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ABSTRACT

The gas sensitive characteristics of pure, 4 and 6 wt% Ni-doped CuO/ZnO nano-
composites toward ethanol gas were studied for industrial and safety applica-
tions. The X-ray diffraction analysis verified that the pure, 4 and 6 wt% Ni-doped
Cu0O/ZnO nanocomposites were composed of monoclinic CuO and hexagonal
Zn0O phases without existence of any impurities. The scanning electron micro-
scope image of pure CuO/ZnO powder shows the formation of uniform and well
distribution spherical particles. Owing to incorporation of Ni ions, some rods
particles were formed besides major fine semi-spherical grains. Pure CuO/ZnO
exhibits two band gap energies with value of 1.4 and 3.2 eV which can be exactly
indexed to CuO and ZnO components, respectively. Upon doping by Ni ions,
the band gap of p-type CuO was blue shifted, while the band gap of the n-type
ZnO was red shifted. The gas sensing performance of CuO/ZnO heterostructure
shows a maximum sensitivity at 250 °C towards 100 ppm ethanol gas while Ni-
doped CuO/ZnO nanocomposites attain a maximum sensitivity at 225 °C. The
measurements revealed that the 4 wt% Ni-doped CuO/ZnO possesses superior
gas sensing characteristics including high response, fast response and recovery
times as well as good stability towards 100 ppm ethanol gas. Besides, this sen-
sor exhibits high selectivity for ethanol gas in presence of many volatile organic
compounds such as acetone, formaldehyde, methanol and propanol as well as
carbon dioxide. This work indicates that Ni-doped CuO/ZnO heterojunction is a
highly promising sensitive structure for ethanol gas detection.
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1 Introduction

Design and synthesis of highly sensitive gas sensing
compositions are interesting research topic for dif-
ferent fields such as environmental monitoring [1],
food industry production [2], toxic, flammable and
explosive safety [3-5] and medical diagnosis applica-
tions [6]. Innovative scientific efforts to achieve high
response, remarkable stability, high selectivity and
fast response/recovery time for superior performance
gas sensing devices [7, 8]. Numerous volatile organic
compounds (VOCs) such as methanol, ethanol, for-
maldehyde, acetone, benzene, toluene and xylene are
released from industries and laboratories activities;
these compounds possess strong toxicity to human
health and can even lead to death [9-11]. Ethanol
(CH;CH,OH) is an important industrial chemical
volatile organic compound due to its daily usage in
many fields such as food, paints, cosmetics, alcoholic
beverages, pharmaceutical and chemical products
industries [12-14]. Continued exposure to high con-
centration of ethanol compound can induce irritation
of eyes, nose and mucous membranes in addition to
nausea, vertigo and headaches [14, 15]. Furthermore,
the consumption of ethanol is a main reason of fre-
quent traffic accidents due to drunk driving [16]. For
car drivers, the allowable concentrations of ethanol are
208 ppm in the exhaled air and 130 ppm (parts per mil-
lion) in the blood (0.05%) [17]. Due to these reasons,
the fabrication of high performance and low cost etha-
nol gas sensors is an important subject.

In last years, many types of gas sensors for etha-
nol gas detection have been developed such as sur-
face acoustic wave sensor [18], electrochemical sen-
sor [19] and resistive sensor [20]. Among these types
of sensors, the semiconducting metal oxides (MOs)
resistive gas sensors have gained the great interest
owing to easy fabrication, low cost, simplicity of use,
ability to detect different types of gases including
toxic and flammable gases as well as volatile organic
compounds [2, 21, 22]. The metal oxide materials are
typically classified into p-type and n-type semicon-
ductors with majority of charge carriers including
holes and electrons, respectively [21]. The sensing
performances of the p-type and n-type metal oxide
semiconductors are opposite due to the difference of
the conducting mechanism [21]. Many strategies were
employed to improve the gas sensing characteristics of
the pure metal oxides including doping [23], codop-
ing [24, 25], micro/nanostructured design [26], altering
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morphology [27] and p—n heterojunction formation
[28, 29]. The heterostructures made between p and n-
types metal oxide semiconductors as well as doping
technique are more effective owing to the opportunity
of integration between physical and chemical charac-
teristics [30-32].

Numerous metal oxide semiconductors hetero-
structures have been studied including ZnO/CuO
heterojunction for ammonia gas detection [33]. ZnO/
CuO and Co;0,/AIOOH composites for detection of
H,S and NOx [34, 35]. Gao et al. [36] and Ji et al. [37]
have been investigated the gas sensing characteristics
of Au/CuO/Cu,0O and Co0;0,/In,0O; heterostructures
for triethylamine gas detection. For ethanol detection,
the gas sensing properties of heteroassembly of n—-type
o—Fe,O3; nanoparticles on a p—type LaFeO; matrix into
a pore-rich hollow nanostructure have been investi-
gated by Zhou et al. [38]. Also, the gas sensing prop-
erties of CuO-ZnO composite have been studied for
detection of CO, [39], humidity [40], formaldehyde
[41], CO [42], N-butanol [43] and hydrogen sulfide
[44]. Ren et al. studied the gas sensitivity of porous
sea-urchin-like CuO/ZnO composite nanostructure
towards acetone, ethanol and formaldehyde [45].
They found that the sea-urchin-like CuO/ZnO com-
posite has a sensitivity value of 52.6 and 48 at work-
ing temperature of 220 °C for acetone and ethanol,
respectively. Liu et al. [46] reported enhanced ethanol
gas sensing properties of ultrathin ZnO nanosheets
decorated with CuO nanoparticles with measured
sensitivity value of 130 (concentration 200 ppm) at
operating temperature of 320 °C. The gas sensing char-
acteristics of flower-like p-CuO/n-ZnO heterojunction
nanorods were measured for ethanol gas detection
[47]. The measurements reveal that the p-CuO/n-ZnO
heterojunction sensor has response value of 98.8 for
100 ppm ethanol at temperature of 300 °C. The room
temperature gas sensing properties of ZnO-CuO het-
ero junction prepared by hydrothermal method show
a response value of 3.3 to 200 ppm ethanol vapor [48].
Qin et al. investigated the gas sensitive features of
CuO-ZnO/g-C;N, ternary composite for ethanol gas at
different temperatures [49]. Their results indicate that
CuO-ZnO/g-C3N, sensor has a sensitivity of 15.6 at
260 °C for concentration of 500 ppm ethanol. Akbari-
Saatlu et al. [50] showed that the ZnO/SnO, hetero-
structures grown on alumina has a high sensitivity of
172 to 5 ppm H,S gas at 450 °C. On the other hand,
the p—n junctions composed of CuO-decorated ZnO
nanowires for ethanol gas sensing applications were
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synthesized by Zhao et al. [51]. They found that the
maximum response was realized at 300 °C with sen-
sitivity value of nearly 28 for 100 ppm ethanol vapor.
According to our knowledge, no available study on
the influence of Ni doping on the gas sensing proper-
ties of CuO-ZnO p-n heterojunction for ethanol gas
detection. Ni as a transition metal dopant can pro-
moters the active sites formation and favoring the
adsorption of oxygen species which can enhance the
gas sensitive properties of CuO-ZnO p—n heterojunc-
tion. Besides that, the Ni as a transition metal dopant
can activate the sensing reaction at low operating
temperature. The integration bestrewn the strategy
of p—n heterojunction formation and doping tech-
nique can lead to advanced sensing properties. In this
study, new gas sensor compositions composed of 4
and 6 wt% Ni-doped CuO-ZnO p-n heterojunction
were prepared using the sol-gel technique. The crys-
tal structure, morphological and optical properties
of the synthesized samples have been characterized
by X-ray diffraction (XRD), scanning electron micro-
scope (SEM), energy dispersive spectroscopy (EDS),
Fourier-transform infrared (FTIR) and diffuse reflec-
tance spectroscopy. The gas sensing performance of
pure, 4 and 6 wt% Ni-doped CuO-ZnO p-n hetero-
junction has been investigated on pellet form with con-
tact by silver electrodes for ethanol gas detection. The
gas sensing characteristics like sensitivity, selectivity,
response time and recovery time have been estimated
as well as the possible mechanism for detection has
been discussed. The obtained results illustrate that 4
wt% Ni-doped CuO/ZnO sensor has a high sensitivity
of 97 towards 100 ppm ethanol gas with high selec-
tivity at operating temperature 225 °C. This sensor
exhibits good linear relation between sensitivity and
ethanol gas concentration within 50-250 ppm with a
fast response time of 20 s and small recovery time of
15 s with excellent stability for 28 days. At room tem-
perature, 4 wt% Ni-doped CuO/ZnO sensor exhibits
a good response value of 6.1 to 100 ppm ethanol gas.

2 Experimental

2.1 Preparation of pure and Ni-doped CuO/
ZnO nanocomposites

Copper nitrate trihydrate (Cu(NO;),-3H,0, 99%), zinc
nitrate hexahydrate (Zn(NO;),"6H,O =99%) and nickel
nitrate hexahydrate (Ni(NO;),-6H,0, 99.99%) were
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obtained from sigma Aldrich. Pure CuO/ZnO (1:1)
nanocomposite was synthesized by sol gel method. In
typical process, 5.94 g of Cu(NO;),-3H,0 and 7.32 g of
Zn(NOj;),-6H,0 materials were dissolved in 100 mL of
deionized water with continuous stirring for 10 min.
Then, 9.4 g of citric acid was added to the above solu-
tion followed by addition of 3.1 mL of ethylene glycol
with vigorous stirring for 30 min. After that, the solution
was heated at 95 °C with constant stirring for 120 min to
form the gel. The produced gel was further heated up to
160 °C in order to get a dried gel. The obtained powder
was calcined at 400 °C in electric furnace for 3 h to pro-
duce CuO/ZnO composite. The same method was used
to prepare 4 and 6 wt% Ni-doped CuO/ZnO composites
through addition of desired weights of Ni(NO3),-6H,O
to Cu(NO;),-3H,0-Zn(NOs),-6H,0O solution.

2.2 Characterization and gas sensing
measurements

The crystal structure of pure, 4 and 6 wt% Ni-doped
CuO/ZnO composites were studied by X-ray diffrac-
tion technique (XRD, Pert Pro Panalytical difractom-
eter, CuKa radiation, 1.5460 A). The Fourier-transform
infrared (FT-IR) spectra of pure, 4 and 6 wt% Ni-doped
CuO/ZnO composites were obtained using Nicolet 380
spectrometer. The morphology and elemental composi-
tion of pure, 4 and 6 wt% Ni-doped CuO/ZnO compos-
ites were investigated by scanning electron microscope
(Quanta 250 FEG) and energy dispersive X-ray unit. The
optical characteristics and the band gap energy of pure,
4 and 6 wt% Ni-doped CuO/ZnO composites were iden-
tified by via JASCO spectrophotometer (V-570 UV-Vis-
NIR). The gas sensing properties of pure, 4 and 6 wt%
Ni-doped CuO/ZnO pellets for ethanol detection were
measured through using LCR meter (Hioki 3532-50) at
applied voltage of 5V and frequency of 10 kHz. The
sensor pellet was placed in closed glass cell chamber.
The exact concentrations of ethanol gas were achieved
through injection of a certain volume of ethanol using a
micro-syringe. The sensitivity (S) of pure, 4 and 6 wt%
Ni-doped CuO/ZnO samples were estimated at different
temperatures (25-300 °C) using the following relation:

Sensitivity (S) = R,/ Rg,
where R, is the resistance of sensor sample in air

atmosphere while R, is the resistance of sensor sample
in air containing ethanol gas.
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Fig. 1 X-ray diffraction patterns of pure and Ni-doped CuO/ZnO
nanocomposites calcined at 400 °C for 3 h

3 Results and discussion
3.1 X-ray diffraction (XRD) analysis

Figure 1 illustrates the X-ray diffraction (XRD) pat-
terns of pure, 4 and 6 wt% Ni-doped p-CuO/n-ZnO
heterostructures synthesized by sol gel method.
The recorded diffraction peaks for all samples were
exactly indexed to monoclinic phase of CuO struc-
ture (JCPDS card No. 48-1548, space group C2/c) and
wurtzite hexagonal phase of ZnO structure (JCPDS
card No. 36-1451, space group P63mc). Herein,
the diffraction peaks of pure CuO/ZnO located at
20 =32.368°, 35.302°, 38.634°, 47.973°, 58.052°, 61.231°
and 65.802° were assigned to (110), (11-1), (111), (20-
2), (202), (11-3) and (002) crystallographic planes of
monoclinic CuO component while the XRD peaks
positioned at 20 =31.474°, 34.124°, 35.952°, 47.219°,
56.236°, 62.493°, 67.742° and 68.710° were indexed to
(100), (002), (101), (102), (110), (103), (112), and (201)
crystallographic planes of hexagonal ZnO compo-
nent, respectively. Analogous XRD diffraction peaks
with the same sequence were detected for 4 and 6
wt% Ni-doped CuO/ZnO composites. Also, it can be
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seen that there is no any diffraction peaks linked to
any impurities or secondary phases, verifying the
synthesis of CuO/ZnO composites with high purity.
The XRD peaks of all samples reveal good intensity,
indicating to good crystallinity of the powders. The
phase ratio, lattice parameters and unit cell volume
of pure, 4 and 6 wt% Ni-doped CuO/ZnO nanocom-
posites were estimated and the obtained data are
presented in Table 1. The phase ratios of the CuO
and ZnO components was found to be close to 50%
for each one which are nearby to the desired val-
ues applied in the preparation method (1:1), Table 1.
For pure CuO/ZnO composite, the unit cell volume
of CuO component was identified to be 81.0782 A3
while that of ZnO component was detected to be
47.5129 A®. Due to incorporation of 4 wt% Ni ions,
the unit cell volume of CuO component was reduced
to 80.9963 A® while that of ZnO phase was reduced
to 47.5054 A3. In case of 6 wt% Ni ions doping, the
unit cell volume of CuO and ZnO structures was
decreased to 80.9369 A® and 47.4616 A3, respectively.
In the six fold coordination, the ionic radii of Cu?",
7Zn%" and Ni2* cations were 0.73 A, 0.74 A and 0.69 A,
respectively. Thus, the effective substitution of Cu®*
and Zn*" sites of CuO/ZnO composite by Ni* ions,
leading to the observed decreases in unit cell volume
of both components. Based on Scherrer formula [52],
the crystallite size of CuO and ZnO components of
pure, 4 and 6 wt% Ni-doped CuO/ZnO nanocompos-
ites were estimated as shown in Table 1. The crystal-
lite sizes of the composites powders were found to
be within 24-35 nm, which confirm the small nano-
sized of the particles.

3.2 Morphological and compositional study:
SEM-EDX

Figure 2 displays the scanning electron microscope
(SEM) of pure, 4 and 6 wt% Ni-doped CuO/ZnO
heterostructures produced by calcination at 400 °C.

Table 1 Phase ratio,

. Sample Phase Ratio a b c Vv D
latFlce parameters (a, b, ¢), % R A A ( 1&)3 (nm)
unit cell volume (V) and
crystallite size D (nm) of CuO/ZnO CuO 51.5 4.7477 3.4105 5.1483 81.0782 27
pure and Ni-doped CuO/ZnO ZnO 48.5 3.2478 3.2478 5.2010 47.5129 24
nanocomposites 4 wt% Ni CuO 48.5 4.6841 3.4195 5.1265 80.9963 35

ZnO 51.5 3.2473 3.2473 5.2020 47.5054 29
6 wt% Ni CuO 49.8 4.6822 3.4209 5.1225 80.9369 32
ZnO 50.2 3.2468 3.2468 5.1989 47.4616 27
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For pure CuO/ZnO heterostructure, the SEM image
shows the formation of homogenous and well distri-
bution spherical particles in contact with each other.
Owing to incorporation of 4 wt% Ni ions, some rods
structure were seen in the SEM micrograph of CuO/
ZnO heterostructure besides major semi-spherical
particles. In case of incorporation of 6 wt% Ni ions,
the SEM micrograph demonstrates that the content
of the rods structure shape was increased in the CuO/
ZnO composite and the other particles become very
fine with spherical shape. It appears that the addi-
tion of Ni*" ions to CuO/ZnO heterostructure act as
seeds for ZnO rods growth which in accordance with
some previous published studies [53]. Figure 3 dem-
onstrates the energy dispersive X-ray (EDX) spectra

4 wt% Ni

'?'

6 wt% Ni
AL
“ -

2m
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of pure and 4% Ni-doped CuO/ZnO powders. The
elemental content of both composites verified the
occurrence of Cu, Zn and O elements besides Ni ele-
ment in case of the doped sample. The weight% of
the Ni element as a dopant was measured to be 2.91
wt% which is comparable with the used value dur-
ing the preparation under the accepted error of EDX
analysis.

3.3 FTIR analysis

Figure 4 displays the Fourier-transform infra-
red (FTIR) spectra of pure, 4 and 6 wt% Ni-doped
CuO/ZnO heterostructures within wavenumber
of 2000-400 cm™. All the synthesized composites

Fig. 2 Scanning electron microscope and 3D view images of pure and Ni-doped CuO/ZnO nanocomposites calcined at 400 °C for 3 h
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Fig. 4 FTIR vibrational absorption spectra of pure and Ni-doped
CuO/ZnO nanocomposites

displayed approximately analogous IR spectra. The
vibration absorption band detected at 1634 cm™ can be
attributed to the -OH bending vibration of adsorbed
water on CuO/ZnO composites surface [54, 55]. Com-
monly, the typical vibration absorption bands of CuO
and ZnO components were noticed within the wave-
number below 1000 cm™, Fig. 4. As reported [54], pure
CuO structure revealed three main FTIR vibrational
absorption bands owing to Cu—-O bond vibrations situ-
ated almost at 603 cm ™, 497 cm™, and 432 cm ™. In case
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of pure ZnO structure, the main vibrational absorp-
tion band can be detected around 450 cm™ due to the
stretching vibration of Zn-O bond [55]. In our CuO/
ZnO heterostructures, the vibration absorption bands
of Cu-O and Zn-O components overlap to give broad
shape with two observed peaks at nearly 595 cm™!
linked to Cu-O structure and at 439 cm™ related to
ZnO component.

3.4 Band gap and optical characteristics
of CuO/ZnO heterostructures

Figure 5 demonstrate the diffuse reflectance curves
and Kubelka-Munk plots for band gap estimation of
pure, 4 and 6 wt% Ni-doped CuO/ZnO nanocompos-
ites. As illustrated in Fig. 5a, the diffuse reflectance
curves of pure, 4 and 6 wt% Ni-doped CuO/ZnO
nanocomposites possess two reduction in intensity
of reflectance (%) related to band gap absorption of
CuO and ZnO components. The reduction in inten-
sity of reflectance in the wavelength region within
750-850 nm was linked to the absorption band gap
energy of CuO component while the reduction in
intensity of reflectance within the wavelength region
of 420-380 nm was indexed to ZnO component. The
obtained results of the diffuse reflectance was used
to estimate the exact value of the band gap energy of
pure, 4 and 6 wt% Ni-doped CuO/ZnO nanocompos-
ites using Kubelka—Munk and Tauc equations [49, 50]:

F(R) = (1 — R)*/2R = a(4)/S(4) (1)

a=A(h- Eg)n/hv, @)

where R signifies to the percentage of the reflected
light, F(R) indicates to Kubelka—Munk function, « is
the absorption coefficient, S is the scattering coefficient,
E, represents the band gap energy and hv energy of
incident wavelength. The relation of the [F(R) hv]? on
the Y axis against energy (hv) on the X-axis yields the
band gap energy as shown in Fig. 5 (b). The nanocom-
posite of the pure CuO/ZnO exhibits two band gap
energies with values of 1.4 and 3.2 eV and both can
be exactly indexed to CuO and ZnO components in
agreement with the reported data, respectively [56-59].
Owing to addition of 4 or 6 wt% Ni ions to CuO/ZnO
nanocomposite, the band gap energy of ZnO compo-
nent was reduced to 3.0 eV while the band gap of CuO
component was blue shifted to 1.43 eV. This effect of
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the Ni ions on the band gap energy of CuO and ZnO
components point out that the Ni ions have been struc-
tural incorporated into their lattices. It can be noticed
that the Ni ions exhibit opposite influence on both
components (blue shift and red shift). The red shift in
case of n-type ZnO component can be assigned to s-d
and p-d exchange interactions between the localized
electrons of the Ni ions and the band electrons [60].
Furthermore, the formation of rods structure related
to ZnO after Niions doping may be has a certain effect
in these reductions of the band gap [61]. Whereas, the
blue shift in case of CuO component can be attributed
to Ni replacement at the Cu sites into the CuO lattice
in accordance with the previous study on Ni-doped
CuO [62].

3.5 Gas sensing characteristics of pure
and Ni-doped CuO/ZnO heterostructures

Figure 6a shown the gas sensing response of pure,
4 and 6 wt% Ni-doped CuO/ZnO heterostructures
towards 100 ppm ethanol gas at different tempera-
ture. For pure CuO/ZnO heterostructure, the sensi-
tivity of the sensor was increased with increasing
the temperature and attains the maximum value of
43 at 250 °C. Interestingly, the addition of 4 wt% Ni
greatly enhanced the sensitivity of CuO/ZnO het-
erostructures to 97 and also reduced the working
temperature to 225 °C. As well, the incorporation

Energy (eV)

of 6 wt% Ni ions into CuO/ZnO heterostructure
improved the sensitivity value to reach to 74.5 at
operating temperature of 225 °C. The findings indi-
cate that the Ni ions doping is effective in enhancing
the sensitivity value of CuO/ZnO heterostructure as
well as reduces the working temperature at suitable
concentration of 4 wt%. The sensitivity of the pure,
4 and 6 wt% Ni-doped CuO/ZnO heterostructures
at room temperature is shown in Fig. 6b. At room
temperature, 4 wt% Ni-doped CuO/ZnO heterostruc-
ture sensor exhibits acceptable response value to 100
ppm ethanol gas with recorded sensitivity value of
6.1. The room temperature sensitivity value of pure
and 6 wt% Ni-doped CuO/ZnO sensors were identi-
fied to be 1.9 and 3.1 towards 100 ppm ethanol gas.
The variation of sensitivity with ethanol gas concen-
trations (50-500 ppm) was tested for best sample, 4
wt% Ni-doped CuO/ZnO composite, as illustrated
in Fig. 6¢c. The response of this sensor was increased
linearly with increase ethanol concentration from 50
to 250 ppm and above this concentration the sensi-
tivity value was moderately increased. The selectiv-
ity of the 4 wt% Ni-doped CuO/ZnO composite for
ethanol gas was explored by measuring the response
to methanol, acetone, propanol and CO, gases at
operating temperature of 225 °C and gases concen-
tration of 100 ppm. For methanol, ethanol, acetone,
propanol and CO, gases the sensitivity value of 4

@ Springer
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Fig. 6 Illustrates a sensitivity of pure and Ni-doped CuO/ZnO
nanocomposites at different temperature for 100 ppm ethanol,
b sensitivity of pure and Ni-doped CuO/ZnO nanocomposites at
room temperature for 100 ppm ethanol, ¢ variation of sensitivity

wt% Ni-doped CuO/ZnO composite was found to
be 39, 96, 27, 31 and 9, respectively. Based on these
findings we can conclude that 4 wt% Ni-doped CuO/
ZnO composite has excellent response and selectiv-
ity towards ethanol gas at working temperature of
225 °C.

The response time, recovery time and stability
are important issues, since these parameters can
limit the applicability of the sensor material. After
exposed to target gas, the response time of the tested
gas sensor material can be defined as the time taken
to attain at least 90% of the final variation in response
[63, 64]. The recovery time can be definite as the time
taken for the tested gas sensor material to fall to 10%
of its maximum sensitivity value after the target gas
was exits (exposed to air). Figure 7a displays the
variation of sensitivity with time (second) for 4 wt%
Ni-doped CuO/ZnO composite sensor after exposed
to 100 ppm at operating temperature of 225 °C. The
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with ethanol concentration of 4 wt% Ni-doped CuO/ZnO nano-
composite and d responses of 4 wt% Ni-doped CuO/ZnO sensor
for different gases

wt% Ni-doped CuO/ZnO sensor displays a fast
response to ethanol gas and attains nearly 90% of
sensitivity in 20 s. As illustrated in Fig. 7b, the recov-
ery time of this sensor was found to be 15 s. The
high stability of the tested sensor is a critical factor
to decide its practical uses. To explore the stability,
the response of the 4 wt% Ni-doped CuO/ZnO com-
posite was measured for 28 days (every 3 days) at
concentration of 100 ppm ethanol gas and operating
temperature of 225 °C, Fig. 7c. The measured values
illustrate that the sensor has approximately constant
response during this period. These results reflect the
excellent stability, fast response and recovery time
of the synthesized 4 wt% Ni-doped CuO/ZnO com-
posite sensor.

The sensing mechanism of 4 wt% Ni-doped CuO/
ZnO composite is mainly depends on the interaction
between ethanol gas and the adsorbed oxygen spe-
cies on the particles surface and can be summarized
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Fig. 7 Tllustrates a response time of 4 wt% Ni-doped CuO/ZnO
nanocomposite at 225 °C after exposed to 100 ppm ethanol,
b recovery time of 4 wt% Ni-doped CuO/ZnO nanocomposite

in two steps as illustrated in Fig. 8. Firstly, when
4 wt% Ni-doped CuO/ZnO composite was heated
under air atmosphere, the oxygen molecules (O,)
were adsorbed and convert to oxygen ions (O, O%)
through trapping the electrons from the conduction
band of the sensor [30]. Secondly, after exposed to
ethanol gas, the molecules of ethanol interact with
the adsorbed oxygen ions (07, O*") present on the
surface of the sensor and return the released elec-
trons back to the conduction band, consequently
decreasing the resistance of the sample [30]. The
exposing of Ni-doped CuO/ZnO to ethanol gas will
inject the trapped electrons by adsorbed oxygen ions
into the material. With respect to ZnO, these reac-
tions will add more electrons to it and in case of CuO
the released electrons will consume the holes and
also leads to excess electrons in ZnQO, thus reduce the
thickness of the depletion region. Owing to the pres-
ence of p—n heterojunctions, the consumed holes in

at 225 °C after exposed to air and c stability of 4 wt% Ni-doped
CuO/ZnO nanocomposite for 100 ppm ethanol during measure-
ments for 28 days

CuO would rapidly be supplemented from the elec-
tron depletion layer at p—n junctions. During this
process, the holes in the ZnO/CuO heterojunction
travel to CuO across the hetero-contact interface and
the electrons move into the conduction band, which
in turn increase the charge carrier concentration,
causing a decrease in resistivity. The enhanced sensi-
tivity of Ni-doped CuO/ZnO composite can be attrib-
uted to Ni doping and rods structure formation. The
doping by Ni ions can yields more oxygen vacan-
cies as well leads to rods structure formation which
enhance the adsorbed oxygen concentration and
consequently increase the gas sensing characteristics.

4 Conclusions
In this study, highly crystalline pure, 4 and 6 wt%

Ni-doped CuO/ZnO heterostructures were synthe-
sized via sol-gel method to detect ethanol gas. The

@ Springer
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Fig. 8 Schematic illustration
of the gas sensing mechanism
of the 4 wt% Ni-doped CuO/
ZnO nanocomposite sensor

Depletion region

results of XRD confirmed the formation of mono-
clinic CuO and hexagonal ZnO phases without pres-
ence of any impurities. Based on SEM images, the
incorporation of Ni ions leads to formation of some
rods structure besides major fine semi-spherical par-
ticles. The gas sensing measurements of pure, 4 and
6 wt% Ni-doped CuO/ZnO heterostructures were
tested for ethanol as well as methanol, acetone, pro-
panol and CO, gases. The obtained results illustrate
that 4 wt% Ni-doped CuO/ZnO sensor has the high-
est response value of 97 towards 100 ppm ethanol
gas with high selectivity. This sensor exhibits good
linear relation between sensitivity and ethanol gas
concentration within 50-250 ppm. As well, it pos-
sesses a fast response time of 20 s and small recovery
time of 15 s with excellent stability for 28 days. This
findings point out that Ni-doped CuO/ZnO hetero-
junction is a highly promising sensitive structure for
ethanol gas detection.
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