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Two dimensional tungsten trioxide (W03 ) films made of nanosheets were prepared using high tempera-
ture anodization of tungsten (W) thin films. The W thin films were deposited by R.F. magnetron sputtering
onto quartz substrates and then anodized at 50°C in an aqueous solution containing 1.5M HNOs. The
structural and morphological properties of the prepared films were fully characterized prior to employ-
ing them for hydrogen gas sensing application. The hydrogen gas sensing performance of WOs; thin films
was investigated at different temperatures through the measurement of conductance changes upon gas
exposure. Hydrogen gas exposure resulted in the intercalation and subsequent reduction of W05 sheets,
changing the charge carrier concentration and hence the conductivity of the films. The fabricated sensors
were found to exhibit excellent sensitivity and repeatability when they were exposed to hydrogen gas
while using air as the carrier gas. The effects of different operating temperatures on the sensitivity of the
devices were studied in the range of 20-250°C. The dynamic response of the 2D W03 nanosheets based
sensors at different operating temperatures are presented and discussed.
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1. Introduction

Gas sensing devices are becoming increasingly mandatory for
industrial health and safety requirements, as well as for environ-
mental monitoring, explosives detection, automotive applications
and manufacturing process control. To meet these demands, the
sensitivity, selectivity and stability of gas sensors need to be sig-
nificantly improved to exceed the required standards [1-3]. The
selection of optimal sensing material is an important problem in
both design and fabrication of gas sensor with required operation
parameters (such as adsorption and desorption ability; electronic
and chemical properties; thermodynamic stability; crystal struc-
ture; compatibility with gas sensors fabrication processes). Various
gas sensor’s devices based on semiconducting metal oxides, cova-
lent semiconductors, solid-state electrolytes, polymers, etc. have
been fabricated [4]. For example, polyaniline (PANI), as a type of
polymer, has found to be a good gas sensing material for NH3
because of its simple synthesis, low cost monomer, low toxic-
ity, high response and room temperature sensing. However, PANI
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shows a low baseline stability in response to NH3 [5]. In general,
polymers are sensitive to ultra violet (UV) radiation and presence
of oxidizing gases and because of either polymerization or destruc-
tion, their properties irreversibly change during pretty short term
[4]. Conductometric gas sensor devices based on semiconducting
metal oxide thin films are the most promising among other types
of chemical sensors. This is because of the device small dimensions,
low production cost, low power consumption, online operation,
and high compatibility with microelectronic fabrication processes
[1,6]. Furthermore, recent advances in the synthesis of two dimen-
sional (2D) nanostructured metal oxides in the configurations of
nanowires, nanorods, nanobelts, and nano-platelets, have provided
the opportunity to greatly enhance the performance of fabricated
devices [7-14]. 2D materials can show unique electronic and opti-
cal properties when the number of dimensions are reduced, due to
changes in the electronic band structure [13]. Recently, fabrication
of biosensors and high-performance field effect transistors have
been reported using 2D nature of ®-MoOs3 [12-14]. These materi-
als can be incorporated as semiconducting gas sensors [12,15]. The
performance of such sensors is directly associated with granular-
ity, crystallinity, porosity and surface area-to-volume ratio in the
sensitive component [10,16-20].In general, the sensitivity of semi-
conductor metal oxide gas sensors increases by decreasing grain
sizes to the dimensions which are comparable to the Debye length
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while providing enough spacing between the grains to allow facile
diffusion of the gas species, so that entire thickness of the sensitive
layer can be affected by the interactions with the gas molecules
[1]. The sensitivity is also affected by the alteration of the elec-
tronic structure, which is strongly influenced by the quantum size
effects with decreasing particle size [1,21,22]. 2D nanostructures of
semiconductor metal oxides, specifically ultrathin nanosheets, pos-
sess pronounced quantum surface effects and significant changes
in electronic structures and thus in the physical and chemical
properties, which is inspiring many fundamental and technological
research to be undertaken. Such nanosheets are expected to bridge
the gap between the quantum world of zero- or one-dimensional
nanomaterials and three-dimensional macroscale bulk materials
[8].

Semiconductor metal oxide thin films also offer low cost, reliable
performance and easy fabrication using existing planar technolo-
gies while maintaining precise control of the film properties
[9,22,23]. Among the semiconductor metal oxides, tungsten tri-
oxide (WOj3) nanostructured (including nanorods, nanowires, and
nanoplates) thin films can be synthesized to have high surface-
to-volume ratio, special electrical properties (due to the effect of
quantum confinment on carrier transport phenomena) and excel-
lent gas-sensing properties [24]. Several methods have been used
to synthesize tungsten trioxide films in nanostructured forms,
including chemical vapour deposition (CVD) [25], thermal evap-
oration [26], RF sputtering [18,27-29], pulsed laser deposition
[30], hydrothermal [24,31] and sol-gel [32,33] techniques. Fast
and inexpensive liquid synthesis methods such as anodization
and high temperature acid etching have also been shown to give
nanostructured WO3 [18,34,35]. Anodization in fluoride containing
electrolyte results in meso/nano tubular or porous films [36], while
high temperature etching results in nano-platelet surfaces [35].
The surface morphology of the nanostructured WO3 prepared via
anodization methods can be altered by changing the anodization
potential, duration and electrolyte concentration, or by varying the
etching temperature and electrolyte ionic type and concentration
[18,34,36,37].

Tungsten trioxide is a wide bandgap n-type semiconductor
metal oxide and has been extensively investigated as a sensing
material to detect several gas species such as Hy [28,38], NH3
[39,40],H,S [24,41],NOx [26,27], 03 [29] and volatile organic com-
pounds (VOCs) including ethanol and methanol [15,31,42]. Among
the gas species, hydrogen (H;) is a clean, portable and potentially
unlimited energy source, with the potential to become a remedy
for clean energy generation. However, it has the risk of explosion
when the concentration reaches above 4%, requiring only low igni-
tion energy (0.02 mJ) and having large flame propagation velocity
in such an event. Due to its molecular size, confinement and con-
tainment of this gas is difficult [28]. Therefore, sensing hydrogen is
necessary from a safety perspective as well as for combustion con-
trol, industrial process control and in medical applications where
the presence of hydrogen can indicate certain types of bacterial
infection [43]. Additionally, several reports have demonstrated that
long exposure to H, can cause harmful disorders. For example,
the results of histopathologic tissue examination, biological blood
studies and bone scintigraphies confirm the non-irreversible tox-
icity effect of hydrogen after long exposure times (42 days) [44].
According to MSDS No. 1009 (revision 1994), exposure to mod-
erate concentrations of H, may cause dizziness, headache, nausea
and unconsciousness, due to the reduction of oxygen content in the
environment. Exposure to atmospheres containing 8-10% or less
oxygen will quickly bring about unconsciousness without warning
leaving individuals unable to protect themselves. Lack of sufficient
oxygen may cause serious injury or death.

The interaction of WO3 with the hydrogen atom containing
molecules is generally the most efficient when it is of an intercalat-

ing nature. In this case, the intercalated H* ions are embedded into
the crystal structure of WO3 and the released electrons are trans-
ferred to the lowest-lying unoccupied energy levels of WO3. Such
an interaction changes the band structure of the W03 system and
increases its conductivity, both of which can be used for sensing
applications of the hydrogen atom containing molecules [7].

In this report, high temperature anodization technique was
employed to synthesize WO3 nanosheet layers onto quartz sub-
strates to develop conductometric sensors. Morphological and
structural characterization of these films were performed using
field emission scanning electron microscopy (FESEM), high res-
olution transmission electron microscopy (HRTEM) and X-ray
diffraction (XRD) analysis. Finally, the sensor response toward dif-
ferent H, gas concentrations was investigated.

2. Experimental

Quartz substrates were cut into 20mm x 10 mm pieces and
cleaned with acetone, isopropanol (IPA) and DI water before depo-
sition. Tungsten thin films were deposited using a planar R.F.
magnetron sputterer. A tungsten metal target of 99.99 % purity
was employed. Prior to the deposition, the sputtering chamber
was first evacuated to 10> torr. Thereon argon was introduced
into the chamber to increase the pressure to 2 x 10~2 torr prior to
the deposition being conducted. The samples’ temperatures were
elevated to 300°C and placed 6.5cm away from the target. The
deposition process was performed using a sputtering power of
100 W for a duration of 20 min. The deposited film thicknesses
were determined to be approximately 550 nm using a profilometer
(Ambios-Technology XP-2). Anodization of the tungsten thin film
was performed using a conventional anode (tungsten thin film) -
cathode (platinum plate) system, where a 60 V DC potential was
applied for a period of 6 h. The process was carried out using an
electrolyte medium containing 50 mL of 1.5 M HNOj3 solution. The
electrolyte solution was kept at a constant elevated temperature of
50°C during the process. Anodization current was recorded using
a computer with data logger software. After anodization, samples
were washed with DI water and dried in a stream of N;. Sam-
ples were annealed at 450°C in 90% O, 10% Ar environment with
a constant gas flow rate of approximately 200sccm, in order to
ensure the removal of water molecules from the prepared thin
films. Annealing was carried out for 5h and the temperature was
increased slowly at the rate of 2 °C/min and cooled at the same rate
after the procedure.

FESEM characterization was carried out using a FEI Nova
NanoSEM. High resolution TEM (HRTEM) characterization was car-
ried out using a JEOL JEM 2010 Electron Microscope. Samples for
HRTEM were prepared by scraping off the films in ethanol, and sub-
sequently drop casting the solution onto a carbon supported copper
TEM grid followed by a slow air-drying procedure. X-ray diffraction
(XRD) pattern analysis was carried out using a Bruker D8 Discover
micro diffractometer fitted with a GADDS (General Area Detector
Diffraction System). Data was collected at room temperature when
applying CuKa radiation (A =1.54178 A) with a potential of 40 kV
and a current of 40 mA, and filtered with a graphite monochromator
in the parallel mode (175 mm collimator with 0.5 mm pinholes).

For the fabrication of conductometric sensors, the sensing area
was covered with a physical shadow mask and subsequently a layer
of gold with the thickness of 100 nm was sputtered using Gatan
PEC™ sputter coating system to form the contact pads. Fabricated
Au electrodes had simple pattern and were composed of two paral-
lel pads with the contact pad width of about 2 mm and the length of
about 10 mm, so that the active sensing area was about 5 x 10 mm?,
Afterwards, two gold wires were bonded to the gold pads using
silver epoxy.
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Fig. 1. FESEM micrographs of RF sputtered tungsten thin film surface.

For gas sensing measurements, the WO3 conductometric sen-
sors were mounted on a heater. The measurements were performed
in a test chamber made from Teflon, which was sealed using a
quartz lid. The heater was controlled by a regulated DC power
supply to provide different operating temperatures. The output
resistance as a function of time across the conductometric sensor
during gas exposure was measured using a multimeter (Keith-
ley 2001). A computerized gas calibration system, with mass flow
controllers, was used for exposing the sensor to different concen-
trations of H,. The total flow rate was kept constant at 200 sccm and
dry synthetic air was used both as the reference and the carrier gas.
The test chamber pressure was kept constant at room atmospheric
pressure using the exhaust tube for the incoming gas mixture. At
each operating temperature, the baseline gas was maintained for a
period of 120 min to allow the device to stabilize. Then, the device
was exposed to sequences of different concentrations of H, for
several hours. The sensor temperature was varied in the range of
20-250°C. Each sequence consisted of exposure to 0.06 (600 ppm),
0.125,0.25, 0.5 and 1% of H; gas balanced in synthetic air. A second
pulse of 0.125% H, was utilized to confirm the sensors’ repeatabil-
ity. The H, and synthetic air exposure times were 10 and 15 min,
respectively.

3. Results and discussion
3.1. Thin film characterisation results

Fig. 1 shows the FESEM image of the sputtered tungsten thin
film on a quartz substrate. As it can be observed, the sputtered
tungsten thin film consists of compact and homogeneous nano-
textured grains with the estimated dimensions of less than 100 nm.
This is a common morphology that can be observed for tungsten
films deposited by RF sputtering process [18].

Following the anodization process, a completely different mor-
phology had appeared as hydrated WOs3 platelets were formed.
Annealing at 450°C for 5h ensured the removal of the H,0
molecules, where it can be seen in Fig. 2 that the final thin film
consisted of vertically standing nano-crystallites with square and

Fig. 2. FESEM micrographs of WOs thin film surface (inset shows cross sectional
FESEM (45° rotation) of WO5 film).

rectangular-shaped 2D nanosheets (nano-plateles). The width and
the thickness of these 2D nanosheets are in the range of 50-500 nm
and 10-50 nm, respectively. From cross-sectional (45° rotation)
FESEM image of the sample (inset of Fig. 2), the total thickness
of the WOj3 thin film was estimated to be approximately 2 pm.
Since gas sensing properties of a metal oxide thin film strongly
depends on its morphological features, the observed high surface
area facilitates the physisorption and chemisorption processes by
increasing the absorption rates. In order to examine the stability of
WO3 nanosheets, FESEM imaging were performed after perform-
ing final gas tests, but no changes were observed in the surface
morphology of WO3 nanosheets after gas tests. This is because we
annealed samples at 450°C for 5h before using as a gas sensor.
The mentioned temperature was higher than the optimum working
temperature (250 °C) of the fabricated sensor.

The crystal structure of the sample prepared with anodization
was determined by XRD. Fig. 3 shows the XRD pattern of the W03
thin film measured at room temperature. Three large diffraction
peaks of the sample appear at 23.35, 23.75 and 24.4°. Tungsten
oxides exhibit many crystal modulations and display characteristic
XRD profiles corresponding to different crystal structures [45]. The
monoclinic structure characteristically shows three large peaks in
the 22-25 ° region correspond to the pseudo-cubic reflections orig-
inating from the slight distortion of the ideal cubic (1 0 0) lattice
planes [42]. The peak profile is also more complicated than that of
the cubic and tetragonal WO5 crystal structures, but is similar to
that of the triclinic and orthorhombic structures [45]. By compar-
ing the XRD pattern with JCPDS cards, best fit were obtained when
the peaks were indexed to monoclinic crystal structure with lattice
parameters of a=7.274A, b=7.501A, c=3.824 A and =89.930°
(JCPDS Card No. 75-2072). Inset in Fig. 3 shows the XRD pattern
of as-sputtered tungsten film. Peaks were indexed to cubic crys-
tal structure with lattice parameters of a=5.05A, (JCPDS Card No.
47-1319). No tungsten peak can be observed in the WO5 diffrac-
tion pattern, which means that W thin film has been completely
oxidized by anodization and annealing processes.

A typical TEM image of the WO3 nanosheets is depicted in Fig. 4
(a) with the corresponding selected area electron diffraction pat-
tern (SAED) recorded on the thin area. The SAED pattern (the inset
in Fig. 4 (a)) was recorded perpendicular to the growth direction of
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Fig. 3. XRD pattern of WOs film (inset shows XRD pattern of sputtered tungsten film).

Fig. 4. (a) TEM image of WO3; nano-platelets (inset shows SAED pattern recorded
from a thin area) and (b) HRTEM image of a nano-platelet with estimated lattice
spacing.

one single plate. The inset in Fig. 4 (a) presents the corresponding
electron diffraction pattern of WO3 plates, thus indicating the high
extent of crystallinity of WO3. The uniform and ordered diffrac-
tion spots can be attributed to the [001] zone axis diffraction of
single-crystal monoclinic W03, which is also consistent with the
XRD results. The recorded image reveals that the surface of rectan-
gular W03 nano-platelets consists of a major top (0 0 2), and minor
lateral (0 2 0) and (2 0 0) [46]. Fig. 4 (b) shows the HRTEM image of
the WOs5 thin film with lattice fringes corresponding to the mon-
oclinic structure. Here, the lattice spacing has been estimated to
be about 3.8 A associated with the (0 0 2) plane of WOs, which is
in consistent with the results reported by others [8,31]. Depend-
ing on the synthesis process and annealing temperatures, WO3 can
have different phases such as monoclinic, orthorhombic and tetrag-
onal [33,35]. The crystallographic distortions and tilting of the WOg
octahedra are responsible for the phase transitions and significantly
affect the electronic properties and hence, the device applications
of WOs. It is well-known that WO3 converts to monoclinic phase
at annealing temperatures above 400 °C, which confirms our XRD
and SAED results [47].

3.2. Gas sensing results

The developed sensor was tested in a temperature range
between 25 to 250 °C. The optimum operating temperature for the
sensor response towards H, was found to be 250°C. The curves
in Fig. 5. (a) and (b) show dynamic response of the WO3 sensor
towards different concentrations of H, gas at 250°C, first run and
second run of gas testing sequences, respectively. 250 °C. Upon the
exposure to H, gas, the conductivity was increased. If Rggs and Ry,
denote the resistance of the sensor in the presence of gas and air,
respectively, then the response factor in percentage was defined
as S=(Rgas — Rgir x 100/Rg;,. In our case, gas-sensing experiments
were performed in dry air atmosphere to avoid any interference
from humidity. Exposure to H2 caused a decrease in the resistivity
for the WOS3 film, indicating n-type conduction of the sample.

The gas sensing mechanism is based on the changes in the elec-
trical conductance of the semiconducting oxide film. The electrical
conductance of films depends on the content of oxygen ions, oxygen
vacancies and the interstitial ions. The oxygen adsorbed depends on
the particle size, large specific area of the material, and the operat-
ing temperature of the sensor. The oxygen species capture electrons
from the material, leading to the increase of the hole concentrations
and decrease of the electron concentrations. This reaction takes
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Fig. 5. (a) and (b) Dynamic response of the W05 sensor towards different concentrations of H, gas at 250°C, first run and second run of gas testing, respectively.

place prior to sensing and creates a thin electron-depleted layer at
the surfaces of the WO3 grains [48].

When the temperature rises on the walls of 2D WO3 nano-
platelets, hydrogen molecules start to undergo chemisorption
before dissociating into hydrogen ions (H*) by injecting an electron
into the film, according to the following equation [7,49]:

HZ(gas) — 2H* +2e” (1)

The accumulated H* ions then diffuse over the surface and
intercalate with the WOs thin films, the process of which can be
described according to the following formula [7,28]:

WO3 + xH' +xe~ — HyWO;3 (2)

The released electrons in Eq. (2) reduce the width of the deple-
tion region in the oxide film, which changes the colour (from
transparent to dark blue) and also the conductivity of the film, so
that the resistance of the film decreases [28,50,51]. As the system
is maintained at an elevated temperature, it is also possible that
HxWOj3 breaks down into reduced WOs3 producing H,0 vapour [7].

2H W03 — XH,0+2WO05_5 3)

Upon exposing the sensors back to air (oxygen rich environ-
ment) the reduced oxide is restored to form WOj3 via:

X
WO3,% +(Z)02 — W03 (4)

which allows the repeatability of the gas sensor.

It should be noticed here that the comparison of curves (a) and
(b) in Fig. 5 shows that by repeating the gas sensing sequences the
stability of the sensor gets better and its baseline gets more horizon-
tal. This can be attributed to compensation of crystal defects as in
oxygen vacancies, interstitial defects, dislocations, etc. It has been
reported that thermal treatment increases the sensor performance.

This improvement could be attributed to the transformation of WOy
toWOs [6]. However, in general these two curves prove the stability
of the sensor. The WO3 thin films exhibited large response magni-
tudes toward H, gas. The maximum response was measured to be
80% for 1% of Hy at 250 °C. Considering curve (b) in Fig. 5, it was also
found that the WO3 based sensor produced repeatable responses of
the same magnitudes for a H, exposure of the same concentration
(i.e. 0.125% Hy). Fig. 6 shows the dynamic response and recovery
of the WO3 sensor towards 1% H, gas at different temperatures. As
can be seen, the response magnitude and hence, the sensitivity of
the sensor was increased with increasing operating temperature.
Furthermore, it was observed that the response and recovery times
decreased (which will be analysed and discussed in further detail
later in this paper) with increasing operating temperature.

The curves presented in Fig. 7 show response vs. temperature
for WO3 sensor towards 0.06 (lowest tested concentration) and 1%
(highest tested concentration) H, gas. At room temperature, the
response magnitude is as low as 0 and 2% for 0.06 and 1% H gas con-
centrations, respectively, however these values reach to about 48
and 80%, respectively, when the operating temperature is increased
to 250°C. For other H, concentrations including 0.125%, 0.25% and
0.5% at this temperature response values have been calculated to be
about 56, 64 and 72, respectively. For comparison with this work,
Kadir et al. have fabricated anodized nanoporous WO3 Schottky
contact structures for hydrogen and ethanol sensing. They have
reported the gas responses of the fabricated sensor as 27.5%, 35.3%,
42.1%, 49.3% and 58.2%, in the presence of 0.06, 0.125, 0.25, 0.5
and 1% hydrogen gas, respectively, at the optimum temperature of
200°C [7]. Despite the lower working temperature reported by the
mentioned paper, itis observed that our nanostructured gas sensors
have better response at same concentrations. Given that a simple
operating temperature change results in such vast response mag-
nitude improvements, it is postulated that further improvements
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of sensing performance such as sensitivity, response and recovery
times, selectivity and stability can be made by considering changes
of other parameters in further works, including the use of differ-
ent catalysts as well as the modification of WOs3 itself (i.e. through
doping techniques).

The response time (Tres) is defined as the time taken for the
sensor resistance to reach 90% of its steady-state value and simi-
larly, the recovery time (Trec) is defined as the time elapsed for 90%
recovery of the total resistance change to be reached. Response
and recovery times were obtained for the WO3 sensors when
exposed alternately to 0.06 (600 ppm), 0.125, 0.25, 0.5 and 1% of
H, gas balanced in synthetic air. Figs. 8 and 9 show the analysis
curves where response and recovery times are plotted against the
tested H, concentrations, respectively, at three operating temper-
atures of 185, 220, and 250°C. For lower temperatures, both the
response and recovery times are significantly large. Furthermore,
it can be observed that the response time is decreased while the
recovery time is increased, when the amount of hydrogen con-
tent being tested is increased. Decreasing the response time can
be attributed to the increasing amount of chemisorbed sites, due to
the increase in the gas content. This has resulted in increasing the
recovery time, as larger stoichiometry changes within the nano-
platelet films occur, which need longer recovery times to return to
its initial (pre-exposure) condition [ 7]. The minimum of Trec is 235 s
for 0.06% hydrogen concentration at 250°C. Similarly, the mini-
mum observed Tres is 120 s for 1% hydrogen concentration at 250 °C.
These minimum recorded values for Trec and Tres at the tested con-
centrations confirm our proposed chemisorption mechanism.
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4. Conclusion

High temperature anodized 2D WOj3 nanosheets based conduc-
tometric gas sensors were developed and their hydrogen sensing
properties were investigated. The structure, morphology and gas
sensing mechanism of WO; films were studied. High temper-
ature anodized WOs3 thin films consisted of high aspect ratio
nano-platelets with the width and the thickness in the range of
50-500 nm of 10-50 nm, respectively. The XRD analysis revealed
that the WOs3 thin films are predominantly monoclinic crystal
structure. The sensors were tested in a range of temperatures from
20 to 250°C. This study showed maximum response of 80% for 1%
of Hy at 250°C. The results underline that the developed H, gas
sensors are worthy for further study and commercialization. The
main advantage of the applied method in this paper is its simple
and scalable rout for the fabrication of WO3 nanosheets.
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