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Abstract: H,S gas sensors were fabricated using p-n heterojunctions of NiO/ZnO, in which the ZnO
nanorod arrays were wrapped with NiO nanosheets via a hydrothermal synthesis method. When
the H,S gas molecules were adsorbed and then oxidized on the ZnO surfaces, the free electrons
were released. The increase in the electron concentration on the ZnO boosts the transport speed of
the electrons on both sides of the NiO/ZnO p-n junction, which significantly improved the sensing
performance and selectivity for H,S detection, if compared with sensors using the pure ZnO nanorod
arrays. The response to 20 ppm of H,S was 21.3 at 160 °C for the heterostructured NiO/ZnO sensor,
and the limit of detection was 0.1 ppm. We found that when the sensor was exposed to H,S at an
operating temperature below 160 °C, the resistance of the sensor significantly decreased, indicating
its n-type semiconductor nature, whereas when the operating temperature was above 160 °C, the
resistance significantly increased, indicating its p-type semiconductor nature. The sensing mechanism
of the NiO/ZnO heterostructured H,S gas sensor was discussed in detail.

Keywords: ZnO; nanorods; NiO; p-n junction; H»S gas sensor

1. Introduction

Nanowires [1-3], nanorods (NRs) [4,5], nanobelts [6,7], and nanotubes [8] have shown good
electronic or optoelectronic properties due to their special nanostructures, excellent crystallinities and
oriented growth, significant quantum size effect, and optical non-linearity [9]. Among these, zinc oxide
(ZnO) NRs are widely applied in the fields of sensors [4,10-14], photocatalysis [13], solar cells [15,16],
UV photodetectors [17,18], and field emission devices [19] due to their wide band gap (3.37 eV), high
binding exciton energy (60 meV), excellent electricity properties, and low cost [20,21]. Compared
with bulk ZnO materials, ZnO nanorod arrays have a large specific surface area and strong electronic
transmission capability [22].

Hydrogen sulfide (H,S), one of the most common toxic gases, causes serious issues in terms of
human health and environmental safety [23,24]. The H,S concentration that is safe for human beings
is about 20-100 ppb [24]. The U.S. Scientific Advisory Board on Toxic Air Pollutants recommends
that the concentration of H,S in human environments should be controlled within <83 ppb [25].
Therefore, it is critical to develop a fast, precise, and reliable H,S detection method [23]. In recent
years, the H,S gas sensor has received considerable attention for its high sensitivity, good selectivity,
good reliability, low cost, and low power consumption. Many H,S gas sensors based on Fe;O3, CuO,
ZnO, and CeO; semiconductors have been reported [3,4,26-31]. Among these metal oxides, ZnO
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nano-material is among the most studied. However, the sensing performance of the nanostructured
sensors is strongly dependent on the morphology and structure of sensitive materials. To improve the
performance of these nanostructured sensors, an effective method involves using surface modification.
For example, Zhao et al. [32] reported that a gas sensor composed of ZnO nanofibers modified with Cu
can achieve a response of 18.7 to 10 ppm H,S at 230 °C. Compound semiconductor oxides, which can
form p-n heterostructures, have also been employed extensively to improve H,S sensors’ properties.
For example, Kim et al. [33] reported that a gas sensor composed of ZnO NRs modified with CuO
showed a response of 890 when exposed to 50 ppm H,S at 500 °C. Nickel oxide (NiO), as a typical
p-type semiconductor [14], has been extensively researched in optoelectronic devices and sensors
due to its ease of formation of a p-n heterojunction together with an n-type semiconductor (such as
Zn0), thus achieving excellent physical and chemical properties [18,34,35]. However, few studies of
NiO/ZnO p-n heterojunciton nanorod arrays have been reported for detecting H,S gas.

In this paper, a p-n heterojunction structure composed of NiO nanosheets (NSs) and ZnO NRs
was prepared using a hydrothermal synthesis method. It was used as a sensitive material to fabricate a
gas sensor on an AlO3 ceramic tube. Excellent H;S sensing performance was attained, and the sensing
mechanism was discussed in detail.

2. Experiment

All the chemicals used were analytical grade reagents and purchased from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China). All the standard gases used were purchased from NIMTT
Measurement and Testing Technology Co. Ltd. (Chengdu, China). The crystalline phase of samples
was characterized by X-ray diffractometer (XRD, Dmax-2500, Rigaku, Tokyo, Japan) and transmission
electron microscope (TEM, JEM-2200FS, Jeol, Tokyo, Japan). The morphologies and element contents
of the samples were observed using scanning electron microscope (SEM, Inspect F50, ThermoFisher,
Hillsboro, OR, USA) and energy dispersive spectrometer (EDS, Inspect F50, ThermoFisher, Hillsboro,
OR, USA). UV-visible spectrophotometer (UV-2600, Shimadzu, Kyoto, Japan) was used to study
the band-gap energies of the samples. X-ray photoelectron spectroscopy (XPS, XSAMS800, Kratos,
Manchester, UK) was measured to analyze valence states of the elements in the samples.

2.1. Growth of ZnO NRs

A hydrothermal synthetic method was used to grow ZnO NRs. The typical procedure
was described below: 1.646 g (7.5 mmol) zinc acetate dihydrate of was dissolved into 25 mL
2-methoxyethanol, and then 0.45 mL ethanolamine was added. The above solution was stirred
for 1 h at 60 °C to achieve a sol, which was then uniformly coated onto the cleaned Al,O3 tubes and
annealed at 300 °C for 10 min. The process was repeated twice and annealed at 450 °C for 1 h to form
ZnO seeds layer on the Al,O3 tubes. We mixed 40 mL (5 mM) zinc nitrate aqueous solution and 40 mL
(5 mM) hexamethylenetetramine, and then the solution was placed in a Teflon-lined stainless steel
autoclave. The Al,O3 tubes covered by the ZnO seeds layer were also placed in the autoclave. After
hydrothermal reaction at 90 °C for 5 h, a ZnO NR layer formed on the Al,O3 tubes. Finally, the sample
was rinsed three times in deionized water and dried in an oven at 80 °C.

2.2. Preparation of NiO/ZnO Heterostructures

Nickel acetate tetrahydrate (1.866 g; 7.5 mmol) and 0.45 mL ethanolamine were added into 25 mL
2-methoxyethanol, then a uniform sol was obtained by stirring for 3 h at room temperature. The sol was
uniformly coated onto the ZnO NRs’ surfaces, and then annealed at 300 °C for 10 min. The process was
repeated again and then annealed at 450 °C for 1 h to obtain a NiO seeds layer. Nickel nitrate (40 mL;
5 mM) and hexamethylenetetramine (40 mL; 5 mM) were mixed into a uniform solution and transferred
into the Teflon-lined stainless steel autoclave, and the Al;O3 tubes with ZnO NRs were also placed in
the autoclave, which was heated at 90 °C for 3 h. The Al,O3 tubes were removed and rinsed three
times in deionized water and dried in the oven at 80 °C to obtain a NiO/ZnO heterostructure sample.



Nanomaterials 2019, 9, 900 30f13

3. Results and Discussion

3.1. Characterizations of Pure ZnO Nanorods and NiO/ZnO Heterostructures

SEM images of pure ZnO NRs and NiO/ZnO heterostructures are shown in Figure 1. ZnO NRs
are uniform with an average diameter of about 150 nm, as shown in Figure 1a. The quasi-hexagonal
cross-section of ZnO NRs indicates that ZnO NRs are preferentially oriented in a direction of [1],
indicating a wurtzite crystal structure. The SEM images of the NiO/ZnO heterostructures sample
shown in Figure 1b,c indicate that the NiO NSs shows a netlike morphology on the top of ZnO NRs,
and fills some gaps between ZnO nanorods, which facilitated the formation of p-n heterostructures at
their interfaces. Figure 1d depicts the EDS spectrum of NiO/ZnO heterostructures, based on which the
atomic content of nickel was estimated to be 2.41%.

Element OK NiK ZnK
Weight% 23.13 3.71 73.15 100
. Atomic% 55.01 2.41 4258 100

Figure 1. SEM images of (a) pure ZnO NRs, (b,c) NiO/ZnO heterostructures and (d) EDS of
NiO/ZnO heterostructures.

XRD pattern of pure ZnO NRs is shown in Figure 2. The ZnO NRs are in a hexagonal wurtzite
crystal structure with lattice constants a = 3.252 Aandc=5201 A (JCPDS file No. 36-1451). The three
main peaks are at (0 02), (1 01), and (10 3). As the (0 0 2) diffraction peak is the strongest, we conclude
that ZnO NRs grow preferentially along this direction with high crystallinity. For the NiO/ZnO
heterostructures, no peaks corresponding to NiO are detected and the XRD peak positions of ZnO do
not shift because the quantity of NiO is less than the XRD detection limit, estimated to be at 5%.
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Figure 2. XRD patterns of ZnO NRs.
TEM analysis was used to further investigate the NiO/ZnO heterostructures. Figure 3a—d show

the TEM bright-field image of NiO/ZnO heterostructures and elemental mappings of Zn, Ni, and O.
Zn is concentrated on the ZnO NRs and Ni is diffused over the interfaces of the ZnO NRs network,

which means that the gaps and surfaces of ZnO NRs are covered with NiO NSs.

O

Figure 3. (a) TEM bright-field image of NiO/ZnO heterostructures and (b-d) elemental mapping of
NiO/ZnO heterostructures.

Figure 4a shows the survey XPS spectrum of NiO/ZnO heterostructures, which indicates the
existence of Zn, Ni, and O. Figure 4b shows the high resolution Zn 2p peak, which has been deconvoluted
into peaks at 1021.4 eV and 1044.6 eV corresponding to Zn 2psp and Zn 2pyp, respectively. The
results reveal the existence of Zn?* in ZnO [18,36]. Figure 4c shows the Ni 2p spectrum of NiO/ZnO
heterostructures. The peaks at the binding energies of 855.6 eV and 873.2 eV correspond to Ni 2p3,,
and Ni 2p1, of NiO, respectively. Apart from these, two satellite peaks located at the binding energies
of 861.5 eV and 879.3 eV reflect Ni 2p3z; and Ni 2pyp,, respectively, which proves the existence of
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Ni2* [18]. The O 1s XPS spectrum of the NiO/ZnO heterostructures is shown in Figure 4d. The two
peaks that deconvoluted at 530.8 eV and 532.3 eV correspond to the metal oxides (Zn-O bonds and
Ni-O bonds) and the chemisorbed hydroxyl (O-H bonds) on the surface of NiO/ZnO heterostructures,

respectively [37,38].
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Figure 4. XPS spectra of (a) full spectrum, (b) Zn 2p, (c) Ni 2p, and (d) O 1s.

Figure 5 shows the UV-visible absorption spectra of ZnO NRs, NiO NSs, and NiO/ZnO
heterostructures at room temperature. The band gap is calculated using Equation (1) [39]:

ochv = C(hv - Eg)l/2 1)

where « is the absorption coefficient, C is a constant, and Eg is the band gap of the semiconductors.
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Figure 5. (a) UV-visible absorption spectra and (b) plot of (achv)? vs. hv of ZnO NRs, NiO NSs, and
NiO/ZnO heterostructures.
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The band gap energy absorption edges of ZnO NRs and NiO NSs are 385 nm and 317 nm, which
correspond to their band gaps of 3.20 eV and 3.91 eV, respectively. For the NiO/ZnO heterostructures,
due to the coupling of ZnO and NiO, more electrons are freely transferred from NiO with a higher
Fermi level to ZnO with a lower level, which promotes the separation of holes and electrons and then
effective heterojunctions are formed. Therefore, the band gap of NiO/ZnO heterostructures decreases
to 3.05 eV, and the absorption edge showed a red shift from 385 nm to 406 nm [40].

3.2. Gas Sensing Properties

The sensors were placed in a four-liter chamber to test their sensing performance, and the test bias
voltage was fixed during the gas sensing process. To allow the sensors to work at different operation
temperatures, a heating wire was placed inside the ceramic tube. The response (R) of the sensors was
defined as the ratio of R, to Rg (when the resistance is reduced after the sensor is exposed to the target
gas) or Ry to Ry (When the resistance is increased after the sensor is contacted with the targeted gas),
where R, is the resistance of the sensor measured in air and Ry is the resistance of the sensor when it
contacts the gas detected.

Current density-voltage characterization curves of pure ZnO NRs, pure NiO NSs, and NiO/ZnO
heterostructures were measured at 160 °C, and the results are shown in Figure 6a. All the data exhibit
Ohmic behavior, and current density-voltage characteristics display linear patterns.

15

(a) ZnO NRs 6 (b)
——NiONSs o
& 1.0+ ——NiO/ZnO NR "
3 c sl
§ 4
05 5
E o, 4l
R e
% 0.0 x|
€ 05 S 2t
[0} Q
5 | 3
8 -1.0 o 1F
1.5 | | 1 0 | L L L L 1
50 25 0.0 25 50 0 50 100 150 200 250 300
Voltage (V) Temperature (°C)
Figure 6. (a) Current density-voltage characteristics at 160 °C and (b) responses of

NiO/ZnO-heterostructures-based sensor to 1 ppm of H,S at different operating temperatures.

To investigate the optimum working temperatures of the gas sensor, we conducted the
sensing process from room temperature to 300 °C. Figure 6b shows the responses of the
NiO/ZnO-heterostructures-based sensor when exposed to 1 ppm of H,S at different working
temperatures. As temperature increased, the response increased first and then decreased. The
response value (R = 5) reached a maximum at 160 °C. Therefore, we concluded that for
NiO/ZnO-heterostructures-based sensors, the optimal temperature is ~160 °C.

Figure 7 shows the dynamic response curves of the sensors for detecting H,S at 160 °C. When
the concentration of H,S is 20 ppm, the response of pure ZnO NRs-based sensor is 2.7, whereas the
response of NiO/ZnO-heterostructures-based sensor shows an improved response of 21.3. When the
concentration of H,S is reduced to 0.1 ppm, the NiO/ZnO sensor still has an obvious response of
1.9, whereas the pure ZnO NRs-based sensor has almost no response. Apart from this, the pure NiO
NSs-based sensor was also tested at 160 °C in 20 ppm H,S, and the response was only ~1.4, as shown in
Figure 7d. This indicates that the enhancement of sensor’s performance is mainly due to the formation
of NiO/ZnO heterostructures.



Nanomaterials 2019, 9, 900 7 of 13

(a) L (b)
1000} 400d —
a o 2400f
SIS =
o 8 1800-
5 5
» 600 ® 1200F
W @ 10 ppm
4 4
6001
400+ 10 ppm °
20
L 0f 20ppm
200 1 I I I I I I I I I Il
0 2000 4000 6000 8000 10,000 12,000 0 5000 10,000 15,000 20,000
Time (s) Time (s)
25
(©) Bl zno 34 @
I Nio/ZnO r
20f 32+
AD’ a L Q‘
@m E 30+ []
= 8 \
(0] L H
%, E 28' \
- w
2 10 B 26 /
4 o t L
5 241 M \ o
22+
0 | ) ) 1 L . .
20 10 5 1 05 0.1 0 200 400 600 800 1000 1200
H,S Conc. (ppm) Time (s)

Figure 7. Dynamic response curves upon exposure to H,S with different concentrations at 160 °C
exhibited by sensors based on: (a) pure ZnO NRs and (b) NiO/ZnO, and (c) responses histogram of
sensors and (d) pure NiO NSs.

Based on the literature search, the performance of the H,S gas sensor based on different
semiconductor materials or composite materials with various nanostructures are listed in Table 1.
The NiO/ZnO heterostructures synthesized in this work showed a good response for H,S at a lower
temperature, and its limit of detection is as low as 0.1 ppm.

Table 1. Comparison of the H,S gas sensors based on various semiconductors.

. Response
Material ]'De'tectlon Gas Conc. T (°Q) (Ra/I;{ or Reference
Limit (ppm) (ppm) J
Rg/ Ra)
ZnO Nanorods - 100 100 23 [26]
CuO-ZnO Nanorods - 100 100 39 [41]
NiO Thin film 1 50 92 20.6 [25]
Au-NiO Yolk-shell 1.25 5 400 44.2 [42]
CuO-NiO Microspheres 10 100 260 47.6 [43]
CuO-ZnSnO3 Nanowires 25 100 100 2.2 [44]
NiO/ZnO Heterostructures 0.1 20 160 21.3 This work

To study the sensors’ selectivity, the dynamic response curves of a NiO/ZnO sensor exposed to
H;S and other gases (such as NH3, CoHgO, NO,, and CO) for the same concentration of 20 ppm were
measured at 160 °C. The results are shown in Figure 8a. For the NiO/ZnO-heterostructures-based
sensor, if compared with the responses of 21.3 obtained when testing with H;S, the responses of several
other gases were negligible. Therefore, the NiO/ZnO-heterostructures-based sensor has an excellent
selectivity toward HjS.
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Figure 8. (a) Dynamic response curves of NiO/ZnO-heterostructures-based sensor to H,S and other
gases (NHj3, C,HgO, NO,, and CO) for the same concentration of 20 ppm was measured at 160 °C; (b)
Stability of NiO/ZnO-heterostructures-based sensor to 1 ppm H,S at 160 °C.

To verify the stability and reproducibility, the NiO/ZnO-heterostructures-based sensor was tested
repeatedly over a period of 25 days. The results shown in Figure 8b prove that it was stable to 1 ppm
of HyS at 160 °C, with a maximum variation of about 6.9%.

3.3. Sensing Mechanism of NiO/ZnO-Heterostructures-Based Sensor

For the ZnO NRs-based semiconductor sensor, the surface-absorbed oxygen ions play a key role
in its sensing mechanism [45-47]. When the ZnO NRs-based sensor is in contact with air, oxygen
molecules in the atmosphere are absorbed onto the surface of nanorods and then quickly ionize into
O,~ and O™ species by removing electrons near the surface of these ZnO nanorods, which leads to
the formation of a depletion layer near their surface (Figure 9a). Generally, the O, species primarily
react with target gas molecules when the temperature is below 150 °C, whereas the O~ species are
dominantly involved in the reactions between 150 °C and 400 °C. Therefore, at 160 °C, the O ions on the
surface of nanorods becomes dominant in the reaction [12,36]. Compared with O,~, O~ is more active
and sensitive to a reducing gas. When HjS gas is released from the chamber and sensor’s surface, H,S
molecules are oxidized by the O,~ and O~ ions on the surface of sensor and thus the electrons are
released:

2H,S + 30 = 2H,0 + 250, + 3¢~ @)
HS + 30~ = H,O + SO, + 3¢~ 3)

The released electrons increase the concentration of the majority carrier (electrons) and reduce the
thickness of the depletion layer at the surface of ZnO NRs. All this contributes to the reduction in
resistance and the increased current of the sensor, as shown in Figure 9a.

5
Pt

\o"‘o‘\b

R

w* (b)

o
BN

Figure 9. Schematic model for sensors exposed to H;S: (a) pure ZnO and (b) NiO/ZnO heterostructures.
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As the surface of ZnO NRs are modified by the NiO NSs, their responses to H,S are enhanced
significantly. The reasons for this can be explained as follows: (1) The network-like structure increases
the adsorption areas of oxygen ions. (2) The low valence Ni?* can be oxidized easily to the high valence
Ni®* [13,48,49]; thus, oxygen ions are quickly adsorbed onto the sensor’s surface. (3) Due to the good
contact between NiO and ZnO, a concentration difference is generated between holes and electrons at
their interfaces. This concentration difference causes carrier diffusion, thus causing the energy band to
bend in the depletion layer. When the carrier diffusion achieves an equilibrium condition, a space
charge region is formed at their interfaces and a uniform Fermi level (EF) was obtained, as shown in
Figure 10.
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Figure 10. Energy band structure of p-NiO/n-ZnO heterostructures.

When the NiO/ZnO-heterostructures-based sensor is in contact with H,S gas molecules at 160 °C,
H,S is mainly oxidized by the oxygen ions absorbed on the surface of ZnO NRs, releasing electrons
into ZnO and increasing the concentration of the majority carrier (electrons). Therefore, the resistance
of the sensor is reduced. For the semiconductor material, the holes decrease with the increase in
electrons since ng X pg = nl.z, where ny is the electron concentration, py is the holes” concentration, and
n; is the intrinsic carrier concentration. Therefore, the increase in electrons enhances the fast transport
of electrons across the p-n junction. The electrons move to recombine with the holes, thus reducing
the thickness of the depletion layer at the interfaces between NiO and ZnO [13,14]. Therefore, the
resistance of sensor decreases and its conductivity increases. The schematic model for the sensing
mechanism is shown in Figure 9b.

Figure 11 shows the resistance variation of NiO/ZnO-heterostructures-based sensor to 1 ppm H,S
at 160 °C and 240 °C. Note that the resistance variation of NiO/ZnO-heterostructures-based sensor to
1 ppm H;S at 160 °C and 240 °C shows a completely opposite trend of dynamic responses at the lower
and higher temperatures, with the critical boundary temperature being 160 °C.
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Figure 11. Dynamic response curves of NiO/ZnO-heterostructures-based sensor to 1 ppm H,S at 160
°Cand 240 °C.

When the temperature is higher than 160 °C, H,S mainly reacts with the oxygen ions (O7) on
the surface of NiO NSs [50], thus releasing electrons into the NiO. Electrons recombine with holes,
thus leading to a reduction in the majority carriers (holes) of NiO. The decrease in holes restrains the
movement of electrons on both sides of the p-n junction. Therefore, the conductivity of the sensor is
reduced. Besides, the dissociation of the reducing gas (e.g., HS) causes the formation of crystal defects
and deteriorates the conductive three-dimensional network structure. Consequently, the resistance of
the sensor is increased. At higher temperatures, sulfur atoms are also decomposed from H,S molecules,
which are then diffused into ZnO NRs and form ZnS [4,51]. Therefore, random structures of the
n-p-n-type junction can be formed at the interfaces among ZnS, NiO, and ZnO, which leads to the
increased barrier energy and also the sensor’s resistance.

4. Conclusions

A H,S semiconductor gas sensor based on NiO/ZnO heterostructures was fabricated and tested
and its key sensing mechanisms were investigated. Comparing with the pure ZnO NRs, the sensing
performance of the NiO/ZnO-heterostructures-based sensor was improved significantly within the
concentration range of 0.1 to 20 ppm. The sensor has very good selectivity toward H,S compared to
NH;, C;HgO, NO,, and CO, which can be attributed to the formation of p-n junction effects at the
interfaces between NiO and ZnO. When the sensor is exposed to H,S at temperatures above 160 °C,
the performance of the NiO/ZnO-heterostructures-based sensor changes from n-type semiconductor to
p-type, and a sensing mechanism based on the p-n junctions was proposed.

Author Contributions: Conceptualization, revision, and supervision, Z.L. and X.Z.; Investigation, validation,
formal analysis, and writing, D.A.; Formal analysis, discussion, and revision, Y.T.; the revision of English language
and logic, Y.F,; Contribution to figures and discussion, S.Y.

Funding: This study was supported financially by the National Natural Science Foundation of China (U1630126).

Conflicts of Interest: The authors declare no conflict of interest.



Nanomaterials 2019, 9, 900 11 of 13

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Xie, EY.; Cao, X.Q.; Qu, EL.; Asiri, A.M.; Sun, X.P. Cobalt nitride nanowire array as an efficient electrochemical
sensor for glucose and H,O, detection. Sens. Actuators B Chem. 2018, 255, 1254-1261. [CrossRef]

Drobek, M.; Kim, ].H.; Bechelany, M.; Vallicari, C.; Julbe, A.; Kim, S.S. MOF-Based Membrane Encapsulated
ZnO Nanowires for Enhanced Gas Sensor Selectivity. ACS Appl. Mater. Interfaces 2016, 8, 8323-8328.
[CrossRef]

Li, Z.J.; Niu, X.Y,; Lin, Z.].; Wang, N.N.; Shen, H.H.; Liu, W.; Sun, K.; Fu, Y.Q.; Wang, Z.G. Hydrothermally
synthesized CeO, nanowires for H,S sensing at room temperature. J. Alloys Compd. 2016, 682, 647-653.
[CrossRef]

Kim, J.; Yong, K. Mechanism Study of ZnO Nanorod-Bundle Sensors for H,S Gas Sensing. J. Phys. Chem. C
2011, 115, 7218-7224. [CrossRef]

Tian, H.L.; Fan, H.Q.; Li, M.M.; Ma, L.T. Zeolitic Imidazolate Framework Coated ZnO Nanorods as Molecular
Sieving to Improve Selectivity of Formaldehyde Gas Sensor. ACS Sens. 2016, 1, 243-250. [CrossRef]

Na, C.W,; Park, S.Y.; Lee, ].H. Punched ZnO nanobelt networks for highly sensitive gas sensors. Sens.
Actuators B Chem. 2012, 174, 495-499. [CrossRef]

Mane, A.A.; Moholkar, A.V. Orthorhombic MoO3 nanobelts based NO, gas sensor. Appl. Surf. Sci. 2017, 405,
427-440. [CrossRef]

Chen, YJ.; Zhu, C.L.; Xiao, G. Highly conductive titanium oxide nanotubes chemical sensors. Nanoscale 2015,
208, 165-170.

Tam, K.H.; Cheung, C.K.; Leung, Y.H.; Djurisic, A.B.; Luig, C.C.; Beling, C.D.; Fung, S.; Kwok, WM,;
Chan, W.K,; Philips, D.L.; et al. Defects in ZnO nanorods prepared by hydrothermal method. J. Phys. Chem.
B 2006, 110, 20865-20871. [CrossRef]

Fu, Y.Q.; Luo, ] K;; Nguyen, N.T.; Walton, A.J.; Flewitt, A.J.; Zu, X.T; Li, Y.; McHale, G.; Matthews, A;
Iborra, E.; et al. Advances in piezoelectric thin films for acoustic biosensors, acoustofluidics and lab-on-chip
applications. Prog. Mater. Sci. 2017, 89, 31-91. [CrossRef]

Tang, Y.L.; Li, Z.].; Ma, ].Y,; Wang, L.; Yang, J.; Du, B.; Yu, Q.K.; Zu, X.T. Highly sensitive surface acoustic
wave (SAW) humidity sensors based on sol-gel SiO; films: Investigations on the sensing property and
mechanism. Sens. Actuators B Chem. 2015, 215, 283-291. [CrossRef]

Shinde, S.D.; Patil, G.E.; Kajale, D.D.; Gaikwad, V.B.; Jain, G.H. Synthesis of ZnO nanorods by spray pyrolysis
for H,S gas sensor. J. Alloys Compd. 2012, 528, 109-114. [CrossRef]

Liu, Y.L,; Li, G.Z,; Mi, R.D.; Deng, CK.; Gao, PZ. An environment-benign method for the synthesis of
p-NiO/n-ZnO heterostructure with excellent performance for gas sensing and photocatalysis. Sens. Actuators
B Chem. 2014, 191, 537-544. [CrossRef]

Ju, D.X,; Xu, HY,; Qiu, Z.W.; Guo, J.; Zhang, J.; Girot, E.; Mozet, K.; Medjahdi, G.; Schneider, R. Highly
sensitive and selective triethylamine-sensing properties of nanosheets directly grown on ceramic tube by
forming NiO/ZnO PN heterojunction. Sens. Actuators B Chem. 2014, 200, 288-296. [CrossRef]

Akram, M.A; Javed, S.; Islam, M.; Mujahid, M.; Safdar, A. Arrays of CZTS sensitized ZnO/ZnS and ZnO/ZnSe
core/shell nanorods for liquid junction nanowire solar cells. Sol. Energy Mater. Sol. Cells 2016, 146, 121-128.
[CrossRef]

Ginting, R.T.; Lee, H.B.; Tan, S.T.; Tan, C.H.; Jumali, M.H.H.; Yap, C.C.; Kang, ] W.; Yahaya, M. A Simple
Approach Low-Temperature Solution Process for Preparation of Bismuth-Doped ZnO Nanorods and Its
Application in Hybrid Solar Cells. J. Phys. Chem. C 2016, 120, 771-780. [CrossRef]

Dang, V.Q.; Trung, T.Q.; Duy, L.T.; Kim, B.Y.; Siddiqui, S.; Lee, W.; Lee, N.E. High-Performance Flexible
Ultraviolet (UV) Phototransistor Using Hybrid Channel of Vertical ZnO Nanorods and Graphene. ACS Appl.
Mater. Interfaces 2015, 7, 11032-11040. [CrossRef]

Dai, W.,; Pan, X.H.; Chen, S.S.; Chen, C.; Wen, Z.; Zhang, HH.; Ye, Z.Z. Honeycomb-like NiO/ZnO
heterostructured nanorods: Photochemical synthesis, characterization, and enhanced UV detection
performance. |. Mater. Chem. C 2014, 2, 4606-4614. [CrossRef]

Su, X.E; Chen, ].B.; He, RM,; Li, Y.; Wang, J.; Wang, C.W. The preparation of oxygen-deficient ZnO nanorod
arrays and their enhanced field emission. Mater. Sci. Semicond. Process. 2017, 67, 55-61. [CrossRef]

Wang, Z.L. ZnO nanowire and nanobelt platform for nanotechnology. Mater. Sci. Eng. R 2009, 64, 33-71.
[CrossRef]


http://dx.doi.org/10.1016/j.snb.2017.08.098
http://dx.doi.org/10.1021/acsami.5b12062
http://dx.doi.org/10.1016/j.jallcom.2016.04.311
http://dx.doi.org/10.1021/jp110129f
http://dx.doi.org/10.1021/acssensors.5b00236
http://dx.doi.org/10.1016/j.snb.2012.07.094
http://dx.doi.org/10.1016/j.apsusc.2017.02.055
http://dx.doi.org/10.1021/jp063239w
http://dx.doi.org/10.1016/j.pmatsci.2017.04.006
http://dx.doi.org/10.1016/j.snb.2015.03.069
http://dx.doi.org/10.1016/j.jallcom.2012.03.020
http://dx.doi.org/10.1016/j.snb.2013.10.068
http://dx.doi.org/10.1016/j.snb.2014.04.029
http://dx.doi.org/10.1016/j.solmat.2015.11.034
http://dx.doi.org/10.1021/acs.jpcc.5b11094
http://dx.doi.org/10.1021/acsami.5b02834
http://dx.doi.org/10.1039/c4tc00157e
http://dx.doi.org/10.1016/j.mssp.2017.05.012
http://dx.doi.org/10.1016/j.mser.2009.02.001

Nanomaterials 2019, 9, 900 12 of 13

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Tak, Y.; Park, D.; Yong, K. Characterization of ZnO nanorod arrays fabricated on Si wafers using a
low-temperature synthesis method. . Vac. Sci. Technol. B 2006, 24, 2047-2052. [CrossRef]

Zhou, F; Jing, WX_; Xu, Y.X,; Chen, Z,; Jiang, Z.D.; Wei, Z.Y. Performance enhancement of ZnO nanorod-based
enzymatic glucose sensor via reduced graphene oxide deposition and UV irradiation. Sens. Actuators B
Chem. 2019, 208, 377-385. [CrossRef]

Hosseinia, Z.S.; Irajizadbc, A.; Mortezaalia, A. Room temperature H,S gas sensor based on rather aligned
ZnO nanorods with flower-like structures. Sens. Actuators B Chem. 2015, 207, 865-871. [CrossRef]

Fu,D.Y.; Zhu, C.L.; Zhang, X.T.; Li, C.Y.; Chen, Y.J. Two-dimensional net-like SnO,/ZnO heteronanostructures
for high-performance H,S gas sensor. J. Mater. Chem. A 2016, 4, 1390-1398. [CrossRef]

Yu, T.T.; Cheng, X.L.; Zhang, X.F,; Sui, L.L.; Xu, YM.; Gao, S.; Zhao, H.; Huo, L. Highly sensitive H,S detection
sensors at low temperature based on hierarchically structured NiO porous nanowall arrays. |. Mater. Chem.
A 2015, 3, 11991-11999. [CrossRef]

Ramgir, N.S.; Sharma, PK.; Datta, N.; Kaur, M.; Debnath, A.K.; Aswal, D.K.; Gupta, S.K. Room temperature
H,S sensor based on Au modified ZnO nanowires. Sens. Actuators B Chem. 2013, 186, 718-726. [CrossRef]
Li, Z].; Lin, Z.J.; Wang, N.N.; Huang, Y.W.; Wang, ].Q.; Liu, W.; Fu, Y.Q.; Wang, Z.G. Facile synthesis of
alpha-Fe; O3 micro-ellipsoids by surfactant-free hydrothermal method for sub-ppm level H,S detection.
Mater. Des. 2016, 110, 532-539. [CrossRef]

Li, Z.].; Huang, Y.W.; Zhang, S.C.; Chen, WM.; Kuang, Z.; Ao, D.Y,; Liu, W.; Fu, Y.Q. A fast response &
recovery H,S gas sensor based on «-Fe,O3 nanoparticles with ppb level detection limit. J. Hazard. Mater.
2015, 300, 167-174.

Li, Z.J.; Wang, J.Q.; Wang, N.N.; Yan, S.N.; Liu, W,; Fu, Y.Q.; Wang, Z.G. Hydrothermal synthesis of
hierarchically flower-like CuO nanostructures with porous nanosheets for excellent H,S sensing. J. Alloys
Compd. 2017, 725, 1136-1143. [CrossRef]

Li, D.J,; Zu, X.T.; Ao, D.Y;; Tang, Q.B.; Fu, Y.Q.; Guo, YJ.; Bilawal, K.; Faheem, M.B.; Li, L.; Li, S.; et al. High
humidity enhanced surface acoustic wave (SAW) H,S sensors based on sol-gel CuO films. Sens. Actuators B
Chem. 2019, 294, 55-61. [CrossRef]

Li, D.J,; Tang, Y.L.; Ao, D.Y,; Xiang, X.; Wang, S.Y.; Zu, X.T. Ultra-highly sensitive and selective H,S gas
sensor based on CuO with sub-ppb detection limit. Int. J. Hydrogen Energ. 2019, 44, 3985-3992. [CrossRef]
Zhao, M.G.; Wang, X.C.; Ning, L.L.; Jia, ].E. Electrospun Cu-doped ZnO nanofibers for H,S sensing. Sens.
Actuators B Chem. 2011, 156, 588-592. [CrossRef]

Kim, J.; Kim, W.; Yong, K. CuO/ZnO Heterostructured Nanorods: Photochemical Synthesis and the
Mechanism of H,S Gas Sensing. |. Phys. Chem. C 2012, 116, 15682-15691. [CrossRef]

Tang, Y.L.; Li, Z.].; Ma, ].Y; Su, H.Q.; Guo, Y.J.; Wang, L.; Du, B.; Chen, ].].; Zhou, W.L,; Yu, Q. K,; et al. Highly
sensitive room-temperature surface acoustic wave (SAW) ammonia sensors based on Coz04/SiO; composite
films. . Hazard. Mater. 2014, 280, 127-133. [CrossRef] [PubMed]

Wang, S.Y;; Ma, ].Y,; Li, Z.].; Su, H.Q.; Alkurd, N.R.; Zhou, W.L.; Wang, L.; Du, B.; Tang, Y.L.; Ao, D.Y,; et al.
Surface acoustic wave ammonia sensor based on ZnO/SiO, composite film. |. Hazard. Mater. 2015, 285,
368-374. [CrossRef] [PubMed]

Kim, H.J.; Lee, ].H. Highly sensitive and selective gas sensors using p-type oxide semiconductors: Overview.
Sens. Actuators B Chem. 2014, 192, 607-627. [CrossRef]

Tseng, Y.T.; Lin, J.C.; Ciou, Y.J.; Hwang, Y.R. Fabrication of a Novel Microsensor Consisting of Electrodeposited
ZnO Nanorod-Coated Crossed Cu Micropillars and the Effects of Nanorod Coating Morphology on the Gas
Sensing. ACS Appl. Mater. Interfaces 2014, 6, 11424-11438. [CrossRef] [PubMed]

Hoa, L.T.; Tien, H.N.; Hur, S.H. A highly sensitive UV sensor composed of 2D NiO nanosheets and 1D ZnO
nanorods fabricated by a hydrothermal process. Sens. Actuators A Phys. 2014, 207, 20-24. [CrossRef]
Evingur, G.A.; Pekcan, O. Optical energy band gap of PAAmM-GO composites. Compos. Struct. 2018, 183,
212-215. [CrossRef]

Wang, R.C.; Chen, M.G. Enhanced photosensing and tunable luminescence from ZnO/NiO and ZnO/Ni
core—shell nanorods. Sens. Actuators B Chem. 2013, 178, 212-216. [CrossRef]

Wang, LW,; Kang, Y.F; Wang, Y.; Zhu, B.L.; Zhang, S.M.; Huang, W.P; Wang, S.R. CuO nanoparticle
decorated ZnO nanorod sensor for low-temperature H,S detection. Mater. Sci. Eng. C 2012, 32, 2079-2085.
[CrossRef]


http://dx.doi.org/10.1116/1.2216714
http://dx.doi.org/10.1016/j.snb.2018.12.141
http://dx.doi.org/10.1016/j.snb.2014.10.085
http://dx.doi.org/10.1039/C5TA09190J
http://dx.doi.org/10.1039/C5TA00811E
http://dx.doi.org/10.1016/j.snb.2013.06.070
http://dx.doi.org/10.1016/j.matdes.2016.08.035
http://dx.doi.org/10.1016/j.jallcom.2017.07.218
http://dx.doi.org/10.1016/j.snb.2019.04.010
http://dx.doi.org/10.1016/j.ijhydene.2018.12.083
http://dx.doi.org/10.1016/j.snb.2011.01.070
http://dx.doi.org/10.1021/jp302129j
http://dx.doi.org/10.1016/j.jhazmat.2014.08.001
http://www.ncbi.nlm.nih.gov/pubmed/25151235
http://dx.doi.org/10.1016/j.jhazmat.2014.12.014
http://www.ncbi.nlm.nih.gov/pubmed/25528236
http://dx.doi.org/10.1016/j.snb.2013.11.005
http://dx.doi.org/10.1021/am5019836
http://www.ncbi.nlm.nih.gov/pubmed/24960114
http://dx.doi.org/10.1016/j.sna.2013.12.017
http://dx.doi.org/10.1016/j.compstruct.2017.02.058
http://dx.doi.org/10.1016/j.snb.2012.12.047
http://dx.doi.org/10.1016/j.msec.2012.05.042

Nanomaterials 2019, 9, 900 13 of 13

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

Rai, P; Yoon, J.W,; Jeong, HM.; Hwang, S.J.; Kwak, C.H.; Lee, ].H. Design of highly sensitive and selective
Au@NiO yolk-shell nanoreactors for gas sensor applications. Nanoscale 2014, 6, 8292-8299. [CrossRef]
[PubMed]

Wang, Y.E; Qu, ED,; Liu, J.; Wang, Y,; Zhou, ].R. Enhanced H;S sensing characteristics of CuO-NiO core-shell
microspheres sensors. Sens. Actuators B Chem. 2015, 209, 515-523. [CrossRef]

Jin, C,; Kim, H,; An, S.; Lee, C. Highly sensitive H,S gas sensors based on CuO-coated ZnSnO3 nanorods
synthesized by thermal evaporation. Ceram. Int. 2012, 38, 5973-5978. [CrossRef]

Gurlo, A. Nanosensors: Does Crystal Shape Matter? Small 2010, 6, 2077-2079. [CrossRef] [PubMed]
Korotcenkov, G. Metal oxides for solid-state gas sensors: What determines our choice. Mater. Sci. Eng. B
2007, 139, 1-23. [CrossRef]

Wetchakun, K.; Samerjai, T.; Tamaekong, N.; Liewhiran, C.; Siriwong, C.; Kruefu, V.; Wisitsoraat, A.;
Tuantranont, A.; Phanichphant, S. Semiconducting metal oxides as sensors for environmentally hazardous
gases. Sens. Actuators B Chem. 2011, 160, 580-591. [CrossRef]

Kim, H.R.; Choi, K.I; Kim, K.M.; Kim, I.D.; Cao, G.; Lee, ].H. Ultra-fast responding and recovering C;H;OH
sensors using SnO, hollow spheres prepared and activated by Ni templates. Chem. Commun. 2010, 46,
5061-5063. [CrossRef]

Kohl, D. Function and applications of gas sensor. |. Phys. D Appl. Phys. 2001, 34, R125-R149. [CrossRef]
Li, L.; Zhang, C.M.; Chen, W. Fabrication of SnO-SnO, nanocomposites with p-n heterojunctions for
low-temperature sensing of NO, gas. Nanoscale 2015, 7, 12133-12142. [CrossRef]

Geng, B.Y,; Wang, G.Z; Jiang, Z.; Xie, T.; Sun, S.H.; Meng, G.W.; Zhang, L.D. Synthesis and optical properties
of S-doped ZnO nanowires. Appl. Phys. Lett. 2003, 82, 4791. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1039/C4NR01906G
http://www.ncbi.nlm.nih.gov/pubmed/24933405
http://dx.doi.org/10.1016/j.snb.2014.12.010
http://dx.doi.org/10.1016/j.ceramint.2012.04.050
http://dx.doi.org/10.1002/smll.201000680
http://www.ncbi.nlm.nih.gov/pubmed/20814921
http://dx.doi.org/10.1016/j.mseb.2007.01.044
http://dx.doi.org/10.1016/j.snb.2011.08.032
http://dx.doi.org/10.1039/c0cc00213e
http://dx.doi.org/10.1088/0022-3727/34/19/201
http://dx.doi.org/10.1039/C5NR02334C
http://dx.doi.org/10.1063/1.1588735
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experiment 
	Growth of ZnO NRs 
	Preparation of NiO/ZnO Heterostructures 

	Results and Discussion 
	Characterizations of Pure ZnO Nanorods and NiO/ZnO Heterostructures 
	Gas Sensing Properties 
	Sensing Mechanism of NiO/ZnO-Heterostructures-Based Sensor 

	Conclusions 
	References

