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Highly Shape-Selective Synthesis of Monodispersed Fivefold Twinned
Platinum Nanodecahedrons and Nano ACHTUNGTRENNUNGicosahedrons

Wei Zhu, An-Xiang Yin, Ya-Wen Zhang,* and Chun-Hua Yan*[a]

Shape controllable synthesis of colloidal inorganic nano-
crystals (e.g., noble metals, II–VI and III–V group semicon-
ductors, metal oxides) has drawn continually increasing in-
terest because of their unique shape-dependent material
properties and the perspective new applications.[1] Well-
shaped noble-metal nanocrystals are of scientific and tech-
nological significance in multidisciplinary fields of catalysis,
optics, magnetics, electronics, plasmonics, photonics, biology
and medicine, etc.[1a,d, f, g] So far, various solution syntheses
have been demonstrated as the robust approaches for ma-
nipulating the shape of single-crystalline and multiply twin-
ned noble-metal nanocrystals (e.g., 1D wires and rods, 2D
plates, regular and/or concave 3D polyhedrons and cubes
with low or high Miller index facets) by virtue of their ad-
vantages both in finely tuning the reduction kinetics of the
metal precursors and in readily controlling the subsequent
nanocrystal growth regimes.[1f] Amongst them, the uses of
facet-selective chemical agents (e.g., coordinative molecules
and foreign ions) and facet-predefined seeds, together with
the mediated reducing rates of metal precursors are key fac-
tors for precisely defining the nanocrystal shapes.

Platinum-based catalysts are noteworthy for their wide
uses in oil refinement, fine chemicals, and fuel cells, etc.[2]

Recently, much attention has been paid to shape controlled
synthesis and catalytic reactivities of monodispersed Pt
nanoparticles (NPs), which provide well-defined models for
comprehending the relevance between morphology and cat-
alytic properties (activity, selectivity and durability), for
bridging the material gap between single crystal and indus-
trial catalysis.[2–4] So far, well-shaped Pt NPs with exposed
basal facets, such as {111}, {100} and {110} (e.g., tetrahedron,
octahedron, cube, cubo-octahedron)[1a,5a,b, d,e, g] and high
index facets, such as {730} and {411} (e.g., tetrahexahedrons
and concave nanocrystals)[5c, f, h] have been prepared by some
solution methods, most of these NPs are single-crystalline.
However, highly-strained Pt multiply twinned particles

(MTPs) have been rarely synthesized;[1f, 6] the selective syn-
thesis of Pt decahedrons and icosahedrons in fivefold twin-
ned structures thus remains a challenging issue. Herein, we
demonstrate a general and facile solid–liquid interface medi-
ated reduction route towards highly shape-selective synthe-
sis of monodispersed Pt nanodecahedrons (NDs) and nano-ACHTUNGTRENNUNGicosahedrons (NIs).

By the reduction of linear PtII complexes of Magnus�
green salt (MGS, [Pt ACHTUNGTRENNUNG(NH3)4]ACHTUNGTRENNUNG[PtCl4]) and methylamine sub-
stituted Magnus� green salt (MSMGS, [Pt ACHTUNGTRENNUNG(CH3NH2)4]-ACHTUNGTRENNUNG[PtCl4]) (for characterization details see Figures S1–S3 in the
Supporting Information) with strong metal–metal interac-
tions in oleylamine (OAm), respectively, monodispersed Pt
NDs and NIs were synthesized with high shape selectivities.
As illustrated in transmission electron microscope (TEM)
and high resolution transmission electron microscope
(HRTEM) images (Figure 1 and Figure S4 in the Supporting
Information) the Pt NDs obtained with a size of 17.0-ACHTUNGTRENNUNG(�1.5) nm (333 particles were counted) and selectivity of
70 % (after centrifugal separation, 877 particles were count-
ed) were bounded with ten (111) facets. The Pt NIs with a
size of 12.6 ACHTUNGTRENNUNG(�0.8) nm (318 particles were counted) and se-
lectivity of 88 % (after centrifugal separation, 1244 particles
were counted) were bounded with twenty (111) facets. The
distinctly observed twin boundaries and fast Fourier trans-
form (FFT; Figure 1 b, d, e, f) results confirmed that both of
the structures were multiply twinned crystalline NPs. By
comparing two-, three-, and fivefold symmetry HRTEM lat-
tice fringes of the quasi-sphere Pt NPs (Figure 1 d, e, f) with
previous HRTEM simulations of gold NIs with similar sizes,
it was deduced that the geometry of these Pt NPs should
have an icosahedral structure.[7] Furthermore, high angle an-
nular dark field-scanning transmission electron microscopy
(HAADF-STEM; Figure S5 in the Supporting Information)
affirmed the morphologies of Pt NDs and NIs. The contrast
of HAADF-STEM images illustrated that the center of both
Pt NDs and NIs was thicker than its edge. The contrast and
profile of these Pt NPs fit well with the forecasted struc-
tures. Powder X-ray Diffraction (PXRD) results verified the
purity and fcc structure of the Pt MTPs, and the broadened
peaks confirmed the small sizes (Figure S6 in the Supporting
Information).

The reactions were conducted in glass-made colorimetric
cylinders (10 mL) with stoppers. Several milligrams of pre-
cursor (solid) and OAm (10 mL, liquid) were mixed in cylin-
ders, and the products were formed at either 130 or 150 8C

[a] W. Zhu, A.-X. Yin, Prof. Dr. Y.-W. Zhang, Prof. Dr. C.-H. Yan
Beijing National Laboratory for Molecular Sciences
State Key Laboratory of Rare Earth Materials Chemistry
and Applications, College of Chemistry and Molecular Engineering
Peking University, Beijing, 100871 (P.R. China)
Fax: (+86) 10-6275-6787
E-mail : ywzhang@pku.edu.cn

yan@pku.edu.cn

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201201099.

� 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2012, 18, 12222 – 1222612222



after 7 days reaction. Pt NDs and NIs were obtained by the
reduction of MGS and MSMGS with coexistence of precipi-
tate, respectively. Because of their poor solubility in OAm,
the precursors almost stayed at the bottom of the container
during the reaction. The precursors maintained their green
color until reduction occurred, indicating that the PtII chains
had been preserved before they were reduced to Pt atoms.
After that, the precursor turned black instantly as the reduc-
tion was initiated. Monodispersed Pt NDs and NIs evolved
from week-long reactions. Hence, unlike previous homoge-
neous solution reduction mechanisms for the syntheses of Pt
NPs,[1f] the present synthesis ought to adopt a heterogeneous
reduction route mediated by the solid–liquid interface
formed by the insoluble precursor and OAm solvent.

To clarify the present synthesis mechanism, serial control
experiments were carried out by considering the variants,
such as types of precursors, solvents, amount of precursor
added, temperature, and reaction time. At first, several PtII-
based compounds were employed to uncover the role of
precursors in the synthesis. With the same Pt content,
6.5 mg of Pt ACHTUNGTRENNUNG(acac)2 (acac= acetylacetone), which is soluble
in OAm, was taken instead of MGS. No typical MTPs but
some branched NPs were observed after the mild reduction
(Figure 2 a). Pt MTPs, therefore, could not simply be synthe-
sized under conditions of mild reduction, low concentration

of Pt ACHTUNGTRENNUNG(acac)2, and prolonged reaction time. Insoluble precur-
sor might result in an extremely low concentration of solu-
ble Pt ions, and this would be beneficial for the formation of
Pt MTPs. Hence, another OAm-insoluble precursor,
K2PtCl4, was also applied in this synthesis. But only tripod
NPs were obtained after optimization (Figure 2 b). Further,
when insoluble Magnus� pink salt (MPS) but without PtII

chains (as one isomer of MGS) was used as the precursor,
the reduction products contained low percentage of NDs or
NIs (Figure S7 in the Supporting Information). This result
indicated that factors other than solubility and species of
ions affected the selectivity in morphology. If the precursor
was reduced in the form of ions, the final products of MPS
and MGS would be almost the same, whereas this was not
the case. Consequently, the strong interaction between PtII

ions nearby, which was the main structural dissimilarity be-
tween MGS to MPS (see the Experimental Section in in the
Supporting Information), was considered to be the key
factor for the formation of Pt MTPs. The reduction product
(Pt NIs) of MSMGS with PtII chains also supported this
speculation.

Temperature was another important factor in this work,
especially for the adjustment of the reaction rate. Below
100 8C, no obvious reaction took place in one week. For the
synthesis of Pt NDs, 130 8C was the appropriate tempera-
ture. Due to the relatively slow reaction rate, a significant
portion of branched structures appeared in the product
below the appropriate temperature (Figure S8a in the Sup-
porting Information). Shape selectivity was reduced with
temperatures above 130 8C (Figure S8b and c in the Sup-
porting Information). In this case, triangular, spherical, and
icosahedral Pt NPs took over a high portion of the products;
this probably resulted from the increased reduction rates of

Figure 1. TEM images of Pt: a) NDs, and c) NIs. b) HRTEM images of
Pt NDs. d)–f) HRTEM images with incident direction on two-, three-,
and fivefold axis, respectively, of Pt NIs. The insets of the HRTEM
images are the corresponding FFT images and geometrical models.

Figure 2. TEM images of products from different experimental condi-
tions: a) 6.5 mg Pt ACHTUNGTRENNUNG(acac)2 reacted in 10 mL OAm at 130 8C for one week;
b) 1 mg K2PtCl4 reacted in 10 mL OAm at 130 8C for one week; c) 5 mg
MGS reacted in 10 mL OAm at 130 8C in air for one week; d) 5 mg MGS
reduced in 10 mL OAm at 130 8C for 36 h. Inset: HRTEM image of sub-
5 nm Pt NPs formed at the initial stages (taken from the area marked by
the square).
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precursors as well as overgrowth of Pt NDs. Similarly, as the
temperature was increased to 150 8C, the shape selectivity of
Pt NIs increased along with a decrease in branched struc-
tures (Figure S8d and e in the Supporting Information). No
significant change in shape selectivity and size distribution
took place at 160 8C (Figure S8 f in the Supporting Informa-
tion).

Dodecylamine (DDA), hexadecylamine (HDA) and octa-
decylamine (ODA) were used instead of OAm as both sol-
vent and reductant (Figure S9 in the Supporting Informa-
tion). Notably, change of solvent in the reductions did alter
the product morphologies. However, Pt NDs or Pt NIs still
could be observed in the products from HDA (Figure S9b
and e in the Supporting Information) and ODA (Figure S9c
and f in the Supporting Information), with some Pt nano-
rods or branched structures, which might have been evolved
from the preferential growth of multiply twinned seeds.
When the solvent was changed to DDA, more branched
structures existed in the products reduced from MGS or
MSMGS (Figure S9 a and d in the Supporting Information).
Due to the distinct reduction capability and binding strength
of solvents, product morphologies altered with the twinned
structure retained. Therefore, OAm was an important re-
quirement for highly selective synthesis of Pt MTPs. By al-
tering the added amount of MGS from 1 to 10 mg, the opti-
mum selectivity value was obtained at 5 mg (Figure S10a, b
and Figure S4a in the Supporting Information). At low
amounts of MGS, most of the products were branched struc-
tures; this possibly resulted from the relatively slow reduc-
tion rate of precursors together with few nuclei generated.
However, when the added amount of MGS was 10 mg, a
rather high reduction rate resulted in the overgrowth of Pt
MTPs, and MTPs thus converted to stable NPs with larger
sizes. In the case of MSMGS, no significant influence on
shape selectivity and size distribution of Pt NIs was ob-
served when the added amount of MSMGS was changed
from 1 to 10 mg (Figure S4c, Figure S10c and d in the Sup-
porting Information). Previously, it was reported that the
etching of the O2/Cl� pair could effectively eliminate twin-
ned seeds in the growth of metal NPs.[8] However, in the
present case, it is noted that concave and branched NDs in
wide size distributions were acquired when the reaction was
carried out in air (Figure 2 c). Hence, the presence of the
O2/Cl� pair in this synthesis could not remove the as-formed
Pt twinned seeds, but affected the facet contour and size dis-
tribution of the Pt NDs during the nanocrystal growth.

TEM ex situ studies of temporal reactions revealed that
MGS and MSMGS were mildly reduced in OAm (Figure 2 d
and Figures S4 and S11 in the Supporting Information).
During the reduction of 5 mg MGS in 10 mL OAm, most of
the green precursor sank on the bottom of the container.
After 36 h, the precursor turned from green to black, indi-
cating that reduction was initiated. After that, all the precur-
sor was soon reduced to flower-like aggregates, polydis-
persed multiply twinned nuclei and branched MTPs (Fig-
ure 2 d). Within the next few days, these structures gradually
converted to Pt NDs. After 7 days reduction, products were

mainly monodispersed Pt NDs with certain coexisting
branched aggregates (Figures S4 a and S12 a in the Support-
ing Information). Similarly, 4 mg of insoluble MSMGS start-
ed to reduce in 1 h at 150 8C in 10 mL OAm. At the initial
time of reduction, sub-5 nm Pt multiply twinned nuclei and
flower-like aggregates were generated (Figure S11c in the
Supporting Information). Then branched Pt NPs formed in
36 h (Figure S11d in the Supporting Information). After sev-
eral days growth, most NPs were well-defined Pt NIs with
certain coexisting aggregates (Figures S11e, S4 c and S12 b in
the Supporting Information). Consequently, owing to the
slow reduction rate of the linear precursors, the formation
process of Pt MTPs was mapped. At the early stage of the
reaction, multiply twinned nuclei transformed to kinetically
favored branched or irregular MTPs. During prolonged
growth over the next few days, thermodynamically favored
Pt NDs or NIs were yielded due to either the induction of
residual Pt ions or the drive of total energy minimiza-
tion.[1f, 9]

A solid–liquid interface mediated reduction mechanism
based on linear PtII complex precursors is illustrated in
Scheme 1, so as to account for the formation of monodis-

persed Pt NDs and NIs in this work. At first, the insoluble
microrod-shaped (Figure S1 in the Supporting Information)
linear precursors (solid) were solvated and dissolved by
OAm (liquid), and gradually underwent a heterogeneous re-
duction reaction both at the solid–liquid interface and in the
solution to form (Pt)m

n+ nanoclusters under mild tempera-
tures and stagnant environment. The gradual formation of
the nanoclusters was confirmed by the dynamic light scatter-
ing (DLS) results (Figure S13 in the Supporting Informa-
tion). Simultaneously, twinned Pt nuclei formed from the
nanoclusters (Figure 2 d and Figure S11 c in the Supporting
Information). As referred by previous investigations on the
initial nucleation mechanisms of noble-metal clusters theo-
retically (Pt)[10a] and experimentally (Au),[10b] a non-zero va-
lence intermediate with a metal–metal chain was probably
formed by partial reduction and connection of several metal
ions.[1f, 10] With this perspective, the solvated and partially re-
duced MGS and MSMGS with Pt–Pt chains in OAm could
be considered as special intermediates of the nanoclusters
for the twinned nuclei. In turn, more and more thermody-

Scheme 1. Probable growth mechanism of Pt NDs and NIs.
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namically favored twinned Pt nuclei were continually
evolved from the nanoclusters in the week-long reaction.

The formation of twined structures was probably due to
the contraction of surface Pt atoms of the nuclei driven by
high levels of external stress generated from depositing an
overlayer of the incompletely reduced (Pt)m

n+ nanoclusters
with strong Pt–Pt interactions on the growing nuclei,[9]

under a rather slow supply of Pt0 monomers from the con-
secutive reduction of the dissolved species coming from the
confined solvation and dissolution process at the solid–
liquid interface.[1f] The twinned structures of the nuclei were
rather stable and even resistant to the etching by the O2/Cl�

pair in the week-long reaction in open air (Figure 2 c).
Under these conditions, branched Pt NPs were formed
during the preferential growth on the active sites (e.g., de-
fects, kinks, high energy facets) of the twinned nuclei at the
initial stage.[5d, 11] After reaction over a sufficient time, the
thermodynamically favored Pt MTPs with high selectivities
were generated at the prolonged growth stage, and a few
branched NPs also coexisted. On the other hand, it seemed
that slow but continuous supply of Pt0 monomers through
the growth stage contributed to the size focusing of the pre-
formed twinned seeds, and the rather slow reaction rate hin-
dered the Ostwald ripening process, even when the mono-
mers were fully consumed. Therefore, monodispersed Pt
MTPs were preferentially formed under the present mild re-
action conditions.[1e]

The preformed branched structures might convert to Pt
MTPs or grow into branched aggregates in this process. Still
a portion of branched aggregates existed in the final prod-
ucts (Figure S12 in the Supporting Information); this can
possibly be ascribed to the inhomogeneity of the reaction
media. In sum, a rather slow reduction rate of the linear
precursors with PtII chains possessing strong metal–metal in-
teractions at solid–liquid interface was concluded to play a
key role in creating the present monodispersed Pt MTPs.
However, the major difference between the reactions of
these two precursors was that different MTP structures were
acquired with this strategy. MSMGS tended to be more
easily solvated in OAm due to the fact that it possesses hy-
drophobic methyl groups in the coordinating ligands when
compared with MGS, and thus showed a relatively high re-
ducing rate, which in turn generated more nuclei. Under
these conditions, Pt NIs of small size (12.6 nm) formed with
MSMGS, whereas Pt NDs of larger size (17.0 nm) formed
for MGS. Moreover, Pt NIs with a smaller size of 7.5 nm
(Figure S14 in the Supporting Information) were generated
under the reduction of lowly crystallized MSMGS powder,
which was obtained by allowing the stock solution to under-
go a sudden cool procedure in ice water during the prepara-
tion of the MSMGS precursors, with somewhat enhanced
solubility and an accelerated reaction rate in OAm.
Nevertheless, the observed relevance between favored shape
and size agrees with previous theoretical predications for fcc
Pt.[12]

In summary, we have developed a robust solid–liquid in-
terface mediated reduction method to synthesize monodis-

persed Pt NDs and NIs in high shape selectivities (>70 %).
The synthetic reactions seemed seriously affected by the in-
terfacial dissolution and reduction process between solid
linear PtII complex precursor and liquid oleylamine under
mild conditions. Linear PtII chains of the insoluble precur-
sors with strong metal–metal interactions and their week-
long confined reduction rate were demonstrated as two cru-
cial factors in governing the formation of the Pt MTPs with
fivefold symmetry. This work not only can guide the design
of rational synthetic protocol for various metal MTPs, but
also provide a new platform for Pt nanostructures of wide
interest both in theoretical modeling and practical nanoca-
talysis.

Experimental Section

Synthesis of Pt nanodecahedrons (NDs): OAm used in all the reactions
was previously purified under vacuum at 120 8C for 30 min. MGS (5 mg,
powder) and purified OAm (10 mL) were mixed in a glass-made colori-
metric cylinder (10 mL) with a stopper. After being stirred, the cylinder
was sealed with a stopper and kept at 130 8C for one week. MGS sank to
the bottom of the cylinder and turned black after about 36 h. After
7 days, black product adhered to the wall and bottom of the cylinder.
The product could be washed down with several milliliters of cyclohex-
ane. Ethanol (40 mL) was added to the mixture of reacted OAm solution
and the above as-washed cyclohexane solution. After being centrifuged
at 4800 � g for 10 min, the supernatant was poured out. The precipitate
was redispersed in cyclohexane, then washed with ethanol (40 mL), and
centrifuged at 4800 � g for 10 min. The product was washed with this
method several times. Then the precipitate was dispersed in cyclohexane
(10 mL), and the solution was subjected to supersonic treatment for
10 min. After that, the solution was centrifuged at 4800 � g for 5 min to
separate Pt NDs from branched aggregates. The Pt NDs were maintained
in the dark brown supernatant.

Synthesis of Pt nanoicosahedrons (NIs): The synthesis of Pt NIs was simi-
lar to that of Pt NDs except that methylamine (4 mg) instead of Magnus�
green salt (MSMGS, [Pt ACHTUNGTRENNUNG(CH3NH2)4] ACHTUNGTRENNUNG[PtCl4]) was used as the metal precur-
sor for a reaction at 150 8C for one week. For more details on the synthe-
sis, instrumentation and characterizations of the obtained nanocrystals,
please see the Experiment Section in the Supporting Information.
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