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In this study, we report on the synthesis of the NiO/ZnO heterostructured nanowires by a facile two-step
liquid phase route and their gas sensing characteristics employing Au interdigitated electrodes integrated
on a miniature ceramic heater. Microstructural characterizations indicate that flocculent NiO particles are
uniformly assembled on the outer surfaces of the single-crystalline ZnO nanowires, with diameters around
50 nm and lengths ranging from 500 nm to several pm. The gas sensing investigation indicates that the
sensors based on NiO/ZnO heterostructured nanowires exhibit high sensitivity towards ethanol, good re-

I]fla‘g:isr'ucmre versibility, reproducibility, stability, robustness towards humidity, and fast response/recovery rates at the
NiO determined optimum operating temperature of 300 °C. Interestingly, the sensor shows higher ethanol re-
Zn0 sponse but longer recovery time in N, compared with those in air. An ethanol sensing mechanism is
Nanowires proposed to explain the experimental results.

Ethanol sensing © 2021 Elsevier B.V. All rights reserved.
Gas sensing

1. Introduction

Gas sensors, the devices that transfer information about the
presence and concentration of gases of interest into detectable
electrical signals, play an important role in many industries, en-
vironmental protection, health and safety, and medical systems,
among others [1,2]. The sensing signal transformation can be
achieved by using different principles resulting in various types of
gas sensors [3,4]. Conductometric semiconducting gas sensors are
designed based on the resistance change of a semiconducting ma-
terial caused by the interfacial reaction between the gas and the
surface of the sensing material, and have captured a large portion of
the gas sensing market due to their solid state, low cost, high re-
liability, and easy operation [5,6]. While they have been employed
for the detection of various gases and in many applications, several
issues remain including their limited selectivity and humidity
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interference. As a core part of a semiconducting gas sensor, sensing
materials play a key role in determining the sensing performance of
the device, with the microstructure and surface properties being the
dominant factors.

ZnO, a II-IV metal oxide semiconductor (MOS) with a band gap of
3.37 eV at room temperature, is an important multifunctional ma-
terial with a broad range of technological applications, especially for
optical and electronic related devices [7,8]. ZnO is also considered
one of the most promising materials for gas sensing and has received
extensive attention due to its high chemical and thermal stability,
low cost, and tunable chemical and electronic properties [9,10].
Stimulated by the unique properties and great application potential,
various ZnO nanostructures, such as nanorods, nanosheets, and na-
noflowers have been explored and reported [11-13]. Amid these
structures, one-dimensional ZnO materials have attracted increasing
interest because of their high specific surface area, comparable di-
mensions to the surface charge region, high crystallinity, ease of
surface functionalization, and good electron transport capacity
[14,15]. Thus, one-dimensional ZnO nanowires are expected to
overcome the present limitations of MOS gas sensors [16,17].

To better meet the requirements of different working conditions,
surface functionalization of pristine MOS materials is usually re-
quired to further regulate or improve their gas sensing properties.
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One of the most attractive strategies is constructing MOS-MOS
heterostructures to take full advantage of the two different types of
sensing materials [ 18]. The difference in the work functions between
the two materials results in a charge depletion or accumulation re-
gion at the heterojunction [19], providing a great possibility to tailor
the sensing characteristics of the MOS sensing materials [20]. An-
other advantage of MOS-MOS heterostructures in gas sensing is their
synergistic effects. For some multi-step gas sensing reactions, the
tested gas may prefer to react with one of the two materials and the
resulting products may react with the other material most readily to
bring the reactions to completion [21,22]. Furthermore, improve-
ments in the selectivity and reduction in humidity interference of
the host sensing materials by constructing heterostructures have
been recently reported [23].

In this work, one-dimensional NiO/ZnO heterostructured nano-
wires are synthesized by depositing flocculent NiO particles on the
surface of the ZnO nanowires. The gas sensing properties of the
prepared samples are investigated using a miniature ceramic-based
heater. The sensor shows good ethanol sensing performance over a
wide range of relative humidity (RH) at the selected optimum op-
erating temperature of 300 °C. Furthermore, the sensor exhibits a
much higher ethanol response in the background gas of N, than in
air. A possible sensing mechanism is discussed based on the ex-
perimental results and reported literature.

2. Experimental
2.1. Preparation of NiO/ZnO heterostructured nanowires

NiO/ZnO heterostructured nanowires were prepared by con-
structing NiO on the surface of ZnO nanowires. ZnO nanowires were
firstly synthesized by a solvothermal method following our pre-
viously reported recipe [24]. Briefly, zinc acetate dihydrate (0.44 g)
was used as the source of Zn, absolute ethanol (117 mL) was used as
the solvent, sodium hydroxide (2.5 g) was used to adjust the pH of
the precursor, sodium dodecyl sulfate (0.1 g) and polyethylene glycol
400 (27 mL) were used as surfactants to control the structure of the
product. All of the above reagents were added into a plastic beaker
and then magnetically stirred for 1 h to completely dissolve and mix.
The resultant transparent solution was then transferred into a Teflon
bottle, which was subsequently sealed into a stainless autoclave for
the followed reaction. The solvothermal reaction was conducted at
140 °C and maintained for 16 h. After the reaction, the products were
rinsed with water and ethanol, and then dried at 60 °C in a va-
cuum oven.

To grow NiO on the surface of the ZnO nanowires and construct
the heterostructure, a solution-based precipitation route was de-
signed. The prepared ZnO nanowires (0.0972 g) were dispersed in
30 mL deionized water with the assistant of ultrasonication and
magnetic stirring. Then, 1.2 mL of 0.1 M nickel nitrate solution was
added to the dispersion solution while stirring. After 10 min, 5 mL
mixed solution of potassium persulfate solution (4.5 mL, 0.2 M) and
ammonia solution (0.5 mL, 25%-28%) was dropwise added to the
above solution for another 1 h stirring. The samples were cen-
trifuged and then washed using water and ethanol, dried at 60 °C,
and finally annealed at 500 °C for 3 h to improve the crystallinity and
stabilize the structure.

2.2. Characterizations of the prepared samples

The crystallinity and phase structure of the prepared materials
were characterized by X-ray diffraction spectroscopy (XRD,
PANAlytical X'Pert Pro) using Cu Ka radiation at wavelength
of 1.5406 A. The operation voltage and current were respectively set
to be 40 kV and 40 mA, respectively, and the diffraction data in the
260 range of 20-80° were recorded. The structure and morphology of
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Fig. 1. Structure of the gas sensor with the integrated heater.

the materials were investigated by field emission scanning electron
microscopy (FESEM, ZEISS Ultra Plus) at the operating voltage of
15 kV, and transmission electron microscopy (TEM, JEM-2100 F) at
the operating voltage of 200 kV. During the FESEM and TEM ana-
lyses, the energy-dispersive X-ray spectroscopy (EDS) and elemental
mapping images were also recorded for the confirmation of the
elemental composition and distribution of the products, respec-
tively. The detailed near-surface chemical composition was probed
by X-ray photoelectron spectroscopy (XPS, Thermo Scientific Escalab
250Xi) using monochromatic Al K, source.

2.3. Gas sensor fabrication and gas sensing tests

Fig. 1 shows the structure of the gas sensing electrode (Sino
Aggtech), that is used to evaluate the gas sensing properties of the
prepared materials in this study. As can be seen in this figure, a
square 1.5 x 1.5 mm? ceramic plate with a thickness of 0.25 mm was
employed as the substrate. On the front side of the ceramic plate,
interdigitated Au thin lines were printed as the sensing electrodes,
while a RuO, heating layer and two parallel Au thin lines were
printed on the backside to control the operating temperature of the
sensor. The as-synthesized NiO/ZnO nanowires were homo-
geneously suspended in ethanol with the assistant of ultrasonica-
tion, which was then drop-casted on the front side of the ceramic
plate followed by a 24 h aging at the operating temperature
of 350 °C.

The gas sensing manifold was detailed in our previous reports
[25,26]. The fabricated sensor was wire-bonded to a 4-pin socket
and then placed into the test chamber within a volume of ~1 cm>.
The tested gases including ethanol (Airgas, 978 ppm in N;), for-
maldehyde (Praxair, 22.1 ppm in N;), acetone (Airgas, 409 ppm in Ny),
CO, (Airgas, 20,200 ppm in N,), NH3 (Praxair, 9.39 ppm in N;), and
NO, (Praxair, 21.8 ppm in N;) were individually diluted with pre-
dried house air and then flowed to the test chamber with a total
flow rate of 300 sccm. All the mass flow controllers (Bronkhorst) in
the gas delivery system were controlled by a LabView-based com-
puter program. A Keithley 2602 source-meter was used to monitor
the sensor resistance and control the heater temperature. A bias
voltage of 1V was applied to the sensing materials and the applied
voltage on the heater was changed to provide different operating
temperatures. An open Java-based software suit, Zephyr, is employed
to collect and record the data from the source meter and gas delivery
system.

The sensor response was defined as R./Rg, where R, and Ry were
the sensor resistance upon exposure to fresh air and target gas,
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Fig. 2. XRD pattern of the NiO/ZnO heterostructured nanowires.

respectively. The response and recovery times were defined as the
times for the sensor to achieve 90% of the full resistance upon ex-
posure to the target gas and its removal, respectively.

3. Results and discussion
3.1. Characterizations

Fig. 2 shows the XRD pattern of the prepared NiO/ZnO nanowires,
indicating both ZnO and NiO phases. The peaks at 31.8°, 34.4°, 36.3°,
47.5°, 56.6°, 62.9°, 66.4°, 67.9°, 69.1°, and 77.0° are indexed to hex-
agonal wurtzite structured ZnO according to the ICDD card No. 79-
0206, while the peak at around 43.1° matches well with ICDD card
No. 89-7130 of cubic NiO. The results indicate that the NiO/ZnO
composite is successfully synthesized. In addition, no other peaks
related to any impurities are detected in the pattern, demonstrating
the prepared sample is of high phase purity.
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Fig. 3 shows the FESEM images with different magnifications and
the corresponding EDS pattern of the prepared NiO/ZnO hetero-
structured nanowires. As can be seen in the low-magnification
images of Fig. 3(a, b), the prepared products consist of uniform na-
nowires up to several micrometers in length. The nanowires are
interlaced with each other forming a porous network, which can
provide effective paths for gas diffusion during the gas sensing
process and improve the gas sensing performance [27,28]. Fig. 3(c)
displays the FESEM image under high magnification, indicating that
the nanowires have a uniform diameter in the range of 30-50 nm.
More importantly, compared with the FESEM images of pristine ZnO
nanowires in Fig. S1, the second phase additives can be clearly ob-
served on the surface of the ZnO nanowires of the composite ma-
terials. The corresponding EDS spectrum is exhibited in Fig. 3(d),
highlighting that no peak related to other elements besides Zn, Ni,
and O can be observed in the spectrum, further confirming the high
purity of the prepared NiO/ZnO composite nanowires. Furthermore,
the detected atomic ratio of Ni to Zn is 8.2%, which is somewhat
lower than that (10%) based on the starting solution. This may be
caused by the loss of Ni during the reaction and washing process.

More insight into the microstructure of the prepared NiO/ZnO
heterostructured nanowires was obtained by TEM. As shown in
Fig. 4(a), the nanowire possesses a rough surface with a relatively
uniform diameter, which agrees well with the FESEM characteriza-
tion results. Additionally, the one-dimensional heterostructure can
be clearly observed, where loose flocculent NiO particles are as-
sembled on the surfaces of ZnO nanowires. Fig. 4(b) shows the
HRTEM image of the NiO/ZnO, in which the different lattice fringes
can be clearly observed. The well-defined interplanar spacing of
2.60 A in ZnO core region corresponds to the (002) crystal planes of
waurtzite structured ZnO [29], and the lattice fringes with d-spacings
of 2.08 and 2.40 A in NiO shell region are assigned to the (200) and
(111) crystal planes of cubic NiO [30,31], respectively. Fig. 4(b) inset
provides the corresponding SAED pattern. The clear spot array and
some diffraction rings can be observed in this pattern, indicating the
coexistence of monocrystalline ZnO and polycrystalline NiO. The
elemental mapping images of a single NiO/ZnO nanowire shown in
Fig. 4(d, e, f) indicate that a uniform wire-like distribution of Zn, Ni,
and O elements is obtained. Then, the color dot of Zn element in

Element | Weight/% | Atomic/%
S| Zn 0K 21.82 53.09
g‘ NiK 5.36 3.55
= ZnL 72.81 43.35
o | Ni
= Total 100 100
)
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Energy/keV

Fig. 3. (a—c) FESEM images of NiO/ZnO heterostructured nanowires with different magnifications, (d) the corresponding EDS pattern.
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Fig. 4. TEM characterization results of NiO/ZnO heterostructured nanowires: (a) ty-
pical TEM image; (b) HRTEM image and the corresponding SAED pattern (insert); (c-f)
a typical TEM image of a single nanowire and the corresponding elemental mapping
images for Zn, Ni, and O, respectively.

Fig. 4(d) is denser than that of Ni element in Fig. 4(e), demonstrating
that the content of Zn element in the materials is higher than that of
Ni element, which is consistent with the pre-defined Ni/Zn atomic
ratio of ~10% in raw materials. In addition, it can be found that the
distribution region of Ni and O elements are slightly broader than
that of Zn element along the nanowire. This is consistent with the
FESEM images that suggests NiO distributes on the outer surfaces of
ZnO nanowire, providing further evidence for the formation of NiO/
ZnO heterostructure.

The XPS characterizations were performed to further determine
the surface composition and chemical sate of the synthesized NiO/
ZnO heterostructured nanowires. All the peaks were calibrated using
the binding energy of C 1s at 248.8 eV as a reference. The full scan
spectrum in Fig. 5(a) confirms that the prepared sample is composed
of Zn, Ni, and O elements with high purity. Fig. 5(b) shows the Zn 2p
region of the spectrum, with the peaks at the binding energies of
1021.86 and 1044.77 eV assigned to Zn 2psj; and Zn 2p,,, respec-
tively [32]. The energy splitting value of 22.91 eV and the energy loss
feature between these two peaks demonstrate the chemical state of
Zn?* in NiO/ZnO nanowires [33]. The high-resolution XPS spectrum
of Ni 2p is given in Fig. 5(c). The peaks located at the binding en-
ergies of around 855 and 873 eV are attributed to Ni 2psj; and Ni
2p12, respectively, where the significant multiple-split feature can
also be observed [34]. The other two peaks at around 861 and 879 eV
are assigned to the satellite peaks of Ni 2ps/, and Ni 2py,, respec-
tively [35]. The results confirm the existence of Ni** in the synthe-
sized sample. The O 1 s spectrum, which comes from both the ZnO
core and NiO shell of NiO/ZnO nanowires, is shown in Fig. 5(d) and is
deconvoluted into two components. Based on the previous reports,
the peak centered at 530.94 eV is attributed to the Zn—0 and Ni—O
bonds in the crystal lattice of NiO/ZnO nanowires [36], while the
peak at around 532.24eV is regarded as the signal of surface
adsorbed oxygen species (such as — OH, 02—, and O-) and oxygen
deficient [37,38].

3.2. Gas sensing properties

The ethanol sensing behavior of NiO/ZnO based sensor at dif-
ferent operating temperatures was firstly studied to determine the
optimum operating temperature. Fig. 6(a) shows the responses of
the sensor to 20 ppm ethanol at different operating temperatures.
The response increases sharply with increasing the operating tem-
perature from 100 °C to 300 °C and reach a maximum response of
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~49 at 200 °C. Then, the response declines with further increase in
temperature. When the sensor is exposed to ethanol, the change of
the sensor resistance (sensor sensing signal) is known to be related
to the redox reaction between ethanol molecules and chemisorbed
oxygen species on the surface of the sensing materials. When the
operating temperature is relatively low, there is not sufficient energy
for this reaction, and thus, a low response and long response/
recovery times [38]. On the other hand, at relatively high operating
temperatures, the gas molecules desorb from the surface of the
sensing materials before reaction, leading to a decrease in the sensor
response as seen in Fig. 6(a). Fig. 6(b) displays the response and
recovery times to 20 ppm ethanol at different operating tempera-
tures. The response and recovery times shorten quickly when raising
the operating temperature. The sensor does not reach full recovery
at heater temperatures of 150 °C and below after exposure to ethanol
(Fig. S2(a, b)). Although the sensor shows the highest response at
200 °C, the response/recovery time is rather long. Taking both re-
sponse and response/recovery rates into consideration, in this study,
heater temperature of 300 °C is selected as the optimum operating
temperature for ethanol sensing. At this temperature, the response
and recovery times are ~4 and 28 s for 20 ppm ethanol, respectively.
Furthermore, the sensing performance of pristine ZnO nanowires
based sensor to 20 ppm ethanol at 300 °C was also investigated in
Fig. S3. The corresponding response is 4.7, while the response and
recovery times are 4s and 110s, respectively. Clearly, NiO/ZnO
composite materials are more sensitive to ethanol, with a much
faster recovery speed.

Fig. 7(a) displays the dynamic response and recovery curves of
the sensor, held at 300 °C, to repetitive sensing cycles with ethanol
concentration ranging from 3 to 100 ppm. The sensor shows fast
response and recovery rates with an excellent reversibility and a
stable baseline resistance. The sensor resistance drops quickly and
then reaches steady state upon exposure to ethanol. After the
ethanol is purged out, the sensor resistance recovers in a short time.
Such resistance change characteristic is consistence with the typical
sensing behavior of n-type metal oxide semiconducting gas sensing
materials to reducing gases, suggesting that the NiO/ZnO hetero-
structured nanowires maintain the n-type semiconducting char-
acteristic. The responses of the sensor to different ethanol
concentrations at 300 °C were calculated and presented in Fig. 7(b).
It can be seen that the sensor response shows a monotonic increase
with increased ethanol concentration ranging from 3 to 100 ppm.
Furthermore, an effective response of 2.3 can be detected for a low
ethanol concentration of 3 ppm. Such a detectable concentration is
much lower than the limit of the human sense of smell
(~6.1 ppm) [39].

The cross-sensitivity was then checked by measuring the sensor
responses to several interfering gases including carbon dioxide,
ammonia, formaldehyde, nitrogen dioxide, and acetone at the op-
erating temperature of 300 °C. As can be seen in Fig. 8, the sensor
responses to carbon dioxide (1000 ppm), ammonia (8 ppm), for-
maldehyde (15ppm), nitrogen dioxide (20ppm), and acetone
(20 ppm) are 1.2, 1.8, 2, 1 and 1.2, which are much lower than the
sensor response to ethanol (20 ppm), suggesting that the sensor is
much more sensitive to ethanol than these interfering gases. The
observed sensing characteristics can be related to the nature of ZnO
and NiO, the selected operating temperature, and the chemical
properties of ethanol, as discussed in our previous report [40].

Fig. 9(a) shows the dynamic response and recovery curves of
the sensor upon alternative exposure to air and 20 ppm ethanol.
The excellent reversible and reproducible real-time response can be
clearly observed with the sensor exhibiting a consistent response
and recovery behavior in every sensing cycle. To further evaluate
the stability of the sensor, the responses of the sensor to various
concentrations of ethanol were also tested and recorded on the 15th
(Fig. 9(b)) and 30th days (Fig. 9(c)). Compared with the sensing data
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collected on the 1st day, the sensor response showed no obvious
deviation to the same concentration of ethanol. Meanwhile, only a
small drift of the baseline resistance of the sensor is observed after
30 days. The results demonstrate the good long-term stability of the
sensor for ethanol sensing.
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Relative humidity is usually reported to have a significant effect
on the gas sensing performance of MOS sensors. Hence, the sensing
performance of the NiO/ZnO based sensor at different humidity
conditions was studied. As can be seen in Fig. 10, the responses of the
first two sensing cycles in dry air (~3% RH) is 7, which is consistent
with the sensing results in Figs. 7 and 9, indicating the good re-
producibility of the sensor. In addition, it is found that the baseline
resistance of the sensor shows higher noise level when the humidity
is increased, which can be mainly ascribed to the fluctuation of the
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gas flow in the gas delivery system when increasing the humidity,
especially under low humidity conditions. It may also be related to
the dynamics of surface adsorption/desorption processes when
transferring the sensor from a dry condition to a wet one. The sensor
response decreases to 4 when the RH increases to around 30% due to
the competitive adsorption of water and ethanol [41]. But the sensor
maintains a constant response value of 4 as the RH increases to 70%.
Meanwhile, it can be observed that the sensor still exhibits fast re-
sponse and recovery rates even at relative humidity of 70%. Notably,
the sensor keeps a relatively stable baseline resistance without any
obvious decrease over the entire tested RH range of 3%-70%. For
comparison, the sensing performance of the pristine ZnO based
sensor at different humidity conditions was shown in Fig. S4. It can
be seen that the sensor resistance decreases sharply once the re-
lative humidity increases, and the sensor response to 20 ppm
ethanol decreases from 4.7 to 2.5 when the relative humidity in-
creases from ~4% to ~50%. The results suggest that NiO layer can
reduce the effect of relative humidity to some extent [23], especially
for the sensor baseline resistance stabilization.

3.3. Gas sensing mechanism discussion

ZnO and NiO are typically n- and p-type semiconducting mate-
rials, respectively. From Figs. 7 and 9, it can be deduced that the NiO/
ZnO heterostructured nanowires show the n-type behavior, in-
dicating that the sensing process of the NiO/ZnO composite mate-
rials is dominated by the n-type ZnO nanowires. Based on the
generally accepted surface space charge layer model, the ethanol
sensing process in the air can be summarized into the following
three steps [42-44]:

(a) In fresh air: the oxygen molecules adsorb on the active sites
(Sactive) of the surface of the sensing materials and then dis-
sociated into oxygen anion ions by trapping electrons from the
conduction band (Eq. (1)), resulting in a depletion layer in the
surface region and high resistance of the sensing materials.
Meanwhile, it should be noted that the oxygen adsorption is a
reversible process, namely, the adsorption and desorption of the
oxygen take place simultaneously and the sensor resistance
becomes stable once steady state is established.

(b) In the presence of ethanol: ethanol molecules react with the
surface adsorbed oxygen ions following Eq. (2), which removes
the oxygen and releases the trapped electrons back to the con-
duction band. As a result, the depletion layer is reduced, and the
sensor resistance decreases. One important point is that oxygen
from the air reoccupies the newly available active sites following
Eq. (1) during the sensing reaction process. Obviously, this pro-
cess is opposite to the ethanol reaction process and reduces the
Sensor response.

(c) Upon the removal of ethanol: oxygen from air re-adsorbs on the
surface of the sensing materials following step (a), and the
sensor resistance recovers to its initial state.

1
3 Oz(adS) + e~ + Syctive < O™~ (ads) 1)
GHsOH(gas) + O"(ads) — B + Sucive + €~ (2)

where the B is the reaction products and S,ve iS the active sites.
Egs. (1), (2) indicate that oxygen molecules play an important
bridge role in the ethanol sensing process. Thus, we compared the
ethanol sensing behaviors in air and N5 at 300 °C. As can be seen in
Fig. 11, the first two sensing cycles were conducted with air as the
background gas, resulting in a calculated response of 22.5, consistent
with the results in Figs. 7 and 9. When the background gas is re-
placed by N,, several interesting changes can be observed. First, the
baseline resistance immediately drops significantly once the
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Fig. 11. Dynamic response and recovery curves of NiO/ZnO nanowires to 50 ppm
ethanol at 300 °C with the background gases of air and N,.

background is changed from the air to N,. Next, the sensor shows a
similarly fast response time upon exposure to ethanol in N, back-
ground to that in air. This suggests that the interaction process of
ethanol and sensing material surfaces in air and N, is similar. Next,
the ethanol response of the sensor in N; is much higher than that in
the air. This seems contrary to the bridge role of oxygen in the
ethanol sensing process that was discussed above. Finally, the re-
covery time in N, is much longer than that in air and the sensor does
not recover to its initial state after more than 10 min in N,, while the
sensor fully recovers in less than 1 min in the air. Moreover, when
the background gas is changed back to the air again, the baseline
resistance and the sensing characteristics are fully recovered (see the
fifth and sixth sensing cycles in Fig. 11).

Based on the above observation and discussion, a possible ex-
planation of the different sensing behaviors in N, is proposed. When
the sensor is in air, oxygen molecules adsorb on the active sites of
the surface of the sensing material and then ionized to oxygen ions
following Eq. (1). Based on previous reports, the oxygen vacancies
(V*) are one of the most important active sites [21,45]. When the
background is changed to N, most of the adsorbed oxygen species
are removed from the surface of the sensing materials, leading to a
greatly reduced sensor resistance. When the ethanol is exposed to
the sensor, different from the reaction in the air, the redox reaction
may mainly take place between ethanol and surface lattice oxygen of
the sensing material, which also releases the electrons, creating the
surface vacancies, and consequently reducing the sensor resistance.
Furthermore, because of the lack of oxygen, the created oxygen va-
cancies are hard to be healed. In other words, in N, background, only
Eq. (2) takes place smoothly. This is hypothesized to be the main
reason for the much higher ethanol response in N, than that in
ethanol. Furthermore, although the high purity N, was used in this
experiment, there may still be trace amount of oxygen in the gas
delivery system. Therefore, as observed in Fig. 11, the sensor partially
recovers with a very slow recovery rate. More efforts need to be done
to reveal the complex gas sensing process reported here, which not
only can help to understand the sensing mechanism but also plays
an important role in designing the next generation gas sensors.

4. Conclusion

In summary, a two-step route was presented to synthesize NiO/
ZnO heterostructured nanowires, which are composed of the host
ZnO nanowires and NiO assembled on the outer surfaces. The dia-
meters of the heterostructured nanowires are around 50 nm while
their length can reach several micrometers. The gas sensing
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properties were investigated by employing interdigitated Au elec-
trodes on a miniature heater and using a computer-controlled dy-
namic gas sensing test platform. The optimum operating
temperature of the sensor was determined to be 300 °C in con-
sideration of both response magnitude and response/recovery times.
At this operating temperature, the sensor exhibited a high response,
and response and recovery times to ethanol. Furthermore, the sensor
showed good reversibility, reproducibility, selectivity, stability, and
robustness to humidity.
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