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Abstract

ZnSnOj; one-dimensional (1D) nanostrutures were synthesized by thermal evaporation. The morphology, crystal structure and sensing
properties of the CuO-coated ZnSnO; nanostructures to H,S gas at 100 °C were examined. Transmission electron microscopy and X-ray diffraction
revealed both the ZnSnOj3 nanorods and CuO nanoparticles to be single crystals. The diameters of the CuO nanoparticles on the nanorods ranged
from a few to a few tens of nanometers. The gas sensors fabricated from multiple networked CuO-coated ZnSnO; nanorods exhibited enhanced
electrical responses to H,S gas compared to the uncoated ZnSnO; nanorod sensors, showing 61.7-, 49.9-, and 31.3-fold improvement at H,S
concentrations of 25, 50, and 100 ppm, respectively. The response time of the nanorod sensor to H,S gas was reduced by the CuO coating but the
recovery time was similar. The mechanism for the enhanced H,S gas sensing properties of ZnSnO; nanorods by the CuO coating is discussed.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

H,S is used widely in industry despite being highly toxic and
flammable, potentially causing people to lose consciousness at
very low concentrations [1]. Therefore, H,S at concentrations
as low as a few tens of ppm should be detected to prevent
exposure to H,S gas. Over the past decades, thin and thick film
gas sensors based on a range of metal oxide materials, such as
SnO,, CuO, WO;, In,03, ZnO and Fe,03, have been studied,
but these metal oxides have inherent shortcomings of poor
selectivity, long response times, limited detection range, and
the requirement of a high operating temperature [2]. To
overcome these problems, one-dimensional (1D) nanostruc-
ture-based sensors have been studied intensively in recent
years. 1D nanostructure sensors offer advantages, such as
higher sensitivity, superior spatial resolution and rapid response
associated with 1D nanostructures, due to the high surface-to-
volume ratios compared to thin film gas sensors [3-7].
Enhancing their sensing performance and detection limit is still
a challenge. The sensing properties of metal oxide 1D

* Corresponding author. Tel.: +82 32 860 7536; fax: +82 32 862 5546.
E-mail address: cmlee@inha.ac.kr (C. Lee).

nanosensors are often improved by the functionalization of
metal oxides with catalysts, such as Pd [8], Pt [9], Au [10], Ag
[11] and Cu [12] or coating with CuO [13], WO; [14], and
Fe,0; [15]. Of these materials for functionalization or coating,
CuO is particularly effective in improving the hydrogen sulfide
(H,S) gas sensing properties of metal oxide 1D nanosensors.

According to previous reports, the sensitivity of SnO, to H,S
was enhanced considerably by doping with a small amount of
CuO [15]. The enhanced sensitivity was attributed to n-type
SnO,-p-type CuO heterojunction formation and the strong
affinity of CuO-H,S, which disrupts the p—n junction. Thick
films of SnO, doped with 5% CuO were reported to exhibit very
high sensitivity [16]. On the other hand, the sensor response time
was as long as 20 min. CuO-SnO, thin films deposited by spray
pyrolysis and microwave plasma CVD were also reported to
exhibit rapid response and recovery times of a few minutes, and
their sensitivity was approximately 10° at a H,S concentration of
50 ppm [17,18]. One report stated that CuO-SnO, hybrid thin
films synthesized by the simultaneous evaporation of Sn and Cu
metals at 133.32 Pa showed a sensitivity of approximately 10 to
H,S gas at 10 ppm at 200 °C [19].

Zinc stannate (ZnSnOs) has also attracted considerable
attention as a gas sensing material [20-27]. This material has
been used to sense reducing and combustible gases, such as
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liquid petrol gas, ethanol, carbon monoxide, petroleum,
formaldehyde and H,S [20-27]. Recently, a range of ZnSnO;
nanostructures including nanoparticles, nanorods, nanotubes
and hollow nanostructures have been synthesized. Owing to its
instability at temperatures above 600 °C [28], relatively lower
temperature synthesis methods, such as low-temperature ion
exchange [29] and coprecipitation methods, have been used to
prepare ZnSnO; nanostructures [30]. Nevertheless, these
synthesis strategies usually require complex operating proce-
dures, expensive raw materials, and further heat treatment. On
the other hand, the hydrothermal synthesis method [31]
requires high temperatures and considerable time. Therefore,
a facile, mild and low-cost method for the synthesis of ZnSnO;
nanostructures is needed. This paper reports the synthesis of
ZnSnO; nanorods using a simple thermal evaporation
technique as a rapid and facile route in addition to the
enhanced sensing properties of ZnSnO3 nanorods coated with
CuO in detecting H,S gas at 100 °C.

2. Experimental

ZnSnO; nanorods were synthesized using an evaporation
technique. Au-coated Si was used as a substrate for the
synthesis of the 1D ZnSnOj structures. The 3 nm Au layer was
deposited on a p-type (1 0 0) Si substrate by direct current (dc)
sputtering. A quartz tube was mounted horizontally inside a
tube furnace. A 1:1:3 mixture of 99.99% pure SnO,, 99.99%
pure ZnO, and graphite powders were placed on the holder in
the high temperature zone (1000 °C) whereas an Au-coated Si
substrate was placed on the holder in the low temperature zone
(700 °C). The thermal evaporation process was carried out for
1 h in an Ar/O, atmosphere with constant flow rates of oxygen
(O3) (5sccm) and Ar (95 sccm). The total pressure was
0.95 Torr.

CuO thin films were deposited on the surfaces of the
ZnSnOj3 nanorod samples using a wet method. A 5 mM
ethanolic Cu(NOsj), H,0O solution (Cu(NOs), H,O:etha-
nol = 12.08 mg:10 ml) was prepared in a vial. The ZnSnO;
nanorod samples were immersed in the solution and the vial
was placed in a home-made ultraviolet (UV) box. Subse-
quently, the solution and alumina bath were irradiated with
360 nm UV light at 3 mW/cm? for 20 min. Finally, the CuO-
coated ZnSnOj; nanorod samples were annealed at 600 °C at
0.95 Torr for 30 min in an Ar (95 sccm)/O, (5 sccm) atmo-
sphere. The collected nanorod samples were characterized by
scanning electron microscopy (SEM, Hitachi S-4200),
transmission electron microscopy (TEM, Philips CM-200)
equipped with an energy dispersive X-ray spectrometer
(EDXS).

The CuO-coated ZnSnO5; nanorods were dispersed ultra-
sonically in a mixture of deionized water (5 ml) and isopropyl
alcohol (5 ml), and dried at 90 °C for 30 min. A 200 nm thick
Si0, film was grown thermally on single crystalline Si (1 0 0).
A slurry droplet containing the ZnSnOj3 nanorods (10 pl) 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 wm. The gas sensing properties of the

as-synthesized and CuO-coated ZnSnO; nanorods were
measured at 100 °C in a quartz tube placed in a sealed
chamber with an electrical feed through. Pure H,S (>99.99%)
gas was flowed into the testing tube while measuring the
electrical resistance of the nanorods. The sensing character-
istics of the gas sensors was recorded at different H,S
concentrations (25, 50 and 100 ppm) when a potential
difference of 0.5V was applied between the IDE Ni/Au
electrodes. The conventional definition of a response to a
reducing gas (i.e. (R, — R,)/R,, where R, and R, are the
electrical resistances of the sensors in air and target gas,
respectively) was used to evaluate the responses of the n-type
ZnSnO5; nanonod sensors to H,S. The response time was
defined as the time needed for the variation in electrical
resistance to reach 90% of the equilibrium value after injecting
the gas, and the recovery time was defined as the time needed
for the sensor to return to 90% above the original resistance in
air after removing the gas.

3. Results and discussion

SEM of the as-synthesized ZnSnO; 1D nanostructures
revealed diameters ranging from 60 to 100 nm with lengths up
to a few hundreds of micrometers (Fig. 1a). A typical EDX
spectrum (Fig. 1b) taken from a typical CuO-functionalizd
ZnSnO; nanorod (Fig. 1a, inset) exhibited peaks for Zn, Sn and
O. The low-magnification TEM image (Fig. 2a) showed that
CuO nanoparticles with diameters ranging from a few to a few
tens of nanometers were distributed around a ZnSnO3; nanorod.
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Fig. 1. (a) SEM image of CuO-coated ZnSnO; nanorods. Inset, enlarged SEM
image of a typical CuO-coated ZnSnO; nanorod. (b) EDX spectrum of CuO-
coated ZnSnO3 nanorods.
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Fig. 2. (a) Low-magnification TEM image of a typical of CuO-coated ZnSnO; nanorod. (b) Local HRTEM image of the nanostructure at the interface region of a
ZnSnO; nanorod and a CuO nanoparticle. (¢) SAED pattern of the [1 2 2] zone axis of the nanomaterial at the same region as in (b).

The HRTEM image (Fig. 2b) exhibited a fringe pattern clearly,
indicating that the ZnSnO; nanorods are single crystals. The
resolved distance between the two neighboring parallel fringes
in the ZnSnO; nanorod region was 0.26 nm, which is in good
agreement with the interplanar spacing of the (1 1 0) planes in
ZnSnOs;. The corresponding SAED pattern (Fig. 2c) confirmed
that an individual nanorod is a ZnSnOj single crystal with a
rhombohedral structure and lattice constants of a = 0.5283 nm
and ¢ =1.4091 (JCPDS No. 52-1381). Dim reflection spots
from CuO were also observed in the SAED pattern. The dim
spotty pattern indicated that CuO has a monocrystalline
monoclinic structure with a lattice constant a = 0.4684 nm,
b =0.3425 nm, ¢ =0.5129 nm, and B =99.47 (JCPDS No. 05-
0661). The resolved distance between the two neighboring
parallel fringes in the CuO nanoparticle region was 0.27 nm,
which is in good agreement with the interplanar spacing of the
(1 1 0) planes in bulk CuO. Fig. 3 shows the X-ray diffraction
(XRD) pattern of the CuO-coated ZnSnO5 nanorods. The main
diffraction peaks in the pattern of the as-synthesized nanorods
(Fig. 3) were indexed to a rhombohedral-structured single
crystal ZnSnOs;, indicating that the nanomaterial is ZnSnO;. In
addition to the reflections from ZnSnOs, several reflection

peaks from CuO were also observed, confirming that the CuO
particles are also crystalline.

The H,S gas sensing properties of both CuO-coated and
uncoated ZnSnO5 nanorod sensors were examined at 100 °C.
The curves in Fig. 4a and ¢ show the measured resistance as
a function of time for the uncoated ZnSnO; nanorods and

«(110)

* ZnSn0O,
= Cu0

Intensity (arb. units)

2 theta (degree)

Fig. 3. XRD pattern of the CuO-coated ZnSnO; nanorods.
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Fig. 4. Electrical responses of the gas sensors to 25, 50 and 100 ppm H,S gas at 100 °C fabricated from pure and CuO-coated ZnSnO; nanorods: (a) The dynamic
response curve and (b) enlarged part of the response curve to 100 ppm H,S gas of pure ZnSnO; nanorods. (c) Dynamic response curve and (d) enlarged part of the

response curve to 100 ppm H,S gas of CuO-coated ZnSnO;5 nanorods.

CuO-coated ZnSnOj3 nanorods, respectively, exposed to 25, 50
and 100 ppm H,S. The resistance decreased upon exposure to
H,S and recovered upon the removal of H,S but the recovered
resistance was lower than the initial value. The sensor responses
were quite stable and reproducible for repeated testing cycles.
Fig. 4b and d, respectively, show the enlarged parts of the data
in Fig. 4a and ¢ measured at a H,S concentration of 100 ppm for
both the pure ZnSnO; nanorods and CuO-coated ZnSnOj;
nanorods to reveal the moments of gas input and gas stop. The
response to H,S was enhanced considerably by the CuO coating
(Table 1). Uncoated ZnSnO3; nanorods showed responses of
2.47, 2.70 and 3.84% at H,S concentrations of 25, 50 and
100 ppm, respectively. In contrast, the CuO-coated ZnSnO;
nanorods showed responses of 152.5, 134.8, and 120.2% at H,S
concentrations of 25, 50 and 100 ppm, respectively. Therefore,
the responses of the nanorods were improved 61.7-, 49.9-, and
31.3-fold at H,S concentrations of 25, 50, and 100 ppm,
respectively. Also, these response values are approximately 4-
to 10-fold higher than those obtained previously from pure
ZnSnO; nanorods by Zeng et al. [25] (Table 2).

The H,S gas sensing mechanism of the CuO-coated ZnSnO3
nanorods was modeled based on the model proposed for the

Table 1
H,S gas sensing responses of pure and CuO-coated ZnSnO; nanorods.

SnO,-core/CuO-shell 1D nanostructures [32,33]. ZnSnOj;
nanorods have relatively high electrical resistance at low
temperatures because ZnSnOj is a wide bandgap semiconduc-
tor (E;=3.7¢eV) [34]. In the case of uncoated ZnSnO;
nanorods, the electrons in the conduction band can be trapped
by oxygen species, resulting in an electron depletion layer
on the surface of the ZnSnO; nanorod, which can make
the material highly resistive. Upon exposure to H,S gas, the
following reaction occurs spontaneously between H,S and
the preadsorbed oxygen species at 100 °C:

st(g> + 30, — (ads) =2H,0 + 2502(g) + 3¢

AG°373x = —979.3kJ /mol D

The electrons released from the surface states recombine
with the holes in the valance band, resulting in a decrease in
electrical resistance. In the process of surface sensing, the
electrons trapped by surface oxygen species will be fed back
into the electron depletion layer, which will decrease the
electrical resistance of ZnSnOs.

On the other hand, in the case of CuO-coated ZnSnO;
nanorods, the electrical resistance is very high at the interface
of the n-type ZnSnO; and p-type CuO in air due to the

H,S conc. (ppm) Response (%)

Response time (s)

Recovery time (s)

ZnSnO3 CuO-ZnSnO;3 ZnSnO5 CuO-ZnSnO;3 ZnSnO; CuO-ZnSnO3
100 3.84 120.15 1080 820 970 950
50 2.70 134.78 870 800 790 990
25 2.47 152.52 990 800 920 890
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Table 2

Comparison of H,S gas sensing responses between present work and previous work.

H,S conc. (ppm) 5 10 20 25 50 100

Response (%) ZnSnO; NWs (present work) - - - 2.5 2.7 3.8
CuO-ZnSnO3; NWs (present work) - - - 153 135 120
ZnSnO3 (Ref. [25]) 2.7 5.0 8.9 - 17.6 29.4

formation of p—n junctions. Upon exposure to H,S gas, a CuS References

layer might form on the surface of the CuO nanorods according
to the following spontaneous chemical reaction:

CuO(g) + H,S(s) — CuS(s) + H,0(g)

AG®373x = —121.0kJ/mol @)

The formation of CuS destroys the p—n junction, resulting in
a decrease in electrical resistance because CuS is metallic in
nature. CuS formation has been observed previously by X-ray
photoelectron spectroscopy, XRD, and Raman spectroscopy
[32]. Consequently, the resistance of the nanorod sensor is far
lower in H,S gas than in air. When the H,S gas supply is
stopped, the CuS layer formed at the surface of the nanorod will
be oxidized in air and converted back to CuO through the
following reaction:

CuS + 30, — 2CuO + 250, 3)

Table 1 shows that the response time of the nanorod sensor
for H,S gas sensing was decreased considerably by the CuO
coating but the recovery time was similar. The origin of this
decrease in response time is unclear but it might be due to the
higher rate of Reaction (2) than Reaction (1).

4. Conclusions

The morphology, crystal structure, and enhanced sensing
characteristics of the ZnSnO; nanostructures coated with CuO
to H,S gas at 100 °C were examined. The ZnSnOj; 1D
nanostructures synthesized using an evaporation technique
were rod-like with diameters ranging from 60 to 100 nm and
lengths up to a few hundreds of micrometers. The diameters of
the CuO nanoparticles on the nanorods ranged from a few to a
few tens of nanometers. The gas sensors fabricated from
multiple-networked, CuO-coated ZnSnO; nanorods exhibited
enhanced electrical responses to H,S gas at 100 °C. The
responses of the nanorods were improved 61.7-, 49.9- and
31.3-fold at H,S concentrations of 25, 50, and 100 ppm,
respectively. The response time of the nanorod sensor for H,S
gas sensing was shortened by the CuO coating, even though the
recovery time was not changed. The enhanced electrical
response of the CuO-coated ZnSnOj3 nanorod sensor to H,S gas
compared to that of the uncoated ZnSnO; nanorod sensor was
attributed to destruction of the p-n junctions due to the
formation of metallic CuS.
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