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P-type sub-tungsten-oxide based urchin-like nanostructure for superior
room temperature alcohol sensor
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a b s t r a c t

Nanowires assembled sub-WO3 urchin-like nanostructures have been fabricated via a solvothermal
method. The detailed structure and morphology features were characterized by X-ray diffraction
(XRD), field-emission scanning electron microscopy (FE-SEM) and transmission electron microscopy
(TEM). The results reveal that the individual nanowires are grown along the [001] direction, and assem-
bled together to form an urchin-like nanostructure. Sensing performance of the sub-WO3 was investi-
gated toward alcohol vapor. At room temperature, the sensor devices based on the WO3�x exhibit
significantly higher sensitivity comparing to that of the stoichiometric WO3. The superior sensing perfor-
mance of this WO3�x sensor is ascribed to the large specific surface area and abundant oxygen vacancies.
The obvious enhancement of the gas sensing property can be very useful for the future design and devel-
opment of room temperature gas sensors for other volatile organic compounds.

� 2018 Elsevier B.V. All rights reserved.

1. Introduction

Tungsten oxide is a material of choice for chemical sensor appli-
cation due to its robustness, chemical stability, inherent electrical
conductivity, and excellent sensitivity towards various toxic gases
and volatile organic compounds (VOCs) [1,2]. The gas sensing pro-
cess involves adsorption, desorption and catalytic reactions
between the gas molecules and sensor material surface [3], there-
fore the sensitivity of sensor device is strongly dependent upon the
surface-to-volume ratio of the material used and operating tem-
perature [4]. In fact, like any other metal-oxide-based gas sensors,
the WO3 sensor often needs to operate at high temperature (200–
500 �C) to ensure its sensitivity [5,6]. However, such high operating
temperature often raises issues in material stability, power con-
sumption and safety concerns [7]. In addition, the high tempera-
ture operation may also result in ignition of flammable and
explosive materials [6]. Therefore, it is desirable to develop more

innovative WO3-based sensors that perform well at room temper-
ature (RT).

A few novel methods have been proposed to lower the operat-
ing temperature of theWO3-based gas sensors, such as noble metal
functionalization [8–11], ultraviolet irradiation [6,12], and nanos-
tructure [7,11,13–17]. Among them, the introduction of a moder-
ate amount of oxygen vacancies forming sub-stoichiometric
WO3�x has received a notable attention. Comparing with the stoi-
chiometric WO3, chemical composition of the sub-oxide can be
tuned (0 < x < 1) to give optimum performance [18]. It has been
reported that the WO3�x improved photo-electro-chemical perfor-
mance of devices in many applications, probably due to its superior
electrical conductivity for improved charge transfer [18–26]. The
unusual defective structure and oxygen-vacancy-rich surface are
expected to bring about some novel properties.

Herein, we report our success in preparation of nanowires
assembled three-dimensional (3D) urchin-like WO3�x nanostruc-
ture, and their gas sensor properties towards alcohol vapor detec-
tion. Such a structure usually has a high surface area and uniform
channels, which is in favor of the gas diffusion and host-guest
interactions [3,15]. On the other hand, the oxygen-vacancy-rich
surface of sub-stoichiometric WO3�x also provides more active
sites than the stoichiometric WO3 [18]. The oxygen vacancies serve
as the shallow donor, leading to faster charge transfer and hence
more effective sensor response. As a consequence, the WO3�x
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displayed a superior sensor performance towards alcohol vapor at
room temperature without needing any illumination nor thermal
treatment [7]. Even though the WO3 is known to be a n-type
metal-oxide semiconductor with wide-band-gap of 2.6–3.0 eV
[27], however, the sub-WO3�x sensor in this study exhibits a typi-
cal p-type semiconductor sensing behavior during the sensing
measurements at the room temperature. To the best of our knowl-
edge, there is the first report on gas sensors using p-type semicon-
ductor WO3�x.

2. Experimental

2.1. Materials

Acetylacetone (C5H8O2), ethanol (C2H5OH) are from Beijing
Chemical Co., Ltd. Tungsten hexachloride (WCl6) was purchased
from Aladdin Industrial Inc. All chemicals were used as received
without further purification. All water used was deionized (DI)
water purified through a Millipore system.

2.2. Fabrication of WO3�x

0.4 g of WCl6 was used as the metal precursor dissolved in 50
ml absolute ethanol to form a clear yellow solution. When 0.6
mL of acetylacetone was added into it under active ultrasonication,
a dark blue solution was formed immediately. After continuous
ultrasonication for about 2 h, the dark blue solution was trans-
ferred into a 100 mL Teflon-sealed autoclave, heated in an oven
at 150 �C for 24 h. After cooling down to room temperature natu-
rally, the blue solid sample was collected, washed with deionized
water and ethanol for three times, and dried at 60 �C for overnight
before it was used for device applications.

2.3. Characterization

Powder X-ray diffraction (XRD) patterns of the as-prepared
samples were performed by a DX-2700 X-ray diffractometer with
Cu Ka radiation (k = 0.15418 nm) in 2h range of 20–80�. The trans-
mission electron microscopy (TEM) images and high-resolution

Fig. 1. A schematic of sensor device (a) and measurement configuration (b). The sensing material used for the present work is WO3�x coating.

Fig. 2. (a) A schematic illustration of synthesis procedure for the WO3�x; (b) XRD pattern of WO3�x and (c) High-resolution XPS spectra of W 4f.
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