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ABSTRACT: We employed surface-enhanced Raman scattering as a noninvasive in
situ spectroscopic tool to quantitatively study the intrinsic facet-dependent catalytic
activities of colloidal subwavelength Au nanoparticles enclosed by various types of
well-defined high-index facets using the catalytic hydrogenation of 4-nitrothiophenol
as a model reaction. Our results provide compelling experimental evidence on the
crucial roles of undercoordinated surface atoms in Au-based heterogeneous catalysis
and shed light on the underlying relationship between the atomic-level surface
structures and the intrinsic catalytic activities of Au nanocatalysts.
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Intriguing nanoscale effects are broadly involved in
heterogeneous catalysis, which can probably be best

manifested by the size-dependent catalytic activities observed
on Au nanoparticles (NPs).1−6 In striking contrast to their
mesoscopic and bulk counterparts that are chemically inert,
sub-5 nm Au NPs supported on high-surface-area oxide
materials exhibit exceptionally high catalytic activities toward
a series of oxidation and hydrogenation reactions under mild
conditions.1−10 It is ubiquitously believed that the under-
coordinated surface atoms located at the particle corners and
edges, whose abundance increases significantly as the particle
size shrinks down to the sub-5 nm size regime, provide a key
contribution to the remarkable catalytic activities of small Au
NPs.6,11−13 Interestingly, free-standing dealloyed nanoporous
Au membranes also possess highly curved local surface
structures with high fraction of undercoordinated surface
atoms and thus exhibit similar catalytic activities as the oxide-
supported sub-5 nm Au NPs even though their nanopores and
ligaments are far beyond 5 nm in size.14−17 Building detailed,
quantitative correlation between the surface structures and the
intrinsic catalytic activities of Au, however, has been extremely
challenging due to the structural and compositional complexity
of these nanocatalyst systems. Both the oxide supports in
contact with the Au NPs18,19 and the residual Ag present in the
dealloyed Au nanoporous membranes17,20 have been found to
have strong synergistic effects on the overall catalytic
competence of the materials. In addition, the lack of precise
control over the atomic-level surface structures of these Au
nanocatalysts remains a substantial obstacle to the elucidation
of detailed structure−property relationship that underpins the
Au-based heterogeneous catalysis.

Here we endeavor to gain quantitative insights into the
intrinsic facet-dependent catalytic activities of Au NPs using the
room temperature catalytic hydrogenation of 4-nitrothiophenol
(4-NTP) as a model reaction. We are particularly interested in
the catalytic activities of high-index facets of Au because high-
index facets are open surface structures with high densities of
coordinatively unsaturated atoms at the surface steps and kinks
and thereby exhibit dramatically enhanced catalytic activities
toward a variety of chemical and electrochemical reactions in
comparison to the close-packed low-index facets.21−23 In this
work, Au elongated tetrahexahedral (ETHH), concave cubic
(CC), and trisoctahedral (TOH) NPs are selected as three
representative model nanostructures each of which is
exclusively enclosed by one specific type of high-index facets.
The Au ETHH, CC, and TOH NPs are all in the
subwavelength size regime with well-defined facets significantly
larger than 5 nm in size, ensuring that the catalytic activities are
essentially determined by the characteristic distribution of
undercoordinated surface atoms on each type of facets rather
than those at the particle corners and edges. Distinct from the
sub-5 nm Au NPs whose plasmon resonances are vanishingly
weak, subwavelength Au ETHH, CC, and TOH NPs exhibit
appealing plasmonic properties that enable the use of surface-
enhanced Raman scattering (SERS) as a unique noninvasive
ultrasensitive spectroscopic tool to precisely monitor, in real
time, the molecular transformations occurring at the molecule-
catalyst interfaces.24−28
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For Au NPs with face-centered cubic (fcc) crystalline
structures, the surface energies of the low-index {111} and
{100} facets are significantly lower than the {110} and other
high-index facets.22,29 As a consequence, Au nanoparticles
enclosed by the low energy facets, such as nanocubes ({100}
facets), nano-octahedra ({111} facets), and multitwined quasi-
spherical NPs ({111} and {100} facets), represent the most
stable nanoparticle geometries that are experimentally realiz-
able. Although synthetically more challenging, polyhedral Au
NPs enclosed by various types of high-index facets have been
fabricated through facet-controlled nanocrystal growth pro-

cesses.30−34 Here we adopted a versatile seed-mediated growth
method to fabricate Au ETHH, CC, and TOH NPs in a shape-
selective and size-controlled manner. As shown by the scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) images in Figure 1, the as-fabricated Au
ETHH, CC, and TOH NPs all exhibited high monodispersity
in terms of both particle sizes and morphologies.
An ETHH NP is derived geometrically from a nanocuboid

enclosed by 6 {100} facets upon introduction of surface
convexity (Figures 1A-C). The Au ETHH NPs displayed
different projected contours in the TEM images when they

Figure 1. Structures of Au ETHH, CC, TOH, and QS NPs. (A, B) SEM images of Au ETHH NPs. The inset of panel A shows the geometric model
of an ETHH NP. (C) TEM images of Au ETHH NPs (insets: high-magnification TEM image and SAED pattern of an individual Au ETHH NP
viewed along the [001] projection). (D) SEM image of Au CC NPs (inset: geometric model of a CC NP). (E) TEM image of Au CC NPs (insets:
high-magnification TEM image and SAED pattern of an individual Au CC NP viewed along the [001] projection). (F) SEM image of Au TOH NPs
(upright inset: high-magnification SEM image of an individual Au TOH NP; bottom left inset: geometric model of a TOH NP). (G) TEM image of
Au TOH NPs (insets: high-magnification TEM image and SAED pattern of an individual Au TOH NP viewed along the [011] projection). (H)
SEM image of Au QS NPs (upright inset: high-magnification SEM image of an individual Au QS NP; bottom left inset: geometry model of a QS
NP). (I) TEM image of Au QS NPs. (J) Optical extinction spectra of colloidal suspensions of Au ETHH, CC, TOH, and QS NPs. The vertical
dashed line indicates the wavelength (785 nm) of the excitation laser for SERS measurements.
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were orientated differently on the TEM grid and the
orientation-dependent projection contours fit the geometric
model very well (Figure S1 in the Supporting Information).
The insets of Figure 1C show the TEM image and selected area
electron diffraction (SAED) pattern of one ETHH NP imaged
with the electron beam projected along the [001] zone axis.
Under this orientation, 8 out of the 24 facets became parallel to
the projection direction, allowing us to measure the character-
istic dihedral angles as labeled in the figure. This result indicates
that each ETHH NP is enclosed by 24 high-index {730}
facets.31 A CC NP is geometrically derived by introducing
tetragonal indentation to each {100} facet of a nanocube
(Figures 1D and 1E). Each CC NP appeared darker in the
interior regions than in the edge regions and displayed
orientation-dependent projection profiles and contrast in the
TEM images (Figure S2 in the Supporting Information). The
insets of Figure 1E show the TEM image and SAED pattern of
one CC NP imaged with the electron beam projected along the
[001] zone axis. While the Au CC NP appeared to have a cubic
morphological outline under this projection, the degree of
indentation could be characterized by measuring the inden-
tation angles (the dihedral angle between indented facets)
based on the different contrast in the TEM image. As marked in
the figure, the indentation angles were measured to be 136 ±
1°, indicating that each Au CC NP is enclosed by 24 high-index
{520} facets. The as-fabricated Au CC NPs exhibited a higher
degree of indentation in comparison to the Au CC NPs with

{720} facets (indentation angle of 148°) previously reported by
Mirkin and co-workers.33 A TOH NP is obtained by creating a
trigonal pyramid on each triangular {111} facet of a nano-
octahedron (Figures 1F and 1G). The insets of Figure 1G show
the TEM image and the SAED pattern of one Au TOH NP
projected from the [011] zone axis. Under this orientation, 4
out of the 24 facets of the TOH NP were projected edge-on,
and the exposed facets were determined to be {221}32 through
analysis of the characteristic projection angles marked in the
figure. The TEM projection outlines of individual TOH NPs
with various orientations are shown in Figure S3 in the
Supporting Information. The single-crystalline Au ETHH, CC,
and TOH NPs provided unique NP systems for us to
quantitatively compare the catalytic activities of three types of
high-index facets, {730}, {520}, and {221} facets. We also
fabricated multitwinned Au quasi-spherical (QS) NPs enclosed
by {100} and {111} facets (Figures 1H and 1I) to further
compare the catalytic activities of the high-index facets with
those of the low-index facets.
Using the seed-mediated growth method, the size of the NPs

can be precisely controlled for each geometry by adjusting the
amount of Au seeds added into the reaction mixtures. The Au
ETHH, CC, and TOH NPs all exhibited size-dependent
plasmonic tunability, allowing us to fine-tune, through
deliberate size control, their plasmon resonances with respect
to the excitation laser wavelength to achieve optimal SERS
enhancements on individual NPs. While on-resonance

Figure 2. Monitoring surface-catalyzed reactions on Au CC NPs by time-resolved SERS. (A) Representative SERS spectra collected from 4-NTP
adsorbed on the surfaces of Au CC NPs at different reaction times of 0, 16, 24, 32, 38, 44, 50, and 60 s after introducing NaBH4. The spectra were
offset for clarity. (B) Schematic illustration of the reduction of surface-adsorbed 4-NTP (reactant, R) to DMAB (intermediate, I) and finally to 4-
ATP (product, P).
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excitations typically generate higher Raman enhancements than
the off-resonance excitations,35 the far-field plasmon resonance
bands do not overlap exactly with the wavelengths at which the
largest near-field enhancements are achieved. It has been
demonstrated both theoretically and experimentally on various
metallic nanostructures that the maximum near-field enhance-
ments occurred at longer wavelengths relative to the far-field
extinction peaks.36−40 With this key design principle in mind,
the characteristic plasmon resonances of the Au ETHH, CC,
TOH, and QS NPs were all tuned to be within the same
spectral region that was blue-shifted by 35 to 70 nm in
wavelength with respect to the excitation laser (785 nm). As
shown in Figure 1J, subwavelength Au ETHH, CC, TOH, and
QS NPs exhibited their own geometry-dependent plasmonic
characteristics. Due to the rod-like anisotropic structures,
colloidal Au ETHH NPs exhibited a longitudinal and a
transverse plasmon bands at ∼720 nm and ∼570 nm,
respectively. Au CC NPs displayed a well-define dipole
plasmon resonance band at ∼750 nm and a quadrupole
shoulder at ∼590 nm. Due to the phase retardation effects,41

the dipole plasmon bands of TOH and QS NPs were both
significantly broadened, and sharper quadrupole bands emerged
at shorter wavelengths relative to the dipole bands.

We used SERS to monitor, in real time, the catalytic
hydrogenation of 4-NTP adsorbed on the surfaces of the Au
ETHH, CC, TOH, and QS NPs. Colloidal suspensions of the
NPs were first incubated with ethanolic solution of 4-NTP
overnight to undergo a ligand exchange process through which
saturated self-assembled monolayers (SAMs) of 4-NTP were
immobilized on the NP surfaces. The 4-NTP-coated NPs were
redispersed as colloidal suspensions in water, and the catalytic
reactions were initiated upon introduction of NaBH4 at room
temperature (298 K). Figure 2A shows the evolution of SERS
spectra upon exposure of 4-NTP-coated Au CC NPs to 100
mM NaBH4. 4-NTP showed three characteristic SERS bands at
1076, 1338, and 1571 cm−1, respectively.26−28 Upon exposure
to NaBH4, there was an induction time (t0) of ∼20 s during
which the SERS features of 4-NTP remained unchanged. This
induction time is most likely due to the formation of active
surface hydrogen species upon adsorption of borohydride ions
onto the Au surfaces.42 Only when the concentration of the
surface hydrogen species was built up to a certain threshold
value was the hydrogenation of 4-NTP initiated. As the reaction
proceeded, the peak intensities at both 1338 and 1571 cm−1

decreased progressively with the concomitant emergence of a
new Raman peak at 1590 cm−1, which was assigned to 4-
aminothiophenol (4-ATP).28 The time-resolved SERS meas-

Figure 3. Facet-dependent catalytic activities of Au NPs. Schemes of the atomic level surface structures of (A) the {730} facet of Au ETHH NPs, (B)
the {520} facet of Au CC NPs, (C) the {221} facet of Au TOH NPs, and (D) the {111} and {100} facets of Au QS NPs. (E-H) Fraction of reactant
(θR), intermediate (θI), and product (θP) as a function of reaction time during the reactions catalyzed by Au (E) ETHH, (F) CC, (G) TOH, and
(H) QS NPs. The error bars show the standard deviations obtained from five experimental runs. The results of the least-squares fitting are shown as
solid curves for the reactants and products. The fitted results for the intermediate trajectories are shown as dash blue curves. Panels E-H share the
same legends in Panel E. (I) The comparison of rate constants, k1 and k2, of the two-step surface reactions on Au ETHH, CC, TOH, and QS
nanoparticles. (J) The comparison of induction time, t0, of the reactions on Au ETHH, CC, TOH, and QS NPs. (K) Fraction of the coordination
numbers of the surface atoms for the {730} (ETHH), {520} (CC), {221} (TOH), and {111}/{100} (QS) facets.
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urements also allowed us to identify 4,4′-dimercaptoazoben-
zene (DMAB), whose characteristic Raman modes are at 1140,
1388, and 1438 cm−1,43−45 as an intermediate species formed
during the reaction. The detailed assignments of the peaks
observed in the SERS spectra are summarized in Table S1 in
the Supporting Information. Based on the spectroscopic
evolution observed in the SERS measurements, a possible
reaction mechanism is proposed, which is schematically
illustrated in Figure 2B. The Au NP-catalyzed hydrogenation
of 4-NTP by NaBH4 involves three major steps: (1) generation
of surface-hydrogen species upon adsorption of borohydride
ions to Au surfaces; (2) reduction of surface-adsorbed 4-NTP
by the surface-hydrogen species to form the intermediate,
DMAB; and (3) further hydrogenation of DMAB into the final
product, 4-ATP. Although similar spectral evolutions were
observed on Au ETHH, TOH, and QS NPs, the reaction rates
varied significantly among the Au NPs of different geometries
as shown in Figures S4, S5, and S6 in the Supporting
Information.
The time-resolved SERS results clearly showed that the

catalytic reaction rates decreased in the order of ETHH > CC
≫ TOH > QS NPs. The facet-dependent catalytic activities
observed here were intimately tied to the distribution of
coordinatively unsaturated surface atoms on various facets. The
atomic-level structures of {730} (ETHH NPs), {520} (CC
NPs), {221} (TOH NPs), and {111} + {100} (QS NPs) facets
are schematically illustrated in Figures 3A-3D, respectively,
based on which the fractions of surface atoms with different
coordination numbers can be calculated. We used the Raman
modes at 1338 and 1590 cm−1 to quantify the fraction of 4-
NTP and 4-ATP molecules, respectively, at various reaction
times. Under our experimental conditions, NaBH4 (100 mM)
was in excess, and its concentration maintained constant
throughout the entire reaction processes. Therefore, this
catalytic reaction obeyed pseudo-first-order kinetics, and the
induction times and rate constants were obtained by perform-
ing least-squares curve fitting to the reactant and product
trajectories shown in Figures 3E-3H. The rate equations for this
two-step consecutive reaction are listed as follows

θ = − × −eR
k t t( )1 0 (1)

θ = +
× − ×

−

− × − − × −k e k e
k k

1
( )

P

k t t k t t
1

( )
2

( )

2 1

2 0 1 0

(2)

θ θ θ= − −1I R P (3)

where θR, θP, and θI are the fractions of 4-NTP, 4-ATP, and the
intermediate (DMAB), respectively. k1 and k2 are the rate
constants for the first and second hydrogenation steps,
respectively, and t0 is the induction time. During the catalytic
reactions, successive SERS spectra were collected in real time
until complete hydrogenation of 4-NTP into 4-ATP. The time
resolutions of the kinetic measurements were limited by the
integration times for SERS spectral collection, which were 1 s
for ETHH and CC, 5 s for TOH, and 10 s for QS NPs,
respectively, under the current experimental conditions.
Although the excitation of plasmon resonances may enhance
the rates of some catalytic surface reactions,46,47 the catalytic 4-
NTP hydrogenation was found to be neither driven by
plasmons nor affected by the coupling of plasmon excitations
to the reaction coordinates. The reaction rates were observed to
remain essentially unchanged when various time intervals (the

excitation laser was blocked by a laser beam shutter) were
introduced between SERS spectral collections (Figure S7 in the
Supporting Information).
In Figures 3I and 3J, we compare the rate constants and

induction times on various Au NPs. The increase in rate
constants was accompanied by decrease in induction times.
Interestingly, the k2 was significantly larger than k1 on all four
nanostructures, and, as a consequence, the fraction of the
intermediate remained low during the reactions (see the blue
dash curves in Figures 3E-3H). However, the high detection
sensitivity of SERS and the large Raman cross-section of
DMAB43−45 allowed us to indentify DMAB as the intermediate
and further resolve the complex kinetics of the two-step
reaction. It is apparent that all the high-index facets were
catalytically more active than the low-index {111} and {100}
facets. The observed facet-dependent catalytic activities
correlated well with the characteristic distributions of under-
coordinated surface atoms on various facets as shown in Figure
3K. The {730} facets of ETHH NPs and {520} facets of CC
NPs showed significantly higher catalytic activities than the
{221} facets of TOH NPs because both the {730} and {520}
facets have significant fraction of surface atoms with a
coordination number of 6, while the lowest surface atomic
coordination number on the {221} facets is 7. The {730} facets
were observed to be more active than the {520} facets largely
due to the higher fraction of surface atoms with coordination
number of 6. In contrast, the low-index {100} and {111} facets
only have surface atomic coordination numbers of 8 and 9,
respectively, and thus showed much lower catalytic activities
than the high-index facets.
Using this SERS-based approach to monitor the surface-

catalyzed reactions has several unique advantages. Because both
the reactant and product molecules were immobilized as SAMs
on the nanocatalyst surfaces, it became possible to unravel the
intrinsic surface reaction kinetics with minimal complication
introduced by the surface-capping ligands as well as the
diffusion, adsorption, and desorption of reactants and products.
In addition, the catalytic reaction kinetics probed by SERS of
surface-immobilized SAMs was independent of the total
nanocatalyst surface areas, i.e. the concentrations of the
colloidal Au NPs, in the presence of excessive NaBH4, which
was quantitatively demonstrated on porous Au NPs in a recent
publication48 and was further verified on the Au ETHH, CC,
and TOH NPs in this work (Figure S8 in the Supporting
Information). This allowed us to compare the catalytic activities
of various Au facets without the necessity to normalize the
particle surface areas for different geometries. Furthermore, the
high sensitivity and unique fingerprinting capability of SERS
enabled the identification of transient intermediates along the
reaction pathways. In our SERS measurements, we used a
confocal Raman microscope with the laser beam focused into a
small volume of the colloidal NP suspensions, and the SERS
signals were collected from an observation volume of ∼100 pL.
Therefore, each freely diffusing NP was exposed to the
excitation laser for a short time period (within the diffusion
time), effectively eliminating the plasmon-driven photoconver-
sion of 4-NTP to DMAB43,45 and photoinduced sample
damage (see the results of control experiments in the absence
of NaBH4 in Figures S9 and S10 in the Supporting
Information). The relatively low excitation power (10.0 mW
CW laser) and limited exposure time of each diffusing NP to
the confocal laser beam also effectively minimized photo-
thermal effects and suppressed other possible plasmon-
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enhanced surface reactions, allowing one to precisely measure
the intrinsic kinetics of the catalytic chemical transformations
occurring at the NP-molecule interfaces.
Our results provide clear experimental evidence on the

critical contribution of undercoordinated surface atoms to the
catalytic activities of Au NPs. The quantitative insights on the
intrinsic facet-dependent catalytic activities of Au NPs gained
through this work provide important information that guides
the rational design and construction of nanoarchitectured Au
surfaces for the optimization of heterogeneous catalysis.
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