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Porous metallic materials are of significant interest in a wide
variety of applications, including catalysis, energy storage,
sensing, and separation to biotechnology.! It is widely
acknowledged that templating techniques have great advan-
tages in fabricating ordered porous materials. With these
techniques, many porous metals have been fabricated by
using block copolymer, colloidal crystals, polymer micro-
spheres, and porous anodic alumina.’”) Ordered metal nano-
structures with hierarchical porosity, namely macropores in
combination with mesopores, are of particular interest
because macropores allow access to large guest molecules,
and an efficent mass transport through the porous structures
is enabled whilst mesopores can enhance the active surface
area.”! For example, in fuel cell electrodes, a bimodal pore
size distribution in porous metallic materials composed of
macroporous channels with mesopore walls is highly desirable
to achieve fast mass transfer and high electroactivity.
Self-assembly and formation of mesoporous metals within
the void space of template are a key step toward metal
nanostructures with hierarchical porosity. Since the pioneer-
ing work by Attard etal., various ordered mesoporous
metals have been prepared from lyotropic liquid-crystal
(LLC) phases composed of self-assembled nonionic surfac-
tants, such as octaethylene glycol monohexadecyl ether
(CisEO3).F! In the previous work, surfactants, water, and
metal compounds were mixed vigorously and subjected to
several heating/cooling cycles to obtain a homogeneous LLC
phase. Mesoporous metals were synthesized from the highly
viscous ternary mixtures at high concentrations of surfactant
(about 38wt% or above) and low temperatures
(ca. 25°C).*% With respect to the LLC templating method
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for the production of ordered hierarchical porous metals,
there are two challenging issues: 1) how to uniformly and
controllably prepare ordered mesoporous metals in the void
space of templates, as the viscosity of the LLC mixture is very
high; and 2) how to control LLC mesophases so that porous
metals with designed and controlled mesostructures can be
generated in the void space of templates. In nanoscopic
systems, the confinement breaks the symmetry of the bulk
phase and the resulting structure much depends on elastic
forces, surface coupling, and curvature effects.”’ Although
some experimental efforts have been made,® the synthesis of
ordered porous metals with controlled geometry and meso-
structure still remains an important challenge.

We have developed a novel two-step method to prepare
metals with designed mesostructure and geometry. Herein we
report the fabrication of ordered hierarchical porous plati-
num membranes utilizing C,(EO; as a LLC former and
reverse porous PMMA cast from porous anodic alumina
(PAA) as a hard template. The obtained Pt membranes have
ordered mesopores and tunable large macropore channels,
and continuous frameworks that are very similar to those of
PAA templates. Moreover, we demonstrate that the meso-
structure in the Pt membranes can be tailored by controlling
the concentration of C;;EQg solution.

Figure 1 shows scanning electron microscopy (SEM)
images of the porous Pt membrane with about 68 nm pore
diameter prepared by using a 55wt% C;sEOg solution.
Figure 1a shows the top surface view of the Pt membrane;
it can be clearly seen that the Pt membranes retain the

Figure 1. SEM images of ordered hierarchical porous Pt membranes.
a) Surface view; b) enlarged surface view; c) oblique view; d) cross-
sectional view. Inset: a high-resolution image of the channel wall.
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dimension, morphology, and structure of the alumina tem-
plates, exhibiting a uniform pore size and highly ordered pore
arrangement over a large area. The enlarged surface image in
Figure 1b shows that the nanopores are hexagonally arranged
in a high regularity. The wall thickness and the interpore
distance of the porous Pt membranes are about 37 and
105 nm, respectively. The oblique view of the Pt membrane in
Figure 1c shows the bottom surface and parallel cylindrical
channels with a length of about 1 pm. The cross-sectional view
of the Pt membrane is given in Figure 1d. The high-resolution
SEM images (inset in Figure 1d; see also Figure S1 in the
Supporting Information) show that the Pt membranes consist
of uniform mesopores templated from the nonionic surfactant
LLC.

The porous Pt membranes were further investigated by
transmission electron microscopy (TEM). The highly ordered
macroporous structure of the Pt membrane is given in
Figure 2a,b. The inset in Figure 2a shows the corresponding

Figure 2. TEM images of highly ordered hierarchical porous Pt mem-
branes. a,b) Plane views with different magnifications and the corre-

sponding electron-diffraction pattern (inset in (a)); c) cross-sectional
view; d) enlarged cross-sectional view from area marked in (c), show-
ing an ordered mesostructure.

electron diffraction (ED) pattern. The continuous strong
rings can be indexed as the face-centered cubic (FCC) Pt
structure, which is in accordance with X-ray diffraction
(XRD) analysis (Figure S2 in the Supporting Information).
Mesochannels are visible at the edge of the pores (inset,
Figure 2b) and more mesochannels can be observed by tilting
the sample (Figure S3 in the Supporting Information). Fig-
ure 2¢ shows the TEM image of the cross-sectional view of
the porous Pt membrane. It is apparent that the pore wall
domains appear darker than the void parts in the image. A
high-magnification TEM image of the region indicated in
Figure 2c is given as Figure 2d, where hexagonally organized
mesopores with pore size of 2-3 nm can clearly be observed
(see also Figure S4 in the Supporting Information). The high-
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Figure 3. HRTEM images of a) the mesoporous Pt channel walls with
a continuous network structure, and b,c) the single-crystalline Pt
regions and the corresponding Fourier transform patterns (insets).

resolution TEM (HRTEM) image of the mesopore wall in the
porous Pt membrane is given as Figure 3a. The well-resolved
lattice spacings of 0.22 and 0.20 nm correspond to the Pt {111}
and {200} atomic planes, respectively. The interpore distance
is about (6+1)nm, which is consistent with the lattice
parameter (ca. 6nm) of the hexagonal mesophase of
CisEOg LLC.*™ The deformation of the mesopores can be
observed, which is probably caused by the imperfect align-
ment of the LLC mesophase on the curved surface of PMMA
nanorods (Figure S5 in the Supporting Information). The
mesoporous Pt membranes are polycrystalline, but single
crystalline domains with size up to hundreds of nanometers
can be unmistakably observed in spite of the existence of
mesopores. Figure 3b,c shows the HRTEM images of the
single crystalline regions. This is further confirmed by the
Fourier transform patterns (inset, Figure 3b,c). The surface of
the single-crystalline regions can be identified as the {110}
planes of FCC Pt structure. This is advantageous for
applications in fuel cell, as the activity for oxygen reduction
on {110} of Pt is known to be the highest among low-index
crystallographic planes in nonadsorbing electrolyte.”
Fabrication of materials with designed and tunable
mesostructures is much in demand for practical applications
because the material properties largely depend on the
structures.'”) According to the phase diagram, several other
mesophases, including a lamellar phase, can be formed in the
binary C,EOg/water system under different conditions.”
Therefore, different mesostructures can be designed and
fabricated by LLC templating. Figure 4a,b show plane-view
SEM images of the Pt membrane replicated from PAA
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Figure 4. Hierarchical porous Pt membrane with lamellar structure:
a,b) Plane-view SEM images at different magnifications, c) plane-view
TEM image and the corresponding electron diffraction pattern.

d,e) Cross-sectional TEM images at different magnifications;

f) HRTEM image.

template, with pore diameter of about 45 nm, by using a
70 wt% C4,EOyg solution. The Pt membrane replicates the
ordered nanoporous structure of the PAA template; the
decrease in size and deformation of the nanopores in the Pt
membrane can also be observed. Layered mesophase can be
unmistakably identified from the TEM images of the porous
Pt membrane. It can be seen that the nanopores are
surrounded by both twisted continuous and disconnected
mesophase layers (Figure 4c). The thickness of the layers and
interchannel distance of the lamellar mesostructure are
determined to be 2-3 and 4 nm, respectively. Stacked multi-
layers with ordered mesoporous channels of several hundreds
of nanometers in length can be distinctly observed from the
cross-sectional views, and the mesochannels are predomi-
nantly oriented parallel to the cavity walls of the Pt
membrane (Figure 4d,e; see also Figure S6 in the Supporting
Information). The corresponding ED pattern (inset in Fig-
ure 4c) and XRD pattern (Figure S2 in the Supporting
Information) show that the Pt membrane has a FCC structure.
These results clearly demonstrate the formation of the
hierarchical porous Pt membrane with a lamellar mesostruc-
ture in which the stacked layers align perpendicular to the
surface of Pt membrane. The plane-view TEM observations
reveal that the mesophases are forced to split into twisted
layers when they meet with PMMA nanorods. This should
result in high stress in LLC. Besides, the LLC mesophase is
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compressed during the Pt deposition between the lamellar
layers, which also increases the stress in the system. The LLC
mesophase could release the stress through expansion after
the removal of the PMMA template, which leads to the
decrease and deformation of the nanopores in the porous Pt
membrane. This proposition is supported by the fact that the
deformation and decrease of the nanopores surrounded by
the disconnected layers are smaller than those surrounded by
the twisted continous layers. Figure 4f shows a HRTEM
image of the region indicated in Figure 4 e, where clear (111)
and (200) lattice fringes with respective spacings of 0.22 and
0.20 nm are visible. It is worth noting that the interchannel
distance of the lamellar mesophase is much smaller than the
interpore distance of the hexagonal mesophase, revealing a
higher packing density of the lamellar mesophase in compar-
ison with the hexagonal mesophase.

Figure 5 illustrates the preparation process of ordered
hierarchical porous Pt membranes. The formation of LLC
phase within the nanoscale void space of PMMA template is
the first step toward ordered mesoporous metals. The phase
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Figure 5. lllustration of the preparation of hierarchical porous Pt
membranes. a) Preparation of the negative poly(methyl methacrylate)
(PMMA) template from porous anodic alumina; b) injection of C;¢EQq
solution; c) formation of LLC within the PMMA template; d) electro-
less deposition of Pt; e) removal of the PMMA. C,;,EQ; concentration:
1) 55 wt%, 2) 70 wt%.

transformation from micellar solution into LLC occurs when
the temperature is below the melting point of the LLC. The
building elements of LLCs are formed by the aggregation of
amphilic C;;EOz molecules into large anisotropic micelles,
where hydrophlic EO head groups at the interface shield
hydrophobic alkyl chains from contact with water. In our
experiments, LLC phases are formed from the homogeneous
binary C,(EOy/H,0O system. The micellar solutions have high
mobility and can be uniformly loaded into the void space of
PMMA template, and the subsequent cooling process allows
the formation of ordered and stable LLC phases in the
nanoscale void geometry of the PMMA template. The
mesostructure of LLC phases can be directly designed
according to the binary C;;EOy/H,O phase diagram.’! When
the concentration of C,(EQy is 55 wt%, rod micelles are
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formed by the aggregation of C;(EOg molecules, which then
close-pack into hexagonal arrays during the cooling process.
Upon increasing the concentration of C;;EOg to 70 wt %, the
volume faction of micelles is above the close-packing limit of
rod micelles, lamellar mesophases with water sandwiched
structure between the layers occur. Previously, it has been
suggested that the generation of mesoporous metals is
through the interaction between metal ions and the EO
headgroups of the surfactant.“>®! Our experiments reveal
that the templating mechanism of LLC phases can be exactly
the same as that of a hard template. During the Pt deposition,
the LLC phases are intact and act as structure-directing media
in the generation of mesoporous metal and determines the
order and orientation of mesostructures in the Pt membranes.
The Pt deposition starts at the bottom of the cavity of the
PMMA template because plating only takes place in the
presence of a catalyst. The deposition proceeds through the
diffusion of Pt ions into the mesochannels of LLC phases and
the mesostructured metal gradually fills the cavity of the
PMMA template.

In the LLC-loaded PMMA template, the deposition rate
of Pt is very slow owing to the low diffusion rate of Pt ions in
the nanoscale voids. In this situation, the oriented (or
epitaxial) growth of existing grains could be thermodynami-
cally favorable in comparison with the nucleation of new
grains. It has been well-documented that oriented growth in
nanochannels of PAA templates can result in single crystal-
line nanowires.''! We believe that the confinement of the
narrow nanovoids in PMMA template and the low growth
rate at low temperatures should be mainly responsible for the
formation of the single crystalline domains in the Pt
membranes. When the deposition reaches the LLC rods,
these ultrathin LLC rods could be embedded into such
domains without changing the structural continuity of the
matrix, resulting in the single-crystalline mesoporous regions
in the Pt membranes.

In summary, ordered hierarchical porous platinum mem-
branes have been fabricated for the first time by a two-step
method that utilizes the nonionic surfactant C,;EOg4 LLC as a
mesostructural template and reverse porous PMMA cast
from porous anodic alumina as a macroscopic template. One
important advantage of our new method is that it can be used
to synthesize ordered mesoporous metals in a very confined
void space with designed composition, structure, and geom-
etry. We have also successfully synthesized platinum nano-
wires with ordered hexagonal and lamellar mesostructures,
respectively (Figure S7 in the Supporting Information).
Furthermore, this method is simple and can be extended to
other metals, alloys, or oxides. Such hierarchically ordered
porous metal membranes may open up a new opportunity for
numerous applications, such as flow-through electrodes in
sensors and fuel cells.

Experimental Section

A two-step method was developed to prepare ordered metal
mesostructures with a designed geometry. First, a homogeneous
binary oligomeric nonionic surfactant solution was prepared and
loaded into a template at a high temperature, and then the template

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

was cooled down to allow the formation of an ordered and stable LLC
in the void space of the template. Second, the LLC phases act as
mesostructural templates, and metals are fabricated in the void space
of the LLC-loaded template by electroless- or electro-deposition.
Ordered hierarchical porous Pt membranes were fabricated as
follows: The reverse porous poly(methyl methacrylate) (PMMA)
templates were prepared from porous anodic alumina by a replication
method.”! The polymerization of methyl methacrylate was carried
out at 85°C for 10 h. The binary mixtures of non-ionic surfactant
C,,EOg/water were stirred and heated to form a uniform micellar
solution. C;sEOg (0.05-0.15 g, 55wt%) and C,,EO;z (0.065-0.2 g,
70 wt % ) solutions were used for the formation of hexagonal LC and
lamellar LC phases, respectively. The C;(EO; solution was dropped
onto a PMMA template and the sample was sealed and maintained
under constant temperature (65 °C for hexagonal LC phases and 80°C
for lamellar LC phases) for 12 h. The template was then cooled down
to 28°C. A saturated K,PtCl, solution (ca. 2 gK,PtCl, in 10 mL
aqueous solution) was used as the Pt plating solution. The LLC-
loaded PMMA template was immersed into 0.1-1 mL Pt plating
solution, and electroless Pt deposition was carried out at 28°C for
10 h. Finally, porous Pt membranes were obtained by dissolving the
PMMA with acetone. The morphology and microstructure of the Pt
membranes was investigated using a scanning electron microscope
(SEM, JEOL JSM-7100) and transmission electron microscopes
(TEM, JEOL-2011 and JEOL-2100F).
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