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The synthesis of metal frameworks perforated with nanotunnels is a challenge because metals have high
surface energies that favor low surface area structures; traditional liquid-crystal templating techniques
cannot achieve the synthetic control required. We report a synthetic strategy to fabricate metal
nanomaterials with highly ordered, tunable mesostructures in confined systems based on a new
quasi-hard-templating liquid-crystals mechanism. The resulting platinum nanowires exhibit long range
two-dimensional hexagonally ordered mesopore structures. In addition, single crystalline hexagonal
mesoporous platinum nanowires with dominant {110} facets have been synthesized. Finally, we
demonstrate that the mesostructures of metal nanomaterials can be tuned from hexagonal to lamellar
mesostructures.

ventional bulk, thin film and nanocrystalline forms. These materials demonstrate rich physical and

chemical properties and functions that largely depend on their pore size and architectures'™.
Engineering their structure at the mesoscale is critical for their application in sensors, batteries, fuel cells, data
storage, computation, plasmonics and metamaterial devices® .

Self-assembled lyotropic liquid crystals (LLCs) have long been used as soft templates for synthesizing ordered
mesoporous materials including silica, semiconductors, and metals'* . In these techniques, the surfactants,
inorganic or metal precursors, and solvents are mixed together, followed by the self-assembly of the surfactants
into LLCs under different circumstances. For example, mesostructured silica is prepared through evaporation-
induced self-assembly. This methodology involves electrostatic interactions and charge matching at the interface
of the self-assembled surfactant molecules and ionic silica precursors®'. Compared to siliceous materials, the
synthesis of ordered mesoporous metals is more difficult, because metals have high surface energies that favour
low surface area structures™. Interestingly, despite this important difference, the traditional starting procedure for
preparing mesoporous metals is quite similar to those for silica mesostructures. In the synthesis of mesoporous
metals, the metal species are first mixed with surfactant and water, followed by vigorous stirring and several
heating/cooling cycles in order to obtain a homogeneous LLC phase; the main difference is that highly concen-
trated surfactants and metal compounds are used without dilution and the self-assembly is induced by temper-
ature’?. A number of limitations to these current LLC templating techniques thus emerge: (1) The highly
concentrated metal ions, especially noble metal ions, are not stable during the heating/cooling cycles, and
reduction may happen before the formation of the LLCs. (2) The interaction between the metal ions and the
surfactants may lead to the random nucleation of nanoparticles and the obtained mesoporous metals are there-
fore often composed of aggregated nanoparticles. It is difficult to synthesize high-crystallinity, or even single-
crystal metal mesostructures, in these ternary mixture systems. (3) The preparation of ordered mesoporous
metals in confined systems remains elusive, due to the high viscosity of the ternary mixture, especially for some

N anoporous metals represent a class of material with characteristics contrasting with those of the con-
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LLC mesophases such as the lamellar mesophase, which require even
higher concentrations of surfactants®®. Some progress has been
made®**°. For example, Yamauchi et al. prepared Pt nanofibers with
stacked donut-like mesostructures composed of aggregated nano-
particles from diluted precursor solutions via an evaporation-
mediated direct templating method®. However, major challenges
remain in the development of ordered mesoporous metals with con-
trollable geometry and structure.

Here, we report a general strategy for the fabrication of nanos-
tructured metals with highly ordered mesoporosity in a confined
system. In order to obtain homogenous mesophases and avoid the
metal ion related issues, we prepared the LLCs from binary octaethy-
lene glycol monohexadecyl ether (C;sEOg)-H,O systems. The bin-
ary C;sEOg-H,O solutions can self-assemble into homogenous LLCs
with tunable mesophases, from hexagonal to lamellar structures, by
adjusting the concentration. We found that the obtained binary LLCs
are stable and persistent and can be utilized as a hard template in the
formation of metallic mesostructures. Therefore, the cooperative
assembly between the surfactant and metal species is not necessary
to achieve the metallic mesostructures and hence we refer to these
LLC systems as “quasi-hard templates”. By using the cylindrical
nanochannels of anodic aluminium oxide (AAQ) as confined sys-
tems, we demonstrate that metal nanostructures with controlled
composition and geometry and tunable mesostructure can be
accomplished by direct electrodeposition using these preformed bin-
ary LLCs as quasi-hard templates.

Mesoporous platinum nanostructures were fabricated by first pre-
paring hexagonal LC mesophases in cylindrical nanochannels of
AAO followed by the electrodeposition of the metal. The success
of this strategy depends on the preparation of homogeneous LLCs
in AAO. The details of the procedure are shown in experimental and
Figure S1 in Supplementary Information. The small angle XRD pat-
tern for the LLCs prepared with binary C;4sEOg—H,0 solution shows
three peaks (Figure S2 in Supplementary Information) that are
indexable as (100), (110), and (200) reflections, revealing the forma-
tion of highly ordered hexagonal (p6mm) mesostructure. Figure 1
shows transmission electron microscopy (TEM) images and the cor-
responding electron diffraction (ED) patterns of the resultant Pt
nanowires with diameters of 50 nm. The bright rings can be indexed

as the face-centered cubic (FCC) Pt structure (Figure 1a, inset). The
ordered mesopores are visible on the surface of a bundle of Pt nano-
wires (Figure 1b), and the corresponding ED pattern [Figure 1b,
inset] reveals a dominant crystallographic orientation that could be
indexed as the [110] zone axis of face-centered cubic platinum struc-
ture. A high magnification TEM image of the mesoporous Pt nano-
wire is displayed as Figure 1c, where hexagonal arranged mesopores
with pore size about 3 nm and interpore distance about 6 nm can be
clearly observed, which is consistent with the lattice parameter (~
6 nm) of the hexagonal mesophase of C;cEOg LLC'. The highly
ordered, hexagonally organized mesostructure of the Pt nanowires
suggests that the C;4EOg molecules self-assembled into hexagonal
mesophase with LC rods perpendicularly aligned on the nanochan-
nel walls of AAO and the resulting LLC mesophases are stable
and maintained during the deposition of Pt nanowires. The corres-
ponding ED pattern can be indexed as single crystalline Pt nanowire
oriented along the [110] direction. The nature of the single-crystal
structure of the Pt nanowires and their growth orientation
were further confirmed by high-resolution TEM (HRTEM). The
HRTEM images and corresponding Fourier transforms displayed
in Figure le-1f show clearly the single-crystal nature of the Pt nano-
wires with orientations along the [110] directions. The well-resolved
lattice spacings of 0.22 nm and 0.20 nm correspond to the Pt {111}
and {200} atomic planes, respectively. The mesopores are normal to
the surface of the Pt nanowires. These mesopores are not exactly
parallel to the electron beam because of the curved surface, therefore
the lattice fringes of the mesopore walls can be observed. The surface
of the single-crystalline mesoporous nanowires can be identified as
the {110} planes of FCC Pt structure. It is worth noting that the
HRTEM image of two mesoporous Pt nanowires shows that both
Pt nanowires exhibit single crystal structures with {110} facets
(Figure le). The porosity of mesoporous Pt nanowires is calculated
from nitrogen sorption results to be 35.6%. The pore size distribu-
tions of the samples are observed to be narrow and the corresponding
peak is located at about 2.9 nm (Figure S3 in the Supplementary
Information).

The structure of the mesoporous Pt nanowires is illustrated in
Figure 2. The long range two-dimensional hexagonally ordered
mesoporous structure of Pt nanowire is directly evidenced by TEM

Figure 1| Mesoporous Pt nanowires with diameters about 50 nm: (a,b,c) TEM images with different magnification and the corresponding electron
diffraction patterns (insets). (d,e,f) HRTEM images of the mesoporous Pt nanowires and the corresponding Fourier transform patterns (insets).
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Figure 2 | The structures of the mesoporous Pt nanowire: (a) TEM image
of the Pt nanowire and the corresponding electron diffraction patterns
(insets). (b) Reconstructed image of Figure 2a. (¢) HRTEM of a mesopore.
(d) Modelling of crystal structure of the mesoporous Pt nanowire.

(Figure 2a). There are three types of rows of close packed mesopores:
one is the longitudinal rows arranged in an A-B-A-B stacking
pattern, in which the mesopores are aligned parallel to the axis of
the nanowires (see also Figure S4 in the Supplementary
Information). The other two types of rows are intersecting helicies
with angles of = 60° to the axis of the nanowires, respectively. In a
confined geometry, the phase behaviour of liquid crystals is consid-
erably affected by the curvature effects and the interaction between
the LCs and the channel wall. The structure adopted is therefore a
balance between micelle-wall and intermicellar interaction. In a
cylindrical channel, the surface (or interface) stresses include axial
stress and hoop stress, and the latter is much larger than the former™.
The curvature effects are mainly caused by the hoop stress perpen-
dicular to the axis of the channels. The A-B-A-B arrangement allows
the highest density in each row along the longitudinal section of the
AAO channels and the lowest density in the direction along the
cross-section of the AAO channels. In each longitudinal row, all
the LLC rods are in the same longitude. Such arrangement minimizes
the stress caused by the curvature effects.

For the FCC structure, the surface energies associated with the
low-index crystallographic planes are in the order of ;) <
Y 100y < Y (110)°"- Therefore, a Pt nanocrystal with {111} facets should
be more stable than that with {110} facets. However, according to the
observation by TEM, these mesoporous Pt nanowires have dominant
{110} facets. In general, the grains with the fastest growing facet
facing the growth direction then dominate via a competition and
coalescence process. For the mesoporous nanowires, the existence
of the nanochannel walls and LLC rods should play important roles
in the grain competition. The LLC rods in particular generate a large
amount of inner mesoporous walls, the area fraction of which is
larger than that of the nanowire surface. This will also impact on
the growth of the mesoporous nanowires. As shown in Figures 2cand
2d, the mesoporous walls may contain a large amount of inner {111}
facets, which are energetically preferred. The growth form that the
mesoporous Pt nanowires adopted is the balance of the interactions
among the metal grains and LLC rods and AAO nanochannel walls.

In the LLC loaded AAO template, the deposition rate of platinum
is very slow due to the low diffusion rate of platinum ions in the
nanovoids. When the concentration of metal species drops below the
minimum concentration for nucleation, the nucleation stops
whereas the growth continues. The critical nucleus radius for homo-
geneous metal nucleation can be calculated from:

r'= —2y/4G, (1)

AG,= — KT/Q In(C/Cy) (2)

where 7 is the surface energy per unit area, 4G, is the change of Gibbs
free energy, C is the concentration of the solute, C, is the equilibrium
concentration or solubility, Q is the atomic volume. It can be seen
that the critical radius of the metal nucleus mainly depends on the
surface energy and the concentration of the metal ions. Given the
small size of the voids between the LLC rods and the low diffusion
rate of Pt ions in the voids, it is reasonable to assume that the forma-
tion of new nuclei becomes difficult during the Pt deposition. In this
situation, the oriented growth of existing grains could be thermody-
namically favourable in comparison with the nucleation of new
grains. We believe that the confinement of the narrow nanovoids
in the LLC loaded AAO template and the low growth rate at low
temperature are the main factors behind the formation of the single
crystalline platinum nanowires. When the deposition reaches the
LLC rods, these ultrathin LLC rods can be embedded without chan-
ging the structural continuity of the matrix, resulting in the single
crystalline structure of the mesoporous Pt nanowires.

The formation of stable LLCs inside of the AAO nanochannels is
the crucial step for the fabrication of mesoporous Pt nanowires. A
key question is whether the confinement effects might change the
molecular assembly and lead to new mesostructures as a function of
the pore diameter of the AAO. Therefore, mesoporous Pt nano-
structures were fabricated by using AAO templates with different
pore sizes. Figure 3 shows the TEM images of mesoporous Pt nano-
wires prepared by using AAO templates with diameters from
45 nm to about 85 nm. All Pt nanowires exhibit long range two-
dimensional hexagonally ordered mesoporous structures, confirm-
ing the formation of stable hexagonal LCs inside the cylindrical
nanochannels. Again, the assemblies of the LLC mesophases obey
the A-B-A-B stacking pattern within the pore diameter range.

Figure 3 | TEM images of the mesoporous Pt nanowires prepared by
using AAO templates with different pore diameters: (a) 45 nm, (b)
60 nm, (c) 76 nm, (d) 85 nm. Scale bar, 20 nm.
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Controlling the structure and orientation of mesoporous channels is
of great interest for many applications. According to the binary
C6EOg/water phase diagram, a lamellar phase occurs at volume
fractions above the close-packing limit of rods micelles®**'. So
inverted lamellar metal mesostructures can be designed and fabri-
cated through LC templating. Figure 4 shows the TEM images of Pt
and Co nanowires prepared from AAO template with pore diameter
~ 45 and 55 nm by using a 70 wt% C;sEOs solution, respectively.
Stacked multilayers with layered mesoporous channels of several
hundreds of nanometers can be observed on both of the Pt and Co
nanowires, and the mesochannels are predominantly oriented par-
allel to the cavity walls of the AAO templates. As shown in the
corresponding ED patterns, both Pt and Co nanowires possess
FCC structures. The thickness of the layers and interchannel distance
of the lamellar mesostructures are about 2~4 and 3~5 nm, respect-
ively. The interlayer distance of the lamellar mesostructured Pt nano-
wire is smaller than the interpore distance of the hexagonal
mesoporous Pt nanowires, revealing a higher packing density of
the lamellar mesophase in comparison with the hexagonal meso-
phase. Figures 4e and 4f show the HRTEM images of lamellar mesos-
tructured Pt and Co nanowires, respectively. The Pt{111}, Pt{200},
and Pt{220} and Co{111} lattice fringes with respective spacings of
0.22, 0.20, and 0.14 nm and 0.20 nm are visible.

The formation of the metal mesostructures is illustrated in
Figure 5. The stability of the LLCs is critical for the preparation of
metal mesostructures. The LLCs are formed by the aggregation of
hundreds of amphilic molecules into large anisotropic micelles
through intermicellar interaction inducing an entropy-driven phase
transition, while the alignment of LCs is due to the interaction
between the LC molecules and the substrate. The regular mesostruc-
tures of the metal nanowires reveals that the perpendicular orienta-
tion of the surface alignment produced ordered layers on the
cylindrical walls of the AAO templates. It is well known that the
alignment orientation of LCs can be determined by the substrate;
this phenomenon of orientation of liquid crystals by a surface has
been described as “anchoring”*>*’. The homeotropic alignment of
LLCs can be achieved on plasma-treated substrate®, confined sur-
face® or by an external field**. The LC alignment perpendicular to the
substrates is favourable here because of the attraction between the
electronegative EO groups® and the positive charge the AAO chan-
nel walls®. The confinement effect should play an important role in
the homeotropic alignment of LLCs on of the AAO channel walls®.
The steric confinement of channels may also restrict the movement
of LC micelles. Therefore, the cylindrical channels not only contrib-
ute to the alignment of the LCs but also increase the stability of the LC
mesophase. Thus the stabilized LLCs within the AAO channels can
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Figure 5 | Schematic illustration of the preparation of mesostructured
metals by using C;4EOg at concentration of (a) 55 wt% and (b) 70 wt%.

serve as a “hard template” during the deposition of ordered meso-
porous metals. Under such conditions, one might expect similar self-
assembly behaviours repeatable in other confined nanosystems.

In summary, we have developed a general strategy for the nano-
fabrication of highly ordered mesostructured metals via quasi-hard-
templating of LLCs in a confined system. We demonstrate that stable
and homogenous binary mesophases formed inside the nanochan-
nels of AAO can act as a hard template for the synthesis of metal
mesostructures. Particularly, single crystalline hexagonal mesostruc-
tured platinum nanowires with dominant {110} facets have been
fabricated. Such single crystal nanomaterials can offer ideal model
systems for reliable study of their material properties. For example,
mesoporous Pt nanowires with dominant {110} facets show
promises for applications in fuel cells since the activity for oxygen
reduction reaction on {110} of Pt is known to be the highest among
low-index crystallographic planes***'. Besides, the single crystal
structure of the nanowires can avoid the issues caused by grain
boundaries and may have applications in novel electronic nanode-
vices. In addition, the highly ordered mesopores in the metal nano-

Figure 4 | TEM images of lamellar mesostructured Pt (a, ¢, €) and Co (b, d, f) nanowires and the corresponding electronic diffraction patterns.
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wires can lead to uniform localized electromagnetic field enhancement
and generate uniformly distributed “hot spots”*. Thus, these materials
may have application in extra-sensitive, repeatable surface-enhanced
Raman spectroscopy. The present method provides a way not only to
fabricate ordered mesoporous metals in confined nanosystem, but also
to control the geometry, orientation, and structures. We expect that
this work can help to establish a new mechanistic understanding of the
formation of metal mesostructures and may be generalized to the LLC
templating synthesis of other materials.
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