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ABSTRACT: Noble metal nanoparticles have been of tremendous
interest due to their intriguing size- and shape-dependent plasmonic
and catalytic properties. Combining tunable plasmon resonances with
superior catalytic activities on the same metallic nanoparticle, however,
has long been challenging because nanoplasmonics and nanocatalysis
typically require nanoparticles in two drastically different size regimes.
Here, we demonstrate that creation of high-index facets on
subwavelength metallic nanoparticles provides a unique approach to
the integration of desired plasmonic and catalytic properties on the
same nanoparticle. Through site-selective surface etching of metallic
nanocuboids whose surfaces are dominated by low-index facets, we
have controllably fabricated nanorice and nanodumbbell particles,
which exhibit drastically enhanced catalytic activities arising from the

catalytically active high-index facets abundant on the particle surfaces. The nanorice and nanodumbbell particles also possess
appealing tunable plasmonic properties that allow us to gain quantitative insights into nanoparticle-catalyzed reactions with
unprecedented sensitivity and detail through time-resolved plasmon-enhanced spectroscopic measurements.
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N anoparticles of noble metals, such as Au, Ag, Pd, and Pt,
exhibit intrigning size- and shape-dependent catalytic
activities' > and optical properties.’”> Although bulk noble
metals are considered to be chemically inert, small metal
nanoparticles less than S nm in diameter have shown
remarkable catalytic activities due to the high fraction of
undercoordinated surface atoms located at the particle edges
and corners.’® Metal nanoparticles show rapid decay in
catalytic activity when their sizes increase to beyond ~10 nm;
however, these larger nanoparticles then begin to show
geometry-dependent optical properties that are dominated by
the collective oscillations of free electrons known as
plasmons.”'® The capability of fine-tuning the nanoparticle
plasmon resonances over a broad spectral range enables
widespread applications in photonics,'" optoelectronics,'>"?
spectroscopies,'* and biomedicine.'> Such plasmonic tunability
is a unique feature of noble metal nanoparticles in the
subwavelength size re§ime typically from tens of nanometers to
submicrometers.”>”'" For sub-S-nm particles, the plasmon
resonances begin to exhibit quantum size effects and the
plasmon bands shift and broaden with diminished light
scattering and absorption features.'® Therefore, the combina-
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tion of strong, tunable plasmon resonances and superior
catalytic activities on the same nanoscale entity remains
challenging essentially due to the two drastically different size
regimes required for nanoplasmonics and nanocatalysis,
respectively.

Our strategy of integrating desired plasmonic and catalytic
properties on the same nanostructure is to create high-index
facets on subwavelength Ag nanoparticles through controlled
nanoscale surface etching. High-index facets exhibit tremen-
dously enhanced catalytic activities in comparison to those
close-packed low-index facets because they are open surface
structures with a high density of atomic steps, ledges, and kinks,
which serve as active sites for breaking chemical bonds.'”"®
Although chemically less stable than Au, Pt, and Pd, Ag
nanoparticles offer many advantages for plasmonic applications
as they have far stronger plasmon resonances, more intense
near-fleld enhancements, and greater optical tunability than the
other noble metal counterparts.'” The abilities to both
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Figure 1. Preferential edge- and corner-etching of Au—Ag core—shell nanocuboids. (a) Schematic illustration of the stepwise morphological
evolution of Au—Ag core—shell nanostructures in the presence of CTAC, Cu**, and AA. SEM and TEM images of (b, c) the nanocuboids and the
nanostructures obtained after etching for (d, e) 60 min, (f, g) 120 min, and (h, i) 210 min. Panels b, d, f, and h show the SEM images, and panels c, e,
g, and i show the TEM images. (j) Experimental extinction spectra of Au—Ag core—shell nanostructures obtained at different etching times. (k)
FDTD calculated extinction spectra showing the spectral evolution during the edge and corner etching of the Au—Ag core—shell nanocuboids. The
geometry of the particle being simulated for each extinction spectrum is shown on the right side of panel k.

nanoengineer high-index facets and fine-tune the plasmon
resonances of Ag nanoparticles allow one to use these
nanoparticles for a dual purpose: as substrates for plasmon-
enhanced spectroscopies and as efficient surface catalysts. As
demonstrated in this work, such dual functionality opens up
unique opportunities for detailed, quantitative study of the
kinetics and mechanisms of surface-catalyzed reactions through
plasmon-enhanced spectroscopic measurements.

Most of the experimentally realizable noble metal nano-
particles, however, are bound exclusively by low-index
facets””*' because the high-index facets have higher surface
energy and are usually eliminated during the nanocrystal
growth.'” Although synthetically challenging, Au,**”**
Pt,'72728 pd**3% and Au—Pd bimetallic*’ ** polyhedral
nanoparticles enclosed by various high-index facets have been
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recently fabricated through either potential-controlled electro-
chemical approaches'”*”* or facet-controlled nanocrystal
growth methods.”>729*%3973% Gynthesis of Ag nanoparticles
with high-index facets, nevertheless, remains significantly more
challenging because of the larger energy differences between
the high-index and low-index facets of Ag in comparison to
those of the Au, Pd, and Pt.>® Here we choose Au—Ag core—
shell cuboidal nanoparticles, whose surfaces are dominated by
the thermodynamically stable low-index {100} facets, as the
starting material. By selectively etching the nanocuboid
surfaces, we have been able to create catalytically active high-
index facets on the particle surfaces in a highly controllable
manner while maintaining the capability to fine-tune the
nanoparticle plasmons through deliberate geometry control.

dx.doi.org/10.1021/nl5015734 | Nano Lett. 2014, 14, 3674—3682
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Figure 2. Lateral side facet-etching of Au—Ag core—shell nanocuboids. (a) Schematic illustration of stepwise morphological evolution of Au—Ag
core—shell nanostructures in the presence of Fe** and CTAB. SEM and TEM images of the etched nanostructures after etching for (b, ¢) 10 min, (d,
e) 45 min, and (f, g) 75 min. Panels b, d, and f show the SEM images, and panels c, e, and g show the TEM images. (h) Experimental extinction
spectra of Au—Ag core—shell nanostructures obtained at different etching times. (i) FDTD calculated extinction spectra showing the spectral
evolution during the lateral side facet-etching of the Au—Ag core—shell nanocuboids. The geometry of the particle being simulated for each

extinction spectrum is shown at the bottom of panel i.

We used single-crystalline, cylindrical Au nanorods with
rounded ends*® (Figure S1 in the Supporting Information) as
the core material. Au—Ag core—shell nanocuboids were then
prepared through controlled epitaxial overgrowth of Ag on the
Au nanorods.”” Cetyltrimethylammonium chloride (CTAC)
was used as a surface-capping ligand that selectively stabilized
the {100} facets of Ag,38’39 resulting in the formation of Au—Ag
core—shell nanocuboids enclosed by six well-defined {100}
facets.>’ > The Ag shell grown on the lateral sides of the Au
nanorods was observed to be thicker than that on the ends (see
Supporting Information Figures Slc and S2), suggesting a
preferential epitaxial growth of Ag on the side facets of the Au
nanorods. Energy dispersive spectroscopy (EDS) measure-
ments on individual nanocuboids further confirmed the well-
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defined Au core and Ag shell heterostructure (Supporting
Information Figure S3).

As schematically illustrated in Figure la, the nanocuboids
underwent an interesting nanoscale surface-etching process in
the presence of Cu?*, ascorbic acid (AA), and CTAC in an
aqueous environment at 65 °C, resulting in a gradual
morphological evolution from nanocuboids to rice-shaped
nanoparticles, and eventually to uncoated Au nanorods. The
etching of the nanocuboids was observed to be a continuous
process; however, once the particles were separated from the
reaction mixture through centrifugation and redispersion in
water, the etching was effectively inhibited, allowing us to stop
the reaction at any particular etching stage. We used both
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) to systematically track the structural

dx.doi.org/10.1021/nl5015734 | Nano Lett. 2014, 14, 3674—3682
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changes of the nanoparticles during the etching process (Figure
1b—i). The Au—Ag core—shell nanocuboids exhibited intrinsic
slight truncations at the edges and the corners (Figure 1b and
c). The observed morphological evolution during the nanoscale
surface-etching process can be interpreted as a result of both
the preferential etching of the particle corners and edges by
Cu”" and AA and the selective stabilization of Ag {100} facets
by CTAC.

Because the plasmonic features of nanoparticles depend
sensitively on edge and corner truncations, this morphological
evolution could also be monitored by optical extinction
spectroscopic measurements (see Figure 1j). Four distinct
plasmon peaks at 798, 460, 404, and 342 nm were observed in
the extinction spectrum of the colloidal nanocuboids and were
assigned to the longitudinal dipole, transverse dipole, and two
transverse octupole resonances, respectively.®” As demonstrated
previously, the frequencies and relative intensities of these
plasmon resonance modes of the Au—Ag core—shell nano-
cuboids are dominated by the geometry of the Ag shell and can
be systematically tuned across the visible and near-infrared
regions by controlling the aspect ratio of the Au nanorod core
or the thickness of the Ag shell.’ 7 Here, the controlled
etching of the edges and corners of the nanocuboids provided
additional geometric parameters to further fine-tune the
plasmonic features of the nanoparticles. The longitudinal
dipole plasmon peak was observed to progressively blue shift
and become less intense as the edge and corner truncations
proceeded. When a certain amount of Ag was removed from
the nanocuboids after etching for ~2 h, the ends of the Au
nanorods became exposed and the longitudinal dipole plasmon
resonance started to red-shift, accompanied by further decrease
in peak intensity. The frequencies of the transverse plasmon
modes, however, turned out to be much less sensitive to edge
and corner truncations, and the transverse plasmon peaks
became less distinguishable as their intensities gradually
decreased during the etching process. After etching for ~5 h,
the longitudinal and transverse plasmonic features of the Au
nanorods were both recovered, indicating complete etching of
the Ag shell. Finite-difference time-domain (FDTD) calcu-
lations were performed to simulate the effects of the
morphological changes on the plasmonic features of the
nanoparticles at various stages during the etching process. As
shown in Figure 1k, both the plasmon resonance frequencies
and spectral line-shapes calculated by FDTD were in
quantitative agreement with those in the experimental
extinction spectra.

Cu’, AA, and CTAC all played crucial roles in this
morphological evolution. No morphological or structural
changes of the nanocuboids were observed when only Cu**
(Supporting Information Figure S4) or AA (Supporting
Information Figure SS) was present. Cu’* and AA, which
have been previously used for etching of Au nanorods,***" were
found to work synergistically as an effective etchant that
oxidized metallic Ag under the current experimental conditions.
The Ag" cations generated in situ combined with the CI”
anions dissociated from CTAC to form AgCl microparticles
(Supporting Information Figure S6), which could be
subsequently removed by washing the etched samples with
100 mM CTAC due to the formation of soluble AgCl,~
complex. Although CTAC itself was apparently incapable of
inducing any structural changes to the nanocuboids (Support-
ing Information Figure S7), it played key roles in preventing
the nanoparticles from aggregation and selectively protecting
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Ag {100} facets from etching. Etching of Au—Ag core—shell
nanocuboids in the absence of CTAC resulted in the formation
of large-scale aggregates composed of irregular particles. The
Cu®"/AA-induced etching of the nanocuboids in the presence
of cetyltrimethylammonium bromide (CTAB) as the surface
capping agent resulted in the formation of much less uniform,
irregularly shaped nanoparticles (Supporting Information
Figure S8) most likely due to the fact that CTAB provided
weaker protection of the Ag {100} facets than CTAC and, thus,
lacked the capability to guide the formation of the well-defined
rice-shaped morphology.

A strikingly different facet-selective etching process was
observed when the Au—Ag core—shell nanocuboids were
exposed to Fe** in the presence of CTAB. As illustrated in
Figure 2a, the morphological changes were dominated by the
lateral etching of the Ag {100} facets on the sides of the
nanocuboids, whereas the edge and corner truncations were
observed to be significantly slower than the side facet
indentation. This lateral side-facet etching resulted in the
formation of dumbbell-shaped nanoparticles as shown in the
SEM and TEM images in Figure 2b—g. The indentation from
the side facets of the nanocuboids introduced dramatic changes
to the plasmon resonance energies and overall extinction
spectral line-shapes. As shown in Figure 2h, at the beginning
stage of this lateral side-facet etching, the longitudinal dipole
plasmon resonance slightly blue-shifted due to the increased
degree of edge and corner truncations of the nanocuboids. As
the etching proceeded, the side-facet etching became
predominant, causing progressive red-shift of the longitudinal
dipole plasmon resonance as the indentation of the side facets
increased. The intensity of the longitudinal dipole plasmon
peak gradually decreased as increasing amount of Ag was
etched whereas, interestingly, the transverse plasmon peaks
remained robust in intensity with only moderate blue-shifts in
their resonance wavelengths. The effects of the side facet-
etching on the plasmonic features of the nanoparticles were also
simulated with FDTD (Figure 2i), which showed very good
agreement with the experimental observations.

Fe’* and CTAB were found to work synergistically in guiding
the morphological evolution from the nanocuboids to the
nanodumbbells. Fe** has been identified to be capable of
oxidizing metallic Ag nanoparticles into ionic Ag".*** No
etching of the nanocuboids was observed when the particles
were dispersed in CTAB in the absence of Fe** (Supporting
Information Figure S9). During the etching process, submi-
crometer AgBr particles were identified as a major byproduct
(see Supporting Information Figure S10), which could be
completely removed by washing the etched samples with 100
mM CTAB upon the formation of soluble AgBr,” complex.
Though CTAB molecules form densely packed bilayers on the
side facets of Au nanorods, the CTAB packing density on the
Ag facets has been reported to be much lower than on the Au
surfaces.” Therefore, in addition to the slow etching at the
edges and corners of the nanocuboids, the lateral side facet
etching became predominant due to the insufficient protection
of the Ag {100} facets on the sides of the nanocuboids.
Although cylindrical Au—Ag core—shell nanorods do not have
well-defined surface facets, they have recently been observed to
undergo a similar lateral etching process in the presence of Fe**
and CTAB, which leads to the formation of Ag-tipped Au
nanorods.” Using CTAC instead of CTAB as the capping
ligand, the Fe*"-induced etching of the nanocuboid side facets
along the lateral direction was significantly slowed down

dx.doi.org/10.1021/nl5015734 | Nano Lett. 2014, 14, 3674—3682
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Figure 3. Atomic level surface structures of nanocuboid, nanorice, and nanodumbbell particles. HAADF-STEM images of individual Au—Ag core—
shell (a) nanocuboid, (b) nanorice, and (c) nanodumbbell particles. The particles were imaged with projection from the [001] zone axis. (x-i, x-i, x-
iii, x = a, b, c) High-resolution HAADF-STEM images showing the atomic arrangements in three different regions (i, ii, and iii) for each
nanostructure labeled in panels a, b, and ¢, respectively. The upper-right inset in panel a-i is the fast Fourier transform (FFT) pattern of the region
shown in panel a-i. The regions encompassed by squares in panels a-ii, b-i, and b-ii are further zoomed in as the inset pictures in each panel. The
schematics illustrating the atomic level structures of the corresponding low-index or high-index facets are shown in each panel.

(Supporting Information Figure S11) most likely due to the
stronger protection of Ag {100} facets by CTAC than by
CTAB.

The nanoscale surface etching of the Au—Ag core—shell
nanocuboids provided a unique approach for the creation of
high-index facets on nanoparticle surfaces. The atomic-level
surface structures of the nanocuboid, nanorice, and nanodumb-
bell particles were resolved using high-angle annular dark-field
scannin4g4 transmission electron microscopy (HAADE-
STEM)." * The HAADF-STEM images shown in Figure 3
were all taken with the electron beam projected along the [001]
zone axis. Each nanoparticle was single-crystalline in nature,
with the Au core and Ag shell both in the face-centered cubic
(fcc) crystalline phase with lattice mismatch smaller than
0.25%. The epitaxial growth of Ag at the Au—Ag interfaces was
clearly observed in the high-resolution HAADF-STEM images.
The nanocuboid shown in Figure 3a-i—3a-iii was enclosed
predominantly by {100} facets with some slight truncations at
the edges and corners. As shown in Figure 3b-i—3b-iii, various
well-defined high-index facets, such as {210} and {310} facets,
were clearly resolved on the etched surfaces of the nanorice
particles. Multiple stepped and kinked surfaces composed of
various localized high-index facets, such as {310}, {410}, {510},
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and {610}, were found at the tips and sides of the
nanodumbbell particle (see Figure 3c-i—3c-ii). In striking
contrast to small metal nanocrystals (less than 10 nm® in
volume) whose surface structures are unstable under intense
electron beam illumination,*® we found that the high-index
facets on the nanorice and nanodumbbell particles were highly
stable with no observable atomic level structural rearrange-
ments under the electron beam illumination for more than 30
min. The geometric profiles of the nanoparticles, which were
defined by the high-index facets exposed on particle surfaces,
also appeared to be highly stable based on TEM character-
izations and the detailed extinction spectral features of the
nanoparticles were all well preserved (Supporting Information
Figure S12) even after the colloidal particles were stored in
water at room temperature for four months. The structural
stability of the high-index facets on the etched nanoparticles
may be interpreted as a result of the surface-stabilization effects
of the surface-capping ligands, CTAC and CTAB.

The nanorice and nanodumbbell particles combined geo-
metrically tunable plasmon resonances and catalytically active
high-index facets, which allowed us to gain quantitative insights
into the kinetics and mechanisms of nanoparticle-catalyzed
reactions using time-resolved surface-enhanced Raman spec-

dx.doi.org/10.1021/nl5015734 | Nano Lett. 2014, 14, 3674—3682
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Figure 4. Catalytic activities of the nanocuboid, nanorice, and nanodumbbell particles. (a) Schematic illustration of the chemical reduction of
surface-adsorbed 4-NTP (reactant, R) to DMAB (intermediate, I), and finally to 4-ATP (product, P) catalyzed by the nanoparticles. (b) SERS
spectra collected from 4-NTP molecules adsorbed on the surfaces of nanocuboids at reaction times of 0, 120, 300, 600, 900, and 1200 s after adding
NaBH,,. (c) SERS spectra collected from 4-NTP molecules adsorbed on the surfaces of nanorice particles at reaction times of 0, 30, 90, 150, 210, and
270 s after adding NaBH,. (d) SERS spectra collected from 4-NTP molecules adsorbed on the surfaces of nanodumbbells at reaction times of 0, 2, 4,
8, 12, and 16 s after adding NaBH,,. Fraction of reactant (6z) and product (6;) as a function of reaction time during the reactions catalyzed by (e)
nanocuboid, (f) nanorice, and (g) nanodumbbell particles. The error bars show the standard deviations obtained from five experimental runs. The
results of least-squares fitting are shown as solid curves. The inset in panel g shows the comparison of rate constants (k; and k,) of the two-step
surface reactions on nanocuboid, nanorice, and nanodumbbell particles.

troscopy (SERS). The reduction of p-nitrophenol by NaBH, is
a model reaction, which has been extensively investigated by
UV—vis absorption spectroscopy, for the evaluation of catalytic
activities of metallic nanoparticles in aqueous solutions.*” Here,
we systematically compared the catalytic activities of the
nanocuboid, nanorice, and nanodumbbell particles using the
reduction of preadsorbed 4-nitrothiophenol (4-NTP) by
NaBH, as a model reaction. By measuring the SERS from
the monolayer molecules preadsorbed on the surfaces of free-
standing nanoparticles, we were able to study both the intrinsic
reaction mechanisms and kinetics in real time without the
complication introduced by the diffusion, adsorption, and
desorption of reactants and products. In addition, the
identification of transient intermediates during the surface-
catalyzed reactions became possible. To prepare the samples for
SERS measurements, colloidal suspensions of the nanoparticles
were incubated with ethanolic solution of 4-NTP overnight to
undergo a ligand exchange process thorough which saturated
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self-assembled monolayers (SAMs) of 4-NTP on the nano-
particle surfaces formed. Although SAMs of 4-NTP were
assembled uniformly over the entire nanoparticle surfaces, the
spectroscopic features were dominated by those molecules in
the SERS “hot spots” where the local electric fields were
significantly enhanced upon plasmonic excitation. FDTD
calculations (Supporting Information Figure S13) showed
that upon the excitation of the longitudinal dipole plasmon
resonances, the near-field “hot-spots” for SERS were located in
close proximity to the particle surfaces coincident with the
high-index facets. Through careful geometry control during the
etching processes, the longitudinal dipole plasmons of the
nanocuboid, nanorice, and nanodumbbell particles were all
tuned to be resonant with the excitation laser (4 = 785 nm) to
achieve large SERS enhancements (Supporting Information
Figure S14).

As illustrated in Figure 4a, the preadsorbed monolayer 4-
NTP underwent a two-step reduction process to form the final

dx.doi.org/10.1021/nl5015734 | Nano Lett. 2014, 14, 3674—3682
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product, 4-aminothiophenol (4-ATP), upon exposure to
NaBH,. As shown in the SERS spectra (Figure 4b—d), 4-
NTP has three characteristic vibrational Raman bands at 1076,
1338, and 1571 cm™, corresponding to C—S stretching, O—
N-O stretching, and the phenol-ring modes, respectively.*> As
the reaction proceeded, the intensities of both 1338 and 1571
cm™' bands decreased progressively with the concomitant
emergence of a new band corresgonding to the phenol-ring
modes of 4-ATP at 1590 cm™.* All the vibrational modes
observed in SERS correlate well with the bands in normal
Raman spectra (Supporting Information Figure S15). The
time-resolved SERS measurements also allowed us to identify
4,4'-dimercaptoazobenzene (DMAB), whose characteristic
Raman modes are at 1140, 1388, and 1438 cm™,*° as the
intermediate along the reaction pathway. We used a confocal
Raman microscope for the SERS measurements with the laser
beam focused into a small volume (~100 pL) of the colloidal
nanoparticle suspensions. In this confocal mode, each freely
diffusing nanoparticle was exposed to the excitation laser for a
short time period (within the diffusion time), which effectively
eliminated the photoconversion of 4-NTP to DMAB.*° The
possibility of photoinduced formation of DMAB was ruled out
by the control experiments in the absence of NaBH,
(Supporting Information Figures S16 and S17).

The Raman modes at 1338 and 1590 cm™" were used to
quantify the fraction of reactant and product molecules,
respectively, at various reaction times, based on which the
reaction trajectories were obtained (Figure 4e—g). Under our
experimental conditions, NaBH, (50 mM) was in excess and its
concentration maintained constant throughout the whole
reaction. Therefore, this surface reaction obeyed pseudo-first-
order kinetics and the rate constants could be determined by
performing least-squares curve fitting to the reaction
trajectories shown in Figure 4e—g. The rate equations for this
two-step consecutive reaction are listed as follows:

_ okt
Og = e

_ %(kze_klt _ kle—kzt)

2 1

where @ and 0, are the fractions of the 4-NTP and 4-ATP,
respectively, k; and k, are the rate constants for the first and
second steps, respectively, and ¢ is the reaction time.

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.
Although the surface reactions may induce atomic rearrange-
ments of Ag due to the relatively high mobility of Ag in
comparison to Au, Pd, and Pt, TEM measurements
(Supporting Information Figure S18) show that the overall
morphologies of both the nanorice and nanodumbbell particles
were well preserved during the reactions. As shown in the inset
of Figure 4g, nanodumbbells exhibited the highest catalytic
activity with k; approximately 10 times higher than for the
nanorice particles and 2 orders of magnitude higher than for
the nanocuboids. The nanodumbbells exhibited higher overall
catalytic activities than the nanorice particles most likely due to
the fact that the nanodumbbell surfaces were composed of high
density of localized surface kinks, ledges, and steps whereas the
nanorice particles had relatively flat surfaces enclosed by certain
types of high index facets. The fraction of the intermediate,
DMAB, was dependent on the relative ratios between k; and k,.

=1
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Because k, was significantly larger than k; on all three
nanostructures, the fraction of DMAB remained very small
throughout the whole reaction processes, making it difficult to
be identified. Interestingly, the vibrational bands of DMAB
were clearly resolved in our time-resolved SERS measurements
because of the high detection sensitivity of SERS and the fact
that the Raman cross-section of DMAB is more than 3 orders
of magnitude higher than that of the benzenethiol derivatives.>’
It is worth mentioning that the k; and k, values reported here
were calculated based on the assumption that DMAB was the
only intermediate along the two-step consecutive reaction
pathway as illustrated in Figure 4a. The surface-catalyzed
hydrogenation of 4-NTP, however, may be more complicated
than described here and may involve other intermediates along
alternative reaction pathways that are not readily resolvable by
SERS. Therefore, k;, which describes the consumption rate of
the 4-NTP, should be generally used to evaluate the apparent
reaction kinetics and relative catalytic activities of the
nanoparticles, whereas k, may be further complicated if other
reaction pathways coexist.

In summary, this work bridges two important fields:
nanoplasmonics and nanocatalysis. We have demonstrated
that creation of high-index facets on subwavelength metallic
nanoparticles through controlled site-selective chemical etching
provides a unique approach to the integration of tunable
plasmon resonances and superior catalytic activities on the
same nanoscale entity, which is both fundamentally of high
interest and technically important. Tunable plasmonic nano-
structures with catalytically active high-index facets represent a
new class of materials with dual functionality that allows for the
development of detailed, quantitative understanding of nano-
particle-catalyzed reactions through specifically designed
plasmon-enhanced spectroscopic measurements. It is envi-
sioned that tunable plasmonic nanostructures enclosed
exclusively by certain types of well-defined high index facets
provide unique materials systems that will enable us to gain
further insights into the origin of the facet-dependent catalytic
activity and selectivity of metallic nanoparticles.

B EXPERIMENTAL DETAILS

Nanoparticle Synthesis. Au nanorods were fabricated
using a recently published seed-mediated growth method.*®
Au—Ag core—shell nanocuboids were prepared through
controlled epitaxial overgrowth of Ag on Au nanorods
following a previous reported protocol’’ with some minor
modifications. More experimental details about the fabrication
of Au nanorods and Au—Ag core—shell nanocuboids are
included in the Supporting Information.

The Au—Ag core—shell nanocuboids were centrifuged (5000
rpm, S min), washed with water once, and redispersed in 2 mL
of solution consisting of 5 mM CTAC and 3.75 mM ascorbic
acid (AA). The edge and corner etching was initiated upon the
addition of 30 uL of S mM Cu(NO;), at 65 °C. For the lateral
side facet etching, the Au—Ag nanocuboids were first
centrifuged (5000 rpm, S min), then washed with water once,
and finally redispersed in 2 mL of S mM CTAB solution. Then
50 uL of SO mM Fe(NO,); was injected into the solution at 65
°C. UV—vis extinction spectra of the etched samples were
recorded in real time to monitor the nanoscale surface etching
processes. The etching processes were stopped at various
reaction times by separating the etched nanoparticles from the
reaction mixtures through centrifugation and redispersion in
water. The byproducts, AgCl and AgBr, were removed by
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washing the etched samples with 100 mM CTAC and CTAB,
respectively. The etched nanostructures at certain etching
stages were finally redispersed in water for detailed structural
and spectroscopic characterizations.

Structural and Optical Characterizations. The mor-
phologies and structures of the nanoparticles were charac-
terized by TEM using a Hitachi H-8000 transmission electron
microscope, which was operated at an accelerating voltage of
200 kV. All samples for TEM measurements were dispersed in
water and drop-dried on 300 mesh Formvar/carbon-coated-Cu
grids (Electron Microscopy Science Inc.). The structures and
compositions of the nanoparticles were also characterized by
SEM and EDS measurements using a Zeiss Ultraplus thermal
field emission scanning electron microscope. The samples for
SEM and EDS measurements were dispersed in water and
drop-dried on silicon wafers. The atomic level structures of the
nanoparticles were resolved by HAADF-STEM using a JEOL
2100F 200 kV FEG-STEM/TEM microscopy equipped with a
CEOS CS corrector on the illumination system. The samples
for HAADF-STEM measurements were dispersed in water and
drop-dried on 400 mesh Cu grids with ultrathin carbon support
film (Electron Microscopy Science Inc.). The optical extinction
spectra of the nanoparticles were measured on aqueous
colloidal suspensions at room temperature using a Beckman
coulter Du 640 spectrophotometer.

FDTD Calculations. The far-field and near-field plasmonic
properties of the nanoparticles were calculated using a
commercial FDTD package (Lumerical Solutions). More
details of FDTD calculations are included in the Supporting
Information.

Time-Resolved SERS Measurements. Colloidal suspen-
sions, each 25 uL in volume, of Au—Ag core—shell nanocuboid,
nanorice, and nanodumbbell particles with roughly the same
particle concentrations (~2 X 10'° particles mL™") were each
incubated with 500 uL of ethanol solution of 1.0 mM 4-NTP
overnight to form self-assembled monolayers of 4-NTP on the
nanoparticles surfaces. Then the nanoparticles were centrifuged
(5000 rpm, S min) and redispersed in SO uL of ultrapure H,O.
The nanoparticle-catalyzed 4-NTP reduction occurred at room
temperature upon the addition of 50 yL of 100 mM NaBH, in
a 0.5 mL Eppendorf centrifuge tube. The kinetics of the
catalyzed reactions was measured in real time using time-
resolved SERS. SERS spectra were obtained on a Bayspec
Nomadic confocal Raman microscopy built on an Olympus
BXS51 reflected optical system with a 785 nm continuous wave
excitation laser. The excitation laser was focused on the
reaction mixture using a 10X objective [numerical aperture
(NA) = 0.30, working distance (WD) = 11.0 mm, Olympus
MPLFLN]. The laser power was measured to be 3.6 mW at the
samples and the signal acquisition times were 5 s for
nanocuboid, 5 s for nanorice, and 1s for nanodumbbell
particles, respectively. Successive SERS spectra were collected
during the reaction until completion of the reduction of 4-NTP
into 4-ATP. Normal Raman spectra were obtained on solid thin
films of neat 4-NTP and 4-ATP on the silicon wafers under the
same conditions.
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