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ABSTRACT: Platonic noble metal nanocrystals (NCs)
have attracted considerate attention due to their symmetry,
aesthetic beauty, and potential applications in catalysis,
plasmonics, sensing, and spectroscopy. Although Platonic
noble metal NCs with tetrahedral, cubic, octahedral, and
icosahedral geometries have been chemically synthesized,
the growth of Platonic dodecahedral noble metal NCs
remains elusive. Here we propose a crystal structure of
Platonic dodecahedral noble metal NCs and show that via
a tailored seed-mediated synthetic approach, Platonic
dodecahedral Au NCs can be grown from icosahedral
multiply twinned Au seeds. By systematically tuning the
ratio between {111} and {110} facets grown on the
icosahedral Au seeds, NCs with icosahedral, icosidodeca-
hedral, and dodecahedral shapes can be obtained. These
shapes represent a family of Au NCs with icosahedral (Ih)
symmetry.

Platonic solids have played an important role in the
development of philosophy and science.1 In geometry, a

Platonic solid is a convex regular polyhedron with identical faces,
edges, and angles.2 Known since ancient Greece, there are only
five forms of Platonic solids that can be constructed: tetrahedron,
cube, octahedron, dodecahedron, and icosahedron (Figure 1a).

The symmetry and aesthetic beauty of the Platonic solids not
only have attracted the interest of geometers for thousands of
years, but also have been a fascinating topic in many aspects of
chemistry, crystallography, and mineralogy. In the past decade,
considerable progress has been made in the field of shape-
selective growth of noble metal nanocrystals (NCs).3−5 Among
various shapes, Platonic noble metal NCs with tetrahedral, cubic,

octahedral, and icosahedral geometries have been chemically
synthesized.6−13 However, the growth of Platonic dodecahedral
noble metal NCs remains as an elusive task. Although Platonic
dodecahedra of mixed metals have been observed in quasicrystals
with icosahedral (Ih) space-group symmetry,14 Platonic dodec-
ahedra made of face-centered-cubic (fcc) noble metals have not
been achieved.15 This is presumably due to the fact that the
crystal lattice of fcc noble metals does not have intrinsic 5-fold
symmetry.
In the past few decades, a number of NCs with 5-fold

symmetry, including decahedra, pentagonal nanorods, pentago-
nal bipyramids, and icosahedra,16−21 have been synthesized for
fcc noble metals. For these NCs, the 5-fold symmetry arises from
cyclic pentatwinned structures.22 For example, a decahedral NC
is composed of five juxtaposed tetrahedral subunits; each is
joined with two adjacent ones by twin boundaries, and the five
subunits share one edge coinciding with the 5-fold axis of the
NC.23,24 Similarly, an icosahedron can be formed by the junction
of 20 tetrahedra, which share six 5-fold axes and one common
point at the center. The existence of 5-fold symmetry in cyclic
pentatwinned structures of fcc noble metals implies that Platonic
dodecahedra may be constructed as well.
Indeed, because icosahedron and dodecahedron are dual

polyhedra and have the same set of symmetries, the two shapes
may be converted to each other by truncation of their vertices; a
dodecahedron can be formed by truncating the 12 vertices of an
icosahedron.2 As shown in Figure 1b, the truncation of each
vertex of the icosahedron forms a regular pentagon, a high-energy
{110} facet perpendicular to the 5-fold axis. As these regular
pentagons grow larger and join together, a dodecahedron
bounded exclusively by 12 {110} facets will be formed. Although
the generation of pentagonal faces by truncation perpendicular to
the 5-fold axis has been observed in pentatwinned noble metal
NCs,25−28 the seemingly straightforward conversion from
icosahedra into dodecahedra during crystal growth in solution
has never been realized for noble metals. Here we show that via a
tailored seed-mediated growth approach, Platonic dodecahedral
Au NCs can be obtained.
Platonic dodecahedral Au NCs were grown from icosahedral

Au seeds that were synthesized through a modified polyol
process.19 Scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) images of the icosahedra
Au seeds are shown in Figure S1 (Supporting Information). The
5-fold symmetry from the assembly of five triangle faces around
one axis can be observed through SEM (Figure S1c,d, Supporting
Information). Both selected area electron diffraction (SAED)
and high-resolution TEM (HRTEM) studies confirmed their
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Figure 1. (a) Geometric models of Platonic solids: (clockwise from the
top) dodecahedron, icosahedron, tetrahedron, cube, and octahedron.
(b) Shape transition from icosahedron to dodecahedron via vertex
truncation.
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multiply twinned structure (Figure S1e,f, Supporting Informa-
tion). For the growth of Platonic dodecahedra Au NCs, the
icosahedral seeds were subsequently introduced into a N,N-
dimethylformamide (DMF) solution containing polyvinylpyrro-
lidone (PVP) and HAuCl4. DMF played dual roles as both the
solvent and reducing reagent that favors the formation of {110}
facets of Au.26,29

The morphology of the Platonic dodecahedral Au NCs was
first investigated with SEM. As shown in Figure 2a, the

icosahedral seeds were all grown into dodecahedral NCs with
regular pentagonal faces. To confirm to structure of the Platonic
dodecahedral NCs, SEM images of the NCs with different
orientations were obtained as shown in Figure 2b,d,f,h. Similar to
an icosahedron, there are three types of axes in a Platonic
dodecahedron: (i) six 5-fold axes, each passing through the
centers of two opposite pentagonal faces; (ii) 15 2-fold axes, each
passing through themidpoints of two opposite edges; and (iii) 10
3-fold axes, each passing through two opposite vertices. The
geometric models of dodecahedral NCs viewed along the 5-fold,
2-fold, and 3-fold axes were shown in Figure 2c,e,i, respectively.
All the SEM images match well with those schematic illustrations
of the three-dimensional (3D) models of a Platonic dodecahe-
dron.
The crystal structures of the dodecahedral NCs were further

analyzed with TEM. When viewed along a 5-fold axis, the
projection of a dodecahedron can be seen as a regular decagon
(Figure 3a−c). The SAED of the dodecahedral NCs along the
same 5-fold axis (i.e., along [011] zone axis) shows 10 (1 ̅00)
spots around the center (Figure 3c, inset). This diffraction
pattern is the same as that of an icosahedral Au NC viewed from
one of its 5-fold axes, as investigated both theoretically and
experimentally by Yang and Gomez et al.30,31 This result suggests
that the dodecahedral NCs share identical internal crystal
structure with icosahedral NCs. To confirm the facets of the
Platonic dodecahedral NCs, a NC oriented with two of its
opposite facets perpendicular to the Cu grid is given in Figure
3d,e. This is the optimum orientation to image the lattice planes
of the pentagonal faces. As shown in the HRTEM image (Figure
3f), the distance between adjacent lattice fringes is 0.144 nm,

consistent with the d-spacing of (220) planes of fcc Au.29 The
above results clearly demonstrate that the dodecahedral Au NCs
have the same multiply twinned structures as icosahedral Au
seeds but are exclusively enclosed by {110} facets.
To better understand the growth process of the Platonic

dodecahedral Au NCs, intermediate nanocrystals produced at
different reaction times were monitored by TEM and SEM. After
1 h, the icosahedral seeds grew into nanospheres with rough
surfaces (Figure S2a−c, Supporting Information). After 2 h, the
NCs started faceting and the overall dodecahedral shape was
emerging (Figure S2d−f, Supporting Information). However,
these NCs exhibited defects around their edges and vertices. As
the reaction proceeded, these defects gradually disappeared, and
Platonic dodecahedral NCs with smooth faces and well-defined
edges and corners were finally obtained after 4 h.
As discussed above, the icosahedral and dodecahedral NCs

share the same pentatwinned crystal structure. It is found that if
the growth environment favors the formation of Au {110} facets
(i.e., DMF as the solvent at 80 °C in the presence of PVP),
Platonic dodecahedral NCs will be the final product. It is worth
noting that dodecahedral Au NCs could also be obtained in the
absence of PVP, but with relatively low quality (Figure S3,
Supporting Information). The use of PVP can improve the
dispersity and consequently the morphological uniformity of the
NCs. If Au {111} facet is favored during the growth (when DEG
is used as the solvent at 245 °C), icosahedral Au NCs will be
formed as the final product (Figure S4, Supporting Information).
It has been reported that high reaction temperature and water
concentration favor the formation of {111} facets.26 If the
reaction was performed at 120 °C with additional 2 mL of water
in DMF, icosidodecahedral Au NCs with an intermediate shape
between icosahedron and dodecahedron were obtained (Figure
4). These NCs are enclosed by 12 pentagonal {110} facets and
20 triangular {111} facets. An icosidodecahedron can be formed
from either an icosahedron via truncation perpendicular to its 5-
fold axes or a dodecahedron via truncation perpendicular to its 3-
fold axes, respectively. Icosidodecahedron is one of the 13
Archimedean solids and, more particularly, one of the only two

Figure 2. (a,b,d,f,h) SEM images and (c,e,g,i) corresponding geometric
models of dodecahedral Au NCs. Dodecahedral Au NCs viewed from
their 5-fold, 2-fold, and 3-fold axes were shown in (b,c), (d,e), and (h,i),
respectively. Scale bars: (a) 100 nm; (b,d,f,h) 50 nm.

Figure 3. (a,c,e,f) TEM images and (b,d) corresponding geometric
models of dodecahedral Au NCs. (b,c) Geometric model and TEM
image of a dodecahedral Au NC viewed from [011] zone axis. The inset
shows the corresponding SAED pattern. (d,e) Geometric model and
TEM image of a dodecahedral Au NC in an orientation with two of its
opposite pentagonal facets perpendiclar to the Cu grid. (f) HRTEM for
the dodecahedral NC in (e) shows (220) lattice planes along the
direction indicated with the arrow. Scale bars: (a) 200 nm, (c,e) 50 nm,
(f) 2 nm.
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quasiregular polyhedra.2 By changing the reaction temperature
to 140 or 110 °C, truncated dodecahedral and truncated
icosahedral Au NCs can be obtained, respectively (Figure S5,
Supporting Information). These results demonstrate that by
tailoring the ratio between {111} and {110} facets, icosahedral,
icosidodecahedral, and dodecahedral Au NCs can be synthesized
precisely. These shapes represent a family of Au NCs with
icosahedral (Ih) symmetry.
In summary, an unprecedented synthesis of Platonic

dodecahedral Au NCs is realized. The dodecahedral Au NCs
share the same pentatwinned crystal structure with icosahedral
Au seeds but are exclusively enclosed by {110} facets. The
growth of Platonic dodecahedral Au NCs not only addresses the
unanswered question of whether dodecahedra can be built from
fcc crystals without intrinsic 5-fold symmetry, but also leads to
the discovery of a family of Au NCs with icosahedral (Ih)
symmetry. This study demonstrates the diverse shapes of NCs
with multiply twinned crystal structures and indicates the
possibility of designing more unconventional shapes of noble
metal NCs.

■ ASSOCIATED CONTENT
*S Supporting Information
Detailed experimental procedures, SEM and TEM images of
icosahedral Au seeds, shape evolutions of dodecahedral Au NCs,
SEM images of dodecahedral nanocrystals synthesized in the
absence of PVP, SEM images of large icosahedral Au NCs, SEM
images of truncated dodecahedral and truncated icosahedral Au
NCs, UV−vis spectra, and XRD patterns of the Au NCs. This
material is available free of charge via the Internet at http://pubs.
acs.org.

■ AUTHOR INFORMATION
Corresponding Author
chelxm@nus.edu.sg

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank Ministry of Education Singapore (Grant #R279-000-
391-112) and Singapore National Research Foundation (Grant
#R279-000-337-281) for the financial support of this work.

■ REFERENCES
(1) Kappraff, J. Connections: The Geometric Bridge Between Art and
Science, 2nd ed.; World Scientific: Singapore, 2001.
(2)Weisstein, E. W. CRC Concise Encyclopedia of Mathematics, 2nd ed.;
CRC Press: Boca Raton, FL, 2003.
(3) Grzelczak, M.; Perez-Juste, J.; Mulvaney, P.; Liz-Marzan, L. M.
Chem. Soc. Rev. 2008, 37, 1783.
(4) Tao, A. R.; Habas, S.; Yang, P. Small 2008, 4, 310.
(5) Xia, Y.; Xiong, Y.; Lim, B.; Skrabalak, S. E. Angew. Chem., Int. Ed.
2009, 48, 60.
(6) Chen, Y.; Gu, X.; Nie, C. G.; Jiang, Z. Y.; Xie, Z. X.; Lin, C. J. Chem.
Commun. 2005, 41, 4181.
(7) Kim, F.; Connor, S.; Song, H.; Kuykendall, T.; Yang, P. D. Angew.
Chem., Int. Ed. 2004, 43, 3673.
(8) Langille, M. R.; Zhang, J.; Personick, M. L.; Li, S. Y.; Mirkin, C. A.
Science 2012, 337, 954.
(9) Niu, W. X.; Zheng, S. L.; Wang, D. W.; Liu, X. Q.; Li, H. J.; Han, S.
A.; Chen, J.; Tang, Z. Y.; Xu, G. B. J. Am. Chem. Soc. 2009, 131, 697.
(10) Seo, D.; Park, J. C.; Song, H. J. Am. Chem. Soc. 2006, 128, 14863.
(11) Sun, Y. G.; Xia, Y. N. Science 2002, 298, 2176.
(12) Tsao, Y.-C.; Rej, S.; Chiu, C.-Y.; Huang, M. H. J. Am. Chem. Soc.
2014, 136, 396.
(13) Yin, A.-X.; Min, X.-Q.; Zhang, Y.-W.; Yan, C.-H. J. Am. Chem. Soc.
2011, 133, 3816.
(14) Ohashi, W.; Spaepen, F. Nature 1987, 330, 555.
(15) Gryaznov, V. G.; Heydenreich, J.; Kaprelov, A. M.; Nepijko, S. A.;
Romanov, A. E.; Urban, J. Cryst. Res. Technol. 1999, 34, 1091.
(16) Johnson, C. J.; Dujardin, E.; Davis, S. A.; Murphy, C. J.; Mann, S. J.
Mater. Chem. 2002, 12, 1765.
(17) Kou, X.; Zhang, S.; Tsung, C.-K.; Yeung,M.H.; Shi, Q.; Stucky, G.
D.; Sun, L.; Wang, J.; Yan, C. J. Phys. Chem. B 2006, 110, 16377.
(18) Sanchez-Iglesias, A.; Pastoriza-Santos, I.; Perez-Juste, J.;
Rodriguez-Gonzalez, B.; de Abajo, F. J. G.; Liz-Marzan, L. M. Adv.
Mater. 2006, 18, 2529.
(19) Seo, D.; Yoo, C. I.; Chung, I. S.; Park, S. M.; Ryu, S.; Song, H. J.
Phys. Chem. C 2008, 112, 2469.
(20) Tran, T. T.; Lu, X. M. J. Phys. Chem. C 2011, 115, 3638.
(21) Yin, A.-X.; Min, X.-Q.; Zhu, W.; Wu, H.-S.; Zhang, Y.-W.; Yan, C.-
H. Chem. Commun. 2012, 48, 543.
(22) Elechiguerra, J. L.; Reyes-Gasga, J.; Yacaman, M. J. J. Mater. Chem.
2006, 16, 3906.
(23) Hofmeister, H. Z. Kristallogr. 2009, 224, 528.
(24) Niu, W. X.; Xu, G. B. Nano Today 2011, 6, 265.
(25) Carbo-Argibay, E.; Rodriguez-Gonzalez, B.; Pastoriza-Santos, I.;
Perez-Juste, J.; Liz-Marzan, L. M. Nanoscale 2010, 2, 2377.
(26) Liu, T. J.; Jiang, P.; You, Q.; Ye, S. F. CrystEngComm 2013, 15,
2350.
(27) Ma, Y. Y.; Zeng, J.; Li, W. Y.; McKiernan, M.; Xie, Z. X.; Xia, Y. N.
Adv. Mater. 2010, 22, 1930.
(28) Zhang, W.; Goh, H. Y. J.; Firdoz, S.; Lu, X. Chem.Eur. J. 2013,
19, 12732.
(29) Jeong, G. H.; Kim, M.; Lee, Y. W.; Choi, W.; Oh, W. T.; Park, Q.
H.; Han, S. W. J. Am. Chem. Soc. 2009, 131, 1672.
(30) Yang, C. Y.; Yacaman, M. J.; Heinemann, K. J. Cryst. Growth 1979,
47, 283.
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Figure 4. (a,b) SEM and (c,d) TEM images of icosidodecahedral Au
NCs. The inset of (d) shows the corresponding SAED pattern. Scale
bars: (a,c), 200 nm; (b,d) 50 nm.

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja500045s | J. Am. Chem. Soc. 2014, 136, 3010−30123012

http://pubs.acs.org
http://pubs.acs.org
mailto:chelxm@nus.edu.sg

