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a  b  s  t  r  a  c  t

Composite  NiO/Al2O3 was  prepared  by calcination  of  Ni/Al  hydrotalcite  for  gas sensing  materials.  Methods
of  XRD,  SEM,  TEM,  EDS  and  BET  were  used  to  analyze  the  structure,  composition  and  morphology  of  the
composite  oxide.  It  was  found  that the  sample  was  composed  of  crystal  NiO  and  amorphous  Al2O3.
Furthermore,  the  composite  NiO/Al2O3 has  smaller  grain  size  and  larger  surface  area  than  that  of  pure
vailable  online 17 March 2016

eywords:
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NiO  obtained  by  the  same  process.  In  the  gas  sensing  experiments,  the  sensor  based  on NiO/Al2O3 showed
superior  gas  sensing  response  and  selectivity  to  2-chloroethanol  at low  temperature.  The response  (Rg/Ra)
of  NiO/Al2O3 was 6.8–20  ppm  2-chloroethanol  at 160 ◦C. The  role of  Al2O3 in  the  composite  was  also
discussed.

©  2016  Elsevier  B.V.  All  rights  reserved.
as sensor

. Introduction

2-Chloroethanol, one of the typical volatile organic compounds
VOCs), is an important chemical raw material for preparation
f synthetic fiber, medicines, dyes and paper. Another use of 2-
hloroethanol is to be a solvent for acetate, resins, paints, etc.;
owever, this substance is very hazardous. It was  found that
epeated or long-term exposure to 2-chloroethanol can cause acute
amage on the human central nervous system, liver, kidneys and
pper respiratory tract [1]. In addition, 2-chloroethanol is the main
esidue as one of the breakdown products of ethylene oxide which
s now used to disinfect foods in many countries. It has been
eported the residue may  bring cancer risks to human [2].

Practical  methods should be found to match the requirements
f detecting 2-chloroethanol gas. Up to now, gas chromatography
s the main method to detect 2-chloroethanol, however, it has com-
lex operations with expensive equipments. In recent years, a wide
ange of studies revealed that semiconductor oxides showed good
erformance on detecting gases. For example, nickel oxide (NiO), as

ne of the p-type semiconductors with a wide band gap (3.6–4.0 eV)
3], has been reported to have attractive responses to HCHO [4], H2
5], ethanol [6], etc. More recently, much attention has been focused

∗ Corresponding author.
∗∗ Corresponding  author.

E-mail addresses: chm mouzg@ujn.edu.cn (Z. Mu), cuizj@sdu.edu.cn (Z. Cui).

ttp://dx.doi.org/10.1016/j.snb.2016.03.065
925-4005/© 2016 Elsevier B.V. All rights reserved.
on combining NiO with other components to achieve more desir-
able gas sensing performance of nickel oxide. It was  reported that
the composites, accompanied by the introducing of other phases,
presented multi-functional properties (e.g., mechanical, chemical,
thermal and electrical properties) which were different from that
of the individuals [7].

For  example, Liu et al. [8] investigated the gas sensing perfor-
mance of one p-NiO/n-ZnO heterostructure for detection of acetone
and found that the composite showed much better properties than
that of pure NiO and ZnO. They attributed the superior performance
of the composite to the formation of p-n heterojunctions in the
NiO/ZnO composites. Arshak et al. [9] prepared NiO/Fe2O3 thick
film with different molecular percentages and measured their gas
sensing properties to six kinds of organic vapors (methanol, toluene
and propanol, etc.). The series of composites showed high responses
to toluene and propanol. The response/recovery times of the sen-
sor with 75/25 M wt.% of NiO to Fe2O3 was 30/45 s to propanol and
40/48 s to toluene, respectively. Moreover, these sensors could be
used without a heating element, which may  be suited to industry
applications particularly. Lin et al. [10] prepared tungsten doped
chrysanthemum-like NiO composite via a hydrothermal process
and found that the WO3-0.33H2 O-NiO sensors exhibited higher
response to ethanol than that of pure NiO and WO3-0.33H2O. It was

believed that the doping of WO3 resulted in the special structure
of nickel oxide and the excellent performance of the composites.
The studies above show that hybridization of different elements

dx.doi.org/10.1016/j.snb.2016.03.065
http://eproxy2.lib.tsinghua.edu.cn:80/rwt/33/http/P75YPLUUMNVXK5UDMWTGT6UFMN4C6Z5QNF/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.03.065&domain=pdf
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an result in synergic effects among these components [11] which
ay promote the performance of the gas sensing materials.
In  this work, we combined NiO and Al2O3 into one system

nd investigated the gas sensing properties of the composite. The
otivation of choosing Al2O3 as additive was that Al2O3 is a very

mportant adsorbent in catalysis. The activity species (Al3+, O2−,
issociated group OH− and proton defects) on its surface are cen-
ers of adsorption for different gases [12]. Therefore, in the process
f detecting gases, Al2O3 may  increase the adsorption quantity of
xygen and tested gases [13]. Moreover, transition metal oxides
eposited on the surface of alumina always possess high dispersion
orm.

Among the methods of preparing composite oxides, which are
aried from sol-gel [7] to impregnation [14] or homogeneous
recipitation [15] and so on, we considered that calcination of
ydrotalcite like compounds (HTlc) was the effective one [16].
Tlcs are composed of brucite-like layers which contain bivalent
nd trivalent cations as well as interlayer anions and water [17]. The
ultinuclear NMR  spectroscopy study showed that metal cations
ere fully ordered in the HTlcs layers [18] and further thermal
ecomposition of HTlcs could produce composite oxides with high
hermal stability, homogeneous elements distribution, large sur-
ace area and unique functional properties [11].

Herein, we prepared NiO/Al2O3 composite oxide by ther-
al treatment of Ni/Al hydrotalcite precursor. Considering that

he general molar ratio of the two metal ions in hydrotalcite
Mg6Al2(OH)16CO3]·4H2O is 3:1, we set the molar ratio of Ni/Al
s 3:1 as well. In the gas sensing measurements, the composite
howed high response to 2-chloroethanol. And to the best of our
nowledge, only a few papers have reported the gas response of
emiconductor oxides to 2-chloroethanol till now [19,20].

.  Experiment

.1. Preparation and characterization

The  precursor, a Ni/Al hydrotalcite like compound (the molar
atio of Ni:Al is 3:1) was synthesized by the co-precipitation
ethod. The typical process is described as follows: Maintaining

he pH constant (9.5 ± 0.1), an aqueous solution containing NaOH
nd Na2CO3 (the molar ratio is 3:1) was added dropwise into a
etal nitrates solution containing Ni2+ and Al3+ under constant stir-

ing. The obtained suspension was aged for 24 h at 60 ◦C in a water
ath. Thereafter, the precipitate was filtered, thoroughly washed
ith distilled water until the pH value of the filtrate equals to 7.
he resulted filter mass was dried at 80 ◦C for 24 h to obtain Ni/Al-
Tlc precursor. By means of grinding Ni/Al-HTlc into powder and

hen calcining it at 600 ◦C for 2 h, the composite oxide was obtained
nd named as NiO/Al2O3. For comparison, pure NiO was prepared

Fig. 2. XRD patters of (A) Ni/Al-HTlc precursor and (B) 
Fig. 1. Photograph of a blank gas sensor.

by precipitation of Ni(NO3)2·6H2O and Na2CO3, followed with the
same calcination process.

The  phases of the as-synthesized samples were characterized by
X-ray diffraction (XRD, D8-Advance using CuK� radiation, Bruker).
Plots of reflection intensities versus 2� were smoothed digitally
to show the peak features without background and noise. Their
morphologies and composition were investigated by scanning elec-
tron microscope (SEM, HITACHI S-2500), transmission electron
microscopy (TEM, TECNAI G2 TF20, FEI) and energy dispersive X-
ray spectroscopy (EDX, INCA MAX-50). BET surface areas and pore
size distributions of the samples were analyzed using Micromerit-
ics ASAP 2020 instrument by N2 adsorption-desorption isotherm
at −196 ◦C.

2.2. Fabrication and measurement of thick-film sensors

The powder of the obtained sample was  mixed with a suitable
amount of deionized water and ground into paste. Then the paste
was coated onto small ceramic tubes with a thickness of about
10 �m to form a thick-film gas sensor. The ceramic tubes were
mounted with Au electrodes and Pt lead wires at both ends. Ni–Cr
alloy wires as coil heating were inserted in the tubes to control the

operating temperature. Fig. 1 shows the photographs of the fabri-
cated sensors in the experiments. The gas sensing performances
of the sensors were measured by CGS-8 intelligent gas sensing

calcined oxides ((a) pure NiO and (b) NiO/Al2O3).
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Fig. 3. SEM images of (a) pure NiO and (c) NiO/Al2O3; TEM and SAED images (inset) of (b) pure NiO and (d) NiO/Al2O3.
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Fig. 4. N2 adsorption-desorption isotherm and BJH pore si

nalysis system (Beijing Elite Tech Co., Ltd., China). The vapor sam-
les are all analytically pure and CO2 is 99.99% pure.

The prepared sensors were first dried for 24 h in air at room tem-
erature and then pre-heated at different operating temperatures
or about 60 min  before gas sensing tests. Fresh air (relative humid-
ty was about 25–30% at room temperature) was used as carrier gas.

hen the sensors’ resistance in air was stable, a suitable amount of
est gas was injected into the test chamber (20 L in volume). Mean
alues were obtained from the results of 5 different sensors and
ach test repeated three times.

The gas response in the experiments was defined as Rgas/Rair,

here Rair is the sensor’s resistance in air, while Rgas is that in a

ample gas. The response and recovery times were defined as the
imes taken by the sensors to achieve 80% of the total resistance
hange after the ambience was changed.
tribution curves (inset) of (A) pure NiO and (B) NiO/Al2O3.

3.  Results and discussion

3.1.  Structures and morphologies

The  XRD image of Ni/Al-HTlc is given in Fig. 2(A). The precursor
shows main peaks at 2� = 11◦, 23.7◦, 37.7◦ and 62.2◦ in the pattern
which are attributed to HTlc structure (JCPDS file No. 38–0715).
XRD patterns of pure NiO and NiO/Al2O3 are shown Fig. 2(B). Both
of them show three dominant Bragg peaks at 2� = 37◦, 43◦, and 62.9◦

which are ascribed to (111), (200) and (220) crystal facets of cubic
nickel oxide (JCPDS 44–1159). Obviously, the reflection peaks of

NiO/Al2O3 broaden remarkably than that of pure NiO, suggesting a
significant decrease in the average crystal particle size of the com-
posite. This is in good agreement with the results calculated using
Scherrer Equation: the crystallite size of NiO/Al2O3 is about 14 nm
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Table  1
EDX  analysis data of NiO/Al2O3.

Element O Al Ni
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Fig. 5. Temperature dependence of the resistance for NiO/Al2O3 sensor in air.
wt% 28.10 9.84 62.06
at% 55.27 11.47 33.26

hile that of pure NiO is about 43 nm.  Furthermore, it is worth
oting that no significant diffraction peaks of Al2O3 are observed

n the XRD pattern of NiO/Al2O3. Considering that in the process
f calcinations in air at 600 ◦C, Al2O3 should have been formed in
he material [21]. Thus we concluded that the phase of Al2O3 is
morphous in the composite. This conclusion is consistent with
he earlier studies which also revealed the presence of amorphous
hase in the same case from the XRD pattern [16,21,22].

The morphologies and microstructures of the samples were
tudied by SEM and TEM. As shown in Fig. 3, both of the pow-
ers are nanoparticles with nearly nanocube shape and porous
ature. Particularly, the TEM results show that, comparing to the
ure NiO, NiO/Al2O3 has more homogenous distribution of crystal-

ites, smaller average particle size and smaller pores. As shown in
ig. 3(d), the composite particle size is smaller by an order of mag-
itude than that of pure NiO. It is generally accepted that smaller
article size and homogenous distribution can lead to larger surface
rea and more crystal defects of the crystalline NiO which results
n more adsorption sites on the surface or grain boundaries of the
rystallite NiO.

Inset  figures in Fig. 3(b) and (d) show the corresponding selected
rea electron diffraction (SAED) pattern of the two  samples. The
ure NiO shows the spot type pattern which verifies the pres-
nce of single crystallite particles, while NiO/Al2O3 shows electron
iffraction rings which indicates their poly-crystalline structure.
he results above are correlated well with the XRD results.

The  elements component content in the composite NiO/Al2O3
as detected by EDS spectrum. As shown in Table 1, the atomic

atio of Ni and Al in the sample is about 3:1, which is close to the
riginal dose-stoichiometry of the sample preparation.

Further analysis was performed by nitrogen adsorption and des-
rption measurements to learning more surface properties of the
wo samples. Fig. 4 depicts the N2 adsorption-desorption isotherm
nd BJH pore size distribution curves of pure NiO (A) and NiO/Al2O3
B). From the figure, one can see that the pore size distribution of
ure NiO (A) is wide and the main pore size is as large as more than
0 nm;  on the contrary, the pore size distribution of NiO/Al2O3 is
arrow and the main pore size is about 10 nm meaning a meso-
orous characteristic of the composite. What’s more, the average
urface area of sample NiO/Al2O3 is 168.91 m2/g, which is almost an
rder of magnitude larger than that of NiO (17.89 m2/g). The larger
ffective surface and porosity for NiO/Al2O3 composite may  create
avorable conditions for a gas sensing process because the process
s taken place on the surface or interface of the materials.

.2. Gas sensing measurements

The  resistance values of the sensor based on NiO/Al2O3 in air
t elevated temperatures were measured and shown in Fig. 5. As
an be seen, the resistance of the sample was decreased with the
ncreasing temperature in air, which conforms to the intrinsic fea-
ure of semiconductors.

Fig.  6 shows the responses of the sensors based on NiO/Al2O3
nd pure NiO to 50 ppm 2-chloroethanol as a function of operating
emperature. It can be seen that both of NiO/Al2O3 and pure NiO

how responses to 2-chloroethanol. The mechanism of this process
an be explained as follows. There are large amounts of oxygen
n air which can be adsorbed on the surface and grain boundaries
f nickel oxide. The adsorbed oxygen can be changed into various
Fig. 6. Temperature dependence of the response for pure NiO and NiO/Al2O3 to
50 ppm 2-chloroethanol.

chemical adsorptive states carrying negative charge by trapping
electrons from Ni2+ on the surface of the semiconductor [23]. The
reactions are shown below:

O2 + 2Ni2+ = 2O−(ads.) + 2Ni3+(1)

O2 + Ni2+ = O2
−(ads.) + Ni3+(2)

As a p-type semiconductor, the main carriers of NiO are electric
holes. The concentration of the holes is deep related to the gen-
eration of Ni3+ in the materials. The equilibria process above will
increase the concentration of electric holes and decrease the bar-
rier height for a hole to transport which eventually leads to a
low resistance. As the reducing 2-chloroethanol gas is introduced,
the electrons trapped by the adsorptive states of oxygen will be
released due to the chemical interaction between 2-chloroethanol
molecules and the oxide anions, for example:

CH2ClCH2OH + O−(ads.) → CO2 + H2O + HCl + e−(3)

Ni3+ will then converted into Ni2+ by trapping the released electron.
Then the barrier height increases with the decreasing of the holes
concentration accordingly. Thus, the value of the sensor resistance
increases, i.e., the sensor shows response behavior to the test gas.
Looking  at Fig. 6 more closely, we  can also see that the sensor
based on pure NiO shows low responses in the whole tempera-
ture range with a little decrease upon the rise of the operating
temperature. The best response of NiO is only about 1.7–50 ppm
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ig. 7. Three modes of chemisorption of 2-chloroethanol on Al2O3 surface and the
nfluence of inductive effect of Al3+ on 2-chloroethanol.

-chloroethanol gas at 160 ◦C. However, the responses of the sensor
iO/Al2O3 change dramatically with the increasing temperature.
articularly, the sensor shows excellent response in the tempera-
ure range of 140–180 ◦C. The best response reaches 10.0–50 ppm
-chloroethanol at 160 ◦C, which is much higher than that of the
ure NiO. After that, with the temperature increasing, the response
ecreased gradually to a value around 1.5. Therefore, the optimal
perating temperature of the composite to 2-chloroethanol was
bout 160 ◦C and this operating temperature is really low for gas
ensing semiconductor materials.

The reason for the variation in the two samples’ responses was
iscussed as follows. First, in the thermal treatment process of HTlc
recursor, aluminum atom may  replace Ni centers in NiO crystal-

ites. In this way, more crystal defects are generated which results
n more reaction sites on the surface or grain boundaries of the
rystallite NiO. Second, amorphous Al2O3 in the composite may
erved as a as “diluents” [13] of NiO crystallites. It could sepa-
ate NiO crystallites and thus restrain the growth of the crystallites
hich result in great changes for NiO in the textural properties

particle size, surface or inner surface area, pore diameter, etc.) as
hown in the results of XRD, SEM, TEM and BET. These changed
exture structures can provide enough domains for NiO to adsorb
ases (oxygen or the detected gas) and thus changes the elec-
ronic properties of the composite greatly. At last, it is well known
hat Al2O3 is a very important adsorbent and it can physisorb or
hemisorb 2-chloroethanol molecular on the surface of the com-
osite in the temperature range 140–180 ◦C for that Al atom is
ewis acid site whereas molecular 2-chloroethanol has two  basic
ites (Cl and O). Three chemisorption modes (see Fig. 7) may  be
onsidered on the surface of Al2O3: (1) on the surface Al ion with
l-down (2-chloroethanol), (2) on the surface Al ion with O-down
2-chloroethanol), (3) on the surface Al ion with Cl and O atoms (2-
hloroethanol) together down to the adsorbed sites. For mode (2)
nd (3), the dissociative hydrogen atom down to the surface O ion
nd forms hydroxyl group which can desorbs in the form of H2O.

The role of chemisorption with regard to the enhancement of the
ensing response using Al2O3 was discussed as follows. For mode
1), Al ion can accept a pair of electrons from Cl atom incompletely
s a Lewis acid. Accordingly, the positive charge on the carbon adja-
ent to atom Cl should increase along with the H C bonds and C Cl
ond weakened due to the inductive effect. In this case, molecular
-chloroethanol with the weakened bonds should react with oxy-
en anions (O−, O2−) on the surface of NiO near alumina facilely.
o, the role of chemisorption of 2-chloroethanol on Al2O3 is that
l2O3 can serve as dehydration and cracking catalyst owing to the
ewis acid sites [24]. For mode (2) and (3), the roles of Al2O3 can be
xplained similarly to mode (1).

Considering the amorphous characteristic of Al2O3, we spec-
late that there may  be rich of 2-chloroethanol molecular which

an be adsorbed on the composite surface in this temperature
ange. So, in some extent, the condensed 2-chloroethanol with
eakened bonds helps improving the response of NiO/Al2O3. How-

ver, when the temperature increases sequentially, it is difficult
Fig. 8. Concentration dependence of the response for NiO/Al2O3 to 2-chloroethanol
at  160 ◦C.

for 2-chloroethanol to be adsorbed on the surface of the com-
posite and the sensors response decreases accordingly. In short,
the role of Al2O3 of the composite in improving the response
to 2-chloroethanol may  be that it can significantly enlarge the
material surface area, form more crystal defects, adsorb more 2-
chloroethanol molecular and help cracking the molecular on the
composite surface.

In  order to understand the concentration dependence of
response for the sensor based of NiO/Al2O3 composite oxide,
the sensors were further exposed to various concentrations of
2-chloroethanol at 160 ◦C. As can be seen in Fig. 8, there is a
nearly good linearity of the composite response on gas concen-
trations. It is also noted that the response of NiO/Al2O3 reach
as high as 6.8–20 ppm 2-chloroethanol and 83.0–500 ppm 2-
chloroethanol, respectively. Comparing to the previously reported
gas sensing materials (In2O3 microbundles and porous SnO2
nanospheres) which exhibited a superior sensing performance
toward 2-chloroethanol at 300 ◦C and 260 ◦C, respectively [19,20],
NiO/Al2O3 in our work showed higher response to 2-chloroethanol
at much lower operating temperature (160 ◦C). With such sig-
nificantly high response to 2-chloroethanol at low operating
temperature, NiO/Al2O3 may  have the potentiality in the applica-
tion of detecting 2-chloroethanol.

Selectivity  is another important gas-sensing character of a gas
sensor. To observing the response of NiO/Al2O3 to other gases, the
measurements of the sensor to acetonitrile, ethanol, n-hexane and
CO2 were carried out at the optimal operation temperature and the
results were compared with 2-chloroethanol. As shown in Fig. 9,
the response of sensor NiO/Al2O3 to 2-chloroethanol is higher than
to the other four gases at 160 ◦C.

The  response diversity to the five gases for the composite may  be
caused by the gases’ different reactive nature, different molecular
polarity and molecular deformation, different adsorption temper-
ature and so on. In addition, our sensor showed low response to
CO2 which is in consistent with the results reported in Ref. [25,26]
in which the work function of materials with NiO varied on expo-
sure to CO2. For the stable chemical property of CO2, the sensing
mechanism of CO2 is not yet clear. The formation of carbon tri-
oxide complexes was suggested to be one of the origins of CO2
sensing mechanisms for some samples such as CuO–BaTiO3 [27],
LaOCl [28], and LaFeO3 [29]. As for NiO, Gordon and Lambert [30]
and Matsumoto et al. [31] have studied the adsorption of CO2 on

NiO respectively by He II UP spectra, O (1s), C (1s) XP spectra and
IR spectra and demonstrated that CO3

�− was formed on the surface
of NiO. Species of carbon trioxide complexes such as CO3

2−, which
are produced by the reaction of CO2 with oxygen atoms on the



148 X. Li et al. / Sensors and Actuators B 232 (2016) 143–149

Fig. 9. Responses of NiO/Al2O3 at 160 ◦C to different gases: 500 ppm of acetonitrile,
ethanol,  2-chloroethanol, n-hexane and 5000 ppm of CO2.
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highest response of the composite NiO/Al2O3 could reach about
ig. 10. Response and recovery curves of NiO/Al2O3 to 20–500 ppm 2-chloroethanol
t  160 ◦C.

urface of the material, are considered to be associated with O− and
nion vacancies [30]. So the carbonation may  modify the potential
arrier height of p-type semiconductor oxides and thus lead to the
esistance increase [27]. This may  be also the reason of our sensor
or the response to CO2. Anyway, the sensor based on NiO/Al2O3
howed good selectivity to 2-chloroethanol at this temperature.

The  response and recovery time could determine the opera-
ional applicability of a sensor in the practice of detecting gases.
he concerned experiments were carried out as follows: In a fume
upboard, the sensor was set at temperature 160 ◦C in air. When the
ensor’s resistance reached a stable value, a suitable amount of 2-
hloroethanol was injected in the gas chamber. After the resistance
eached another stable value, the chamber was opened to expose
he sensor in air again.

Fig.  10 shows the survey of the responses and recovery behaviors
or the sample to 20–500 ppm 2-chloroethanol at 160 ◦C. It can be
een that the resistance curve rises dramatically upon the injection
f the tested gas and decreases to the initial value rapidly with the
emove of the tested gas. These results also confirm that our sam-
le had a typical behavior of a p-type semiconductor. As shown

n Fig. 10, the sensor shows good response-recovery characteris-
ic when detecting various concentrations of 2-chloroethanol. For
xample, the response and recovery time was about 3 min  and 20 s
o 100 ppm 2-chloroethanol, respectively.
Stability is also an important factor that can seriously influ-
nce the practicability of a gas sensor. To examine the stability of
he composite, the sensors were retained in dryer and tested for
Fig. 11. Response stability of the gas sensors based on NiO/Al2O3 at 160 ◦C to (a)
200  ppm 2-chloroethanol and (b) 20 ppm 2-chloroethanol.

2-chloroethanol in air with 25% humidity at 160 ◦C every ten days
in two  months period. As shown in Fig. 11, the sensor responses
were stable except a small variation. It is generally accepted that
nanoparticles of small dimensions often grows up due to their coa-
lescence at high operating temperatures over time [32,33]. The
coarsening crystal grain [34] may  have strong effect on sensors’
electrophysical properties because grain size is often regard as an
important factor in gas sensing [35]. So we presume that the good
stability of NiO/Al2O3 may  attribute to the low operating temper-
ature in the tests. As for the small drifts, they are more likely to
be induced by the small changes in the ambient humidity or the
seasonal fluctuation of temperature in the surroundings [32]. The
results above indicated that the sensors based on the NiO/Al2O3
material were stable.

Based  on the results above, it can be seen that, sample
NiO/Al2O3 showed superior gas sensing response and selectivity to
2-chloroethanol at low temperature than pure NiO and the additive
of Al2O3 must play an important role in the process. However, due
to the insulating nature of Al2O3, the resistance value of our sen-
sor based on NiO/Al2O3 in 2-chloroethanol seems somewhat high,
which may  hinder its practical application to some extent. There-
fore, the use of Al2O3 in our sample is a double-edged sword. Even
so, there are still some important implications in the practice of
detecting 2-chloroethanol in our study.

In our next work, the ratio of NiO/Al2O3 will be varied within
the HTlc precursors to decrease the resistance value of the sensor
in order to prepare the optimal sensor material which should have
more desirable practicability in detecting 2-chloroethanol.

4. Conclusions

Composite NiO/Al2O3 was prepared using a simple co-
precipitation method followed by a calcination process at 600 ◦C.
In the XRD pattern, the composite NiO/Al2O3 shows a typical phase
of cubic nickel oxide with an amorphous phase of Al2O3. More-
over, the composite has smaller grain size with smaller pores
than pure NiO as indicated in the SEM and TEM photographs.
The BET surface area analyses show that NiO/Al2O3 has much
larger surface area and smaller pore size than pure NiO. Further-
more, the addition of Al2O3 to NiO could obtain excellent gas
sensing performance to 2-chloroethanol at low temperature. The
6.8–20 ppm 2-chloroethanol at 160 ◦C. The response and recov-
ery time of the sensor based on NiO/Al2O3 was about 3 min  and
20 s to 100 ppm 2-chloroethanol, respectively. The sensor based on
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omposite NiO/Al2O3 also showed good selectivity and response
tability to 2-chloroethanol at low temperature.
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