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Hierarchical core/shell ZnO/NiO
nanoheterojunctions synthesized by ultrasonic

8101 spray pyrolysis and their gas-sensing performance
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ZnO nanorod arrays decorated with NiO nanosheets on FTO substrates were prepared via a simple ultra-

sonic spray pyrolysis process combined with chemical bath method. The synthesized samples were char-

acterized and analyzed by scanning electron microscopy and X-ray diffraction. The hierarchical and porous

morphologies of ZnO/NiO core-shell nanoheterojunctions could be controlled by changing the growth

time of NiO sheets. The “oriented attachment” and “self-assembly” crystal growth mechanisms were pro-
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posed to explain the formation of the ZnO/NiO nanostructures. Sensors based on the ZnO/NiO hetero-
junction nanostructure were fabricated and investigated for their ethanol-sensing properties. The result in-
dicated that response was about 180% toward 100 ppm ethanol at an operating temperature of 200 °C.

The growth approach in this work offers a new technique for the design and synthesis of transition metal

www.rsc.org/crystengcomm

1. Introduction

During the past few decades, one-dimensional semiconductor
oxide nanomaterials, such as nanowires," nanorods®> and
nanotubes (NTs),® have attracted extensive attention in view
of enhancing performance in electrical nanodevices, such as
gas sensors,”” biosensors,® solar cells,” etc. As a special type
of 1D structure, zinc oxide,®° one of the most important
functional semiconductor materials, with a direct band gap of
3.4 eV and a large exciton binding energy of 60 meV, has
attracted intensive research due to its unique properties and
versatile applications in chemical sensors."'™® To improve
the gas sensing properties of ZnO, doping with various mate-
rials has been employed to modify its surface properties. For
example, the application of noble metal elements, such as
Pt,"* ¢ Pd,"” Ag,"® Au,' onto the surface of a metal oxide is a
widely accepted technique for enhancing the interaction of re-
ducing gases with the adsorbed oxygen on the metal oxide
surface, which has been utilized to improve the gas sensing
properties of metal oxide semiconductor based gas sensors.
Aside from noble metals, metal oxides have also been used to
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oxide hierarchical nanoarrays which are promising for gas sensing applications.

make heterostructures that enhance sensing properties.>’ >

Metal oxide composites can provide electric junction proper-
ties at the interface of heterostructures. Among the many sur-
face doping/composite materials, NiO,>*° a p-type semicon-
ductor material with an energy band gap of 4.2 eV, can be
used in combination with ZnO to form a heterojunction,
which is expected to enhance the response of gas sensors.
Nickel oxide nanocones decorated with zinc oxide nanothorns
on nickel oxide foil substrates form heterojunctions in the
micro region and enhance gas sensing characteristics to
NH,.%>” Novel NiO@ZnO heterostructured NTs were fabricated
by the coelectrospinning method with enhanced gas sensing
characteristics to H,S.?® However, to the best of our knowl-
edge, studies of nickel oxide nanosheets decorated with zinc
oxide nanorods on FTO substrates have been rarely reported.

Compared with other synthesis methods, ultrasonic spray
pyrolysis (USP)*>*° and chemical bath deposition (CBD)****
have many advantages such as effective stoichiometry con-
trol, excellent homogeneity, relatively low processing temper-
ature and low-cost fabrication for synthesizing materials.

In this paper, we firstly synthesized ZnO nanorods by a
USP method on FTO substrate. In order to improve the sens-
ing performance, a ZnO/NiO heterojunction was designed to
detect ethanol gas, where NiO nanosheets were implanted
onto the surface of ZnO nanorods by CBD. ZnO nanorods
decorated with NiO nanosheets have high specific surface
area and well-organized structure compared with simple ZnO
nanorods. Our growth approach offers a new technique for
the design and synthesis of transition metal oxide
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hierarchical nanoarrays which are promising for gas sensing
applications.

2. Experimental
2.1 Growth of pure ZnO nanorods

All chemicals in the experiment were of analytical reagent
grade and used without further purification. First, a ZnO seed
layer was preferentially deposited by a USP method on the
FTO substrate. Then 0.329 g of zinc acetate dihydrate
(zn(CH3CO00),-2H,0) and 0.700 g of hexamethylenetetramine
were dissolved in 8 mL deionized water to form a clear pre-
cursor solution. Then the precursor solution was sprayed
with N, carrier gas (500 sccm) and pyrolyzed on the surface
of the substrate at 300 °C for 15 min. Subsequently, the pre-
cursor solution was changed to a mixture of 0.681 g of zinc
chloride (ZnCl,) and 0.1 ml of monoethanolamine, while the
deposition time was 2 h. Finally, pure ZnO nanorods were
obtained by annealing the above products at 500 °C for 2 h
in air.

2.2 Synthesis of hierarchical core/shell ZnO/NiO
nanoheterojunctions

NiO nanosheets were dispersed onto the surface of ZnO
nanorods by a CBD method. In a typical synthesis, a solution
for CBD was prepared by adding 1 mL of aqueous ammonia
(25-28%) to a mixture of 20 mL of 1 M nickel sulfate and 16
mL of 0.25 M potassium, the potassium persulfate acting as
an oxidant. The ZnO nanorods were immersed into the CBD
solution for 10 min, 15 min, and 20 min at 40 °C, the corre-
sponding products being denoted as ZN(a), ZN(b), and ZN(c),
respectively. Finally, the samples were rinsed with distilled
water and annealed at 350 °C in air for 2 h.** Hierarchical
core/shell ZnO/NiO nanoheterojunctions were successfully
prepared.

2.3 Characterization

X-ray diffraction (XRD) patterns were collected by using a
Rigaku TTRIII X-ray diffractometer operated at 40 kv and 200
mA with Cu Ko radiation at a wavelength of 1.5406 A in the
range of 20-80° (20) at room temperature. Field emission
scanning electron microscopy (FESEM) images were obtained
using a JEOL JSM-7500F microscope with an accelerating volt-
age of 15 kV. X-ray photoelectron spectroscopy (XPS) was
conducted with a Kratos AXISHS X-ray photoelectron spectro-
meter equipped with a standard and monochromatic source
(Al KR) operated at 150 W (15 kv, 10 mA). Transmission
electron microscopy (TEM) and high-resolution TEM images
were obtained with a JEOL JEM-3010 microscope operated at
200 kV. Energy-dispersive X-ray spectroscopy (EDS) data were
measured by the TEM attachment.

2.4 Fabrication and measurement of gas sensor

Gas sensors were fabricated as follows: the as-prepared prod-
ucts were scraped off from the FTO substrates and subse-
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quently dispersed in deionized water to form a paste. The
paste was coated onto a ceramic tube on which a pair of gold
electrodes had been previously printed, and then a Ni-Cr
heating wire was inserted in the tube to form a side-heated
gas sensor, which allowed for the control of the working tem-
perature. The gas sensing performance of the gas sensor was
evaluated by a static test method using an RQ-2 gas-sensing
characterization system. The electrical resistance of the sen-
sor in different environmental atmospheres was measured,
with atmospheric air being used as the reference gas. The gas
response (S) of the sensor is defined as the ratio of Ry/R,,** in
which R, and R, are the electrical resistance of the sensor in
the target gas and atmospheric air.

3. Results and discussion

3.1 Structural and morphological characteristics

Fig. 1 shows the FESEM images of the ZnO/NiO core-shell
nanostructures synthesized by combining USP and CBD
methods. The pure ZnO nanorods that were grown for 2 h
have an average diameter of 300 nm and a length of up to
around 5 pm as shown in Fig. 1a.

After CBD, as shown in Fig. 1b-d, ZnO nanorods were
partly dissolved during the immersion period and were deco-
rated with NiO nanosheets. For the sample reacted for 10
min, the diameter of the ZnO nanorods hardly changed and
a small amount of nanosheets are observed in Fig. 1b. When
the reaction was extended to 15 min, the thickness of the
nanosheets greatly increased as shown in Fig. 1c. As the reac-
tion was prolonged to 20 min, from Fig. 1d it can be seen
that the nanosheet shells are interconnected and fully cov-
ered the surface of the ZnO core. The coverage of these nano-
sheets appeared to be quite uniform. ZnO/NiO nanostructure
could be easily controlled by changing the reaction time.

The ZnO core nanorods and NiO shell nanosheets can be
easily distinguished from the TEM images. Fig. 2a further
demonstrates that the products have a core-shell

Fig. 1 SEM images of the ZnO/NiO nanostructure fabricated after
immersion in nickel sulfate solution for different times: (a) 0 min, (b) 10
min, (c) 15 min, (d) 20 min.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) Typical TEM image of the ZN(a) nanostructure. (b) EDS
spectrum of NiO/ZnO nanostructures. (c) TEM image of the ZN(a)
nanostructures; (d)-(f) corresponding elemental mapping images of the
ZN(a) nanostructures.

nanostructure. Besides the morphology of the ZnO/NiO core-
shell nanostructures, a corresponding EDS elemental map-
ping of Zn, Ni, and O is also shown in Fig. 2b. Fig. 2c-f
shows scanning TEM images of a ZnO/NiO core/shell nano-
structure. TEM elemental mapping was conducted to clearly
confirm the localized presence of Zn in the core area. Ni ele-
ment is inclined to distribute along the surface of the nano-
rods in Fig. 2e, showing that Ni element from NiO nano-
sheets is well dispersed on ZnO nanorods. The results are in
good agreement with the above FESEM and TEM results.

The XRD patterns of pure ZnO and ZN(a), ZN(b), and
ZN(c) nanostructure samples are shown in Fig. 3. Clearly, it
can be seen that all diffraction peaks can be well indexed to
a hexagonal wurtzite structure of zinc oxide (JPCDS: 75-566)
for the pure ZnO and cubic NiO phase (JCPDS: 2-1216) for
ZN(a), ZN(b), and ZN(c) samples. With the CBD time increas-
ing, the peaks of ZnO were weaker and weaker in the patterns
of the composites, which means that the ZnO nanorods were
partly dissolved and more NiO shells grew on the surface of
the ZnO core.

To further illuminate the surface composition and chemi-
cal state of elements existing in ZnO/NiO core-shell samples,
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Fig. 3 XRD patterns of pure ZnO and ZnO/NiO nanostructure.
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we studied XPS spectra of sample ZN(a). Fig. 4 shows the typ-
ical XPS spectra of the ZnO/NiO nanostructure, where Fig. 4a
is the survey spectrum and Fig. 4b-e are the high-resolution
binding energy spectra with fitting analysis of Zn, Ni and O.
For ZN(a) sample in Fig. 4b, there are two symmetric peaks
in the Zn 2p region. The peak centered at about 1022 eV cor-
responds to Zn 2p;.,, and the other one centered at about
1045 eV is assigned to Zn 2p,,,. The observed spin-orbit split-
ting of Zn 2p between Zn 2p;3, and Zn 2p,), for the ZN(a)
nanostructure is about 23 eV, which is consistent with the
corresponding value of pure ZnO, indicating a normal state
of Zn** in ZN(a) sample.* In Fig. 4c, the XPS spectrum of Ni
2pss» consists of three components located at about 854 eV,
856 eV and 861 eV respectively,>> which are all ascribed to
Ni-O bond. In addition, the peak at 863 €V is a satellite peak
of Ni 2ps,, which also proves the existence of Ni*". In
Fig. 4d-e, O 1s is not only from ZnO but also from the NiO
shell, and the binding energies of ZN(a) and ZN(c) at about
529.5 eV, 531.5 eV, and 532.8 eV were attributed to lattice oxy-
gen, oxygen-deficient regions, and chemisorbed oxygen spe-
cies of ZnO/NiO composite, respectively.*®

3.2 Possible mechanism of formation

In order to reveal the growth process of ZnO/NiO nanostruc-
ture and a possible growth mechanism, the study of the mor-
phology evolution of ZnO/NiO core-shell nanostructure with
different reaction times has been carried out, as shown in
Fig. 5. The nonpolar {1010} planes of ZnO crystal structure
are parallel to the [0001] direction (c-axis), which has lower
surface energy and higher stability’® so that the ZnO grew
preferentially along the (0001) direction and the nanorods
were generated. After ZnO nanorods were immersed in a
chemical water bath of nickel sulfate solution for 2 min,
many Ni-based hydroxide nanoparticles nucleated on the sur-
face of the ZnO nanorods to form active sites, which would
minimize the interfacial energy barrier for the subsequent
growth of Ni-based hydroxide. The combination of these
nanoparticles decreased the overall energy by removing

® | zazp,, © NiZps

Zn2py,
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Fig. 4 (a) Survey, (b) Zn 2p, (c) Ni 2p and (d) O 1s high-resolution XPS
spectra of sample ZN(a). (e) O 1s high-resolution XPS spectra of sample
ZN(c).
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Fig. 5 Schematic illustration of the formation process of ZnO/NiO
core-shell nanostructures and corresponding SEM images of the
products at various reaction stages after heat treatment.
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surface energy which was beneficial for adjacent Ni-based hy-
droxide nanoparticles to spontaneously self-organize to-
gether. The self-organized nanoparticles shared a common
crystallographic orientation and formed a planar interface.
When the reaction proceeded to 10 min these nanoparticles
self-assemble to form large nanosheets and finally generate
the core-shell nanostructure. The above hypothesis is
supported by examining the morphologies at different growth
stages by controlling the reaction time, as can be seen in
Fig. 5.

3.3 Gas sensing properties

Gas sensors based on pure ZnO and ZnO/NiO nanostructure
samples were fabricated in order to investigate the gas sens-
ing property.

Fig. 6 shows the response of the sensors based on pure
ZnO, ZN(a), ZN(b) and ZN(c) toward 500 ppm ethanol,
methylethanol, acetone, benzene, toluene and formaldehyde
at an operating temperature of 200 °C. The sensors based on
ZnO/NiO composites showed enhanced response to ethanol
compared with pure ZnO nanorods, especially the sensor
based on ZN(c).

Fig. 7 shows the responses of the three sensors to 500
ppm ethanol at operating temperatures from 175 °C to 300
°C. It was obvious that the responses of the tested sensors
varied with operating temperature. The response of ZN(c) to-
wards ethanol first increased and reached a maximum at an
operating temperature of 200 °C, and then decreased on fur-
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Fig. 6 Selectivities of pure ZnO and ZnO/NiO composites to 500 ppm
of various gases at 200 °C.
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Fig. 7 Relationship between working temperature and response of
ZN(a), ZN(b) and ZN(c) sensors to 500 ppm ethanol.

ther increasing the operating temperature. Similar behavior
could be observed in the case of the other sensors based on
ZnO/NiO composites. Their maximal response appeared at a
common temperature, but the values of Zn(c) were much
higher than those of ZN(a) and ZN(b). Fig. 8 shows the dy-
namic response resistances of the sensor based on ZN(c) to-
wards different concentrations of ethanol at an operating
temperature of 200 °C. The results indicated that the gas re-
sponses increased with an increase of ethanol concentration
from 100 ppm to 500 ppm and excellent response and recov-
ery characteristics. The response time and recovery time of
the sensor were within about 55 s and 70 s, respectively.

3.4 Gas sensing mechanism

The sensing mechanism of ZnO/NiO composites is likely to
be a result of the following factors.

First, the sensing mechanism is related to the change in
resistance of the sensor by virtue of the adsorption and de-
sorption processes of oxygen molecules on the surface of ox-
ides. For n-type semiconductor sensors, it involves the inter-
action between ethanol and the chemisorbed oxygen ions,
such as 0>7, 0" and 0>, on the surface of the crystal. At the
beginning of the measurement, when ZnO nanorod sensor is

500ppm

500 | 400ppm
300ppm

-

-
>
3

200ppm

Resistance (KOhm)
5

™
>
3

0 1000 2000 3000 4000 5000 6000
Time(s)

Fig. 8 Responses to different concentrations of ethanol for the sensor
based on ZN(c) at 200 °C.
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exposed to air, oxygen molecules will adsorb on the surface,
forming 0°7, 07, 0>~ species by capturing electrons from the
conductance band. As the reductive gas is introduced to the
test chamber at an appropriate temperature, such as ethanol
in this case, these gas molecules will react with the adsorbed
oxygen ions, leading to an increase in concentration of
electrons.>”*® Compared with pure ZnO, the conduction type
of ZnO/NiO nanostructures changes from n-type to p-type.
And p-type NiO nanosheet shells are interconnected and
cover the surface of the ZnO core so that the conduction type
and sensing properties are mainly governed by the NiO.
When the ZnO/NiO composite sensors are exposed to reduc-
tive ethanol, the oxygen ions adsorbed on the surface react
with ethanol molecules and release electrons; the released
electrons combine with holes in p-type NiO, leading to a de-
creased concentration of holes and increased resistance.

The reaction between ethanol and ionic oxygen species
can take place in two different ways, and the overall reaction
can be represented as eqn (1)-(4):*"**

2C,H;O0H + 20, — 2C,H,0™ + O, + 2H,0 + 2¢~ (1)
C,H,0 — CH;CHO + e~ (2)

Another way can be seen in the following equations:
C,H;0H + h" + 0,7 — CH;CHO + H,0 (3)
CH;CHO + h* + 0,” — CO, + H,0 (4)

In addition, the chemically reductive ethanol molecule
may combine with holes in NiO and produce intermediates
CH;CHO which will react with adsorbed oxygen. Overall, the
addition of p-type NiO enables the ethanol to react more
completely, resulting an increase of ethanol sensitivity.

Second, according to the FESEM and TEM analysis men-
tioned above, it is reasonable to consider NiO nanosheets as
planted on the surface of ZnO nanorods. The morphology of
ZnO/NiO core-shell composites was decorated with an
amount of porous nanosheets, which can provide a high sur-
face area compared with bare ZnO nanorods and more oxy-
gen can be adsorbed on the surface of the oxide.

Third, the enhancement of sensitivity to ethanol could be
ascribed to the formation of n-p junctions between n-type
ZnO and p-type NiO. According to the XPS and TEM analyses
mentioned above, it is reasonable to consider p-type NiO
nanosheets as planted on the surface of ZnO nanorods and
thus many p—n junctions are generated near the interface be-
tween ZnO and NiO. When the heterostructure sensor is ex-
posed to air at a high temperature, the resistance of the ZnO/
NiO in air will be even higher than without the hetero-
junction due to the depletion region at the heterojunction
interface; the corresponding resistance in air increased from
115 kQ to 155 kQ.>***° The increase of resistance demon-
strated that n-p heterojunctions were successfully incorpo-
rated. The electrons transfer from n-type ZnO to p-type NiO

This journal is © The Royal Society of Chemistry 2016
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while the holes transfer from NiO to ZnO until the system ob-
tains equalization at the Fermi level, which will result in the
formation of a hole depletion layer and the increase in the
amount of the chemisorbed oxygen species.*' The amount of
chemisorbed oxygen species (Oc) can be approximately
obtained from XPS spectra. The relative percentage of O¢ was
approximately 1.8% in ZN(a) sample, while it was 10.6% in
ZN(c) sample from Fig. 4d and e; the content of O¢ compo-
nent was greatly increased. This indicated that the gas sens-
ing properties were closely related to the chemisorbed oxy-
gen. The increase of Oc component means that more surface
chemisorbed oxygen species could participate in the oxida-
tion-reduction reaction occurring on the surface of the sens-
ing materials and thus cause a larger change in sensor
resistance.”

4. Conclusion

In summary, ZnO/NiO hierarchical core/shell ZnO/NiO nano-
structures were successfully synthesized via a simple ultra-
sonic spray pyrolysis and chemical water bath method. The
NiO nanosheet shells were interconnected and fully covered
the surface of the ZnO core. The time-dependent morphology
evolution of ZnO/NiO samples was studied in detail, which
was used to explore the formation mechanism of such a
novel structure. The resulting ZnO/NiO nanostructure
displayed enhanced gas-sensing properties compared to pure
ZnO nanorods. Also, the possible sensing mechanism of the
ZnO/NiO nanostructure when sensing ethanol was discussed.
The excellent properties of the ZnO/NiO composite material
mean it is a promising candidate for sensing applications for
ethanol.
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