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Following the discovery of ordered mesoporous molecular sieves
MCM-41,1 zeolites and other silicate/aluminosilicate mesoporous
materials attracted considerable attention.2 Thereafter, many other
non-silica oxide mesoporous materials have been reported.3 Me-
sostructures with mixed oxidation states may be synthesized for
metals with partially filled d-shells, which can be used as versatile
systems for redox catalysis and battery applications. Mixed oxida-
tion state mesoporous manganese oxides have recently been
synthesized by means of the oxidation of Mn(OH) in a template of
aqueous cetyltrimethylammonium bromide cationic surfactant mi-
celles.4 Toroidal mesoporous molybdenum oxide with mixed V and
VI oxidation states was also prepared by aging the as-synthesized
dimeric molybdenum ethoxide complex with a bridging dode-
cylimido group as the structure-constructing block at 90°C.5

The macroscopic morphology of mesostructured materials was
an important feature in considering their practical applications, such
as in optoelectronic devices. Many efforts have been made to control
the morphology of mesoporous silica-based materials.6 However,
very little study has been focused on the morphological control of
mesoporous transition metal oxides, which are expected to have
unique optoelectronic and photocatalytic properties over silica mate-
rials.7 Here we report a convenient procedure for the morphogenesis
of highly ordered mixed-valent molybdenum oxide mesostructures
with well-defined shapes,without involving the use of amphiphilic
surfactantsor the preparation of metal alkyloxide precursors.

The yellow peroxomolybdenum precursor solution (1.0 M) was
prepared by dissolving molybdenum metal powder in 30% H2O2.8

Poly(ethylene oxide) (PEO) homopolymer, instead of amphiphilic
block copolymer surfactants, was selected as a structure-directing
agent and a reducing agent. A yellow molybdenum precursor
solution and a PEO solution were mixed at a molar ratio of [Mo]:
[EO] (ethylene oxide repeating unit)) 1:5. The mixed solution
was then exposed to ultrasound irradiation for 12 h without cooling
so that a temperature of about 70°C was reached at the end of the
reaction. After sonication, the reaction solution became dark blue,
and finally blue precipitates appeared in the bottom of the reaction
vial. The precipitates were washed several times with large amounts
of water, centrifuged, and dried under vacuum at room temperature.

An X-ray diffraction (XRD) pattern of the as-prepared molyb-
denum blue precipitates from PEO with a molar mass of 1× 105

g/mol (PEO-100K) is shown in Figure 1a. Unlike the XRD patterns
reported previously for other mesoporous materials, in which only
a few reflection peaks were detected, the pattern in Figure 1a
showed more than 60 well-resolved reflections, covering a wides
range from 0.19 to 2.4 nm-1 (scattering vectors ) 2 sinθ/λ, with
2θ being the scattering angle). All these reflections can be indexed
on a primitive cubic cell with lattice constanta ) 5.1 nm. The
large number of well-resolved reflections allows them to be
distinguished unambiguously between body-centered and primitive
cubic due to the absence of the 71/2, 151/2, 231/2, ... reflections. The
appearance of very high order reflections and the first-orderd

spacing of 5.1 nm indicated that the obtained blue product was an
extremely ordered mesostructured material. We have previously
observed materials with similar XRD patterns in a synthesis not
involving sonication after very long reaction times.9 Figure 1b,c
shows transmission electron microscopy (TEM) images of meso-
structured molybdenum oxide from PEO-100K recorded along the
[100] and [110] zone axes of the mesostructure, respectively.
Parallel-aligned mesoscale channels with a spacing of about 5 nm
were clearly observed. The channels were to arrange in a square
lattice, with mesopore and wall diameters both being about 2.5 nm.
This TEM finding is fully consistent with the XRD result.

Scanning electron microscopy (SEM) images of precipitated
molybdenum oxide samples from PEO solution with different PEO
molar masses are shown in Figure 2. We can see that the final
product is composed of very uniform particles both in size and in
shape, which are closely related to the molecular chain length of
the polymer used during preparation. With a short-chain polymer
additive, loosely assembled polyhedral particles with an average
size of 2µm were obtained (Figure 2a, PEO-400), partially due to
the poor structure-directing ability of short-chain molecules. Upon
increase of the molar mass of PEO to 4.6× 103 g/mol, ball-like
structures were obtained with an average diameter of 3µm (Figure
2b, PEO-4600). After the molar mass of PEO was further increased
to 1 × 104 g/mol, both ball-like morphology (average diameter of
3 µm) and well-shaped polyhedral morphology (average size of
600 nm) coexisted in the final product (Figure 2c, PEO-10K), due
presumably to partial degradation of PEO chains upon sonication.
The polyhedral particle is a rhombic dodecahedron with 12 well-
defined crystal faces (also see Figure S1 in the Supporting
Information), which can be described as a truncated cube. When
the molar mass of the applied PEO reached 1× 105 g/mol, uniform
cubic particles (∼400 nm) with sharp edges and corners were
obtained exclusively (Figure 2d). Upon further increases in the
molar mass of PEO to 6× 105, 1 × 106, or 5 × 106 g/mol, only

Figure 1. (a) XRD pattern of as-prepared blue molybdenum oxide from
PEO-100K. TEM images of extracted molybdenum oxide from PEO-100K
recorded along the [100] (b) and [110] (c) zone axes.
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cubic morphologies with a uniform size of∼400 nm were obtained.
It should be noted that all these samples prepared from PEO with
different molar masses showed exactly identical XRD patterns,
indicating the existence of the same basic structure unit despite
their differences in the assembled morphology of the final products.
While the presence of polyol additives (small molecules like
ethylene glycol and glycerol) did not yield any structured materials,
the color of the reaction solution changed to dark blue after
sonication, indicating the essential role of long polymer chains in
the formation of assembled morphology.

The presence of the PEO homopolymer plays two roles in the
formation of mesostructured materials: (1) it acts as a weak
reducing agent to partially reduce Mo(VI) to Mo(V) or Mo(IV);
(2) the chain length of PEO controls the morphology of the final
product by possibly forming crown ether-like PEO-Mo complexes.
The reduction of Mo(VI) was observed as the color change of the
reaction solution from yellow to dark blue during sonication. If no
PEO was added, the final product was yellow molybdenum oxide
monohydrate (MoO3‚H2O) crystals.

The reducing ability of PEO has been reported in the formation
of gold and silver particles.10 Multivalent metal species could be
bound to the pseudo-crown ether cavities (formed by coiled PEO
molecules) through weak coordination bonds and then reduced. In
this case, the Mo(VI) precursor was bound to the oxyethylene
groups of a long PEO chain through coordination interaction. The
resulting Mo-PEO complex was then reduced and assembled into
specific shapes during ultrasonic irradiation. As to the morphological
control of the final product over the molar mass of PEO as shown
in Figure 2, one possibility could be the viscosity effect of the
reaction solution due to the different molar masses of polymer, or
the molecular chain length of PEO could determine the overall shape
of Mo-PEO complex that controlled the morphology of the final
product. To prove this point, we carried out another set of
experiments, increasing the concentration of low molar mass PEO
([Mo]:[EO] ) 1:20), decreasing the concentration of high molar
mass PEO ([Mo]:[EO]) 2:5), or mixing both low and high molar
mass PEO at 1:1 by weight (total [Mo]:[EO]) 1:10). The SEM
results show that increasing the concentration of low molar mass
PEO did not lead to the formation of cubic morphology, and
decreasing the concentration of high molar mass PEO could not
lead to the formation of ball-like or polyhedral morphologies (Figure
S1). The presence of both low and high molar mass PEO in the
reaction solution leads to the formation of mixed ball-like and cubic
particles in the final product. These results indicated that the

viscosity of the reaction solution was not a factor controlling the
morphology of the final product. However, the molecular chain
length played a key role in determining the assembled morphology
of the product through the formation of PEO-Mo complex with
slightly different network structures according to the molecular
chain length of PEO. On the other hand, decreasing the concentra-
tion of PEO results in the formation of fibrous molybdenum trioxide
monohydrate crystals besides the mesostructured molybdenum oxide
cubes or polyhedrons (Figures S2b and S2c, Supporting Informa-
tion), due to the insufficient amount of PEO as the reducing agent.

Thermogravimetric analysis (TGA) was used to determine the
average oxidation state of the molybdenum atom by comparing the
weight loss difference of the TGA curves recorded in N2 atmosphere
(final form: MoOx) and air atmosphere (final form: MoO3),
respectively. The relative weight loss difference in air and in
nitrogen (4.7%) corresponded to the relative weight gain of the
transformation from MoOx to MoO3, from which we obtained a
value of 2.4 forx. This mixed-valent oxidation state of IV, V, and
VI corresponds to an average oxidation state of 4.8 for molybdenum
in the mesostructure, and is fully consistent with the result obtained
from cerimetric titration.

A nitrogen adsorption-desorption isotherm was measured to
check whether the mesopores were open and accessible. A
diagnostic type IV isotherm with very little hysteresis was observed
(Figure S2).11 The Brunauer-Emmett-Teller (BET) surface area
was found to be 212 m2/g, which is the highest surface area
observed for synthesized molybdenum oxide materials. The average
mesopore diameter was about 2.4 nm, calculated by the Barrett-
Joynes-Halenda (BJH) method, very close to that seen in TEM
images. The small amount of hysteresis suggested that the pores
were very uniform and there was very little obstruction of the
channels in the mesoporous morphology, allowing for the almost
reversible adsorption and desorption of nitrogen to take place.
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Figure 2. SEM images of mesostructured molybdenum oxides prepared
from PEO with different molar masses: (a) PEG-400, (b) PEG-4600, (c)
PEG-10K, (d) PEO-100K ([Mo]:[EO]) 1:5). The insets show high
magnification images.
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