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Owing to its excellent physical and chemical properties, ZnO has been considered to be a promising

material for development of NO2 sensors with high sensitivity, and fast response and recovery. However,

due to the low activity of ZnO at low temperature, most of the current work is focused on detecting

NO2 at high operating temperatures (200–500 �C), which will inevitably increase energy consumption

and shorten the lifetime of sensors. In order to overcome these problems and improve the practicality of

ZnO-based NO2 sensors, it is necessary to systematically understand the effective strategies and

mechanisms of low-temperature NO2 detection of ZnO sensors. This paper reviews the latest research

progress of low-temperature ZnO nanomaterial-based NO2 gas sensors. Several efficient strategies to

achieve low-temperature NO2 detection (such as morphology modification, noble metal decoration,

additive doping, heterostructure sensitization, two-dimensional material composites, and light activation)

and corresponding sensing mechanisms (such as depletion layer theory, grain boundary barrier theory,

spill-over effects) are also introduced. Finally, the challenges and future development directions of low-

temperature ZnO-based NO2 sensors are outlined.
1. Introduction

In modern life, the development of industrialization and urban-
ization has resulted in a tremendous increase in air pollution.
Particularly, nitrogen dioxide (NO2) is a toxic gas with a pungent
odor that directly causes the deterioration of human health when
exposed to ppm levels of NO2. In addition, NO2 is also one of the
causes of acid rain, bringing various environmental effects such
as reduced visibility in the atmosphere and acidication of
surface water. Therefore, it is essential to develop a gas sensor for
the real-time detection and emission control of NO2.1–4

For decades, metal oxide semiconductors (MOSs), including
ZnO,5,6 CuO,7–9 SnO2,10–12 TiO2,13–15 Fe2O3,16,17 In2O3,18,19 and
WO3,20,21 have dominated the eld of toxic gas detection
(including NO2 detection) nanomaterials, because of their low-
cost, non-toxicity and availability.22–27 Among these materials,
ZnO have been witnessed an immense exploration due to its wide
band gap, large exciton binding energy, high mobility of
conduction electrons, physical and chemical stability.28–30

Recently, ZnO-based gas sensors with different nanostructures
(nanowires, nanorods, nanosheets, quantum dots, etc.) have been
widely reported.31–35 Although improved preparationmethods and
modied morphologies have signicantly enhanced gas sensing
performance of ZnO-based sensors,36–42 the most reported sensors
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still operated at high temperatures, which limited their practical
applicability. Owing to ZnO-based gas sensors generally need to
be heated the sensing layer to a higher temperature (300–500 �C)
to achieve the sensing performance, leading to a high-power
consumption and changes in the nanomaterial microstruc-
ture.43–47 The limitation of high-temperature sensing is also re-
ected in the detection of ammable and explosive gases, with
a risk of explosion.48 In addition, it was found that the decrease of
oxygen ions adsorbed on the surface of the gas-sensing materials
would result in the decrease of the response value of sensors when
the operating temperature is too high.49 Out of consideration for
the safety and stability, sensors that can work at lower tempera-
tures are becoming more and more desirable. Achieving this
requirement can not only reduce energy consumption and cost,
but also improve the accuracy of the detection results. Therefore,
a systematic understanding of strategies of preparing low-
temperature ZnO-based NO2 sensors and the corresponding
sensing mechanisms is of guiding signicance for the design of
novel low-temperature ZnO-based NO2 sensors.

To the best of our knowledge, several review papers have
been published for ZnO-based gas sensors.42,50 However, most
of these review articles discuss the characteristics of sensors at
high operating temperatures. Recently, some reviews on ZnO-
based gas sensors at low operating temperatures have been re-
ported. For instance, S. Kumar et al. have reported the new
development of NO2 gas sensor based on metal oxide nano-
structures, which focus on the discussion of the structure of
ZnO nanowires.30 Zhu et al. addressed the room-temperature
This journal is © The Royal Society of Chemistry 2020
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sensing performance of ZnO-based gas sensors, but a specic
discussion on the sensing mechanism of NO2 was lacking.51

Zhang et al. presented the main strategies for modifying metal
oxides based room-temperature NO2 sensor without a targeted
discussion of ZnO sensing materials.52 R. Kumar et al.
summarized the application of photoactivation in the eld of
ZnO-based gas sensors.47 Li et al. emphasized the designs and
mechanisms of semiconductor oxides of different patterns for
room-temperature gas sensors.48 Srinivasan et al. discussed the
development status of room-temperature gas sensors for
different inorganic gases and volatile organic compounds.53

Nevertheless, until now it is still lack of a comprehensive review
of the latest developments in ZnO-based gas sensors for NO2

detection at low operating temperatures. Therefore, this review
will summarize and discuss the latest reports on various tech-
nologies that can be used to improve the gas-sensing properties
of ZnO for NO2 at low operating temperatures, including surface
morphological modication, noble metal decoration, func-
tionalization of additive doping, inorganic heterojunction
sensitization, light activation and so on. In addition, the gas-
sensing mechanism will be briey discussed and the future
development of ZnO-based gas sensors will be outlined.
2. Gas sensing mechanism of NO2

Towards the most common gas sensors, chemical-resistance type
sensors, their gas-sensing mechanism is directly related to the
electron exchange generated by the oxidation–reduction reaction
between the surface electrons of the material and the target gas.
Specically, in the air atmosphere, oxygen molecules as electron
acceptors are chemically adsorbed on the surface of the ZnO
materials (eqn (1)).54–56 By trapping electrons from the ZnO
conduction band, oxygen molecules ionize on the surface of the
material to form oxygen ions. Therefore, an electron-depleted space-
charge layer appears on the surface of ZnO, and a potential barrier is
formed due to the decrease of electron density, which leads to
Fig. 1 Schematic diagram of the sensing mechanism of the ZNW arrays
Elsevier, Copyright 2018 (License Number: 4923970909803).

This journal is © The Royal Society of Chemistry 2020
a reduction of the electron conduction of ZnO and an increase in
resistance.57 This is called the reference resistance in air. The type of
oxygen species adsorbed (O2

�, O�, O2�) depends on the operating
temperature, as can be observed on the reaction in eqn (2)–(4).58

O2(gas) / O2(ads) (1)

O2(ads) + e� / O2
�(ads), T < 100 �C (2)

O2
�(ads) + e� / 2O�(ads), 100 �C < T < 300 �C (3)

O�(ads) + e� / O2�(ads), T > 300 �C (4)

The sensors studied in this review operate at low tempera-
tures (T < 200 �C). When the sensor is exposed to the oxidizing gas
such as NO2, the gas molecules will not only capture the electrons
in the conduction band of ZnO, but also interact with the oxygen
species adsorbed on the surface of ZnO, resulting in an increase in
the width of the electron depletion layer and junction potential
barriers, which will increase the resistance of sensor and generate
sensing response (eqn (5)–(7)).59–61 When the sensor is exposed to
air again, NO2

� reacts with the holes and releases the electrons
back to the conduction band, causing NO2 to be released into the
air and reducing the resistance (eqn (8)). Fig. 1 schematically
shows the sensing mechanism of a ZnO-based gas sensor in the
NO2 gas atmosphere at room temperature.1

NO2(gas) + e� / NO2
�(ads) (5)

NO2
�(ads) + O2

�(ads) + e� / 2O�(ads) + NO2
�(ads),

T < 100 �C (6)

NO2
�(ads) + O�(ads) + 2e� / 2O2�(ads) + NO(gas),

100 �C < T < 300 �C (7)

NO2
�(ads) + h+ / NO2(gas) (8)
to NO2. This figure has been reproduced with permission from ref. 1,
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The above reactions are the essence of the gas-sensing signal.
How to reduce the operating temperature and improve the gas-
sensing performance is usually related to the speed and diffi-
culty of the above-mentioned reactions. Next, we will introduce
several effective strategies for achieving low-temperature NO2

detection and discuss the corresponding reaction mechanism.
3. Efficient ways to achieve low-
operating temperature NO2 detection
3.1. Surface morphological modication

The grain size, porosity, and surface state of ZnO have a signif-
icant impact on the performance of sensor via increasing the
proportion of electron depletion layer in the entire materials.
Based on the above mechanisms, ZnO nanomaterials can form
electron depletion region with thickness of one Debye length on
their surface aer reacting with oxygen in the air. When the
particle size (or diameter) of ZnO nanomaterials is less than twice
the Debye length, the entire nanomaterials will become electron
Fig. 2 (a) Dynamic response curves and responses (b) of the sensors ba
NO2 at room temperature; (c) fitting curves of response vs. NO2 concentr
changes in the conduction channel of the mesoporous ZnO sheets ass
figure has been reproduced with permission from ref. 74, Elsevier, Copy

39788 | RSC Adv., 2020, 10, 39786–39807
depletion region, that is, the entire nanomaterial can exchange
electrons, not just on the surface.62 This time, the response of
sensor usually increase signicantly as the particle size decreases.
But blindly reducing the grain size will also promote particle
agglomeration and reduce the size of the exposed specic surface
area.63 Therefore, adjusting optimal grain size, avoiding the
materials agglomeration, promoting gas diffusion and their
synergy effects are keys to achieve low-operating temperature gas
response. Besides, the surface defects of ZnO nanostructures such
as oxygen vacancies are also important for the gas-sensing
performance of ZnO. Oxygen vacancies are regarded as reactive
oxygen species, and the unpaired electrons present in ZnO can
serve as active sites for gas-sensing reactions, which will enhance
gas adsorption and dissociation, as well as promote subsequent
redox reactions.64–66

Up to now, ZnO with different morphologies have been
designed to achieve room-temperature gas-sensitivity through
various routes. Different spatial structures lead to different gas
diffusion capacities during the adsorption–desorption process
sed on the ZnO-100, ZnO-150 and ZnO-300 samples to 1–50 ppm of
ation in the range of 1–10 ppm of NO2. (d) Schematic illustration of the
embled by large and small nanoparticles upon exposure to NO2. This
right 2018 (License Number: 4923980499171).

This journal is © The Royal Society of Chemistry 2020
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Table 1 Sensing performance of gas sensors based on ZnO with different morphologies

Morphology NO2 concentration
Temperature
(�C) Response

Response and recovery
time Ref.

Mesoporous sheets 1 ppm RT
135%

�
Rg � Ra

Ra
� 100%

�
3/5 min 74

Nanorods 1 ppm RT
100%

�
Rg � Ra

Ra
� 100%

�
— 72

Nanosheets 1 ppm RT 5.75 (Ra/Rg) 200/180 s 73

Nanowalls 50 ppm RT 6.5 (Rg/Ra) 23/11 s 76

Nanoakes 1 ppm 175 �C 134 (Rg/Ra) — 77

Macro-/mesoporous lms 400 ppb RT
109%

�
Rg � Ra

Ra
� 100%

�
19/32 s 75
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of gas molecules. For example, one-dimensional (1D) nano-
wires, nanorods, nanotubes, nanober structures, two-
dimensional (2D) nanosheets, nanoakes have high surface-
to-volume ratio, leading to greater electron depletion.67–71 This
characteristic accelerates the surface reaction, reduces the
operating temperature, and nally achieves gas-sensing at low-
operating temperatures. For instance, Xia et al. synthesized
nanorods with different diameters through a simple nanoseed-
assisted method.72 Compared with submicron ZnO rods with
a diameter of 0.5–1.00 mm, ultrathin nanorods with a diameter
of 4–10 nm show more sensitive detection of NO2 at room
temperature. This is because they have large channel conduc-
tion changes to the channel diameter. Yan et al. compared the
NO2 sensing performance of high-density ZnO nanosheets and
nanorods grown onto porous silicon (PS) substrate.73 At room
temperature, the nanosheets/PS sensor with the thickness
around 10 mm and average pore sizes about 1.5 mm shows
a better response and gas sensitivity, as well as much better
response–recovery characteristics to NO2 gas. Owing to the large
specic surface area, the nanosheets have more active sites
among them, which can effectively improve the response ability.

Obviously, the porous structure with pore size or high
porosity is one of the most promising structures, owing to its
more diffusion channels. For example, Chen et al. reported
mesoporous ZnO sheets assembled by the calcination of
nanoparticles. The size of the nanoparticles of the sample falls
into different ranges at different calcination temperatures.74

Aer characterization by the use of nitrogen adsorption tech-
nique, the average particle size of the assembled nanosheets
Table 2 Gas sensing response based on functionalized noble metal nan

Noble metal Morphology (ZnO) NO2 concentration
Tempera
(�C)

Pd NPs Nanowires 1 ppm 100 �C
Au/Pd NPs Nanowires 1 ppm 100 �C
Au Nanorods 5 ppm 150 �C
Ag NWs Al-doped nanorods 10 ppm RT

This journal is © The Royal Society of Chemistry 2020
synthesized at a calcination temperature of 100 �C is the
smallest (5–10 nm) and the specic surface area is the largest
(87.63 m2 g�1). At the same time, the mesoporous ZnO nano-
sheets obtained by calcination at 100 �C exhibited excellent NO2

response performance at room temperature (Fig. 2a–c), and the
response to 1 ppm NO2 is 135%. The authors attribute the
excellent room-temperature gas-sensing performance of meso-
porous ZnO nanosheets calcined at 100 �C to the high specic
surface area and hollow structure. Based on the surface deple-
tion model (Fig. 2d), smaller nanoparticles enhance the radial
modulation of the conduction channel in NO2 sensing appli-
cations, resulting in enhanced sensing performance. Xia et al.
reported a room-temperature NO2 gas sensor using macro-/
mesoporous ZnO lms.75 This gas sensor exhibits an ultra-
high response value of 2900% to 1000 ppb NO2 at room
temperature. Moreover, the sensor shows full reversibility, sub-
ppb detection limit (0.2 ppb) and high selectivity to NO2.

In addition, some researchers have also been able to
enhance the gas-sensing properties by modulating the surface
defects of ZnO. Yu et al. used facial solution method with
subsequent annealing to prepare ZnO nanowalls.76 The nano-
walls annealed at 450 �C for 1 h exhibit 6.5 of response value to
50 ppmNO2 and fast response/recovery times (23/11 s) and good
repeatability. The combination of defects and morphology
analyses results based on the photoluminescence (PL) and
scanning electron microscope (SEM) characterizations show
that oxygen vacancies defects and porosity facilitate NO2 gas
sensing response in ZnO nanowalls at room temperature.
Another gas sensor made of porous ZnO polygonal nanoakes
oparticles/ZnO nanostructures at low operating temperatures

ture
Response

Response and recovery
time Ref.

13.5 (Rg/Ra) 141/177 s 91

94.2 (Rg/Ra) 35/30 s 92

400 (Rg/Ra) — 93

32:3

�
Rg � Ra

Ra
� 100%

�
— 94

RSC Adv., 2020, 10, 39786–39807 | 39789
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Fig. 3 Dynamic responses of the sensors based on pure (@150 �C) and Pd-ZNWs (@100 �C) upon exposure to NO2 gas with various
concentrations at (a) 30% RH and (b) 60% RH. The corresponding sensor responses as a function of NO2 concentration at (c) 30% RH and (d) 60%
RH. (e) Sensing mechanisms of Pd-ZNWs towards NO2 and reducing gas. This figure has been reproduced with permission from ref. 91, Elsevier,
Copyright 2019 (License Number: 4923990843354).

39790 | RSC Adv., 2020, 10, 39786–39807 This journal is © The Royal Society of Chemistry 2020
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prepared using a microwave hydrothermal method combined
with a subsequent annealing process also exhibits an excellent
response with a value of 134 to 1 ppm NO2 at 175 �C.77 The
results prove that the different gas-sensitivity characteristics of
samples obtained at different calcination temperatures depend
on the crystal defects. The PL spectra and the X-ray photoelec-
tron spectroscopy (XPS) spectra further prove that the oxygen
vacancies and surface oxygen species are crucial for the excel-
lent sensing performance. Table 1 provides a brief comparative
study on different morphologies of ZnO for NO2 detection at low
temperatures.
3.2. Functionalization of noble metal nanoparticles

In gas-sensing applications, the sensors have been widely
studied for achieving gas detection at low temperatures via
functionalization of noble metal nanoparticles (e.g. Au,78 Pt,79

Pd,80 Ag81) on the surface of ZnO. There are two sensitization
mechanisms involved, namely chemical sensitization mecha-
nism and electronic sensitization mechanism.82 The chemical
mechanism is based on the spill-over effect. Under this effect,
noble metal nanoparticles exist on the surface of ZnO as cata-
lysts, which enhances the adsorption of oxygen molecules and
activates their dissociation, causing the spill-over of products
onto ZnO.83,84 In addition, NO2 gas can also be adsorbed on
noble metal nanoparticles and then migrate to ZnO surface to
Fig. 4 (a–c) TEM and (d) HRTEM images of UL ZnO@Au heterojunctio
reproduced with permission from ref. 93, Elsevier, Copyright 2017 (Licen

This journal is © The Royal Society of Chemistry 2020
react with oxygen ions through the spill-over effect, which leads
to faster adsorption of oxygen and NO2 gas. This effect not only
reduces the operating temperature of ZnO-based sensor, but
also improves its sensing performance.

In the case of the electronic mechanism, since the work
function of the noble metal is larger than that of ZnO, electrons
are transferred from the ZnO to the noblemetal nanoparticles.85–87

As a consequence, a band bend occurs at the interface of the noble
metal and ZnO, forming a nano-Schottky barrier.88–90 When
exposed to NO2, the electrons will be further depleted, increasing
the depletion layer width and resistance of sensor. Furthermore,
noble metal nanoparticles as well accelerate the transfer of elec-
trons on the surface of ZnO. Therefore, the synergistic effects of
chemical sensitization and electronic sensitization achieve excel-
lent performance of sensor operating at low-temperature. Table 2
displays a comparison of gas sensing response based on func-
tionalized noble metal nanoparticles/ZnO nanostructures at low
operating temperatures.

Chen et al. prepared Pd nanoparticles (1, 2, 5 mol%) func-
tionalized ZnO nanowires (Pd-ZNWs) by a convenient hydro-
thermal method.91 The high-resolution transmission electron
microscopy (HRTEM) images show that the obtained Pd-ZNWs
have a length of 2 mm, a diameter of 150 nm, and Pd/PdO
nanoparticles with a size of 2–5 nm distributed on the surface
of the ZNWs. When pure ZNWs and Pd-ZNWs are exposed to
n NRs, (inset showing the HRTEM image of Au). This figure has been
se Number: 4924050884483).

RSC Adv., 2020, 10, 39786–39807 | 39791
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1 ppm NO2 at 100 �C, the response and recovery times of Pd-
ZNWs are much shorter than of pure ZNWs. As shown in
Fig. 3, themaximum response value of pure ZNWs to 1 ppmNO2

is 8.2 at 150 �C. Compared with that, the optimal operating
temperature of the Pd-ZNWs reduce to 100 �C. At the same NO2

concentration, the response value of 1 mol% Pd-ZNWs
increased by 1.65 times. The selective response of Pd-ZNWs to
CO, NH3, H2, SO2 and some volatile organic compounds (VOC)
was studied. The result demonstrates that Pd-ZNWs is highly
selective for NO2 gas. Under the synergistic effects of electronic
sensitization and chemical sensitization of surface-
functionalized Pd NPs, the working temperature of sensor is
reduced and the gas-sensing characteristics of NO2 are
enhanced (Fig. 3e).

An ultralong ZnO@Au heterojunction NRs-based gas sensor
was prepared using a facile wet-chemical approach via in situ
reduction process by Dinesh et al.93 As shown in Fig. 4, the Au
nanoclusters with an average particles size of 4.5 � 0.25 nm are
uniformly distributed along on the ZnO NRs (length around 30
mm and diameter around 60 nm). The micro Raman studies
suggest that the presence of ZnO@Au heterojunction is
conducive to form a larger barrier and tends to the highest
response. The sensor has a super-high response value of 400 to
5 ppm NO2 at a lower temperature (150 �C). It also shows good
selectivity, compared to other gases including NH3, H2S,
ethanol, acetone. Namgung and co-workers achieved room-
temperature NO2 sensing performance from Al-doped ZnO
nanorod/silver nanowire (AZO NRs/AgNWs) bilayer sensor.94

The AZO NRs were synthesized through wet ZnO NR growth, Al
sputtering, and thermal drive-in diffusion, and AgNWs were
then introduced by drop-casting. The sensor (AZO NRs and
AgNWs lm with a weight ratio of 3 : 2) exhibits a response of
32.3% to 10 ppm NO2. This improvement is attributed to the
synergistic interplay of Al-doped ZnO nanorods and silver
nanowires.
Table 3 Gas sensing response based on doped ZnO nanostructures at

Dopant Morphology (ZnO) NO2 concentration
Temp
(�C)

Cu Nanorods 1 ppm 175 �

Ce Nanorods 2 ppm 100 �

Cr Nanorods 5 ppm 100 �

W Thin lm 10 ppm 150 �

Polyaniline Thin lm 20 ppm RT

Polyaniline Nanorods 100 ppm RT

Polypyrrole Nanoparticles 100 ppm RT

Poly(3-hexylthiophene) Nanoparticles 1 ppm RT

39792 | RSC Adv., 2020, 10, 39786–39807
In addition, the bimetallic NPs exhibit better physical and
chemical properties than individual metals due to synergistic
effects. Chen et al. loaded bimetallic Au/Pd nanoparticles (NPs)
on ZnO nanowires (ZNWs) by a simple dipping process with
heating evaporation.92 By comparing with the pristine ZNWs
and the counterparts of single Au- or Pd-NPs decorated ZNWs,
ZNWs decorated with bimetallic Au/Pd NPs reduce the optimal
operating temperature to 100 �C and obtain the optimal gas-
sensing response. The sensitization synergistic effects of
bimetallic Au/Pd NPs and the increase of oxygen vacancies
enhance the sensing performance.
3.3. Additive doping

It is worth noting that low-temperature gas-sensing based on
ZnO gas sensors can also be achieved by adding dopants such as
metals, conductive polymers to the ZnO nanostructures. Table 3
displays a part reports about low-temperature gas sensing
properties of dopant/ZnO. In this section, we will summarize
the mechanisms of metal addition and conductive polymer
addition, respectively.

3.3.1. Metal adding. Transition metals such as Ni,103 Co,104

Fe, and Cu105 are added to ZnO to adjust the gas-sensing char-
acteristics of sensors at low temperature. On the one hand,
modied by the introduced dopant, the grain size of the doped
ZnO nanostructure becomes smaller than the original ZnO
nanostructure, which will provide large specic surface area
and increase the number of chemically adsorbed oxygen ions
and NO2 molecules on the surface of the material.106,107 On the
other hand, when the transition metal is doped, defects are
generated in the ZnO lattice, and many new oxygen vacancies
are introduced, resulting in an increase in charge carrier
concentration.108 If the radius of the doped transition metal
ions is similar to that of zinc ions, the zinc ions in the ZnO
lattice can also be replaced by them. Therefore, the donor
defects are generated, and the separation and migration of
low temperatures

erature
Response Response and recovery time Ref.

C
71

�
Rg � Ra

Ra
� 100%

�
50/140 s 95

C
800

�
Rg � Ra

Ra
� 100%

�
6.5/-min 96

C
635

�
Rg � Ra

Ra
� 100%

�
— 97

C
350

�
Rg � Ra

Ra

�
220/845 s 98

250

�
Rg � Ra

Ra

�
2.16/2.83 min 99

75

�
Rg � Ra

Ra
� 100%

�
83/399 s 100

38

�
Rg � Ra

Ra
� 100%

�
2–4 min/24 h 101

32

�
Ig � Ia

Ia
� 100%

�
— 102
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Fig. 5 Surface and cross-sectional FESEM images of undoped and Cu doped ZnO thin films, (a) undoped ZnO, (b) CZO-1, (c) CZO-2 and (d)
CZO-3. This figure has been reproduced with permission from ref. 90, Elsevier, Copyright 2017 (License Number: 4924050884483). This figure
has been reproduced with permission from ref. 95, Elsevier, Copyright 2019 (License Number: 4924060417377).
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charges are promoted.107,109 In conclusion, the bandgap of ZnO
is altered due to the introduction of dopants, which increases
the carrier concentration and thus improves the sensing
performance.

Patil et al. deposited Cu-doped (1, 2, 3% volume percentage)
ZnO (CZO) nanorods through a wet chemical route, and then
Fig. 6 (a) PL spectra of (i) undoped and Ce-doped ZnO photocatalysts p
3 mM. The inset is the enlarged PL spectra within the visible light range. X
with Ce precursor concentration of 2 mM and rod growth time of 2 h. T
Copyright 2014 (License Number: 4924070322626).

This journal is © The Royal Society of Chemistry 2020
annealed the samples.95 As shown in Fig. 5, the pure ZnO
nanorods present a hexagonal shape at the top. As the Cu
doping concentration increases, the diameter of the ZnO
nanorods gradually increases and the length gradually
decreases. In the sample CZO-3, the nanorods aggregate and
become a broken rod state. This morphological change is due to
repared with various Ce precursor concentrations: (ii) 1, (iii) 2, and (iv)
PS O 1s spectra of (b) undoped ZnO and (c) Ce-doped ZnO nanorods
his figure has been reproduced with permission from ref. 96, Elsevier,
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the formation of the compound and the effective attraction of
Cu ions to the ZnO (002) plane. The sample was used to detect
NO2 gas. The results show that when the Cu concentration
increases to 1%, the response value of Cu-doped ZnO to 1 ppm
NO2 at 175 �C reaches a maximum value of 71. With the
increases of doping concentration, the conductivity of ZnO
changes from n-type to p-type, which is attributed to the
generation of holes during the replacement of Zn sites by Cu
atoms. It proved that the addition of an appropriate amount of
Cu causes crystal defects in the ZnO nanorod, which helps to
enhance the sensing performance of ZnO at low temperatures.

A facile hydrothermal route was followed by Chang et al. for
developing lms of Ce-doped ZnO nanorods array grown on the
Al2O3 substrates with Pt spiral and interdigitated electrodes.96

Both the hydrothermal time and the content of Ce affect the gas-
sensing response of the sensors. As shown in Fig. 6, the PL
spectra show that the Ce-doped ZnO has a stronger green
emission than the undoped ZnO at a concentration of 2 mM
cerium nitrate, that is, the oxygen vacancies of Ce-doped ZnO
increase, which is consistent with the XPS results. The results
indicate that the Ce-doped ZnO nanorods with Ce precursor
concentration of 2 mM and rod growth time of 2 h exhibit the
highest response (800) towards 2 ppmNO2 and response time of
6.5 min. The sensor not only improves the response to NO2, but
also reduces the operating temperature to 100 �C. Chang and
co-workers also employed Cr-doped ZnO nanorods on Al2O3

substrate via hydrothermal route to monitor NO2 at 100 �C.97 It
was found that Cr-doped ZnO nanorods (calcination tempera-
ture 400 �C, 0.1 mM Cr(NO3)3, rod growth time 4 h) exhibit good
sensitivity, selectivity and response to NO2 gas. The lower
operating temperature and the higher response of the Cr-doped
ZnO nanorods sensor could be attributed to the high surface to
volume ratio of the nanorods and larger active sensing area
between spiral electrodes.

The response and recovery times of the sensor can be
signicantly shortened by the doping of metal ions into ZnO.
For example, Tesfamichael et al. obtained W-doped ZnO thin
lms by depositing on glass and alumina substrates using
magnetron sputtering.98 The W-doped ZnO thin lm deposited
at a pressure of 0.4 Pa using a lower sputtering power (30 W RF
Fig. 7 Schematic diagram of the proposed mechanism of NO2 sensing
permission from ref. 99, RSC, Copyright 2016.

39794 | RSC Adv., 2020, 10, 39786–39807
and 10 W DC) has high sensitivity (350) to NO2 and faster
response time (220 s) and recover time (845 s) at a lower oper-
ating temperature (150 �C). Raman spectra show that doping W
changes the properties of ZnO lms and induces more free
carrier defects. As a result, compared with the undoped ZnO
lm, the introduction of W doping increases the free carrier
density in ZnO, so that the W doped ZnO lm exhibits more
signicant low-temperature NO2 detection performance.

3.3.2. Polymer adding. Conductive polymers, such as pol-
ypyrrole (PPy),110 poly(3-hexylthiophene) (P3HT),111 and poly-
aniline (PANI)112 sensing materials have attracted widespread
attention because of their high sensitivity, fast response and
recovery. In particular, it has become a general trend to
combine conductive polymers with ZnO to form nano-
composites for preparing gas sensors to achieve low-
temperature detection. Since conductive polymers and ZnO
have different work functions, electrons migrate between the
two materials. The energy band bends and the Fermi energy
level eventually reaches equilibrium, resulting in the formation
of a heterojunction at the interface of the materials.51 The gas
response is mainly affected by the modulation of resistance.
The formation of heterojunction affects the junction barrier
height, so ZnO doped with conductive polymer shows a rapid
change in resistance when exposed to NO2.

Sonker et al. reported that ZnO–PANI nanocomposite thin
lm sensor was used to detect NO2 at room temperature.99 They
studied the effect of PANI concentration in the composite on
NO2 gas-sensitivity. The ZnO–PANI (5%) sensor exhibits the
most excellent gas-sensing performance for NO2, and its
response value to 20 ppm NO2 is�6.11� 102. They attribute the
enhanced room-temperature sensing performance to the
increase in electron transfer rate caused by the introduction of
PANI (Fig. 7). Jain et al. prepared Ni doped ZnO/polyaniline
(Ni : ZnO/PANI) nanocomposites using a wet chemical
synthesis combined in situ oxidative polymerization tech-
nique.100 It was found that NO2 sensing performance of
Ni : ZnO/PANI sensor has been signicantly improved at room
temperature. Both high response (75% to 100 ppm NO2) and
fast response/recovery times (82/399 s) of Ni : ZnO/PANI sensor
have been achieved. Apart from PANI, other conductive
of ZnO/PANI heterojunctions. This figure has been reproduced with

This journal is © The Royal Society of Chemistry 2020
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polymers also used to improve the sensing ability. Chougule
et al. prepared the composite material of PPy and ZnO nano-
particles by spin coating.101 In this composite material, the
weight ratios of ZnO are 10%, 20%, 30%, 40% and 50%,
respectively. The results show that the composite containing
ZnO (50%) has the best response to NO2. The maximum
response value to 100 ppm NO2 at room temperature is 38%. It
also has good selectivity and stability. Yang and co-workers
manufactured P3HT with ZnO oxide-graphene oxide
(ZnO@GO) hybrid for NO2 detection. They rst used self-
assembly methods to synthesize ZnO@GO composite.102 It is
Fig. 8 (a) Real-time response of the B-SnO2@ZnO HNSs sensor to NO2

HNSs sensor to NO2 in the range of 5 ppb to 800 ppb and 1 ppm to 10 pp
HNSs sensors for different target gases at 1 ppm. This figure has been repr
Number: 4924071319628).

This journal is © The Royal Society of Chemistry 2020
then spin-coated with P3HT on a silicon wafer to form organic
eld-effect transistors (OFETs). The P3HT with 60 wt%
ZnO@GO composite sensor shows a high response to 5 ppm
NO2 (210%). The doping of P3HT increases the conductivity.
3.4. Inorganic heterojunction sensitization

Using semiconductor oxides such as CuO, NiO, In2O3 and SnO2

in combination with ZnO also is an effective strategy to reduce
the operating temperature of ZnO-based gas sensors. As well
known, when two semiconductors are in contact with each
other, the heterotype (p–n) or heterogeneous (n–n)
from 5 ppb to 10 ppm. (b) The linear relationship of the B-SnO2@ZnO
m. (c) Selectivity comparison of pristine ZnO, SnO2, and B-SnO2@ZnO
oducedwith permission from ref. 115, Elsevier, Copyright 2018 (License

RSC Adv., 2020, 10, 39786–39807 | 39795

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra07328h


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
 2

56
3.

 D
ow

nl
oa

de
d 

on
 7

/1
/2

56
9 

20
:1

9:
25

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
heterojunctions will be formed according to the carrier
conduction type, and the electrons will ow from the high
Fermi level to the low side until the Fermi levels of the two
materials have equilibrated.113,114 As a result, in this process, for
the p–n heterojunctions, electrons accumulate on the low Fermi
level and holes accumulate on the high Fermi level, forming
a charge carrier depletion zone at the interface between the two
materials. For the n–n heterojunctions, due to the loss of elec-
trons, a depletion layer is formed on the surface of the semi-
conductor with a low Fermi level, which has a higher energy
conduction band state. At the same time, due to the accumu-
lation of electrons, an accumulation is formed on the surface of
the semiconductor with a high Fermi energy level.52 For
composite oxides with two different heterojunctions, on
account of the difference in the original Fermi level of the
material, a band bend occurs at the interface of the two mate-
rials to generate a barrier potential. Therefore, the potential
barrier becomes an obstacle for charge carriers to pass through
the interface, which is benecial for gas sensing. In addition,
the heterojunction can effectively accelerate the electron
transfer between different particles, thereby shortening the
response time of sensor. The following discusses some cases of
using inorganic semiconductors to form heterojunctions for
NO2 gas sensors.

Xu et al. successfully prepared the brush-like (B-) SnO2@ZnO
hierarchical nanostructures (HNSs) through a two-step hydro-
thermal method.115 The SnO2 nanowires (NWs) with a length of
1–1.5 mm and a diameter of �50 nm grow on the non-polar
surface of the ZnO nanorods (NRs). The ZnO NRs with
a length of 8–20 mm and a diameter of 0.5–1 mm are successfully
packed tightly to form typical brush shape. As shown in Fig. 8, at
150 �C, the sensitivity of sensor to 1 ppm of NO2 is 25.5, which is
Fig. 9 Schematic illustration of the sensingmechanisms. This figure has b
(License Number: 4924071319628).

39796 | RSC Adv., 2020, 10, 39786–39807
signicantly higher than the response of ZnO-based sensors
and SnO2-based sensors to NO2. The minimum detection limit
of B-SnO2@ZnO HNS for NO2 gas is 5 ppb, and the response/
recovery times are less than 60 s. The enhancement of the
inductive response is ascribed to the multi-junction between
the brush-like SnO2 and ZnO, as shown in Fig. 9. Therefore,
compared with pure ZnO and SnO2, the increase of multi-
junctions (homojunction, heterojunction and Schottky
barrier) in sensor based on B-SnO2@ZnO HNSs is the main
factor that determines the excellent sensing performance of the
sensor. Moreover, the barrier height greatly increased under
NO2 exposure.

Navale et al. reported a gas sensor based on the hetero-
structure of CuO nanoparticles-ZnO nanowires fabricated by
thermal evaporation and annealing.116 The inuence of
annealing in different atmospheres on the sensor function was
compared, the result is that the ZnO/CuO heterojunction sensor
material annealed in argon atmosphere has the largest
response to 100 ppm NO2 at 150 �C. This mechanism can be
attributed to two key aspects. Firstly, the synergistic effects of
CuO and ZnO help the dissociation of oxygen species at low
temperatures; secondly, the heterojunction structure expands
the electron depletion layer. A sensor based on ZnO nanorod/
porous silicon nanowire (ZnO/PSiNW) hybrid structures
exhibit a much higher response (35.1% to 50 ppm NO2) than
those of ZnO nanorods and PSiNW working individually at
room temperature.117 The selectivity of the sensor for NO2

sensing is excellent against the other gases including NO,
methanol, methane. The article reveals that the p-type sensing
behavior of the hybrids can be explained by the change in the
energy band structure at the heterojunction of ZnO and PSiNWs
when exposed to NO2. As a consequence, the signicant
een reproducedwith permission from ref. 115, Elsevier, Copyright 2018

This journal is © The Royal Society of Chemistry 2020
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increase in sensitivity is mainly ascribed to the faster transport
of carriers in the hybrids, the increase in gas sensing area and
the increase in oxygen vacancy concentration. Bai et al.
successfully fabricated ZnO–SnO2 hollow nanobers via a one-
step electrospinning method and annealing treatment.118 The
ZnO–SnO2 composite nanobers consist of vast single phase
particles and the surface area of SnZn20 (Zn atom percent of
20%) sample is calculated to be 36.83 m2 g�1. In addition, the
HRTEM characterization indicates the existence of hetero-
junction at interface between the nanocrystal ZnO and SnO2.
The SnZn20 sensor exhibits a high response with a value of 46 to
1 ppm NO2, which is 9 and 5.2 times higher than those made of
pure ZnO and SnO2, respectively. The improvement in the
sensing properties is attributed to the large specic surface area
provided by hollow nanostructures and the formation of het-
erojunctions at interface between both metal oxides. Zhao et al.
uniformly decorated In2O3 nanoparticles with a diameter of 3–
5 nm on the surface of ZnO nanowires.119 The loading of ultra-
ne In2O3 nanoparticles signicantly improved the sensing
performance of ZnO nanowires. Table 4 lists the complete
reports of other structural studies based on ZnO
nanostructures.

3.5. Hybrid structures with 2D materials

2D nanostructured materials (graphene, transition metal
dichalcogenides (TMDs), phosphorene, MXene) refer to mate-
rials with a single layer or several atomic layers, which exist in
the form of nanosheets, nanolms, and nanoakes in struc-
ture.120 They have a large surface-to-volume ratio, more defects,
vacancies and edge sites, so that they have higher adsorption
efficiency and surface-active sites. Therefore, the composite
materials that hybridize ZnO with 2D materials have proved to
be a promising outstanding candidate in the eld of gas-
sensing. Due to ZnO and 2D materials have different work
functions and semiconductor characteristics, heterojunctions
are formed between the two materials.121 At the same time,
when the 2D materials are doped in ZnO, it can improve the gas
absorption and increase the selectivity of sensor. All of these
factors contribute to the excellent sensing performance of ZnO/
2D materials sensor for NO2 gas at low temperature.

Among these 2D materials, the composite materials of
reduced graphene oxide (rGO) and ZnO are the most studied
Table 4 Gas sensing response based on inorganic materials/ZnO nanoc

Inorganic materials Morphology (ZnO) NO2 concentration
T
(�

SnO2 Nanorods 1 ppm 1

CuO Nanowires 100 ppm 1

In2O3 Nanowires 1 ppm 1

Silicon nanowire Nanorods 50 ppm R

SnO2 Nanober 1 ppm 9

This journal is © The Royal Society of Chemistry 2020
gas-sensitive materials. An example of a composite material
based on ZnO and rGO that responses to trace NO2 at low
temperature was published by Qu's group.122 The wrapped ZnO/
rGO nanocomposites were developed using a novel ultrasonic
spray-assisted solvothermal (USS) method. Subsequently,
various mass ratios of ZnO/rGO have been investigated. The
sensor response of ZnO/rGO-0.5 is 62 for 50 ppm NO2 at 130 �C,
which is 3 times higher than pure ZnO. Meantime, the detection
limit of sensor is as low as 10 ppb, and it is also highly selective
for NO2 gas. The promotion is attributed to the formation of
Schottky junction and the porous structures. ZnO nano-
structures with different morphologies have also been used in
combination with rGO to prepare NO2 gas sensors. Xia et al.
loaded ultrathin ZnO nanorods on rGO nanosheets via a facile
two-step additive-free solution synthesis.123 For ZNR-3/rGO (the
Zn2+/OH� ratio of the seed layer solution is 10), randomly
oriented ZnO nanorods with an average diameter of 12 nm are
densely distributed on the surface of rGO, forming a hedgehog-
like nanocomposites with a high specic surface area (59.9 m2

g�1) and rich pore structure. Compared with the ZnO nanorods
sensor and rGO sensor, the ultrathin ZnO nanorods/rGO mes-
oporous nanocomposites sensor reveals excellent response
toward NO2 because rGO has the high transport capability and
the composites with mesoporous structures has excellent NO2

adsorption ability. Liu and co-workers fabricated ZnO nano-
walls decorated rGO nanosheets via a thermal reduction and
so solution process.124 The electrical properties of sample are
tested, and the results show that the carrier concentration of the
ZnO nanowalls/rGO heterojunction sensor is increased and the
resistivity decrease. The sensor has good sensitivity to NO2 (9.61
to 50 ppm NO2) and fast response/recovery speed (25/15 s) at
room temperature.

Furthermore, some strategies such as noble metals loading
have also been applied to improve gas-sensitivity of ZnO/rGO
composites. Liu et al. synthesized the ZnO–rGO–Au compos-
ites via depositing Au nanoparticles with a particle size of about
10–20 nm on the surface of the ZnO/rGO composite through
a wet chemical route.125 The ZnO–rGO–Au composites sensor
achieves high response, fast response and recovery, and high
selectivity at lower operating temperature (80 �C). Many
researchers have reported the gas-sensing characteristics of
composites of ZnO and metal oxide combined with rGO. ZnO/
omposite at different temperatures

emperature
C) Response

Response and
recovery time Ref.

50 �C
25:5

�
Rg � Ra

Ra

�
<60 s 115

50 �C
175%

�
Rg � Ra

Ra
� 100%

�
14/197 s 116

50 �C 54.6 (Rg/Ra) 20/23 s 119

T
35:1%

�
Rg � Ra

Ra
� 100%

�
— 117

0 �C 46 (Rg/Ra) 68/83 s 118
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Fig. 10 (a and b) Band diagram of hierarchical structure of gas adsorption and change of depletion layer for ZnO/CdO/rGO composite in air and
NO2. This figure has been reproduced with permission from ref. 127, Elsevier, Copyright 2020 (License Number: 4924090847198).
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SnO2 heterostructure on rGO constructed via combination of
the hydrothermal method and the wet-chemical deposition
method was reported.126 The sensor response (141.0%) of the
composite to 5 ppm NO2 is 4 times and 3 times higher than that
of SnO2–rGO (34.8%) and ZnO–rGO (43.3%) for 5 ppm NO2 at
room temperature. A current versus voltage (I–V) study has been
carried out, and the nonlinear rectication characteristics of
ZnO/SnO2–rGO prove the existence of heterojunction between
the hybrids. Thus, the enhanced sensing performance is
attributed to the heterostructure between the nanomaterials,
which makes the hybrids have excellent charge transfer capa-
bility, and improves the efficiency of interface charges transfer
to adsorbed oxygen. Bai et al. reported a nanocomposite mate-
rial that modied rGO on ZnO/CdO heterojunction by a one-
step hydrothermal method.127 The results of a systematic
comparison experiment show that the gas sensor made of ZnO/
CdO/rGO (1.0 wt%) composite can operate at a low-working
temperature and its performance is improved. This is attrib-
uted to the modulation of resistance by ZnO/CdO hetero-
junction and the modication of rGO with good conductivity. In
addition, p–n heterojunctions are also formed at the interface
between ZnO and rGO, and the charge transfer between them
also enhances the adsorption of NO2 molecules (Fig. 10).
39798 | RSC Adv., 2020, 10, 39786–39807
In addition, 2D MoS2 possess semiconductor properties,
large surface area and atomic thin layer structure, which makes
it suitable as a candidate material for gas adsorption and
detection. Li et al. combined ZnO nanowires with MoS2 nano-
sheets at different mass ratios to test their NO2 sensing
performance at low-operating temperatures.128 It has been
found that the MoS2/ZnO sensor with a mass ratio of 1 : 2 has
a high sensitivity (63%) to 50 ppb NO2 at 60 �C, with excellent
repeatability and selectivity. On the one hand, the p–n-type
heterojunction formed by MoS2 and ZnO modulates the width
of the depletion layer. On the other hand, 2D MoS2 nanosheets
and 1D ZnO nanowires are constructed as an unintegrated and
porous structure, which is conducive to the process of molec-
ular penetration and adsorption/desorption.

Black phosphorus (BP) has also proved to be a promising
gas-sensingmaterial due to its signicant advantages over semi-
metallic graphene, such as direct band gap related to thickness
and high free carrier mobility. Therefore, combining BP with
ZnO to prepare a novel gas-sensing material. Li et al. combined
multi-layere BP nanosheets by ultrasonic treatment into ZnO
hollow spheres obtained by microwave-assisted hydrothermal
method.129 The sensor based on ZnO–BP composite material
shows high response, fast response behavior, and the detection
concentration of NO2 is as low as 1 ppb. The rst-principle
This journal is © The Royal Society of Chemistry 2020
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Table 5 Gas sensing response based on 2D materials/ZnO nanocomposite at different temperatures

2D materials Morphology (ZnO) NO2 concentration
Temperature
(�C) Response

Response and
recovery time Ref.

rGO Nanoowers 2 ppm 125 �C 40 (Rg/Ra) 43/50 s 127

MoS2 Nanowires 50 ppb 60 �C
63%

�
Rg � Ra

Ra

�
— 128

rGO Nanorods 50 ppm 130 �C 62 (Rg/Ra) 3/10 s 122

rGO Nanorods 1 ppm RT
119%

�
Rg � Ra

Rg
� 100%

�
75/132 s 123

rGO Nanowalls 50 ppm RT 9.61 (Rg/Ra) 25/15 s 124

rGO Nanoparticles 100 ppm 80 �C
32.55 32:55

�
Ra � Rg

Rg
� 100%

�
27/86 s 125

Black phosphorus Hollow spheres 100 ppb 160 �C
20

�
Rg � Ra

Ra

�
9/15 s 129

rGO Nanoparticles 5 ppm RT
141:0%

�
Ia � Ig

Ia
� 100%

�
33/92 s 126
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studies have conrmed that the gas-sensing mechanism of
ZnO–BP is due to the excellent carrier mobility. Table 5
summarizes the low-temperature sensing characteristics of the
composite of ZnO and 2D nanostructured materials.
3.6. Light activation

Photon activation can replace thermal activation as a strategy
for achieving room-temperature NO2 detection of ZnO-based
gas sensors. Table 6 summarizes the room-temperature gas
sensing performance of ZnO-based gas sensors under UV or
visible light activation.

3.6.1. UV activation. When the ZnO-based gas sensor is
irradiated with UV light, ZnO absorbs photon energy and the
electrons in its valence band are excited to the conduction band,
thereby generating a large number of photoelectrons (eqn
Table 6 Gas sensing response based on UV activation for ZnO nanostru

Light source Material NO2 concentration Temperature (�

UV ZnO 1 ppm RT

ZnO/SnO2 500 ppb RT

ZnO/rGO 50 ppm RT
ZnO 1 ppm RT

ZnO/MoS2 200 ppb RT

ZnO 50 ppb RT

Visible light ZnO/g-C3N4 7 ppm RT
ZnO/Ag 1 ppm RT

ZnO/Au 1 ppm RT
ZnO/Pd 100 ppb RT

This journal is © The Royal Society of Chemistry 2020
(9)).140 At this time, the photogenerated electrons on the surface
of ZnO enhance the chemical adsorption of oxygen molecules
(eqn (10)).140 Compared with the dark conditions, the UV light
excitation formed more adsorbed oxygen ions.52 When the
sensor is exposed to NO2, NO2 molecules can trap electrons in
ZnO and adsorbed oxygen ions. As shown in eqn (5) and (11),
this will cause the sensor resistance to increase. The role of UV
light is to increase the number of excited electrons near the
surface of ZnO and improve gas-sensing performance. However,
when the sensor is exposed to UV light and electrons move into
the conduction band of ZnO, electrons and holes will also
recombine with each other. Usually, noble metal modication,
inorganic heterojunction sensitization and other methods are
used to inhibit the recombination of photogenerated electrons
and holes, so that effective charge separation increases the
ctures at room temperature

C) Response
Response and recovery
time Ref.

708%
�
Ra � Rg

Ra
� 100%

�
31/144 s 130

1266

�
Rg � Ra

Ra

�
— 131

35.31 (Rg/Ra) 37/2 s 132

610%
�
Ra � Rg

Ra
� 100%

�
47/136 s 133

188

�
Ra � Rg

Ra
� 100%

�
— 134

157

�
Rg � Ra

Ra
� 100%

�
— 135

44.8 (Rg/Ra) 142/190 s 136

1:545D

�
Rg � Ra

Ra

��
DCg

— 137

4.66 (Rg/Ra) — 138

160%
�
Rg � Ra

Ra
� 100%

�
25/29 s 139
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charge concentration on the surface of the material, and
signicantly improves the gas-sensitivity under UV light.

hn / h+ + e�, RT (9)

O2(gas) + e�(hn) / O2
�(ads,hn), RT (10)
Fig. 11 Dynamic resistance changes of the sensors based on ZnONW and
(b) and (c) summarized sensing response of the sensors; (d) influence of
NW-based sensor to 1000 ppb of NO2. (e) Schematic illustration of the m
room-temperature NO2 gas sensing performance of ZnO nanowires. Th
Copyright 2019 (License Number: 4924100231565).

39800 | RSC Adv., 2020, 10, 39786–39807
NO2
�(ads) + O2

�(ads,hn) + e� / 2O�(ads) + NO2
�(ads), RT

(11)

Researchers have developed the ZnO-based NO2 gas sensors
excited by UV illumination. Wang's group introduced surface
oxygen vacancies (VO) by post-processing hydrothermally grown
ZnO nanowires (NW) in NaBH4 solution.130 This approach
combined the UV activation and surface (VO) engineering of
VO–ZnONW to 1000 ppb of NO2 in dark (a) and under UV illumination
light intensity on response curves and responses (inset) of the VO–ZnO
echanism for synergistic effects of UV activation and surface VO on the
is figure has been reproduced with permission from ref. 130, Elsevier,

This journal is © The Royal Society of Chemistry 2020
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Fig. 12 (a) Responses of the sensor based on the composite materials with the various molar ratio of ZnO to SnO2 to 500 ppb NO2 at room
temperature with and without UV light irradiation. (b) Response of the ZS3 sensor vs. NO2 concentration at room temperature with and without
UV light irradiation. (c) Schematic diagram: the carriers transport with UV light stimulated, energy band structure and electron–hole pair
separation in the ZnO/SnO2 heterostructure in the area marked with a dashed circle. This figure has been reproduced with permission from ref.
131, Elsevier, Copyright 2012 (License Number: 4924100838478).
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ZnO nanostructures for achieving the NO2 detection at room
temperature. Fig. 11a–c present the comparison of the dynamic
response of sensors based on ZnO NW and VO–ZnO NW to NO2

gas under dark and UV illumination at room temperature. The
results indicate that VO–ZnO NW with rich surface oxygen
vacancies shows enhanced response and faster response
recovery rate under UV illumination compared with ZnO NW. At
the same time, the response of both samples under UV
Fig. 13 (a) The SEM image of PG (b) the Raman spectra of PG (c) the SEM
rGO hybrids. This figure has been reproduced with permission from ref.

This journal is © The Royal Society of Chemistry 2020
illumination to NO2 was signicantly stronger than that under
the dark. It can also be seen from Fig. 11d that the response of
VO–ZnO NW increases from 267.3% to 708% with the increase
intensity of UV illumination. The synergistic mechanism of UV
activation and surface VO on the room-temperature gas sensing
performance of ZnO NW can be schematically illustrated in
Fig. 11e. UV illumination improves the photoelectric perfor-
mance of ZnO, and the co-modulation of UV and VO promotes
image and the inset of EDS of ZnO/PG hybrids (d) TEM image of ZnO/
132, Elsevier, Copyright 2018 (License Number: 4924110156230).
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the adsorption and reaction of oxygen species and NO2,
resulting in working at room temperature. Meantime, Wang
et al. controlled the growth of ZnO nanosheet arrays with
abundant nanojunctions on exible substrates by using a water
bath method.133 The SEM image reveals that the interconnected
and vertically arranged nanosheets with a length/thickness of
200–500 nm and a thickness of 40–50 nm are uniformly grown
Fig. 14 (a) UV-vis spectra of pure ZnO and ZnO/g-C3N4 composites. (b
wavelength light illumination. (c–e) The dynamic resistance curves of Z
different concentrations of NO2 under 460 nm light illumination, respec
figure has been reproduced with permission from ref. 136, Elsevier, Cop

39802 | RSC Adv., 2020, 10, 39786–39807
on the substrate. The nitrogen adsorption analysis indicated
a BET surface area of 56 m2 g�1 and a hollow structure. The gas-
sensing tests of the sensor with two structures of nanosheets
and nanorods show that the interconnected nanosheets
improved NO2 sensing performance under the assistance of UV
light due to the increased height of the interface potential
barrier compared with nanorods. The sensitivity to 1000 ppb NO2
) The responses of as-prepared samples to 7 ppm NO2 under different
nO/g-C3N4-5 wt%, ZnO/g-C3N4-10 wt%, and ZnO/g-C3N4-15 wt% to
tively; (f) linearity of response curves of ZnO/g-C3N4 composites. This
yright 2020 (License Number: 4924111472674).

This journal is © The Royal Society of Chemistry 2020
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Table 7 Abbreviations and their corresponding full names in the
review

Abbreviation Full name

NO2 Nitrogen dioxide
MOSs Metal oxide semiconductors
PL Photoluminescence
SEM Scanning electron microscope
XPS X-ray photoelectron spectroscopy
HRTEM High-resolution transmission electron microscopy
VOCs Volatile organic compounds
FESEM Field emission scanning electron microscope
PPy Polypyrrole
P3HT Poly(3-hexylthiophene)
PANI Polyaniline
OFETs Organic eld-effect transistors
1D One-dimensional
2D Two-dimensional
TMDs Transition metal dichalcogenides
rGO Reduced graphene oxide
USS Ultrasonic spray-assisted solvothermal
I–V Current versus voltage
BP Black phosphorus
PSS Polystyrene sulfonate
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is 610% in ZnO nanosheets sensor. Wang and co-workers also
synthesized polystyrene sulfonate (PSS) functionalized ZnO
nanowires by hydrothermalmethod.135 Through this process, ZnO
nanowires with lengths of 20–50 mm and diameters of 50–300 nm
obtain high aspect ratio. The sensor shows a higher response
(690% to 2 ppm NO2), a low detection limit (5 ppb), excellent
reversibility and stability under UV light assist at room tempera-
ture. The I–V test shows that the surface-adsorbed PPS injects the
electrons into ZnO nanowires by photo-assisted, which increases
the light-induced carrier density, thereby increasing the number
of electrons reacting with NO2 gas.

According to the previous summaries, the heterojunctions in
composite materials can observably improve the low-
temperature NO2 gas-sensing performance. In fact, the exis-
tence of heterojunctions also inhibits the recombination of
photo-generated charge carriers under UV light, thus the
effective charge separation can increase the lifetime of charge
carriers. Zhou et al. synthesized ZnO/SnO2 composite materials
as a room-temperature and UV light-assisted NO2 gas sensor.131

The heterojunction formed at the contact between SnO2 nano-
particles and nanorods plays a vital role in expanding the
depletion region. Fig. 12a and b investigated the gas sensing
properties of different samples with and without UV illumina-
tion at room temperature. The results show the ZnO/SnO2

composite with Zn and Sn molar ratio of 1 : 1 (ZS3) exhibits
a higher response to NO2 gas under UV light irradiation. Fig. 12c
shows the enhancement mechanism of sensor to realize room-
temperature detection under UV light. Qi et al. adopted spray,
thermal reduction and simple solution methods to in situ grow
ZnO nanowalls on porous rGO (PG) surface.132 As shown in
Fig. 13a, a large number of micropores with a pore size range of
60–250 nm are distributed on the rough surface of the PG sheets.
The Raman spectra display that PG has more defects. Fig. 13c
shows the ZnO nanowalls touching each other at different incli-
nation angles. The TEM image illustrates that the nanowalls grow
vertically on the PG sheet and form heterojunctions. The gas-
sensing test of ZnO/PG under UV radiation at room temperature
shows that the hybrids have the highest response value of 35.31
and fast response/recovery speed (37/2 s) to 50 ppm NO2. This is
because UV light radiation enhances the charge transfer effi-
ciency, and the 3D hybrid structure provides many channels for
gas diffusion. The UV-assistedNO2 gas sensor based onmultilayer
MoS2 nanosheet/ZnO nanowire composite material was reported
by Zhou's group.134 The response of sensor to 200 ppb NO2 up to
188 under UV light irradiation, and has excellent repeatability and
selectivity.

3.6.2. Visible light activation. However, there are also some
problems with UV illumination, such as UV light requires
customized light sources, high energy consumption and cost, and
harmful to human health. Another problem is that NO2 will be
decomposed by UV light. In contrast, visible light is cheap and
environmentally friendly. However, the wavelength range of visible
light is 390–780 nm, while ZnO as a wide band gap semiconductor
(3.37 eV)means that it can only be excited by UV light.141 Therefore,
it is necessary to introduce a narrow band gap dopant into ZnO to
indirectly generate electron–hole pairs. Some work has been done
This journal is © The Royal Society of Chemistry 2020
to develop the ZnO-based gas sensors that can be used at room
temperature and under visible light irradiation.

Wang et al. prepared ZnO/g-C3N4 composite material by
ultrasonic mixing and calcination process.136 As shown in
Fig. 14a, the absorption range of visible light of the composite
material is determined by UV-vis measurement, and excitation
source of different wavelengths are selected. Fig. 14b–f compare
the gas-sensing performance of ZnO loaded with different wt%
(0, 5, 10, 15 wt%) of g-C3N4 to NO2 under UV light and visible
light of different wavelengths. Under the light excitation of
460 nm, ZnO/g-C3N4 10 wt% shows the most excellent gas-
sensing properties at room temperature, its response value to
7 ppm NO2 reached a maximum of 44.8, and the detection limit
was 38 ppb. They successfully proved that the wavelength of
visible light has a signicant inuence on the sensing ability of
ZnO/g-C3N4. The realization of the room temperature detection
and the improvement of the response ability are attributed to
the absorption rate of g-C3N4 in the visible region and the
charge separation at the interface of the composite material.

Since metal nanoparticles have enhanced light absorption
capacity, metal nanoparticles on the surface of ZnO will use the
resonant plasmonic effect to improve the optoelectronic and
gas sensing performance. Zhang's group reported that ZnO–Ag
nanoparticle synthesized by the polymer-network gel method
used for room temperature NO2 detection under visible light.137

They found that the key factor to improve the light-assisted
room-temperature sensing performance of NO2 is to adjust
the appropriate number of surface area electrons by optimizing
the working wavelength.

In addition, the synergistic effects between Ag NPs modi-
cation and oxygen vacancies also inhibit electron–hole recom-
bination and improves the efficiency of gas-sensing. Wang et al.
synthesized ultra-thin ZnO nanorods by a nanoseed-assisted
RSC Adv., 2020, 10, 39786–39807 | 39803
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wet chemical method, and then loaded Au nanoparticles on the
surface of nanorods by a photoreduction method.138 The sensor
successfully attempted to control the gas selectivity with light,
achieving higher selectivity to NH3 in the dark, and higher
selectivity to NO2 under visible light at room temperature. In
addition, the sensor shows high response (4.66 towards 1 ppm
NO2) and reversibility to NO2 under visible light at room
temperature. This is due to the surface plasmon resonance
effect of Au nanoparticles that induces the visible light modu-
lation of the surface depletion characteristics of ZnO, the
optical property is proved by UV-vis diffuse reectance spec-
troscopy. Wang et al. also prepared ZnO/Pd hybrid materials to
achieve a high response of ppb level NO2 under visible light at
room temperature.139 In the end, we provide a table referring to
the abbreviations in the text and their corresponding full names
(Table 7).
4. Conclusions and future outlook

In general, ZnO has the advantages of wide band gap, high
conductivity electron mobility, stable physical and chemical
properties, easy preparation, and can be adjusted to various
morphological, which undoubtedly proves that ZnO has the
potential to prepare gas-sensitive materials. Nevertheless, the
realization of ZnO-based gas sensors to monitor NO2 at low
temperatures is still a challenge. Therefore, the operation of
ZnO-based gas sensors at low temperatures has stimulated
tremendous research potential, and many efforts have been
reviewed and analyzed in the following:

(1) The surface morphology and structure of ZnO nano-
materials can be adjusted, such as ZnO nanoparticles, nano-
rods, nanotubes, nanobers, nanosheets, nanoowers, as
a consequence of controlling the grain size to increase the
effective ratio surface area, defect density and porosity, thereby
providing more active sites for gas reactions. Additionally, for n-
type semiconductor ZnO, the donor defect level is dominant.
Surface defects have a signicant impact on the sensing prop-
erties of ZnO, which increases the number of oxygen adsorption
sites on the surface of ZnO, thereby improving the efficiency of
the redox reaction.53

(2) With the mechanism of electronic sensitization and
chemical sensitization, the operating temperatures of sensors
are reduced and the sensitivity and other sensing parameters
are improved through the noble metal functionalized ZnO. The
key point of this method is to effectively control the size and
distribution of noble metal nanoparticles.

(3) It is believed that doping additives in ZnO will increase
the active sites and defects on the surface of ZnO, thereby
contributing to the adsorption and desorption of NO2.

(4) Regarding compounding with other nanomaterials, the
heterojunctions with ZnO is used to modulate the resistance
changes of the sensing material before and aer exposure to
NO2 to improve the gas-sensing characteristics. At the same
time, the formation of heterojunctions also speeds up the
transfer of electrons between different materials and accelerates
the response speed of sensors.
39804 | RSC Adv., 2020, 10, 39786–39807
(5) Finally, photoactivation is to replace the heat source with
a light source to provide energy for the operation of sensor,
which can also reduce the operating temperature of sensors.

However, it must be said that compounding with other
nanomaterials and using light sources to illuminate increase
the cost of sensor. The research of sensors will develop towards
low energy consumption, integration and small size. Mean-
while, many challenges and problems focus on improving
sensitivity, shortening response and recovery times, achieving
selectivity, repeatability, and long-term stability at room
temperature:

(1) First of all, the different humidity conditions will inter-
fere with the sensing characteristics of ZnO-based gas sensors.
In particular, high humidity conditions will seriously affect the
response and recovery speed of sensors. In general, the results
of gas-sensitivity tests in the literature are conducted in a well-
controlled laboratory environment. However, in practical
applications, the humidity changes with the environment.
Therefore, the room-temperature gas-sensitivity performance
under different humidity conditions should be systematically
studied to correct the sensing results.

(2) The control of material morphology is an important part
of the process to achieve room-temperature detection of NO2.
The surface engineering design of ZnO affects the exposed high-
energy surfaces, surface defects and active sites to some extent.
Therefore, the optimization of micro-topography should be
used to guide the manufacture of better gas sensors.

(3) In addition, integrating the sensing materials directly on
the electrodes not only simplies the fabrication process of gas
sensors. It also avoids the destruction of the morphology when
the nanomaterials are screen-printed, used with adhesives or
applied to the electrodes. The vertically-oriented ZnO grown in
situ directly on substrates/electrodes has a high specic surface
area and an efficient carrier transport channel, which signi-
cantly improves the gas-sensing performance of ZnO and
promotes its application in actual room-temperature detection.

(4) Finally, there is also a desire to develop exible wearable
gas sensors for applications in daily life. However, problems are
prone to occur in device manufacturing, such as cracking and
shedding of materials. Thus, this problem needs to be corrected
in order to achieve a reliable room-temperature exible gas
sensor.

These challenges should be overcome to extend laboratory-
scale academic research on ZnO-based NO2 gas sensors to
practical applications. We hope that our review will inspire the
further development of ZnO-based sensing materials in gas
sensor applications and make them perform well in the future.
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