular transformations in real time allows us to
pinpoint - with unprecedented precision and detail - the effects of
plasmon excitations, molecular adsorption states, local field
enhancements, and photothermal processes on the reaction pathways and
kinetics. The mechanistic insights gained from in situ SERS
measurements will provide new design principles for the next generation
noble-metal based photocatalysts.
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