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can lower the Au nucleation temperature by
roughly 40 K, and a 4% increase in Ge might
stabilize the liquid phase against Au nucleation
at temperatures as low as 260°C. Such large
kinetically driven supersaturations are not
expected in typical macroscopic systems but
become increasingly likely in strongly facetted
systems as they shrink to the nanoscale (28, 31).
The degree of supersaturation would increase
with growth rate, which could explain the successful growth of Ge nanowires at temperatures
as low as 260°C in conventional chemical vapor
deposition, where the growth rate is far higher
than that in our experiments.
In conclusion, we have shown that during
the growth of Ge wires using Au, the catalyst
state may be either solid or liquid below Te, with
the state depending not just on temperature but
also on Ge2H6 pressure and history. Nanowire
growth continues regardless of the state the catalyst is in. In other words, both VLS and VSS
processes can operate under the same conditions
to grow Ge wires. A substantial Ge2H6 pressure
is essential for growth via VLS below Te. We
propose a possible mechanism for the existence
of a liquid catalyst at these temperatures, which
is consistent with the observed dependence on
Ge2H6 pressure and wire diameter. These results
demonstrate that source gas pressure, though
generally not considered a key factor, is actually
crucial in determining the growth mode. The
role of growth pressure and history may be
relevant to controlling nanowire synthesis below

Te and to resolving the controversy surrounding
the catalyst state in other materials systems.
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Synthesis of Tetrahexahedral Platinum
Nanocrystals with High-Index Facets
and High Electro-Oxidation Activity
Na Tian,1 Zhi-You Zhou,1 Shi-Gang Sun,1* Yong Ding,2 Zhong Lin Wang2*
The shapes of noble metal nanocrystals (NCs) are usually defined by polyhedra that are enclosed by
{111} and {100} facets, such as cubes, tetrahedra, and octahedra. Platinum NCs of unusual
tetrahexahedral (THH) shape were prepared at high yield by an electrochemical treatment of Pt
nanospheres supported on glassy carbon by a square-wave potential. The single-crystal THH NC is
enclosed by 24 high-index facets such as {730}, {210}, and/or {520} surfaces that have a large
density of atomic steps and dangling bonds. These high-energy surfaces are stable thermally (to
800°C) and chemically and exhibit much enhanced (up to 400%) catalytic activity for equivalent Pt
surface areas for electro-oxidation of small organic fuels such as formic acid and ethanol.

G

enerally, catalytic performance of nanocrystals (NCs) can be finely tuned either
by their composition, which mediates
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electronic structure (1, 2), or by their shape,
which determines surface atomic arrangement
and coordination (3, 4). Fundamental studies of
single-crystal surfaces of bulk Pt have shown
that high-index planes generally exhibit much
higher catalytic activity than that of the most
common stable planes, such as {111}, {100},
and even {110}, because the high-index planes
have a high density of atomic steps, ledges, and
kinks, which usually serve as active sites for
breaking chemical bonds (5–7). For example, a
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bulk Pt(210) surface possesses extremely high
catalytic reactivity for electroreduction of CO2
(8) and electro-oxidation of formic acid (9). The
bulk Pt(410) surface exhibits unusual activity
for catalytic decomposition of NO, a major
pollutant of automobile exhaust (10). Thus, the
shape-controlled synthesis of metal NCs bounded
by high-index facets is a potential route for enhancing their catalytic activities.
It is, however, rather challenging to synthesize shape-controlled NCs that are enclosed by
high-index facets because of their high surface
energy. Crystal growth rates in the direction
perpendicular to a high-index plane are usually
much faster than those along the normal direction
of a low-index plane, so high-index planes are
rapidly eliminated during particle formation (11).
During the past decade, a variety of face-centered
cubic (fcc) structured metal NCs with welldefined shapes have been synthesized, but nearly
all of them are bounded by the low-index planes,
such as tetrahedron, octahedron, decahedron, and
icosahedron, enclosed by {111} facets (12–14),
cube by {100} (12, 15), cuboctahedron by {111}
and {100} (16), and rhombic dodecahedron by
{111} (17). Here we describe an electrochemical method for the synthesis of tetrahexahedral (THH) Pt NCs at high purity. The THH
shape is bounded by 24 facets of high-index
planes ~{730} and vicinal planes such as {210}
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bulk Pt electrode (23), which could yield several high-index planes of bulk crystals in some
cases (24). However, these methods have limited practical applications because of a low
specific surface area and the high cost of the bulk
Pt electrode. We have developed a route for
shape-controlled synthesis of Pt NCs through a
square-wave potential. Starting from Pt nanospheres electrodeposited on glassy carbon (GC)
substrate instead of bulk Pt, we obtained THH Pt
NCs at high yield. Electrochemical preparation
was carried out in a standard three-electrode cell
at room temperature (25). All electrode potentials
are reported on the scale of a saturated calomel

Fig. 1. (A) Scheme of electrochemical preparation
of THH Pt NCs from nanospheres. The Pt nanosphere
is an agglomeration of tiny
Pt nanoparticles of irregular shapes (fig. S1). Under
the influence of the squarewave potential, new Pt NCs
of THH shape grow at the
expense of the large nanospheres (the large nanosphere is “dissolved” into
smaller ones, which eventually transform into THH shape).
(B) Low-magnification SEM
image of THH Pt NCs with
growth time of 60 min. (C
and D) High-magnification SEM images of Pt THH viewed down along different orientations, showing
the shape of the THH. (E) Geometrical model of an ideal THH. (F) High-magnification SEM image of a
THH Pt NC, showing the imperfect vertices as a result of unequal size of the neighboring facets. Scale
bars in (C), (D), and (F), 100 nm.
Fig. 2. (A) TEM image of THH Pt NC
recorded along [001] direction. A careful
measurement of the angles between surfaces indicates that the profiles of the
exposed surfaces are {730} planes (a =
133.6°, b = 136.4°) (see fig. S6). The
inset is a [001] projected model of the
THH. (B) Corresponding SAED pattern
with square symmetry, showing the
single-crystal structure of the THH Pt NC.
(C) High-resolution TEM image recorded
from the boxed area marked in (A). An
amorphous thin layer is shown at the
surface, which may be introduced by
contamination during specimen handling
and/or TEM observation. (D) Atomic model of Pt(730) plane with a high density of
stepped surface atoms. The (730) surface
is made of (210) and (310) subfacets. The
local surface of THH Pt NC can be (210) if
the size of the crystal surface increases,
although the overall profile of the facets
is (730). (E) HRTEM image recorded from
another THH Pt NC to reveal surface atomic
steps in the areas made of (210) and (310)
subfacets. The image reveals the surface
atomic steps.
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electrode (SCE). In a typical experiment, polycrystalline Pt nanospheres of size about 750 nm
(fig. S1) were electrodeposited on a GC electrode
in a solution of 2 mM K2PtCl6 + 0.5 M H2SO4.
The Pt nanospheres were then subjected to a
square-wave treatment, with upper potential 1.20 V
and lower potential between –0.10 and –0.20 V,
at 10 Hz in a solution of 0.1 M H2SO4 + 30 mM
ascorbic acid for 10 to 60 min. As illustrated
schematically by Fig. 1A, THH Pt NCs were
grown exclusively on GC surface at the expense
of Pt nanospheres.
The shape of the NCs was determined initially by scanning electron microscopy (SEM).
An SEM image of THH Pt NCs produced with
a growth time of 60 min is shown in Fig. 1B (an
overview SEM image including THH Pt NCs
and residual Pt nanospheres is shown in fig. S2).
The yield of the THH Pt NCs in the final
product is >90%, and most other shapes are an
agglomeration of imperfect THH NCs (fig. S3).
Their average size (Heywood diameter) was
217 nm, with a standard deviation of 23 nm.
By controlling the experimental conditions, the
smallest THH NCs received and identified by
SEM are ~20 nm (fig. S3). The THH Pt NCs
on GC surface are randomly oriented. Highmagnification SEM images of THH Pt NCs
oriented nearly along the three- and four-fold axes
are presented in Fig. 1, C and D, respectively.
The THH shape is based on a cube with
each face capped by a square-based pyramid
(Fig. 1E). Three perfect square-based pyramids
in Fig. 1C and nearly octagonal projection in
Fig. 1D can be seen clearly, which confirms the
THH shape of the Pt NC. In some cases, imperfection can be introduced at vertices (fig.
S4), as presented by the SEM image in Fig.
1D, which is not caused by the {100} truncation
of the THH but rather because crystal facets of
different sizes are produced by substrate effects
(Fig. 1F). Transmission electron microscopy
(TEM) analysis of such structure clearly reveals
the three-dimensional (3D) structure of the NC
(fig. S5). In comparison with previous electrochemical faceting of bulk Pt electrodes (24), the
use of Pt nanospheres deposited on GC substrate
is vital to the production of nearly perfect THH
Pt NCs, because GC is an inert substrate on
which isolated Pt NCs grow in island (VolmerWeber) mode but not columnar mode (26).
THH-shaped crystals in nature exist occasionally in fluorite and diamond but very rarely
in metals. To the best of our knowledge, only
copper crystals of truncated THH shape were
found in copper minerals (27). The THH (Oh
symmetry) belongs to Catalan solids or Archimedean duals; the THH shape is bounded by 24
high-index planes of {hk0} (h≠k≠0) (28). We
determined the facets of the THH Pt NCs by
selected-area electron diffraction (SAED) and
high-resolution TEM (HRTEM).
The facets are best revealed by imaging the
NC along [001], parallel to which 8 of the 24
facets are imaged edge-on (Fig. 2, A and B).
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and {310}. The synthesized THH Pt NCs show
enhanced catalytic activity in electro-oxidation of
small organic fuels of formic acid and ethanol,
demonstrating their potential for use in the traditional applications of Pt group metal nanoparticles, including catalysts (18), automotive
catalytic converters (19), fuel cells (20), and sensors (21).
Several electrochemical methods have been
reported for the synthesis of Pt NCs. Sun and coworkers used a fast potential cycling to grow
nanostructured film on a Pt microelectrode surface (22), and Arvia et al. employed an electrochemical square-wave potential route to shape
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The fourfold symmetry of the SAED pattern
confirms that the THH Pt NC is a single crystal.
The HRTEM image in Fig. 2C recorded from a
boxed area in Fig. 2A shows continuous lattice
fringes with lattice spacing of 0.20 nm, which
corresponds to the {200} planes of Pt. The
Miller indices of exposed facets of the THH can
be identified by a conjunction of the angles between the facets, the TEM image, and the ED
pattern of the Pt NC (Fig. 2, A and B), whose
border can be looked at as the projection of
eight {hk0} facets parallel to the [001] zone
axis. As shown in Fig. 2A, two surface angles
of 133.6 ± 0.3° and 137.6 ± 0.3° are measured,
which are in good agreement with theoretical
values of angle a = 133.6° and angle b = 136.4°
between {730} facets (fig. S6). The results show
that the dominant facets of the THH Pt NC are
{730}. Although most of the THH Pt NCs are
bounded by the {730} facets, some THH Pt
NCs bounded by {210}, {310}, or {520} had
also been observed [fig. S7 (25)].
The atomic arrangement of the Pt(730) surface
(Fig. 2D) is periodically composed of two (210)
subfacets followed by one (310) subfacet, that is, a
multiple-height stepped structure (6). These steps
have been directly captured in an HRTEM image
recorded from another THH, as indicated by
arrows in Fig. 2E. Thus, the single-crystal THH is
enclosed by 24 high-index facets of ~{730}.
In addition to the HRTEM results, the surface structure of THH Pt NCs can also be characterized by cyclic voltammograms (fig. S8), in
which the features of oxygen adsorption and
desorption are similar to those on a bulk Pt(210)
surface but are different from those on a
polycrystalline Pt surface. In a common point,
these high-index facets exhibit an open structure. In the case of a Pt(730) surface, its density
of stepped atoms is as high as 5.1 × 1014 cm−2,
that is, 43% of the total number of atoms on the
surface. It is thus reasonable to expect that the
THH Pt NCs will display high catalytic activity.
The size of the THH Pt NCs can be controlled by varying the growth time. The SEM
images of THH Pt NCs produced with growth
times of 10, 30, 40, and 50 min are shown in
Fig. 3, A to D, respectively. The corresponding
average sizes are measured, respectively, to be
53, 100, 126, and 144 nm. The histograms of
size distributions of these particles are shown in
Fig. 3E, with a relative standard deviation (RSD)
of 12%, 10%, 14%, and 14%, respectively. The
particle size is also correlated with the density of
THH Pt NCs on the substrate surface. The (210)
and (310) planes, the major subfacets for composing of the (730) as shown in Fig. 2D, exhibited
high stability under electrochemical conditions
and solid-gas environments in both oxidative
and reducing atmospheres (9, 29–31). The THH
Pt NCs are thermally stable; in situ TEM observation showed that the THH Pt NCs were
thermally stable to temperatures of ~800°C with
the preservation of the shape and facets (Fig. 3F).
(Note the large size of the particles.)
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Why are the {730} or the {210} type of facets that define the THH shape stable during
growth? We have found that ascorbic acid is not
the intrinsic reason to produce the THH shape,
because THH Pt NCs can still be harvested in
ascorbic acid–free solution, although the yield
and quality degrade (fig. S9). In the original
synthesis procedures (Fig. 1A), the initial stage
of treating the nanospheres by square-wave potential, the following processes may occur (25).
First, at 1.20 V, the surface Pt atoms on the nanospheres can be oxidized and partially dissolved
to form Pt ions. Then, these Pt ions diffuse to the
GC surface and are reduced to Pt atoms between
–0.20 and –0.10 V. In the square-wave potential
procedure, the two processes were repeated periodically at a frequency of 10 Hz, and new Pt
NCs grow through nucleation and growth on GC
surface with a continuous dissolving of the original Pt nanospheres, because the small nanoparticles grow more rapidly than the larger ones (32).
It has been reported that the surface structure
of Pt single crystals could be changed by periodic adsorption and desorption of oxygen, depending on their Miller indices (33). At 1.20 V,
Pt surface is oxidized and covered by oxygen species (Oad and OHad) originated from the dissociation of H2O in solution. As for the low-energy
planes, surface atoms have larger coordination
numbers (CNs), such as 9 for atoms on the (111)
plane, so oxygen atoms are relatively difficult to
adsorb at such surface sites; instead, some oxygen atoms might preferentially diffuse or invade
into a Pt surface to form a Pt-O lattice through

place-exchange between oxygen and Pt atoms.
After reduction between –0.20 and –0.10 V,
these displaced Pt atoms cannot always return to
their original positions because the synthesis
was carried out at room temperature, which then
disorders surface structure (33). However, for
high-index planes, the CNs of surface atoms are
relatively low, only 6 for stepped atoms on the
{730} plane. The oxygen atoms preferentially adsorb at such stepped atoms without replacing
them, and ordered surfaces are preserved (33, 34).
The dynamic oxygen adsorption-desorption mediated by square-wave potential and the different degrees of place-exchange between oxygen
and Pt atoms on Pt single-crystal surfaces show
that only high-index planes with an open structure, such as the {730} and {210} facets, can
survive in the treatment of square-wave potential
(fig. S10).
The catalytic activity of THH Pt NCs is
superior to that of the spherical Pt nanoparticles.
The NCs have been applied to promote the
electro-oxidation of formic acid and ethanol,
which are promising alternative fuels for direct
fuel cells. Figure 4A shows a comparison of
transient current density of formic acid oxidation
at 0.25 V on the THH Pt NCs [ d = 81 nm (fig.
S11)], the electrodeposited polycrystalline Pt
nanospheres [ d = 115 nm (fig. S12)], and the
commercial 3.2-nm Pt/C catalyst from E-TEK,
Inc. (Somerset, New Jersey, USA) (fig. S13) at
room temperature. The oxidation current has
been normalized to electroactive Pt surface area
so that the current density ( j) can be directly used

Fig. 3. Size control of THH Pt NCs and their thermal stability. SEM images of THH Pt NCs grown at
(A) 10, (B) 30, (C) 40, and (D) 50 min. The insets in (A) and (B) are the high-magnification SEM
images that confirm the shape of THH. Scale bars, 200 nm. (E) Size distributions of THH Pt NCs in
(A), B), (C), and (D), respectively, after counting more than 500 particles for each sample. (F) In
situ TEM observation on the thermal stability of THH Pt NCs. The images were recorded at various
temperatures in TEM at a heating rate of 7°C/min. The NC preserves its shape to ~815°C and even
higher with a slight truncation at the corners and apexes, as seen in the TEM image.
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spheres and between 250% and 460% for Pt/C
catalyst in the potential region of 0.20 to 0.55 V.
In addition, we have measured that, at a given
oxidation current density of technical interest in
fuel cell application, as indicated by dashed
lines in Fig. 4, B and D, the corresponding
potential on THH Pt NCs is much lower than
that on Pt nanospheres or Pt/C catalyst. In the
case of formic acid oxidation, the potential on
THH Pt NCs is shifted negatively by ~60 mV as
compared with Pt nanospheres at the same
current density of 0.5 mA cm−2, whereas for
ethanol oxidation, the negative shift is ~80 mV at
a current density of 0.2 mA cm−2. The above
results show that THH Pt NCs exhibit much
enhanced catalytic activity per unit surface area
for the oxidation of small organic molecules.
This may be attributed to the high density of
stepped atoms on the surfaces of THH Pt NCs.
However, for catalytic activity per unit weight of
Pt, our estimation indicates that, when the
transformation is complete, the overall activity
of these larger THH NCs is less than that of the
3-nm commercial Pt nanoparticles (~10% as
active). Future research will be needed to improve the synthesis technique so that smaller-size
THH NCs are made in high yield and still consume almost all of the starting Pt nanoparticles.

Fig. 4. Comparison of catalytic activity per unit Pt surface area among THH Pt NCs, polycrystalline
Pt nanospheres, and 3.2-nm Pt/C catalyst. (A) Transient current density curves of formic acid
oxidation at 0.25 V. (B) Potential-dependent steady-state current density (left, recorded at 60 s) of
formic acid oxidation on THH Pt Ncs, Pt nanospheres, and commercial Pt/C catalyst, and the ratios
R (right) between that of THH with the latter two, respectively. The inset in (B) is an SEM image of a
THH Pt NC after reaction, indicating the preservation of shape. (C) Transient current density curves
of ethanol oxidation at 0.30 V for the THH, Pt nanospheres, and Pt/C catalyst. (D) Potentialdependent steady-state current density (left) of ethanol oxidation on THH Pt NCs, Pt nanospheres,
and commercial Pt/C catalyst, and the ratios R (right). The current density j was normalized in
reference to the electrochemical active surface area for each sample, so that the current density j
directly corresponds to the catalytic activity of unit Pt surface area of the sample. Thus, it can be
directly compared for three types of particles. The results clearly demonstrate the largely enhanced
catalytic activities of the THH Pt NCs per unit surface area.
www.sciencemag.org
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to compare the catalytic activity of different
samples (25). The oxidation current density on
THH Pt NCs is nearly double that on Pt
nanospheres or Pt/C catalyst. The potential dependence of the steady-state current density
recorded at 60 s is shown in Fig. 4B. The current density of formic acid oxidation on THH Pt
NCs is higher than that on the Pt nanospheres or
the Pt/C catalyst, and the enhancement factor R,
which is defined as the ratio of the current density
measured on THH Pt NCs versus that acquired on
Pt nanospheres or Pt/C catalyst, varies from 160%
to 400% for Pt nanospheres and from 200% to
310% for Pt/C catalyst, depending on electrode
potential. The THH Pt NC showed no appreciable
morphological change after the reaction, as
indicated by an SEM image of a THH Pt NC inset
in Fig. 4B, which still preserves the THH shape,
showing its chemical stability.
For ethanol oxidation, the transient current
density on THH Pt NCs at 0.30 V is enhanced
to 230% of that on the nanospheres and 330%
of that on the Pt/C catalyst (Fig. 4C). A comparison of the steady-state current densities
obtained on THH Pt NCs, Pt nanospheres, and
3.2-nm commercial Pt/C catalyst is shown in
Fig. 4D, in which the enhancement factor R
varies between 200% and 430% for Pt nano-
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