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The synthesis of nanoparticles (NPs) exhibiting large surface-
area-to-volume ratios has been a long-sought goal in devel-
oping various applications such as ultrasensitive sensors[1] or
highly active catalysts.[2] In addition to a large specific area,
crystallographic planes exposed on the surface of the NPs are
key parameters for the reactivity and selectivity of NPs in
catalytic processes.[3] Thus, intense research has been devoted
to the shape control of noble-metal nanocrystals.[4] For
example, for Pt-based nanoparticles, dendritic nanostruc-
tures,[5] branched-NPs,[6] or multipods[7] exhibit enhanced
catalytic activities relative to their spherical counterparts.[8]

Such shape control could be obtained by manipulating the
reduction kinetics[6] through temperature,[6a, 9] pH,[10]

ligands,[11] or the addition of small amounts of nucleating
agents.[6b] Interestingly, in this variety of shapes, only few
groups reported multiply twinned Pt nanoparticles,[12]

whereas decahedrons are fairly common for most of the
noble metals (e.g. Au, Ag, Rh).[13] However, these twinned
NPs could offer significant benefits toward catalysis because
they have mainly their {111} faces exposed.[14]

Herein, we report complex platinum nanoobjects of
unprecedented shapes (monodisperse cubic dendrites and
fivefold stars) and the fine-tuning between two growth
mechanisms. The platinum concentration is finely tuned in
a fairly simple reaction of H2PtCl6 in oleylamine under
dihydrogen pressure. Amine plays the role of solvent and
stabilizer and can assist the reduction process. Previous work
has shown that the room-temperature reduction of HAuCl4

by neat oleylamine yielded unique Au nanowires.[15] However,
in the same conditions, Pt required higher temperature to be

reduced (250 8C).[9] In the present study, addition of dihydro-
gen, a well-known reducing agent,[16] lowered the reduction
temperature and, at the same time, played an important role
in the shape control of NPs. Indeed, H2 can “clean” the NP
surface by temporarily removing weak coordinating ligands,
such as amines, leading to coalescence or ripening.[17] H2 can
also generate surface hydrides, which stabilize the NP and
perform hydrogenation reactions.[18]

An ex situ kinetic study, followed by high-resolution
transmission electron microscopy (HRTEM), has evidenced
two growth mechanisms based respectively on cubic or
decahedric seeds (see Scheme 1) leading to monodisperse
cubic dendrites or fivefold stars.

Pt NPs were produced by reduction of H2PtCl6 in oleyl-
amine under an H2 atmosphere (3 bar) at 150 8C (see the
Experimental Section and Scheme 1). The shape of the Pt
NPs could be easily tuned by varying the experimental
parameters, in particular the Pt concentration from low
(2 mm) to high (10 mm) values. For example, dendritic growth
was observed at high Pt concentration ([Pt]> 5 mm) (Fig-
ure 1a,b and Figures S1 and S2 in the Supporting Informa-
tion). The resulting objects were obtained quantitatively with
a Pt yield over 95 %. The most striking feature, relative to
previously reported dendrites,[5] was their cubic contour.

Figure 2a shows a high-magnification transmission elec-
tron microscopy (TEM) image of a single dendrite exhibiting
dense organization of branches with defined orientations. The
outer faces of the cubes coincided with the {100} planes of the
crystallographic structure of fcc-Pt. The selective-area elec-
tron diffraction (SAED) pattern on a single cube (Figure 2b)
shows fourfold symmetry, which is characteristic of a single-
crystalline fcc crystal observed along the h100i zone axis. The
elongation of the diffraction spots {200} and {220} indicates
a slight misorientation between the branches (ca. 108). These

Scheme 1. General overview of the versatile synthesis of Pt0 NPs.
Shape could be controlled by the platinum concentration and the
nature of the seeds formed.
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results demonstrate that cubic dendrites adopt a slightly
distorted single-crystalline structure.

The growth mechanism of such peculiar dendrites was
investigated by stopping the reaction at various stages
(Figure 3 and Figure S3). The reaction is very fast, as shown
by the octapods already observed after 1 min of reaction at
150 8C. These octapods result from a growth on the h111i
directions on cubic seeds. The {100} facets are observed,
concomitant with closing {110} facets. After 3 min of reaction,
the selected growth on {100} facets leads to the appearance of
bifurcations, and new branches start to grow along three
different h111i growth directions. Such selected growth is
repeated until the platinum precursor is completely con-
sumed. Although the diameter of the branches was rather
constant at approximately 5.5 nm, the mean size of the cubic
dendrites could be tuned from 30 to 100 nm by varying the
reaction time between 10 min and 2 h (Figure S4). The
dendrites finally obtained exhibit a high proportion of {100}

and {110} facets, as in the earlier growth stage (Figure S5).
Such dendritic structures, which have no precedent, were
stable at 150 8C for days; the complex branches architecture
did not collapse into denser crystals.

Star-shaped NPs were obtained at low Pt concentration
([Pt] = 2 mm ; Figure 1c,d and Figure S6). Samples were
composed of nanocrystals exhibiting a well-defined morphol-
ogy with around 20% fivefold stars, 70 % threefold stars
(planar tripods), and 10 % multipods or undefined shapes.
This ratio could vary: the proportion of multipods increased
with the [Pt] concentration. Threefold stars were obtained
previously by using a different approach (reduction of
Pt(acac)2 by a diol at 160 8C).[7a] However, the present fivefold
Pt stars are unique. Their arm length could be tuned from
30 nm to 120 nm by varying the reaction time between 6 and
48 h (Figure S7).

Figure 4 shows a high magnification image of a single
fivefold star and the corresponding SAED pattern along the
h110i zone axis. The complex pattern displays fivefold
symmetry of the fcc structure spots, which is similar to the
SAED pattern obtained on Au decahedra.[19] The HRTEM
image of the core clearly shows the noncrystallographic
fivefold axis and the five resulting twinning boundaries.
Periodic lattice fringes could be clearly resolved for three
families of planes.

Figure 1. TEM images of Pt nanocrystals prepared at various concen-
trations of platinum: a,b) dendritic cubes obtained at [Pt] = 10 mm ;
c,d) Pt stars obtained at [Pt] =2 mm.

Figure 2. a) HREM image of a single Pt dendritic cube obtained after
reaction for 1 h. b) SAED pattern along the [001] axis on a 60-nm-cube
obtained after reaction for 2 h, as shown in the inset.

Figure 3. Nanoparticles obtained after reaction for a–c) 1 min and
d–f) 3 min. a,d) TEM micrograph and the corresponding c,f) HREM
micrographs. The {100} facets are highlighted along the h111i growth
directions. b,e) Schematic view of the objects at this growth stage.
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Lattice spacings of 2.26 � and 1.96 � correspond to the
{111} and {100} planes of fcc-Pt, respectively. The rotation of
these planes along the fivefold axis is evidenced in Figure 4c:
single-crystalline tetrahedra were observed between two
successive twin boundaries.

Figure 4d shows a HRTEM image of the branch tip. The
branches are highly crystalline, exposing mainly {111} facets
(Figures S8–10). These branches grow symmetrically along
the twinning plane from each corner of the central decahedra,
as revealed by TEM images taken after different growth
stages (Figure 5). Such growth on decahedra corners was

recently reported by Zhang et al. on Rh starfishlike NPs, but
the crystallinity of the branches was not clearly evidenced.[13c]

If Pt decahedra are fairly rare objects, highly crystalline
fivefold Pt stars represent a unique result to the best of our
knowledge.

X-ray photoelectron spectroscopy (XPS) and energy-
dispersive X-ray spectroscopy (EDS) analyses were per-
formed on cubic dendrites and stars. As expected, the Pt NPs

resulting from the different syntheses consisted of pure Pt0

(Figures S11–12). The surface of the particles was stabilized
mostly by amine groups, although chloride anions and
ammonium groups could be detected as traces.

It is noteworthy that reaction times were considerably
longer at low [Pt] concentration compared with the few
minutes required for high [Pt] concentration synthesis. At
2 mm, the yellow color, which is characteristic of the Pt
precursor, vanished after at least 24 h of reaction. The shape
control in this versatile synthesis then looked strongly
correlated with the reaction rates. Three experimental
parameters can be adjusted to increase the reaction rate:
[Pt] concentration, temperature (T), and dihydrogen pressure
pH2

� �
. Increasing the temperature and pressure yield cubic

dendrites after only 1 hour (Figure S13), even at low [Pt]
concentration (2 mm). Thus, we could induce a dendritic
growth by increasing the reaction rate. An illustration of this
difference of kinetic between cubic dendrites and stars is
given by the variation of dihydrogen pressure profile with
time (Figure S14). Fast consumption of dihydrogen was
observed for dendritic growth, while no abrupt drop was
detected in the case of star-shaped growth. These two
hydrogenation profiles combine multiple reactions (reduction
of platinum, corresponding to ca. 0.3 bar of H2, and hydro-
genation catalyzed by Pt NPs or molecular species) in various
experimental conditions. Thus, the catalytic activities of
dendrites vs. stars cannot be directly compared. However,
we can conclude that very catalytically active species were
quickly formed at high temperature and pressure, whereas
this was not the case under conditions of lower temperature
and pressure.

The shape control reported herein for Pt0 NPs (planar
tripods, fivefold stars, and cubic dendrites) was achieved by
varying the reaction conditions in a relatively narrow range of
concentration or temperature. The nature of the seeds—cubic
(exposing noncompact faces) or triangular and decahedric
(exposing {111} faces)—is determinant in the final morphol-
ogy reached (Scheme 1).

At fast reaction rates, cubic seeds, exhibiting fcc structure,
are quickly formed as shown by ex situ HREM study and the
evolution of H2 pressure as a function of time. The very fast
consumption of H2 is due to fast reduction of Pt precursor and
to the hydrogenation of oleylamine by reactive seeds. Non-
compact faces ({100} and {110}) are known to be active
towards the reduction of internal olefins for Pd.[20] These
cubic seeds, although very reactive, are relatively limited in
number. The stability of the H2PtCl6 precursor is indeed
a determinant factor in this dendritic growth. The reduction of
Pt(acac)2 under similar conditions yielded multiple seeds and
thus multiarmed NPs (Figure S15). Few seeds and fast
reduction is characteristic of an autocatalytic process, pre-
viously reported for Pt.[3] Such autocatalytic processes com-
bines a surface reaction between the precursor and prefer-
ential faces, leading here to a growth direction along h111i
directions. The outer cubic shape of these nearly single-
crystalline cubic dendrites, so peculiar, results from the strong
crystallographic driving force combined with the tendency of
dihydrogen to repair surfaces. The large cubic dendrites
obtained at the end of the reaction expose noncompact faces,

Figure 4. a) TEM micrograph of a single Pt fivefold star and b) its
corresponding ED pattern. HRTEM images of c) the core and d) a
branch tip as shown in (a) by white and black boxes, respectively.

Figure 5. High-angle annular dark field and TEM images of Pt NPs
obtained for [Pt] = 2 mm after reaction for a) 2 h and b) 4 h.
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which are not energetically favored. Such structures represent
kinetic products and result from a growth limited by the
diffusion of adatoms at the surface. Such diffusion-limited
process is also known to be responsible for the size mono-
dispersity of the final objects.[21]

When the reaction rates were decreased, by lowing either
the platinum concentration or the reaction temperature, the
reduction of the platinum precursor occurred over a longer
period of time and yielded seeds exhibiting compact {111}
faces. The profile of dihydrogen consumption is drastically
modified compared to dendritic growth, as a result of the
formation of a very limited number of seeds and of their
nature. Indeed, under these conditions, stable twinned
decahedra or triangular seeds could grow, resulting from the
minimization of surface energy. These objects expose only
{111} compact crystallographic planes. The successive growth
of decahedra seeds into fivefold stars could be explained
through multiple nucleation events. Decahedra are composed
of five tetrahedra. However, these tetrahedra cannot fill the
entire space and leave an empty angle of 7.38, unless they
adopt a highly strained structure, as reported for Au
decahedra.[19] Since strain increases with the particle size,
above a critical size, corresponding to the highest strain in Pt
decahedron, the structure relaxes. In our case, this relaxation
corresponds to the nucleation and growth of the arms at each
corner of the decahedra core (Figure 5). Further crystallo-
graphic studies will be performed on these fivefold stars to
determine the structural strain contained in the vicinity of the
core and of the arms to confirm our growth model hypothesis.
Such a multistep process has already been proposed by
Maksimuk et al.[12a] for the growth of planar tripods. Accord-
ing to their model, branches grow at the corner of triangular
twinned seeds, which act as preferential nucleation sites for
a second growth process. In our reaction, fivefold stars and
planar tripods coexist, giving strength to our growth hypoth-
esis.

In summary, we have demonstrated that quasi-single-
crystalline Pt nanoparticles with peculiar morphologies—
cubic dendrites, planar tripods, and fivefold stars—can be
obtained selectively and in high yield from a very simple
procedure by tuning the reduction kinetics of a platinum salt
under a dihydrogen atmosphere in the presence of an amine.
The control of experimental parameters such as Pt concen-
tration, reaction temperature, and dihydrogen pressure, leads
to fine-tuning of the kinetics of the reaction and of the nature
of seeds formed during the nucleation step. Although the
reason for such an abrupt transition between cubic or twinned
seeds is still unknown, numerical simulations of the energy of
the seeds could give some important insights.

A slow reaction leads to twinned seeds, which evolve into
planar tripods (threefold stars) and fivefold stars. Such
multiply twinned NPs are unique for Pt and could open new
perspectives for fundamental research on strained materials.
In addition to this fundamental interest, catalytic activities
could benefit from the presence of almost exclusively
crystallographic surface orientation {111} for selectivity
purposes.

A fast reaction leads to cubic seeds and thus to a dendritic
growth. The peculiarity of these objects is their outer cubic

shape and an unprecedented size control of their envelope.
Such dendritic cubes display a high surface-to-volume ratio,
while their cubic shape enables their self-assembly on
surfaces, which should be of high interest in catalysis.
Structural characterization of the exposed surfaces, the
reactivity, and the catalytic activity of these novel species
will be evaluated to attest the potential of these unique cubic
dendrites.

Experimental Section
Typical synthesis of dendritic NPs : H2PtCl6 (Alfa Aesar, 51 mg,
0.1 mmole) and oleylamine (Aldrich, 10 mL) were mixed in a vial and
placed for 15 min in an ultrasonic bath to dissolve the Pt precursor.
The 10 mm solution was transferred in a Fisher–Porter bottle and
pressurized up to 3 bar with H2. The bottle was then allowed to react
at 150 8C in a preheated oil bath for 1 h. At the end of the reaction,
a black precipitate was obtained while the supernatant is transparent.
Typical yellow Pt precursor traces were no longer observed. The
bottle was then cooled to room temperature, resulting in solidification
of the supernatant. Hexanes (40 mL, Aldrich) was added to solubilize
the NPs. The suspension, after the addition of 40 mL of absolute
ethanol (VWR), was then centrifuged (4000 rpm, 6 min) to separate
the NPs. The process is repeated three times to remove the excess of
surfactants. The final product (ca. 25 mg) was kept in powder form or
diluted in 5 mL toluene (Carlo Erba) for further use.

Multiply twinned NPs were synthesized by a similar procedure
except that the Pt concentration was decreased below 5 mm. The
reaction time was extended to 48 h, because the reaction rate is
drastically reduced.

Characterization: Samples for TEM analysis were prepared by
depositing few drops of diluted solution on an amorphous carbon-
coated cupper grid. Low-resolution images were obtained with
a JEOL-1400 microscope, operating at 120 kV. HRTEM images
were obtained with a Tecnai F20 (200 kV) instrument equipped with
a spherical aberration corrector. X-ray photoelectron spectra were
recorded using a Kratos Analytical Limited Axis ultralimited system
fitted with a microfocused monochromatic AlKa X-ray source
(1486.6 eV, 12 kV � 120 W). The pass energy was set at 160 eV and
20 eV for the survey and the regions spectra, respectively.
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