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Abstract: Pure and Ni-doped ZnO were prepared by a coprecipitation method, and the gas sensing properties were compared using

20 pg/g acetone. The results show that the optimal Ni doping concentration is 1 mol% with the highest response of 12 pg/g to 20

ng/g acetone. On this basis, Au was decorated onto Ni-doped ZnO to further improve the gas response. The results show that 0.03

mol% Au activated 1 mol% Ni-doped ZnO has the highest acetone gas response (about 17 pg/g to 20 pg/g) in all sensors, and it also

maintains high selectivity over ethanol, formaldehyde and benzene, and rapid response-recovery time of <10 s.
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Due to the advantages of high sensitivity and low
cost, metal oxide (MOX) semiconductor gas sensors have
become one of the research focuses with applications in
inflammable gases alarming, environmental pollutants
detection as well as in breath analysis for diseases. For
example, acetone is believed to be one typical breath gas of
the diabetes with higher concentrations in ppm level than
normal ones in ppb level. Therefore, it is highly desired to
develop highly sensitive materials for detection of low
concentration gases.

The researches on gas sensors are mainly focused on the
tailoring of crystallite, structure, morphology control, doping
etc. of metal oxide semiconductor materials in the past few
years '® Among the metal oxides, ZnO is extensively
investigated for all kinds of gas-sensing application owing to
its low cost and simple preparation'?!. It is found that the gas
sensing property of ZnO is related to their chemical
composition, morphologies and microstructures. Till now,
M nanorods !, nanobelts!'®!, nanotubes!”,

are all synthesized for gas sensors.

ZnO nanowires

and nanosheets!'®
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It is generally known that the gas sensing performance of
samples is relevant to adsorption and desorption of oxygen
ions, which is dependent on the adjustment and optimization
of microstructure and morphology. But the technique of
morphology and microstructure control is sophisticated and
expensive. Other studies have been focused on the use of
transition elements doping like Fe!"”, Mn"*", Co™*!. Doping
leads to more defects in the crystal, and there may be special
reaction mechanisms between different doping elements and

[1822] are usually used to

oxygen ions. In addition, noble metals
activate  MOX sensors as the second phase forming
heterojunction, such that noble metals tend to promote oxygen

] which is used to activate

adsorption. One of those is Au
ZnO to enhance the gas sensing property.

Nickel (3+) has similar ionic radius (~0.056 nm) to Zn>"
(0.06 nm) and thus can be easily doped into ZnO lattice
forming a donor contributing electrons and favoring gas
study, Ni-doped ZnO
nanoparticles were prepared by a precipitation method and the

structure, morphology, crystalline quality were investigated by

sensing performance. In this
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a series of characterizations. Then the acetone gas sensing
properties of pure and Ni-doped ZnO sensors were compared,
and an optimized Ni doping concentration of 1 mol% was
obtained. Finally, Au was added into Ni-doped ZnO to further
activate the materials and enhance the acetone sensing
performance, including improved response and selectivity
over ethanol, formaldehyde and benzene.

1 Experiment

1.1 Preparation of pure ZnO and Ni-doped ZnO

The 50 mL zinc sulfate heptahydrate (43.05 g) solution
(with or without nickel nitrate) was added dropwise into 100
mL ammonium acid carbonate (9.984 g) solution. This process
was carried out under the condition of water bath at 40 °C.
The obtained precipitate was aged for 1 h, and was washed
with water and ethanol several times and then was dried in an
oven at 80 °C. The obtained precursor was calcined at 500 °C
for 2 h in a tube furnace under air atmosphere to get the
product.

In Au activation, Ni-doped ZnO was added into 0.4 mmol/L
HAuCl, solution, with the molar ratio (Au/Zn) of 0.003%,
0.015%, 0.03% and 0.06%.
ultrasonically dispersed, and dried in the oven at 100 °C. The

The mixture was then

mixture was calcined at 500 °C for 2 h in a tube furnace under
air atmosphere to get the product.
1.2 Characterization

The morphologies of all the samples were observed by a
SEM (scanning electron microscopy, JSM-7001F, Japan, 30
kV, 10 pA). The structure type and crystalline phases were
identified using XRD (X-ray diffraction, Panalytical X pert
Pro, The Netherlands, Cu Ko radiation of 1=0.15406 nm, 40
kV, 40 mA). The Raman spectra were measured on micro
confocal Raman spectroscopy at room temperature (532 nm
argon laser, Invia-Reflex 20 mW, Britain). The surface
elements were measured on an X-ray photoelectron
spectroscopy (XPS, ESCALab220i-XL) and Fourier transform
infrared spectroscopy (FTIR, Excalibur 3100, America,
between 4000 and 400 cm™).

1.3 Fabrication of sensors

The instrument for gas sensitivity test is WS-30A Gas sensor
test system (Winsen Electronics Co. Ltd., China) as shown in
Fig.1. The ZnO sample was ultrasonically dispersed in ethanol
and was extracted with a micro-syringe to dribble onto the
surface of a ceramic tube. A pair of Au electrodes had been
installed at each end of the tube, and a Ni-Cr heating wire went
through the tube to serve as a heating filament to control the
operating temperature by tuning the heating voltage.

The gas response was defined as the ratio of the Ra/Rgm],
where R, and R, are the resistances of the sensor in air and
tested gas, respectively. The response and recovery time were
defined as the time taken by the sensor to achieve 90% of the
total resistance change in the case of adsorption and
desorption, respectively.
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Fig.1 Diagram of WS-30A gas sensor test system set up
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2 Results and Discussion

2.1 Structural and morphological characterization of
pure and Ni-doped ZnO

Fig.2a shows the XRD patterns of the pure ZnO and 0.2
mol%, 0.5 mol%, 1 mol%, 2.2 mol% and 5 mol% Ni-doped
ZnO. All the samples exhibit a hexagonal wurtzite structure
and there are no other peaks appearing in these patterns. It
suggests that the Ni element may be doped into ZnO lattice'>!,
as Ni*" (0.49 nm) or Ni’* (0.56 nm) has smaller ionic radius
than Zn>" (0.6 nm). However, when Ni doping level is as high
as 5 mol%, the lattice will be distorted as illustrated by the
wider and weaker XRD peaks™. FTIR spectra of samples are
shown in Fig.2b. The stretching mode of Zn-O is observed at
around 445 cm™. The vibration mode at 1128 cm™ is relevant
to Ni*"replacing Zn>*, because the difference between Ni and
Zn radius leads to lattice distortion®®. The FTIR results are
in good agreement with the ones by XRD.

The Raman spectra of samples are shown in Fig.2c. It is
clear that there are no impurity peaks emerging in these
spe tra in good agreement with XRD results. The E,y of
Ni-doped ZnO is slightly shifted compared with that of pure
Zn0, which shows the vibration frequency change by the Ni*"
dopants in the ZnO lattice™”".

Fig.3 shows the SEM images of pure and Ni-doped ZnO,
which have similar particulate morphology of about 50 nm. To
further study the chemical composition and bonding state of
Ni-doped ZnO, XPS analysis was conducted to give more
direct evidence of the substitutional effects of Ni. The results
are shown in Fig.4. All data are corrected with respect to the
standard peak of Cls at 284.6 eV. It is clear that no extra
peaks corresponding to any other impurity atoms are detected.

Fig.4a is the spectra of O 1s. According to previous reports,
the asymmetric nature of peaks could be the presence of
various bonding states of oxygen. The peak at 530.4 eV is
attributed to O> in wurtzite structure. The peak at 532.4 eV is
due to presence of hydroxyl groups on the surface™. The
binding energy positions of Zn 2p;, and Zn 2p,,are 1021.27
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Fig.2 XRD patterns (a), FT-IR infrared spectra (b), and Raman spectra (c) of Ni-doped ZnO at different doping concentrations

200 nm

Fig.3 SEM images of pure ZnO (a) and 1 mol% Ni-doped ZnO (b)

eV and 1044.31 eV in Fig.3b™!, respectively. The binding
energy position of the spectra closely matches the standard

data of zinc oxide. According to Fig.3c, the Ni 2p peak can be
resolved into two Gauss peaks similarly: the Ni 2p;, appears
at 856.04 eV and the other Ni 2p,, appears at 872.25 eV,
indicating that Ni is present in a chemical state of 3+ %I,
2.2 Gas sensing property of Ni-doped ZnO

The gas sensing properties of pure and Ni-doped ZnO were
investigated at different operating temperatures so as to find
the optimum operating condition for acetone detection. The
optimum operating temperature of the pure ZnO and Ni-doped
ZnO to 20 pg/g acetone was studied from 200 °C to 440 °C. The
results are shown in Fig.5a. Pure and Ni-doped ZnO with
different doping concentrations have different optimum
operating temperatures. The optimum operating temperature of
pure and 0.2 mol% Ni-doped ZnO is 300 °C, while that of
others is 340 °C. 1 mol% Ni-doped ZnO shows the highest
response to acetone at 340°C. Therefore the optimum Ni dosage
is 1 mol%. Fig.5b represents the selectivity of the 1 mol% Ni
doped ZnO, indicating a great selectivity to acetone.

The mechanism of gas sensing of ZnO can be explained by
a surface defect model. There is a large amount of oxygen
vacancies on the surface of the metal oxide. When a layer of
negative oxygen ions is adsorbed on the surface of metal
oxide, an electron depletion layer is formed on the surface of
the material. It mainly refers to the resistivity of sensitive
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Fig.4 XPS spectra of Ni-doped ZnO: (a) O Is level, (b) Zn 2p level, and (c) Ni 2p level
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Fig.5 Responses vs operating temperature (a) and selectivity of pure
ZnO0 and Ni-dope ZnO (b) for 20 pg/g acetone

material, which is controlled by the carrier concentration in
the depletion layer. In addition to the change of the surface
state, the electron transport between the adjacent grains can
form a barrier, which is defined as double Schottky barrier.
Therefore, the conductivity of the material is determined by
the electrical properties of the grain and the transmission of
the grain boundaries.

When the ambient is shifted from air to acetone, acetone
reacts with the oxygen ions on the surface of the gas sensor.
The reaction is shown in Eq.(1)"":

CH;COCH; (345780 (445 —3CO5 ) +3H,0+ 8¢ )

Free electrons are released from electron depletion layer at
this time contributing to the electrical conductivity increase of
the material, and the detection of gas is realized. The ratio of
the R./R, is defined as the response, which is an important
parameter to measure the sensitivity.

The addition of a proper amount of Ni element in ZnO can
improve the sensitivity and selectivity of the gas sensor.
From the XRD and Raman characterization, it can be
proved that Ni has been successfully incorporated into the
ZnO lattice. Based on that, the result of XPS indicates that Ni
is present in a chemical state of 3+. More oxygen vacancies
appear because Zn>" is substituted by Ni’" according to
previous studies®'?*. The process promotes the adsorption of
oxygen and more free electrons are released from electron

depletion layer when acetone reacts with the oxygen ions***.

Therefore, the gas sensing properties of ZnO are improved by

doping proper concentration of Ni. But excessive doping can

cause lattice structure failure, which reduces the gas sensing

properties of ZnOP%*!.

2.3 Combination of Ni-doping and Au activation of ZnO
sensor

Au was added into 1 mol% Ni-doped ZnO sensor in this
study to investigate the combination effect of the two doping
methods on acetone gas sensing property of ZnO. Fig.6a
shows the 0.03 mol% Au activated material has the highest
gas response to 20 ug/g acetone at 300 °C. Fig.6b compares
the response of these sensors at optimum operating
temperature. We find that Au can enhance the response for
acetone.

The response and recovery behaviors are two important
characteristics for evaluating the performance of sensors. The
response time can be defined as the time needed to reach 90%
of its saturated pulse height, while the recovery time is the
time needed for the pulse to reach 10% from its base line.
Fig.7a depicts the response-recovery characteristics of 0.03
mol% Au activated 1 mol% Ni-doped ZnO sensor to acetone
with concentrations varying from 5 ug/g to 100 pg/g at 300 °C.
It is represented that the response increases rapidly all the time
in the range of 5~100 pg/g (response-recovery time is about
6~8 s) inferring the fast diffusion and reaction of acetone on
the sensing film. Fig.7b shows the response of the sensor to 20
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Fig.6 Responses vs operating temperature of Au activated 1 mol%
Ni-doped ZnO (a) and the responses of 1 mol% Ni-doped
ZnO and Au activated 1 mol% Ni-doped ZnO (b) at optimum
operating temperature for 20 ng/g acetone



1686 Wang Jinxiao et al. / Rare Metal Materials and Engineering, 2018, 47(6): 1682-1688

N
(=]

100 pg/g

M-w

g

R/R
~
(=

50 pe/g

Response,
[\
(=}
T

5
N pg/g . . L,._._
0 200 400 600
Time/s
20} b
=15
541
5
£10
a,
[
& 5

0
Ethanol Acetone Benzene HCHO
Gases

Fig.7 Response-recovery characteristics of 0.03 mol% Au activated
1 mol% Ni-doped ZnO sensor to different acetone concen-
trations at 300 °C (a) and the response of 0.03 mol% Au
activated 1 mol% Ni-doped ZnO sensor to 20 pg/g different
gases at 300 °C (b)

pg/g different chemicals at 300 °C and demonstrates that
response of acetone excels that of ethanol, formaldehyde and
benzene. Among them, the equal concentration response of
acetone is almost 3 times higher than those of benzene and
ethanol, and 5 times higher than that of formaldehyde,
showing the good selectivity to acetone.

The structure of 0.03 mol% Au activated 1 mol% Ni-doped
ZnO was explored by SEM, XRD and XPS. The SEM image
of the sample is shown in Fig.8a. It can be observed that the
morphology of the sample is uniform granulate and the
nanoparticles size of about 50 nm. Fig.8b is the XRD pattern
0f 0.03 mol% Au activated 1 mol% Ni-doped ZnO. The peaks
at 38.2° and 44.4° are Au(111) and (200) crystal planes besides
the ZnO peaks. The weaker Au peaks are expected because of
the relatively small coverage of the nanoparticles”™”!. The SEM
image and the XRD pattern suggest that 0.03 mol% Au
activated 1 mol% Ni-doped ZnO has been successfully
synthesized.

The elements and their oxidation states of 0.03 mol% Au
activated 1 mol% Ni-dope ZnO were investigated by XPS
spe tra. Fig.9a shows the Au 4f peaks at 88.5 and 91.0 eV,
which again illustrate the effective Au decoration on the
Ni-doped ZnO nanoparticles. Fig.9b is Zn 2p spectra of
Ni-doped ZnO with and without Au decoration. The relative
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Fig.8 SEM image (a) and XRD pattern (b) of 0.03 mol% Au

activated 1 mol% Ni-doped ZnO sensor
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Fig.9 XPS spectra of 0.03 mol% Au activated 1 mol% Ni-doped
ZnO sensor: (a) Au4f peak of 0.03 mol% Au activated 1
mol% Ni-doped ZnO sensor, (b) Zn 2p peak of 0.03 mol%
Au activated 1 mol% Ni-doped ZnO sensor and 1 mol%
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shift of Zn 2p peak to higher binding energy is attributed to the
effective Au/ZnO heterojunction where electrons will transfer
from Ni-doped ZnO to Au due to the relatively higher work
function of Au (5.3 eV) than that of ZnO (4.6 eV). This
effective heterojunction contributes to the gas response
enhancement in Fig.7. This mechanism of Au activation is
df ferent from previous Ni doping effect. Au is not incorpo-
rated into the ZnO lattice but as the second phase forming the
he erojunction on the surface of ZnO nanoparticle (Fig.10).
The heterojunction can hold more oxygen ions which further
enhance the gas sensing performance.

3 Conclusions

1) The pure and Ni-doped ZnO are prepared by
coprecipitation method.

2) Ni dopant (1 mol%) can effectively increase the acetone
response of ZnO sensor more than 2- fold.

3) Au can effectively activate 1 mol% Ni-doped ZnO
acetone gas sensing material, and 0.03 mol% Au activated 1
mol% Ni-doped ZnO shows the highest response of 17 pg/g to
20 pg/g acetone, and high
formaldehyde and ethanol.

selectivity over toluene,
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