RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 6

RSC Advances

Cite this: DOI: 10.1039/x0xx00000x

Received 00th January 2012,
Accepted 00th January 2012

DOI: 10.1039/x0xx00000x

www.rsc.org/

RSC Advances

RSC

Porous NiO nanosheets self-grown on alumina tube
using a novel flash synthesis and their gas sensing
properties

Chengjun Dong,?* Xuechun Xiao,* Gang Chen,* Hongtao Guan,? Yude Wang,*?
and lgor Djerdj*®

Porous NiO nanosheets were self-grown on an alumina tube with a pair of Au electrodes
connected by platinum wires via a simple solution combustion synthesis. A cubic NiO phase was
obtained by a mixed solution of an oxidizer of nickel nitrate and a fuel of ethylene glycol (EG)
at 400 °C. The phases and the morphologies of the materials self-grown on an alumina tube were
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM). The results showed that the alumina tube was entirely
covered by NiO nanosheets with several micrometers in thickness. The NiO nanosheets on the
surface of the tube were assembled by a large number of nanoparticles of irregular shapes and
pores with different sizes. The electronic and gas-sensing characteristics of the self-grown
porous NiO nanosheets for volatile organic compound (VOC) vapours (ethanol, acetone,
methanol, and formaldehyde) were investigated. The resistance of the sensor directly based on
the self-grown NiO dramatically drops from 100-240 °C, and then slightly decreases with further
increasing temperature to about 28 kQ at 400 °C. The sensor based on the self-grown NiO
exhibits low detection limit, fast response and recovery and wide dynamic range detection to

VOC vapours, especially ethanol, at respectively optimal operating temperature.

1. Introduction

Up to now, intensive studies have been focused on metal
oxide gas sensors owing to the demand of sensitive, fast
response, and stable sensors for industry, environmental
monitoring, biomedicine, and so forth. A variety of oxide
semiconductor based gas sensors including SnO2, ZnO, WOs,
In203, Fe203 have been used to detect combustible, flammable,
harmful and toxic gases.! In contrast to these n-type oxide
semiconductors, a relatively little attention has been paid so far
to the gas sensors fabricated using p-type oxide semiconductors
such as NiO, CuO, Co304, Cr203.2 The remarkably different gas
sensing characteristics of n- and p-type oxide semiconductors
can be explained in terms of majority charge carriers and gas
sensing mechanisms.? Hiibner et al. suggested that the responses
of p-type oxide semiconductor sensors to gases was equal to the
square root of that of an n-type oxide semiconductors gas sensor
to the same gas under the identical morphological
configurations.® Besides, it is reported that the p-type oxide
semiconductors are promising candidates for high performance
gas sensors with advantages of low humidity dependence and
rapid recovery kinetics due to the distinctive oxygen adsorption.*
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Moreover, combining both p- and n-type oxide semiconductor to
form p-n junction can also be an alternative way to improve the
gas sensing characteristics.® As an important p-type
semiconductor, NiO has attracted considerably investigation
because of its unique properties such as a wide band-gap (3.6-
40 eV), a measurable electrical conductivity change
accompanied with chemical reactions on the surface of materials,
which has a potential application to gas sensors, with many
related articles published. Nevertheless, the diverse structures of
NiO (nanoparticles, nanosheets, nanotubes, fibers, hollow
spheres, nanowires, etc.),%10 appropriate doped-NiO (Pt, Au, Fe,
and Zn),*>* and NiO composites with other oxide
semiconductors (ZnO, SnOz2, and PdO)*>*” have been developed
in recent years as a sensitive material for ethanol, acetone,
methanol, formaldehyde, CO and NHs. However, the high
sensing performance of NiO based gas sensor is still a challenge,
showing a great technological and scientific interest.

Currently, oxide semiconductor sensors can be realized by
measuring various signal such as resistance/conductance, ion,
mass, or optical change.'® Particularly, resistance/conductance
changes are one of the most common manners, which have been
widely employed by using conductive polymers, or metal oxides,
or metal as sensing materials. The basic working principle for
these sensors are based on the resistance changes (Ra/Rg for n-
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type oxide semiconductors, Rg/Ra for p-type oxide
semiconductors, Ra: resistance in normal air, Rq: resistance in
analyte gas) caused by exposure of the sensor to tested target
gaseous species. There are nowadays many distinct methods in
fabricating gas sensors. In a typical gas sensor fabrication
process, the sensitive materials have been prepared by different
chemical synthesis methods firstly. Subsequently, the materials
were mixed with suitable amount of water, ethanol or terpineol
to form a paste, and then the paste was coated onto a ceramic
tubes or SiO2/Si substrate with a pair of pre-prepared Au or Ti
electrodes connected by platinum wires. Also, nanowires were
directly grown on SiO2/Si substrate with patterned metal
coatings which acts as both electrodes and catalyst for the growth
of the nanowires.1® Meanwhile, another novel approaches of
sensor fabrication with advantages of simplicity, mass
production, time saving, and cost effective is also a gap needing
bridge. Recently, Marks’ group developed a new strategy for
fabricating optoelectronic devices via a solution-processed using
self-energy generating combustion synthesis.'® The combustion
synthesis can yield a localized energy supply to synthesize
homogeneous, higher surface area, and high purity products with
relatively simple equipment. The essence of combustion
synthesis is to utilize the exothermicity of the redox reaction
between appropriate oxidizer and fuel to directly crystallize the
oxide phase from the mixture of the precursor solution.?° Upon
such a strategy, Jin and co-workers synthesized NiOx thin films
as hole transport interlayer for optoelectronic devices.?* There
are no attempts to use such strategy to fabricate NiO gas sensor.
Herein, the NiO layer was directly self-grown on alumina
tube with Au electrodes and platinum wires as gas sensor using
solution combustion synthesis. The phase analysis, morphology
and microstructures of self-grown NiO were thoroughly
characterized at the nanoscale. The gas sensor based on self-
grown NiO exhibits fast response and recovery, a low detection
limit and wide dynamic range detection for four kinds of VOC
vapours including ethanol, acetone, methanol, and
formaldehyde. Among them, the sensor is more sensitive to
ethanol than to other three gases. Lastly, the mechanism of the
sensor is proposed in brief and further plausible improving
approaches for gas sensing performance are also suggested.

2. Experimental

2.1. Fabrication of NiO gas sensor

All of the purchased chemical reagents in the experiment
were of analytical grade and were used directly as received
without any further purification. An alumina tube (4 mm in
length and 1.2 mm in diameter) with a pair of Au electrodes and
corresponding platinum wires was directly used to grow NiO.
Before NiO growth, the alumina tubes were cleaned sequentially
with diluted hydrochloric acid, ethanol and deionized water.
Depending on the suitable conditions for chemical reaction to
take place, nickel nitrate (Ni(NOs)2:6H20) was chosen as
oxidizer and ethylene glycol (EG) as a fuel. Stoichiometric
compositions of the oxidizer and fuel are obtained according to
the complete combustion reaction (400 °C) in the following:??

A
Ni(NO3), - 6H,0 + C,HgO05 = NiO + N, + 2C0, + 9H,0 (1)

In a typical synthetic procedure, 10 mmol of Ni(NO3)2-6H20 and
10 mmol of EG were dissolved in 15 mL deionized water to
make a green solution in a beaker. Next, the solution of
combustion precursor was transferred into a crucible, and then
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the cleaned alumina tubes were placed into the precursor for 10
min. Afterwards, the crucible was put to a preheated furnace at
the temperature of 400 °C for 120 min. After the reaction, the
crucible with fluffy loose products was taken out and cooled
down naturally in atmosphere. Finally, the alumina tubes were
picked up from the obtained fluffy loose NiO. A layer of NiO
was successfully self-grown on the surface of the alumina tube
to form the gas sensor.

2.2. Characterization

The resulting sensor was characterized by X-ray diffraction
(XRD, Rigaku TTRIII) with an incident X-ray wavelength of
1.540 A (CuKa line). Scanning electron microscopy (SEM)
analysis was carried out by FEI QUANTAZ200 with microscope
operating at 30 kV. The detailed microstructures of the sample
were also determined using transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy
(HRTEM) (JEOL JEM-2100) with an acceleration voltage of
200 kV. The NiO were carefully peeled off from alumina tube
and dispersed in ethanol and dropped on copper grids for
measurement.

2.3. Gas sensor testing

The ceramic tube with NiO layer was connected to a Bakelite
base by platinum wires and a Ni-Cr alloy was inserted into the
tube to ensure a heating temperature control with different
heating voltage (VH). Measurements on the gas sensing
properties of the sensor were performed on a WS-30A system
(Weisheng Instruments Co. Zhengzhou, China). During the test,
a given amounts of target gas was injected into the test chamber
with 18 L in volume via a microinjector and mixed with
reference gas immediately by a evaporator and two fans in the
test chamber. Meanwhile, the clean air was used as a reference
gas and diluting gas for the different concentrations of tested gas.
As a kind of p-type gas sensor, the sensor response was defined
as the ratio of the sensor resistance in target gases (Rg) to that of
in normal air (Ra), which was measured at a temperature ranging from
100 to 360 °C. The response and recovery times are defined as the
time taken for a 90% change of the final equilibrium value in the
adsorption and desorption processes. In order to improve their
stability and repeatability, the gas sensors were aged at an operating
temperature of 150°C for 150 h in normal air. More details including
the schematic structure of the gas sensor as well as the basic testing
principle are displayed in Fig. S1 in the Supplementary Material.

3. Results and discussion

After the reaction, the alumina tube has been entirely covered
with NiO layer and loose products and the Au electrodes were
not visible. Note that the loose products were slightly shaken off.
To investigate the structure of the obtained NiO on the surface
of alumina tube, XRD measurements were carried out. Fig. 1
illustrates the XRD diffraction pattern of the self-grown NiO.
Comparison with the JCPDS card No. 71-1179, the diffraction
peaks can be clearly indexed to a cubic NiO phase with the
strongest peak being the (200) reflection. As is evident, the
obvious five peaks at 37.21°, 43.23°, 62.75°, 75.35°, and 79.36°
correspond to (111), (200), (220), (311), and (222) Bragg
reflections of NiO. Besides, no other secondary or amorphous
phase was found from the XRD patterns, indicating that the NiO
was crystallized on the surface of the alumina tube. Therefore,
our strategy provides an effective approach to directly grow NiO
on the surface of alumina tube to further fabricate the gas sensor.

This journal is © The Royal Society of Chemistry 2012

Page 2 of 6



Page 3 of 6

Journal Name

(200)

; (111)
&
2
@ (220)
8
£
311
¢ )(222)
| Nio A A b
| JCPDS:71-1179 | i (a)
A 1 o .
30 40 50 60 70 80 90
20 (degree)

Fig. 1 (a) The vertical line represents the JCPDS:71-1179. (b) X-ray
diffraction pattern of NiO self-grown on alumina tube.

The overall and typical surface morphologies as well as cross-
section images have been examined by SEM, as shown in Fig. 2.
It can be observed that the entire alumina tube has been covered
by NiO layer (Fig. 2 (a)). The NiO layer is composed of
nanosheets with random distributions of loose products, as
shown in SEM (Fig. 2 (b)). By taking a closer look, a large
amount of pores are apparently observed on the surface of these
NiO nanosheets due to the liberation of gases such as H20
vapours, CO2 and Nz in the combustion process. From the cross-
section SEM images in Fig. 2 (c) and (d), the thickness of NiO
layer is of about several micrometers. Furthermore, the NiO is
compactly adhesive to the alumina tube surface, as displayed in
the inset of Fig 2 (d). Thus, the gas sensor is directly prepared
through porous NiO nanosheets self-grown on the surface of
alumina tube with Au electrodes and platinum wires.

Fig. 2 (a) and (b) are the overall and typical SEM images of self-grown
NiO nanosheets on the alumina tube (the inset in (a) shows the low-
magnification image of NiO); (c) and (d) are the overall and
representative cross-sectional images of NiO gas sensor ( the inset in (d)
shows the High-magnification cross-section image of NiO sensor).

This journal is © The Royal Society of Chemistry 2012
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The TEM and HRTEM images of as-synthesized NiO on the
surface of alumina tube provide more information about the
structure characteristics. For measurement, the TEM samples
were prepared by scratching the NiO layer from alumina tube,
followed by dispersing them in ethanol and casting them on the
copper grids. As demonstrated in Fig. 3 (a), NiO nanosheet is
assembled by a large number of nanoparticles with irregular
shape and pores, meanwhile, the nanopores are evidently
distributed throughout the nanosheets. From the HRTEM
micrograph of NiO nanosheets (Fig. 3 (b)), the size of
nanoparticles varies from several nanometers up to tens of
nanometers with a smooth surface. From a selected-area electron
diffraction (SAED) pattern shown in the Fig. 3 (d), all diffraction
rings on this pattern could be exactly attributed to cubic NiO,
illustrating a polycrystalline nature, which further supports that
the above XRD results. In addition, many porous substructures
are obviously detected due to the agglomeration of the irregular
nanoparticles. The HRTEM images additionally revealed the
locally crystalline nature. A HRTEM image of a nanosheet (Fig.
3 (c)) shows resolved fringes separated by 0.241 nm, which
agrees with the d spacing of the (111) crystal planes in cubic
NiO. The pores are plausibly believed to form by irregular
nanoparticles.

Fig. 3 (a) and (b) are Low-magnification and High-magnification TEM
micrograph of a NiO nanosheet, (c) the corresponding HRTEM image
(the white dash circles highlight the typical pores), and (d) the selected
area electron diffraction pattern (SAED).

Research on conductivity of self-grown NiO gas sensor was
performed in normal air at the temperature ranged from 100-400
°C. Variation of resistance (R) with operating temperature for a
typical NiO gas sensor is shown in Fig. 4. As observed in this
figure, the resistance of the sensor markedly decreases with the
increase in temperature, which can be explained by the
semiconducting properties of the synthesized NiO. Specifically,
a sharp resistance drop from 960-94 kQ occurs at the operating
temperature of 100-240 °C, then it slightly decreases to about 28
kQ at 400 °C. This resistance variation strongly suggests that the
concentration of acceptors increases with the temperature, which
is similar with other reports.?
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Fig. 4 The resistance variation of self-grown NiO gas sensor at different
operating temperature in the range of 100-400 °C in normal air.

In order to test our sensor, four VOC vapours including
ethanol, acetone, methanol, and formaldehyde have been
attempted. The operating temperature is one of the most
important characteristic for the gas sensor, which is determined
not only by the nature of the materials itself, but also the gas-
sensing process of the gas towards the surface of materials.
Therefore, the respectively optimum operating temperature for
each gas has been ascertained firstly. Fig. 5 represents the typical
relationship between the gas response and the operating
temperature of self-grown NiO sensor for different gases with a
concentration of 1000 ppm. Obviously, the gas response is both
operating temperature and gas dependent. Regardless the gas, the
response increases with the rise of the operating temperature at
the beginning and then reaches a maximum at an optimal
temperature, followed by the decrease of gas response with a
further increase of the operating temperature. The best operating
temperature for methanol and formaldehyde is the same at 180
°C. However, the optimized operating temperatures are revealed
to be 200 °C and 260 °C for ethanol and acetone, respectively.
Then, the optimal operating temperature can be applied in all
investigations hereinafter. It is worth noting that the sensor is
much more sensitive for ethanol than other three tested gases at
correspondingly optimal operating temperature. The gas
dependent operating temperature can be explained from the
kinetics and mechanics of gas absorption and desorption from
the surface of NiO. Normally, a certain activation energy
provided by increasing the reaction temperature are needed to
oxygen absorption on the surface of NiO, thus, a high sensitivity
can only be obtained at a suitable temperature.?* The real-time
dynamic responses towards ethanol, acetone, methanol, and
formaldehyde with concentrations of 5-1000 ppm at
correspondingly optimal operating temperature are displayed in
Fig. 6. One can see that the response for all gases increases along
with increased gas concentrations. As clearly shown in Fig.6, the
response of the sensor increase abruptly and then gradually
approaches steady state upon exposure to the target gas. After
purging with normal air again, the responses approximately
recover to its initial value. This is expected for a p-type
semiconductor upon exposure to reducing gas, which is
associated with other sensors on the NiO base.® The results
apparently indicate that even the lowest concentration of ethanol,
acetone, methanol, and formaldehyde, i.e. 5 ppm, can be
detected. Generally, the response time and recovery time are
defined as the time needed to reach 90% of the steady value. It is
found that the response and recovery time for self-grown NiO
sensor is less than 1 min for all tested gases on each
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concentration, which demonstrates that the sensor possess fast
response and recovery properties.

3.5
—e— Ethanol
~~ 3.0 —<— Acetone
x Methanol
Lz:” —e— Formaldehyde
@ 254
c
]
& /
2 204 \
»
©
o /
1.54 .
/4 .
.
1.0

T i T i T 4 T ¥ T .4 T i)

100 150 200 250 300 350 400
Operating temperature (°C)

Fig. 5 Dependence of gases (ethanol, acetone, methanol, and

formaldehyde) response on operating temperature at a gas concentration
of 1000 ppm.

The sensing responses as a function of gas concentrations from
5 ppm to 1000 ppm for four tested gases are summarily plotted
in Fig. 7. It can be seen that the responses (Rg/Ra) of the as self-
grown NiO sensor are dramatically enhanced with the increasing
concentration of the tested gas below 300 ppm at respectively
optimal operating temperature.
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Fig. 6 Featured response and recovery characteristic curve versus time
based on the self-grown NiO sensor towards different concentrations of
gas in the range 5-1000 ppm at optimal operating temperature.

In contrast, the responses increase slowly above 300 ppm of

gases, which may be attributed to the insufficiency of negatively
charged oxygen ions on the sensor to oxidize all analysed gases

This journal is © The Royal Society of Chemistry 2012

Page 4 of 6



Page 5 of 6

near the sensor surface and the full adsorption of gas molecules
on the sensor.?® For the self-grown NiO sensor, the response is
highest for ethanol, followed by acetone, formaldehyde, and
methanol on each concentration. Taking gas concentration of
1000 ppm for example, the responses are 3.4, 2.2, 2.1, and 2.0
for ethanol, acetone, formaldehyde, and methanol, respectively.
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Fig. 7 The response versus gas (ethanol, acetone, methanol, and
formaldehyde) concentrations at respective optimum operating
temperature for the NiO gas sensor.

It is well known that gas sensing properties of metal oxides
depend on several processes in terms of surface adsorption and
desorption and diffusion of gases.?® Thus, the sensitivity and
selectivity of gas sensors is greatly affected by morphology and
the nature of the sensor materials. In normal air, the oxygen
adsorbed on the NiO trapped conduction electrons of the oxide
and thus induced a charge-accumulation space charge layer at the
surfaces of NiO nanograins. Previous studies related to the
oxygen adsorption over NiO surface suggested that O~ is
dominating up to 150-200 °C. Above 200 °C, O? is the main
species.?” Therefore, the adsorbed oxygen could be a great
number of O-, and O? determined by the activation energies on
the surface of NiO.% During the sensing process, the target
gases decomposition reaction on the surface of the NiO can be
possibly expressed as following:

gas+ 07/03/0% -C0O,+H,0+e (2)

After exposure to the reducing gases, the adsorbed oxygen was
consumed, leading to a decrease in the thickness of the space
charge layer. The adsorbed oxygen acts as a sort of acceptor to
target gas brought about a resistance change, thereby reflection
the species and concentrations of tested gas.

Summing up the above results, the self-grown NiO sensor
can be used for the gas detection, such as ethanol, acetone,
methanol, and formaldehyde. Among them, the response is
highest for ethanol against acetone, formaldehyde, and methanol.
This direct approach for gas sensor fabrication takes the
advantages of simplicity, low cost, and time saving of solution
combustion synthesis. So far, many functional materials have
been successfully synthesized via combustion synthesis.1%2829
Therefore, sensors based on other highly sensitive materials such
as SnOz, ZnO, In203, and Fe20s3, can be attempted to directly
self-grow on the alumina tube with electrodes and connection
wires using this novel flash synthesis. Besides, the response of
self-grown NiO sensor is still far away from application, hence
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appropriate dopants such as Fe,'® and Zn,'* functionalized with
noble metal, i.e. Pt,*! and Au,*> and composited with n-type
semiconductor like SnO2,*® Zn0,® PdO,!" are plausible routes to
further improve the gas sensing performance.

4, Conclusions

In summary, porous NiO nanosheets were directly self-
grown on an alumina tube with two Au electrodes and platinum
wires by a facile solution combustion synthesis. It was found that
the oxidizer of Ni(NO3)2-6H20 and a fuel of EG favours the
formation of cubic NiO at 400 °C. After reaction, the alumina
tube was overall covered by a layer of NiO nanosheets comprised
of nanoparticles and pores in irregular shape and size. The
thickness of the NiO layer was estimated to be about several
micrometers. The sensor based on the porous NiO nanosheets
was investigated. With the increase of the operating temperature
from 100-400 °C, the resistance of the sensor abruptly drops and
then tends to be stable. The gas sensor showed a low detection
limit for four tested gases including ethanol, acetone, methanol,
and formaldehyde. At the correspondingly optimal operating
temperature, the sensor exhibited better gas sensing performance
towards the ethanol than other three analyte gases in a wide range
from 5 ppm to 1000 ppm.
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