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Facile synthesis of NiO nanowires and their gas sensing performance
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Abstract: The NiO nanowires were prepared by a facile PEG assisted hydrothermal method using NiC,0,2H,0 as a precursor
compound. The microstructure of the samples was characterized by SEM and XRD. The gas sensing properties of the NiO nanowires
toward ethanol was also investigated. The results show that PEG plays a key role in the synthesis of wire-like NiO. The NiO
nanowires show excellent sensing performances to ethanol gas. This morphology holds substantial promise for applying NiO as a

potential gas sensing material for future sensor application.
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1 Introduction

As a semiconductor, nickel oxide (NiO) has
attracted a wide range of attention because its physical
properties are important for many promising applications
in the field of catalyst, magnetic and gas sensor [1-4]. In
applications, the performance of NiO depends on its
crystalline phase state, dimension and morphology [5,6].
In recent years, there have been many efforts in the
fabrication of nanostructure NiO with various
morphologies to improve its performance [7—14].
Compared to the traditional nanosized NiO, such as
nanospheres, and one-dimensional (1-D) nanostructures,
such as nanobelts, nanowires and nanotube would exhibit
much more excellent performance in catalyst and gas
sensor due to their high specific surface area, at the same
time, have a lower charge carrier recombination rate
[15,16]. Technologies in fabrication of 1-D
nanostructures provide us a promising method to explore
new materials enable to enhance their performances, i.e.,
gas sensing functionality.

In this work, the hydrothermal reaction method was
employed to prepare NiO nanowires and the gas sensing
performance of the obtained nanowires was investigated.
The main purpose was to develop a reliable and practical
sensing material. It was found that NiO nanowires show

excellent gas sensing performances towards ethanol,
thereby holding technological promise for fabricating
ethanol gas sensor.

2 Experimental

2.1 Preparation of NiO nanowires

In a typical hydrothermal procedure, 3 mmol of
NiCl,-6H,0 was dissolved into 22.5 mL distilled water to
form a green clear solution in a beaker of 70 mL capacity,
and then 1 mmol of NaC,0, 0.15 g of PEG (relative
molecular mass 6000) and 40 mL of EG were added to
the beaker. The mixture was magnet stirred for 30 min to
give a transparent solution and transferred into a
Teflon-lined stainless steel autoclave, sealed and
maintained at 180 °C for 20 h. After the reaction was
completed, the autoclave was cooled to the room
temperature naturally. The blue-green products were
harvested by pursuing centrifugation, washing with
distilled water and ethanol more than 10 times,
respectively, to remove unexpected ions, and then dried
at 60 °C in vacuum. The powder was heated to 400 °C
with a heating rate of 2.0 °C/min and then annealed at
400 °C for 2 h.

2.2 Microstructure characterization
The crystal structure and morphology of the
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samples were characterized by X-ray diffraction
(XRD)and field emission scanning electron microscopy
(FE-SEM), respectively. XRD analysis was conducted
using RigakuD/Max-1200X diffractometer with the Cu
K, radiation operated at 30 kV and 100 mA. The
morphology was characterized with a Nova 400 Nano
FE-SEM.

2.3 Fabrication of gas sensor and gas sensing
measurement

Before sensors fabrication, the as-obtained
precipitate was annealed at 100 °C for 2.5 h in air to
remove crystal water for stabilizing. A proper amount of
the final powder was mixed with distilled water to form a
paste, which was then coated onto an alumina tube with a
pair of Au electrodes and four Pt wires. A Ni—Cr alloy
filament which inserted into the tube was used as heater.
The temperature of coated tube could be controlled by
regulating voltage. Different voltages were corresponded
to various temperatures. The gas-sensors were dried at
120 °C for 8 h in air to evaporate the water molecules
existed possibly. Finally, the sensor was aged for 2 d
before measurement.

Gas sensing properties were measured using a static
system that was controlled by a computer (HW-30A,
Hanwei Electronics Co., China). The schematic for the
gas response measurement is shown in Fig. 1(a). The
sensors are operated using a simple circuit voltage (7;),
which was applied to allow a measurement of the output
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Fig. 1 Schematic diagram of electric circuit (a) and gas-sensing
measurement system (b)

voltage (Vo) across. The gas inlet and the air admittance
valves are made at the base plate in order to inject the
test gas and, air as shown in Fig. 1(b). When air and
ppm-level target gases flowed through the test chamber,
the corresponding resistances of the sensor in air (R,) and
in the presence of the target gas in air (R,) were
measured by monitoring the V., The operating
temperature of the sensor was controlled by varying the
current flow through the heater. Ethanol gases were
injected inside the bell jar through a needle valve. Gas
sensing studies were carried out under laboratory
condition at room temperature of 27 °C and relative
humidity of 40%. Gas response in this work was defined
as S=R./R;, where R, and R; are the resistance of the
sensor in air and in ethanol, respectively [17].

3 Result and discussion

The samples obtained via the hydrothermal process
at 180 °C for 12 h were characterized with SEM and
XRD, respectively. The results are shown in Fig. 2.
Figure 2(a) shows a low SEM image of the samples,
which indicates that the samples show the wire-like
structure. Figures 2(b) and (c) show magnified SEM
images of the samples. It can be seen that the samples
show a wire-like structure. The length and diameter of
the nanowires are 2—4 pum and 80—100 nm, respectively.
The XRD patterns of the samples are shown in Fig. 2(d).
It can be seen that all peaks in the XRD patterns are
consistent with the JCPDS (21-1272) data of the
NiC,042H,0O with a monoclinic phase. Moreover, no
NiO related peak was detected in this sample obtained
from hydrothermal process, which verifies a pure phase
of NiC,042H,0 products.

The pervious references addressed that the
NiC,042H,0O nanowire is unstable that they will
transform quickly from single crystal into NiO
polycrystals. Thereby, the as-prepared wire-like
NiC,04-2H,0 precursors were annealed at 400 °C for 2h
in air, and the resultant products were characterized
using SEM and XRD, respectively.

Figure 3(a) shows the SEM image of the samples
obtained after annealing the as-prepared NiC,0,42H,0
precursors. The SEM image indicates that the sample
keeps the geometrical morphology of wire-like structures.
The length and diameter of the nanowires are 2—3 pm
and 85—100 nm, respectively. The corresponding XRD
patterns are shown in Fig. 3(b). Three orientation peaks
are observed from the patterns where 26 is 37°, 43° and
62°, respectively. According to JCPDS card No.04-0835,
the obtained samples after annealing the NiC,0,42H,0
precursors are cubic NiO, and the three peaks are
assigned to (111), (200) and (110), respectively. So, it is
suggested that the NiC,04-2H,0 will transform into NiO
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Fig. 3 SEM image (a) and XRD pattern (b) of sample obtained after annealing as-prepared NiC,04.2H,0 precursors.

|

phase, while the corresponding nanowires structure
change slightly.

The possible formation mechanism of NiO and the
chemical reactions to form NiO nanowires are [18]:

C12+ N1C204:N1C2O42H20+2N1C1 ( 1 )
NiC,0,42H,0=NiC,0,+2H,0 )
2NiC,04+0,=2NiO+4CO, 3)

In the hydrothermal procession, NiCl, reacted with
NiC,04 and H,O in a high temperature and high press
atmosphere, and ultimately formed the NiC,0,2H,0

@
N
S
IS)
N
S
T
N
(=)
8A
a
Iz
| | Il | 1
10 20 30 40 50 60 70
26/(°)
(b) R
(=3
S
)
T >
N
g
- Q
on N
3
30 40 50 60 70 80

20/(°)

nanowires. Then the NiC,0,2H,O precursors were
annealed in air, NiC,04-2H,0 decomposed into NiC,Oy4
and H,O. Subsequently, NiC,04 reacted with O, to NiO
and CO,.

Gas sensing properties of NiO and NiC,0,42H,0
nanowires were investigated in this work. Figure 4(a)
illustrates the structure of the gas sensor and Fig. 4(b)
presents the gas response of the sensors to ethanol at
operating temperatures of 300 °C with the gas volume
fraction of 5x107*. It can be seen that the resistances in
both two cases increase when gas is in and return to their
original state while gas is out. The major difference
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Fig. 4 Schematic diagram of gas sensor (a) and gas
response-recovery characteristics of sensor (b)

between the two cases is that the increasing extent of
resistance for the NiO is substantially larger than that for
the solid solutions at working stage. That means the NiO
nanowires sensor exhibits higher sensing signal toward
ethanol than NiC,042H,0 nanowires sensor.

It is well known that the NiO belongs to p-type
semiconductor sensor. When the NiO sensors are
exposed to air, oxygen molecules will be adsorbed on the
surface of NiO in the form of O and O*. The high
coverage with adsorbed oxygen causes an increase in the
electrical holes of the NiO sensing materials, and thus
increases its conductivity as indicated in the region (Fig.
4(b)) before introducing ethanol. When the sensors are
exposed to ethanol, the ethanol reacts with the adsorbed
ionic oxygen owing to its reducing property, and thus
injects electrons in the NiO sensing material, resulting in
a decrease the concentration of holes, that is the
electrical conductivity will decrease. The gas sensing
reaction may be described as:

C,H;0H(gas)+0” (ads)—C,HsO (gas)+OH (ads)  (4)

C,H;50 (gas)—(C,Hs),0(ads)+O (ads)+e (5
2C,HsOH(gas)+0* (ads)—2C,H,0 (ads)+2H,0  (6)
C,H,0 (ads)—»CH;CHO(ads)+e" @)
CH;CHO(ads)+50 (ads)—4C0,+4H,0+10e" (8)

As the sensing investigation above, even the similar
morphology of NiO and NiC,042H,0, they will also
show completely different sensing performances. Further
understanding of the mechanism requires more advanced
measurement technique and high-precision theoretical

calculations.
4 Conclusions

1) NiO nanowires are prepared through
hydrothermal method and their microstructures and gas
sensing properties are investigated. The results show that
NiO nanowires exhibit excellent gas sensing
performance toward ethanol.

2) The results suggest that the gas sensing
properties of nanocrystals can be significantly improved
by tailoring the shape and the surface structure of
nanocrystals, which provides a new concept for rational
design and development of high performance sensing
materials.
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