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MoO, sub-micro sheets have been synthesized in a large scale on silicon substrate with MoO3; and C
powders as raw materials using a novel chemical vapour deposition method. The lengths and widths of
MoO,, sheets are in the range of several to dozens micrometers, and the thickness of MoO, sub-micro
sheets is ~200 nm. Transmission electron microscopy and high-resolution electron microscopy show that
the MoO, sheets are of single crystal with a monoclinic structure. The sheets exhibit fluorescent emis-
sions at 304.4, 343.5 and 350.6 nm when the 220 nm light excitation is applied at room temperature, and
the emissions result from some defects and the electron transition between valence band and conduc-
tion band. UV-vis spectrum shows the MoO; sub-micro sheets have absorption peaks between 200and
300 nm and the emissions should be attributed to the defect states of MoO,. Furthermore, the band-gap is
estimated to be approximately 4.22 eV. The growth mechanism of the two-dimensional MoO, sub-micro
scale sheets is also discussed.
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1. Introduction

Transition metal oxides are large family of materials possess-
ing various unique properties such as superconductivity, colossal
magneto resistance, and piezoelectricity [1-3]. Among them,
molybdenum dioxide possesses metallic electronic property, high
melting point and is expected to be widely applied in the fields
of catalysts, sensors, recording materials, and electrode materi-
als [4-8]. Up till now, many methods have been employed to
synthesize different morphologies of MoO,. MoO; powder is tradi-
tionally prepared by reducing molybdenum trioxide with hydrogen
at high temperature [8,9]. Yang et al. synthesized MoO, by reduc-
tion of MoO3 with ethanol vapor. Manthiram et al. [10] and Liu
et al. [4] have reported the preparation of MoO, powders by a
reduction process in solution reaction routes. Liang et al. [11] syn-
thesized different morphological MoO, nano-sized particles by a
low temperature hydrothermal reaction. Porous and hollow spher-
ical MoO, were synthesized by a hydrothermal reaction [7,12].
The one dimensional nanostructures of MoO, can be synthesized
by carbon nanotubes templated growth [13], thermal evaporation
[14-17] and some other methods [18]. For example: Zhou et al.
[14] prepared large-scale MoO, nanowire arrays by thermal evap-
oration of Mo boat. Suemitsu et al. [19] synthesized MoO, hollow
fiber on a Mo substrate heated with an acetylene-oxygen combus-
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tion flame. However, there are few reports about the preparation
of the two dimensional MoO;, nanostructures. Yang et al. [20]
obtained Tremella-like structured MoO, consisting of nanosheets
via a Fe;03-assisted hydrothermal reduction of MoOs in ethylene-
diamine aqueous solution.

Here, we report a novel method to synthesize MoO, sub-micro
sheets by chemical vapor deposition using MoO3 and C powders
as reaction sources. Detailed morphology, structure and chemical
composition analysis of the sheets are presented. Optical properties
and growth mechanism are discussed.

2. Experimental details

The synthesis of MoO, sub-micro sheets was based on a hori-
zontal tube furnace system. Starting materials used in this study
were MoO3 powders and graphite powders. The silicon substrate
was first washed using hydrofluoric acid and then cleaned using
alcohol in an ultrasonic cleaner to remove impurities from the
substrate surface. Three alumina boats (named A, B, C), loaded
respectively with 5g MoO3 powders, 1g graphite powders, sil-
icon substrate (20mm x 10 mm x 1 mm) were pushed into the
constant temperature zone of the furnace. Then the high-purity
N, gas was introduced into the tube. Following that, the fur-
nace was heated to 850 °C (heating rate: 6 °C/min) and maintained
for 2h, and the sample cooled to room temperature inside the
furnace.

The morphology of the products was characterized by scan-
ning electron microscopy (SEM, JSM-6360LV, 20 kV); the phase of
the product was identified by X-ray diffraction (XRD, D/max 2550
VB with Cu Ka radiation); the structure of the MoO, sheets was


dx.doi.org/10.1016/j.jallcom.2011.01.089
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:yuehui@mail.csu.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.01.089

X. Liu et al. / Journal of Alloys and Compounds 509S (2011) S408-5411 S409

Fig. 1. (a) SEM image of the product from B boat, (b and c) different magnification SEM images of the sheet on the silicon substrates and (d) side view of the sheet.

analyzed by transmission electron microscopy (TEM, JEM-2100,
200KkV).

The optical properties of the as-synthesized MoO, sheets were
measured on a fluorescence spectrophotometer (F-2500) under the
excitation wavelength of 220 nm. The wavelength range is from
250 nm to 430 nm in our study and the scan speed is 300 nm/min.
The slits width was adjusted to 5nm. The UV-vis spectrum is
obtained on a UV-vis spectrophotometer (TU-1800PC). The width
of spectral band is 2 nm, and the scanning range is from 200 nm to
1100 nm. The sampling interval is 1 nm.

3. Results and discussion

Fig. 1(a-d) product taken from B boat and Si substrate. From
Fig. 14, it is observed that the morphology of the product on top
of the graphite in B boat is powdered particle. Fig. 1(b-d) shows
typical images of the sheets grown on the substrate, showing that
the sheets are large-scale and well separate from each other, and
also reveal that the MoO, sheets are square, uniform with a thick-
ness of ~200 nm and lengths of ~30 um. Fig. 2(a and b) presents
the corresponding XRD pattern of the collected products from B
boat and Si substrate, respectively. All diffraction peaks can be
comprehensively indexed by the monoclinic MoO, structure with
lattice parameters of a=0.5607 nm, b=0.4859 nm, c=0.5537 nm,
B=119.37(JCPDS: 32-0671), indicating that the products both from
B boat and Si substrate are pure MoO, phase. However, there are
also some remarkable differences between the two XRD patterns:
the intensity of all the diffraction peaks of Fig. 2a is well consistent
with the standard pattern, while in Fig. 2b, the diffraction peak of
(=202) is the strongest, also revealing that the sheets have pre-
ferred orientation in [—101]. Fig. 3a shows the typical TEM image

of the as-synthesized MoO, sub-micro sheets. It is observed that
the sheets have a uniform thickness and a shape of rectangle. Fur-
ther structural characterizations were carried out by HRTEM and
SAED (Fig. 3b and its inset). From the clear crystal lattices, we can
see that the MoO, sheets are single crystal. Two sets of orthogonal
parallel lattice fringes with spacing of 0.49 nm and 0.28 nm are cor-
responding to (02 0)and (10 1) atomic planes of monoclinic MoO,,
respectively. These crystal parameters are well consistent with that
from the XRD data. It can also be regarded that the MoO; sheets may
grow along two perpendicular directions: [010] and [10 1] to form
2D sheets.
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Fig. 2. (a) XRD patterns of the product, (a) from B boat, (b) from the silicon substrate
of the C boat.
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Fig. 3. (a) TEM image of a single MoO, sheet. (b) The HRTEM image, inset is the corresponding SAED pattern.

Based on the above-reported experimental results, we proposed
that the formation of MoO, sub-micro sheets were governed by a
chemical vapor deposition process which can be divided into two
steps:

(a) Itis well known that MoO3 begins to evaporate at temperature
higher than 600°C [21]. Therefore, firstly, as A boat is heated
above 600 °C, MoOs3 begin to evaporate and this process would
quickly take place after it is heated above its melting point
(795°C). Then when the furnace is holding at 850 °C, the vapor
pressure of MoOs is up to 3.12 kPa, and plenty of gaseous MoOs3
carried by N, gas react with the graphite located in B boat:

MoOs(v) + C(s) — MoO, + CO(v) (1)

According to the systematic calculation data of Gibbs free
energy [18], the chemical reaction (1) can happen sponta-
neously to give rise to solid MoO, rather than gaseous MoO-. So
we observe some MoO, resultant with morphology of particle
on the top of graphite in B boat.

(b) Secondly, following the N, MoO3 vapor continues to flow and
react with the gaseous CO coming from reaction (1) and also
generate solid MoO, on Si substrate. The reaction is

MoO3(v) + CO(v) — MoO;(s) + CO5(v) (2)

So MoO, solid phase produced by reaction (2) nucleated and
grew into MoO, sub-micro sheets. Therefore, the vapor solid
mechanism is likely responsible for the growth of MoO, sub-
micro sheets in our experiment. It is well known that during
crystal growth from the vapor, the super saturation degree of
atom in the gaseous phase or vapor pressure of growth species
has an important effect on the morphology of the grown crys-
tal. With the increase of the gaseous source concentration, the
grown crystal will in turn take the form of a one-dimension
fiber, two-dimension plate, block and eventually a spherical
particle [22]. Specifically, in our study, gaseous MoO3 with big-
ger supersaturation on the top of boat B closed to boat A loaded
with MoO3 powder reacted with graphite and obtained MoO,
particle, while on the top of boat C, the contention of gaseous
MoOs3 decreased due to the large distance from boat A and the
morphology of the product is sheet-like. So, the crystal nucleus
grow into 2D sheets instead of 3D crystals or 1D whiskers maybe
due to the moderate gas pressure of the reactant gas making
the product nucleate in two dimensional and grow into sheets.
So, the different morphologies of the resultants were mainly
dependent on the concentration of the reaction gas.

According to the Wulff facets theorem [23], a crystal formed at
equilibrium has to be bounded by facets, giving a minimum total
surface energy. For monoclinic MoO,, the close-packed plane is
(010),and (101) can be the second closed-packed plane for mon-
oclinic MoO5;. So (010) and (101) facets have larger surface area
and lower surface energy, resulting in the preferred growth along
[010] and [101] directions [24]. Hence, the resultant morphology
of the crystals is sheet-like with minimum total surface energy.

The PL properties of the as-synthesized MoO, sheets were mea-
sured using a Xe lamp (150 W) as the excitation source at room
temperature. Fig. 4 shows the emission spectrum. It is found that
when the excitation wavelength is 220 nm, the emission peaks of
the as-synthesized MoO, sheets consist of three UV emissions at
308 nm (4.1eV), 346 nm (3.6eV) and 397 nm (3.1 eV). At the same
time, the emission of the single Si substrate is provided for compar-
ison with MoO, sheets and no obvious emission peak is observed
for a bare Si substrate. Thus, the possibility of emission peaks from
the substrate is ruled out.

In order to investigate the luminescence mechanism of MoO,
sheets, the optical gap of MoO, was measured by UV-vis spec-
trophotometer. The absorption spectrum of the MoO, was recorded
in the wavelength range of 200-1100 nm at room temperature. The
absorption coefficient « was calculated as a function [25] of the
photon energy E from the absorption UV-vis spectrum.

(ahv)? = B?(hv — Eg) (3)
—M002
- -+ Si substrate

5
s
=
w
=
g
£
|
o

ORI i TR e e

240 280 320 360 400 440

Wavelength/nm

Fig. 4. PL spectrum of MoO, sub-micro sheets (solid —) and the Si substrate (dash
-..) excited at 220 nm at room temperature.
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Fig. 5. UV-vis spectra of MoO; sub-micro sheet, the insert is the plots of (Ahv)? vs
photon energy.

hv is photon energy, « is absorption coefficient, B is a constant
related to the material. Eg is optical band-gap. The absorptivity A is
proportional to absorption coefficient, and according to the formula
and the absorption spectra, a graph of (Ahv)? versus hv was plot-
ted as Fig. 5(insert). A linear rise near absorption edge indicates
direct allowed transitions. Extrapolation of the straight-line por-
tion to the zero absorption (o =0) yield an Eg-value of 4.22 eV. The
optical gap depends on the stoichiometry and structure of the Mo
oxide investigated, a range of Eg-values have been reported in the
literature for Mo oxide films [26-30] depending on the deposition
method, deposition parameters, and film treatment [29]. Mohamed
etal.[26] reported the optical band-gap of molybdenum oxide films
was in the range of 2.64-2.69eV and increased slightly with the
increasing oxygen partial pressure. Lee et al. [30] obtained the Eg
ranging from 3.0 to 3.5 eV according to the treatment methods of
the MoOs film. It should also be noted that there are some uncer-
tainties in the band-gap estimates using the Tauc method due to
the nanograin structure [30]. While this value is very close to one
of the UV emissions obtained at 304.4nm (4.1eV). So, this emis-
sion is likely to be attributed to the direct transition of electron
between band and band, and the other two emissions may due to
some defect states such as oxygen vacancies or the localized states
in the band gap due to impurities, which are very common among
metal oxides, such as ZnO [31] and WOy [32,33]. Also, it is difficult
to avoid the generation of other Mo oxides during the reaction pro-
cess, so the emissions may also result from the few other oxides.
The literatures about luminous performance of the Mo oxides are
insufficient and this will be discussed further.

4. Conclusions

In summary, large scale MoO-, sub-micro sheets with monoclinic
structure have been prepared by a novel chemical vapor deposition
using MoO3; and C powders as raw materials. The products grow
into 2D sheets maybe due to the moderate pressure of the reaction
gas. The as-synthesized MoO, sub-micro sheets exhibit UV emis-

sions at 304.4nm, 343.5nm and 350.6 nm and UV-vis spectrum
shows they have absorption peaks between 200 and 300 nm and the
band-gap of the MoO, sub-micro sheet is 4.22 eV. The fluorescent
emissions resulted from some defects and the electron transition
between valence band and conduction band.
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