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Co30, nanoparticle-decorated WO; nanowires were synthesized by the thermal oxidation of powders fol-
lowed by a solvothermal process for CosO, decoration. The Co3;O4 nanoparticle-decorated WO; nanowire sen-
sor exhibited a stronger and faster electrical response to H, gas at 300 °C than the pristine WO; nanowire
counterpart. The former showed faster response and recovery than the latter. The pristine and Co;04-deco-
rated WO; nanowire sensors showed the strongest response to H, gas at 225 and 200 °C, respectively. The
Co304-decorated WO; nanowire sensor showed selectivity for H, gas over other reducing gases. The enhanced
sensing performance of the Co;0s-decorated WO; nanowire sensor was explained by a combination of
mechanisms: modulation of the depletion layer width forming at the Co;04~WO; interface, modulation of the
potential barrier height forming at the interface, high catalytic activity of Co;O, for the oxidation of H,, active
adsorption of oxygen by the Co;O, nanoparticle surface, and creation of more active adsorption sites by

Co03;04 nanoparticles.
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1. INTRODUCTION

Hydrogen has many industrial applications such as fuel
cells, hydrogen storage, hydrogen engine automobiles etc
[1-3]. The development of high-performance hydrogen sen-
sors is essential for human safety because hydrogen is flam-
mable, explosive, invisible and odorless [4]. Gas chromatography
or mass spectrometry systems have been employed for large-
scale hydrogen sensing in industry, but they are unsuitable
for many applications because they are heavy and expensive
[5,6]. Therefore, the development of portable, cheaper and
reliable hydrogen gas sensors is desirable.

Over the past few decades n-type metal oxide semicon-
ductors such as SnO,, ZnO, In,Os, and TiO, have been stud-
ied extensively as gas sensor materials [7-11], whereas fewer
studies have evaluated p-type metal oxide semiconductors.
This might be due to the inferior sensing properties of p-type
metal oxide semiconductors from the viewpoint of sensing
mechanism [12]. On the other hand, most of p-type metal oxide
semiconductors have their own advantages for gas sensing
such as strong catalytic activity for oxidation of reducing
gas [13,14] and higher oxygen adsorption ability [15], i.e.,
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higher solubility for oxygen compared to n-type metal oxide
semiconductors, which can compensate for their inferior sens-
ing properties. P-type metal oxide semiconductors with strong
catalytic ability and high solubility of oxygen can be used
effectively to produce high-performance gas sensors by being
combined with n-type metal oxide semiconductors. Co;O4
is a typical p-type gas sensing material and has a strong cat-
alytic activity for the oxidation of reducing gases.

On the other hand, tungsten oxide (WQOs3) is an important
n-type semiconducting material with a band gap of 2.7 eV,
with applications, such as gas sensors, photocatalysts, and
electrochromic devices [16]. Gas sensors based on WOs; nano-
structures have studied intensively owing to their excellent
response and selectivity to various gases. WOs; one-dimen-
sional (1D) nanostructures is known to exhibit particularly
strong responses to H, as well as NO,, H,S, Os;, NH;, and lique-
fied petroleum gas at elevated temperatures (200-300 °C)[17-
21]. Furthermore, the formation of p-n heterostructures enhances
the sensing properties of WO; 1D nanostructures. As is well
known, WOs and Co;0; are n- and p-type semiconductors,
respectively.

This study examined the hydrogen sensing properties
of Co;04 nanoparticle-decorated WO; nanowires and the
underlying mechanism for their enhanced sensing perfor-
mance.
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2. EXPERIMENTAL PROCEDURE

Co03;04 nanoparticle-decorated WO; nanowires were syn-
thesized by the thermal evaporation of WO; powders in an
oxidizing atmosphere, followed by spin-coating of the nanowires
with Co;0s, nanoparticles and thermal annealing in an oxi-
dizing atmosphere. First, Au-coated Si was used as the sub-
strate for the synthesis of 1D WOs structures. A 3 nm-thick Au
thin film was deposited on p-type (100) Si substrates by direct
current (dc) magnetron sputtering. A quartz tube was mounted
horizontally inside a tube furnace. 99.99% pure WO; powders
were placed on the lower holder at the center of the quartz tube.
The Au-coated Si substrate was placed on the upper holder,
approximately 5 mm away from the WO; powders. The fur-
nace was heated to 1,100 °C and maintained at that temperature
for 1 h in a N»/3mol%-O, atmosphere with constant flow
rates of O, (10 standard cubic centimeter per minute (sccm))
and N (300 sccm). The total pressure was set to 1.0 Torr.

In a separate step, a 100-mM Co;04 precursor solution was
prepared by dissolving cobalt acetate tetrahydrate (Co(CH;COO),:
4H,0) in distilled water. 40 ml of the Co;O4 precursor solu-
tion and 5 ml of 1-M NaOH solution were mixed together.
This mixed solution was ultrasonicated for 30 min to form
a uniform solution and then rotated using a centrifuge at
1,000 rpm for 2 min to precipitate the CosOs powders. The
precipitated powders were collected by removing the liquid
leaving the powders behind. The collected powders were
rinsed in a 1:1:1-solution of acetone, isopropyl alcohol (IPA)
and distilled water to remove the impurities. Subsequently,
the Co;0; precursor solution was dripped onto the WO; nanow-
ires on a substrate and the substrate was rotated at 500 rpm
for 30 s for Co30;, decoration. After spin-coating, the Co;O4
decorated WO; nanowire sample was dried at 150 °C for
1 min and then annealed in air at 500 °C for 1 h.

The morphology and structure of the products were examined
by scanning electron microscopy (SEM, Hitachi S-4200) operat-
ing at 10 kV and transmission electron microscopy (TEM, JEOL
2100F) with an accelerating voltage of 300 kV, respectively.
The crystal structure of the nanowires was examined by 0.5°
glancing angle X-ray diffraction (XRD, Philips X’pert MRD
diffractometer) using Cu Ko radiation (A= 0.15406 nm) at a
scan rate of 4°/min.

Each nanowire sample was dispersed ultrasonically in a
mixture of deionized water (5 m/) and isopropyl alcohol (5 m/).
A 200-nm SiO; film was grown thermally on a single crys-
talline Si (100) substrate. A shurry droplet containing each nanow-
ire sample (10 p/) was dropped onto the SiO,-coated Si substrates
equipped with a pair of interdigitated (IDE) Ni (~200 nm)/
Au (~50 nm) electrodes with a gap of 20 um. The gas sens-
ing tests were performed on the pristine WO; nanowire and
Co0;04 nanoparticle-decorated WO; nanowire sensors at 200 °C
in a quartz tube placed in a sealed chamber. The H, (> 99.99%)
test gas was mixed with synthetic air to achieve the desired

concentration. The H, gas flow rates were maintained at
200 cm’/min using a mass flow controller to obtain H, con-
centrations of 50-2,000 ppm. A Keithley sourcemeter-2612 was
used to acquire the resistance data. During the measurements,
the sensors were placed in a sealed quartz tube with an elec-
trical feed through. The electrical resistance of the nanowire
sensor was monitored while a set amount of H, gas was
injected into the testing tube. Details of the gas sensing test
are described elsewhere [22].

3. RESULTS AND DISCUSSION

3.1. Structures of the pristine WO; and Co3;04 nanopar-
ticle-decorated WO; nanowires

Figure 1(a) shows SEM image of the Co;O,4 nanoparticle-
decorated WO; nanowires synthesized in this study. The
diameters of the WO; nanowires ranged from 60 to 300 nm
and their length ranged up to a few hundreds of micrometers.
The diameters of the Co;O4 particles were similar to those
of the WO; nanowires, i.e., ranged from 50 to 300 nm (Inset
in Fig. 1(a)). Figure 1(b) presents XRD patterns of the pristine
WO; nanowires and Co;04 nanoparticle-decorated WOs
nanowires. All the XRD peaks in the pattern of the pristine WO;
nanowires were assigned to orthorhombic WO; (JCPDS No.
89-4480, a=0.739 nm, b=0.757 nm, ¢ = 0.779 nm). The XRD
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Fig. 1. (a) SEM image of the Co3;0s-decorated WO; nanowires. (b)
XRD patterns of the pristine and Co;04-decorated WO; nanowires.
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Fig. 2. (a) low-magnification TEM image, (b) HRTEM image, and (c) corresponding SAED pattern of Co;O4-decorated WO nanowires.

pattern of the Co;O4 nanoparticle-decorated WO; nanowires
exhibited a few peaks assigned to face-centered cubic-struc-
tured Co;0, (JCPDS No. 78-1970, a=0.809 ) in addition to
those from WOs, suggesting that the Co;O4 nanoparticles
are polycrystalline. Figures 2(a)-(c) show a low-magnification
TEM image, a high-resolution TEM (HRTEM) image and (c)
corresponding selected area electron diffraction (SAED) pattern
of Co;04-decorated WO; nanowires. The Co;04 nanoparti-
cles showed a sphere-like morphology. The fringe pattern in
the HRTEM image and the SAED pattern indicate the WOs
nanowire to be a single crystal. In contrast, no clear fringe
pattern is observable in the HRTEM image, but judging from
the XRD pattern, HRTEM image and SAED pattern, Co;O4
nanoparticles might be polycrystalline.

3.2. Sensing performance of the pristine WQO; nanowire and
Co030, nanoparticle-decorated WO; nanowire sensors

Figures 3(a) and (b) show the transients of the pristine WO,
nanowire and Co3;0, nanoparticle-decorated WO; nanowire
sensors, respectively, at 200 °C to a typical reducing gas H,.
Upon exposure to H, gas, the resistance decreased rapidly
and then increased slowly and subsequently recovered slowly
to the initial value. The resistances showed good reversibility
during the introduction and exhaust cycles of H, gas. Figure
3(c) shows the responses of the pristine WOs; nanowire and
Co030;, nanoparticle-decorated WO; nanowire sensors as a
function of the H, gas concentration. The response of the
sensors is defined as R./R, where R, and R, are the electrical
resistances in the sensors in air and the target gas, respec-
tively. The latter showed a stronger response with increasing
H, concentration.

Figure 4(a) and (b) shows the response times and recovery
times, respectively, of the pristine WO; nanowire and Co;04
nanoparticle-decorated WO; nanowire sensors as a function
of H; gas concentration. The response time and recovery time
are defined as the times to reach 90% variation in resistance
upon exposure to H, and air, respectively. Both the Co;04
nanoparticle-decorated WO; nanowire sensor showed shorter
response and recovery times than the pristine WOs; nanow-
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Fig. 3. Gas sensing transients of (a) the pristine WO; nanowire sensor
and (b) Co;04-decorated WO nanowire sensor to 50, 100, 200, 500,
1,000 and 2,000 ppm H, gas at 200 °C. (c) Responses of the pristine
WO; nanowire sensor and Co;O4-decorated WO; nanowire sensor as
a function of the H, gas concentration at 200 °C.
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Fig. 4. (a) Response times and (b) recovery times of the pristine and

Co030;4-decorated WO; nanowire sensors as a function of H, gas con-
centration at 200 °C.

ire sensor, but the difference was small. The response and
recovery times as well as the response of a sensor material
to a certain gas might also depend on a range of factors such
as the solid solubility of the gas in the material, decomposition
rate of the adsorbed molecule at material surface, charge
carrier concentration in the material, Debye length in the mate-
rial, catalytic activity of the material, and orbital energy of
the gas molecule. On the other hand, the results in this study
show strong dependence of the response but weak depen-
dence of the response time and recovery time on those factors.
This difference is not completely understood, but it might
be caused by the large activation energies for the adsorption
of O, and H, and the decomposition of H,. The response time
and recovery time depend strongly on the activation energies
of the related reactions, whereas the response does not [23].

The responses of the pristine WO; nanowire and Co;04
nanoparticle-decorated WO; nanowire sensors to H, gas were
plotted as a function of the operation temperature as shown
in Fig. 5(a). The pristine WO; nanowire and Co;O4 nanoparti-
cle-decorated WO; nanowire sensors showed a maximum
response at 225 °C and 200 °C, despite the small differences
in response between 200 °C and other temperatures in the
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Fig. 5. (a) Responses of the pristine and Co;0,-decorated WO; nanowire
sensors as a function of the operation temperature. (b) Responses of
the pristine and Co;Os-decorated WO; nanowire sensors to various
gases.

case of the former. In contrast, the Co;O4 nanoparticle-dec-
orated WO; nanowire sensor showed the strongest response at
200 °C. These results indicate the optimal operation tem-
peratures for the pristine WO; nanowire and Co;O, nanoparti-
cle-decorated WO; nanowire sensors are 225 °C and 200 °C,
respectively and that the optimum operation temperature of the
latter is 25 °C lower than that of the former. Based on these
results, all other sensing tests were carried out at 200 °C. At low
temperatures, upon exposure to oxygen, because of the inactive
ionosorption of oxygen due to the few active adsorption sites
at the WO; and Co;0;4 surfaces, inactive oxidation of hydro-
gen gas occurs, resulting in poor response. Vacancies and
kink sites at the surface of a material are preferential sites for
the adsorption of impurity atoms or ions. At low temperatures
the surface contains lower concentrations of vacancies and
kink sites, resulting in the inactive oxidation of hydrogen
gas and a poor response.

As the operating temperature increases, the adsorption of
oxygen on the sensor surface becomes active, and oxidation
of H, becomes more active, resulting in an enhanced response
to H, gas. On the other hand, further increases in tempera-
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ture than the optimal temperature will result in desorption of
species [24]. The decrease in the optimal operation tempera-
ture of WO; nanowires by Cos;O; particle-decoration might be
due to the easier desorption of species at the surface in the
Co030;4 particle-decorated WO; nanowires than the pristine
WO; nanowires. CosO4 might possess catalytic activity that
promotes the desorption of species from the surface as well
as the oxidation of H,. Therefore, the desorption of species
begins to occur at a lower temperature in the Co;O4 particle-
decorated WO; nanowires than in the pristine WO; nanowires.

Figure 5(b) shows the selectivity of the pristine WO; nanow-
ire and Co;0, nanoparticle-decorated WO; nanowire sen-
sors for H, gas over other reducing gases including H,. The
responses to these gases were measured at 200 °C. Different
concentrations were chosen for different gases considering
the minimum concentration of each gas allowed from the
viewpoint of human safety. Both the pristine WO; nanowire
and Co;04 nanoparticle-decorated WO; nanowire sensors
showed selectivity to H, gas over the other gases tested. In
particular, the Co;O4 nanoparticle-decorated WO nanowire
sensor showed higher selectivity than the pristine nanostructure
sensor. The reason for why the response of the Co;O4-deco-
rated WOs nanowires to H, at 200 °C was higher than those
to other gases is not completely understood at the present.
One possible reason is that Co;O4 possesses electrocatalytic
properties of enhancing H, oxidation. The H, oxidation reaction
will be enhanced by Co;0s, resulting in a more significant
increase in electron concentration and a larger decrease in
resistance in the WO; nanowire sensor than other material
sensors. Another reason might be related to the different opti-
mal operating temperatures of the sensor for different target
gases. The response of a sensor material to a certain gas might
depend on a range of factors such as the solid solubility of
the gas in the material, decomposition rate of the adsorbed
molecule at the material surface, charge carrier concentration
in the material, Debye length in the material, catalytic activity
of the material, orbital energy of the gas molecule, etc. The
oxidation rate of a gas is determined by these factors. There-
fore, each gas has the characteristic optimal oxidation tem-
perature at which its oxidation rate is maximized. The Co;O4—
decorated WO; nanowire sensor fabricated in this study showed
stronger response to H than other gases at 200 °C because
of the higher oxidation rate of H, at the surface of C0;04
and WO; at that temperature, but the sensor might show
stronger responses to other gases, such as ethanol at different
temperatures [23].

3.3. Sensing mechanism of the Co;04 nanoparticle-deco-
rated WO; nanowire sensor

The hydrogen sensing mechanism of metal oxide semi-
conductors is well established based on the surface depletion
model and can be summarized as follows [25,26]:

In air, oxygen molecules are chemsorbed on the WO; nanow-

ire surface and form oxygen ions by extracting electrons from
the conduction band of WO;[27,28]:

Os(g) = Ox(ad) (1)
Ox(ad) + ¢ = 0, (ad) )
0, (ad) + ¢ =20 (ad) 3)

These reactions produce an electron depletion region near
the WO; nanowire surface, leading to an increase in resis-
tance. If the nanowire sensor is exposed to hydrogen gas,
the hydrogen molecules will react with the adsorbed oxygen
species [29].

H, + 1/2 0y (ad) = H,O + & @)
H,+ O (ad) = H,0 + ¢ (5)

These reactions are exothermic and the H O molecules pro-
duced will desorb from the surface. The electrons released
will decrease the depletion layer width, leading to a decrease
in the resistance of the nanowire sensor. Upon exposure of
the sensor to the air ambient, the depletion layer width will
increase again by adsorbing oxygen species as expressed in
Egs. (1)-(3). The resistance will recover to its initial level.
The surface chemisorption of dissociated hydrogen might play
an important role in hydrogen sensing. During chemisorption
hydrogen dissociated on the surface of a semiconductor
acts as a surface state and electron transfer takes place from
hydrogen to the conduction band of WOs. This results in the
formation of an electron accumulation layer on the WO;
nanowire surface, leading to a decrease in resistance. If the
hydrogen gas supply is stopped, electron transfer back to
hydrogen will occur, resulting in recovery of the original
resistance due to the elimination of the accumulation layer.

The enhanced response of the Co;Os-decorated WO; nanow-
ire sensor can be explained by a combination of the following
factors: (1) modulation of the depletion layer width forming
at the Co;04-WOs interface, (2) modulation of the potential
barrier height forming at the interface, (3) the high catalytic
activity of Co;O4 for the oxidation of Ha, (4) active adsorption
of oxygen by the Co;04 nanoparticle surface and (5) creation
of more active adsorption sites by Co;O, nanoparticles. First,
upon exposure to air a depletion layer forms on the Co;04
side and an accumulation layer forms on the WO; side of the
p-Co;04/n-WO; interface. Upon exposure to H, gas a reverse
situation occurs, i.e., depletion layers form on both the Co;O4
and WO; sides. Therefore, modulation of the depletion layer
occurs due to the difference in the depletion layer width
(Lo(WO3) - Lp(Co304)) formed at the interface between in
air and in H, gas (Fig. 6). Second, one of the important dif-
ferences between the pristine and Co;Os-decorated WOs
nanowire sensor is the existence of p-n heterojunctions in
the latter. A potential barrier forms at the Co;O»/WO; p-n junc-
tion and potential barrier height modulation occurs during
the adsorption and desorption of H, gas [30,31]. The differ-
ence in potential barrier height at the p-n junction is V>-V;
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Fig. 6. Energy band diagram of the Co;O4-WOs system in air and H, gas:
bandgap of WO; =2.6 eV [31], bandgap of Co;0,=2.19 eV [32].

between in air and in H, gas as shown in Fig. 5 [32-33].
The resistance of the sensor is related to the potential bar-
rier height by the following Eq. [34]:

R =Ry exp (qVIkT) (6)

where R is the resistance of the material, R is the initial
resistance, q is the charge of an electron, V is the potential
energy barrier height, k is Boltzmann’s constant, and T is the
temperature of the sensing material. Because the response
is determined by R./R,, the response depends on the potential
barrier at the Co;O4/WOs interface. Third, the oxidative cata-
lytic activity of cobalt oxide is relatively well-known [35-39].
Co304 plays the role of a catalyst to expedite the oxidation
reaction of hydrogen, leading to enhanced response to H, gas.
Fourthly, most p-type oxide semiconductors adsorb oxygen
actively. The distinctive oxygen adsorption of Co;O, might
also contribute to an enhancement of the response of the
Co0304 nanoparticle-decorated WO; nanowire sensor to H»
gas. The active adsorption of oxygen by the Co;0, surface
would consume more electrons and thereby produce a thicker
electron depletion layer, which, in turn, would result in a further

increase in electrical resistance. On the other hand, the response
is determined by R./R, where R, and R, are the electrical
resistances in the sensors in air and the target gas, respec-
tively. Assuming that this remains the same, an increase in
electrical resistance would lead to stronger response. Lastly,
the lattice mismatch between Co;0, and WOs generates struc-
tural defects at the Co;O,~WOs interface, which acts preferential
adsorption sites for hydrogen and oxygen molecules.

4. CONCLUSIONS

The multiple networked Co3;04-decorated WO; nanowire
sensor showed enhanced electrical responses to H, gas at
200 °C compared to the pristine WO; counterpart. The pristine
and Co;0s-decorated WO; nanowires exhibited responses
of 234% and 610%, respectively, to 2,000 ppm H, at 200 °C.
The enhanced response of the Co;Os-decorated WO; nanow-
ire sensor can be explained by a combination of the following
factors: modulation of the depletion layer width and poten-
tial barrier height forming at the Co;04-WO; interface, high
catalytic activity of Co;O, for the oxidation of H,, active
adsorption of oxygen by the Co;O, nanoparticle surface, and
the creation of more active adsorption sites by Co;O4 nanoparti-
cles. The optimal operation temperatures of the pristine and
Co30, were determined.
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