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Abstract

MoOj; submicron belts and MoO, submicron spheres have been synthesized by a polyethylene glycol-assisted hydrothermal method.
XRD and SEM images of the products illustrate that MoO; submicron belts are about tens of micrometers in length and several
hundreds of nanometers in diameter. The products are gradually changed from belt-shaped MoOs; to spherical MoO, with increasing
polyethylene glycol as both protective and reducing agent. The products exhibit good responses to acetone and ethanol.

© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Gas sensors based on transition metal oxide semicon-
ductors have been widely used in gas monitoring and
emission detection [1,2]. It is well known that the gas
sensor properties of the semiconductor gas sensors are
influenced not only by the gas sensing materials but also by
the morphology and size of the particle [3,4]. Recently,
inspired by the superior properties of low dimensional
nanomaterials, synthesis of these semiconductor nanopar-
ticles with one-dimensional (1D) or zero-dimensional (0D)
microstructures are of current interest [5-8]. However, the
works on transitions between zero-dimensional and one-
dimensional microstructure are still insufficient. Therefore, it
is desired to develop a suitable route to prepare 0D and 1D
microstructure materials and investigate their morphology-
dependent properties.

Molybdenum oxides mainly include MoO, and MoOs,
which have many advanced applications as catalysts, photo-
chromic and electrochromic materials, photo-catalysis, and
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lithium-ion battery [9-12]. MoOs, as an n-type semiconduc-
tor, has been proven to be a highly sensitive material for the
detection of both reducing and oxidizing gases [13,14].
Many works related to the gas sensing properties of
MoO; have been reported [15,16], however, gas sensors
based on MoO, have seldom been reported on, and their
sensing mechanism remains unclear. A great deal of work
has been concerned with the synthesis of molybdenum
oxide. Zach et al. developed an electrochemical method for
the growth of MoO; nanowires on a stepped graphite
surface [17]. Traditionally, MoO, are made by the reduc-
tion of MoOj3 with H, at elevated temperatures. Hu and
co-workers [18] synthesized MoO, nanorods by reduction
of MoQOj; nanobelts in an H, atmosphere at 550 °C for
1.5h. Hydrothermal methods involving the reduction
of MoO; to MoO, provide a new approach to synthesis of
nano-materials under mild conditions, which offers various
morphologies and easy control. To control the shape of final
crystals, some assistant agents such as inorganic acid [19],
polymers [20] and surfactants [21] were used as structure-
directing agent in the hydrothermal or solvent-thermal
process. Although there are a lot of successes in the synthesis
of molybdenum oxide nanoparticles, it is still indispensable to
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develop a facile and rapid method to prepare MoO; and
MoO, with special morphologies.

In this article, we report the synthesis of MoOj; sub-
micron belts and MoQO, submicron spheres by a hydro-
thermal method using polyethylene glycol (PEG400) as an
assistant agent. It is found that the PEG400 plays a vital
role in controlling the morphology and phase behavior of
the final hydrothermal products. PEG400 is not only
acted as a reducing agent and solvent, but also as the
structure-directing agent for the formation of MoO,
submicron spheres. This facile PEG-assisted hydrothermal
method provides the opportunity to investigate the transi-
tion from 1D to 0D microstructures. The gas sensors based
on molybdenum oxide particles show a high response
to ethanol and acetone, even at low concentrations and
temperatures.

2. Experimental

All the chemical reagents used in the experiment were of
analytical grade. The detailed synthesizing process is as
follows: 1 g of (NH4)sM070,4 - 4H,O was put into 10 ml of
deionized water, 10 ml (5ml or O ml) of PEG400 was
introduced into the aqueous solution, resulting in a
solution. Several milliliters of 3 M HCI was rapidly added
under vigorous stirring, giving a transparent sol. After
10 min of stirring, the mixture was transferred into a
100 ml Teflon container, which was filled with distilled
water up to 80% of the total volume, sealed and hydro-
thermally treated at a constant temperature of 180 °C for
48 h. After the reaction completed, the resulting solid
products were centrifuged, washed with distilled water
and ethanol for more than six times to remove the ions
possibly remaining in the final products, and finally dried
at 60 °C in air for 60 min.

The obtained samples were characterized by x-ray
diffractometer (XRD) using a Rigaku D/max-ga x-ray
diffractometer at a scanning of 2°min~' in 26 ranging
from 10° to 80° with Cu Ka radiation (1=1.54178 1&). The
transmission electron microscopy (TEM) analysis was
conducted on a model Hitachi H-600 with an accelerating
voltage of 100 kV. The scanning electron microscopy
(SEM) images were obtained on LEO 1450VP.

Preparation of gas sensors: the gas sensors were prepared
by coating a proper paste of MoO, or MoO; sub-
microstructrure dispersed with ethanol on alumina ceramic
tubes printed with two Au electrodes. After the evapora-
tion of ethanol, the alumina ceramic tubes were coated by
a layer of homogenecous MoO, film. A small Ni-Cr alloy
coil was inserted into the tubes as a heater, which was able
to provide the working temperature from 80-500 °C for
the gas sensors. Before the measurement, the sensors were
aged at 300 °C for 3 days to achieve stabilization. The gas
sensing measurements were performed in a testing system
of WS-30 A (Zhengzhou Winsen Electronics Technology
Co. Ltd., PR China).

3. Results and discussion

The overall reaction of the system we used is usually
thought to be as follows:

(NH4)sMo0-0,4 (aq.)+6HCI (aq.) > 7MoO3 (s)+6NH4CI
(aq.)+3H,0 (aq.)

It is well known that PEG400 can be used as dispersant
or protective agent in the hydrothermal system [20,22].
Meanwhile, PEG400 may also act as a reducing agent in
the hydrothermal process, which can be confirmed by the
following experimental results. The overall reaction can be
simplified as follows:

MoO; (s)+ HOCH,[CH,OCH,],CH,OH (aq.)— MoO, (s)+
HOOC[CH,OCH,],COOH (aq.)

Fig. 1 shows typical XRD patterns of the sample
obtained with different volume ratios (absolute PEG400/
distilled water, V/V) at 180 °C for 48 h. The XRD image
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Fig. 1. XRD patterns of the products obtained at 180 °C for 48 h in

aqueous solution with different volume ratios (absolute PEG400/distilled
water, V/V): (a) 0:10; (b) 5:10 and (c) 10:10.
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suggests that in the absence of PEG400, only MoO; is
obtained, which is consistent with the values in the
standard card (JCPDS 76-1003), Fig. 1(a). XRD patterns
of the samples prepared in the presence of PEG400 are also
given in Fig. 1(b—c); all the reflectance peaks could be
indexed to a MoO, phase (standard card JCPDS 76-1807),
which were suggesting that MoO; phase was entirely
transformed into MoO, phase. No diffractions raised from
impurities appear in the XRD patterns, indicating that
PEG400 may act as a reducing agent in the system.

The averaged crystallite sizes D were determined from
the XRD pattern according to the Scherrer equation
D=kA/p cos 0, where k is a constant (shape factor, about
0.9), 4 is the x-ray wavelength (0.15418 nm), f is the full
width at half maximum (FWHM) of diffraction line, and 0
is the diffraction angle. The calculated crystallite sizes of
powders (from (a) to (c)) were 36, 28 and 23 nm, respec-
tively. This suggested that the crystallite sizes decreased
with the increase of PEG400.

Typical SEM images which confirm that PEG400 can
work as a protective agent are shown in Fig. 2. When
PEG400 is not used, belt-shaped products were obtained
(Fig. 2(a)). The products have uniform belt-morphologies
with diameters of 200-300 nm and lengths up to several
micrometers. When PEG400 (absolute PEG400/distilled
water, V/V, 5:10) was introduced to the hydrothermal
system, spherical particles products (Fig. 2(b)) were pro-
duced besides belt-shaped products. The diameters of the
spherical particles were in the range of 1-3 pm. The higher
magnification SEM observation (shown in the inset graph)
indicates that those spheres are aggregated from smaller

nanoparticles. When the volume ratio of PEG400 to
distilled water was increased to 10:10, homogenous sub-
micron spheres were obtained, with diameters ranging
from 100 to 150 nm (Fig. 2 (¢)).

The obtained MoO, products are further characterized
by TEM. Fig. 3(a) shows the TEM image of typical belt-
shaped MoOj; nanostructures which is in consistence with
the SEM observation. The belt-shaped MoO; particles
overlap on each other, forming relatively wide belts with
width of about 200-300 nm. However, when 5ml of
PEG400 is added to the reaction system, submicro-sized
or micro-sized spherical particles are produced besides
belt-shaped products (Fig. 2(b)). With the increase of
PEG400 added to the solution, all of the belt-shaped
particles disappear and only highly uniform submicro-
sized spherical particles are obtained (Fig. 3(c)). Of
particular interests, the MoO, submicron spheres under
the radiation of electrons are also be composed of many
particles with sizes of about 2040 nm, indicating that such
submicron-scale sphere is aggregated from nanoparticles.
Such kind of self-assemblies of nanoparticles is probably
due to the decrease of surface energy of the system. TEM
and SEM images suggest that the ratio of PEG400 to
distilled water in the initial solution plays a significant role
in determining the final morphologies of MoO,. particles.

The finely homogeneous and well-crystallized particles
with regular spherical morphologies are probably formed
through a mechanism similar to those proposed for the
formation of La(OH)3; or WOs5 - 2H,O nanocrystals [23,24].
According to this mechanism, PEG400 plays the role of a
structure-directing agent to control the growth rate of

Fig. 2. SEM images of the samples prepared at 180 °C for 48 h in aqueous solution with different volume ratios (absolute PEG400/distilled water, V/V):

(a) 0:10; (b) 5:10; and (c) 10:10.

Fig. 3. TEM images of the samples prepared at 180 °C for 48 h in aqueous solution with varied volume ratios (absolute PEG400/distilled water, V/V):

(a) 0:10; (b) 5:10 and (c) 10:10.
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Fig. 4. Real-time gas responses to (a) ethanol and (c) acetone of the sensors fabricated from belt-like MoO; a mixture of MoO, submicron belts and
submicron spheres (M0O,-1) and spherical MoO, (M00,-2) at operating temperature of 370 °C. Sensing response of the sensors to (b) ethanol and (d)

acetone as a function of gas concentration.

nanoparticles in different directions. Molybdenum oxide is
an anisotropic material, and one-dimensional belt-shaped
products are easily obtained under hydrothermal condi-
tions. PEG400 can be adsorbed on the surface of the
crystallites, forming a protective layer to hold back the
growth rate of molybdenum oxide particles. Meanwhile,
PEG400 may act as a reduction agent in the hydrothermal
process. With the increase of PEG400, the structure-
directing effect of PEG400 becomes more obvious, and
the products change from belt-shaped MoO; to spherical
MOOz.

The gas sensing performance of the as-obtained MoO,-
based products is investigated using ethanol and acetone as
the model gases as shown in Fig. 4. Fig. 4(a) shows typical
isothermal response curves of MoOsz- and MoO,-based
sensors to ethanol vapor with concentrations from 20 to
1000 ppm in ambient air. It can be seen that the resistance
of the sensors immediately increases upon exposure to
ethanol, and reversely drops to the initial values in air.
After repeated switches between the test gas and air, the
resistance still decreases to the original state, indicating
that the sensors have good repeatability and reversibility.
The sensors response is defined as the ratio of R, to R, (R,/
R,), in which R, is the resistance in air and R, is the
resistance in the gas. The ethanol sensing response (Fig. 4(b))
shows a step increase for all the three sensors with increasing
the ethanol concentration. Among them, the spherical
MoO»-based sensor shows the highest response of 80.8 to
1000-ppm ethanol compared to that of 64.1 for belt-like

MoOs3 and that of 50.1 for the mixture of MoQO, submicron
belts and submicron spheres. Fig. 4(c) shows dynamic sensing
curves of the sensors to acetone at 370 °C. The sensor based
on belt-like MoO; exhibits significant sensing magnitudes
over the other two sensors. Correspondingly, the acetone
response (Fig. 4(d)) of the belt-like MoOj is 36.7 at a
concentration of 1000 ppm, which is higher than that of
17.5 for spherical MoO; and that of 15.2 for the mixture of
MoO, submicron belts and submicron spheres. Moreover,
this result indicates that belt-like MoOs shows more sensitive
to acetone than spherical MoQO,, although the latter has
higher responses to ethanol than the former. These selective
responses to different gases provide an opportunity for the
fabrication of MoO,-based sensors with high selectivity.

4. Summary

In summary, a simple hydrothermal method was used to
prepare MoO; submicron belts and MoO, submicron
spheres. The shape and phase of the MoO,-based products
can be controlled with the aid of PEG400. This work may
explore a possible direction to synthesize spherical pro-
ducts in the solution-based approach. The gas sensing
results show that the MoOs; and MoO, crystallites have a
high sensor response to acetone and ethanol, respectively.
It is sensitive to ethanol and acetone at low temperature,
thus presenting very important features for practical use.
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