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a b s t r a c t

We reported a facile, environmentally friendly, in-situ growth and economic thermal oxidization method
for growing large area, flexible and aligned a-MoO3 microsheets arrays (MMAs) on Mo foil. The surface
morphology, and cross-sectional images show that the size of rectangle and height of a-MoO3 micro-
sheets arrays increase with increasing oxidization temperature, and these arrays are strongly adhering to
Mo substrate. The aligned a-MoO3 microsheets arrays have a preferential (100) orientation of the
crystallites. Additionally, this kind of MMAs demonstrates the excellent flexibility. Based on it, a simple
temperature sensor was developed through interdigital electrodes and presented the high-performance
temperature sensing property, demonstrating it would be a good potential in variety of flexible inorganic
semiconductor microdevices as well as tiny integrated devices.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Molybdenum trioxide (MoO3), as a typical transition-metal ox-
ides, has recently gained increasing interests owing to its unique
layered structure, rich chemistry associated with multiple valence
states, high thermal and chemical stability [1e5]. It is an excellent
candidate in a variety of applications, such as catalysts [4], gas
sensors [6], lithium-ion batteries [7], field emission [8,9], ele-
trochromic and photochromic devices [10,11]. In general, there are
three kinds of polymorphs for MoO3, namely, thermodynamically
stable phase of orthorhombic a-MoO3, two metastable phases of
monoclinic b-MoO3 with ReO3-type structure and hexagonal h-
MoO3 [12]. Moreover, the unique functional performance of MoO3
are closely associated with its crystal structure, morphology and
dimension. Up to now, the nanostructures of MoO3 with different
morphology, including nanorods [6], nanoparticles [4,13], nano-
tubes [14], nanobelts [7,8,10,15], nanowires [9], nanofibers and
nanoplatelets [16], had been fabricated by a variety of synthesis
methods. Representatively, Chithambaraj et al. [13] and Hu et al.
[14] had successfully synthesized MoO3 nanoparticles and nano-
tubes by a hydrothermal method. Additionally, Li et al. [8] and Cai
et al. [12] demonstrated the a-MoO3 nanobelts by using infrared
irradiation heating method and flame synthesis technique.
Furthermore, Zhou et al. [9] had reported the preparation of the a-
MoO3 nanowires by using a thermal evaporation method under
vacuum conditions on Si substrates. Also, Li et al. [8] prepared
MoO3 nanobelts on a Si wafer via directly oxidizing a Mo foil, at
ambient atmosphere, by infrared irradiation heating. Ding et al. [17]
synthesized MoO3 nanobelts andmicroballs by thermal oxidization
of Mo wires with the temperature range from 500 to 1200 �C in an
ambient atmosphere.

However, these synthesis methods have their limitations. For
examples, the hydrothermal method needs the relatively complex
synthesis processes, the flame synthesis method need inflammable
and explosive gas (CH4 þ H2) as fuels, and the thermal evaporation
method require the use of catalysts and substrates or vacuum
condition. In recent years, there is no report about in-situ synthesis
of large area flexible aligned MoO3 microsheets arrays (MMAs) via
directly oxidizing the Mo foils at ambient atmosphere with the
method of thermal oxidization. Furthermore, with the rapid
development of portable and wearable electronics, this kind of
flexible inorganic semiconductor devices, owing to their remark-
able advantages such as light weight, mechanical flexibility,
portability, and design freedom [18,19], will be applied in displays
[20], energy storage devices [21,22], gas sensor devices
[18,19,23,24], and ultraviolet detectors [25,26].

In present work, we report a facile and effective in-situ prepa-
ration method of flexible MMAs by directly oxidizing molybdenum
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(Mo) metal in ambient condition. In comparison with the other
synthesis methods, the method of thermal oxidation is much
simple, economical, environment friendly and convenient for large
quantity production. Moreover, based on it, we developed a simple
and high-performance temperature sensor through interdigital
electrodes, evidently presenting the potential applications for the
flexible inorganic semiconductor microdevices as well as portable
tiny integrated devices.
Fig. 2. The schematic structure of the MMAs temperature-sensor. The photograph of
temperature sensor is upright.
2. Experiments

The in-situ fabrication of aligned MMAs was based on thermal
oxidization of Mo metal in an ambient condition with different
temperature. Fig. 1a sketches the aligned MMAs on the Mo foil. In
this experiment, a Mo foil (12 � 8 � 0.1 mm, in Fig. 1b) was heated
in ambient atmosphere from room temperature to 400 �C, 500 �C,
and 600 �C at a heating rate of 5 �C min�1 and then kept at the
corresponding temperature for 90 min. The large area aligned
MMAs (in Fig. 1c) product was obtained after the furnace was
naturally cooled to room temperature. Uniquely, the Mo foil was
placed in the alumina boat (60 � 30 � 15 mm), which completely
covered with the same size of alumina boat for limiting oxygen
concentration. From Fig. 1, it can be clearly found that a gray layer
on the Mo foil in Fig. 1c, indicating that the surface of the Mo foil
had already been oxidized.

The morphologies of the samples were examined by SEM (FEI-
Quanta 200, Philips, Netherlands). The crystal structure phases of
the as-obtained products were characterized by X-ray diffraction
(XRD, X'PertPro, Philips, Netherlands). The main parameters of XRD
are as follows: Cu Ka radiation was used, the X-ray generator was
operated at 40 kV and 40 mA. Data sets were collected within the
range of 10e70� with the scanning speed of 0.02�/s at room
temperature.

Copper, as the interdigital electrodes of MMAs thin films, was
deposited on the substrate by Physical Vapor Deposition (PVD).
Firstly, put the copper and MMAs (1.2 � 1.5 cm) into the vacuum
chamber, and the distance between the target and the substrate
was 15 cm. Subsequently, the vacuum chamber was pumped down
to a pressure of 8 � 10�4 Pa. The electrodes evaporated from the
Fig. 1. The schematic structure (a) of flexible aligned a-MoO3 microsheets arrays and
the before (b) and after (c) oxidization of the Mo foil.
copper target had been deposited on the MMAs for 15 min. Finally,
the samples were carefully taken out. The sketch and photograph
(upright) of as-prepared temperature sensor are shown in Fig. 2.
3. Results and discussion

Fig. 3 shows the X-ray diffraction spectra of MMAs oxidized at
different temperatures. All of the MoO3 thin films can be indexed to
an orthorhombic a-MoO3 phase (JCPDS card No. 05-0508) [5] with
the lattice constants of a ¼ 3.962 Å, b ¼ 13.858 Å, c ¼ 3.697 Å and
Pbnm space group, and no impurities peaks from any other impu-
rities were detected by XRD, which indicting the high purity of the
products. Three prominent peaks of XRD patterns appear at
23.339�, 45.759�, 46.319�, corresponding to the (110), (200) and
(210) planes, respectively. Moreover, with the increasing oxi-
dization temperature of from 400 �C to 600 �C, the XRD pattern
presents the fine controllability. The intensity in the (110) plane
becomes weaker, but the intensity in the (200) plane becomes
stronger, evidently demonstrating that the preferential orientation
of the (110) direction of MoO3 crystallites formed at the lower
temperatures, and the preferential orientation of the (200) direc-
tion of MoO3 crystallites formed at the higher temperatures. When
the temperature increased to 600 �C, the XRD pattern exhibits
nearly the single (200) diffraction peak. For oxidization-growth a-
Fig. 3. XRD patterns of the samples obtained by heating at different temperatures for
90 min.



Fig. 4. The cross section SEM images (a1, b2, c3), low (a2, b2, c2) and high (a3, b3, c3) magnification SEM images of a-MoO3 thin films at the oxidation temperature of from 400 �C to
600 �C.
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MoO3 crystallites, the XRD pattern is quite different from the others
which shows nearly the (0k0) peaks (with even k values).

The morphologies and the sizes of MMAs were illuminated by
SEM observations. Fig. 4 shows the surface and cross-sectional SEM
images of a-MoO3 films prepared with different oxidization tem-
perature. From Fig. 4, we clearly found that, no matter which
temperature was used, the as-obtained a-MoO3 films have the
structures of aligned microsheets arrays. From the cross-sectional
SEM images (Fig. 4a1, b1, and c1), we can see that the height of
MMAs, which obtained with the range of oxidization temperature
from 400 �C to 600 �C, are about 30.82 mm, 35.85 mm, 38.68 mm,
respectively. It is obviously ascribed that the height of the MMAs
and the speed of growth increases with the increasing oxidization
temperature. In addition, in the low (Fig. 4a2, b2, and c2) and high
(Fig. 4a3, b3, and c3) magnification SEM images of a-MoO3 films,
Fig. 5. The temperature-sensing properties of MMAs at various oxidization tempera
we can easily find that the surface of a-MoO3 thin films compose of
rectangle geometries, whether in the lowor highmagnification, the
size of rectangle obviously increases with the increasing tempera-
ture. More importantly, we can apply such a simple direct oxidizing
method to controllably prepare large area flexible MMAs films,
which can be expanded for the potential flexible inorganic semi-
conductor or even miniaturized integrated devices.

Based on this MMAs, we developed the simple temperature
sensor by sputtering the interdigital copper electrode. Fig. 2 pre-
sents the sketch and photograph (upright) of as-prepared tem-
perature sensor. Furthermore, we investigated the temperature
sensing properties of the above sensor in detail. As shown in Fig. 5,
these sensors present the high-performance sensitivity for envi-
ronmental temperatures. Here, the sensitivity is defined as S¼ Re/Rr
(Re and Rr are the resistance for sensors at the environmental
tures of 400 �C (a), 500 �C (b) and 600 �C (c) for environmental temperatures.
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temperature and room temperature, respectively). Obviously, the
temperature sensor based on MMAs at oxidization temperature of
600 �C show the best temperature sensing performance, which
may be ascribed to the best crystallinity. Due to the limited
experimental conditions, it is a pity that we could not develop the
more excellent quality functional devices based on the as-grown
MMAs. However, this kind of facile, environmentally friendly, in-
situ growth, flexible and aligned MMAs obviously demonstrates
the wider applications for flexible inorganic semiconductor
microdevices as well as portable tiny integrated devices.

4. Conclusion

In summary, we applied a facile, environmentally friendly, in-
situ growth and economic thermal oxidization method success-
fully to grow the large area, flexible and aligned semiconductor
MMAs on Mo foil. The aligned MMAs arrays presents a preferential
(100) orientation of the crystallites and the excellent flexibility.
Moreover, we developed a simple temperature sensor with high-
performance temperature sensing properties, evidently demon-
strating this MMAs should be a good potential in variety of flexible
inorganic microdevices as well as tiny integrated devices.
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