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Abstract
This paper compares the H2S gas sensing properties of CuO-functionalized WO3 nanowires with those of CuO-functionalized SnO2 nanorods
to see the relative contributions of the nanowire material (WO3 or SnO2) and functionalization material (CuO) to H2S gas sensing properties.
Multiple networked CuO-functionalized WO3 nanowire sensors showed electrical responses to H2S gas at 300 1C comparable to their CuOfunctionalized SnO2 nanorod counterparts. The CuO-functionalized WO3 nanowires and CuO-functionalized SnO2 nanorods exhibited responses
of  673% and 798%, respectively, to 100 ppm H2S at 300 1C. The ratio of the response of CuO-functionalized WO3 nanowires to H2S gas to
that of pristine WO3 nanowires was 3.65, whereas the ratio of the response of CuO-functionalized SnO2 nanorods to H2S gas to that of pristine
SnO2 nanorods was 3.84. Differences in sensing mechanism between CuO-functionalized WO3 nanowires and CuO-functionalized SnO2
nanorods are also discussed.
& 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction
The excellent H2S gas sensing properties of CuOfunctionalized SnO2 one-dimensional (1D) nanostructures have
been reported by many researchers over the past few years, but
little is known on the H2S gas sensing properties of other metal
oxide 1D nanostructures functionalized with CuO, even if CuOfunctionalized ZnO 1D nanostructured gas sensors have been
reported recently [1]. We need to check if other metal oxide 1D
nanostructures functionalized with CuO also have as good H2S
gas sensing properties as CuO-functionalized SnO2 1D nanostructures [2–8]. The extraordinarily enhanced H2S sensing
properties of CuO-doped SnO2 nanorods is usually explained
by the reaction of the semiconducting CuO with H2S to form
metallic CuS with a high conductivity upon exposure to H2S,
and the strong chemical afﬁnity of the alkaline CuO toward the
n
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acidic H2S gas and formation of a resistive p-type CuO and
n-type SnO2 junction in an air atmosphere [9–12]. On the other
hand, the relative contributions of these three mechanisms are
not yet known. The ﬁrst one is thought to be dominant
considering another report on the excellent sensing properties
of simple CuO nanorods and Pd-functionalized CuO nanorods
toward H2S gas [9], but more concrete information on the
relative contributions is desirable.
Tungsten oxide (WO3) 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
[13]. Gas sensors based on WO3 nanostructures have attracted
considerable attention because of their excellent sensitivity and
selectivity in detecting a range of gases. WO3 1D nanostructures have exhibited favorable sensing properties to NO2, H2S,
O3, H2, NH3, and liqueﬁed petroleum gas at elevated temperatures (200–300 1C) [14–18].
This study compared the H2S gas sensing properties of pristine
WO3 nanowires with those of pristine SnO2 nanowire gas sensors

11052

S. Park et al. / Ceramics International 40 (2014) 11051–11056

ﬁrst and then compared the H2S gas sensing properties of CuOfunctionalized WO3 nanowires with those of CuO-functionalized
SnO2 nanowire gas sensors to see the relative contributions of the
nanowire material (WO3 or SnO2) and functionalization material
(CuO) to H2S gas sensing properties.
2. Experimental
CuO-functionalized WO3 nanowires were synthesized by
thermal evaporation of WO3 powders in an oxidizing atmosphere, sputter-deposition of Cu and thermal annealing in an
oxidizing atmosphere. First, Au-coated Si was used as a
substrate for the synthesis of 1D WO3 structures. A 3 nmthick 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 WO3
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 WO3
powders. The furnace was heated to 1100 1C and maintained
at that temperature for 1 h in a N2/3 mol%–O2 atmosphere with
constant ﬂow rates of O2 (10 standard cubic centimeter per
minute (sccm)) and N2 (300 sccm). The total pressure was set
to 1.0 Torr. Subsequently, the as-synthesized WO3 nanowires
were transferred to a sputtering chamber and CuO thin ﬁlms
were deposited using a reactive sputtering method. A
99.9999% Cu target was sputtered in an Ar atmosphere with
constant ﬂow rates of Ar (300 sccm). The Cu-coated WO3
nanowires were transferred to an annealing furnace. The
nanowires were heated to 500 1C and then maintained at that
temperature for 1 h in an oxygen atmosphere (O2 gas ﬂow rate:
500 sccm). In a similar manner, CuO-functionalized SnO2
nanowires were synthesized by a sequential combination of
thermal evaporation of Sn powders in an oxidizing atmosphere, sputter-deposition of CuO and thermal annealing.
The morphology and structure of the products were
characterized by scanning electron microscopy (SEM, Hitachi
S-4200) operating at 10 kV and transmission electron microscopy (TEM, JEOL 2100F) with an accelerating voltage of
300 kV. The crystal structure of the nanowires was examined
by glancing angle X-ray diffraction (XRD, Philips X'pert MRD
diffractometer) using Cu Kα radiation (λ=0.15406 nm) at a
scan rate of 4o/min. The sample was arranged geometrically at
a 0.51 glancing angle with a rotating detector.
The gas sensing tests were carried out as follows: two
different types of multiple networked nanowire sensors:
pristine WO3 nanowire sensors and CuO-functionalized WO3
nanowire sensors were prepared. Each nanowires sample was
dispersed ultrasonically in a mixture of deionized water (5 ml)
and isopropyl alcohol (5 ml). A 200 nm thick SiO2 ﬁlm was
grown thermally on single crystalline Si (100) substrates.
A slurry droplet containing each nanowire sample (10 ml)
was dropped onto the SiO2-coated Si substrates equipped with
a pair of interdigitated (IDE) Ni ( 200 nm)/Au ( 50 nm)
electrodes with a gap of 20 μm. The gas sensing properties of
the four different multiple networked nanowire sensors made
from the four different types of nanowires were measured at

300 1C in a quartz tube placed in a sealed chamber with an
electrical feed through. The H2S ( 499.99%) test gas was
mixed with synthetic air to achieve the desired concentration,
and the ﬂow rate was maintained at 200 cm3/min using mass
ﬂow controllers to obtain H2S concentrations of 1–5 ppm.
A Keithley sourcemeter-2612 was used to acquire the resistance data. The sourcemeter was connected to a computer via
a universal serial bus connector. During the measurements, the
sensors were placed in a sealed quartz tube with an electrical
feed through. The electrical resistance of the nanowire sensor
was monitored while a set amount of H2S gas was injected
into the testing tube. The response of the sensors is deﬁned
as Ra/Rg  100 (%) both for H2S, where Ra and Rg are the
electrical resistances in the sensors in air and the target gas,
respectively.
3. Results and discussion
Fig. 1(a) shows WO3 nanowires with diameter ranging from
 50 to  200 nm and lengths ranging from 10 to 40 μm. The
low-magniﬁcation TEM image (Fig. 1(b)) showed CuO
particles with a diameter ranging from 20 to 60 nm on the
surface of a WO3 nanowire with a diameter of  80 nm. Highresolution TEM image (Fig. 1(c)) shows the WO3–CuO
interface region in a typical CuO-functionalized WO3 nanowire, revealing fringe patterns in both the WO3 nanowire and
CuO nanoparticle. The fringe pattern with a spacing of
0.373 nm corresponds to the interplanar distance of the
{110} lattice planes in bulk crystalline WO3, whereas that
with a spacing of 0.232 nm corresponds to the interplanar
distance of the {111} lattice planes in bulk crystalline CuO.
Many dim reﬂection spots as well as many clear spots in the
corresponding selected area electron diffraction (SAED) pattern were observed (Fig. 1(c)). The clear spots were assigned
to WO3, while dim ones were assigned to CuO, suggesting that
both the WO3 nanowire and CuO particle were single crystals.
Fig. 2 exhibits the XRD pattern of CuO-functionalized WO3
nanowires. Most reﬂection peaks in the XRD pattern (Fig. 2) ﬁt
monoclinic-structured WO3 with lattice constants of a¼ 0.7327
nm, b¼ 0.7564 nm, c¼ 0.7727 nm and β¼ 90.4881 (JCPDS no.
89-4476). In addition to them several reﬂections from the (002),
(111) and (202) lattice planes of monoclinic-structured CuO
with lattice constants of a¼ 0.4689 nm, b¼ 0.342 nm, c¼ 0.513
nm, and β¼ 99.571 (JCPDS no. 89-5899) were identiﬁed,
conﬁrming that the CuO nanoparticles are also crystalline.
Fig. 3(a) and (b) shows the dynamic electric responses of the
pristine WO3 nanowires and CuO-functionalized WO3 nanowires, respectively, to H2S pulses with concentrations of 1, 5,
10, 50 and 100 ppm at 300 1C. The resistance decreases
reversibly upon each H2S pulse. The electrical behaviors of
the sensors were consistent, recovering their original resistances without hysteresis after repeated exposure to different
H2S gas concentrations. The pristine WO3 nanowires showed
responses of approximately 144, 153, 162, 175, and 184%
to 1, 5, 10, 50 and 100 ppm H2S, respectively. In contrast,
the CuO-functionalized WO3 nanowires showed responses
of approximately 170, 199, 235, 302 and 673% to 1, 5, 10,
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Fig. 1. (a) SEM image of CuO-functionalized WO3 nanowires. (b) Low-magniﬁcation TEM image of a typical CuO-functionalized WO3 nanowire. (c) Highmagniﬁcation TEM image, and (d) corresponding SAED pattern of the CuO–WO3 interface region of a typical CuO-functionalized WO3 nanowire.

50 and 100 ppm H2S, respectively. The response to H2S gas
was increased more than three times by CuO-functionalization.
Table 1 shows the responses of four different 1D nanostructures to 100 ppm H2S gas at 300 1C. The pristine and CuOfunctionalized WO3 nanowires exhibited responses of 184%
and 672%, respectively, to 100 ppm H2S at 300 1C. On the
other hand, the pristine and CuO-functionalized SnO2 nanorods
exhibited responses of 208% and 798%, respectively, to
100 ppm H2S at 300 1C. The response of pristine WO3
nanowires was slightly weaker than that of pristine SnO2
nanorods. The response of CuO-functionalized WO3 nanowires
was also somewhat weaker than that of CuO-functionalized
SnO2 nanorods. The ratio of the response of CuO-functionalized
WO3 nanowires to H2S gas to that of pristine WO3 nanowires
was 3.65, whereas the ratio of the response of CuOfunctionalized SnO2 nanorods to H2S gas to that of pristine
SnO2 nanorods was 3.84. However, the difference in response
between CuO-functionalized WO3 nanowires and CuOfunctionalized SnO2 was not signiﬁcant. We may say that the
response of CuO-functionalized WO3 nanowire sensors to H2S
gas at 300 1C is comparable to that of CuO-functionalized SnO2
nanorods. This result reveals that the enhanced response of
CuO-functionalized SnO2 nanorods to H2S gas is mainly due to
the ﬁrst one of the three mechanisms, namely, formation of
metallic CuS surpasses the other two.

The H2S gas sensing mechanism of the WO3 nanowire
sensors can be explained using the surface-depletion model
like that of SnO2 nanorod sensors [19]. When the WO3
nanowire sensor is exposed to air, it interacts with oxygen
by transferring electrons from the conduction band of WO3
to the adsorbed oxygen atoms, forming ionic species, such as
O  , O2  and O2 . A depletion region is created in the wall of
the WO3 nanowires due to consumption of electrons in the
surface region of the WO3 nanowires [20], resulting in an
increase in the electrical resistance of the WO3 nanowires. The
surface depletion layer thickness, the potential barrier and the
electrical resistance increase with increasing the number of
oxygen ions on the surface [21]. On the other hand, when the
sensor is exposed to H2S gas, H2S molecules will be adsorbed
by the WO3 nanowire surface and react with the preexisting
oxygen ions on the WO3 nanowire surface to release an
electron into the conduction band of WO3, which decreases the
resistance of the nanowires according to the following reactions [22]:
O2 ðgÞ þ e-O2  ðadsÞ

ð1Þ

2H2 SðgÞþ 3O2  ðadsÞ-2H2 OðlÞ þ 2SO2 ðgÞþ 3e 

ð2Þ

This leads to an increase in carrier concentration in the WO3
nanowire surface and a decrease in the surface depletion layer
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the two materials become equal because the Ef of WO3 is
higher than that of CuO. Assuming that the WO3–CuO
interface contains no interface states at all like the interface
of p-Si and n-Si, the energy band diagram after equilibrium
will be like Fig. 4(b). Nevertheless, the actual WO3–CuO
interface has an intermediate region sandwiched between the
two crystals, i.e. an interfacial layer containing a high density
of surface states [27]. Electrons are trapped by these surface
Table 1
Responses of pristine WO3 nanowires, CuO-functionalized WO3 nanowires,
and pristine SnO2 nanorods and CuO-functionalized SnO2 nanorods to
100 ppm H2S gas.
Nanomaterials

Response to 100 ppm
H2S gas (%)

Pristine WO3 nanowires
CuO-func. WO3 Nanowires
Pristine SnO2 Nanorods
CuO-func. SnO2 nanorods

184.25
672.52
207.66
798.12

Fig. 2. XRD patterns of CuO-functionalized WO3 nanowires.

Fig. 3. Electrical responses of the gas sensors fabricated from (a) pristine WO3
nanowires and (b) CuO-functionalized WO3 nanowires to 1, 5, 10, 50 and
100 ppm H2S gas at 300 1C.

width. In other words, electrons return to the conduction band,
which results in a sharp decrease in the electrical resistance of
the WO3 nanowire sensor.
Fig. 4(a) and (b) shows the energy band diagrams near
the WO3–CuO heterojunction before and after equilibrium
[23–26]. If n-type WO3 contacts p-type CuO, electrons transfer
from the WO3 side to the CuO side and holes transfer from the
CuO side to the WO3 side until the Fermi energy levels (Ef) of

Fig. 4. Energy band diagram of the WO3–CuO system (a) before and (b) after
equilibrium: (indirect) bandgap energy of WO3 ¼ 2.6 eV [22], electron afﬁnity
of WO3 ¼ 3.33–3.94 eV [23], bandgap energy of SnO2 ¼ 1.35 eV [24] and
electron afﬁnity of SnO2 ¼4.07 eV [25]. The energy band diagram is not
drawn to scale. (a) Before equilibrium and (b) After equilibrium.
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states in this interfacial layer during their transfer from the
WO3 side to the CuO side and holes are also trapped during
their transfer from the CuO side to the WO3 side. Electrons are
trapped by acceptor-type surface states, while holes are trapped
by donor-type surface states. Depletion layers are created near
the interface on both the CuO and WO3 sides because of this
carrier trapping as well as the repulsion between the electrons
on the WO3 side and the ionized acceptors on the CuO side
and between the holes on the CuO side and the ionized donors
on the WO3 side. A more signiﬁcant band bending would
occur in the interfacial layer due to this carrier trapping than
that in the depletion layers. Consequently, the actual energy
band diagram after equilibrium would be somewhat modiﬁed
like Fig. 4(b). The CuO nanoparticles would be partly depleted
of carriers because the diameter of the CuO particle (20–
60 nm) is larger than the depletion layer width due to the outer
surface of the CuO particle, which is more or less the same as
the Debye length of CuO (in a range of 3–23 nm [28,29]).
A shallow undepleted zone might exist between the depletion
layer due to the outer surface of the CuO particle and the
depletion layer due to the interface of WO3–CuO depending
upon the thickness of each CuO particle.
The enhanced response of the CuO-functionalized WO3
nanowires to H2S gas might be due to a combination of the
following three mechanisms similar to that of CuOfunctionalized SnO2 nanorods, i.e. (1) formation of metallic
CuS as a result of the reaction between CuO and H2S,
(2) formation of a heterojunction between p-type CuO and ntype WO3 resulting in a large depletion region near the
interface due to the intrinsic nature of a p–n junction and
carrier trapping by surface states at the interface and (3) the
strong chemical afﬁnity of the alkaline CuO toward the acidic
H2S gas. Of these three mechanisms the ﬁrst one may be
predominant considering the excellent sensing properties of
Pd-functionalized CuO 1D nanostructures reported recently
[30]. We may also conclude that the difference in the
sensitivity to H2S gas between CuO-functionalized WO3
nanowires and CuO-functionalized SnO2 nanorods is solely
attributed to the difference in the sensitivity between WO3
nanowires and SnO2 nanorods and that the difference is
quite small.
4. Conclusions
Multiple networked CuO-functionalized WO3 nanowire
sensors showed electrical responses to H2S gas at 300 1C
comparable to their CuO-functionalized SnO2 nanorod counterparts. The pristine and CuO-functionalized WO3 nanowires
exhibited responses of 184% and 672%, respectively, to
100 ppm H2S at 300 1C. On the other hand, the pristine and
CuO-functionalized SnO2 nanorods exhibited responses of
208% and 798%, respectively, to 100 ppm H2S at 300 1C.
The response of pristine WO3 nanowires is slightly weaker
than that of pristine SnO2 nanorods. The response of CuOfunctionalized WO3 nanowires is also somewhat weaker than
that of CuO-functionalized SnO2 nanorod. The ratio of the
response of CuO-functionalized WO3 nanowires to H2S gas to
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that of pristine WO3 nanowires was 3.65, whereas the ratio of
the response of CuO-functionalized SnO2 nanorods to H2S gas
to that of pristine SnO2 nanorods was 3.84. We may extract the
following two conclusions from the above results: (1) the
enhanced sensing properties of CuO-functionalized WO3
nanowires are mainly attributed to CuO functionalization,
and (2) there is very little difference in H2S gas sensing
properties between WO3 nanowires and SnO2 nanorods.
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