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ABSTRACT: We report a facile, seed-mediated method to
synthesize nanoscale gold truncated ditetragonal nanoprisms (TDPs) enclosed by 12 high-index {310} facets.
The method leads to the formation of nanoparticles with
high size and shape monodispersity and allows for easy
surfactant removal. The dependence of particle shape on the
synergetic contribution of metallic ions, halide ions, and
surfactant adsorbates during synthesis is described. The
resulting high-index nanoparticle facets were demonstrated
as eﬃcient activators of a supported catalytic material
(platinum). A Pt monolayer deposited onto the Au TDP
nanofacets with sharp electrochemical signatures exhibits an
enhanced catalytic activity.

S

urfaces and surface structure determine many of the physical
and chemical properties of crystalline matter.1,2 Substantial
recent research regarding nanoparticle (NP) synthesis has been
devoted to controlling the shape of nanoscale objects. Such
particles possess well-deﬁned crystallographic facets, which allows for tuning of their surface-dependent properties.1,2 In particular, high-index-faceted metal NPs are of great interest due to their
potential use in plasmonic and catalytic applications.3!8
The synthesis of metallic NPs through control of the growth of
low-index facets such as {111} and {100} results in NPs with
well-deﬁned shapes, such as cubes, octahedra, and rods.2 In
contrast, expression of high-index facets on metallic NPs can
permit formation of more complex shapes with higher surface
reaction activity. Indeed, a large density of atomic steps and
terraces on high-index facets is greatly desirable for breaking and
forming chemical bonds during catalytic reactions.1d However,
the low stability of these surfaces leads to their easy disappearance during crystal growth.1d,3 In the case of gold NPs in
particular, only limited systems with high-index facets—such as
trisoctahedra (TOH),4 tetrahexahedra (THH),5 and concave
cubes6a—have been prepared. To shape and stabilize nanofacets,
the organic molecules or polymers are used as surface capping
agents and inevitably accompany the growth of high-indexfaceted NPs.4!8 These surfactants usually possess a strong aﬃnity
to the conﬁned NPs surfaces and unavoidably passivate the desired
surface activity from high-index nanofacets in the form of residue.7,9
The electrochemical activity of high-index-faceted NPs is highly
sensitive to the purity of the nanofacets, as evidenced in previous
studies.4!6
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We explore here how the facets of shaped NPs can be used as
an atomically structured support for a monolayer (ML) of
catalytically active materials. Such a material design strategy
allows for modulation of both the structure and properties of
the deposited ML. This approach is distinct from existing, stateof-the-art core/shell synthesis methods where surface features
are typically not replicated during the shell formation10,11 Herein, we report a facile seed-mediated route, selecting cetylpyridinium chloride (CPC) as a surfactant, to synthesize well-shaped
Au truncated ditetragonal nanoprisms (TDPs) in high purity.
The method provides a high-yield (>95%) synthesis of uniform
∼45 nm Au TDP NPs, which are bounded by 12 high-index
{310} facets. We demonstrated a distinct electrochemical feature
from Au nanofacets, suggesting the eﬀective removal of surface
capping agents. Furthermore, the Au TDP NPs were successfully
used as stable facet-speciﬁc supports for platinum ML deposited
onto the underlying Au nanofacets. Pt exhibited a high electrochemical catalysis activity, which was activated by high-indexfacet features.
In a typical synthesis, Au seeds were injected into a growth
solution containing HAuCl4, AgNO3, HCl, ascorbic acid (AA),
and CPC under magnetic stirring. The mixed solution was left
undisturbed overnight (Supporting Information). Figure 1 shows
scanning electron microscopy (SEM) images of the NPs obtained
from a reaction wherein 50 μL of the diluted seeds was added,
equivalent to 1 μL of the original seed solution. The X-ray powder
diﬀraction (XRD) pattern of the as-prepared NPs (Figure S1a)
matches the FCC gold structure (JCPDS 4-0784). Due to their
high monodispersity, the uniform particles can self-assemble into
ordered and well-packed structures, as evident from the lowmagniﬁcation SEM image (Figure 1a). Our high-magniﬁcation
observations (Figure 1b,c) reveal well-deﬁned facets with an average
long edge length of ∼45 nm. These NPs exhibit a ditetragonal
prism shape with truncated ends, smaller than the ones reported
recently.7 They are enclosed by 12 facets, including eight side
facets parallel to the principal axis and two terminating facets
located at each of the two ends (Figure 1c). The schematic
drawing of TDP indicates the projections along three orthogonal
viewing directions (Figure 1d), which is in agreement with the
observed particle proﬁles (Figure 1e1!e3). SEM images of
the particles when surrounded by neighboring NPs show that
the particles have a ditetragonal cross-section (Figure 1e1). The
measured inner angles match closely those calculated from an
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Figure 1. (a) Typical large-area and (b) locally magniﬁed SEM images
of the as-prepared Au TDP NPs, with an edge length of 45 ( 4 nm.
(c) High-magniﬁcation SEM image stressing typical TDP proﬁles in
random orientations. (d) Model of an ideal TDP bound by {310} facets
and projections along three viewing directions indicated with arrows, as
shown in d1!d3. (e) High-magniﬁcation SEM images of single NP in
diﬀerent orientations, corresponding to the TDP models in d1!d3. The
frame scale in e1!e3 is 80 nm.

ideal TDP with high-index {310} side facets (Figure 1d1);
similarly, a side-view projection (Figure 1e2) exhibits measured
angles between edge-on facets at the two ends of the prism which
also agree with expected values for {310} facets (Figure 1d2).7
These measurements indicate that the synthesized Au NPs have a
TDP shape bound by {310} facets. By varying the volume of seed
particles added to the growth solution, the size of the Au TDP
NPs—namely the length of the longest edge—can be adjusted.
For example, Au TDP NPs with the edge length of ∼72 nm were
synthesized by adding an equivalent of 0.25 μL of the non-diluted
seed solution, all while maintaining the TDP shape and high yield
(>95%) (Figure S1b).
We have further investigated the shape and internal structure
of Au TDP NPs using transmission electron microscopy (TEM).
Figure 2 presents four representative TEM images of the NPs
(Figure 2a1, b1, c1, and d1) together with the corresponding
selected area electron diﬀraction (SAED) patterns (Figure 2a3,
b3, c3, and d3) which demonstrate the NP orientation. The
measured projected contours of NPs match the proﬁles of the
ideal TDP in diﬀerent orientations (Figure 2a2, b2, c2, and d2).
When viewed along the [001] direction, the angle between the
two end faces of the TDP is visible and can be used to determined
the plane indices of the end faces as {310} (Figure 2a1!a3). The
SAED patterns and high-resolution TEM (HRTEM) analysis
(Figures 2c and S2) conﬁrm that the principal axis parallel to
the eight side faces is [100]. All the side-views can be obtained
by rotating a TDP with the eight {310} side faces around the
[100] principal axis. Combined with the SEM analysis, these
structural characterizations conﬁrm that the Au NPs are defectfree single-crystalline TDPs enclosed by 12 high-index {310}
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Figure 2. TEM images, schematic models, and electron diﬀraction
patterns of single TDP Au NP orientated along the (a1!a3) [001], (b1!b3)
[013], (c1!c3) [010], and (d1!d3) [031] axes. Scale bar, 20 nm.

facets. The majority of the Au NPs exhibited this standard TDP
shape (as illustrated in Figure 1d). A minority of NPs showed
slight shape diﬀerences, but they were still bounded by 12 {310}
facets (Figure S3).7a In the UV!vis absorption spectrum, the asprepared Au TDP NPs exhibit only one strong surface resonance
(SPR) peak at 545 nm (Figure S4). The spectrum feature diﬀers
from that of the TDP NPs reported previously, which shows two
broad peaks corresponding to the transverse and longitudinal
SPR modes.7a The diﬀerence would arise from the more symmetric aspect ratio and narrow size distribution of the Au TDP
NPs presented here.
Several control experiments were carried out to probe the
mechanism of Au TDP NPs formation. Under the present condition, which yields a low generation rate of Au atoms, the selective
face-blocking eﬀect from adsorbates is found to dominate the
growth kinetics.2b Without adding both Ag+ and HCl, but
keeping all other experimental conditions unchanged, octahedral
Au NPs bound by {111} facets were produced (Figure 3a),
suggesting that the low-energy {111} facets are retained by CPC
capping in the thermodynamically controlled reaction.2b Even
when only HCl was added, octahedral Au NPs were still formed
relatively slowly due to the decreased reducing power of AA after
adding HCl (Figure 3b).5 However, when only Ag+ was added,
rhombic dodecahedra NPs bound by {110} facets were obtained
(Figure 3c). This indicates that the eﬀect of Ag underpotential
deposition (UPD) becomes dominant over the surfactant eﬀect
from CPC after introducing Ag+, due to a relatively low binding
aﬃnity of CPC for Au surfaces.2c,d Ag+ can be considered as a
selective face-blocking adsorbate through the UPD mechanism,
and it has been used in other solution-based syntheses to stabilize
high-index facets.12 The diﬀerence in the onset of Ag+ UPD for
various crystalline facets of Au leads to the preferable deposition of
Ag on a Au surface in the order {110} > {100} > {111}. Therefore,
a Ag ML can be formed more favorably on the Au {110} facets.
The repeated galvanic reaction of a Ag ML by Au ions would
signiﬁcantly retard the total growth of the Au {110} facets.12 A Ag
18075
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Figure 3. SEM images showing typically ordered assemblies of Au NPs
prepared (a) without adding both HCl and AgNO3 ({111}-facetbounded octahedral NPs, OC) and (b1) with adding HCl but no
AgNO3 (OC). (b2) TEM image, diﬀraction pattern, and model of an
octahedron in sample (b1). (c1) SEM images of Au NPs prepared with
adding AgNO3 but no HCl ({110}-facet-bounded rhombic dodecahedral NPs, RD). The inset shows an overview of a single NP. The frame
scale of the inset is 50 nm. (c2) Local SEM images and models of the RD
NPs in various orientations. The frame scale of the inset is 100 nm. (c3)
TEM image, diﬀraction pattern, and model of a RD NP in sample (c1).

Figure 4. (Top) Schematic illustration of the formation mechanism of
Au NPs (OC, RD, and TDP) bound by diﬀerent index facets ({111},
{110}, and {310}, respectively), and the corresponding atomic models
of these facets viewed along some given zone axis. The role of Ag
monolayer UPD in the formation of Au {110} and {310} facets was also
illustrated. (Bottom) Atomic model of the (013) facet of a TDP NP,
projected from the [100] direction, showing that the (013) facet can be
thought of as a combination of (001) terraces and (011) steps.

ML or sub-ML on the Au {110} facets acts as a strongly binding
surfactant that results in a slower growth of Au {110} facets. This
becomes dominant in determining the ﬁnal NP structure.
By adding both Ag+ and HCl, TDP NPs bounded by 12 {310}
facets were obtained. The {310} facets are multiply stepped and
can be considered as the vector sum of one {110} facet and two
{100} facets.7 It is believed that the cooperative action of Ag+ and
HCl would promote the Ag+ UPD on the Au {100} facets and
increase the proportion of Au {100} facets in the ﬁnal structure.
Meanwhile, the steps formed by sub-facets provide open sites
with a larger UPD shift for Ag deposition and can be stabilized by
Ag,8,12 resulting in the unique TDP shape. Such a synergetic role
of Ag+ and HCl was also indicated in the seed-mediated syntheses reported recently.2c,d,5,6a,7b,8 In these prior studies, combining Ag+ and HCl led to the formation of Au THH NPs bound
by 24 {730} facets (the vector sum of three {110} facets and four
{100} facets)5 and concave cubic NPs bound by 24 {720} facets
(the vector sum of two {110} facets and ﬁve {100} facets).6a
Note that diﬀerent surfactants, either cetyltrimethylammonium
bromide (CTAB), cetyltrimethylammonium chloride (CTAC),
or CPC, were used in the synthesis of Au nanostructures bounded
by diﬀerent high-index facets. These results indicate that the type
of surfactant is also crucial to determining the proportion of
{110} and {100} sub-facets present in the high-index facets.
Thus, the formation of the Au TDP NPs can be attributed to the
synergistic function of Ag+, halide ions, and the surfactant CPC
(Figure 4). Eﬀorts aimed at understanding synergistic roles of all
compounds are ongoing.
The surface structure of the Au TDP NPs was also conﬁrmed
by electrochemical measurements. Au surface oxidation at potentials above 1.2 V is facet-sensitive. While a single large current
peak occurs during cyclic voltammetry (CV) on close-packed Au
{111} facets, multiple small peaks (not separated) characterize
more open structures, such as {100}, {110}, and higher indexed

facets.13 The CV curve for the Au TDP NPs (blue) in Figure 5a
exhibits three clear and small peaks (marked with a blue dashed
frame), consistent with its well-deﬁned high-index facets. Such
distinct electrochemical surface features from Au TDP nanofacets conﬁrm their high surface purity. This result also veriﬁes
that the surfactants (CPC) have been removed from the NPs
surfaces by ethanol-washing and that the high-index facets
remain intact. Otherwise, CV curves were found featureless.
The clean and stable crystalline proﬁle of the Au TDP NPs was
further examined as a facet-speciﬁc support for catalytically active
metals, speciﬁcally Pt. A Pt ML was placed on the surface via
galvanic replacement of an underpotentially deposited Cu ML.14
We have previously demonstrated the formation of complete Pt
ML, bilayer, and multilayer shells on <10-nm Pd NPs using
Z-contrast STEM and element-sensitive EELS.15 In this case,
however, because Pt and Au are only diﬀerent by one atomic
number, and because the core particles are signiﬁcantly thicker,
we are not able to use Z-contrast to directly probe the structure of
the Pt layer and its coverage. Nevertheless, electrochemical behaviors described below suggest that the deposited Pt is of ML
thickness, with facets matching to the underlying Au. Indeed, the
smaller Au reduction peak at 1.15 V and an additional reduction
peak at 0.7 V in the voltammetry curve for the Au(TDP)-Pt(ML)
sample (red curve in Figure 5a) are consistent with the presence
of a Pt ML that partly shifts the reduction of surface oxide below
0.9 V, as commonly seen on Pt surfaces. For the Au(TDP)Pt(ML) sample, the hydrogen desorption peak at 0.3 V is higher
than that at 0.15 V (marked with a red dashed frame in
Figure 5b), distinctly diﬀering from the ratio of the two peaks
in the CV curve for sphere-like Pt NPs (45% Pt/C were
purchased from E-TEK), as shown in Figure 5b. This feature
suggests that Pt ML lattice is not a hexagonal close-packed
surface ({111}), but mimics the underlying Au NPs containing
rich {100} sub-facets.9 From the integrated hydrogen desorption
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Figure 5. (a,b) CV curves in deaerated 0.1 M H2SO4 solutions, 50 mV s .
(c) Polarization curve in hydrogen-saturated 0.1 M H2SO4 solutions,
5 mV s!1, and 2500 rpm rotation rate. The current densities were
normalized by the geometry area of the 0.5-cm-diameter electrode surface.
!1

charges, the ratio between electrochemical surface areas of the
Au(TDP)-Pt(ML) and the Pt NPs samples is estimated to be 1:20.
This is largely because the Pt NPs are much smaller (average
diameter about 2.5 nm) and, thus, have much higher Pt surface
area. Yet, the polarization curves for hydrogen evolution and
oxidation reactions are similar (Figure 5c), which indicates that
the Pt ML on the high-index facets is much more active per Pt
surface area than the close-packed surface of spherical Pt NPs. In
other words, Au TDPs serve as nanofacet-activating substrates by
translating their high-index-facet features to the supported materials; that results in a high electrochemical catalysis activity of the
added Pt ML. The results illustrate a feasible way to study facetdependent catalytic behavior of reactive metals using well-shaped
Au NPs as facet-speciﬁc supports, as well as creating new
opportunities for an enhancement of catalytic properties.
In summary, we developed a facile yet eﬀective seed-mediated
method which produces a high yield of Au NPs with a welldeﬁned truncated ditetragonal prism shape at room temperature.
The monodisperse Au TDP NPs are single crystals enclosed
by 12 high-index {310} facets. High-indexed surfaces of the Au
TDP NPs leave a distinct electrochemical feature when surfactants are removed from the NP surface. Furthermore, Au TDP
NPs can be successfully used as stable, facet-speciﬁc supports,
with high-index-facet features that readily allow for placement of
a Pt monolayer and promote its catalytic performance. This work
demonstrates that high-index-faceted Au NPs can be obtained by
appropriately combining metallic ions, halide ions, and surfactant
adsorbates in the seed-mediated synthesis. These NPs can
replicate their speciﬁc surface features to the supported layer and
function as nanofacet activators of catalytic materials. That provides
a new material design strategy and allows systematic investigation of how catalysis on high-energy surfaces proceeds, with
implications for applications in the ﬁeld.
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Experimental Details
Gold (III) chloride trihydrate (HAuCl4·3H2O, 99.9+%), silver nitrate (AgNO3, 99.9999%),
sodium borohydrate (NaBH4, 99.99%), L-ascorbic acid (AA, 99+%), cetyltrimethylammonium
bromide (CTAB , 99.9%), cetylpyridinium chloride (CPC, 99%), and hydrochloric acid (HCl,
1M volumetric solution) were purchased from Sigma-Adrich and used without further
purification. Milli-Q water with a resistivity greater than 18.0MΩ cm was used in the preparation
of aqueous solutions.
Au seeds were prepared by quickly injecting 0.60mL of ice-cold, freshly prepared NaBH4
(10mM) into a rapidly stirred mixture of HAuCl4 (0.01M, 0.25mL) and CTAB (0.1M, 9.75mL).
The seed solution was stirred for 2 minutes and then left undisturbed for 2 hours. A growth
solution was prepared by consecutively adding 0.5mL of 10mM HAuCl4, 0.1mL of 10mM
AgNO3, 0.5mL of 1.0M HCl, and then 0.07mL of 100mM AA to a 10mL aqueous solution of
0.1M CPC. The seed solution was diluted 50 times with 0.1M CPC. A typical synthesis of 45nm
TDP Au NPs was initiated by the addition of 50µL of the diluted seeds, equivalent to 1µL of
original seed solution, to the growth solution under stirring. The growth was then left
undisturbed at room temperature until the reaction completed. The as-grown NPs were washed
twice using Milli-Q water by centrifugation for further characterizations.
SEM and TEM characterizations were conducted on a Hitachi S-4800 Scanning Electron
Microscope, a JEOL JEM-2100F high-resolution Analytical Transmission Electron Microscope,
and a FEI Titan 80-300 Environmental Transmission Electron Microscope (E-TEM). XRD and
UV-vis spectra were collected on a Rigaku Miniflex II X-ray diffractometer and a Perkin-Elmer
Lambda 35 spectrometer, respectively.
The thin-film electrode with TDP Au NPs was prepared by putting an aliquot of the aqueous
NP suspension onto a polished glassy carbon rotating disk electrode (5 mm diameter, Pine
Instrument). After drying in air, the electrode was washed twice with ethanol before
S1

electrochemical measurements. The Cu monolayer deposition was carried out in a 1 mM CuSO4,
0.05 M H2SO4 solution, and galvanic replacement of Cu by Pt took place in a 1 mM K2PtCl4,
0.05 M H2SO4 solution.
The cyclic voltammetry and hydrogen evolution/oxidation reaction polarization curves were
measured in a three-electrode cell with a Volta PGZ402 potentiostat at room temperature. A
leak-free (Ag/AgCl, 3M NaCl) electrode served as the reference electrode, and a Pt flag was
employed as the counter electrode. The potentials are reported with respect to a reversible
hydrogen electrode (RHE).

S2

Figure S1. (a) XRD pattern of the Au nanocrystals with truncated ditetragonal prism (TDP)
shape shown in Fig.1; (b)SEM image of larger Au TDP NPs (edge length of 72±8nm)
synthesized by adding the equivalent of 0.25µL of the non-diluted seed solution.
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Figure S2. (a) TEM image of a [010]-oriented Au TDP NP. Scale bar: 20nm. (b) HRTEM image
of the region indicated with a blue box in a).
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Figure S3. (a) Annular Dark Field STEM image of the Au NPs bounded by {310} facets with
shapes similar to TDP. (b) Crystal models proposed for the Au NPs enclosed by 12 {310} facets
with shape similar to TDP, corresponding to the NPs marked with the same number in a).
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Figure S4. UV-vis absorbance spectra of the Au TDP NPs shown in Figure 1 (Black curve), the
octahedral (OC) Au NPs from the control experiment with adding HCl but without AgNO3 (red
curve), and the rhombic dodecahedral (RD) Au NPs obtained from the control experiment with
adding AgNO3 but without HCl (green curve).
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