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Abstract: We review recent developments in the prepara-
tion of mesoporous metals and related metal-based nano-
materials. Among the many types of mesoporous materi-
als, mesoporous metals hold promise for a wide range of
potential applications, such as in electronic devices, mag-
netic recording media, and metal catalysts, owing to their
metallic frameworks. Mesoporous metals with highly or-
dered networks and narrow pore-size distributions have
traditionally been produced by using mesoporous silica as
a hard template. This method involves the formation of
an original template followed by deposition of metals
within the mesopores and subsequent removal of the tem-
plate. Another synthetic method is the direct-template ap-
proach from lyotropic liquid crystals (LLCs) made of non-
ionic surfactants at high concentrations. Direct-template

synthesis creates a novel avenue for the production of
mesoporous metals as well as related metal-based nano-
materials. Many mesoporous metals have been prepared
by the chemical or electrochemical reduction of metal
salts dissolved in aqueous LLC domains. As a soft tem-
plate, LLCs are more versatile and therefore more advan-
tageous than hard templates. It is possible to produce var-
ious nanostructures (e.g., lamellar, 2D hexagonal (p6mm),
and 3D cubic (la3d)), nanoparticles, and nanotubes
simply by controlling the composition of the reaction
bath.

Keywords: electrochemistry - liquid crystals - mesophases -
mesoporous materials - thin films
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1. Introduction

Ordered mesoporous materials have attracted much atten-
tion for years because of their excellent physical properties,
such as a very large specific surface area, nanometer-scale
fine pores, and high stability, which are beneficial for their
use as catalysts, catalysis supports, inclusion vessels, and ad-
sorbents. Many papers on mesoporous materials have been
published. In 1992, researchers from Mobil Research and
Development Corp. reported ordered mesoporous silicas
with hexagonal (MCM-41), cubic (MCM-48), and lamellar
structures (MCM-50), designated as M41S, prepared by
using alkyltrimethylammonium (C,H,,(CH;);N*, C,-
TMA) surfactants.'*® In 1990, our group discovered meso-
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porous silicas (later denoted KSW-1 for kanemite sheet
Waseda) by the reaction of a layered polysilicate kanemite
with C,-TMA surfactants."*Y We showed that mesopore size
can be controlled by simply changing the length of the sur-
factants. The surfactant assembly plays a key role in control-
ling mesopore size. Prior to these reports in the early 1990s,
a US patent by Chiola et al. had already been filed in 1971,
and the synthetic procedure and structure of the obtained
material was the same as that of MCM-41 reported in
1997.2

Since these discoveries of ordered mesoporous silicas,!
many types of mesoporous materials have been synthesized
by using the supramolecular assembly of surfactants.”) This
research area covers the synthesis, structural characteriza-
tion, morphological control (e.g., film, fiber, and monolith),
and alignment control of mesochannels.”) The framework
composition that governs the properties of mesoporous ma-
terials has been studied most extensively. Mesoporous mate-
rials now include a variety of inorganic-based materials, for
example, transition-metal oxides, carbon compounds, inor-
ganic-organic hybrid materials, polymers, and even metals.”!
These nonsiliceous ordered mesoporous materials, with the
exception of metals, have been described in several excellent
reviews.!

Among the many types of mesoporous materials, mesopo-
rous metals with highly ordered networks and narrow pore-
size distributions hold promise for a wide range of potential
applications, such as electronic devices, magnetic recording
media, and metal catalysts, owing to their metallic frame-
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works. Traditionally, mesoporous metals have been pro-
duced by using mesoporous silica as a hard template (i.e.,
the replication method; Figure 1a).’! In 1997, Attard et al.

Replicas

b)

Lyotropic liquid crystals Mesostructured materials Mesoporous materials

Figure 1. Synthetic procedure for the a) hard-template and b) soft-tem-
plate process for the preparation of metal-based nanomaterials.

proposed a direct-template approach from lyotropic liquid
crystals (LLCs) made of nonionic surfactants at high con-
centrations (Figure 1b).”' This approach created a novel
avenue for the production of mesoporous metals as well as
related nanomaterials. As a soft template, LLCs are more
versatile and therefore more advantageous than hard tem-
plates. In principle, the direct-template technique is applica-
ble to a wide variety of metals that are generally known to
be deposited by using electrochemical processes in the ab-
sence of LLCs, because the approach involves a simple rep-
lication of well-ordered LLCs by electrochemical processes.
Therefore, many mesoporous metals have been prepared by
the chemical or electrochemical reduction of metal salts dis-
solved in aqueous solutions of LLCs. Besides the controlla-
bility of various nanostructures (e.g., lamellar, 2D hexagonal
(p6mm), and 3D cubic (Ia3d) structures) under chosen reac-
tion-bath compositions, it is possible to produce nanoparti-
cles and nanotubes simply by changing the composition.
Moreover, mesoporous alloys of various compositions can
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also be designed by controlling the composition. The most
important advantage is that this method allows us to realize
the microfabrication of mesoporous metals and alloys
through the solvent-evaporation process, which is not ach-
ievable by the hard-template approach. The fabrication of
mesoporous metals on the micrometer scale should lead to
the production of more-advanced functional nanoscale devi-
ces and miniaturized sensors, as well as microelectronic de-
vices. To the best of our knowledge, in-depth research on
mesoporous metals from the soft-template approach has not
been reviewed, although mesoporous metals have wide-
ranging potential applications. This Focus Review addresses
the synthesis and microstructure of mesoporous metals. We
describe several advantages of the soft-template approach
by comparing it with the hard-template approach.

2. Hard-Template Process

The hard-template process is a powerful method of creating
mesoporous materials that are difficult to synthesize by con-
ventional processes by utilizing a cooperative assembly be-
tween the surfactant and inorganic species. The concept,
first proposed by Ryoo et al. and Hyeon and co-workers,® is
very simple (Figure 1a). The synthetic pathway involves
three main steps: 1) choosing and forming the original tem-
plate (mesoporous silica or carbon is usually used as the
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original template), 2) filling the target precursors into the
mesopores and then converting the precursor into an inor-
ganic solid (i.e., formation of a composite consisting of the
original template and a target inorganic solid), and 3) re-
moving the original template (Figure 1a). The mesoporous
structures obtained are negative replicas if the casting pro-
cess is performed only once. To date, various mesoporous
materials have been produced by a hard-template pathway.

When choosing the original template, two important
points must be considered.’® One is whether the template
can maintain its ordered mesostructure during the conver-
sion process in the second step. The other is whether the
template can be easily removed without disrupting the mes-
oporous structure in the resulting replica. Although mesopo-
rous silicas have been used mainly as templates, various
composite mesoporous materials, including carbon, can also
be applied.

Various types of nanostructured metals, including 3D net-
works, nanoparticles, nanowires, and nanonecklaces, have
been created by using mesoporous silicas (e.g., FSM-16,
MCM-41, MCM-48, and SBA-15) as hard templates. Ryoo
and co-workers reported nanoporous Pt with 3D networks
by the impregnation of a Pt precursor followed by H, reduc-
tion within the mesopores of the MCM-48 (la3d) template
(Figure 2a and b).”! By using SBA-15 as a hard template,

20 nm

Figure 2. a) and b) TEM images of nanostructured Pt networks obtained
with MCM-48 silica as a template. Reprinted with permission from refer-
ence [8]. (Copyright American Chemical Society, 2001.) ¢) and d) Scan-
ning tunneling microscopy (STM) images of isolated Pt nanowires: c) Pt
nanonecklace separated from HMM-1; d) Pt nanorod separated from
FSM-16. Reprinted with permission from reference [12b]. (Copyright
American Chemical Society, 2004.)

2D hexagonally packed nanowires interconnected by small
bridges were prepared owing to the small tunnels between
the main 1D mesochannels.”) Furthermore, isolated Pt-
based nanowires were synthesized by the replication method
with MCM-41 as a hard template.'") Optical irradiation is
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another efficient method for the reduction of metal precur-
sors in situ. Fukuoka et al. selectively prepared nanoparti-
cles and nanowires (e.g., Pt and Pt/Rh) by UV/Vis irradia-
tion.'"! Uniformly dispersed metallic nanoparticles were suc-
cessfully formed by inducing simultaneous nucleation in
mesoporous silica matrices (FSM-16).

Organic-inorganic hybrid mesoporous materials (HMM),
synthesized by Inagaki et al.,* have been used as a new
hard template to change the interactions between the depos-
ited metal and the internal surface inside the mesochan-
nels.'¥ Owing to the interactions, novel necklacelike Pt, Pt/
Ru, and Pt/Pd nanowires, which show unusual physical prop-
erties, including magnetic susceptibility, due to the low di-
mensionality of the metal topology (Figure 2¢ and d), have
been successfully prepared.

Moreover, the hard-template method has been widely ap-
plied to the creation of metal nanowire films by utilizing
electrochemical processes (Figure 3a).8 The electrodeposi-

3D nanowires
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Figure 3. a) Schematic representation of the formation of 3D continuous
macroscopic metal nanowire networks by a template-electrodeposition
technique. Reprinted with permission from reference [13b]. (Copyright
John Wiley & Sons, Inc., 2004.) b) HRSEM images of the top surface of
a 2D hexagonal mesoporous silica film (top) and its replicated Pt nano-
wires (bottom), showing the S (left), Y (middle), and swirl shapes (right).
Reprinted with permission from reference [13d]. (Copyright Royal Soci-
ety of Chemistry, 2006.)

tion method, which uses an external power source, is an effi-
cient technique for depositing metals in mesoporous silica
films. Brinker and co-workers fabricated Pd nanowire thin
films through the reduction of Pd ions within the mesochan-
nels of 2D hexagonally ordered mesoporous silica films."'*
After the removal of the mesoporous silica template, Pd
nanowire thin films were successfully prepared. Several 3D
nanowire networks can be prepared by using mesoporous
silica films with 3D mesoporous structures (Figure 3a).>"
With the above system, mesoporous silica films used as tem-
plates have been prepared by the evaporation-induced self-
assembly process first developed by Ogawa.'¥l Au-coated
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glass or ITO (indium tin oxide) with high electroconductivi-
ty is generally used as substrate. The metal nanowires gradu-
ally grow from the bottom surface of the conductive sub-
strate by electrodeposition. Because the metal nanowires
can expand to the thickness of the mesoporous silica film,
the electrodeposition process can easily prevent metal depo-
sition in the outer part of the silica template by controlling
the electrodeposition time. Recently, Wu etal. and our
group reported the synthesis of Pt nanowire thin films by
using SBA-15-type (p6mm) thin films (Figure 3b).%Y From
HRSEM (high-resolution scanning electron microscopy) ob-
servations, the original mesoporous silica film contained sev-
eral types of morphologies, such as S, Y, and swirl shapes,
on the top surface (Figure 3b). After Pt deposition and ex-
traction of the silica matrix, the corresponding Pt nanowires
were prepared with the S, Y, and swirl shapes; these unique
shapes cannot be attained by the replication method with
SBA-15 powder as a hard template.

Another method is electroless deposition by using a re-
ducing agent."™ In this system, it is required that the nuclea-
tion sites for metal deposition are located inside the meso-
porous silica matrices. Otherwise, metal deposition would
start from the outer surface of the matrices. Zhang et al. fab-
ricated high-density ordered Ni nanowire arrays by immers-
ing Pd-loaded mesoporous silica films in a conventional Ni-
plating bath.'® The Pd nanoparticles acted as nucleation
sites for the deposition of Ni.

The nanocasting pathway with hard templates opens the
door to the design of highly mesoporous materials with mul-
tifunctional compositions that are more difficult to synthe-
size by conventional processes that utilize cooperative as-
sembly between the surfactant and the inorganic species.
However, the hard-template strategy is a complex, high-
cost, and industrially unfeasible method because the syn-
thetic pathway involves several steps.

3. Soft-Template Process

3.1. Evolution of Mesoporous Metals from Lyotropic Liquid
Crystals

Amphiphilic molecules, such as surfactants or amphiphilic
block copolymers, are compounds in which the hydrophilic
and hydrophobic parts are covalently linked. When the am-
phiphilic molecules are dissolved in water and the mixed so-
lution is above the critical micelle concentration, spherical
micellar structures are formed through self-organization.
When the surfactant concentration increases, the LLC
phases appear. The LLC phases contain long-range spatially
periodic nanostructures with lattice parameters in the range
of 2-15 nm. The mesostructures of the LLCs formed strong-
ly depend on the molecular structure, concentration, and
temperature.'® Generally, with an increase in surfactant
concentration, the LLC mesostructures are dramatically
changed from a micellar solution (L;) through micellar cubic
(I;), hexagonal (H;), bicontinuous cubic (V;), lamellar (L,),
to inverse micellar (L,) phases. The mesostructures have
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been characterized by polarized optical microscopy and low-
angle XRD. In 1995, Attard et al. reported the formation of
mesoporous silicas from LLCs with direct templates.'”l This
approach!¥ is quite different from the template mecha-
nism that takes place by a cooperative process that utilizes
the interaction between inorganic ions and surfactants in the
surfactant solution at low concentrations.'*"! In the direct-
template approach from LLCs, the hydrolysis and polycon-
densation of silica precursors (e.g., 2-trimethylsilylethoxycar-
bonyl, TEOS) are conducted in a confined aqueous LLC
domain. The resulting mesostructure is truly the cast of the
original architecture of the LLC used. The phase diagram of
the surfactant +silica+ water system at high surfactant con-
centration is similar to the known phase diagram of surfac-
tant +water."""”! Therefore, this direct-template approach
brings an element of predictability to the synthesis of meso-
porous materials

The most significant advantage of the LLC direct-tem-
plate method is that it can be used to produce mesoporous/
mesostructured metals and alloys. In 1997, Attard et al. re-
ported mesoporous Pt microparticles from LLCs: the first
true formation of a mesoporous metal.™ The LLC mixtures
were prepared by dissolving hydrogen hexachloroplatinate-
(IV) hydrate (H,PtCly) in water and mixing it with the non-
ionic surfactant C;4(EO)s (EO =ethylene oxide). For Pt dep-
osition, reducing agents were added to the LLCs. After the
removal of the templates, mesoporous Pt microparticles
with high surface areas were obtained.

A greater discovery, also reported in 1997, was that meso-
porous Pt films could be produced by electrodeposition
from LLCs."™ The resulting mesoporous Pt films are me-
chanically robust, remarkably flat, and shiny in appearance.
Furthermore, they have large surface areas relative to those
of commercial Pt black deposited from conventional electro-
plating baths. Moreover, the mesochannels stand out, on
average, at an angle of 20° with respect to the normal plane
of the electrode surface. In some domains, the mesochannels
are completely perpendicular. (For comparison, in mesopo-
rous silica films prepared by the evaporation-induced self-
assembly process,'¥ all mesochannels run parallel to the
substrates.) The driving force of this alignment may be the
electric field created during the electrodeposition process,
but further clarification is needed. The presence of perpen-
dicular mesoporosity in mesoporous Pt films is desirable be-
cause such a pore configuration should increase the accessi-
bility and enhance the efficiency of mass transport.

Both chemical and electrochemical methods can be ap-
plied to the LLC direct-template approach. In the electro-
chemical method, the thickness of the films can be directly
controlled through the amount of charge passed to carry out
the deposition.

3.2. Developments in Mesoporous Metals

Since the discovery of mesoporous Pt particles and films in
1997 (see Section 3.1),'1 many researchers have been work-
ing to extend this concept to other metals."”! The LLC
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direct-template approach is widely applicable to the produc-
tion of a range of metals (Figures 4 and 5). We believe that
LLCs made of surfactants are more versatile and therefore

Figure 4. TEM images of mesoporous metals and lamellar Pt nanostruc-
tures. a) Mesoporous Ni particles. Reprinted with permission from refer-
ence [36a]. (Copyright The Chemical Society of Japan, 2004.) b) Mesopo-
rous Sn film. Reprinted with permission from reference [28a]. (Copyright
Royal Society of Chemistry, 1999.) c¢) Mesoporous Ni film. Reprinted
with permission from reference [20]. (Copyright American Chemical So-
ciety, 2004.) d) Mesoporous Pd film. Reprinted with permission from ref-
erence [24a]. (Copyright Royal Society of Chemistry, 2002.) e) Lamellar
Pt nanostructures. Reprinted with permission from reference [30]. (Copy-
right The Chemical Society of Japan, 2004.) Mesoporous metal films
except the mesoporous Ni particles in a) were electrodeposited from
LLC, including the corresponding metal ions. The particles in a) were
synthesized by an electroless deposition method with reducing agents.

more advantageous as a soft template than as a hard tem-
plate such as mesoporous silica. It is possible to produce
mesoporous metals with lamellar (Figure 4¢),*” 2D hexago-
nal (p6mm), 3D cubic (la3d), and other mesostructures by
simply controlling the composition of the reaction baths. For
example, if an LLC mesophase used as the template has a
2D hexagonal structure, the deposited material would have
a mesoporous structure with 2D hexagonal symmetry. The
same concept can also be applied to other phases, such as
the cubic (a3d) and lamellar phases. The mesopore diame-
ters can be easily controlled by the choice of surfactant and
the addition of lipophilic substances. Other metal-based
nanostructures, such as nanotubes,?! nanorods,”? nano-
sheets/plates,* and nanoparticles,*" have been designed by
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Figure 5. Part of the periodic table showing the mesoporous metals and
alloys prepared in the presence of LLCs, as indicated by the circles. The
nonmetal Se is included in the table. Se can be readily obtained from
LLC template by an electrodeposition method. Reference numbers are
given in square brackets. Green =metals, blue =semimetals, brown =non-
metals, *=codeposition with other metals such as Ni and Cd.

modifying the LLCs. Kijima et al. reported the unique syn-
thesis of Pt, Pd, and Ag nanotubes, with inner diameters of
3-4 nm and outer diameters of 6-7 nm, by chemical reduc-
tion of the corresponding metal salts in the presence of
mixed LLCs made of differently sized surfactants of
C,(EO), and tween 60 (polyethylene glycol sorbitan mono-
stearate).”"]

Figure 5 shows part of the periodic table highlighting the
elements known (or claimed) to be deposited by an electro-
deposition method with an external power source in the ab-
sence of LLCs. The LLC template method is basically appli-
cable to a wide range of metals that are generally known to
be deposited. However, from previous reports, it can be
seen that metals from some groups (e.g., Group 10; indicat-
ed by circles in Figure 5) can be readily formed from a tem-
plate, whereas no successful attempts have been reported
for several metals of other groups. Moreover, there have
been few reports of successful work on mesoporous metals
with a high degree of order.

The following important points should be noted for the
production of highly ordered mesoporous metals: 1) the sta-
bility of the mesophases in the presence of metal ions con-
fined in the aqueous LLC domain (i.e., the formation of
highly ordered LLCs), and 2) the reduction process of metal
salts in the aqueous domain.

3.2.1. Stability of LLC Mesophases

In LLC mesophases, dissolved metal ions are coordinated
by water molecules to form metal aqua complexes.”™ Hy-
drogen bonds between the EO groups of surfactants and co-
ordinated water molecules are formed, which results in the
stabilization of the metal aqua complexes in the LLC.
The interactions between the EO groups of the surfactants
and the solvated metal ions vary with the nature of the
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metal ions and the counteranions in the aqueous domain,
which has an influence on the stability and structure of vari-
ous LLC mesophases.* For example, Dag et al. investigat-
ed the stability of LLCs consisting of transition-metal aqua
complexes and C,(EO),,-type nonionic surfactants.*>! In this
system, the transition-metal aqua complexes of chlorides
and sulfates were insoluble and did not form LLCs. On the
other hand, the transition-metal aqua complexes of nitrates
and perchlorates were soluble and formed 2D and 3D hex-
agonal and cubic mesophases. Phase transformations were
carried out by changing the mole ratios of the surfactants
and transition-metal aqua complexes. Therefore, the appro-
priate selection and concentration of metal salts play a key
role in the preparation of highly ordered LLCs.

3.2.2. Reduction of Metal Salts

The deposition rate is also an important parameter in ach-
ieving mesoporous metals of the highest quality. We previ-
ously reported the formation of highly ordered mesoporous
Ni particles by applying autocatalytic deposition under con-
trolled bath conditions.’® When only SBH (sodium borohy-
dride) was used as a reducing agent, a large number of met-
allic nuclei immediately formed, and a disordered mesopo-
rous structure was obtained. The grain growth was probably
insufficient to coat the rodlike self-assemblies in the LLCs.
On the other hand, when DMAB (dimethylaminoborane)
was used as a reducing agent, the deposition speed was
lower than that with SBH. The isotropic metal deposition
due to the autocatalytic reaction led to the formation of
spherical Ni particles, which also led to the formation of the
ordered mesostructure. Thus, in the electroless deposition
system, the deposition rate can be controlled by reducing
agents. Through direct TEM observations of highly ordered
mesoporous Ni metals, it was clarified that the arrangements
of rodlike self-assemblies in LLCs indeed work as a scaffold
to direct the grain growth of Ni (Figure 4a).*! The Ni mes-
ostructures have macroscopic alignments derived from those
of the LLCs.”* Similarly, in the electrodeposition method, a
slow deposition controlled by the potential was appropriate.
Attard and co-workers also demonstrated the effect of the
deposition rate on the ordering of a mesoporous structure.””)
Mesoporous Pt films were deposited over the potential
range +0.1 to —0.3 V (vs. saturated calomel electrode, SCE)
by using the electrodeposition method. When films were de-
posited at —0.1 V versus SCE and above, their XRD pat-
terns exhibited a sharp diffraction peak corresponding to a
repeat distance of 5.3 nm. However, as the deposition poten-
tials were decreased (i.e., as the deposition speeds were in-
creased), the order of the mesoporous structures was gradu-
ally lowered.

3.2.3. Additional Points

All mesoporous metals except noble metals (e.g., Pt, Ru,
and Au) are easily oxidized in air. For example, the metal
surfaces of mesoporous Ni (Figure 4a) by electroless deposi-
tion are easily oxidized in air, which causes the ordered mes-
ostructures to collapse. Therefore, dehydrated solvents such
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as ethanol should be used during the removal of the tem-
plates. It is desirable that all experimental procedures be
carried out under inert atmosphere for the retention of
highly ordered mesoporous structures. Moreover, the ther-
mal stability of mesoporous metals is quite low relative to
that of mesoporous silica. In the case of Pt particles, when
samples were irradiated by electron beams for more than
10 min, the metal crystals gradually grew, thus resulting in
ordered mesoporous structures being destroyed to form
bulk metal with a single-crystalline state. Therefore, during
TEM observations, the above points should be carefully
considered.

Even non-oxide semiconductors (e.g., CdS)P® and non-
metals (e.g., Se,! Tel*) have been prepared by the direct-
template approach with oligomeric nonionic surfactants.
Stupp and co-workers prepared mesostructured sulfides for
the first time by using hydrogen sulfide or hydrogen selenide
gas.”® The LLCs were prepared with the addition of appro-
priate metal ions such as Cd**. The reaction gas (hydrogen
sulfide or hydrogen selenide) was then passed into the LLCs
to form mesostructured organic-inorganic composites. A
family of mesostructured solids, including CdS, ZnS, and
CdSe, was successfully prepared. On the other hand, for
Ag,S, CuS, HgS, and PbS, mesoscopic periodicity could not
be formed due to unmatched interactions between the metal
ions or corresponding sulfide nanoparticles and the surfac-
tants, which demonstrates the importance of choosing ap-
propriate inorganic precursors.

3.3. Microstructures of Mesoporous Metals

LLCs with high viscosity form the confined reaction
medium for metal deposition. The LLC template is a soft
template, and the environment for nanoscale metal deposi-
tion is very different from that inside the 1D mesochannels
of mesoporous silica. This metal deposition has a positive—
negative relation with 1D metal deposition along the meso-
channels of mesoporous silica (Figure 1).

We previously clarified that the frameworks of mesopo-
rous metals are composed of nanoparticles, and that the
morphology does not show a smooth surface.*!! For exam-
ple, 2D hexagonally ordered mesoporous Pt particles were
prepared by Pt deposition in the aqueous domains of LLC
by chemical reduction with Zn powder. Interestingly, the
framework is composed of connected nanoparticles about
3 nm in size (Figure 6a and b). Moreover, the lattice fringes
on the atomic crystallinity are coherently extended over sev-
eral nanoparticles in the framework. The formation of such
a unique framework can be reasonably explained by the fol-
lowing suggested mechanism (Figure 6¢).*! In the first step,
a primary cluster of metal atoms is formed by the first re-
duction. The aqueous domain among the rodlike self-assem-
blies is the nanoscale reaction medium for the metal deposi-
tion. In the second step, in the aqueous domain, the primary
Pt cluster grows isotropically into a sphere to minimize the
surface energy of the Pt grain. After that, the isotropic grain
growth is hindered by the 2D hexagonally ordered rods to
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Figure 6. a—c) SEM images of mesoporous Pt particles. b) High-magnifi-
cation image of the square area in a). c) Suggested mechanism of forma-
tion of the nanoparticles connected like a necklace. Reprinted with per-
mission from reference [41]. (Copyright American Chemical Society,
2005.) d) EDX map of mesoporous Pt/Ru alloy particles. Reprinted with
permission from reference [45¢]. (Copyright American Chemical Society,
2007.)

produce stress against the rods, which are slightly distorted
and undergo a plastic deformation. The nanoparticles grown
would fit and be stabilized among the rods. As the Pt depo-
sition proceeds, the isotropic growth of the second nanopar-
ticle starts from the next primary nucleus formed by the
transferred electrons. Consequently, the continuous deposi-
tion of Pt nanoparticles from one nanoparticle makes a
unique framework composed of connected nanoparticles
with extended crystallinity (Figure 6¢), which is not attaina-
ble by the traditional approach of using mesoporous silica as
a hard template.

Accurate structural information on mesoporous metals
contributes to the development of mesoporous metals with
superior physical and chemical properties. Recently, Sara-
mat etal. reported that a mesoporous Pt/Al,O; catalyst
showed an ignition profile for CO oxidation at lower tem-
peratures than Pt black or wet-impregnated Pt.”’¢! This may
be related to the differences in the surface curvature of
Pt.[2%]

Alloying in frameworks is another key element for the
further development of novel mesoporous metals with tuna-
ble functions. There have been a few reports on the forma-
tion of mesoporous alloys>“! such as Pt/Pd,*? Te/Cd,* Ni/
Co,™ Pt/Ru,™® and Pt/Ni®! by the co-reduction of two
metal species in the presence of LLCs. By simply controlling
the bath conditions, the composition of the metal framework
can be varied. The excellent control of the composition of
the framework is of considerable importance in terms of the
functional design of mesoporous alloys.

In the cases of mesoporous Pt/Pd,*? Te/Cd,*! and Ni/
Co,™ it has been considered that nanoscale phase separa-
tion of the constituent metals occurs in the pore wall. In

contrast, the pore walls of mesoporous Pt/Ru®! and Pt/Nil*’]
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are in a binary intermetallic state; that is, there is a uniform
dispersion of the constituent metals. In the case of mesopo-
rous Pt/Ru, the intermetallic state was proven through high-
angle XRD and extended X-ray absorption fine structure
(EXAFS) analysis by Attard et al.****! Recently, we charac-
terized directly the intermetallic state of mesoporous Pt/
Rul®**! and Pt/Nil*! by TEM, selected-area electron diffrac-
tion (SAED), energy-dispersive X-ray (EDX) spectroscopy,
and X-ray photoelectron spectroscopy (XPS). Figure 6d
shows the EDX map of the mesoporous Pt/Ru alloy parti-
cles. The dark-field (DF) STEM image completely corre-
sponds to the EDX maps of Pt and Ru. The Pt and Ru
atoms are well-dispersed within the pore walls, and no phase
separations on the nanometer scale are observed. The EDX
map shown here is the first direct evidence that the pore
wall is in a binary intermetallic state with a uniform disper-
sion of the constituent metals. In particular, Pt-based inter-
metallic alloys such as Pt/Ni and Pt/Ru have recently at-
tracted great interest as candidates for electrode materials
for oxygen-reduction reactions (ORRs). The improvement
in the ORR can be explained by several factors, including
surface structural and electronic states. The electronic states
of the surface of the mesoporous alloys are very important
for a detailed investigation of ORR. In the case of mesopo-
rous Pt/Ni alloys, the Pt 4f,, and 4{;,, signals were observed
at 71.0 and 74.5 eV, respectively.*"! These values are very
close to those for bulk Pt metal, which suggests that Pt is
present in the zero-valent state. On the other hand, the top
of the Ni 2p peak is located at a binding energy of 852 eV,
which corresponds to Ni’. Importantly, in mesoporous Pt/Ni
alloys, Ni is thought to be in the zero-valent metallic state,
even though it is well-known that bulk Ni is easily oxidized
in the atmosphere. Similarly, Ru on the surface of mesopo-
rous Pt/Ru alloy is basically present in the zero-valent state,
although nanosized Ru is also easily oxidized in air.***! Fur-
ther studies on this point are required to understand the
electronic states more deeply. Mesoporous Pt-based alloys
with both high specific surface areas and a uniform distribu-
tion of metals will have an impact in a wide range of fields.

A deeper understanding of the alloy state in the pore wall
is of considerable importance for the application of mesopo-
rous alloys. It will also provide new insight into the bath
conditions governing the grain growth of alloy deposition
within the limited spaces of LLCs.

3.4. Newly Designed Electrode Materials

The successful fabrication of mesoporous metals on the mi-
crometer scale should lead to the production of more-ad-
vanced functional nanoscale devices (e.g., highly sensitive
microchip reactors, miniaturized sensors, and microelectron-
ic devices) on the miniature scale. However, the use of gen-
eral LLCs has been limited to the production of planar films
and particles because LLCs cannot be uniformly introduced
into a confined space on the micrometer scale owing to
their very high viscosities, which makes the application of
this method in a nanomaterials system impossible.
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We proposed a convenient, novel pathway, EDIT (evapo-
ration-mediated direct template), for the fabrication of mes-
oporous metals in a very confined area (Figure 7a).*”) The

a)

Precursor solution

* Metal species 21/~ 1.

* Water

* Surfactant
+

Ethanol evaporation
— Formation of LLC

© Ethanol iV % L ¥ ' F [

Direct template \'—’

Figure 7. a) Synthesis of mesoporous metals by the EDIT method.
b) SEM images of mesoporous Pt film inside the microchannels. The
highly magnified SEM image is of the mesoporous Pt layer inside the mi-
crochannels. ¢c) TEM image of nanogroove-networked Pt nanosheets on
carbon support. Reprinted with permission from reference [50]. (Copy-
right John Wiley & Sons, Inc., 2007.)

EDIT process involves two basic steps: 1) the formation of
the LLC template by solvent evaporation, and 2) the reduc-
tion of the metal species in the presence of the LLC. For ex-
ample, the successful deposition of highly ordered mesopo-
rous Pt inside a micrometer channel is shown in Figure 7b.
A precursor solution as an LLC former was prepared by
mixing distilled water, surfactant, Pt species, and ethanol as
a volatile solvent. The precursor solution was a homogene-
ous yellow solution with low viscosity. At this stage, the vis-
cosity of the precursor solution became low relative to those
of general LLC template mixtures used in the previous
system. Therefore, the precursor solution can be introduced
efficiently into the channels due to capillary force. After the
volatile solvent was preferentially evaporated, the LLCs, in-
cluding the Pt complexes, were formed entirely inside the
channel. By the Pt-electrodeposition process in the presence
of LLCs, mesostructured Pt can be deposited only inside the
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channels. The use of a lithography technique enables meso-
porous Pt to be selectively deposited only in a particular
channel. Moreover, well-ordered Pt thin films with a macro-
meso bimodal pore system were prepared by combining the
EDIT method with a colloidal crystal-template process.*’

The EDIT process is fundamentally different from the
conventional evaporation-induced self-assembly (EISA)
method utilized for the formation of mesoporous films (e.g.,
silica).'"**! In the EDIT system, a homogeneous precursor
solution is initially prepared, and then preferential evapora-
tion of ethanol accelerates to form LLC mesophases. During
LLC formation, no reactions among metal species are car-
ried out; that is, these species are stabilized in the aqueous
LLC domain. In contrast, in the EISA system, the polymeri-
zation of inorganic species occurs simultaneously during sol-
vent evaporation, in which various interactions between the
inorganic species and surfactants are inevitable. Therefore,
several types of phase transformations of mesoporous struc-
tures have often been observed in the films, depending on
the experimental conditions.* In the EDIT system, the
final LLC mesophases after preferential evaporation of eth-
anol can be directly predicted by a phase diagram of ternary
composition (surfactant+water+metal species) independ-
ent of the amount of ethanol solvent, which does not strong-
ly influence the final structure of the LLC mesophase. In
the direct-template approach from LLCs, it is possible to
predict the final structures after metal deposition from the
original LLC mesophases. The LLC mesophases act as true
templates; that is, the final materials are formed through the
direct-template process by the LLC formed through solvent
evaporation. Consequently, the EDIT system is quite differ-
ent from the conventional EISA system. This concept has
also been applied in the explanation of the synthesis of mes-
oporous carbon materials from soluble phenolic resin and
triblock copolymers.[*1 The self-assembly of triblock co-
polymers is induced by solvent evaporation. At this stage,
the triblock copolymers are assembled together with phenol-
ic resin, and condensation of the latter does not occur. The
polymerization is only carried out in the subsequent thermo-
polymerization process.

Recently, two research groups reported the application of
the EDIT system. Edler and co-workers applied the method
to a mixed nonionic—anionic surfactant system to make mes-
oporous silver film.*l As described above, this system was
developed by Kijima et al.® The used precursor solution
consists of a nonionic surfactant (polyethylene glycol octa-
decyl ether, Brij76), an anionic surfactant (sodium dodecyl
sulfate, SDS), ethanol, water, and silver nitrate. This precur-
sor solution was dip-coated onto glass slides. As the ethanol
was preferentially evaporated, the concentration of the
mixed surfactants was increased to form an LLC film on the
substrate. After that, the silver ions in the film were photo-
chemically reduced by exposure to ambient light or chemi-
cally reduced by formaldehyde gas. In the case of photo-
chemical reduction, ordered 2D hexagonal mesoporous
silver films were obtained. This unique photochemical-re-
duction method of synthesizing mesoporous metal films
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allows the low-cost and rapid fabrication of novel catalysts,
sensors, and surface coatings for nonconductive substrates,
electrodes for fuel cells, and so on. However, the XRD pat-
terns and TEM images are not well-resolved. More and
more intensive structural characterization with electron mi-
croscopic techniques is required to detect the formation of
2D hexagonal mesostructures. The surface area of the films
obtained should also be investigated by using gas adsorp-
tion—desorption measurements or electrochemical analysis.

Recently, Sakai, Kijima, and co-workers reported the for-
mation of nanogroove-network Pt nanosheets on a carbon
support through a solvent-evaporation process (Fig-
ure 7¢).”"! Carbon powder was added to a precursor solution
of Pt salts, surfactants, and water. Excess water was then
evaporated to make LLCs. The concept is very similar to
that of the EDIT method, although ethanol was not includ-
ed in the precursor solution. An aqueous solution of SBH
was added to the resulting LLCs to deposit Pt, and the
nanogrooved Pt nanostructures were successfully loaded
onto carbon particles (Figure 7c¢). The carbon-supported
nanogroove-network-structured Pt exhibited fairly high elec-
trocatalytic activity for the ORR. The new material is prom-
ising as a high-performance cathode catalyst for polymer
electrolyte fuel cells (PEFCs).

We strongly believe that this convenient, novel pathway
through solvent evaporation is very important for the rapid
production of functional nanoscale devices and novel nano-
materials that utilize mesoporous metals. Another advant-
age of this method is that the LLC template mixture can be
formed directly from a precursor solution without the heat-
ing—aging processes commonly used in the general synthesis
of mesoporous metals. The entire synthetic procedure is
simple and can be extended to various mesoporous alloys by
using precursor solutions, including mixed metal ions.

4. Other Processes

In this section, other approaches to highly nanoporous
metals are briefly summarized. Stucky and co-workers pre-
pared mesoporous ZnOP and Pt thin films by an elec-
trodeposition method by utilizing potential-controlled sur-
factant assemblies. The Pt thin film obtained had a 2D hex-
agonal ordered mesostructure, although the mesoscopic pe-
riodicity was relatively low. The TEM image shows that the
estimated pore size and wall thickness were both about
4 nm, which coincide with the diameters of the cylinder as-
semblies of the surfactants used.

Several nanostructured matrices have been utilized as
hard templates. Ordered macroporous materials have been
prepared by colloidal crystal templates, as first demonstrat-
ed by Velev et al. in 1997.°%1 Such colloidal crystals are con-
structed by the well-ordered assembly of spherical particles,
and spherical particles from 50 nm to microns in size are
generally used.? By utilizing electrochemical processes,
metal-based macroporous materials can be obtained, and
arrays of interconnected spherical voids with uniform diam-
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eters are formed.”” The diameters of the voids can be con-
trolled by choosing the diameters of the spherical particles
used to make the colloidal crystal templates; however, as
the spherical particles decrease in size, it becomes more dif-
ficult to make ordered colloidal crystal templates, which
leads to a decrease in the order of the arrays of the voids in
the final materials.

Anodic porous aluminal™! has also been used as a hard
template. Masuda and co-workers reported that highly or-
dered metal nanohole arrays (e.g., Pt, Au) were fabricated
by the two-step replication of the honeycomb structure of
anodic porous alumina.’’! Preparation of the negative
porous structure of porous alumina followed by formation
of the positive structure with metal resulted in a metallic
honeycomb structure. The metal nanohole arrays of the film
had a uniform, closely packed honeycomb structure approxi-
mately 70 nm in diameter and 1-3 um thick. Because of its
textured surface, the metal nanohole arrays of gold showed
a notable color change relative to bulk gold.

Wakayama and Fukushima synthesized nanoporous Pt
and Pt/Ru fibers replicated from activated carbon through
the nanoscale-casting process with supercritical fluids.”"
This process easily allows the impregnation of the precursor
molecules into micropores of less than 1 nm without con-
densation into the liquid phase. The morphology of the
fibers obtained is exactly the same as that of the activated
carbon and can be easily controlled by the choice of the
shape of activated carbon. The Brunauer—-Emmett-Teller
(BET) surface area of the Pt obtained is 47 m?g,”! which is
larger than that found for platinum black (20-30 m*g™') by
N,-adsorption measurements.

Hanada et al. developed a new way of making nanopores
in bulk metals and alloys.””! First, numerous thermal vacan-
cies are frozen into ordered bulk alloys (e.g., FeAl) by a
conventional rapid-solidification process. Through con-
trolled heat treatment at high temperatures, the clustering
of the supersaturated vacancies generates a large number of
nanopores (10-100 nm) near the surfaces. Nanoporous surfa-
ces can be clearly visualized by SEM and AFM. Interesting-
ly, these generated nanopores have pore surfaces aligned
along the {100} crystallographic plane.

Dealloying is another method of making nanopores. First,
an Au/Ag phase is chemically driven to aggregate into 2D
clusters by a phase-separation process (i.e., spinodal decom-
position).’® Then, nanoporous Au film can be prepared by
the selective dissolution of the electrochemically active ele-
ment (Ag).

5. Potential Applications and Outlook

The synthesis of metal-based nanoarchitectured materials is
currently an active research area owing to potential applica-
tions in such diverse areas as electrochemistry, electronics,
magnetics, optics, photonics, and catalysis. Many types of
metal-based nanomaterials, including mesoporous metals,
nanoparticles, nanowires, and nanosheets, can now be ra-
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tionally designed, and further applications for mesoporous
metals and alloys can be expected.

With current environmental issues and the demand for
more-efficient power supplies, the development of fuel cells
is accelerating. Direct methanol fuel cells (DMFCs) can
generate electricity directly from methanol and water at low
temperatures without reforming the fuel into hydrogen.”
The activity of the catalyst increases with increasing specific
surface area because the chemical reaction of the fuel cell
takes place on the surface of the catalyst layer. Mesoporous
Pt with a high surface area shows high activity in O, reduc-
tion, which points toward the evolution of a novel class of
efficient fuel-cell electrocatalysts.”! Mesoporous Pt/Ru
alloys are more active than mesoporous Pt in CH;OH oxida-
tion.™ Evans et al. reported that mesoporous Pt showed
excellent amperometric sensing for the detection of hydro-
gen peroxides over a wide range of concentrations.?” Imo-
kawa et al. used mesoporous Pd for pH sensing. The meso-
porous Pd exhibited a stable and reproducible response over
a wide pH range owing to the highly active surface area.[**

The above systems, however, utilize only high surface
area. Other structural characteristics (e.g., uniformly sized
mesopores and their periodic arrangement) are not efficient-
ly utilized. Therefore, researchers should reconsider whether
highly ordered mesoporous metals are truly necessary and
whether disordered mesoporous metals with high surface
areas can be used as substitutes. To make this point clear,
reference samples (e.g., Pt black and Raney Ni) should be
compared with mesoporous metals, and highly ordered mes-
oporous metals should be compared with disordered meso-
porous metals. Nie and Elliott reported that well-ordered
mesoporous Pt microelectrodes showed improved electroca-
talytic properties for oxygen reduction relative to disordered
mesoporous Pt microelectrodes.”1 However, the relation-
ship between the order of the mesostructures and their elec-
trocatalytic behavior is still unclear.’”! Further research in
this area is required. Moreover, researchers should find new
applications in which all the structural characteristics of the
mesoporous metals are required.

Recently, new-concept p-DMFCs have come into demand
for cellular phones, laptop computers, and portable cameras.
Miniature fuel cells are also sought after as implantable mi-
cropower sources for medical devices such as shunt pumps
for cerebrospinal fluid and microinsulin pumps.”’! For these
applications, it is desirable to prepare mesoporous metals in
the form of thin films in a very confined area. Recently, an
innovative EDIT method (see Section 3.4) was developed
for the fabrication of highly ordered mesoporous metals in a
very confined area. This approach allows easy control over
the location, composition, thickness, and mesoporous struc-
ture of a particular device, thus making it possible to design
and fabricate new u-DMFCs. The microscale design of mes-
oporous metals should contribute greatly to future applica-
tions such as microsensors, microbioactive materials, and
miniaturized devices.

The development of new LLCs is vital for the evolution
of new mesostructures. The LLCs generally used consist of
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short oligomeric C,(EO),,-type surfactants. If large block co-
polymers are used to make LLC mesophases, mesoporous
metals with large mesopores could be designed. The sizes of
the mesopores would be easily controlled over a wide range,
from a few nanometers to 50 nm, by simply choosing the ap-
propriate template. Applications for energy storage would
benefit from optimized nanostructures, compositions, and
conduction pathways. With great progress being made in
mesostructured materials, there are fascinating new opportu-
nities for inorganic and materials chemists, who should
remain very active in this field.
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