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ABSTRACT: Systematic manipulation of nanocrystal
shapes is prerequisite for revealing their shape-dependent
physical and chemical properties. Here we successfully
prepared a complex shape of Pt micro/nanocrystals:
convex hexoctahedron (HOH) enclosed with 48 {15 5
3} high-index facets by electrochemical square-wave-
potential (SWP) method. This shape is the last crystal
single form that had not been achieved previously for face-
centered-cubic (fcc) metals. We further realized the shape
evolution of Pt nanocrystals with high-index facets from
tetrahexahedron (THH) to the HOH, and finally to
trapezohedron (TPH) by increasing either the upper (EU)
or lower potential (EL). The shape evolution, accompanied
by the decrease of low-coordinated kink atoms, can be
correlated with the competitive interactions between
preferentially oxidative dissolution of kink atoms at high
EU and the redeposition of Pt atoms at the EL.

Perfect nanocrystals exhibit a variety of highly symmetric
polyhedral shapes and have fascinated artists and

scientists.1 Better understanding of nanocrystal growth habits
and systematic controlling of their shapes/surface structures are
very important for uncovering many shape-dependent physical
and chemical properties, especially catalytic performance.2 As
for face-centered-cubic (fcc) metals, single-crystal nanocrystals
enclosed by uniform facets (termed as simple forms) have
seven typical shapes: cube, octahedron, rhombic dodecahedron
(RD), tetrahexahedron (THH), trapezohedron (TPH),
trisoctahedron (TOH), and hexoctahedron (HOH), and their
exposed facets are {100}, {111}, {110}, {hk0}, {hkk}, {hhl},
and {hkl}, where h > k > l ≥ 1, respectively, as shown in Figure
1.3

The nanocrystals enclosed by {100} and {111} facets can be
synthesized easily because of low surface energy and have been
well documented in literature.2a,4 Other complex-shaped
nanocrystals have high surface energy, mainly originated from
low-coordinated step or kink atoms. The synthesis of these
high-energy nanocrystals is quite difficult, as the growth rate
along a facet increases exponentially with increasing its surface
energy, and fast-growing facets will disappear spontaneously
because of the law of constancy of interfacial angle.5

Nevertheless, considerable progress has still been made in
this filed in recent years,6 especially stimulated by electro-
chemical synthesis of Pt THH.7 So far, a variety of Pt, Pd, and
Au nanocrystals with high-index facets, including THH,8

TPH,3a,9 TOH,10 and even concave HOH shapes,3a,11 have
been synthesized. There is just one single form missing: convex
HOH. As shown in Figure 1, convex HOH represents the most
complex crystal form of fcc metals, and it is enclosed by a total
of 48 {hkl} high-index facets. These facets contain kink atoms
with a very low coordination number (CN) of six. More
uniquely, the {hkl} facets have chirality, and nanocrystals with
{hkl} facets can be used as chiral catalysts.12

The study of nanocrystal shape evolution is also a hot topic
in nanomaterial field, as it is vital for systematic manipulation of
nanocrystal surface structures. As for nanocrystals with low-
index facets (i.e., {100}, {111}, and {110}), the shape evolution
among them is observed through a series of truncated shapes
(such as cuboctahedron) to change the relative proportions of
exposed facets,4,13 as illustrated in Figure 1. For example, Xu
and co-workers have reported a seed-mediated method for
systematic control of polyhedral Pd nanocrystals among cube,
octahedron, rhombic dodecahedron, as well as all kinds of
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Figure 1. Illustration of shape evolution of fcc metal nanocrystals
enclosed by different facets in unit stereographic triangle. Low-index
faceted (i.e., (111), (100), and (110)) nanocrystal evolution occurs via
truncated shapes. High-index faceted nanocrystal evolution occurs via
gradual changing of surface structures/Miller indices.
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truncated shapes.13b Xia’s group found that the combining
oxidative etching with regrowth can induce the shape
transformation among low-index-faceted Pd nanocrystals.13c

However, to the best of our knowledge, there is no report so far
involving shape evolution among high-index faceted nanocryst-
als, which is critical for understanding their formation
mechanism, so as to rationally engineer nanocrystals with
desirable surface structures and exceptional properties.
Herein, we report the successful synthesis of convex HOH Pt

nanocrystals for the first time by an electrochemical square-
wave-potential (SWP) method. Furthermore, we observed that
Pt HOH can serve as a bridge to shape evolution of Pt
nanocrystals from THH to TPH or vice versa. A possible
mechanism is proposed for electrochemically mediated shape
evolution of Pt nanocrystals with high-index facets.
High-index faceted Pt nanocrystals were electrodeposited on

a glassy carbon (GC, ϕ = 6 mm) electrode in 2 mM H2PtCl6 +
0.1 M H2SO4 solution. In brief, the GC electrode was first
subjected to a potential step from 1.20 to −0.30 V (versus
saturated calomel electrode (SCE) scale), and held for 140 ms
to generate crystal nuclei. The growth of the nuclei to Pt
nanocrystals was then achieved by the SWP ( f = 100 Hz) for 20
min. The shapes of Pt nanocrystals could be tuned through
changing either lower (EL) or upper (EU) potential limit. The
morphology and structure of the Pt nanocrystals were
characterized by scanning electron microscopy (SEM, Hitachi
S-4800) and transmission electron microscopy (TEM, JEM-
2100 at 200 kV).
Figure 2 shows low- and high-magnification SEM images of

Pt nanocrystals prepared at EL = 0.12 V and EU = 1.05 V,

manifesting the predominance and uniformity of convex HOH
Pt nanocrystals. The shape of convex HOH can be seen as an
octahedron by dividing each of the octahedron’s eight faces into
six triangular faces, as shown in Figure 2c (six faces among a, b,
and c axes). The nanocrystals (Figure 2b) match well with the
HOH models (Figure 2c) projected at the same orientations,
confirming the successful synthesis of convex Pt HOH. The
yield of Pt HOH is over 90%. The size distribution of Pt HOH
is rather broad, ranging from 350 nm to 1.6 μm with an average
value of 1.03 μm (Figure S1, Supporting Information (SI)).
Therefore, it is difficult to control the uniformity of particle size
currently. As the particle size depends on the growth time, the
Pt nanocrystals obtained in the early stage (1 min) seem like
HOH shape, and have a particle size ranging from 30 to 70 nm
(Figure S2 (SI)). Note that although there are a few reports
about the HOH metal nanocrystals synthesized by both wet-
chemical and electrochemical methods, all of them are concave

shape.3a,11 The concave shape is relatively easy to achieve
because of the fast mass transfer at the corners/tips.
We used TEM to determine surface structure of the Pt

HOH. Since convex HOH shape is very complex and the three
Miller indices (h, k, and l) are different, it is more difficult to
indentify them as compared with other shapes such as THH.7

We measured TEM images of the Pt HOH along [111], [110],
and [100] directions (Figure 3a−c), as evidenced by

corresponding selected-area electron diffraction (SAED)
patterns (Figure 3d−f). The ideal projections of HOH model
along above three directions are dodecagon, octagon, and
octagon (insets to Figure 3), in good agreement with the
outline of TEM images of the Pt nanocrystals. This result
further confirms the successful synthesis of convex Pt HOH.
We further deduced the general expressions of projection
angles of fcc metal nanocrystals as a function of Miller indices
(Figure S3 (SI)). We found that the surface structure of HOH
nanocrystals can be best revealed by measuring the projection
along [110] crystal axis, where three projection angles (α, β,
and γ) are associated with three Miller indices. In the TEM
image (Figure 3b), the average value of α, β, and γ are 138.6°,
121.6°, and 156.8°, respectively, very close to the theoretical
values (138.67°, 122.64°, and 156.05°) for HOH model with
{15 5 3} facets. Moreover, the projection angles of Pt HOH
along [111] and [100] directions also coincide well with those
of HOH models with {15 5 3} facets (Table S1 (SI)). So, the
as-prepared Pt HOH nanocrystals are mainly bounded by {15 5
3} high-index facets.
We further found that the Pt HOH can serve as a bridge to

shape evolution from THH to TPH, two types nanocrystals
with {hk0} and {hkk} high-index facets, respectively. As
illustrated in Figure 4, the shapes of Pt nanocrystals can be
easily tuned by the change of either the EL or EU. More SEM
and TEM images of these Pt nanocrystals are shown in Figures
S4−S12 (SI). Pt THH could be obtained at EL = 0.12 V and EU
= 1.00 V. The surface structure of the Pt THH was identified as
mainly {730} facets (Figure S4 and Table S2 (SI)). Slightly
increasing the EU to 1.02 V, the shape of Pt nanocrystals
changed to imperfect HOH, whose surface is not smooth with
many light scratches (see high-magnification SEM image in
Figure S5 (SI)). Further increasing the EU to 1.05 V, the perfect
Pt HOH with {15 5 3} facets could be obtained (Figure 2).
When the EU was increased to 1.07 V, the HOH shape

Figure 2. (a) Low- and (b) high-magnification SEM images of convex
HOH Pt nanocrystals. (c) Corresponding HOH models oriented at
the same directions as nanocrystals in (b).

Figure 3. TEM images (a−c) and corresponding SAED patterns (d−f)
of Pt HOH along the [111], [110], and [100] directions. Insets are
corresponding HOH models oriented at the same directions.
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gradually changed to TPH shape. The Miller indices of exposed
surface was identified as {12 4 3} facets (Figures S6 and S7 and
Table S3 (SI)), very close to {311} facets on TPH. Further
increasing the EU to 1.09 V, perfect TPH nanocrystals with
{722} facets (Figure S8 (SI)) were obtained. Similar trend of
shape evolution can also be achieved by fixing the EU at 1.05 V,
while gradually increasing the EL from 0.06 to 0.15 V.
Clearly, the behavior of shape evolution for high-index

faceted nanocrystals observed here is significantly different from
that for low-index faceted nanocrystals. In the latter case, shape
evolution is realized through the truncated forms (such as
cuboctahedron enclosed by the mixture of (111) and (100)
facets) to change the relative proportions of exposed facets. For
high-index facets, their {hkl} Miller indices are variable, so the
shape evolution can occur through gradually changing Miller
indices or surface structure while keeping homogeneous facets.
The difference between two types of shape evolution can be
seen clearly in Figure 1.
Figure 5a−d demonstrates the corresponding evolution of

surface structures of Pt nanocrystals mediated by changing the
EU. Pt(730) surface is periodically composed of two (210)
subfacets followed by one (310) subfacet.7 This surface
essentially consists of (100) as terrace and (110) as step. The
(110) step can be further divided into monatomic width of
(111) and monatomic width of (111 ̅), as shown in Figure 5a.
This surface has kink atoms (marked by “●”) with a CN of 6
but has no chiral feature. As the EU increases, the surface
changes to more complex Pt(15 5 3). As illustrated in Figure
5b, the (15 5 3) is still with (100) as terrace, but the step
becomes asymmetric zigzag structure with four atomic width of
(111) and monatomic width of (111 ̅). As a consequence, this
type of kink site has chirality. Another feature is that the density
of kink atoms decreases greatly from 5.12 × 1014 cm−2 on
(730) facet to 1.61 × 1014 cm−2 on (15 5 3) facet, 1.00 × 1014

cm−2 on (12 4 3) facet, and essentially zero on (722) facet.
However, the sum of step and kink atoms only changes slightly
for these four surfaces (Table S4 (SI)).
The evolution of Pt nanocrystal shapes and corresponding

surface structures may be correlated with multiple effects of the
SWP, as illustrated in Figure 5e. At the EU, oxygen species
(OHad and Oad), originating from H2O dissociation, will adsorb

on the Pt surfaces, and some of them may invade into Pt
surface through place-exchange between Pt atoms and oxygen
atoms.14 As a result, some Pt atoms are squeezed out. At the EL,
all oxygen species will be reductively desorbed. However, the
displaced Pt atoms cannot always return to their original
positions, leading to the formation of step or kink sites. The
above oxygen adsorption/desorption are repeated thousands of
times under the SWP conditions, and well-defined high-index
facets will form finally (Process 1 in Figure 5e).7,14 The oxygen
adsorption can also decrease greatly surface energy of Pt and
stabilize the high-index facets. The importance of oxygen
adsorption can be verified by the following control experiment:
if the EU is too low (e.g., 0.90 V) to generate intensive oxygen
adsorption, Pt high-index facets cannot form (Figure S13 (SI)).
One question arises why kink atoms decrease along with

increasing the EU or EL. This may be attributed to other effects
of SWP. If the EU is high enough (e.g., > 1.0 V), some kink
atoms can be preferentially etched out because of low CN in
comparison with step and terrace atoms (Process 2). The
preferential etching of kink atoms on Pt surface has been
observed by in situ STM studies.15 Clearly, the etching rate will
increase with increasing EU, resulting in the decrease of the
number of kink atoms. In contrast, at the EL, new Pt atoms will
be deposited on the surface through the reduction of PtCl6

2− in
solution (Process 3). If the Pt atoms are deposited at step sites,
new kink sites may be created. Obviously, the regrowth process
at the EL will counteract the etching effect at the EU: the lower
EL, the higher density of kink atoms at a fixed EU. In another
word, surface structure of Pt nanocrystals is determined by
reconstruction of oxygen adsorption/desorption through place-

Figure 4. Shape evolution of Pt nanocrystals from THH to TPH via
HOH by increasing the EU or EL of the SWP. Increasing EU will
increase the etching rate, and increasing EL will decrease growth rate of
Pt nanocrystals. Both approaches result in the same trend of shape
evolution.

Figure 5. Atomic models of Pt high-index facets obtained by
increasing EU. (a) (730) at EU = 1.00 V; (b) (15 5 3) at EU = 1.05
V; (c) (12 4 3) at EU = 1.07 V; (d) (722) at EU = 1.09 V. Kink atoms
are marked by “●”. Clearly, the amount of kink atoms decreases with
increasing EU. (e) Illustration of multiple effects of SWP on the surface
structures of Pt nanocrystals.
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exchange, oxidative etching at the EU, and the growth rate at the
EL.
In conclusion, we have synthesized successfully convex HOH

Pt nanocrystals enclosed by 48 {15 5 3} facets for the first time.
We further demonstrated that shape evolution of Pt nano-
crystals from THH of {hk0} facets to HOH of {hkl} facets, and
finally to TPH of {hkk} facets by increasing either the EU or EL
of the SWP. This shape evolution via gradually changing Miller
indices is greatly different from that observed on low-index
faceted nanocrystals via truncated forms. The shape evolution
of Pt nanocrystals from THH to TPH via HOH or vice versa is
accompanied by the decrease of low-coordinated kink atoms,
which may be correlated with the competition between
preferentially oxidative etching of kink atoms at the EU and
redeposition of Pt atoms at the EL. The as-prepared Pt micro/
nanocrystals with controllable high-index facets could serve as a
promising model for studying single particle behaviors,
although they are not suitable for practical catalytic applications
because of the large particle size. This study provides a new
insight into shape-controlled synthesis of Pt nanocrystals with
high-index facets and their formation mechanism.
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