
Intercalation into mesoporous
materials that contain transition

metals (e.g., niobium oxide) allows
the production of a variety of

structures with unique properties.



1. Introduction

In the wake of a great expansion of interest in the design
and synthesis of materials with tailored chemical and physical
properties, materials scientists have focused much attention
on shape-controlled composite materials, with the goal being
to create systems in which there is functional cooperation
between the overall nanoscale architecture of the material
and its physical properties. Multilayered nanotubes,[1] im-
printed polymers,[2] polymer-encapsulated drug delivery sys-
tems,[3] and ™artificial leaf∫ technologies[4] are examples of
systems that weave two or more disparate materials into a
single whole, which possesses electronic, mechanical, or
optical properties not possible in more simple single-phase
bulk systems. A crucial feature in the design of many
functional materials is controlled porosity over a broad length
scale. Advances by Mobil researchers in the 1990s led to the
discovery of MS41 mesoporous silicates, a family of materials
with regularly spaced nanometer-sized pores, synthesized by
using liquid crystals as structural imprints to cast the shape of
the silica.[5±12] Since this work, researchers have expanded this

basic motif to the point where it is possible to synthesize
fabricated architectures with a myriad of structural features
and pore sizes ranging from 1 ± 10000 nm out of virtually any
stable solid substance that can be easily manipulated on the
nanoscale.[13] Single molecules,[14] self-assembled surfactant
phases,[15] amphiphilic block copolymers,[16, 17] vesicles,[18]

emulsion-stabilized oil droplets,[19] and even micron-level
latex spheres[20, 21] have all been used in this regard, the last
example being of particular importance to the fabrication of
photonic band-gap materials.[22] Transition metals and tran-
sition metal oxides are of particular interest in the synthesis of
ordered materials because of their variable oxidation states,
properties not possessed by silicates, a capacity which often
leads to unusual magnetic, electronic, and optical properties.

After pioneering efforts leading to the synthesis of meso-
structured W and Pb oxides in 1993,[23] a stable mesoporous
Nb oxide molecular sieve was reported in 1996.[24, 25] This
material had an advantage over the Wand Pb materials in that
the pore structure remained intact after template removal.
Shortly thereafter the synthesis of related mesoporous Zr, Ti,
Ta, Hf, and Mn oxides,[26±38] were reported, the last example
being of special note since it was the first such material with
semiconducting properties,[38] an important feature in many
catalytic and electronic applications. More recently, Ozin and
co-workers reported the synthesis of mesoporous yttrium-
doped zirconium oxide materials with high ion conductivity
for fuel-cell applications.[39] Kanatzidis and co-workers[40] and
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Ozin and co-workers[41] independently synthesized mesopo-
rous Ge sulfide based materials with semiconducting proper-
ties. Research in our group has focused on the reduction and
modification of existing mesoporous Nb, Ti, and Ta oxides,[42, 43]

to lead to numerous organometallic/inorganic composites
with semiconducting, metallic, superparamagnetic, and even
spin-glass behavior. This review will focus principally on these
and other recent advances in electroactive molecular sieves,
an exciting and rapidly growing area of research interest.

2. Electroactive Mesoporous Transition Metal
Oxides

2.1. Mesoporous Zirconium Oxide Based Systems for
Fuel-Cell Applications

Solid oxide fuel cells (SOFC) have attracted much recent
attention in the fields of materials science, catalysis, ceramics,
and electrochemistry.[44] Much of this research is aimed at the
design of electrode materials which are not only stable under
high operating temperatures (600 ± 1000 �C), but also have
optimal electronic and ionic conductivity coupled with
catalytic activity and mass-transfer properties. The traditional
electrode materials are nickel/yttrium oxide-stabilized-zirco-
nium oxide (Ni-YSZ) cermet (ceramic/metal) as the anode
and perovskite or platinum/yttrium oxide-stabilized-zirconi-
um oxide (Pt-YSZ) as the cathode. The common approach to
improve the performance of the materials is to enlarge the
triple-phase boundary (TPB), which controls the efficiency of
the SOFCs, by decreasing the dimensions of the active metal

particles, Ni or Pt, relative to that of the yttrium oxide-
stabilized-zirconium oxide grains. Several researchers have
attempted to improve the porosity and enlarge the TPB of the
materials by manipulating the microstructure of electrode
materials through traditional nanofabrication techniques,[45]

but most of these materials are just nanoscale or microscale
versions of the bulk cermet electrode ceramics with a
comparatively low thermal stability and wide pore-size
distribution.

Ozin×s group recently reported the first example of binary
and ternary mesoporous yttrium oxide-stabilized-zirconium
oxide (meso-YSZ) and metal (Pt, Ni)- yttrium oxide-zirco-
nium oxide solid solutions which could be used as solid oxide
fuel-cell electrode materials.[39, 46, 47] While much work has
gone into the synthesis of stable mesoporous zirconium
oxides, including an elegant recent example from Rao×s
group[48] demonstrating an unusual lamellar-to-hexagonal-to-
cubic phase change (Figure 1), these materials differ from
previous efforts in that they use yttrium as a stabilizing agent.
These mesoporous yttrium oxide-stabilized-zirconium oxide
materials were synthesized by modified sol ± gel methods
under basic conditions, where zirconium ethoxide and yttrium
acetate were used as the precursors for the transition metal
oxides, and the cationic surfactant, cetyltrimethylammonium
bromide (CTAB) was used as the mesostructure-directing
reagent. The higher dielectric constant and coordinating
ability of ethylene glycol was able to control the rate of
hydrolysis and avoid the solubility problems which previously
resulted in low levels of yttrium oxide incorporation in the
zirconium oxide phase.[49] The surfactant template was
removed by calcining the as-synthesized materials at various
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Figure 1. Schematic representation of lamellar-to-hexagonal phase trans-
formation (a ± d) and the hexagonal-to-cubic transformation (e and f) in
mesostructured zirconium oxide. Reproduced with permission from ref. [48].

rates and temperatures. The yttrium content in these binary
materials can be tuned from 12 ± 56 wt% and no phase
segregation of yttrium oxide and zirconium oxide was
observed. The nitrogen adsorption isotherms of these materi-
als after calcination gave Brunauer± Emmett ± Teller (BET)
surface areas ranging from 100 ± 300 m2g�1, and an average
pore size of 18 ± 21 ä. The pore wall was determined to be
25 ± 28 ä thick and composed of nanocrystalline yttrium
oxide-stabilized zirconium oxide. The synthetic strategy is
outlined in Figure 2. The variable-temperature powder X-ray
diffraction patterns illustrated the high structural stability of
these materials at temperatures above 600 �C, a property
crucial for useful solid oxide fuel-cell materials. This material
possesses the highest surface area of any recorded sample of
template-free yttrium oxide stabilized zirconium oxide.

Figure 2. Self-Assembly of anionic yttrium ± zirconium glycolate and
hexachloroplatinate precursors with a supramolecular cationic surfactant
template leading to the formation of a mesoporous material denoted meso-
PtYZ. Reproduced with permission from ref. [46].

Electroactive ternary mesoporous metal (Pt, Ni) yttrium
oxide zirconium oxide, were synthesized by using metal
precursors, such as sodium hexachloroplatinate, or NiII

reagents, that is, bis(acetatato) nickel, nickel chloride, or
nickel nitrate as the source of the third metal dopant in the
presence of surfactant-containing yttrium oxide zirconium
oxide gels.[46, 47] This method produced ternary transition
metal oxides with pore structures similar to those of the meso-

YSZ materials. The inclusion of Ni or Pt in the materials is
necessary for applications in fuel cells, as it effects the charge-
transfer and oxygen-transport properties. In these materials
platinum and nickel exist as metal (Pt) and metal oxide
(NiO1�x) nanoclusters, respectively, 30 ± 40 ä in size, homo-
geneously dispersed throughout the yttrium oxide zirconium
oxide mesostructures. The amount of Pt and Ni can be tuned
from 1-10 wt% and 10 ± 30 wt%, respectively. A chemisorp-
tion titration experiment on meso-Pt-YSZ by use of H2 ±O2

adsorbents showed that the surface area of the incorporated
platinum nanoclusters was partly accessible to gaseous
reagents and gave a representative dispersion of 18% for a
sample loading of 2.4 wt% Pt. The ionic conductivity of meso-
Pt (NiO)-YSZ materials was evaluated by alternating current
(AC) complex impedance spectroscopy in the temperature
range of 300 ± 800 �C and recorded in an air atmosphere. The
meso-YSZ and meso-Pt-YSZ samples gave a single symmet-
ric, slightly depressed semicircle from 500 ± 700 �C, which
results from both bulk and grain boundary polarization and all
the meso-NiO-YSZ samples yielded similar impedance spec-
tra. The bulk and grain boundary conductivity of all meso-
Pt(NiO)-YSZ samples was extracted from the low-frequency
minima of the respective semicircles in the Argand plots of
the complex impedance spectra (Figure 3). The corresponding
activation energies Ea for thermally activated charge-trans-
ported process were obtained from the Arrhenius equation
�� (A/T)exp(Ea/RT). These data are summarized in Table 1.

Figure 3. Complex impedance Argand plot for meso-NiO-YSZ with
22 wt% NiO recorded at 296 �C in air.[47]

The mixed oxygen-ion electron charge transport was
dominated by the nonstoichiometric nickel oxide nanocrystal-
line phase at low temperature (around 400 �C) in the meso-
NiO-YSZ. The enhanced NiO connectivity within meso-NiO-
YSZ forms an electronic conduction pathway at far lower NiO
content than in conventional materials (little change Ea� 80 ±

Angew. Chem. Int. Ed. 2002, 41, 214 ± 229 217

Table 1. Conductivities (�) [��1 cm�1] and corresponding activation ener-
gies [kJmol�1] of mesoporous Pt(NiO)-YSZ samples.

Pt-YSZ Pt-YSZ Pt-YSZ Ni-YSZ Ni-YSZ Ni-YSZ

wt%(Pt or NiO) 2 17 23 7 22 27
Ea 207 130 93 67 53 36
�(450 �C) ± 3.4� 10�8 5.5� 10�5 1.2� 10�7 6.2� 10�6 2.9� 10�5
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100 kJmol�1 with NiO content from 0 ± 40 mol%). However,
the slightly higher activation energies for oxygen ion charge
transport in the meso-Pt-YSZ materials as compared to
conventional Pt-YSZ were also observed maybe as a result of
the nanocrystalline YSZ channel walls. These two materials
represent a new class of solid fuel-cell electrode materials and
show some of the first potential applications of mesoporous
transition metal oxides.

2.2. Semiconducting Mesoporous Manganese Oxides

Transition metal oxides have variable oxidation states and
d electrons, these properties offers advantages over alumino-
silicate materials, thus the direct chemical syntheses of
mesoporous transition metal oxides with partially filled
d shells should lead to materials with unusual electronic,
magnetic, and catalytic properties. However, most of the
mesoporous transition metal oxides synthesized to date,
including Ti,[32] Nb,[24, 25] Ta,[28] W,[23] Zn,[50] V,[51] Zr,[29±31] and
Hf[33] are insulators containing high-valent transition metals in
a single oxidation state. Recently Suib×s group reported
hexagonal and cubic phases of mesoporous manganese oxides
with mixed oxidation states. These phases were synthesized
using surfactants as mesostructure directing agents. These
materials represented the first semiconducting mesostructures
and possess catalytic activity in the oxidation of alkanes.[38]

The mixed oxidation states (������) of manganese in these
materials result from the oxidation of the metal precursor
Mn(OH)2 (or Mn(OH)6

4�) by air during the synthetic process.
The calcined samples prepared with higher surfactant con-
centration (28 wt%) had hexagonally ordered manganese
oxide channels (MOMS-1), while lower concentration
(10 wt%) of surfactant resulted in cubic mesostructures
(MOMS-2). The argon adsorption isotherms of MOMS-1
and MOMS-2 gave BET surface areas of 170 m2g�1 and
46 m2g�1, respectively, while the pore sizes and wall thick-
nesses were 30 and 17 ä, respectively. The walls of the
mesopores are composed of microcrystallites of dense phase
of Mn2O3 and Mn3O4 (average oxidation states of Mn in
MOMS-1 is 3.55) with MnO6 octahedra as the primary
building blocks which are linked together by sharing edges.
This is an important advance because most mesoporous
materials possess amorphous walls, an undesirable feature in
many catalyst supports. No other phases or amorphous
manganese oxides were observed by transmission electron
microscopy (TEM) or X-ray diffraction (XRD) methods. The
conductivities of MOMS-1 before and after calcination are
5.0� 10�8 and 8.1� 10�6 ��1 cm�1, respectively (the band gap
from UV spectra for the calcined material is 2.46 eV), while
the conductivity of MOMS-2 is 2.28� 10�6 ��1 cm�1. These
materials were the first semiconducting mesostructures and
for this reason may have applications in photocatalysis or the
fabrication of novel optic and electronic devices. Thermogra-
vimetric analysis (TGA) and differential scanning calorimetry
(DSC) demonstrated that both MOMS materials are stable at
up to 1000 �C. The Fourier transform infrared (FT-IR) data for
pyridine adsorbed on calcined MOMS-1 indicate that there

are two types of Lewis acid sites. This result is further
supported by the observation that MOMS-1 can act as
an active oxidation catalyst in the oxidation of cyclohexane
and n-hexane to the corresponding alcohols in aqueous
solutions.

2.3. Hierarchically Templated Mixed-Valent
Molybdenum Oxides

In 1999 our group reported a semiconducting mesostruc-
tured mixed oxidation state molybdenum oxide, a material
which selectively forms toroidal shapes with diameter of
several hundred nanometers.[52] This material was prepared by
use of an as-synthesized dimeric molybdenum ethoxide
complex with a bridging dodecylimido group as structure-
constructing blocks and then hydrolyzing to generate a bronze
mesostructure Mo oxide. The XRD pattern showed a high
intensity peak (100) at d� 32 ä. The X-ray photoelectron
spectrum (XPS) displayed Mo 3d5/2 emissions which could be
simulated as three peaks at 231.9, 232.8, and 230.9 eV. The
peak at 232.8 eV can be assigned to MoV, and the gap from
valance band to Fermi level is 1.3 eV (band gap calculated
from UV is 3.75 eV), which provides evidence for weakly
semiconducting properties in this material.

The toroidal structures of this material, which are con-
structed of oriented mesotubules of roughly 50 nm in length
and 3 nm in diameter, were revealed by transmission electron
microscopy (TEM) images (Figure 4a). The toroidal shapes
were thought to arise from a double templating interaction
where the amine template forms both micelles and vesicles or
microbubbles under the same conditions.[53, 54] Attempts to
remove the template either by acid treatment or ozone
treatment led to the formation of layered and amorphous
materials, respectively. Figure 4b shows TEM images which
provide evidence for an unusual dynamic process in which
adjacent toroids open up and coalesce into much larger
toroids. This was the first example of dynamic behavior in
such hierarchically ordered materials and is a similar process
to that observed in bundles of carbon nanotubes at high
temperature.[55]

When these bronze toroidal mesoporous materials were
hydrothermally treated in a sealed tube at 150 �C for ten days,
a phase changed to a new blue material consisting of 2 ± 3 nm
MoIV oxide crystallites (Figure 4c), thought to arise from
crystallization of the walls, and a mesolamellar MoVI region
(Figure 4d) as indicated by XRD and TEM. The conductivity
of this blue material is 6.3� 10�7 ��1 cm�1, higher than that of
the bronze compound, possibly because of the presence of
metallic MoIV oxide. The XPS supports the presence of a
metallic phase with a weak emission near the Fermi level.
While MOMS mesoporous manganese oxide materials pos-
sess crystalline walls, in the case of these molybdenum oxide
toroids, crystallization of the walls leads to collapse of both
the mesostructure and the macrostructure, which suggests that
long-range order in the walls in many cases may come at the
expense of the porous structure.
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2.4. Photocatalytic Activity of Mesoporous Niobium and
Phosphated Titanium Oxides

An important area of application of mesoporous transition
metal oxides is in photocatalysis. In the past decade, a variety
of photocatalytic systems centered around oxidative degen-
eration of organic chemicals,[56, 57] fixation of carbon diox-
ide,[58±60] evolution of H2 from water,[61, 62] and the reduction of
metal ions[63] were developed using semiconducting transition
metal oxides. Coupling the controlled pore size and high
surface areas of mesoporous materials with photocatalytic
properties would thus represent an important advance.
Titanium dioxide, because of its efficient electron-hole pair
separation and low cost, is one of the most desirable materials
for photocatalytic applications. In 1998 Stone and Davis
studied the photocatalytic activity of phosphated titanium and
niobium oxide based mesoporous molecular sieves.[64] The
well-known oxidative dehydrogenation of 2-propanol to
acetone was used as a probe to measure the photocatalytic
activity of the materials. The quantum yields were defined as

the molecules of acetone formed per incident photon (wave-
length of light as incident light resource was about 360 nm).
The surface areas, band gaps, and quantum yields of the
phosphated titanium and niobium oxide catalysts are sum-
marized in Table 2.
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Figure 4. TEM images of molybdenum oxide bronzes a) at low magnification revealing the toroidal structures of approximately 300 nm in diameter
including regions in which several smaller toroids have clustered together inside a larger toroid. These living-cell-like regions reorder into larger toroids upon
exposure to the TEM electron beam, b) higher magnification reveals the mesostructured nature of the walls of the toroid. Scanning electron microscopy
(SEM) revealed no salient structural features or tubular forms, which indicates that these toroids are relatively flat (ca. 50 nm). Other areas of sample exist in
which there is no higher order to the mesostructured system, although the toroidal regions dominate the material, c) lamellar region of the mesostructured
molybdenum oxide blue showing that certain regions of the bronze have reordered into a layered phase in the blue, d) close up of a region of the molybdenum
blue showing where crystallization of the walls of the mesostructure into oxide grains approximately 1.5 nm in size has led to partial degradation of the
occluded mesopores. Samples were prepared either by sonication in isopropanol or microtoming followed by deposition on a carbon-coated copper grid.
Micrographs were recorded at 300 KV on a Hitachi H-9000 STE microscope.[52]

Table 2. Characterization and reactivity results for titanium and niobium
materials.

Samples Surface area Band gap Quantum yield
[m2g�1] [eV] �

meso-TiO2(473 K)[a] 712 3.19 0.0026
meso-TiO2(973 K)[a] 90 3.25 0.0089
meso-TiO2, extracted 603 3.15 0.010
ns-TiO2, as-synthesized ± 3.24 0.0094
ns-TiO2(873 K),[a] 1 h 39 ± 0.022
ns-TiO2(873 K),[a] 3 h 36 3.22 0.038
ns-TiO2(873 K),[a] 12 h 28 3.26 0.27
Anatase (Aldrich) 9 3.28 0.41
Degussa P25 50 3.22 0.45
meso-Nb2O5 415 3.29 0.0041
Nb2O5 13 3.08 0.217

[a] The calcining temperature is given in parenthesis.
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The lower photocatalytic activity of mesoporous titanium
and niobium oxides compared to the anatase phase was
attributed to the amorphous nature of the walls of these
materials and the presence of phosphorous in the case of the
titanium dioxide materials : the low degree of crystalline wall
and the high surface concentration of defects lead to surface
electron-hole recombination, and/or the poisoning of catalytic
surface sites by the phosphorus remaining from the templates.
Since high surface area mesoporous titanium dioxide is now
readily available, the presence of phosphorous in these
materials should no longer hinder applications,[36] although
from these studies it appears that the low crystallinity of the
walls of the structure may be a larger hurdle to overcome
before the development of functional mesoporous titanium
oxide photocatalysts can be realized.

2.5. Photocatalytic Activity of Mesoporous Tantalum
Oxides

Takahara and Domen et al. recently reported the photo-
catalytic activity of mesoporous tantalum oxide.[65] These
studies were undertaken because Ta-based mixed oxides are
highly active in the overall decomposition of water under UV
irradiation.[66±68] When as-synthesized tantalum oxide, pre-
pared by the method of Antonelli and Ying, was used as a
photocatalyst, H2 evolved in a speed of 50 �molh�1. In
contrast, the sample calcined at 600 K, after template removal
by acid treatment and solvent extraction, showed higher
photocatalytic activity and released both H2 and O2 in a
stoichiometric ratio, even though a brief induction period was
observed. The initial H2 evolution was attributed to the
decomposition reaction of the remaining surfactants and the
stoichiometric evolution of H2 and O2 started after complete
consumption of the surfactant template. A NiO loaded
sample showed higher photocatalytic activity and shorter
induction time than those samples without NiO because NiO
can act as cocatalyst in the water decomposition reaction
(Figure 5). The optimal NiO loading level for the overall
water decomposition was found to be 4.0 wt%. The NiO
loaded samples showed an important trend in increasing
photocatalytic activity. These results are summarized in
Table 3.

Mesoporous Ta2O5 samples showed better photocatalytic
activity than the non-porous amorphous and crystallized
samples because of its higher surface area which results in a
higher NiO loading level. These high activities as compared to
those reported above for titanium and niobium oxides[64] were

Figure 5. Time course of photocatalytic decomposition of water over NiO
(4 wt%)-loaded mesoporous Ta2O5 after R673-0473 treatment: reduction
at 673 K by H2 followed by reoxidation in O2 at 473 K. Reproduced with
permission from ref. [65].

explained by the different band gaps of the respective
materials. The stable photocatalytic activity of pretreated
mesoporous Ta2O5 with 4 wt% NiO continued for more than
200 hours although the first run exhibited somewhat higher
activity. From these results it is evident that mesoporous Ta
oxides are effective photocatalysts and for this reason may
spur a great deal of research interest over the coming years.

2.6. Alkali-Metal-Reduced Mesoporous Niobium,
Tantalum, and Titanium Materials

Recent work in our group showed that mesoporous Nb, Ta,
and Ti oxides can act as stoichiometric electron acceptors and
hosts for a variety of electron-donating guest species, thus
opening the doorway to a wide variety of reactions involving
electron transfer to a mesoporous host lattice. This synthetic
approach to achieving populated d states in the walls of the
mesostructure differs appreciably from previous approaches
in that the introduction of electrons into the d band occurs
after the mesostructure has been formed. The use of air-
sensitive, low-valent transition metal alkoxide precursors,
which may well become oxidized during the course of
mesostructure formation, can thus be avoided. In our work
reduced transition metal molecular sieves[42] were obtained by

220 Angew. Chem. Int. Ed. 2002, 41, 214 ± 229

Table 3. Comparison of the photocatalytic activity of NiO loaded tantalum oxides.

Tantalum oxides Loading of NiO BET surface area H2 produced O2 produced
[wt%] [m2g�1] [�molh�1] [�molh�1]

amorphous Ta2O5
[a] 1.0 145 46 24

treated[b] NA 125 43
orthorhombic Ta2O5

[a] 1.0 NA 10 0
treated[b] NA 389 194
mesoporous Ta2O5

[a] 4.0 370 150 73
treated[b] 141 515 272

[a] Crude material. [b] Calcinated template-free material.
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treatment of mesoporous Nb oxide with Na/naphthalene in
THF (Figure 6B). The reduced materials were gray to black
and showed full retention of mesostructure after reduction as
determined by XRD and nitrogen adsorption. The XPS
spectra showed that the Nb 3d5/2, 3d3/2 emissions shift

Figure 6. Reduction of mesoporous niobium oxide with: A) bis(toluene)
niobium to give a material with low valent Nb on the surface; B) Sodium
naphthalene to give a reduced sodium niobate with potential applications
as a cathodic material; C) cobaltocene to give a material in which the
mesostructure is filled with superparamagnetic molecular ensembles;
D) nickelocene to give a mesoporous spin glass; E) K3C60 to give one-
dimensional potassium fulleride wires supported by the mesoporous oxide
lattice; F) bis(benzene)chromium to give low-dimensional organometallic
hole metals in the pores.

monotonically to lower binding energy with increasing
reduction from 207.8, 210.6 eV for the unreduced materials
to 206.0, 208.8 eV for the sample reduced with 1.0 equivalent
of sodium naphthalene. This trend is consistent with a gradual
change of the Nb oxidation state from NbV to NbIV as the Na
loading level increases. However, the two distinct peaks for
the NbIV and NbV were not resolved, possibly because of local
electron hopping between sites faster than the XPS time scale.
This work was then expanded to include all alkali-metal-
reduced mesoporous Nb, Ta, and Ti oxides.[43] The order of
stability to reduction by alkali metal was found to be Ta�
Nb�Ti as judged by retention of the XRD pattern after
reaction. The band gaps for all materials studied ranged from
3.3 ± 4.0 eV and the distance from impurity band, thought to
be composed of the transition metal nd orbitals [n� 3(Ti),
4(Nb), 5(Ta)] and the alkali-metal ns orbitals [n� 2(Li),
3(Na), 4(K), 5(Rb), 6(Cs)], to conduction band was roughly
2.1 eV as calculated from their UV spectra (Figure 7).
Interestingly, all of the alkali-metal-reduced Nb and Ta oxide
materials studied were insulating (less than 10�8 ��1 cm�1),
while the Li ± Ti material gave conductivity values of up to
10�6 ��1 cm�1. The insulating nature of the Ta and Nb
materials was attributed to Anderson localization effects, a
phenomenon studied in Na-reduced amorphous tungsten
oxides NaxWO3.[69] Since the Li ± Ti materials are semicon-
ducting, an Anderson transition to a more continuous
electronic state may have occurred. The superconducting
quantum interference device (SQUID) magnetometry mea-

Figure 7. Energy-level diagram of alkali-metal-reduced M-TMS1 (M�Ta,
Nb, Ti). The electron from the alkali metal resides in an nd(transition
metal)-ns(alkali metal) impurity band between the valence and conduction
bands of the mesostructure. Ef denotes the Fermi level while Em represents
the mobility edge. Black areas represent regions filled with electrons while
the area marked by grid lines represents a region of localized states
extending down into the (black) filled levels of the impurity band; CB�
conduction band, VB� valence band. Reproduced with permission from
ref. [43].

surement of all of these materials showed evidence for
paramagnetic behavior. The presence of free electrons in the
structure was further supported by their electron paramag-
netic resonance (EPR) spectra showing one peak typical of a
free electron (2.003 g). The electrochemical studies on the
unreduced Ti materials give a cyclic voltammagram with two
clear peaks at 0.8 V and 1.4 V, which indicate reversible
reduction ± oxidation of the oxide framework, and hence
possible applications in Li batteries. The stoichiometric
retention of reductant with almost no loss of porosity gives
these oxides a distinct advantage over other porous cathodic
materials, which typically undergo a phase change to a non-
porous state on addition of more than just a few tenths of an
equivalent of alkali metal.[70] This improvement is most likely
to be the result the greater structural flexibility of the
amorphous walls of mesoporous oxides as compared to the
more rigid crystalline framework of other cathodic materials.
In contrast, the unreduced Nb and Ta materials displayed very
weak or no reversible electrochemical reduction ± oxidation
properties. The strong capacitance in these materials was
attributed to charge mobility problems arising from greater
electron localization in the Nb and Ta materials than in the Ti
materials.

2.7. Superparamagnetic Mesoporous Niobium Oxide/
Cobaltocene and Nickelocene Composites

Of special interest is the intercalation of cobaltocene into
mesoporous niobium oxide.[71, 72] Cobaltocene is a strong
reductant and has a rich host ± guest inclusion chemistry with
many layered materials, such as sulfides and selenides, that
can act as electron acceptors.[73] Recent work in our group
shows that mesoporous Nb oxide readily reacts with cobalt-
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ocene to give a dark gray material (Figure 6C) which on
increased cobaltocene loading undergoes a dramatic change
in magnetic properties from paramagnetic to superparamag-
netic behavior, a property which is normally only observed in
the nanometer colloid grains of transition metals and their
compounds. Interestingly, bulk Nb2O5 does not react with
cobaltocene, which demonstrates that the broader distribu-
tion of energy of the d band in the amorphous mesostructure
leads to a fraction of states which are low enough in energy to
accept an electron from cobaltocene. The materials were
characterized by XPS, and displayed Nb 3d5/2, 3d 3/2 emissions
at 206.8 and 209.6 eV, indicative of slight reduction from NbV

to NbIV state as compared to the starting materials (207.6 and
210.4 eV), and the Co 2p 3/2 region in the sample prepared with
more than 0.5 equivalent of cobaltocene showed two distinct
cobalt peaks for cobaltocene and cobaltocinium at 779.7 and
781.1 eV, respectively. The superparamagnetic materials have
a Co/Nb molar ratio above a critical value of 0.5:1.0 and
SQUID � versus T measurements show a blocking temper-
ature (Tb) of 18 K (Figure 8, curve a), below which the

Figure 8. Temperature dependence of magnetic susceptibility for Nb-TMS
sample (�� zero-field cooled with increasing temperature ��with
reducing temperature) with a) 0.5 equivalents of cobaltocene showing a
superparamagnetic blocking transition (Tb) at 22 K; b) 0.4 equivalents of
cobaltocene showing no evidence of a superparamagnetic transition.

individual spins in the nanoscale magnetic domains are said to
be blocked to certain low-energy transitions because of
thermal fluctuations.[74] Materials with less cobaltocene were
paramagnetic (Figure 8, curve b). The retention of neutral
cobaltocene in the structure after the maximum level of
cobaltocinium was reached was attributed to a strong host ±
guest interaction. This was the first reported example of
superparamagnetism in a molecular ensemble.

Recently superparamagnetism was also observed in iron
oxide based mesostructured surfactant composites,[75, 76] and it
was attributed to small domains in the walls of the structure,
not altogether surprising given that colloidal grains of many
Fe-containing materials often display superparamagnetic
properties. Since other reduced mesoporous oxides are not
superparamagnetic, the origin of cooperative magnetism in
this system must be related to the cobaltocene in the pores

and short-range coupling between the unpaired electrons
associated with the Co centers. Whether or not the unpaired
electrons in the walls of the structure interact with the spins of
the Co species is not know at this stage. What makes this
system particularly unusual is that bulk cobaltocene is para-
magnetic and superparamagnetism is normally observed in
small grains of materials which are ferromagnetic in their bulk
form.

To investigate the factors contributing to superparamag-
netism in this system, a study of variation of pore size, pore
wall thickness, and wall composition was conducted.[72] The
wall thickness and pore sizes were systematically varied from
15 ± 30 ä and the 23-33 ä, respectively, while the composition
of the walls was varied from Nb, to Ta, and Ti. SQUID
measurements, � versus Tand B versus H, were performed for
all the materials. In all the materials the mean particle size was
estimated from the magnetic data to be about 14 nm.[77] The
pore size and wall thickness of the mesostructure seemed to
have little effect on the magnetic behavior of these materials.
The presence of cigar-shaped cobaltocene-based clusters
within a single pore rather than spherical regions spanning
several pore diameters was invoked to explain the 14 nm
domain sizes, since some effect on the magnetic properties of
increasing pore-wall thickness would be expected if the pore
walls were part of the magnetic domains. The samples
synthesized from cobaltocene and Ta-TMS1 or Ti-TMS1
absorbed much lower levels of organometallic reagent, mostly
in the nonmagnetic cobaltocinium ion form, and only
displayed paramagnetic behavior. The lower levels of cobalt-
ocene absorbsion were attributed to the lower oxidizing
ability of the walls of these materials as compared to the Nb-
based structures. Thus, from this study, it is evident that the
host material must be reactive enough towards reduction by a
guest species to absorb, in a first step, a critical amount of
cobaltocene in the cobaltocinium ion form. Once this critical
level has been reached the materials absorb more cobalt-
ocene, but this time in the neutral form. Once enough
cobaltocene has aggregated in the pores, the materials
undergo a transition to superparamagnetic behavior because
of an increased density of unpaired electrons in the pore
channels.

To investigate the effect of the overall spin of the guest
species on the magnetic behavior of the system, we chose to
synthesize mesoporous niobium oxide composites of metal-
locene species with more than one unpaired electron per
nucleus.[78] Thus, new composite materials were prepared
from nickelocene, which has two unpaired electrons per
Ni center, and mesoporous niobium oxide (Figure 6D). These
materials showed an interesting loading-dependent transition
from superparamagnetic (blocking temperature Tb at 8 K) to
spin-glass behavior, a phenomenon normally associated with
amorphous metal alloys in which the spins essentially become
™frozen∫ in a random orientation below a certain temper-
ature. These nickel-based composites in general possessed a
much lower loading level of organometallic species, as
determined by XPS (molar ratio of Ni:Nb was 0.07:1), than
the cobalt-based composites. This result was rationalized by
the greater number of unpaired electrons in Ni-based
materials, that is, the ground state of nickelocene is a triplet
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state and its cation is in a doublet state while cobaltocene is in
a doublet state and its cation in a singlet state. In a study of
magnetic behavior of Fe-doped Pd alloys, a transition from
the superparamagnetic state to the spin-glass state was found
to occur on increasing the concentration of the magnetically
active species in the alloy.[79] The transition to the spin-glass
state in the nickelocene composites took place at the molar
ratio of Ni:Nb in the amount of 0.1:1. Currently we are
embarking on a series of more detailed magnetic studies in an
effort to elucidate the origin of superparamagnetism and spin-
glass behavior in this new family of reduced mesoporous
composites.

2.8. Low-Dimensional Organometallic Molecular Wires
Supported by a Mesoporous Niobium Oxide Host

While late transition metal sandwich complexes form
insulating materials with magnetic properties typical of fine
particles and amorphous alloys, the analogous early transition
metal species ([Cp2Cr], [Cp2V], ([C6H6)2Cr], [(C6H6)2V];
Cp�C5H5) generally form paramagnetic materials (Fig-
ure 6F) with conductivity values as high as 10�5 ��1 cm�1.[80]

In these composites, the retention of the mesostructure after
all reactions was confirmed by the powder XRD patterns
and nitrogen adsorption ± desorption isotherms. In the
[(C6H6)2Cr] system, both [(C6H6)2Cr] and [(C6H6)2Cr]� were
detected in the pores by XPS and ESR. The Nb oxide walls of
the mesostructure showed signs of very slight reduction,
consistent with electron transfer from the organometallic
species to the host lattice. The conductivity in the Cr- and
V-based materials was rationalized by a model where the hole
in the mixed oxidation state organometallic phase (introduced
by oxidation by the mesostructure) is the charge carrier, since
in all the cases studied both cationic and neutral species were
required for conductivity, and the reduced mesostructure was
previously shown to be insulating. To study the effect of
changing the dopant on the conductivity of this new family of
materials, bis(benzene)vanadium, vanadocene, and chromo-
cene composites of mesoporous niobium oxide were pre-
pared.[81] The conductivity of these materials was 10�4, 10�5,
and 10�6 ��1 cm�1, respectively. The mixed oxidation states
nature of the organometallic phase in each material was
revealed by XPS and EPR which provided concrete evidence
for [(C6H6)2V]/[(C6H6)2V]� , [Cp2V]/[Cp2V]2�, and [Cp2Cr]/
[Cp2Cr]� in the pores of the respective materials, however, all
in levels of less than 0.01 equivalents of total dopant per mole
of Nb, almost 50 times less than that in the cobaltocene
system, which was completely insulating under the conditions
studied. These trends were rationalized by the balance
between Hubbard potentials U and bandwidths W of the
transition metals in question where the hole in the mixed-
oxidation-state phase was regarded as the charge carrier in
each system.[82] Currently we are performing solid-state NMR
spectroscopy and variable temperature conductivity studies
on these materials to further elucidate their structure and
properties. Recent unpublished results in our group have
demonstrated that bis(toluene)niobium acts as an Nb transfer
reagent, effectively depositing Nb atoms on the surface of the

mesostructure.[83] In this case a mixed-valent organometallic
phase it not formed, presumably because of the instability of
the bis(toluene)niobium cation. We are currently investigat-
ing the physical properties of this new composite.

2.9. One-Dimensional Alkali-Metal Fulleride Wires
Supported by a Mesoporous Niobium oxide Host

Another family of electroactive mesoporous transition
metal oxide materials recently reported by our group are
the mesoporous niobium oxide intercalates of the super-
conductor K3C60 (Figure 6E).[84, 85] Since the electronic prop-
erties of alkali-metal fullerides show a strong dependence on
the level of reduction,[86] an important aspect is that the
oxidation state of the fulleride phase in the pores can be easily
tuned by the addition of potassium naphthalene. The pore size
of the mesoporous niobium oxide host material used in this
study was 22 ä, just large enough to accommodate one
molecule of K3C60 (unit-cell length ca. 14 ä) across the
diameter of the pore. This feature allows us to investigate the
properties of one-dimensional alkali-metal fullerides and the
effects of quantum confinement on superconductivity and
metallic properties of alkali-metal fullerides in general. The
reaction of K3C60 and trimethylsilylated mesoporous niobium
oxide in THF solution gave a material with alkali-metal
fulleride with an oxidation state of n� 0.5 in the pores, as
measured by its Raman spectra (for fulleride salts of the type
MnC60 (M�K, Rb, Cs), the Ag mode shifts roughly 6 cm�1 for
every integer increment in the value of n).[86] The reduction of
the niobium mesostructure by the fulleride was illustrated by
XPS spectrum, which indicated a level of reduction equivalent
to that obtained by treatment of mesoporous niobium oxide
with 0.4 equivalents of potassium naphthalene. The conduc-
tivity of this material was 1.25� 10�3 ��1 cm�1, several orders
of magnitude greater than that observed for a sample of
fulleride-free mesoporous niobium oxide reduced with
0.4 equivalents of potassium naphthalene. This result suggests
that the conductivity pathway in this material is through the
fulleride-units on the surface of the material or through the
channels, and not through the niobium oxide walls of the
structure. When this composite was further reduced by
potassium naphthalene back to n� 3 state, the conductivity
of this new material was lower than 10�7 ��1 cm�1. No further
reduction of niobium oxide walls of the mesostructure was
observed in this process. Neither material showed signs of a TC

that might indicate a transition to superconducting behavior,
which is not altogether unexpected given the strong depen-
dence of superconductivity on structure in solids. EPR studies
suggest that the fulleride phase and the free electron in the
walls of the mesostructure are behaving as isolated systems.
The room-temperature conductivity patterns of these materi-
als confirm calculations that K3C60 should be a Mott ±Hub-
bard insulator because of its half-filled t1u band[86] and that the
accidental vacancies in the n� 3 state are responsible for the
metallic behavior of bulk K3C60. However, more structural
information is necessary before any direct comparisons can be
made to the bulk state.
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To more fully probe the dependence of room-temperature
conductivity on oxidation state of the fulleride in the pores,
the parent composite with n� 0.5 was reduced in small
increments up to n� 4.5, the process was monitored by
Raman and XPS. Interestingly, two conductivity maxima at
n� 2.6 and 4.1 were revealed in this system.[87] The conduc-
tivity of the materials at these two states was 10�4 and
10�1 ��1 cm�1, respectively. The maximum at n� 2.6 provides
indirect evidence that the potassium fulleride phases other
than n� 3 state might be involved in the conductivity in bulk
K3C60. The maximum at n� 4.1 is perhaps even more
surprising since the room-temperature conductivity of this
composite is almost as high as pure K3C60 and the n� 4 state is
thought to be insulating.

The effects of pore size and wall composition of mesopo-
rous transition metal oxides on the conductivity of the
composites were also studied by changing the mesostructure
hosts from Nb to Ti and Ta and expanding the pore size to
32 ä, large enough to accommodate two unit cells across a
pore rather than only one. The results revealed that the
double maximum behavior was general to other porous hosts,
however, the differences in the positions of the maxima were
too subtle to draw any conclusions. The change in pore size
seemed to have little effect, which suggests that a much more
dramatic change in pore size might be necessary to affect the
electronic properties. An interesting trend that emerged,
however, was an increase in the density of states near the
Fermi level, as measured by XPS, in all the samples at the
transition point to the conductivity maximum at n� 4.0. This
observation is consistent with a transition to metallic behav-
ior, possibly involving a favorable overlap between the band
structure of the walls and the fulleride phase, although we are
currently performing variable-temperature resistivity studies
to confirm this hypothesis.

2.10. Electroactive Mesoporous Tungsten Oxides

Cheng and co-workers recently reported the syntheses and
electrochromic properties of mesoporous tungsten oxide
films.[88] These materials were prepared by dip-coating using
block copolymers as templates, a procedure that was devel-
oped by Stucky×s group.[89, 90] The coating solutions consisted
of a mixture of WCl6, anhydrous ethanol, and tri-block
polymer EO20PO70EO20 (BASF Pluronic P123), and either
solvent extraction or calcination was used to remove the
copolymer template. These materials were characterized by
thermogravimetric analysis (TGA), XRD, TEM, and nitrogen
adsorption ± desorption, which gave compositions of WO2.94 ¥
2.8H2O ¥ 0.011P123, WO2.94 ¥ 1.3H2O ¥ 0.001P123, WO2.94 ¥
0.8H2O ¥ 0.0005P123, and WO2.97 ¥ 0.17H2O for the as-synthe-
sized, solvent extracted, 300 �C calcined, and 400 �C calcined
samples, respectively. The mesostructures possessed fairly
regular pore diameters but were not well ordered and
generally collapsed at 400 �C during calcination. The BET
surface area for the solvent extracted and calcined (300 �C)
samples were 155 and 135 m2g�1, respectively, and the
corresponding average pore sizes were 50 and 45 ä.

Voltammetric measurements of the mesoporous tungsten
oxide films showed a well-defined anodic peak for the samples
calcined at 300 �C and 400 �C and well-behaved electrochem-
ical reversibility after several cycles. The cyclic voltamma-
grams of samples calcined at 300 �C showed the evolution of
multiple anodic peaks during the repetitive insertion ± deser-
tion scans which could arise from the different types of
hydrogen injection sites and/or the high surface area of the
films.

The electrochromic properties of mesoporous tungsten
oxide were also studied. The optical change observed for the
sample calcined at 300 �C, or for a sample extracted by ethanol
during the voltammetric sweep, was completely reversible
(Figure 9), while tungsten oxide samples with low surface

Figure 9. Optical transmittance spectra for a) mesoporous and b) sol ± gel
tungsten oxide films heated at 300 K. �� initial; ––��0.8 V (1st
charge); ������0.8 V (1st discharge). Reproduced with permission from
ref. [88].

areas, such as a sol ± gel derived non-mesoporous film heated
at 300 �C, and the same sample heated at 400 �C showed an
irreversible coloration/bleaching process. This result was
further confirmed by the plots of transmittance variation at
650 nm as a function of time, the data were obtained for the
transient absorption response to the voltage step. The
coloration efficiency (CE) for mesoporous tungsten oxide
film calcined at 300 �C was 21.2 cm2C�1 for the first cycle. The
chromoamperometric measurements for voltage steps be-
tween �0.8 V and �0.8 V (vs. SCE (saturated calomel
electrode)) showed the mesoporous films possess better
electrochemical stability than the sol ± gel nonporous film.
Therefore, the high surface area resulting from the meso-
porosity of the tungsten oxide films provides enhanced
electrochemical and electrochromic properties.
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3. Mesostructured Sulfides and Selenides

3.1. Mesostructured Germanium Sulfides

Because of their anticipated electronic and optical proper-
ties and affinities for heavy metals, researchers have recently
been investigating the synthesis and potential applications of
mesostructured sulfides and selenides. Ozin×s group recently
reported a new family of surfactant-templated metal germa-
nium sulfide materials with structures similar to that of as-
synthesized MCM-41.[41, 91] Various groups have reported
mesostructured chalcogenide composites, such as CdS,[92±94]

ZnS,[95] SnS2,[96] GeS2,[97] and CdSe.[98] The representative
synthetic strategy was developed by Stupp and co-workers.
This method involves passing H2S or H2Se over a hexagonal
mesophase containing the ether C18H35(OCH2CH2)10OH,
water, and CdII or ZnII salts. In contrast, the mesostructured
metal germanium sulfides synthesized in Ozin×s group were
prepared by a non-aqueous surfactant-templating assembly of
adamantanoid [Ge4S10]4� cluster precursors in formamide,
where (TMA)4Ge4S10 (TMA� tetramethylammonium) was
used as the inorganic precursor and CnH2n�1NMe3

�X�(n� 12,
14, 16, 18, and X�Cl�, Br�) were used as structure-directing
agents (Figure 10). Transition metal cations such as Co2�, Ni2�,
Zn2�, or Cu� were employed as charge-balancing and
inorganic framework-chain-linking ions to create well-ordered
hexagonal mesostructures.

Figure 10. Proposed architecture of a mesostructured germanium sulfide
material. (TMA)4[Ge4S10] and (CTA)Br were dissolved in formamide to
give a viscous mesophase of the adamantoid clusters charge balanced by
surfactant. On addition of a metal salt, the adamantoid clusters link to form
a supramolecular, hexagonal, mesostructured material in which the
adamantoid clusters are linked by metal ions in the structure.

The powder XRD patterns and TEM images of these
materials illustrated a moderate degree of mesostructural
order with wormlike morphologies and hexagonal unit cells
(Figure 11). The Raman spectra of the mesostructured
materials showed overlapping peaks between 240 and
320 cm�1 for the Zn�S stretching modes, which confirms the
presence of metal-linked adamantanoid clusters in the
material. The solid-state 1H (MAS) NMR spectra and cross-
polarization (CP) 13C (MAS) NMR spectra confirmed the
presence of the surfactant in the materials, as did TGA and

Figure 11. TEM images of wormlike particles of (CTA)NiGe4S10. A
magnified view of the particle in (right) confirmed that the channels of
the material run parallel to the longitudinal axis of the faceted shape.
Reproduced with permission from ref. [91].

pyrolysis mass spectrometry. No sulfur-containing small
molecules, such as H2S, HSMe, and Me2S, were detected in
the mass spectra. The elemental analyses gave (CTA)2M2-
Ge4S10 with 3 ± 10 wt% unaccounted mass for most of the
samples. Only 40% of the surfactant in the materials could be
removed by acetone extraction, which indicates that the
cationic surfactants (CTA) were functioning as charge-
balancing reagents for the anionic framework as well as
space-fillers to reinforce the mesostructure. A liquid-crystal
templating mechanism was proposed to rationalize the
formation of these materials. In this mechanism the terminal
negative sulfide groups of the admantanoid clusters in the
initially formed micellar and cylindrical liquid crystalline
phase by [Ge4S10]4�, TMA�, and surfactant cations could
rapidly coordinate to the transition metal species to form a
hexagonal mesostructured network. Because of the well-
defined nature of the crystalline units in the walls of these
materials, it is anticipated that numerous electronic and
optical applications, in which a well-defined wall-structure is
an advantage, may be possible.

3.2. More Germanium Sulfides and Selenides and
Even Some Tin

At about the same time the non-aqueous synthesis of
mesostructured metal germanium sulfides from [Ge4S10]4�

clusters was being developed by Ozin×s group, Kanatzidis
and co-workers were working on the synthesis of related
mesostructured metal germanium sulfides and selenides,
(CnH2n�1NMe3)2[MGe4Q10], where Q� S and Se, M�Zn,
Cd, Hg, Ni, and Co, n� 12, 14, 16, 18,[40, 99] using a mainly
aqueous route (with a small amount of ethanol and meth-
anol). Certain aspects of the synthetic method, chemical
formula, overall three-dimensional framework organization,
and thermal stability of the materials are different from those
reported by the Ozin group. The method developed by
Kanatzidis and co-workers involves the stoichiometric me-
tathesis reactions between [Ge4Q10]4� (Q� S, Se) anions and
metal dichlorides in the presence of long-chain cationic
surfactants at 20 ± 80 �C. The charge on the [Ge4Q10]4� cluster
was balanced by one M2� and two surfactant RNMe3

� ions.
Energy dispersive microprobe analysis (EDS) on the resulting
material gave the chemical formula (RNMe3)2[MGe4Q10],
slightly different from the formula of the materials synthe-
sized by the Ozin group.[41] The powder XRD patterns, high
resolution (HR) TEM images and atom pair distribution
function (PDF) plots of these materials revealed a mesostruc-
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tured nature with short-range local order and nonperiodic
disordered wall structure much like that of mesoporous silica
MSU-1, MSU 2, and MSU 3.[100] The surfactant-filled inor-
ganic framework pores were composed of adamantanoid
[Ge4Q10]4� clusters with linking tetrahedral divalent transition
metal ions, and organized in a worm-hole pattern with a
constant average tunnel to tunnel distance (Figure 12). The
pore size could be tuned from 30 to 45 ä by varying the

Figure 12. Proposed structure model of the CnMGeQ phases. The amor-
phous framework is perforated by the wormhole-like micelles of surfactant
molecules.

surfactant chain length and the overall structure of the
[MGe4Q10]2� framework. The Raman and IR spectra of these
materials showed that the adamantanoid clusters remained
intact and gave evidence for additional M�Q bonds present.
All materials were wide band gap semiconductors in the
energy range of 1.0 ± 3.6 eV and the band gaps were inde-
pendent of the surfactant chain length. Based on the TGA,
about 70 ± 80% of surfactant inside the inorganic framework
could be removed without collapse of the mesostructure by
heating at about 180 ± 220 �C under vacuum for 3 ± 4 days.

Materials containing the divalent Mn2� ion behaved differ-
ently and did not lead to an immediate precipitation in either
the non-aqueous or aqueous mediums described above. This
problem was resolved by conducting the reaction of Na4-
Ge4S10, MnCl2, and mesityltrimethyl ammonium bromide in a
stoichiometric ratio under hydrothermal conditions.[101] This
method resulted in new hexagonally ordered mesostructures
of metal germanium sulfides with only short-range local order
similar to those reported by Ozin×s group. The semiconduct-
ing properties of this material were confirmed by solid-sate
absorption spectra, giving a band gap of 2.84 eV.

Trivalent cations, such as Ga3� and In3�, can also act as the
cluster-linking agents in these materials, which leads to light-
emitting mesostructured sulfides with hexagonal order.[102]

The mesostructure of these two materials were similar to
their divalent counterparts and the optical absorption con-
firmed their semiconducting behavior. The chemical formula
of both materials was close to (CP)2M1.3Ge4S11 (CP� cetyl-
pyridinium, M�Ga3�, In3�), indicative of a very high metal
content which could not be accounted for by the charge
balance between surfactant, metal cations, and cluster anions,
possibly because of the presence of S2� species. A unique
feature of these two materials was the intense photolumines-
cence observed when excited with light energy above their

band gaps. For example, under an excitation light of 3.35 eV
(370 nm) at 77 K, an intense green emission with a maximum
2.35 eV (528 nm) and 2.32 eV (535 nm) was observed for
CPGaGeS and CPInGeS, respectively (Figure 13). The opto-
electronic property possibly originates from the pyridinium
chromophore of the surfactant. This was the first observation
of light emission from mesostructured metal thiogermanates.

Figure 13. a) Electronic absorption spectra of mesostructured sulfides.
b) Photoluminescence and excitation spectra of the same materials (––:
CPGaGeS; ±±±: CPInGeS; ����: CPBr). Reproduced with permission from
ref. [102].

This methodology of supramolecular assembly of chalco-
genide nanocomposites could be expanded to synthesize
stable binary systems including [Fe4S4] and [Ge4Q10]4� (Q� S,
Se) clusters as building blocks for the inorganic frame-
works.[103] The cluster [Fe4S4] was selected as a research target
because it is important in biological systems, and provides a
major part of the foundation for electron transfer, catalytic,
and enzymatic processes in living organisms.[104] This material
possessed hexagonal mesoscopic order and was prepared in
the non-aqueous solvent mixture of formamide and dimethyl
formamide (DMF). This general method has opened a
doorway for preparing a stable hybrid system with multiple
functionality.

Another new class of mesostructured selenide semiconduc-
tors with an open framework based on tetrahedral [SnSe4]4�

ion was reported recently by the Kanatzidis group.[105] These
materials are important not only because of their interesting
electronic properties but also because of their varied pore
organization, which includes disordered worm-hole, hexago-
nal, and even cubic phases. It was known that [SnSe4]4�

possessed the same tetrahedral structure as [SiO4]4� and that
it was smaller and heavier than the [Ge4Q10]4� (Q� S, Se)
clusters. Therefore, it was expected that a similar topological
structure to silicas and semiconductors with narrower band
gaps than metal germanium chalcogenides would be obtained.
These materials were made by spatially controlled assembly
of [SnSe4]4� ions in formamide with various divalent metals
such as Mn2�, Fe2�, Co2�, Zn2�, Cd2�, and Hg2� in the presence
of cetylpyridinium surfactant as the template. Their general
chemical formula were described as (CP)4�2xMxSnSe4 (where
1.0� x� 1.3). XRD patterns and TEM images revealed that,
under the same experimental conditions, all the materials had
hexagonal mesostructures such as silica MCM-41 except the
Zn analogue, which had a cubic mesostructure such as MCM-
48. The structure of the Zn materials was dependent on the
surfactant concentration. When the concentration was re-
duced by 50%, the product had an hexagonally ordered
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mesophase with uniform pore size. The presence of the
tetrahedral [SnSe4]4� ion clusters was demonstrated by 119Sn
Mˆssbauer spectroscopy. The UV-visible/near-IR spectrosco-
py showed the band-gap transition in the energy range of 1.4 ±
2.4 eV, values similar to those of CdTe (1.45 eV) and GaAs
(1.54 eV) semiconductors. In summary, while these materials
are not yet completely stable to template removal, their
fascinating array of ordered structures and unusual opto-
electronic properties may lead to applications in which
accessible internal void-space porosity is not a requirement.

4. Mesostructured Metals

4.1. Mesostructured Platinum

Because of the importance of zero-valent transition metals
in many catalytic processes the synthesis of nanostructured
metals with high surface areas and controlled porosity
represents a significant challenge for materials scientists. In
1997 Attard and co-workers reported the aqueous syntheses
of mesostructured metallic platinum by surfactant liquid
crystal templating.[106] In this work, hexachloroplatinum acid
(H2PtCl6) and ammonium tetrachloroplatinate [(NH4)2PtCl4]
were employed as the metal source and octaethyleneglycol
monohexadecyl ether C16(EO)8 as the hexagonal structure-
directing agent. To obtain mesostructured platinum metal,
pure Fe, Zn, Hg, or hydrazine hydrate, were used in situ as
reducing agents after the self-assembly processes for the
system H2PtCl6 and [(NH4)2PtCl4], respectively. The surfac-
tant template, metal residues, and small molecules were
removed by repetitive washes with acetone, water, and
hydrochloric acid until TGA showed almost no further weight
loss at up to 600 �C in air. SEM images revealed that the
materials were composed of particles 90 ± 500 nm in diameter,
and TEM showed evidence of small grains possessing a
hexagonal mesostructure with a pore diameter of 30 ä and a
pore wall thickness of 30 ä (Figure 14). These results were
consistent with the broad and poorly defined XRD pattern,
indicative of either small domains of hexagonal order or large
amorphous regions in the sample. The extended X-ray
absorption fine structure (EXAFS) data obtained for the
platinum LIII edge of the materials were in good agreement
with the presence of pure platinum metal and no oxygen
backscattering shells were found. The amplitude of the
EXAFS spectrum and the corresponding coordination num-
ber of mesoporous platinum were lower than those of bulk
metallic platinum (also revealed by EXAFS) could be
attributed to high surface area for the mesoporous materials,
although no nitrogen adsorption data was reported. In a
subsequent paper, this technique was extended to the syn-
thesis of thin films,[107] and nitrogen adsorption studies
revealed surface areas of 23 m2g�1, comparable to that of
colloidal Pt. The proposed mechanism of mesostructure
formation in this new class of materials involved stabilized
metal precursors at the interface between the hydrophobic
and hydrophilic domains of the microphase-separated envi-
ronment. Then the fast reduction of the platinum salts yielded

Figure 14. SEM image of a washed sample of mesoporous platinum (top)
and TEM image of HI-platinum (bottom). The material was suspended in
acetone, sonicated for 5 min. and applied to a carbon-coated copper
grid.[106]

small colloidal primary metallic particles on the interface
followed by agglomeration and coalescence until the walls
become homogeneous. This interesting new method has
recently been extended to liquid crystal template syntheses
of Ru/Pt alloys[108] and shows promise as a general method
towards mesostructured metallic materials which may find
applications in catalytic hydrogenation and fuel-cell design.

4.2. Metal Carbonyl Compounds as Mesostructure
Building Blocks

In 1998, we attempted the synthesis of mesoporous Pt using
metal carbonyl anions and cationic surfactants as building
blocks with thermal or photolytic decomposition of the
resulting self-assembled platinum carbonyl surfactant phases
required to eliminate the carbon monoxide and leave behind
the pure metal mesostructure.[109] While this work resulted
only in the formation of layered phases, it is included in this
review because of the novelty and potential promise of this
new synthetic method. Ionic metal carbonyl clusters (Na2-
[PTA(CO)6]n, n� 3±5) were selected as building blocks because
of the great flexibility of composition, size, average charge per
Pt atom, and the relative ease of thermal decomposition to the
pure metallic state. Trimethyl ammonium surfactants were
employed as structure directing agents (Figure 15).

The interdigitated layered structure of these materials was
revealed by XRD. The layered structure was further con-
firmed by TEM images, which showed small regions of local
order. Changes in the metal-to-surfactant ratio, brought about
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Figure 15. Thermal treatment of layered platinum carbonyl phases results
in loss of CO and formation of a new platinum-based layered material.[109]

by simply changing the size of the metal carbonyl cluster, or
precipitation directly from cold methanol without the addi-
tion of degassed water, had no effect on changing the nature
of the layered mesophase. Thus no hexagonal or cubic phases
were observed. Elimination of CO from the as-synthesized
materials by heating at 70 �C under dynamic vacuum resulted
in the retention of the structure with only a slight shrinkage of
the interlayer spacing with d(100) going from 19.6 ä to
19.1 ä. The lack of regularly spaced gaps between the
platinum units within each layer suggested that the individual
platinum clusters had condensed together or that the gaps
were too small to be observed. The elemental analyses and 13C
(MAS) NMR spectra confirmed the presence of surfactant in
this material. No platinum oxide was observed by energy
dispersive X-ray spectra (EDS). Further heating of this
material at 120 �C for two days led to loss of the layered
structure and formation of an amorphous phase. While only
layered materials were formed, this study demonstrated that
metal carbonyl anions could be used as precursors to pseudo
metallic phases, the loss of CO and condensation of the walls
on thermal or photolytic treatment being related to the loss of
water and formation of metal ± oxygen bridges in the sol ± gel
synthesis of metal oxides.

5. Summary and Outlook

From the contents of this review it is clear that the area of
mesoporous non-silica materials has expanded significantly in
the last several years and that real-world applications of these
exciting materials may not be too far off. By offering
controlled porosity, large accessible internal surface areas
and void space, in combination with the variable oxidation
states of transition metals or semiconducting behavior of
sulfides and selenides, this class of materials possess many
crucial properties that hitherto have not been possible in
zeolites or mesoporous silicates. Already functional materials
in this class have been developed for use in photocatalysis,
fuel cells, catalytic oxidation, and reduction, while many other
applications are no doubt forthcoming. Moreover, the pro-
pensity for mesoporous transition metal oxides to act as
stoichiometric electron acceptors, which makes them obvious
candidates for cathodic materials, has allowed for the
exploration of new one-dimensional hole-doped molecular
metals with unusual electronic and magnetic properties not
observed in the bulk state of these materials, while the opto-
electronic activity of narrow band gap selenides and sulfides
may lead to development of improved materials for light-
harvesting devices. Since this area of porous materials is still in

its infancy it is clear that we are only witnessing the beginning
of what has already developed into one of the most active and
exciting areas of materials science.
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