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The synthesis of metal nanocrystals with various geometries has
been a very important issue because their optical, electronic, and
magnetic properties can be tuned by controlling their size and
shape.1 In particular, the activity of metal nanocrystals in chemical
reaction highly depends on their surface properties which are
influenced by the shape of synthesized nanocrystals.2 Accordingly,
a number of face-centered cubic (fcc) structured noble metal
nanocrystals have been synthesized. Although there are few reports
on the preparation of nanocrystals with exposed high-index facets,3

most of the synthesized nanocrystals are enclosed by low-index
{111} and {100} surfaces. For instance, tetrahedral,4 octahedral,5

decahedral,6 and icosahedral7 nanocrystals are bound by {111}
surfaces, and nanocubes8 are enclosed by {100} surfaces. In
addition, cuboctahedral nanocrystals and nanoplates are bound by
both {111} and {100} surfaces.9 On the basis of the fact that surface
energies of different crystallographic planes are in the order γ{111}

< γ{100} < γ{110},
10 the formation of these structures can be ascribed

to a result of the minimization of surface energy.

Up to now, metal nanocrystals exclusively enclosed by {110}
surfaces, like rhombic dodecahedron or regular dodecahedron, have
been rarely exploited11 because the {110} facet has the highest
surface energy among the low-index facets, thus exhibiting faster
growth kinetics over the other facets, resulting in their disappearance
during the crystal growth.12 It is widely accepted that the synthesis
of metal nanocrystals with exposed high-energy facets is an
important and challenging task because these facets can endow
nanocrystals with a high activity, thus facilitating their potential
applications such as highly efficient catalysts.3 Herein, we report
on the synthesis of rhombic dodecahedral Au nanocrystals in high
yield by a simple wet chemical method. The Au nanocrystals
enclosed by 12 {110} facets could be readily prepared without the
use of any seeds, surfactants, or foreign metal ions but only with
N,N-dimethylformamide (DMF) as both reductant and solvent.

In a typical synthesis of rhombic dodecahedral Au nanocrystals,
an aqueous solution of HAuCl4 (10 mM, 2.0 mL) was added to
23.0 mL of DMF. This solution was then heated at 90-95 °C for
∼15 h in an oven. The resultant sample was purified by centrifuga-
tion and washing with ethanol to remove excess reagents. Figure
1a shows a representative SEM image of the as-prepared product.
A high-magnification SEM image is also shown in Figure 1b. The
images show that the majority (>85%) of the sample was rhombic
dodecahedral nanocrystals with an average edge length of 138 (
21 nm. Some irregularly shaped particles are also observed, which
are byproducts of the reaction. The prepared Au nanocrystals were
stable up to 2 months under ambient condition. An ideal rhombic

dodecahedral structure bound by 12 {110} surfaces presented in
Figure 1c correlates well with the synthesized nanocrystals. It is
noticeable that the X-ray diffraction (XRD) pattern of the product
shows an overwhelmingly intense peak from the (220) diffraction
plane with a weak peak from the (111) plane of fcc Au (JCPDS
No. 4-0784). The intensity ratio between the (220) and the (111)
diffractions (I(220)/I(111)) of 12.1 for the prepared sample is remark-
ably higher than the conventional bulk intensity ratio (0.32),
indicating that the faces of these nanocrystals are primarily
composed of {110} planes.

The crystal structure of the prepared nanocrystals was further
confirmed by high-resolution transmission electron microscopy
(HRTEM) measurements. Figure 2a shows an HRTEM image of
the nanocrystals, and the top-right inset shows the selected area
electron diffraction (SAED) pattern obtained from a single rhombic
dodecahedron with the electron beam perpendicular to one of the
rhombic facets. The SAED pattern can be indexed to the [011]
zone axis of a single crystal of fcc Au,13 indicating that the
synthesized nanocrystals are single-crystalline and bound by {110}
basal planes. The high-magnification HRTEM image also demon-
strates the exposed surface of the {110} face (Figure 2b); a
d-spacing of 0.144 nm for adjacent lattice planes corresponds to
the {110} planes of fcc Au.

The electrochemical behavior of the prepared nanocrystals has
also been characterized to examine their surface properties. The
cyclic voltammetry (CV) trace of rhombic dodecahedral Au
nanocrystals immobilized on an indium-tin oxide electrode cor-
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Figure 1. (a) Low- and (b) high-magnification SEM images of the rhombic
dodecahedral Au nanocrystals. (c) An ideal rhombic dodecahedron enclosed
by 12 {110} facets. (d) XRD pattern of the rhombic dodecahedral Au
nanocrystals.
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related well with the results obtained from the bulk Au(110) single-
crystal electrode and was different from that of the Au nanocrystals
bounded by other low-index facets (Figure S1). This result indicates
that the synthesized nanocrystals are enclosed by single-crystalline
{110} surfaces as revealed by XRD and HRTEM measurements.

The metal nanocrystals with well-defined morphologies exhibit
distinct optical properties associated with the surface plasmons.1

Figure 3a shows the extinction spectrum of the as-prepared Au
nanocrystals in DMF. To verify the experimentally observed result,
the extinction properties of a nanocrystal (140 nm in edge length)
have been computed using the discrete dipole approximation
(DDA)14 and analyzed by comparing the calculated extinction
spectrum with the analytic solution of Mie scattering for a similar
spherical structure. The calculated extinction spectrum is given in
Figure 3b which shows peaks corresponding to dipole and higher-
order multipole plasmon resonances, agreeing reasonably well with
experimental results. The characteristic peaks observed at 650 and
600 nm in Figure 3a can then be assigned, respectively, to
quadrupole and octopole plasmon modes, and the broadband at
∼800-900 nm can be assigned to the dipole mode. The differences
in plasmon peak positions and shapes between observed and
calculated spectra can be ascribed to the broad size distribution of
the prepared nanocrystals.

It has been generally known that the shape of noble metal
nanocrystals can be modulated by controlling the reduction kinetics
of metal precursors and relative growth rate on particular crystal-
lographic surfaces during the crystal growth.9 In our experiment,
DMF acts both as a solvent and as a reducing agent. In the previous
studies on the formation of Ag nanocrystals, Liz-Marzán et al. found
that DMF is a powerful reductant and the reduction rate remarkably
increases as the temperature increases.15 The optimal temperature
for the synthesis of homogeneous nanocrystals was found to be
the boiling point of DMF, i.e., 156 °C. In our experimental

conditions, the reaction temperature was maintained at 90-95 °C
well below the boiling temperature of DMF, therefore leading to a
relatively slow rate of crystal growth. This kinetically controlled
reduction process should contribute to the formation of the rhombic
dodecahedral Au nanocrystals. When the reaction temperature was
increased above 90-95 °C, rhombic dodecahedral particles were
not produced; instead, variously shaped polyhedral particles were
formed (Figure S2). On the other hand, the formation of rhombic
dodecahedral nanocrystals with exposed high-energy {110} surfaces
may also be the result of stabilization of such unstable facets by
DMF or one of its oxidation products. This was confirmed by the
fact that we could not obtain the rhombic dodecahedral nanocrystals
when we added poly(vinyl pyrrolidone) (PVP) into the reaction
mixture as a competing stabilizer (Figure S3). PVP known as the
surface-regulating polymer is believed to preferentially adsorb on
the {111} planes of Au nanocrystals, reduce the growth rate along
the [111] direction, and finally result in the formation of nanoc-
rystals enclosed by {111} surfaces.4,5

In summary, we have presented the synthesis method for the
production of rhombic dodecahedral Au nanocrystals bound by 12
{110} facets. The exposed high-energy {110} surfaces of the
nanocrystals will benefit a variety of optical and catalytic applica-
tions. For instance, a preliminary experiment shows that the
prepared nanocrystals exhibit efficient surface-enhanced Raman
scattering properties (Figure S4).
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Figure 2. (a) TEM image of the rhombic dodecahedral Au nanocrystals.
Top-right inset shows corresponding SAED pattern. Models of ideal rhombic
dodecahedra are shown in bottom-left inset. (b) High-magnification HRTEM
image of a nanocrystal.

Figure 3. Experimentally measured (a) and calculated (b) extinction spectra
of the rhombic dodecahedral Au nanocrystals.
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