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This article reviews the synthesis and characterization of nanoparticles and nanowires grown in ordered

mesoporous silicas (OMS). Summarizing work performed over the last 4 years, this article highlights the

material properties of the final nanocomposite in the context of the synthesis methodology employed.

While certain metal-OMS systems (e.g. gold in MCM-41) have been extensively studied this article

highlights that there is a rich set of chemistries that have yet to be explored. The article concludes with

some thoughts on future developments and challenges in this area.

Published by Elsevier Inc.
1. Introduction

Developing the ability to control material properties such as
composition, structure, and morphology at the nanometer scale
will lead to both intellectual advances in material design as well
as societal benefits through enabling of new technologies and
improvements in existing ones. In the last 10 years the field of
nanotechnology has witnessed an explosive growth. Take for
example the synthesis of nanoparticles, nanowires, and other
multidimensional nanostructures. Chemists now have the ability
to synthesize materials with highly tailored compositions,
chemical structures, and particle sizes. Thus nanoparticles are
beginning to make contributions and inroads into fields as diverse
as magnetic materials, biological sensing, and chemical warfare
agent sensing/destruction.

Ordered mesoporous silicas (OMS) are another class of
materials possessing unique properties at the nanoscale. since
their initial discovery by the Mobil labs in the early 1990s [1,2]
these materials have been heavily investigated [3–8]. These
porous solids have desirable properties including highly uniform
pore sizes in the 2–10 nm range that possess long-range order,
despite that the matrix material is amorphous silica. Originally it
was hoped that these materials would be large-pore versions of
zeolites, i.e. possess comparable thermal stability and acidity [9].
This would enable, among other things, the cracking of large
hydrocarbons too large to enter the pores of zeolites. While this
Inc.

hantz).
has not come to pass, OMS phases show considerable promise as
model supports for a variety of applications, as well as intriguing
possibilities as nanocontainers, wherein chemistry can be per-
formed to generate novel nanocomposites. The functionalization
of OMS materials, particularly chemical grafting of homogeneous
catalysts, and their use as catalyst supports is an active field of
study and has been extensively reviewed elsewhere [9–13]. OMS
have also been studied extensively for separations, drug release,
and a variety of other potential applications. The use of OMS
phases as containers for nanoparticle/nanowire growth is the
focus of this Review/Perspectives article. That these materials
possess uniform pores possessing long-range ordering, and that
the pore surface contains silanol groups facilitating well-devel-
oped silane chemistry for tuning surface properties makes these
materials in many ways model supports for assembling nano-
composite materials. Fig. 1 summarizes some of the basic
properties of the most frequently studied OMS phases and the
methods one can use to analyze them [13].

This contribution summarizes the generation of OMS-nano-
particle and -nanowire composites. While much of this work
originates from the catalysis community, works are beginning to
emerge where the inorganic phase occluded in the OMS pores has
applications beyond catalysis (e.g. magnetic, optical materials). In
this Review/Perspectives article, the literature since 2004 will be
reviewed, focusing on the synthesis of metal nanoparticles and
nanowires. Earlier works have been reviewed and summarized
elsewhere [14–17]. The review will emphasize the various
synthesis methodologies used to date, attempting to correlate
and understand how the material synthesis method impacts the
properties of the occluded phase. Also whether powders or films
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Fig. 1. Comparison of various properties of MCM-41 and SBA-15. Figure used from Ref. [13] with permission of the Institute of Physics.
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of OMS materials were used as the substrate will be noted. OMS
thin films are a potentially attractive matrix phase as they are
more amenable for device fabrication and also present a
straightforward means to orient the nanostructured material
formed. The article will conclude with the authors’ perspectives
on the future of this area, some unresolved problems facing the
field, and potential opportunities.
2. Metal nanoparticles in OMS phases

Most studies of OMS-nanoparticle composites have focused on
forming metal nanoparticles in OMS, particularly of late transition
metals such as silver, gold, platinum, and palladium. There are
several driving forces for this including their relative ease of
synthesis, the existing body of literature from the catalysis
community of metal particles on other substrates and their
catalytic relevance, particularly for platinum and palladium. Gold
is a relatively late arrival in the catalysis community. However,
gold colloids have been known for nearly 150 years from Faraday’s
work in the 1850s and were some of the early cluster phases
investigated in solution [18]. An additional driving force for
investigating gold particles on OMS came from Haruta’s lab when
in the early 1990s he showed that small gold particles were
catalytically active for a variety of reactions, most notably low-
temperature CO oxidation [19,20]. Each metal will be treated
separately and the results organized by the synthesis methods
used. Most investigations fall into one of three categories:
deposition/precipitation on the OMS support (also often referred
to as incipient wetness impregnation), direct synthesis wherein
the nanoparticle reactants are added to the OMS synthesis
mixture, or impregnation of preformed nanocrystals.
2.1. Gold

2.1.1. Post-synthetic deposition and other reagent impregnation

methods

Abhaya Datye and coworkers at the University of New Mexico,
along with collaborators in other labs, have published a series of
papers investigating the formation of gold nanoparticles in a
variety of OMS supports. This work has been very recently
reviewed elsewhere [21], so only a few key observations will be
made here. The methodology employed was to synthesize the
OMS phase, remove the surfactant via calcination, graft aminosi-
lanes to the OMS surface, and then impregnate the amine-
functionalized OMS with hydrogen tetrachloroaurate hydrate
solution, pH adjusted to 7 with 1 M NaOH. The target loading of
Au was 5 wt%. The samples were then washed with water, dried
under vacuum and reduced in flowing hydrogen at 200 1C. The
authors showed that OMS formed via aerosol formation posses-
sing coiled or wormhole-like pores resulted in increased gold
nanoparticle stability as compared to conventional MCM-41 with
straight pores [22]. This conclusion was based on both catalytic
testing of the materials for low-temperature CO oxidation and also
HAADF TEM which indicated the particles were larger in MCM-41
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Fig. 2. SEM imgaes of Au/SBA-12 materials: (a) SE image at 2 kV, (b) BSE images at 2 kV, (c) SE images at 5 KV, and (d) BSE images at 5 kV. The Au particles appear to be on

the external surface as there is no change in the number of particles observed with changes in the accelerating voltage. Figure used from Ref. [23] with permission of the

American Chemical Society.
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as compared to the aerosil phase. Subsequent work [23]
investigated the role of the OMS substrate on the composite
properties as several OMS phases including MCM-41, SBA-15, SBA-
11, SBA-12, and HMM-2 were investigated. HAADF STEM, TEM,
SEM, and BSE were used to analyze these samples. The authors
observed some structure sensitivity in that for a phase such as
SBA-12 and SBA-11 significant amounts of Au particles were
formed on the outer surface whereas this was not the case with
MCM-41. Fig. 2 shows an example of the SEM work performed.
The authors also investigated the occlusion of heteroatoms
(M ¼ Co, Fe, and Al at a Si/M ¼ 30) in the OMS framework to
observe what effect this had on Au nanoparticle stability [24]. The
main conclusion was that the inclusion of cobalt improved the
catalytic activity of the materials. Again numerous EM methods
were used to analyze the samples.

Work from Chao’s lab was based on a similar synthetic
approach. However, instead of amines Chao’s lab grafted
trimethoxypropyltrimethylammonium chloride silane ((CH3O)3

Si(CH2)3NH3
+Cl� [25,26]. The authors used electrostatic interac-

tions to complex the gold precursor (usually HAuCl4) to SBA-15
followed by reduction. In one report the authors looked at the
effect of pH during gold complexation [25] as well as the effect of
complete rinsing of the materials before gold reduction. Using
primarily X-ray absorption spectroscopy (XAS) the authors
showed that the pH of complexation affects the particle size
(higher pH, smaller particles) and at pH 8 the chlorine was
effectively displaced. In another work this group [26] studied the
effect of ethanol versus aqueous solutions for the gold impregna-
tion step. Using a variety of methods including UV–Vis spectro-
scopy, electron microscopy and XAS the authors characterized
both small (o10 nm) and larger (410 nm) particles. The former
were associated with the pore interior, the latter with the particle
external surface.

Nakamura et al. [27] have reported Au-OMS materials based
on a modification of their previously published reports for
synthesizing highly uniform mesoporous silica nanospheres
[28]. Here they report the synthesis of thiol-functionalized OMS
spheres, which were then treated with HAuCl4 in a mildly acidic
solution. Through multiple washings with dilute HCl the authors
report nearly all gold complexes on the exterior surface were
removed. Using a variety of methods including Raman spectro-
scopy, UV–Vis, and electron microscopy the authors verified the
formation of small Au particles (Fig. 3). These were some of the
most thoroughly characterized Au-OMS nanocomposites reported.

In addition to using organic ligands to complex gold other
works have reported taking pure silica OMS materials and
depositing a thin layer of titanium using sol–gel methods. This
was likely inspired by the catalysis work from Haruta’s lab that
demonstrated TiO2 supports facilitate high gold dispersion. These
materials are then impregnated with gold precursors. Bandyo-
padhyay et al. [29], using MCM-48 as a support phase employed
post-synthetic impregnation of tetrabutylorthotitanate in acetone
to achieve a material containing approximately 15 wt% titania.
This material was then impregnated with HAuCl4 �3H2O and the
pH adjusted to pH 7. Three cycles of such a treatment resulted in a
material with a gold loading of approximately 3 wt%. The
materials were characterized using numerous methods including
X-ray diffraction, TEM, and XAS as well as catalytic testing. Fig. 4
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Fig. 3. (a) SEM images of Au/thiol-functionalized OMS nanospheres. (b) EDX spectra of thiol-functionalized OMS nanospheres (upper) and Au/thiol-functionalized OMS

nanospheres (lower). (c) XRD pattern for thiol-functionalized OMS nanospheres (inset: small-angle XRD pattern). (d) TEM image of Au/thiol-functionalized OMS

nanospheres. (e) Adsorption spectrum for Au/thiol-functionalized OMS nanospheres dispersed in toluene. Figure used from Ref. [27] with permission from the Royal Society

of Chemistry.
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Fig. 4. k2-weighted Au LIII-edge absorption spectra of Au/TiO2-MCM-48, showing (a) the XANES compared to gold foil, (b) the measured w(k), (c) the model w(k) and (d) the

Fourier transform and model Fourier transform. Figure used from Ref. [29] with permission from Elsevier.
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shows the X-ray spectroscopy results. The two main conclusions
from the work were that the absence of light was essential to the
gold nanoparticle activity in CO oxidation, and that the particles
appeared resistant to sintering at elevated temperatures, consis-
tent with their inclusion in the MCM-48 mesopores. Yan et al. [30]
reported a somewhat similar approach forming layers of TiO2 on
SBA-15. Their gold impregnation approach is somewhat different
in that the pH was slightly higher than several reports (i.e. above
7). Relying primarily on TEM the authors claimed to have formed
very small, 0.8–1.0 nm, Au particles in SBA-15.
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Fig. 5. TEM images of Au/MCM-48 obtained using supercritical CO2 pressures of (a) 7 MPa, (b) 10 MPa, and (c) 12 MPa. Figure used from Ref. [33] with permission of Wiley

VCH.
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Studies have also reported the synthesis of Au nanoparticles
without any special surface modification of the OMS phase. Kan
et al. [31] used a classic impregnation/reduction approach to
make gold particles on OMS monoliths. Using primarily optical
spectroscopy and TEM the authors showed that formation of
nanowires or spherical nanoparticles depended on the annealing
conditions. High-temperature annealing favored spherical parti-
cles whereas low-temperature annealing favored wires. In this
work many of the particles appeared to be on the outer surface of
the material based on TEM/SEM. Tsung et al. [32] investigated
gold particle/wire formation in OMS fibers using a simple
impregnation/reduction scheme. Using X-ray diffraction, UV–Vis
spectroscopy, and TEM the authors showed that the preparation
method, particularly the degree of sample dehydration prior to
reduction and reduction conditions, can be used to manipulate
whether spherical particles or ellipsoids were formed. Their
conclusions were generally in line with Kan and coworkers. It
was also noteworthy that the authors showed that the major axes
of the ellipsoids could be oriented in different directions with
respect to the fiber axis by manipulating the OMS fiber
nanostructure. Chatterjee et al. [33] have shown a fairly unique
approach using MCM-48 as a substrate that resulted in the ability
to easily control the size of the Au nanoparticles formed. In their
work the HAuCl4 and OMS mixture were heated to 70 1C and
pressurized with 2 MPa of hydrogen, at which point CO2 was
injected at pressures between 7 and 12 MPa. The most interesting
result, shown in Fig. 5, was the clear inverse relation between
particle size and CO2 pressure. It seemed likely that the particles
formed at lower pressures were on the external surface of the
MCM-48 given they are much larger than the pore size.
2.1.2. Direct synthesis methods

Several labs have also employed direct synthesis methods,
wherein the gold precursor is added directly to the synthesis
mixture. Akolekar and Bhargava [34] added the gold salt (not
identified) directly to the MCM-41 synthesis mixtures; the
materials had target Si/Au ratios of 27 and 230. The materials
were subsequently calcined to generate the gold nanoparticles. No
reduction step was described in the work; consistent with that
numerous methods including XPS and XAS indicated the gold was
in a variety of oxidation states. Glomm et al. [35] reported the
synthesis of Au-OMS nanocomposites using (i) in situ growth of
nanoparticles during OMS synthesis, (ii) template loading where
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preformed 5 and 10 nm Au colloids were added to the OMS
synthesis, and (iii) diffusion loading where preformed 5 and
10 nm Au colloids were added to the OMS after synthesis. They
concluded that in all three cases the majority of the Au particles
were on the OMS exterior surface, but with the fraction residing
internally being higher in cases (i) and (ii). King et al. [36] used a
liquid crystal templating approach to form metal nanoparticle
(including Au) OMS composites. In their work a true H1 phase was
formed using the surfactant C12EO8, metal salts and water. XPS
indicated the gold particles formed were Au0 and TEM indicated
many of the particles were formed in the OMS pores. This work
was extended, as described below, to bimetallic systems.

2.1.3. Impregnation with preformed nanocrystals

In addition to the work by Glomm et al. [35] other groups have
reported Au-OMS composites using preformed Au nanocrystals.
Gupta et al. [37] have reported the uptake of Au nanocrystals 2 nm
in diameter into SBA-15 materials. Using TEM and nitrogen
porosimetry the authors showed that the majority of the
nanocrystals were inside the mesopores, in contrast with the
Fig. 6. Proposed mechanism for the formation of Pt wires in HMM-1. Figure used

from Ref. [41] with permission of the American Chemical Society.

Fig. 7. Synthesis scheme for the preparation of Pt/MCM-41 composites employed by Kr

Chemical Society.
findings of Glomm et al. [35]. This was ascribed to the use of
supercritical CO2 as the media for nanoparticle impregnation.
Also of note this paper nicely summarizes some of the previous
work in the area of impregnating OMS phases with preformed
nanocrystals.
2.2. Platinum

2.2.1. Post-synthetic deposition and other reagent impregnation

methods

Several labs have also investigated the synthesis of platinum
nanocrystals in OMS materials. Chao et al. [38], for instance, used
a functionalized MCM-41 material similar to Ref. [25] to form
platinum nanoparticles and networks after reduction. Additional
work from Chao’s lab [39] has extended this approach to cubic
MCM-48 materials. The authors showed TEM images indicating
that nanoparticles, rods, tripods, and wire networks can be
formed in the MCM-48 pores. The authors claimed that changes
in the morphology of the metal were due to differing solvent
contents during impregnation, though the details in the paper
were fairly sparse. Chytil et al. [40] have used deposition–preci-
pitation methods to prepare platinum nanoparticles in SBA-15.
The materials formed were compared to those made using typical
wet impregnation methods. The authors found that the depos-
ition–precipitation method on whole led to smaller particles and a
higher fraction of the particles forming in the SBA-15 pores.
Sakamoto et al. [41] have reported the formation of nanoparticles
and nanowires in HMM-1. The unique feature of this work was
that the authors showed that using the same wet impregnation
method very different nanostructures could be formed using
different reduction methods. The authors showed that nanowires
formed when UV light (100 W, 250–600 nm) was used for the
reduction and nanoparticles were formed when typical reduction
procedures (H2 gas, 673 K) are used. Fig. 6 shows a mechanism
proposed by the authors for the photochemical reduction. In a
subsequent paper [42] the same researchers extended this to
FSM-16.
2.2.2. Direct synthesis methods

The reports of Pt-OMS materials via direct synthesis methods
are sparse. The paper by King et al. [36] above describing direct
synthesis of gold nanoparticles also discusses Pt-OMS materials
as well. Krawiec et al. [43] have reported the fabrication of
MCM-41/Pt composites by adding the platinum precursor to the
synthesis mixture (Fig. 7). The particles are formed in situ during
the surfactant calcination. Using a variety of methods the
authors show the particles selectively form in the MCM-41 pores.
awiec and coworkers. Figure used from Ref. [43] with permission of the American
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Fig. 8. STEM images of Pd/SBA-15 sample viewed along (a) and perpendicular to

(b) the axis of the hexagonally arranged mesopores. Figure used from Ref. [56]

with permission of the American Chemical Society.

Q. Wang, D.F. Shantz / Journal of Solid State Chemistry 181 (2008) 1659–1669 1665
The authors also show that this concept works for a variety of
other metals and metal oxides.

2.2.3. Impregnation with preformed nanoparticles

In contrast to work described above for gold, there are several
reports of forming composites via addition of preformed nano-
particles. Chytil et al. [44] have reported work forming Pt
nanoparticles via reduction of platinum salts in the presence of
the triblock copolymer used to make SBA-15 (Pluronic P123).
These particle–polymer complexes were then used in the SBA-15
synthesis. Using multiple characterization methods the authors
reported that a fraction of the particles are occluded in the SBA-15
mesopores.

Collaborative work between Somorjai’s and Yang’s labs at UC
Berkeley has led to a series of papers reporting on the synthesis of
platinum nanoparticles in OMS materials. In one report [45]
platinum nanoparticles between 1.7 and 7.1 nm in size were made
by alcohol reduction and stabilized with PVP. These particles were
incorporated into the SBA-15 support using low-power sonication.
Numerous methods were used to characterize the particles,
including catalytic testing. Konya et al. [46] have reported a
follow-up to this study. In another report by Song et al. [47]
platinum nanoparticles were mixed with Pluronic P123 (SBA-15
template), TMOS, and NaF, as the synthesis pH was near neutral as
compared to typical SBA-15 syntheses which employ acidic
conditions. The results indicated a high fraction of particles were
occluded in the pores of SBA-15. In a follow-up paper to this work,
Rioux et al. [48] reported an extension of the work by Song and
coworkers using platinum nanocrystals of different morphologies
to study this effect on reactivity.

2.3. Palladium

2.3.1. Post-synthetic deposition and other reagent impregnation

methods

Many of the works reported on palladium/OMS composites
have been motivated by catalyst design for the Heck and Suzuki
reactions and partial or selective liquid phase hydrogenations of
alkenes and alkynes. In general terms many of the same
conceptual themes observed above for gold and platinum are
found to hold for palladium as well. Behrens and Spittel [49]
reported the synthesis of Pd-MCM-41 composites using a
Pd8(CO)8(PMe3)7 cluster which, upon mild thermal treatment,
decomposes to yield Pd nanoparticles. The authors compared this
composite to Pd-MCM-41 samples made using other methods and
showed that the carbonyl precursor led to the smallest particles.
Das and Sayari [50] reported the synthesis of pore-expanded
MCM-41 and its use for forming Pd nanoparticles using borohy-
dride reduction. Using TEM/STEM the authors claimed the
majority of the particles were located in the OMS pores. Li et al.
[51] reported that SBA-15 grafted with trimethoxysilane could be
subsequently treated with palladium acetate in THF to yield
palladium nanoparticles in SBA-15. There is little characterization
of the resulting composite material beyond XPS and catalytic
testing. Jiang and Gao [52] have reported Pd nanoparticles formed
in SBA-15/PAMAM dendimer composites using the PAMAM
dendrimer as a template. Marin-Astorga et al. [53] reported Pd/
OMS materials using a variety of OMS substrates (HMS, MSU-X,
and MCM-41). TEM and H2 chemisorption indicated most of the
particles, formed by impregnation of Pd(acac)2 in toluene
followed by drying and reduction in hydrogen, were below 4 nm
in size. The work by Fukuoka et al. [54] described above has also
been extended to palladium systems.

There have also been reports in the case of palladium of
selectively forming nanoparticles in the micropores of SBA-15.
One report by Yuranov et al. [55] using conventional impregnation
methods claimed to selectively form Pd nanoparticles in the
micropores of SBA-15 (located in the pore walls). However the
evidence for this was minimal. Recent work by Yang et al. [56]
presented much stronger evidence for selective incorporation of
Pd nanoparticles into the micropores of SBA-15. Numerous
methods, most notably STEM images (Fig. 8) were used to make
a strong case that the Pd particles do not occupy the mesopores of
SBA-15.
2.3.2. Direct synthesis methods

Han et al. [57] reported the synthesis of Pd/SBA-15 by inclusion
of palladium salts in the synthesis mixture under a reducing
environment. This work is similar to the work done by Krawiec
et al. [43] above. Based on XRD (Scherrer equation) and TEM
results the authors claimed the particles were in the SBA-15 pores.
Mastalir et al. [58] report the formation of Pd/MCM-41 using two
different direct synthesis methods. In one approach the nanopar-
ticles were formed by mixing surfactant with the palladium salt,
and after aging was added to the MCM-41 synthesis mixture. The
other approach was to not age the surfactant palladium salt
mixture prior to silicate addition. The authors reported that the
former method led to Pd particles primarily on the outer surface
of the MCM-41 particles, whereas the latter led to Pd particles
occluded in the MCM-41 pores.
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2.3.3. Impregnation with preformed nanoparticles

Demel et al. [59,60] have reported two works where preformed
palladium nanoparticles (thermochemical reduction of palladium
(II) acetate in propylene carbonate or in THF) were impregnated
into MCM-41. Nitrogen adsorption indicates a significant reduc-
tion in pore volume after particle impregnation. However, TEM
images were inconclusive about the location of the particles and
no particle size distributions were given.
2.4. Other metals

2.4.1. Iron

Two papers [61,62] have reported the synthesis and character-
ization of iron nanowires via impregnation of iron pentacarbonyl
followed by decomposition using UV irradiation in vacuum and
subsequent reduction in hydrogen. TEM and electron diffraction
were used to estimate the nanowire size and crystallinity. SQUID
was used to measure the magnetic properties of the samples. It
was observed that higher reduction temperatures led to smaller
nanowires that possessed higher coercive forces values (up to
80 Oe at room temperature).
2.4.2. Bismuth

The Holmes’ lab in Ireland has reported the synthesis of
bismuth nanoparticles/nanowires in SBA-15-type materials [63].
The authors used triphenylbismuth in supercritical or near
supercritical toluene to load the bismuth precursor into the
OMS powder. The mixture was then heated to between 523 and
673 K to decompose the triphenyl bismuth compound into
nanoclusters. The work reported numerous methods to demon-
strate formation of bismuth nanowires, and it was observed that
the highest loadings of bismuth were achievable when the
reaction conditions were near the critical point of toluene.
Fig. 9. HR-SEM images showing the channels with Co filled hexagonal arrangements

arrangements that are nor parallel to the pore wall and originate in corners. The arrow

figures. Figure used from Ref. [65] with permission from Wiley VCH.
2.4.3. Germanium

The Holmes’ lab has also reported the synthesis of germanium
nanowires in OMS thin films and anodized aluminum oxide (AAO)
membranes. Similar to the work described above the authors used
decomposition of an organogermanate compound (diphenylger-
mante) in supercritical CO2. The nanocomposites were thoroughly
characterized using methods including conductive AFM to probe
the electrical properties of the nanowires formed. In contrast to
the work reported for bismuth, no description was given about
controlling wire formation by changing decomposition conditions,
however, the conductive AFM results showed the germanium
nanowires were conducting and indicated a high degree of
uniformity in terms of individual nanowire behavior. A recent
paper from the same lab [64] demonstrated that using the same
synthesis approach for powder OMS samples one can change the
germanium nanowire diameter by changing the pore size of the
OMS matrix. Numerous characterization methods including
adsorption, EM, and X-ray spectroscopy supported this conclusion
as well as the fact that elevated melting temperatures as
compared to bulk germanium were observed.
2.4.4. Cobalt

Rice et al. [65] have also used the same OMS film/CO2

supercritical fluid inclusion method described above to make
cobalt nanowires. Besides using cobalt as the inclusion method
the work reported also utilized lithographically patterned surfaces
upon which to grow OMS films wherein the pores are aligned
parallel to the etched channels (Fig. 9). The authors reported these
films had slightly different properties as compared to films
previously reported by these labs. Again, numerous characteriza-
tion methods including diffraction, scattering, and microscopy
were used to characterize the films and the wires in the OMS
pores. In the work reported cobalt carbonyl was used as the metal
precursor.
of pores. (b) The boxed area in (a). The areas circled in (c) and (d) show pore

shows an area similar to a grain boundary. The scale bar represents 100 nm in all
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Fig. 10. (a) Z contrast STEM (planar view) of MPS infused with Ir-TOAB, (b) out of focus view of (a), (c) top down view of (a), and (d) TEM micrograph of MPS infused with Ir-

TOAB nanocrystals without any pretreatment. Scale bars (a–c) are 10 nm. Figure used from Ref. [67] used with permission from the American Chemical Society.

Fig. 11. HRTEM images of bimetallic nanoparticles encapsulated in mesoporous silicates: (a) PdAu, (b) PtCo, and (c) PdRu. Figure used from Ref. [70] used with permission

from the Royal Society of Chemistry.
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2.4.5. Other systems

Some of the works reported do not fit nicely into any of the
categories above. For instance, a recent publication of collabora-
tive work between the Holmes and Bein labs [66] demonstrated
the formation of a variety of metallic (Au, Pt, Pd) and conducting
(Ge) nanowires formed in OMS phases synthesized in AAO
membranes. The unique feature of this work was not the methods
employed to generate the metal nanostructures, but rather the
integration of the composite (AAO-OMS) ceramic membrane as a
substrate. Gupta et al. [67] have reported the formation of
iridium-SBA-15 composites by impregnating preformed Ir nano-
crystals into SBA-15 using toluene/supercritical CO2. Both the
precursor materials (Ir nanocrystals and SBA-15) as well as the
nanocomposite are thoroughly characterized and those results,
including Z contrast STEM shown in Fig. 10, indicate the
nanocrystals are primarily in the mesopores.
3. Bimetallics

By contrast to the reports of single metal nanoparticles, there is
a relative dearth of literature in the area of bimetallic compounds.
Beyond the early work from Thomas’ lab [17,68,69] reporting
bimetallic particles formed via decomposition of mixed metal
carbonyl precursors, the literature in this area is sparse. Based on
some of the reports below the authors believe this area is rich for
future studies.

King et al. [70] reported the synthesis of several bimetallic
nanoparticle systems in OMS using the liquid crystal templating
described above. The authors emphasized in particular the
formation of PtCo, PdAu, and PdRu as for these systems elemental
composition (by EDX), TEM, adsorption and diffraction data were
reported (Fig. 11). Also the magnetic properties of the PtCo system
were reported. While it appears the nanoparticles formed are not
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Fig. 12. Isothermal magnetization versus field hysteresis loops measured at 2 and 300 K for FePT OMS nanocomposites (left) formed under oxidizing conditions and

reduced at 1050 1C and (right) formed under reducing conditions and reduced at 750 1C. Figure used from Ref. [71] with permission from Wiley-VCH.

Q. Wang, D.F. Shantz / Journal of Solid State Chemistry 181 (2008) 1659–16691668
of the quality observed in many solution phase syntheses, the
approach clearly has promise. Kockrick et al. [71] reported the
synthesis of FePt particles made by simple incipient wetness
impregnation of iron and platinum salts followed by reduction.
The resulting materials were characterized using diffraction,
microscopy, and Mössbauer spectroscopy and shown to be fct-
FePt nanocrystals. The authors claimed the OMS matrix stabilizes
the nanocrystals formed. Magnetic data for these materials is
shown in Fig. 12. In work conceptually similar to that by Thomas’
lab, Schweyer-Tihay et al. [72] used NEt4[Co3Ru(CO)12] clusters to
form nanoparticles in MCM-41. The authors observed that thermal
treatments below 270 1C result in pure Ru and Co nanoparticles
(i.e. no bimetallics). At higher temperatures alloying was observed
with increasing temperatures leading to increasing Ru content in
the nanoparticles, ultimately reaching a 3:1 Co:Ru stoichiometry.
The magnetic measurements performed, along with XRD facili-
tated observation of this behavior.
4. Non-metals

In addition to work on metal nanoparticles, there are
numerous reports of metal chalcogenides, most notably ZnS,
CdS, and ZnSe. The investigation of these materials, while
extremely interesting, has been sufficiently reviewed elsewhere
[73–75]. There are also numerous reports of metal oxide clusters
OMS phases which have similarly been reviewed previously.
However, one area that has been only sparingly investigated is the
synthesis of supported metal carbide/nitride/phosphide clusters
on OMS. A recent report by Hu et al. [76] reports on the formation
of tungsten carbide clusters in SBA-15 formed via reduction of
tungsten oxide precursors. Finally, while outside the time range
surveyed here, it is noteworthy that there is a report of Co2P
nanoparticles formed in OMS materials via grafting of a phosphine
complex followed by decomposition [77]. The lack of literature in
this area will be discussed in more detail below.
5. Future prospects, challenges, and opportunities

As one can see the catalysis community has been the driving
force behind work in this area. The consequence is that the bulk of
the effort has been on using powders as a support, a focus on late
transition metal particles, and the reliance of catalytic testing to
evaluate metal properties, at times at the expense of other
analytical methods. Homogeneity of the supported metal phase
will prove crucial as the field moves to areas such as optical/
magnetic materials.

Advances in the ability to synthesize high-quality thin films of
OMS phases will also usher in new possibilities. For example,
recent works from the Hillhouse lab at Purdue demonstrate that
the ability to fabricate OMS films with interconnected pores
reproducibly offers new opportunities [78,79]. The development
of robust synthesis methods for OMS thin films holds great
opportunities for advances in the construction of more complex
materials that will be relevant in fields potentially including
optics, ion-conductors, and magnetic materials. In this context the
works from Holmes’ lab reviewed above are particularly note-
worthy and moving towards this end.
5.1. Challenges and opportunities

Homogeneity of the occluded nanoparticles/wires is still a
considerable challenge. The work reviewed above indicates that
supercritical fluid-based impregnation methods, both of reagents
and preformed particles, seem to lead to the most homogeneous
materials. Expanding this to loadings where true pore filling is
achieved to fabricate wires will likely prove challenging. It seems
probable that many of the ‘‘simple’’ impregnation schemes will
lead to non-selective metal deposition on the outer surface of the
OMS phase at high loadings. One possibility would be to use a
combined scheme of direct synthesis methods to deposit an initial
metal particulate phase in the mesopores, followed by a super-
critical impregnation step to achieve high loadings.

The main opportunities in this area would appear to be two-
fold. First, the relative dearth of nanostructured phases beyond
simple late transition metals and metal chalcogenides (e.g. ZnS,
ZnSe) indicates that there is still a rich amount of chemistry that
has been unexplored. The relatively few papers on bimetallic or
binary nanoparticles are consistent with this point. The future will
likely see a dramatic increase in this area given that the catalytic
properties of bimetallic particles are of significant interest. The
unique magnetic properties of, for instance the FePt phases, will
also spur growth in this area. It should also be pointed out that
while these materials will likely display interesting properties,
their characterization will prove non-trivial. Second, there is still
considerable scope for developing devices based on OMS
film—nanowire composites. While this second opportunity is a
longer-term problem than the first one, at a minimum it should
lead to a wealth of basic scientific information about how metal/
metal chalcogenide and other nanostructured phases behave in a
solid matrix.
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