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Index Facets by a Facile Chemical Method**
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Anisotropy is one of the basic properties of crystals, and
different facets of a single crystal may exhibit different
physical and chemical properties. In the past decade, control
of the shape of metallic nanostructures has attracted intensive
interest, because it may provide an effective route for tuning
the electronic, magnetic, optical, or catalytic properties of
metals.'™" In addition, fundamental studies of single-crystal
surfaces of bulk metals have indicated that high-index facets
having a high density of atomic steps, ledges, kinks, and
dangling bonds usually exhibit much higher chemical-reaction
activities, including catalytic activities."¥! However, crystal-
growth rates in directions perpendicular to high-index planes
are usually much higher than those in directions perpendic-
ular to low-index planes because of the high surface energy of
high-index planes. As a consequence, high-index planes
rapidly disappear during crystal growth, and crystals are
usually enclosed by low-index facets such as {100} and {111}
surfaces.

The shape-controlled synthesis of metal nanocrystals
(NCs) with exposed high-index facets is, therefore, an
interesting and challenging research topic with potential
applications. Up to now, although a variety of face-centered
cubic (fcc) structured metal NCs with well-defined shapes
have been synthesized, almost all of these NCs are enclosed
by low-index {100} or {111} surfaces.'***1-13] Very recently,
Sun and co-workers prepared tetrahexahedral platinum NCs
enclosed by 24 high-index facets (such as {730}, {210}, and
{520}) by an electrochemical method for the first time, and
found that these high-index surfaces are thermally and
chemically stable and exhibit enhanced catalytic activity."”
The interesting shape and properties of such tetrahexahedral
platinum NCs have inspired great efforts to synthesize well-
shaped metal NCs with high-index facets by means of some
facile methods. In this communication, we report the prep-
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aration of trisoctahedral gold NCs enclosed by 24 high-index
facets (such as {221}) in high yield by a simple reduction of an
aqueous solution of HAuCl, with ascorbic acid (AA) in the
presence of cetyltrimethylammonium chloride (CTAC) at
room temperature. To our knowledge, this is the first report of
a synthesis of well-shaped metal NCs with high-index surfaces
by a wet chemical method, which is facile and high-yield.
Figure 1a shows a typical large-area scanning electron
microscope (SEM) image of the as-prepared product, and
Figure 1b shows a partially enlarged SEM image of the as-
prepared product. These images indicate the presence of
homogeneous, well-shaped NCs with sizes ranging from 100

(220)  (311)

Figure 1. a) Typical large-area SEM image of the as-prepared trisocta-
hedral gold NCs. b) Partially enlarged SEM image of the NCs. ¢) XRD
pattern of the NCs. d) High-magnification SEM image of a single NC;
inset: model of an ideal trisoctahedron enclosed by {221} surfaces, in
the same orientation as the NC in the SEM image. e) Models of ideal
trisoctahedra in different orientations corresponding to those of the
NCs marked with the same number in (b).

to 200 nm. The X-ray powder diffraction (XRD) pattern of
the as-prepared NCs (Figure 1¢) matches well with the fcc
gold structure (JCPDS 4-0784). As shown in a high-magnifi-
cation SEM image (Figure 1d), the as-prepared NCs are well-
shaped polyhedra comprising eight trigonal pyramids and are,
thus, trisoctahedra. The trisoctahedron, which is a shape
rarely observed for NCs, can be generated from an octahe-
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dron by “pulling out” the centers of the eight triangular faces
(Figure S1 in the Supporting Information).l'! All the 24 facets
of a trisoctahedron belong to crystal planes of the family of
the (110) zone axis, the Miller indices of which are shl, and
the limiting case is a dodecahedron (4! =110; Figure S1). In
the inset of Figure 1d, a geometrical model of an ideal
trisoctahedron enclosed by {221} surfaces, in the same
orientation as the NC in the SEM image, is presented. The
proposed model agrees well with the as-prepared NCs. By
analyzing the partially enlarged SEM image of the as-
prepared NCs in a similar fashion (Figure 1b), we find that
almost all the NCs are trisoctahedra. Although some of the
NCs do not seem to be trisoctahedra at first glance, a careful
survey of particle shapes demonstrates that most of these NCs
are, in fact, differently oriented trisoctahedra. The yield of
trisoctahedral NCs is about 85 %. Figure 1e shows models of
ideal trisoctahedra in different orientations, and correspond-
ing NCs are indicated in Figure 1b. Note that some trisocta-
hedral NCs do not perfectly match the trisoctahedron
enclosed by {221} surfaces, probably because some surfaces
deviate from the {221} planes to other trisoctahedral surfaces,
such as {332} or {331}.

The intrinsic crystal structure of the trisoctahedral gold
NCs was further investigated by transmission electron micro-
scopy (TEM). Figure 2a shows a TEM image of NCs in
different orientations. Figure 2b shows a TEM image of an
individual trisoctahedral NC, and the top-right inset shows
the corresponding selected-area electron diffraction (SAED)
pattern. The SAED pattern of the NC can be indexed to the
[011] zone axis of a single crystal of fcc gold. This result
suggests that the NCs are single crystals, rather than multiply
twinned crystals. To demonstrate that the exposed surfaces of
the NCs correspond to {221} planes, a model of a trisoctahe-
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Figure 2. a) Typical low-magnification TEM image of the trisoctahedral
gold NCs. b) High-magnification TEM image of a single NC, recorded
along the [011] direction; top-right inset: the corresponding SAED
pattern; bottom-right inset: model of an ideal trisoctahedron, pro-
jected from the [011] direction. c) Atomic model of the (221) surface
of a NC, projected from the [011] direction, showing that the (221)
surface can be thought of as a combination of (111) terraces and
(110) steps. d) HRTEM image of a NC, recorded along the [011]
direction, showing the (221) surface, (111) terraces, and (110) steps.
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dron enclosed by {221} surfaces, projected from the [011]
direction, is shown in the bottom-right inset of Figure 2b.
There is a good agreement between the model and the TEM
image of the NC. This result was further confirmed by
additional TEM images and corresponding SAED patterns
projected from the [001] or [233] direction (Figure S2). In fact,
the crystal planes of the family of (110) zone axes (the (hhl)
planes) can be described as combinations of some subfacets of
the (111) and (110) planes. For example, the microstructure of
a (221) surface can be thought of as the combination of (111)
terraces and (110) steps, as shown in Figure 2¢ (the (111)
terrace consists of three atoms, and the (110) step of one
atom; Figure S3). Such a high-index surface was directly
captured in a high-resolution TEM (HRTEM) image of a
trisoctahedral NC, recorded along the [011] direction (Fig-
ure 2d).

The surface structure of the trisoctahedral gold NCs was
also characterized by cyclic voltammetry (CV; Figure 3). The
electrochemical behavior of the NCs was different from that
of a surface of polycrystalline gold, and also different from
that of the (111), (110), and (100) surfaces (the low-index
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Figure 3. a) CV trace of the trisoctahedral gold NCs loaded onto a
glassy carbon electrode; inset: SEM image of the NCs used in the
experiment. b) CV trace of a polycrystalline gold wire electrode. See
text for details.

surfaces) of a single crystal of gold."”] This result suggests that
the as-prepared well-faceted gold NCs are not enclosed by
low-index surfaces, nor by a polycrystalline surface, consistent
with the SEM and TEM findings.

To monitor the growth process of the trisoctahedral gold
NGCs, in situ UV/Vis absorption spectra were recorded during
the synthesis of the NCs (Figure 4). When a solution of AA
was added to a CTAC-stabilized solution of HAuCl,, the color
quickly changed from light yellow to colorless, and the first
UV/Vis spectrum was recorded (0 min). UV/Vis spectra were
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Figure 4. In situ UV/Vis absorption spectra recorded during the syn-
thesis of the trisoctahedral gold NCs at times of 0 (spectrum at the
bottom), 1,2, 3,4, 5,6, 7, 8,9, 10, 17, and 23 min (spectrum at the
top). See text for details.

then recorded every minute. An obvious absorption band at
about 560-570 nm, which is ascribed to the surface plasmon
resonance (SPR) of spherical gold particles of about 100 nm
in diameter, appeared and increased in intensity during the
growth of the NCs. As has been well investigated, the position
of such an absorption peak of metal particles is associated
with the particle size.'™ The slight red shift of the SPR peak
from about 558 to 570 nm over time indicates an increase in
the size of the NCs during the growth process. Furthermore,
the SPR peaks in the UV/Vis spectra are sharp and smooth,
indicating that the NCs are uniform in size during the growth
process. After 10 min, the UV/Vis spectra and the intensity of
the SPR peak, in particular, did not change, suggesting that
the growth process had finished.

Wet chemical methods have been widely applied in the
synthesis of metal nanoparticles because of the facility of the
synthetic process and the high yield of the products. By using
such methods, well-shaped gold NCs have been prepared by
seed-mediated growth or by one-step synthesis in the
presence of additives such as surfactants,®* biomolecules,”
buffer solutions,'”! and halide ions.'" Particles with various
shapes, such as cubes, octahedra, decahedra, and prisms, have
been prepared. However, the exposed surfaces of the
prepared particles were low-index facets, such as {111} and
{100}. Furthermore, most of the well-shaped particles are
convex polyhedra, which are energetically preferred during
crystal growth because of their small surface areas. One
exceptional example was reported by Jose-Yacaman and co-
workers, who synthesized star polyhedral gold NCs by direct
reduction with AA in an aqueous solution of HAuCl, without
any other additives.'? Their products contained a small
amount of monocrystalline “star particles”, which were, in
fact, trisoctahedra enclosed by 24 low-index {111} surfaces.
The trisoctahedron is not a convex polyhedron, as there are
concave edges between the trigonal pyramids. It is, therefore,
reasonable to believe that AA or one of its oxidation products
may stabilize such high-energy concave edges, assuring the
growth of a “star shape”.

To clarify the growth mechanism of the trisoctahedral
gold NCs with high-index surfaces, studies of the effect of the
surfactant CTAC were carried out. Surfactants are often used
in the well-controlled synthesis of novel metal nanoparticles,
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such as gold, silver, platinum, and palladium nanoparticles.
Cetyltrimethylammonium bromide (CTAB) is one of the
most popular surfactants for the synthesis of multiply twinned
gold nanorods.”™*"! When CTAC was substituted by CTAB
in the present synthesis and all other experimental conditions
were kept the same, rodlike and irregular particles were
observed in the product instead of trisoctahedral gold NCs
(Figure 5a). This result indicates that the Cl~ ions play a key
role in the formation of the NCs. Similarly, we found that the

Figure 5. SEM images of gold particles prepared from HAuCl, (aq,
5 mL, 0.6 mm) and AA (aq, 0.1 mL, 0.1 m) with: a) CTAB (aq, 5 mL,
0.01 m), or b) NaCl (ag, 5 mL, 0.01 m).

long-chain CTA™ ion also plays a key role in the formation of
the trisoctahedral NCs, as spherical particles of about 100 nm
in diameter were obtained when a comparable amount of
NaCl (5 mL, 0.01m) was introduced in the synthesis instead of
CTAC (Figure 5b). These preliminary results indicate that the
trisoctahedral gold NCs with high-index surfaces result from
the interaction of both anion and the cationic surfactant.

In summary, trisoctahedral gold NCs have been success-
fully synthesized in a large quantity by reducing HAuCl, with
AA in the presence of CTAC at room temperature. The
SAED pattern of the NCs suggested that the as-prepared NCs
are single crystals enclosed by 24 high-index facets, such as
{221} planes. CV studies showed that the as-prepared NCs
have an electrochemical behavior different from that of low-
index surfaces of a single crystal of gold and from that of a
surface of polycrystalline gold. The present study motivates us
to further explore wet chemical methods for the preparation
of well-defined polyhedral metal NCs enclosed by high-index
surfaces, which usually have relatively high chemical-reaction
activities.

Experimental Section
Reagents: HAuCl,;-:3H,0 (99.9%) and CTAC (>95%) were pur-
chased from Alfa Aesar, and AA, CTAB, NaCl, and H,SO, were
purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China). The water used in all experiments was ultrapure
(>18.0 MQcm ™). All reagents were used as received.

Synthesis and characterization of the trisoctahedral gold NCs: In
a typical experiment, an aqueous solution of CTAC (5 mL, 0.01m) was
added to an aqueous solution of HAuCl, (5 mL, 0.6 mm) at room
temperature. Then, a freshly prepared aqueous solution of AA
(0.1 mL, 0.1m) was quickly added to the solution with gentle shaking.
The solution became colorless and transparent in several seconds.
With continuous shaking, the solution gradually became light purple
in color. Finally, an orange precipitate formed in the light purple
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solution at room temperature. The as-prepared product was washed
several times by alternate centrifugation and ultrasonic cleaning using
ultrapure water or ethanol to remove CTAC.

The as-prepared trisoctahedral gold NCs were characterized by
SEM (LEO 1500, operated at 20 kV), TEM (FEI Tecnai-F30 FEG,
operated at 300 kV), and XRD (PANalytical X-pert). In situ UV/Vis
absorption spectra of the reaction mixture were recorded during the
synthesis with a spectrophotometer (Beckman DU7400). CV meas-
urements were carried out using an electrochemical workstation
(CHI 631b, Shanghai Chenhua Co., China).

Electrochemical measurements: A glassy carbon electrode
(diameter of 5 mm) was carefully polished and washed before every
experiment. Then, trisoctahedral gold NCs dispersed in ethanol or
water were dripped onto the surface of the glassy carbon electrode
and dried at room temperature. The last two steps were repeated
several times, until the surface of the electrode was fully covered by
an obvious and uniform layer of the NCs.

The CV measurements were carried out at room temperature
with a conventional two-compartment three-electrode electrochem-
ical cell. The reference electrode was a saturated calomel electrode
(SCE), and the counter electrode was platinum wire. The electrolyte
was an aqueous solution of H,SO, (0.5M), which was thoroughly
purged with N, before each experiment. The ramping rate was
50mVs

Received: June 11, 2008
Revised: August 30, 2008
Published online: October 8, 2008

Keywords: crystal growth - electron microscopy - gold -
high-index facets - nanostructures

[1] a) A.R. Tao, S. Habas, P. D. Yang, Small 2008, 4, 310-325;
b) S. J. Guo, E. K. Wang, Anal. Chim. Acta 2007, 598, 181-192;
c¢) C. L. Nehl, H. W. Liao, J. H. Hafner, Nano Lett. 2006, 6, 683 —
688.

a) K. L. McGilvray, M. R. Decan, D. S. Wang, J. C. Scaiano, J.
Am. Chem. Soc. 2006, 128, 15980-15981; b) F. Kim, J. H. Song,
P.D. Yang, J. Am. Chem. Soc. 2002, 124, 14316-14317; c) C.
Xue, J. E. Millstone, S. Y. Li, C. A. Mirkin, Angew. Chem. 2007,
119, 8588-8591; Angew. Chem. Int. Ed. 2007, 46, 8436 —8439.
[3] a) M. Zhou, S. H. Chen, S. Y. Zhao, J. Phys. Chem. B 2006, 110,
4510-4513; b) G. S. Métraux, C. A. Mirkin, Adv. Mater. 2005,
17,412-415.

a) Y. Tian, H. Q. Liu, G. H. Zhao, T. Tatsuma, J. Phys. Chem. B
2006, 110, 23478 -23481; b) C. J. Huang, P. H. Chiu, Y. H. Wang,
W. R. Chen, T. H. Meen, J. Electrochem. Soc. 2006, 153, D129 -
D133.

M. Tsuji, N. Miyamae, M. Hashimoto, M. Nishio, S. Hikino, N.
Ishigami, 1. Tanaka, Colloids Surf. A 2007, 302, 587—-598.

2

—

(4

—_—

[5

—_

[6] a) C.J. Murphy, T. K. Sau, A. M. Gole, C.J. Orendorff, J. X.
Gao, L. F. Gou, S. E. Hunyadi, T. Li, J. Phys. Chem. B 2005, 109,
13857-13870; b)S.H. Chen, Z.L. Wang, J. Ballato, S.H.
Foulger, D. L. Carroll, J. Am. Chem. Soc. 2003, 125, 16186—
16187.

a) J. Xu, S. Y. Li, J. Weng, X. F. Wang, Z. M. Zhou, K. Yang, M.

Liu, X. Chen, Q, Cui, M.Y. Cao, Q. Q. Zhang, Adv. Funct.

Mater. 2008, 18, 1-9; b)F. Kim, S. Connor, H. Song, T.

Kuykendall, P. D. Yang, Angew. Chem. 2004, 116, 3759-3763;

Angew. Chem. Int. Ed. 2004, 43, 3673-3677; c) Y. Chen, X. Gu,

C. G.Nie, Z. Y. Jiang, Z. X. Xie, C. J. Lin, Chem. Commun. 2005,

4181-4183; d) D. Seo, J. C. Park, H. Song, J. Am. Chem. Soc.

2000, 128, 14863 -14870; ¢) J. H. Zhang, H. Y. Liu, Z. L. Wang,

N. B. Ming, Adv. Funct. Mater. 2007, 17, 3295 -3304.

[8] X.S.Kou,S. Z.Zhang, C. K. Tsung, Z. Yang, M. H. Yeung, G. D.
Stucky, L. D. Sun, J. F. Wang, C. H. Yan, Chem. Eur. J. 2007, 13,
2929-2936.

[9] X.S.Kou, S.Z. Zhang, Z. Yang, C. K. Tsung, G. D. Stucky, L. D.
Sun, J. F. Wang, C. H. Yan, J. Am. Chem. Soc. 2007, 129, 6402 —
6404.

[10] J. P. Xie, J. Y. Lee, D. 1. C. Wang, Chem. Mater. 2007, 19, 2823 —
2830.

[11] T. H. Ha, H. J. Koo, B. H. Chung, J. Phys. Chem. C 2007, 111,
1123-1130.

[12] a) J. L. Burt, J. L. Elechiguerra, J. Reyes-Gasga, J. M. Monte-

jano-Carrizales, M. Jose-Yacaman, J. Cryst. Growth 2005, 285,

681-691; b) J. E. Millstone, G. S. Métraux, C. A. Mirkin, Adv.

Funct. Mater. 2006, 16, 1209-1214; c) M. Yamamoto, Y.

Kashiwagi, T. Sakata, H. Mori, M. Nakamoto, Chem. Mater.

2005, 17, 5391 -5393.

a) J. Q. Hu, Q. Chen, Z. X. Xie, G. B. Han, R. H. Wang, B. Ren,

Y. Zhang, Z. L. Yang, Z. Q. Tian, Adv. Funct. Mater. 2004, 14,

183-189; b) S. H. Zhang, Z.Y. Jiang, Z. X. Xie, X. Xu, R. B.

Huang, L.S. Zheng, J. Phys. Chem. B 2005, 109, 9416-9421;

c) X.J. Zheng, Z. Y. Jiang, Z. X. Xie, S. H. Zhang, B. W. Mao,

L. S. Zheng, Electrochem. Commun. 2007, 9, 629-632; d) Y. G.

Sun, Y. N. Xia, Science 2002, 298,2176-2179; ¢) B. J. Wiley, S. H.

Im, Z. Y. Li, J. McLellan, A. Siekkinen, Y. N. Xia, J. Phys. Chem.

B 2006, 110, 15666 —-15675.

[14] a) G. C. Pimentel, Opportunities in Chemistry, National Acad-
emy Press, Washington, DC, 1985, chap.5; b) S. G. Sun, A. C.
Chen, T.S. Huang, J. B. Li, Z. W. Tian, J. Electroanal. Chem.
1992, 340, 213 -216.

[15] N.Tian, Z. Y. Zhou, S. G. Sun, Y. Ding, Z. L. Wang, Science 2007,
316, 732-735.

[16] A. A. Proussevitch, D. L. Sahagian, Comput. Geosci. 2001, 27,
441-454.

[17] A. Hamelin, J. Electroanal. Chem. 1996, 407, 1-11.

[18] S.Link, M. A. El-Sayed, J. Phys. Chem. B 1999, 103, 8410 —8426.

[7

[

[13

—

www.angewandte.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2008, 47, 8901-8904


http://dx.doi.org/10.1002/smll.200701295
http://dx.doi.org/10.1016/j.aca.2007.07.054
http://dx.doi.org/10.1021/nl052409y
http://dx.doi.org/10.1021/nl052409y
http://dx.doi.org/10.1021/ja066522h
http://dx.doi.org/10.1021/ja066522h
http://dx.doi.org/10.1021/ja028110o
http://dx.doi.org/10.1002/ange.200703185
http://dx.doi.org/10.1002/ange.200703185
http://dx.doi.org/10.1002/anie.200703185
http://dx.doi.org/10.1021/jp060200i
http://dx.doi.org/10.1021/jp060200i
http://dx.doi.org/10.1021/jp065292q
http://dx.doi.org/10.1021/jp065292q
http://dx.doi.org/10.1149/1.2203931
http://dx.doi.org/10.1149/1.2203931
http://dx.doi.org/10.1016/j.colsurfa.2007.03.044
http://dx.doi.org/10.1021/jp0516846
http://dx.doi.org/10.1021/jp0516846
http://dx.doi.org/10.1021/ja038927x
http://dx.doi.org/10.1021/ja038927x
http://dx.doi.org/10.1002/ange.200454216
http://dx.doi.org/10.1002/anie.200454216
http://dx.doi.org/10.1039/b504911c
http://dx.doi.org/10.1039/b504911c
http://dx.doi.org/10.1021/ja062892u
http://dx.doi.org/10.1021/ja062892u
http://dx.doi.org/10.1002/adfm.200700497
http://dx.doi.org/10.1002/chem.200601224
http://dx.doi.org/10.1002/chem.200601224
http://dx.doi.org/10.1021/ja0710508
http://dx.doi.org/10.1021/ja0710508
http://dx.doi.org/10.1021/cm0700100
http://dx.doi.org/10.1021/cm0700100
http://dx.doi.org/10.1021/jp066454l
http://dx.doi.org/10.1021/jp066454l
http://dx.doi.org/10.1016/j.jcrysgro.2005.09.060
http://dx.doi.org/10.1016/j.jcrysgro.2005.09.060
http://dx.doi.org/10.1002/adfm.200600066
http://dx.doi.org/10.1002/adfm.200600066
http://dx.doi.org/10.1021/cm0515000
http://dx.doi.org/10.1021/cm0515000
http://dx.doi.org/10.1002/adfm.200304421
http://dx.doi.org/10.1002/adfm.200304421
http://dx.doi.org/10.1021/jp0441036
http://dx.doi.org/10.1016/j.elecom.2006.10.039
http://dx.doi.org/10.1126/science.1077229
http://dx.doi.org/10.1021/jp0608628
http://dx.doi.org/10.1021/jp0608628
http://dx.doi.org/10.1016/0022-0728(92)80299-J
http://dx.doi.org/10.1016/0022-0728(92)80299-J
http://dx.doi.org/10.1126/science.1140484
http://dx.doi.org/10.1126/science.1140484
http://dx.doi.org/10.1016/0022-0728(95)04499-X
http://dx.doi.org/10.1021/jp9917648
http://www.angewandte.org

