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Synthesis of Molybdenum Oxide Nanoplatelets
during Crystallization of the Precursor Gel from Its
Hybrid Nanocomposites

Guan Wang,* Yuan Jif Lihua Zhang} Yimei Zhu
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same interest is the peculiar layered structure-do0s,20-2

the most common form of crystalline molybdenum oxides,
which offers rich intercalation chemistry. Efforts have been
devoted to the preparation of ordered hierarchical arrange-
ment of organie-inorganic composites with layeredMoO;

as the host materid#-2* Conversion of crystalline Mo©
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Nanostructured metal oxides with reduced dimensionality

(nanotubes? nanowires;* nanorods;® and nanobelf$) and

their applications have been attracting considerable attention
Characterized by their high aspect ratio, nearly perfect
crystallinity, structural anisotropy, and small tip radii of

curvatures, nanostructured oxides are expected to hav
remarkable optical, electrical, magnetic, and ionic transport
properties:® 11 Therefore, fabrication of crystalline metal

oxides with lowered dimensionality can often lead to
innovative properties and applications. However, it is still a
challenge to explore new approaches to tailor the dimen-
sionality and geometry of the oxides with high crystallinity

and purity.

As a wide band gap n-type semiconductor, molybdenum
oxide (MoQ;) is one of the most intriguing transition metal
oxides®? It has been widely used in industry as photochromic

and electrochromic devicé%!4gas sensors,and catalyst$?

In addition, it has been found to be a good precursor for the

synthesis of many other important compouftid? Of the
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method and subsequent thermal treatment have also been
realized?® To our best knowledge, there is still no report on
the morphological organization of molybdenum oxide syn-
thesized directly from its amorphous state with a high
purity.

Sol—gel chemistry is widely used to synthesize a variety
of nanostructured oxides based on the polymerization of
molecular precursors via wet chemical meth&dghe

‘hydrolysis reaction of appropriate alkoxides often results in

the formation of oxides with amorphous or metastable phases,
which are not produced by other synthesis routes. In addition,
the mild chemical conditions allowed by the sgjel process
provide a versatile access to form hybrid orgatimorganic
nanocomposites. The degree of interpenetration of the organic
and inorganic components can be adjusted from the sub-
micrometer range down to the nanometer séale.

Herein, we report on a simple method that has successfully
realized the shape-controlled growth of crystalline molyb-
denum oxide. Large scate-MoO3; nanoplatelets have been
yielded without the use of any catalyst. This method exploits
the combination of the surfactant/inorganic self-assembly
process and host/guest intercalation chemistry to obtain
anisotropic crystallization of the molybdenum oxide directly
from its amorphous gel. A model has been proposed to
explain the formation mechanism of the two-dimensional

Juwang@ (2D) MoG; nanoplatelets. This method is effective, easily

controllable and may be applied widely for the production
of other 2D nanostructures.

The molybdenum oxide gel was made by using molyb-
denum isopropoxide (Mo(Ofl;)s, Chemat) as the precursor,
which was dissolved into 1-butanol to form a 0.2 M solution.
After mechanically agitating for 5 min, the solution was
ultrasonicated fo2 h and then aged in a closed container
for 24 h. A clear blue gel was obtained after aging. The
typical blue color indicated the coexistence of different Mo
oxidation states, whose relative amount and evolution at
elevated temperatures depend on the material typafoom.
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5 image of the nanoplatelet and the corresponding SAED (inset).
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Figure 1. SEM images of the Mo®nanoplatelets under magnifications -
of (a) 30 K and (b)80 K, (c) EDS pattern of the nanoplatelets (Si peak g
originated from the substrate), and (d) XRD of the nanoplatelet sample on g
Si. =
3

the other hand, poly(ethylene oxide) (PEO, molecular weight =
= 400 000, Aldrich) was dissolved in ethanol by continu-
ously stirring at 50°C to form a viscous solution with a
concentration of 0.05 g/mL. This solution was mixed with 25°C
the molybdenum oxide sol in the volume ratio of 1:1. —
Nanocomposite film was formed on the Si substrate by the 10 20 30 40 30 60

dip-coating method. The film was left in air for 3 days. The 26 (degrees)

same dip-coating process was repeated three times. A fu”yFigure 3. Representative in situ XRD patterns showing the dynamic
. . s structure evolution of the nanoplatelets from the hybrid nanocomposites.
hydrolyzed film was obtained. Then the composite film was

calcine_d up to 500C at a hef';lting rate of ZC/min, to obtain Figure 2a presents a typical TEM image for a single MoO
crystallized molybdenum oxide and remove the polymer. The . qiatelet. The nanoplatelet showed a uniform contrast,

samples were characterized with a field emission scanning, pich ig 4 general feature of all individual nanoplatelets.

electron _micro_scope (FESEM, LEO 1550) equipped Wi,th The selected area electron diffraction (SAED) pattern of the
energy dispersive X-ray spectroscopy (EDS), high-resolution g5 5516 \was recorded perpendicular to the planar facet (see

transmission electron microscopy (HRTEM, JEOL JEM riq e op inset). The pattern agreed well with the [010] zone
3000F), and X-ray diffraction (XRD). The in situ XRD data s giffraction of the orthorhombic MoQas reported in
were recorded using a position sensitive detector (PSD) Wh'lethe literaturet129We employed SAED on different parts of

heating the sample within the X-ray beam from 2510 he sample. The same SAED patterns were observed,
525°C. implying that the nanoplatelet is single crystalline. HRTEM
FESEM images showed that as-prepared products aftefimages of the sample showed two sets of parallel fringes
calcination were mainly composed of nanoplatelets with with a spacing of 1.98 A and 1.85 A, corresponding to (200)
regular shape, as illustrated in Figure 1a,b. Most nanoplateletsand (002) planes, respectively (see Figure 2b). HRTEM
have nearly rectangular shape abott2lum across. The indicated a high degree of crystallinity of the sample, while
thicknesses of the nanoplatelets range from tens of nanom+there was still some disorder, which might be induced by
eters to around 100 nanometers. The energy dispersivethe existence of oxygen vacancies.
spectrum for samples deposited on the Si wafer confirmed  1¢ ynderstand the dynamic structure transformation of the
that the nanoplatelets consisted only of oxygen and molyb- 100, nanoplatelets from their nanocomposites, in situ XRD
denum (see Figure 1c). The XRD pattern of this sample \y5s carried out by using synchrotron X-ray as the incidence
provided clear evidence of the crystalline structure (see peam. A continuous phase transformation has been observed.
Figure 1d). The diffraction peaks could be readily indexed typical diffraction patterns at specific temperatures have
to the orthorhombic phase of M@@Pbnm JCPDS no. 05-  peen shown in Figure 3. The XRD pattern of the nanocom-
0508) with the lattice parameteas= 3.962 A,b = 13.858  posites was recorded at 26. Two broad peaks near 19
A, andc = 3.697 A. For a sample deposited on Si wafer, and 23 came from characteristic diffraction of semicrys-

much stronger diffraction intensities have been found from t5)jine PEO. As temperature increased above the glass
the (kO) peaks, suggesting the anisotropic growth of the

nanoplatelets. The preferential orientation in the [010] (29) Xia, T. A Li, Q.: Liu, X. D.; Meng, J. A.; Cao, X. QJ. Phys. Chem.
direction is due to their planar geometry. B 2006 110, 2006.
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tallites immediately, which were still surrounded by polymer
chains. The in-plane crystal growth of Mg@@volved the
formation of Mo—O bonds with a large energy release during
this process. Meanwhile, the inter-plane region was inter-
calated effectively by the polymer surfactant. Since crystal
growth in the inter-plane direction has to overcome the
intercalation effect of the polymer, it is not energetically
preferred. At 500°C, PEO decomposed completely, and
crystalline orthorhombic Mo®formed with an anisotropic
geometry.

Several factors can affect the growth of the MoO
nanoplatelets from the hybrid nanocomposites, including the
sol—gel concentration, type and concentration of polymer,
heating rate and temperature, and so forth. We have
demonstrated that other polymer surfactants, such as poly-
(vinyl pyrrolidone) (PVP), can play the same role as PEO
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Growth of the MoO: crystallites in the

[010] direction was hindered by PEQ (see Supporting Information). Similar Mganoplatelets
Figure 4. (a) Layer structure ofi-MoOs and (b) proposed crystallization have t?ee'f‘ produced without changing any other conditions.
process for the formation of Mafhanoplatelets. Investigations of the effects of other factors are in progress.
transition temperature of PEO (8&), no diffraction peak In summary, we have successfully synthesized MoO

was observed, implying an amorphous characteristic of the "anoplatelets from the molybdenum oxide -sgél and
hydrolysis product from the seigel precursor. Three broad polymer hybrid nanocomposites. All the nanoplatelets showed
peaks occurred at 270C. They could be indexed to @ lowered dimensionality in the [010] direction. Detailed
monoclinic MoQ (P21/c, JCPDS no. 78-1072). According TEM analysis revealed that the nanoplatelets were single
to the full width at half-maximum of the peaks, the crystalline Crystal of flat face with good crystallinity. In situ XRD
size was calculated to be around 10 nm. An obvious phaselllustrated the dynamic structural formation of the orthor-
transformation from monoclinic MoOto orthorhombic hombic MoQ nanoplatelets. The function of polymer as the
MoO; started from 300°C. A mixture of two phases was surfactant and intercalation material during the crystallization
found from the in situ XRD pattern. Some weak peaks which Of the layer structure of Moghas been discussed, interpret-
could not be indexed were believed to be from the interme- INg the preferential growth of the nanoplatelets from the
diate compounds during the transition. A pure orthorhombic N@nocomposites. This method may be applied to the growth
phase was obtained at 43G. This phase was stable up to of low dimensional structures of other materials with layered
500 °C, indexed to the same-MoO; structure Pbnm structure.

JCPDS no. 05-0508) as in Figure 1d. Preferential diffraction _ _
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