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Nanostructural and morphological design of gold has
attracted great attention because of its chemical stability,
high conductivity, and quantum-size effects. Nanostructured
gold materials with various morphologies[1] show unique
optical properties due to their localized surface plasmon
resonance[2] and catalytic activity.[3] Ordered arrays of nano-
structured gold with various arrangements that depend on
their morphology are also important for the fabrication of
hierarchically organized functional materials.[4] However, the
applications of nanostructured gold are often limited because
of its tendency to form unstable aggregates. To circumvent
this problem, the formation of three-dimensionally extended
frameworks is quite effective. Such three-dimensionally
nanostructured gold materials are stable to catalytic reac-
tions[5] and promising for various applications, such as
electrochemistry, sensing, and surface-enhanced Raman scat-
tering.[5–7]

However, the design of highly ordered three-dimensional
gold nanostructures is quite limited because of the difficulty
of controlling the growth of gold. Three-dimensional meso-
porous gold materials are formed by a dealloying technique,
whereas their nanostructures are not ordered.[5] Though
various mesoporous metals have been prepared by soft and
hard templating techniques,[8] the nanostructured gold mate-
rials prepared by using nanoscale hard templates have been

limited to nanoparticles and nanowires without specific three-
dimensional nanostructures.[9] Colloidal templating is one of
the most useful techniques to form three-dimensionally
ordered macroporous materials.[10] By replicating periodically
arranged silica nanoparticles with relatively small diameter,[11]

three-dimensionally ordered mesoporous (3DOM) materials,
such as polymers,[12] carbon,[11a] and platinum,[13, 14] have been
prepared. Studies on silica nanoparticles assembled into thin
films,[15a] patterned structures,[15b] and one-dimensional
arrays[15c] have also been reported. Although macroporous
gold with submicrometer-scale periodicity is formed by using
large templates,[6] disordered mesoporous gold is formed
when small silica nanoparticles (ca. 50 nm) are used as
templates.[13] The rapid growth of gold may cause collapse of
the three-dimensional structure of templates due to the
structural mismatch between templates and gold.

To achieve slower crystal growth, we have focused on
vapor infiltration of a reducing agent (dimethylamine–
borane, DMAB) to deposit gold inside the template (denoted
vapor reduction). We have applied this technique for the
formation of mesoporous platinum by replicating lyotropic
liquid-crystalline templates[16] or colloidal crystal templates.[14]

It allows both a slower reduction rate and lower reaction
temperature than reduction with H2.

[13]

To our surprise, during the course of this study, many gold
particles deposited in the interstices of periodically arranged
silica nanoparticles by vapor reduction showed a two-dimen-
sional morphology in spite of the three-dimensional intersti-
tial nanospaces of the template. It can be explained by the
interstices in the template acting as a flexible reaction field to
relax the strain due to structural mismatch between template
and gold, which is analogous to morphosynthesis[17] utilizing
reaction fields provided by gel matrices[18] and liquid crys-
tals.[19] A single nanoparticle acts as a rigid template on the
microscopic scale, while on the macroscopic scale periodically
arranged nanoparticles can alter their interstitial nanospaces,
as layered crystals accommodate guest species by changing
their interlayer spaces.[20] Furthermore, the reduction process
was found to be critical to the morphological and nano-
structural variation of gold (Scheme 1). We investigated
another method by mixing DMAB and the composite
containing the template and HAuCl4 in the solid state to
alter the reduction kinetics (denoted solid reduction); 3DOM
gold with pore size much smaller than those reported
previously for macroporous gold[6] was then formed. Thus,
the nanoparticle assemblies are found to be more useful
scaffolds both for templating and morphosynthesis than
previously expected. This concept using a silica nanoparticle
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assembly as a flexible matrix is promising for the design of
hierarchically nanostructured materials that are effective for
the control of materials properties on different length scales.

Vapor reduction of HAuCl4 in the template provides
unique two-dimensional gold crystals with ordered surface
nanostructures (denoted dimpled gold nanoplate, Figure 1a),
which is not explained by the general mechanism[10] of
colloidal templating. Silica nanoparticles about 40 nm in
diameter used as templates were arranged mostly in a face-
centered cubic (fcc) lattice (Figure S1 in the Supporting
Information), that is, the template can be used for conven-
tional colloidal templating.[10] The high-resolution scanning
electron microscopy (HRSEM) image shows dimpled gold
nanoplates (Figure 1a), folded ones (Figure S2 in the Sup-
porting Information), and ill-shaped particles (Figure S3 in
the Supporting Information). A small amount of 3DOM gold
particles was also observed, and corresponds to the general
templating mechanism (Figure 2a). The X-ray diffraction
(XRD) pattern and energy dispersive X-ray (EDX) spectrum
show that HAuCl4 was reduced to fcc Au and the template
was completely removed (Figures S4 and S5 in the Supporting
Information). Therefore, highly ordered gold nanostructures
are formed by controlled reduction of HAuCl4 in the
interstices. Ill-shaped particles are probably formed outside
of the template and in cleaved templates due to diffusion of
HAuCl4 during the reduction process. Even though small
amounts of 3DOM gold particles and ill-shaped particles were
observed, two-dimensional growth in the three-dimensional
nanospace was clearly shown, and this is quite a meaningful
result for understanding the role of highly ordered nano-
spaces as reaction fields.

The HRSEM image of dimpled gold nanoplates shows an
average lateral size of about 400 nm and a wide size
distribution from 90 nm to 2 mm, and they are smaller than
the templates (typically > 5 mm). The average thickness is
about 24 nm with narrow distribution (Figure 1b). The
dimples of about 40 nm in diameter are arranged hexagonally
on the surface of the nanoplates. The dimples are located on
both the lower and upper sides, which was confirmed by tilting
the sample stage (Figure S6 in the Supporting Information).
Thus, platelike gold was deposited not on the outer surface
but inside the template. This structure cannot be formed by

using colloidal monolayers as two-
dimensional templates.[21] Such a
hexagonal arrangement of dimples
corresponding to that of the {111}
facet of the template was exclu-
sively observed among the nano-
plates (> 90%). The few nano-
plates showing similar dimples in
tetragonal and disordered arrange-
ments correspond to those on the
{100} facet and the distorted one.
Folded nanoplates show a combi-
nation of facets such as {111} and
{100}. These results suggest that the
nanoplate was formed by aniso-Scheme 1. Proposed pathways to form nanostructured gold materials.

Figure 1. HRSEM images of the dimpled gold nanoplate showing
a) the surface and b) the cross section. The inset of a) shows an
enlarged image. c) TEM image of the nanoplate and d) its correspond-
ing SAED pattern. e) HRSEM image of the sample before removal of
the template. The various facets of the silica nanoparticle assembly
and the parts with various arrangements of dimples are outlined by
solid and dotted lines, respectively. The hexagons, squares, and
asterisk indicate the arrangements attributable to {111}, {100}, and
unstructured regions, respectively.
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tropic growth of gold in a specific crystallographic plane of the
silica nanoparticle assembly.

The crystalline domain size and its orientation were
characterized by transmission electron microscopy (TEM).
The selected-area electron diffraction (SAED) pattern of a
single nanoplate (Figure 1c) shows intense spots attributable
to single-crystalline fcc Au along the [�1110] zone axis (Fig-
ure 1d). Most of the other nanoplates are also single crystals.
Some of them, though far fewer, consist of a few domains
whose size is in the submicrometer range (Figure S7 in the
Supporting Information). These results show that the number
of nuclei is quite small. It is quite rare that a highly ordered
nanostructure is formed with retention of such a large single-
crystalline domain. The structure may be effective for forming
catalytically active high-index facets and improving the
conductivity, optical property, and mechanical strength.
According to the literature,[1] gold nanorods or nanoplates
show specific crystalline orientations, which are formed by
preferential growth of specific facets due to the effects of
surface stabilizers or stacking faults. The dimpled gold
nanoplate in the present study shows no obvious crystalline
orientation, and therefore the formation of dimpled gold
nanoplate is not explained by such a preferential growth.

The anisotropic growth of gold in a specific plane of the
silica nanoparticle assembly can be explained by partial
cleavage of the assembly. Continuous growth of gold among
the silica nanoparticles probably causes strain in the assembly,
which is probably simultaneously cleaved to release the strain.
Gold grows through the two-dimensional nanospace formed
by cleavage, and dimples are formed on the surfaces by
replication of the cleaved surfaces of the template. Because
the density of siloxane bonds among silica nanoparticles is

quite low, it is reasonable that cleavage occurs under strong
strain. The HRSEM image of the sample before removal of
template (Figure 1 e) gives evidence that the assembly was
cleaved during growth. The image shows the dimpled gold
nanoplate on the cleaved surface of the assembly, which is
also schematically explained in Figure S8a in the Supporting
Information. The presence of the dimples on the upper side of
the nanoplate shows that part of assembly was evidently
delaminated after crystal growth. The cleaved tent-shaped
surface of the template exposes the {111} and {100} facets, and
this results in formation of a folded nanoplate. The possibility
that the observed nanoplate was formed in another template
and moved to the present position is quite low, because the
{111} and {100} facets of the template are consistent with the
arrangements of the dimples on the gold nanoplate. The
stereoscopic anaglyph version of the image (Figure S9 in the
Supporting Information) shows that the morphology of the
folded nanoplate is well consistent with the surface relief of
the template. Furthermore, no windows were observed on the
surface of the dimples (Figure 1a, inset), which means that
the silica nanoparticles are disconnected where gold is
deposited. Windows are always formed where silica nano-
particles are connected. The assembly probably contains
defects,[22] which may affect the direction of cleavage prop-
agation to form tent-shaped cleaved surfaces. The formation
of folded nanoplates shows that lateral crystal growth occurs
even between such tent-shaped cleaved surfaces. A similar
HRSEM image with the unfolded nanoplate is also shown in
Figure S8b in the Supporting Information. Because 3DOM
gold was formed by using the same template under different
reduction conditions, it is clear that the nanoplate was formed
not in an initially formed cleavage before deposition but in a
simultaneously formed cleavage during growth.

The ordering of nanoparticles in the template is essential
to the formation of the dimpled gold nanoplate. When a
disordered assembly was used as template, disordered net-
works of gold without platelike morphology were observed
(Figure S10 in the Supporting Information). Therefore, the
anisotropic crystal growth of gold is probably governed by the
cooperative transformation of the ordered arrangement of
the nanoparticles. Disassembly of three-dimensional nano-
structures to form unique cubic nanoparticles has been
reported,[23] whereas the mechanism is not related to the
long-range ordering reported here.

The preferential formation of hexagonally arranged
dimples is probably due to the preference for cleavage
along the {111} plane of the template, because the {111} facet
is the most stable facet with a two-dimensional close-packed
structure in the template.

In the case of fcc metals, the most stable facet is calculated
to be the {111} facet.[24] Once cleavage occurs along a specific
direction, gold probably grows along the same direction
because diffusion between the cleaved surfaces is faster than
among the closely packed silica nanoparticles.

In our previous report,[14] only 3DOM platinum was
obtained as major product by almost the same process. We
suppose that rapid crystal growth of gold due to fast reduction
of HAuCl4 should cause much strain in the template. The
reduction of HAuCl4 in the template was completed in about

Figure 2. a) HRSEM image of the 3DOM gold particle prepared by
vapor reduction. b) TEM image of the 3DOM gold particles and
corresponding Fourier transform (inset). c) SAED pattern taken at the
same area as b).
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one day, which is much faster than that of H2PtCl6, which
takes about three days.

The combination of dimples and two-dimensional mor-
phology is uniquely useful for constructing hierarchical
assemblies. Gold nanoparticles can be arranged periodically
on the dimples (Figure S11 in the Supporting Information).
The distance between the gold nanoparticles is regulated by
the dimples, regardless of the size of the gold nanoparticles.
Thus, the size, arrangement, and separation of nanoparticles
can be controlled independently. The composition of nano-
particles can be extended to other metals, oxides, and
semiconductors. The two-dimensional morphology is poten-
tially effective for assembly into thin films and multi-
layers.[4c,25] The bottom-up fabrication of hierarchical struc-
tures is promising for the design of functional materials.[26]

The 3DOM gold particles formed in small amounts by
vapor reduction, as described above, are also quite interesting
materials because they consist of relatively large crystalline
domains. The 3DOM gold particles are up to several micro-
meters in size (Figure S12 in the Supporting Information).
Mesopores about 40 nm in diameter are arranged in an fcc
lattice, corresponding to the inverse structure of the periodi-
cally arranged silica nanoparticles (Figure S13a in the Sup-
porting Information). The mesopores are interconnected
through windows, which suggests no cleavage occurred in
the template. The pore walls are not aggregates of nano-
particles like other mesoporous metals.[8] The TEM image and
the corresponding Fourier transform show a high degree of
nanostructural ordering (Figure 2 b and inset). The SAED
pattern with intense arcs shows that the product consists of
several slightly distorted domains (Figure 2 c). This result
suggests continuous crystal growth during formation of the
3DOM gold. The somewhat complex SAED pattern is
possibly explained by formation of defects in the framework,
such as twin planes (Figure S14 in the Supporting Informa-
tion). The formation of a 3DOM gold is possibly due to locally
less concentrated infiltration of HAuCl4.

In contrast, solid reduction of HAuCl4 in the template
gives only polycrystalline 3DOM gold nanospheres without
ill-shaped particles. The HRSEM images show their spherical
morphology (Figure 3a) and highly ordered nanostructure
(Figure S13b in the Supporting Information). The TEM
image and the ringlike SAED pattern show that the 3DOM
gold nanosphere is polycrystalline with smaller domains due
to formation of many nuclei (Figure 3b and c). Solid
reduction generates multiple nuclei concurrently in many
positions in the template, and possibly causes widely distrib-
uted smaller strains in the template than vapor reduction. The
reduction rate influences the nanostructure of gold because
disordered gold similar to that prepared by H2 reduction[13] is
formed when DMAB and the composite containing the
template and HAuCl4 are mixed vigorously (Figure S15 in the
Supporting Information). The spherical morphology is possi-
bly due to diffusion-limited crystal growth in the three-
dimensional interstitial nanospace. Electron transfer by solid
reduction is probably much faster than diffusion of HAuCl4 in
the template. This result suggests that relatively fast reduction
with multiple nucleation is effective to form nanostructures as
a single phase without formation of ill-shaped particles, which

is quite different from the case of platinum, for which slow
crystal growth is better for formation of highly ordered
mesoporous materials.[16] When solid reduction was applied
for the formation of 3DOM platinum, only platinum nano-
particles about 4 nm in diameter without interconnections
were formed (data not shown). This difference should be due
to the slow growth of platinum, in which H2PtCl6 is
completely reduced before formation of the continuous
frameworks. This solid reduction method is promising for
further nanostructural control of gold by the templating
technique. Such a single-phase 3DOM gold nanosphere has
never been formed by conventional templating techniques
and is potentially useful for catalysts, electrodes, sensors, and
optical materials.

In conclusion, we have demonstrated unique crystal
growth of gold in the interstices of periodically arranged
silica nanoparticles by controlled crystal growth. The silica
nanoparticle assembly acts not only as a rigid template on the
microscopic scale but also as a flexible reaction field on the
macroscopic scale, like organic matrices. Furthermore, this
template has directionality of the interstitial nanospace,
whereby gold grows along the fcc {111} plane, which is not
achieved by conventional morphosynthesis. The mechanism
gives a new insight into the importance of ordered nano-
structures. Fast solid reduction with multiple nucleation was
specifically effective for obtaining single-phase 3DOM gold
nanospheres, which is promising for further applications
utilizing the mesoporous structure. The colloidal templating
technique is found to be more useful in providing a flexible
reaction field for crystal growth than previously expected.
Such a dynamic transformation of inorganic nanostructures
will be applied for a wide range of materials with composi-
tional, structural, and morphological variations.

Figure 3. a) HRSEM image of 3DOM gold nanospheres prepared by
solid reduction. b) TEM image of the 3DOM gold nanospheres and
c) corresponding SAED pattern.
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Experimental Section
Materials: Tetraethoxysilane (TEOS, Kishida Chemical Co.), and l-
lysine (Sigma-Aldrich Co.) were used for the synthesis of the silica
nanoparticle assembly. HAuCl4·4H2O (Kanto Chemical Co., Inc.)
was used as a metal source. Dimethylamine–borane (DMAB, Wako
Pure Chemical Ind. Ltd.) was used as reducing agent. Hydrofluoric
acid (Wako Pure Chemical Ind. Ltd.) and ethanol (Kanto Chemical
Co., Inc.) were used for removal of templates.

Synthesis of silica nanoparticle assembly: Silica nanoparticle
assemblies were synthesized according to the literature.[11] TEOS and
l-lysine were dissolved in deionized water (H2O:TEOS:l-lysine =
154.4:1:0.02). The mixture was stirred vigorously for 20 h at 60 8C to
obtain monodisperse silica nanoparticles ca. 12 nm in diameter. Then,
the silica nanoparticles were grown in a mixture containing TEOS and
l-lysine to obtain monodisperse silica nanoparticles about 40 nm in
diameter. A silica nanoparticle assembly was obtained by drying up
the solution and subsequent calcination at 550 8C for 6 h.

Vapor reduction method: The silica nanoparticle assembly was
dried under vacuum overnight to remove adsorbed water molecules.
An aqueous solution containing 0.4m HAuCl4 (0.2 mL) was mixed
with the silica nanoparticle assembly (1 g). The composite was placed
in a closed plastic vessel with DMAB for 1 d at 40 8C according to the
reduction technique used for 3DOM platinum.[14] The sample was
washed with ethanol and the template was removed by 5% HF aq.

Solid reduction method: The composite including the template
and HAuCl4 was gently mixed with solid DMAB, and the mixture
immediately turned dark blue. The sample was washed and the
template removed by the same method as for vapor reduction.

Characterization: HRSEM images were recorded by a Hitachi S-
5500 microscope at an accelerating voltage of 30 kV. TEM images,
SAED patterns, and EDX spectra were recorded by a JEOL JEM-
2010 microscope at an accelerating voltage of 200 kV. Samples were
dispersed in ethanol and mounted on an STEM microgrid for the
HRSEM and HRTEM operations. XRD was performed on a Rigaku
Ultima-III diffractometer with CuKa radiation at 40 kV and 40 mA.
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