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Three different ZnO nanostructures (nanorods/flowers/spheres) were prepared through facile hydrothermal
method or water bath, whose sensing properties to NO were investigated in detail at room temperature acti-
vated by UV light (365 nm LED). The sensing results showed that ZnO nanospheres exhibit the highest response
of 29.4-5 ppm NO,, which can be attributed to their biggest specific surface area and the most amount of
adsorbed oxygen species on the surface. In contrast, ZnO nanorods show the fastest response and recovery speed

(9 and 18 s to 5 ppm NOg, respectively) due to their highest crystallinity, least surface defects and unidirectional
electron transfer path, which is much faster than most reported literatures. With regard to the ZnO nanoflowers,
both the gas-sensing response and the response and recovery speed are between ZnO nanorods and ZnO nano-
spheres. Furthermore, the stability, selectivity, and the moisture resistance of three different ZnO nanostructures

were also researched.

1. Introduction

With the improvement of living standard, air pollution has attracted
more and more attention and research. As one of the nitrogen oxides,
NO; mainly comes from fossil fuels, automobile exhaust, and factory
fumes and seriously endangers the environment and human health [1,
2]. More seriously, long-term exposure to high concentrations of NO,
can significantly increase the incidence of acute respiratory disease in
children [3,4]. Therefore, the accurate detection of NO, gas in the at-
mosphere has great significance to environmental protection and human
health.

In recent years, NO, gas sensors based on MOS has been widely
researched because of their low-cost synthesis, high sensitivity, fast
response and recovery speed, and good stability [5,6]. However, the
sensors usually need to be heated to a few hundred degrees to facilitate
the adsorption of harmful gases and subsequent gas-sensing reactions,
which not only causes energy consumption but also affects the stability
and safety of the sensors, especially when flammable and explosive gases
are present [7,8]. Therefore, NO2 sensors based on MOS need further
research and improvement.

UV irradiation instead of heating method is an effective approach to
reduce the initial resistance and activate the surface of sensing nano-
materials [9,10]. The photosorbed negative oxygen species generated by
capturing photogenerated electrons is more reactive than the
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chemisorbed negative oxygen species, and the photogenerated holes
also can promote the desorption of NOy [11,12]. Furthermore, UV light
excitation has less influence on the nanostructure of sensing materials
than the traditional heating method, which is also more suitable for
integrated wearable gas sensors [13].

ZnO, as a typical direct band gap semiconductor, was widely applied
in NO, gas sensors activated by UV light due to its excellent light ab-
sorption and appropriate band gap (3.2 eV) [14]. For example, Qi et al.
have successfully prepared ZnO nanowalls in situ on porous rGO to
detect NOy under UV irradiation at room temperature [15]. Meng et al.
activated ZnO microwire with a combined technology of surface etching
and UV illumination to realize the detection of NO, gas [16]. However,
poor sensitivity and lengthy response and recovery speed seriously
restrict the development of NO, sensors based on ZnO activated by UV
light. Therefore, researchers still need to develop more promising ZnO
nanomaterials for NO; sensors activated by UV light.

Here, three different ZnO nanostructures (nanorods/flowers/
spheres) were successfully prepared by facile hydrothermal method or
water bath. The nanostructure-dependent NO, sensing performance
activated by UV light (365 nm LED) was investigated in detail at room
temperature. The sensing results showed that as-prepared three different
ZnO nanostructures exhibit huge differences in sensitivity and the
response and recovery speed. We attempted to explain this phenomenon
from multiple perspectives with the help of a variety of characterization
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methods and describe the detailed gas-sensing process under UV light in
this work.

2. Experimental section
2.1. Materials

All reagents — Zinc nitrate hexahydrate (Zn(NOs)2:6H20), sodium
hydroxide (NaOH), cetyltrimethylammonium bromide (CTAB), methe-
namine (C¢H12N4), trisodium citrate dihydrate (CgHsNa307-2H20) were
purchased from Aladdin Reagent Co., Ltd. (Shanghai, China), and were
of analytic grade and used as received without further purification.
Deionized water was used as a solvent to prepare solution.

2.2. Preparation of three different ZnO nanostructures

The ZnO nanorods were synthesized through facile hydrothermal
method. 7.8 mmol of Zn(NO3),-6H,O was dissolved into 20 ml of
distilled water under vigorous stirring. 48 mmol of NaOH and 0.2 mmol
of CTAB were dissolved into 20 ml of distilled water to form a trans-
parent solution under continuous stirring. Then, mixing the two above
solution and remaining stirring for 30 min. The resulted solution was
transferred to a Teflon-lined stainless steel autoclave with a capacity of
50 ml, and heated at 90 °C for 15 h. The precipitate on the bottom was
centrifuged with distilled water and ethanol for three times and dried in
an oven at 60 °C for 6 h. Finally, the white powder was calcined at 400
°C for 2 h with a heating rate of 10 °C/min in a muffle furnace.

The ZnO nanoflowers were synthesized as follows. 0.891 g of Zn
(NO3)2-6H20 was dissolved into 30 ml of distilled water under vigorous
stirring. 0.72 g of NaOH was dissolved into above solution and adding
0.109 g of CTAB. After stirring for 1 h, the resulted solution was trans-
ferred to a Teflon-lined stainless steel autoclave with a capacity of 100
ml, and heated at 150 °C for 16 h. The process of subsequent centrifugal
purification and calcination was as same as the ZnO nanorods.

The ZnO nanospheres were prepared by water bath. In a typical
procedure, 3 mmol of Zn(NO3)2-6H20 was added to a beaker containing
100 mL of deionized water under vigorous stirring. 9 mmol of C¢Hj2N4
and 0.8 mmol of CgHsNaz07-2H,0 were dissolved in another beaker
containing 100 mL of deionized water under vigorous stirring. Keep
stirring for 20 min to obtain two clarified precursor solutions. Then the
above two precursor solutions were transferred into a three-necked
bottle with a capacity of 250 ml, and heated at 90 °C for 2 h under
stirring in a water bath kettle with reflux unit. The process of subsequent
centrifugal purification and calcination was also as same as the ZnO
nanorods.

2.3. Characterization

X-ray diffraction (XRD) measurements were conducted to explore the
crystallinity and phase composition of as-prepared ZnO on a Rigaku D/
MAX-2550 diffractometer using Cu-Ka radiation (A =0.15418 nm). The
morphology characteristics were investigated by field-emission scan-
ning electronic microscope (FESEM, Carl Zeiss Sigma 500 V P) and
transmission electron microscope (TEM, JEM-2100 F, JEOL). UV-vis
(UV-vis) absorption spectra were measured by a UV-vis spectropho-
tometer (Shimadzu UV2550, Japan). The information related to the
element composition and surface oxygen states in three different ZnO
nanostructures were collected by using VG Multilab 2000 (Thermo
Scientific) X-ray photoelectron spectroscopy (XPS). Ny adsorption-
desorption analysis (Autosorb-iQ2ST/MP Quantachrome) was carried
out to measure the Brunauer-Emmett-Teller (BET) surface area of three
different ZnO nanostructures. Impedance spectroscopy was measured on
an electrochemical workstation (CHI660D, Shanghai Chenhua Instru-
ment Co., Ltd, China). The initial electric potential is 0.2454 V, the
frequency range for impedance measurement is 0.01 to 1le+6 Hz, and
the amplitude is 0.005 V.
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2.4. Fabrication and measurement of gas sensors

The fabrication process of sensors has been described in detail in our
previously reported literatures [17,18]. A certain quantity of
as-prepared ZnO was dispersed into a trace of ethanol and formed a
slurry. The slurry was coated on the outside surface of a ceramic tube
using a brush, whose four corners have platinum wires for transmitting
signals. Then the ceramic tube was calcined at 300 °C for 2 h in a muffle
furnace to solidify the sensing layer. Finally, the ceramic tube was
welded to a six-legged base. The as-fabricated sensor element needs to
be aged for three days before conducting gas sensitivity tests to obtain a
stable baseline. If we test the sensor devices directly without aging, the
baseline resistance is difficult to stabilize. A UV-LED (A = 365 nm, LG
Electronics Co. Ltd., South Korea) was installed on the top of the sensor
element to motivate the sensor. The applied voltage of the UV-LED light
source is 3.5V, and the power is 3 W. The graphical model of the sensor
element was shown in Fig Sla and b. It is worth mentioning that the
Ni-Cr alloy only used for aging the sensor element.

The gas sensitivity test system in this work is static. When the
resistance of sensor element was stable in a gas chamber containing pure
air, the sensor element was moved to another gas chamber containing a
certain concentration of NO,. After its resistance was stabilized in NOo
atmosphere, the sensor element was removed to the pure air again. The
exposure time of all the sensor devices in NO, was 150 s, and the sub-
sequent exposure interval in air was 250 s. It is important to note that
there is no change in atmosphere of the gas chambers during the
movement. If both gas chambers contain pure air, the transfer process
will cause a slight fluctuation in resistance and then quickly return back
to the baseline, not have a big change. The tiny change in resistance
during the transferring between two gas chambers are due to the indoor
airflow. The sensor device was briefly exposed to indoor airflow during
the transfer, which has different effects on the resistance. Therefore, the
resistance would have a slight fluctuation (about 5%) and then quickly
return back to the baseline after transfer to the second chamber. This
change in resistance is not due to the difference between the air in the
two gas chambers, which is only temporary. In addition, the relative
humidity was maintained at 30 % throughout the sensing measure-
ments. A constant temperature humidity chamber (Shanghai Espek
Environmental Equipment Co., LTD) was used to create different hu-
midity atmosphere to explore the effect of humidity on the response.
Different concentrations of NO2 atmosphere were obtained by mixing
pure air and 500 ppm standard NO5 gas, which was purchased from
Juyang Gas Co., Ltd. (Changchun, China). The resistance of sensor
element was measured by a multimeter (Fluke 8846A) powered by a
direct current and recorded in real time by a data-acquisition PC. The
response was defined as S = Rg/R,, where Rg and R, are the resistance of
sensor element after exposing to NO, gas and the initial resistance in
pure air. The response and recovery time were defined as the time taken
by the sensor element to achieve 90 % of the total resistance change. The
diagram of gas sensitivity test system was shown in Fig. Slc.

3. Results and discussion
3.1. Characterization

Fig. 1 showed the XRD patterns of as-prepared ZnO. All samples
show eleven main diffraction peaks, which match well with Bragg re-
flections of the standard hexagonal wurtzite ZnO structure (JCPDS card
no. 36-1451) [19]. In addition to the peaks of ZnO, no other impurity
diffraction peaks were detected. Furthermore, it can be seen that the
intensity of ZnO nanorods are obviously stronger than those of ZnO
nanoflowers and ZnO nanospheres, which indicates its highest crystal-
linity. Generally speaking, higher crystallinity results in less grain
boundary, which benefits the electron transfer [20]. The crystal sizes of
three different ZnO nanostructures were calculated using Scherrer’s
formula [21]:
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Fig. 1. XRD patterns of three different ZnO nanostructures.
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where k is the Scherrer constant, A is the wavelength of X-ray of Cu ka-
line, B is the calculated full width at half maxima (FWHM) and 6 is the
Bragg’s angle. The calculated average crystal sizes of ZnO nanorods,
ZnO nanoflowers, and ZnO nanospheres were 50.2, 31.7, and 19.6 nm,
respectively.

The morphology characteristics of as-prepared ZnO were analyzed
by FESEM and displayed in Fig. 2. As shown in Fig. 2a and b, ZnO
nanorods exhibit irregular diameter and length. The diameter is roughly
ranging from 50 to 300 nm and the length is about 1-2 pm. From the
high-resolution FESEM image, it can be seen that ZnO nanorods have
smooth surface and high crystallinity. Fig. 2c and d showed that ZnO
nanoflowers are composed of uniform nanosheets with length of
200-300 nm and the thickness is about 30 nm. With regard to ZnO
nanospheres, they exhibit porous and rough surface due to the gas
bubbles of formaldehyde and ammonia produced by the decomposition
of CgH12N4 during the water bath. From Fig. 2e, it also can be seen that
parts of ZnO nanospheres possess macropore structure, which is bene-
ficial to increase the specific surface area and promote the adsorption of
tested gases. The enlarged FESEM image in Fig. 2f showed that ZnO

Fig. 2. Low- and high-resolution SEM images of (a-b) ZnO nanorods, (c-d) ZnO nanoflowers, (e-f) ZnO nanospheres.
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Fig. 3. TEM images and the corresponding lattice fringe of (a-c) ZnO nanorods, (d-f) ZnO nanoflowers, (g-i) ZnO nanospheres.

nanospheres consists of tiny nanoparticles, whose diameter is about
20-30 nm.

The TEM images of ZnO nanorods, nanoflowers, and nanospheres
were shown in Fig. 3(a-c), Fig. 3(d—f), and Fig. 3(g-i), respectively. The
sizes and morphologies of three different ZnO nanostructures in TEM
images are both in accordance with the results of FESEM. From Fig. 3c, it
can be seen that the lattice fringes of ZnO nanorods are very clear and
regular, indicating its good crystallinity. The lattice fringe spacing of
0.260 nm matches well with (0002) plane of hexagonal wurtzite ZnO,

which indicates that {1OT0} facet of ZnO nanorods grows along the c

axis [22]. In contrast, lattice disorder and deletion phenomenon can be
observed in the HRTEM images of ZnO nanoflowers and nanospheres
due to their more surface defects, which were shown in Fig. 3f and i. The
lattice fringe spacing of ZnO nanoflowers is 0.282 nm, corresponding to

the (10T0) plane of hexagonal wurtzite ZnO. It indicated that {0001}

facet of ZnO nanoflowers grows along the direction of < 1010 > [23].
With regard to ZnO nanospheres, two kinds of lattice fringe spacing

about 0.284 nm (10TO) and 0.260 nm (0002) were both observed,

which indicates that the growth direction is irregular.

Fig. 4a presented the UV-vis absorption spectra of three different
ZnO nanostructures. All of the ZnO showed a strong absorption in the UV
light region due to their wide bandgap. The relationship of bandgap and
absorbance of ZnO can be described by the following Eq. [24].

oahv = A(hv — E,)" 2

where o, hy, E; and A represent the optical absorption coefficient,
photon energy, band gap and proportionality constant, respectively. For
the direct bandgap semiconductors, n is 1/2; for indirect semi-
conductors, n is 2. The estimated bandgap of ZnO nanorods, nano-
flowers, and nanospheres is 3.08, 3.19, and 3.24 eV, respectively, as
shown in Fig. 4b. It is generally accepted that the optical bandgap is
closely related to the crystal defect concentration, which can induce a
redshift of absorption edge [25]. Therefore, it can be inferred that ZnO
nanorods have the least defect concentration while ZnO nanospheres
have the most.

XPS were conducted to investigate the surface elemental composi-
tion and oxygen states. As shown in Fig. 5, two peaks of Zn 2p located at
1021.1 and 1044.2 eV, which can be corresponded to the Zn 2p 3,2 and
Zn 2p 1,9, respectively [26]. The O 1s spectra were deconvoluted into
two peaks at 529.4 and 530.9 eV, corresponding to the lattice oxygen
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Fig. 4. (a) UV-visible absorption spectra and (b) the corresponding bandgap of
three different ZnO nanostructures.

and surface chemisorbed oxygen species, respectively [27]. The peak
position of ZnO nanoflowers have a little offset about 0.2 eV but can be
negligible compared with other samples. For better comparison, the
percentage of different components in O 1s of three different ZnO
nanostructures were listed in Table 1. It can be known that ZnO nano-
rods have the lowest proportion of surface chemisorbed oxygen while
ZnO nanospheres have the most, which is thought to play a very
important role in the gas sensitivity process.

The N, adsorption-desorption isotherms of three different ZnO
nanostructures were shown in Fig. 6. All of the ZnO showed the typical
type IV adsorption-isotherms with a Hs-type hysteresis loop, indicating
the presence of the mesoporous structure [28]. It can be seen that the
specific surface area of ZnO nanospheres are much bigger than ZnO
nanorods and ZnO nanoflowers. Generally speaking, high specific sur-
face area can provide more adsorption active sites for the adsorption of
oxygen molecules, which is in accordance with the results of XPS.

Electrochemical impedance spectra were conducted to explore the
conductivity and the charge transfer kinetics of three different ZnO
nanostructures. Fig. 7a displayed the Nyquist plots of ZnO nanorods,
nanoflowers, and nanospheres. The inset is the Randle equivalent cir-
cuit, where R represents the electrolyte solution resistance, R is the
charge transfer resistance, Zq4 is the Warburg impedance, and Cgq is the
double layer capacitance [29]. It can be seen that the charge transfer
resistance of ZnO nanorods are the minimum, indicating that its charge
transfer is the fastest. Fig. 7b showed the corresponding Bode plots. The
characteristic frequency peak of the ZnO nanorods shift to a higher
frequency compared to that of the ZnO nanoflowers and ZnO nano-
spheres, indicating a foreshortened photoexcited carrier lifetime of the
ZnO nanorods [30].

From the above characterization results, it can be seen that ZnO
nanorods have lower defect density and faster charge transfer ability,
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while ZnO nanoflowers and ZnO nanospheres possess larger specific
surface area and more surface adsorbed oxygen species.

3.2. NO; sensing performance

All gas sensitivity tests were performed at room temperature (25 °C).
It is generally accepted that UV light can reduce the initial resistance of
ZnO to realize the detection of NO5 at room temperature. Furthermore,
the photogenerated electron-hole pairs can largely improve the sensing
response and the recovery speed [9,10]. In this work, the sensing per-
formance of as-prepared ZnO in dark condition was not investigated
because that their resistance without UV light illumination was beyond
the measuring range of the used multimeter. The exposure time of all the
sensor devices in NO; was 150 s, and the subsequent exposure interval in
air was 250 s. Fig. 8a showed the transient response curves of ZnO
nanorods, nanoflowers, and nanospheres in different NO, concentra-
tions activated by UV light. It can be seen that all of the ZnO have
complete response and recovery process, and the response increases
with NO; concentration. For better comparison, the response curves as a
function of NO; concentration were shown in Fig. 8b. It can be seen that
ZnO nanospheres exhibit the highest response, and the response to NO;
concentration of 0.1, 0.5, 1, 3, and 5 ppm is 1.4, 2.2, 3.8, 11.30, and
29.40, respectively. The response of ZnO nanoflowers is 1.3, 2.0, 3.3,
8.1, and 14.4, and the response of ZnO nanorods is 1.2, 1.6, 2.3, 4.5, and
4.5, respectively. When the concentration of NO5 is low (less than 1
ppm), the surface of three different ZnO nanostructures has sufficient
reactive sites for the gas-sensing reaction. Therefore, the sensing re-
sponses of three different ZnO nanostructures were not significantly
different. However, once the concentration of NO, goes up, the active
sites of ZnO nanorods tend to be saturated, but there are still enough
active sites for additional gas-sensing reactions in ZnO nanoflowers and
ZnO nanospheres. As a result, the responses of three different ZnO
nanostructures are quite different at higher concentrations of NO,. The
same phenomenon can be seen in the published literatures [31,32].
Moreover, the saturation concentration of gas-sensing materials is
related to the number of reactive sites on the surface. As the XPS results
show, ZnO nanorods have the least surface chemisorbed oxygen.
Therefore, ZnO nanorods would reach saturation at a low concentration
of NO, while ZnO nanoflowers and ZnO nanospheres do not.

The response and recovery time of three different ZnO nano-
structures in function of NO2 concentration was shown in Fig. 8c and d,
respectively. It can be seen that the response and recovery time of ZnO
nanorods and nanoflowers decrease with the increase of NO, concen-
tration while ZnO nanospheres do not show obvious regularity. The
recovery time is longer than the response time is may be due to that the
NO2 molecule has one unpaired electron, which facilitates its chemi-
sorption on the surface of ZnO [33]. It is worth mentioning that the ZnO
nanorods exhibit ultrafast response and recovery speed, which is faster
than that of most of the reported literatures. The response time of ZnO
nanorods is 23, 12, 10, 9, and 9 s, and the recovery time is 95, 35, 23, 18,
and 18 s corresponding to 0.1, 0.5, 1, 3, and 5 ppm NO,, respectively. It
can be seen that ZnO nanospheres exhibit the highest response under UV
irradiation. In contrast, ZnO nanorods show the fastest response and
recovery speed. The ZnO nanoflowers are between ZnO nanorods and
ZnO nanospheres no matter the sensing response or the response and
recovery speed. The sensing response of ZnO nanoflowers increase 320
% compared with the ZnO nanorods while the ZnO nanospheres increase
650 %. The response time of ZnO nanorods shortened 310 % compared
with the ZnO nanoflowers while shortened 1200 % compared with the
ZnO nanospheres. The recovery time of ZnO nanorods shortened 220 %
compared with the ZnO nanoflowers while shortened 1210 % compared
with the ZnO nanospheres.

The reproducibility of three different ZnO nanostructures was also
investigated. The transient response curves of ZnO nanorods, nano-
flowers, nanospheres with time to 5 ppm NO; gas over four sequential
cycles were presented in Fig.9a, respectively. In addition, for each
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Fig. 5. The XPS spectra of (a) Zn 2p and (b) O 1s of ZnO nanorods; (c) Zn 2p and (d) O 1s of ZnO nanoflowers; (e) Zn 2p and (f) O 1s of ZnO nanospheres.

Table 1
The composition in O 1s of three different nanostructures of ZnO.

Samples lattice oxygen (Or) chemisorbed oxygen (Oc¢)
ZnO nanorods 63.86 % 36.14 %
ZnO nanoflowers 58.78 % 41.22 %
ZnO nanospheres 45.55 % 54.45 %

sensing material, we fabricated three sensor devices for the reproduc-
ibility measurement and the results were shown in Fig. S2. The magni-
tude of response changes in each sensor device or each cycle is basically
same, indicating their excellent reproducibility.

The response of three different ZnO nanostructures to some inter-
fering harmful gases including NO, CO, NH3, C¢Hg, Hy, ethanol, acetone

(5 ppm to NO, and 100 ppm to other gases) was also investigated under
UV light illumination at room temperature. As shown in Fig. 9b, all of
the ZnO exhibit much higher response to NO; than other harmful gases,
indicating their excellent selectivity. It can be attributed to the following
factors. Firstly, the NO2 molecule has one unpaired electron, which
facilitates its chemisorption on the surface of ZnO [33]. Secondly, NO2
molecule possesses the smallest bond energy about 312.7 kJ/mol. The
bond energy of NO, CO, NHg, and H; is 632.0, 1076.5, 1173.0, and 436.0
kJ/mol [34]. For the macromolecular gases such as CgHg, ethanol,
acetone, their bond energy is going to be larger. A smaller bond energy is
more conducive to the occurrence of sensing reaction, especially for
sensors operated at room temperature. Therefore, three different ZnO
nanostructures showed excellent selectivity to NOs.

The effect of humidity on the sensing performance was also inves-
tigated. For gas sensors especially those operated at room temperature,
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Fig. 6. N, gas adsorption-desorption isotherm for BET surface area analysis of three different ZnO nanostructures.

humidity level has a great effect on the gas-sensing response. UV light
has been proved to be an effective approach to reduce the influence of
physically adsorbed water and realize the minimum of cross-sensitivity
of relative humidity [35]. However, the intensity of UV-LED in our work
is very small (5 mW/cm?). As a result, the elimination of UV light on the
adsorbed water is not very obvious. The transient response curves of
three different ZnO nanostructures to 3 ppm NO- in different humidity
atmosphere were shown in Fig. 10a. To get a more intuitive view of the
effect of humidity variations on the response, the response curves as a
function of relative humidity were shown in Fig. 10b. Moreover, the
initial resistance variation of three different ZnO nanostructures with
the relative humidity increases was shown in Fig. S3. It can be seen that
the initial resistance of three different ZnO nanostructures only have a
slight change as the humidity increases while the response decreased
significantly. The decrease in response is due to that the adsorbed water
molecules occupy the adsorption sites on the surface and reduce the
adsorption of oxygen. However, a complete response and recovery
process of three different ZnO nanostructures was preserved, and the
response is still acceptable.

A comparison with the previously reported literatures on the sensing
performance of NO, gas sensors activated by UV light was shown in
Table 2 [36], [37], [38], [39], [40], [41], [42]. It can be seen that
as-prepared ZnO in this work show excellent NO, sensing performance
compared with other reported literatures. Among them, ZnO nano-
spheres show higher response, whereas ZnO nanorods exhibit faster
response and recovery speed. There are different types of NOy sensors
such as catalytic combustion sensor, thermal conductivity cell sensor,
electrochemical sensor, infrared gas sensor, ultrasonic gas sensor, and
solid electrolyte gas sensor. At present, NOy sensors in the market is
mainly electrochemical type, which need to work at high temperature

and could not detect NO; gas at room temperature. The photoexcited
NO,, sensors proposed in this paper are devices operating at room tem-
perature. Moreover, we have measured the solid electrolyte type oxygen
sensor and catalytic combustion type methane sensor from the market
using our gas-sensing measurement system and got relatively satisfac-
tory sensing performance, which proved that our test system is
trouble-free.

3.3. Sensing mechanism

The sensor elements were exposed to UV light throughout the entire
response and recovery process. The role of UV light can be attributed to
the following aspects. Firstly, UV light effectively increases the electron
density in the conduction band and reduces the initial resistance of ZnO.
Secondly, the photosorbed oxygen species (O51y)) is more active than
the chemisorbed oxygen species (Og(gas)) [12], which increases the sur-
face activity and makes the sensing reaction with NO5 more likely to
happen. Thirdly, the photogenerated holes can promote the desorption
of NOy due to their strong oxidizing property. The detailed sensing
process is as follows.

In air, oxygen molecules can adsorb on the surface of ZnO and cap-
ture electrons from the conduction band to form chemisorbed oxygen
ion (Og(gm)).

Os(gas) + € =054y 3)

When ZnO is under UV light illumination, electrons in the valence band
can absorb the photon energy to jump into the conduction band and
decrease the resistance of ZnO.

On one hand, the photogenerated holes promote the desorption of
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chemisorbed oxygen ion (O3(gq5)- On the other hand, the oxygen mole-

cules capture photogenerated electrons to generate the photosorbed
oxygen species (Og(,w)).
o-

2(gas) + hl:rv - OZ(gm‘)

4

02(&‘”) + e;u—)og(hu) (5)

Once ZnO is exposed to NO, atmosphere, the electron density de-
creases due to that NOy molecules have a larger electronegative than
oxygen molecules [43].

N02 + Ozi(hv) —>N0;(/,\,) -+ Oz(gas) (6)

2NO, + Oy) + e;u—>2N03’(hv) 7
When ZnO is removed from NOs to air, the photogenerated holes can
also promote the desorption of NO,.

NO;(;W) + th —>N02(gm) (8)

2NO5;,) + 2h" =2NOs(gas) + 02 9)

Three different ZnO nanostructures exhibited different sensing per-
formance due to the differences in crystallinity, defect density, surface
and electrical properties. The ZnO nanospheres show the highest
response because of its biggest specific surface area and most adsorbed
oxygen. The main resistance to electron transport in ZnO sensing layer is
distributed at the grain boundary barrier. Firstly, ZnO nanorods have the
best crystallinity, least defect density, which means that the depletion
layer at the barrier is the thinnest and electrons are more easily trans-
ferred between crystal grains. Secondly, it can be seen that the average
crystal size of ZnO nanorods calculated from Scherrer’s formula is the
biggest, which means that the amounts of grain boundary barrier in ZnO
nanorods is the least. Thirdly, ZnO nanorods have the unidirectional
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Fig. 8. (a) Dynamic response curves with time of three different ZnO nanostructures; (b) the response curves with NO, concentration of three different ZnO
nanostructures; (c—d) the response and recovery time of three different ZnO nanostructures.
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Table 2

The sensing performance of NO, sensors activated by UV light at room temperature.
Materials NO2(ppm) Response Tres and Trec Excitation source Ref
walnut-like In 03 50 219 89 and 80 s 365 nm LED (1.2 mW/cm?) [36]
In,03-rGO 30 8.25 360 and 1440 s 365 nm LED (no given) [37]
PSS/ZnO nanowires 2 7 300 and 440 s 265 nm LED (0.5 mW/cmz) [38]
Au/MoS, thin film 2.5 30 ~300 and 1000 s 365 nm LED (no given) [39]
RGO/GeO, 10 4.59 230 and 258 s 365 nm LED (0.25 mW/cm?) [40]
ZnO/In,03 nanosphere 5 2.21 78 and 610 s 365 nm LED (25 mW/cmz) [41]
Pd/SnO, thick film 5 8 5 and >30 min. 365 nm LED (35 mW/cm?) [42]
ZnO nanorods 5 4.50 9and 18s 365 nm LED (5 mW/cm?) This work
ZnO nanoflowers 5 1.44 28 and 49 s 365 nm LED (5 mW/cm?) This work
ZnO nanospheres 5 2.94 116 and 215 s 365 nm LED (5 mW/cm?) This work

electron transfer path, which means that it has the shortest transmission
path. Therefore, the speed of electron transmission in ZnO nanorods is
the fastest, which has been proved by EIS measurements. As a result, the
ZnO nanorods exhibit the fastest response and recovery speed.

4. Conclusion

In this work, three different ZnO nanostructures (nanorods/flowers/
spheres) were successfully prepared by a facile hydrothermal method or
water bath, whose surface and electronic characteristics were investi-
gated through XRD, SEM, TEM, UV-vis, XPS, BET, EIS measurements.
The sensing performance showed that ZnO nanospheres exhibit the
highest response 29.4-5 ppm NO, activated by UV light at room tem-
perature, which can be attributed to the most adsorbed oxygen species
on the surface. ZnO nanorods show the fastest response and recovery

speed (9 and 18 s to 5 ppm NO5) due to the best crystallinity, least grain
boundary, and the unidirectional electron transfer path. For NO, sensors
operated at room temperature, no matter fast response and recovery
speed or high sensing response is meaningful for practical application.
Therefore, the combination of the ZnO nanorods and the ZnO nano-
spheres may realize a NOy sensor operated at room temperature with
high sensitivity and fast response and recovery speed.
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