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2D Materials with 1D Semiconducting Nanostructures 
for High-Performance Gas Sensor

11.1  Introduction

Gaseous pollution has been becoming a serious issue in modern society with the rapid 
development of industry and the increasing popularity of automobiles [1–3]. The high‐
concentration gas in the air poses serious threats to our health and our security in 
life [4–6]. It is reported that the colorless/toxic CO would interact strongly with the 
hemoglobin in our blood and prevent the red blood cells from transferring oxygen in 
our body, resulting in asthma, cardiovascular disease or cardiac disease, and even death 
with its concentration being over 5000 ppm [7]. Moreover, there would be a high risk of 
explosion when the CO concentration reaches 12.5–74.2% in the air [8]. The colorless, 
odorless, and tasteless H2 could also cause an explosion with its concentration being in 
the range of 4–75.6% [9]. The greenhouse gases of CO2 and CH4 have been proved to be 
mainly responsible for global warming, resulting in serious changes in the climate [10]. 
And the SO2 or NO2 is also reported to be a threat gas to cause acid rain and would 
damage our health with the concentration being extremely low (ppm level) [11–13]. 
Additionally, the formaldehyde in modern decorative materials and the triethylamine 
(TEA) released with the decay of fishes and other seafood are potential threat gases, 
and they are also a danger to our health [14]. Therefore, high‐performance gas sensors 
are of great importance and urgent demand to effectively detect or monitor the gases.

Recently, the one‐dimensional (1D) semiconducting nanostructures have been 
more and more popular sensing materials to show promising sensing properties 
with their advantages of high surface activity, facile synthesization, small size, 
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low cost, and good stability [15, 16]. Moreover, the 1D structure could be channels 
for the transport of carriers in the sensing material [17, 18]. Metal oxide‐based gas 
sensors have attracted lots of attention, since the gas‐sensing performance of the 
ZnO film was reported by Taguchi et al. in 1962 [19]. There are numerous metal 
oxides assembled to be the gas sensors, including TiO2, Nb2O5, WO3, In2O3, NiO, 
MoO3, Fe2O3, or SnO2 [16, 18, 20–26]. The sensor based on the single SnO2 nano­
wire with a length of over 3 μm was reported to exhibit a sensor response (Rair/Rgas, 
Rair or Rgas presenting the resistance of sensor in air or target gas, respectively) of 
6.76 50 ppm ethanol at the working temperature of 350 °C [27]. The work of Liu 
et al. suggested that the electrospun In2O3 nanowires could be a possible sensing 
material to detect 1 ppm acetone under 100% RH at 320 °C with the response/
recovery time being 11/13 seconds  [28]. And the NiO nanowires with average 
length and diameter being ~20 μm and ~120 nm, respectively, yield a sensor 
response (Rair/Rgas) being ~13–100 ppm formaldehyde at 200 °C [29]. Meanwhile, 
the sensor based on the decorated Si nanowires was found to be a potential sub­
strate to sense 1 mbar CO2 with the response time or recovery time being 95 or 
103 seconds, respectively [30]. Based on these reports, it was reasonable to infer 
that the sensors based on the pure semiconducting nanostructures could be used 
to detect various gases but with the relatively low sensor responses or long 
response/recovery times, a negative factor constraining the promotion of their 
application in the gas sensor.

The construction of heterojunction is proved to effectively improve the gas‐ 
sensing performances of 1D semiconducting nanostructures  [20, 31]. The two‐
dimensional (2D) materials have been also widely used to composite with the 1D 
metal oxides to assemble high‐performance gas sensors with their advantages of 
high specific surface area and unique chemical and physical properties [32–34]. As 
it was reported, the gas‐sensing performance of metal oxide was mainly attributed 
to the redox reaction between the chemisorbed oxygen species and the target gas 
molecules [20, 35]. The sheet‐like structure and the abundant active site of the 2D 
materials would fascinate the adsorptions and diffusions of gas molecules in the 
composite. The sensor response of the ZnO nanorods composited with reduced gra­
phene oxide (RGO) was reported to be ~70% (ΔR/Rgas*100%, ΔR = Rair – Rgas) toward 
400 ppb NO2 at the working temperature of 22.4 ± 0.2 °C  [36]. The formaldehyde 
sensing performance of the SnO2 nanowires was also improved with decorating 
with RGO, exhibiting a higher sensor response (Rair/Rgas) of 5437 to 50 ppm formal­
dehyde at 50 °C [37]. The investigation of Xu et al. showed that the sensor response 
(Rair/Rgas) of the ZnO nanorods toward 100 ppm ethanol at 350 °C was effectively 
enhanced from the original 15 to 125 via compositing them with sheet‐like Co3O4 
nanostructures [38]. Nowadays, both the typical 2D materials of the graphene or 
RGO, MoS2, or WS2 and the synthesized sheet‐like NiO, ZnO, or SnO2 have  
been applied to enhance the sensing response of the metal oxides with the establish­
ment of heterojunctions. The sensor response of the composite was higher than  
that of the pure metal oxide, and the working temperature could also be decreased 
at the same time. Some reviews have compared the gas‐sensing performances of  
the 1D metal oxides and reported their gas‐sensing mechanisms  [20, 21, 31, 35]. 
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However, there were few reports focusing on the gas‐sensing properties of the 1D 
semiconducting nanostructures composited with 2D materials.

In this work, we have compared the sensing performances of the sensors based on 
1D semiconducting nanostructures composited with 2D materials and discussed 
their assembly process. We have discussed the gas‐sensing properties of the 1D‐
sensing materials decorating with graphene/RGO, MoS2, WS2, NiO nanosheet, ZnO 
nanosheet, or the other 2D materials. The method to construct the 1D nanomaterial 
of a nanowire, nanorod, nanoribbon, or nanofiber composited with 2D sheet‐like 
material is discussed and summarized. The sensor response, the response time, and 
the recovery time are compared in detail, and the improved sensing mechanisms are 
discussed as well. Additionally, the potential challenges and the possible methods to 
further improve the sensing based on 2D materials with 1D semiconducting nano­
structures are proposed.

11.2  Enhanced Gas-Sensing Performances of 
1D-Sensing Materials Composited with Different 
2D Materials

The 2D materials have been widely applied to decorate with metal oxides to improve 
their gas‐sensing performances. And a series of methods could be successfully to 
construct the heterostructure of 2D materials with 1D semiconducting nanostruc­
tures, mainly a two‐step process. The introduction of 2D material could effectively 
increase the special surface area and provide more active sites in the composite, a 
positive factor for improving the gas‐sensing response of 1D semiconducting mate­
rials. Some of the common 2D materials were reviewed in this study, mainly includ­
ing graphene‐based material, MoS2, WS2, NiO, or ZnO.

11.2.1  Graphene or Reduced Graphene Oxide-based Composites

The graphene has attracted lots of attention since it was first synthesized and 
reported in 2004 [39]. The graphene and the graphene‐based materials are widely 
applied in gas sensors due to their unique layer structures and the special physical/
chemical prosperities [40]. The graphene oxide (GO) is one of the typical graphene‐
based materials and has been popularly used to decorate the metal oxides to enhance 
their gas‐sensing performance with the abundant functions groups on their sur­
faces  [41, 42]. In some work, the RGO was also directly described as graphene 
because a majority of the functional groups were removed from the surface of the 
GO during the synthesization of the composite. In this review, the GO‐based sheet 
in the final composite has been uniformly described as RGO.

Roshan et  al. suggested that the graphene‐decorated ZnO nanowires were 
reported to be a potential substrate to sense ethanol [43]. The authors firstly pre­
pared a mixture of zinc acetate and 2‐methoxyethanol and then further added  
the monoethanolamine into the obtained mixture to obtain the seed solution. The 
seed solution was spin‐coated on the surface of the electrode covered with a layer  
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of graphene. The scanning electron microscopy (SEM) image of the used graphene 
was shown in Figure 11.1a,b. The treated electrode was immersed into a precursor 
of Zn(NO3)2 and hexamethylenetetramine. The ZnO nanowires were directly grown 
on the surface of the graphene covered on the electrode through a hydrothermal 
method at 70 °C (seen the inset in Figure 11.1f). The average length of the prepared 
hexagonal ZnO nanowires was ~2 μm with the average diameter being 100–200 nm 
(Figure  11.1c–e). The sensor based on the graphene‐decorated ZnO nanowires 
exhibited a senor response (Rair/Rgas) of ~23 at the optimal working temperature of 
125 °C, over five times higher than that of the pure ZnO nanowires (~3.5) at a higher 
working temperature of 200 °C (Figure 11.1f–h). The authors also pointed out that 
the pure ZnO nanowires exhibited a typical n‐type sensing performance to ethanol, 
while a p‐type sensing property of graphene‐decorated ZnO nanowires was 
observed. The sensor response of the decorated ZnO nanowires to 1–50 ppm ethanol 
was higher than that of the pure ones. And the graphene‐decorated ZnO nanowires 
also presented a higher sensor response to 20 ppm ethanol at 125 °C compared with 
that to 1000 ppm CH4, 100 ppm CO, 4000 ppm H2O, 1000 ppm CO2, or 1000 ppm 
CH2O (Figure 11.1i), indicating the good selectivity of the composite. The different 
work functions of the ZnO (~4.45 eV) and the graphene (4.9 eV) would result in the 
bending of their bands and form a potential barrier at the heterojunctions. When 
the ethanol was introduced on the surface of the sensing material, the released elec­
trons could effectively decrease the height of the potential barrier, leading to a 
higher sensor response of the composite. On the other hand, the electrons would 
mainly be transferred through the graphene due to its high mobility and high con­
ductivity, facilitating the transport of carries in the sensing material during the sens­
ing performance. Then, an enhanced sensing performance of the composite was 
achieved due to the decoration of graphene acting as a high conductive carrier path. 
This research indicated that the sensing performance of the metal oxide could be 
improved with the help of graphene. It should be noted that there were only some 
references reporting the metal oxides decorated with pure graphene. We found that 
more attention was focused on improving the gas‐sensing performances of metal 
oxides composited with RGO.

The work of Lee’s team reported that the sensing performance of vertical zinc 
oxide nanorods was enhanced through compositing them with RGO  [44]. The 
authors have directly assembled the RGO‐decorated ZnO on the surface of AlGaN/
GaN layer. The ZnO nanorods array was grown on a prepared substrate without a 
seed layer at 90 °C for 4 hours. A modified Hummers’ method was applied to syn­
thesize the RGO with an average thickness or size of ∼3 or ∼200 nm, respectively. 
Then the prepared RGO was adsorbed on the ZnO nanorods modified with poly‐
(diallydimethylammonium chloride) (PDDA) via a drop‐casting method, and the 
assembled sensor was further annealed at 120 °C for three  hours to enhance its 
stability. The sensor based on the composite showed promising sensing properties 
to NO2, SO2, or HCHO gas with low concentrations of 120–1000 ppb. The compos­
ite showed a typical p‐type sensing performance toward NO2 or SO2 but an n‐type 
sensing response to HCHO. The composite exhibited a sensor response (ΔR/Rair, 
ΔR = Rair – Rgas) of 1.875 ppm−1 toward 120 ppb NO2 with the response/recovery 
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time being 120/320 seconds at room temperature (300 ± 1 K). The sensor response 
of the composite to NO2 was higher than that to SO2 (0.933 ppm−1) or HCHO 
(0.875 ppm−1). This research paved a possible way to design the effective sensing 
material to show high‐sensitive gas‐sensing performance with low power con­
sumption, and functionality at a low working temperature. According to the 
reported results, the sensor based on the RGO‐decorated ZnO on AlGaN/GaN layer 
could be an effective material to detect hazardous gas with a low detection limit. It 
might be better if the sensing selectivity of the sensor to different gas was improved 
because the sensor showed a relatively high and close sensor response to NO2, SO2, 
or HCHO gas. And the shift of the baseline of the assembled sensor was also found 
during the sensing response, which should also be improved to ensure the accuracy 
and the sensing stability of the composite.

(a)

(f) (g)

(h) (i)

(b) (c) (d) (e)

C2H5OH CH2OCH4 CO2H2OCO

Figure 11.1  SEM images of graphene (a and b) and ZnO nanowires composited with 
graphene nanowires. (f–h) The gas-sensing performances of pure ZnO nanowires and ones 
composited with graphene nanowires, the inset in (f) is the digital image of the assembled 
sensor and the SEM image of the ZnO nanowires on the electrodes. (i) The gas selectivity of 
ZnO nanowires and the composite toward different gases. Source: Rafiee et al. [43], 
Reproduced with permission from Elsevier.

11.2  Enhanced Gas-Sensing Performances of 1D-Sensing Materials Composited with Different 
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Gu et al. have assembled a sensor based on the MoO3 nanoribbons decorated with 
RGOs (directly described as graphene in the work) and studied their hydrogen‐ 
sensing performance  [45]. The GOs were prepared with a similar modified 
Hummers’ method and then added into the precursor to construct the MoO3 nano­
ribbons/RGO composite via a hydrothermal method. The average length of the 
MoO3 was ~10 μm, and the RGO also remained the sheet‐like morphology 
(Figure 11.2a–d). The MoO3 composited with the 1.5 wt% RGO exhibited optimal 
hydrogen‐sensing performance with the senor response (Rair/Rgas) being 
8.83–500 ppm H2 in the air at room temperature, as shown in Figure 11.2e,f. The 
sensor also could be used to effectively detect hydrogen gas with the concentration 
being 0.5–1000 ppm at room temperature (Figure 11.2g). And the senor based on 
composited exhibited a high senor response of ~20.5, one time higher than that of 
the pure MoO3, with the response/recovery time being ~10/30 section (Figure 11.2h). 
The higher specific surface area, the formation of heterojunction around the inter­
faces, and the improved electronic conductivity were reported to be mainly respon­
sible for the enhancement hydrogen gas‐sensing performance of the MoO3 
nanoribbons/RGO composite. The remarkable hydrogen selectivity and repeatabil­
ity were also reported by the authors, further indicating the potential of the compos­
ite in the area of the hydrogen gas sensor.

Kim et al. have assembled a sensor based on the ZnO nanofibers decorated with 
RGO nanosheets and studied their potential application in hydrogen sensors [46]. 
The GO was firstly prepared with a modified Hummers’ method, and then the RGO 
was obtained by an oil bath with the hydrazine monohydrate. The solution of the 
prepared RGO and the zinc acetate was used to synthesize the RGO‐decorated ZnO 
nanofibers through an electrospinning method, and then the prepared composite 
was annealed at 600 °C in the air for 30 minutes. The RGO‐decorated ZnO nano­
fibers exhibited an optimal sensor response of 2524 (Rair/Rgas) to 10 ppm H2 at the 
optimal working temperature of 400 °C. Moreover, the composite also exhibited a 
promising sensor response of 866 to 0.1 ppm H2 at 400 °C with the response time or 
recovery time being 3.5 or 3.9 minutes, respectively. The authors also compared the 
hydrogen‐sensing performance of the RGO‐loaded ZnO nanofibers with that of the 
RGO‐loaded SnO2 nanofibers. The sensor response of the former composite to 
10 ppm H2 at 400 °C was approximately 25 times higher than that of the latter one 
(74.8), inferring the more superior hydrogen‐sensing performance of the RGO‐
loaded ZnO nanofibers. In the H2 atmosphere, there would be a metallic Zn layer 
along the junctions between the RGO and the ZnO nanofibers, making the ZnO 
more n‐type. And the released electrons would not be transferred from the ZnO to 
the RGO during the sensing process, further improving the conductivity of the ZnO 
and resulting in a lower resistance of the composite. The spillover effect of the RGO 
would also enhance the sensing response of the RGO‐loaded ZnO nanofibers. These 
three factors should be mainly responsible for the excellent hydrogen‐sensing per­
formance of the RGO‐loaded ZnO nanofibers. Even the working temperature was 
relatively high, the excellent senor response (865.9) of the composite to H2 with a 
low concentration of 0.1 ppm also indicated its great potential in the application 
of hydrogen gas sensors. This work also provided a possible way to construct the  
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(a) (b)
(e) (g)

(h)
(f)

(c) (d)

Figure 11.2  SEM image of graphene oxide (a) and the MoO3 nanoribbons composited with RGO (b). (c) TEM image and the selected area 
diffraction (SAED) patterns of RGO and MoO3 nanoribbon in the composite. (d) TEM image of single MoO3 nanoribbon. (e and f) Hydrogen-sensing 
performance of composite with different content of RGO. (g and h) Dynamic sensing performance of the composite to 0.5–1000 ppm H2 at room 
temperature, the inset in (g) is the sketch of the assembled gas sensor. Source: Yang et al. [45], Reproduced with permission from Elsevier.
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promising sensing material to exhibit a high and stable sensor response to low‐ 
concentration hydrogen gas.

The RGO‐decorated In2O3 nanofibers, reported by Gao et al., were found to show 
improved NO2‐sensing performance at a low working temperature of 50 °C [47]. 
The In2O3 nanofibers decorated with RGO nanosheets were synthesized via a simi­
lar process proposed by Kim et al. discussed ahead. In the work of decorated In2O3 
nanofibers, the GO was also firstly prepared through a modified Hummers’ method 
at a high temperature of 500 °C for two hours. The obtained GO was added into the 
precursor with raw materials of In(NO3)3·4.5H2O and DMF solution to synthesize 
the decorated In2O3 nanofibers. The effects of the concentration of RGO on the 
NO2‐sensing performance of the In2O3 were studied via adding different contents 
of GO. The results showed that the sensor response (Rgas/Rair) of the decorated 
In2O3 nanofibers was 20.0, 42.0, and 26.6 to 5 ppm NO2 at 50 °C for the composites 
with 1.1 wt%, 2.2 wt%, and 3.6 wt% RGO, respectively. Then the sensor based on the 
2.2 wt% RGO‐In2O3 nanofibers showed optimal NO2‐sensing performance among 
all the samples. Meanwhile, the sensor response of the composite was approxi­
mately 4.4 times higher compared with that of the pure In2O3 (9.5). In addition, 
further research showed that the 2.2 wt% RGO‐In2O3 nanofibers exhibited a prom­
ising sensor response of 1.8 or 10 to the NO2 with the low concentration of 1 or 
2 ppm, respectively. The response time and the recovery time of the optimal com­
posite to 5 ppm NO2 at 50 °C were 261 and 698 seconds, respectively, also shorter 
than those of the pure In2O3 (316 and 1669 seconds). The enhanced NO2‐sensing 
performance of the decorated In2O3 was reported to be ascribed to the modification 
of the resistance with the formation of p–n heterojunction between the RGO and 
the In2O3 and the high special surface area of the composite. The special surface 
area of the decorated In2O3 was calculated to be 315.30 m2/g, approximately 10 
times higher compared with pure In2O3. The rich defects and the dangling bonds 
in the RGO provide more adsorption sites for the NO2 and fascinate the adsorptions 
of more NO2, also resulting in the enhanced gas‐sensing property of the composite. 
This research further revealed that the GO could be applied to synthesize RGO‐
decorated nanofibers via a two‐step method to construct effective material with 
promising gas‐sensing performance. It should also be noted that the humidity 
showed a significant effect on the gas‐sensing performance. Both the sensor 
response and the resistance exhibited a negative relationship with the humidity, 
which might be a factor that constrains the practical application of the sensor 
based on RGO‐decorated In2O3 nanofibers.

The research of Galstyan et al. revealed that the hydrogen‐sensing performance 
of the TiO2 nanotubes was highly improved via decorating them with RGO 
nanosheets [48]. The TiO2 nanotubes were synthesized with a method of electro­
chemical anodization with the raw material of titanium films with the thickness of 
500 nm which was deposited on the substrate of Al. Then the obtained tubular 
structures were annealed in the O2/Ar atmosphere at 400 °C for six hours. The GO 
used in the study was prepared with a widely modified Hummers’ method and 
then dropped on the surface of the obtained TiO2 nanotubes arrays. Then the GO‐
decorated TiO2 nanotubes were further annealed at 400 °C for four hours to reduce 
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the GO to be RGO. The authors have assembled a series of sensors based on TiO2 
nanotubes loaded by RGO with different contents. The results showed that the 
TiO2 nanotubes with 4.5 ng/mm2 GO exhibited a higher sensor response (ΔI/Iair, 
ΔI  =  Iair − Igas, Rair or Rgas presenting the current of sensor in air or target gas, 
respectively) compared with that of the nanotubes composited with 0 ng/mm2 GO 
or 40.5 ng/mm2 GO. The sensor response of the RGO‐decorated TiO2 nanotubes 
was ~37.6 to 480 ppm H2 at the working temperature of 200 °C. But the correspond­
ing response time or recovery time was reported to be 1110 or ≤ 300 seconds, respec­
tively, too long to meet the practical requirements of the hydrogen gas sensor.

Yang et al. suggested that the RGO‐decorated ZnO nanowires could be used to 
detect NH3 with promising sensing performance  [49]. The ZnO nanowires were 
synthesized with a modified carbothermal reduction and the GO was prepared via a 
modified Hummers’ method. The RGO‐decorated ZnO nanowires were obtained by 
mixing the prepared ZnO nanowires and the collected GO, and then the mixture 
was annealed at 300 °C. The ZnO nanowires with an average length of 1.5 μm were 
well dispersed on both sides of the RGO. The electrodes were fabricated with a 
standard micro‐electromechanical systems (MEMS) process, and the sensing mate­
rial was deposited on the center zone of the obtained Au electrodes to assemble the 
gas sensor. Moreover, the authors also designed an operating system and peripheral 
circuits to assemble a portable gas‐sensing device with five separated parts of power 
supplies, signal modulating circuits, analog‐to‐digital (A/D) conversion circuits, 
microprogrammed control unit (MCU), and hosting computer. The assembled sen­
sor presented a good sensing performance to NH3 with the concentration in the 
range of 500 ppb to 5000 ppm The sensor response showed a positive relationship 
with the concentration of NH3. The sensor response (ΔR/Rair*100%, ΔR = Rgas − 
Rair) of the composite was 7.2% or 3% to 1 ppm or 500 ppb NH3, respectively. The 
wire‐like morphology of the ZnO in the composite could be channels for electrons 
transfer and provided more active sites for more O2 molecules or NH3, resulting in 
the enhancement of the NH3‐sensing performance of RGO‐decorated ZnO.

Similar improvement was also reported in the study on gas‐sensing performance 
of Cu2O nanorods modified by RGO nanosheets, graphene–WO3 composite, MoO3–
RGO hybrids, ultrathin ZnO nanorods–RGO mesoporous nanocomposites, ZnO 
nanowire–RGO nanocomposite, In2O3 nanorod‐decorated RGO composite, RGO‐
decorated GaN nanorod or vanadium‐doped cerium oxide nanorods wrapped RGO 
toward NH3, acetaldehyde, H2S, NO2, NOx, or H2 [50–57].

11.2.2  MoS2-based Composites

The MoS2 is also one of the typical 2D materials and has attracted more and more 
attention in recent years, which was widely to decorate the metal oxides to improve 
their gas‐sensing properties  [58]. The ZnO nanorods decorated with MoS2 
nanosheets were reported to be successfully assembled via a typical two‐step pro­
cess. The array of the uniform ZnO nanorods with an average diameter of 100 nm 
was firstly prepared by immersing a patterned Si substrate covered with ZnO  
seeds in the nutrition solution consisting of zinc nitrate hexahydrate and 

11.2  Enhanced Gas-Sensing Performances of 1D-Sensing Materials Composited with Different 
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11  2D Materials with 1D Semiconducting Nanostructures for High-Performance Gas Sensor244

hexamethylenetetramine at 95 °C for seven hours (Figure  11.3a–d). The MoS2 
nanosheets were synthesized with the ultrasonication of MoS2 powder in ethanol 
for 90 minutes and then collected by centrifugation. Then the obtained MoS2 
nanosheets were dropped on the surface of the ZnO nanorods and were further 
heated at 90 °C to prepare the MoS2‐decorated ZnO nanorods (Figure 11.3e–k). The 
assembled sensor was reported to be limited in a small size with a compact struc­
ture, as shown in Figure 11.3a. The sensor response (ΔR/Rair*100%, ΔR = Rgas − Rair) 
of the pure ZnO nanorods was calculated to be 184% toward NO2 with the concen­
tration being as low as 100 ppb. With the decoration of MoS2 on ZnO, the sensor 
response was highly improved to be 1280% (Figure 11.3l,m), which was over seven 
times higher than that of the pure ZnO. The response time of the sensor to 200 ppb 
NO2 was 118 seconds, and the recovery time of the sensor was short toward 500 ppb 
NO2, being 32 seconds. Meanwhile, there was also a linear relationship between the 
sensor response and the concentration of NO2 in the range of 5–100 ppb 
(Figure  11.3n). The outstanding NO2‐sensing performance of the composite was 
mainly attributed to the abundant adsorption sites in the composite and the fast 
charge carrier migration between the heterojunction. The lowest detection limit of 
the sensor based on the ZnO nanorods decorated with MoS2 nanosheets was esti­
mated to be as low as approximately 0.2 ppb. The lowest detection limit was so low 
that also revealed the advantages of the prepared composite. This investigation 
paves a possible way to improve the NO2‐sensing performance of the sensor based 
on metal oxides.

More recently, the SO2‐sensing performance of the SnO2 nanofibers was also 
reported to be highly enhanced via decorating them with 2D MoS2 nanosheets [59]. 
The MoS2 nanosheets‐decorated SnO2 nanofibers were prepared through a two‐
step method that was similar to the way in ref. [58]. The uniform SnO2 nanofibers 
were synthesized via one‐chip electrospinning, and the MoS2 nanosheets were pre­
pared through a treatment of exfoliation of bulk MoS2 with a high‐power ultra­
sonic probe. The composite was then assembled by dropping the dispersed solution 
of the MoS2 nanosheets on the surface of the SnO2 nanofibers. The sensor based on 
the MoS2 nanosheets‐decorated SnO2 nanofibers exhibited an enhanced SO2‐ 
sensing performance at 150 °C with a sensor response (Rgas/Rair) being 10 times 
higher than that of the pure SnO2 nanofibers. Meanwhile, the composite also could 
be operated at a lower working temperature (150 °C) compared with the pure SnO2 
nanofibers (300 °C). The authors pointed out that the decorated SnO2 nanofibers 
were the potential to sense SO2 with a low gas concentration of 1 ppm due to the 
high carrier mobility and low electrical noise of the MoS2 nanosheets. This is a 
typical advantage of the senor based on the MoS2 nanosheets‐decorated SnO2 
nanofibers, making the composite be promisingly applied to detect SO2 with out­
standing performance. The chemical sensitization of MoS2 nanosheets and the  
heterojunction between the MoS2 and the SnO2 were mainly responsible for 
the enhanced gas‐sensing performance of the composite. We should note that the 
MoS2 nanosheets were dispersed on the SnO2 nanofibers, making the heterojunc­
tions be formed via physical interaction between the MoS2 and the SnO2. Then the 
sensor response of the composite was not very high, being 11.1 to 10 ppm SO2 
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Figure 11.3  The sketch (a) and the optical micrograph image (b) of the assembled gas sensor. Low-resolution SEM 
image of top view (c) and the cross-sectional view of (d) the ZnO nanorods. (e) SEM image and (f) EDS spectrum of ZnO 
nanorods decorated with MoS2 nanosheets. TEM image and the HRTEM image of the ZnO nanorods and the MoS2 
nanosheets in the composites (g–k). (l) Dynamic gas-sensing performance of the decorated ZnO nanorods to 5–500 ppb 
NO2. (m and n) The relationship between the NO2 concentration and the sensor response of the composite. Source: 
Kumar et al. [58], Reproduced with permission from Elsevier.
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150 °C. If the MoS2 nanosheets were directly synthesized on the surface of the SnO2 
nanofibers, the sensor based on the composite might exhibit a more promising 
sensing performance to SO2 compared with the results reported by the authors.

The study of Lin et al. also revealed that the gas‐sensing performance of the SnO2 
nanotubes could be enhanced through decorating them with MoS2 nanosheet and 
polyaniline [60]. The SnO2 nanotubes were synthesized through an electrospinning 
process with the working voltage being 21 kV followed by annealing at a high tem­
perature of 500 °C in the air for two hours. The MoS2 nanosheets were then deco­
rated on the surface of the prepared SnO2 nanotubes via a hydrothermal method 
with the raw materials of (NH4)2MoS4 and N2H4·H2O at 210 °C. An in situ polymeri­
zation was applied to construct the MoS2 nanosheets/SnO2 nanotubes decorated 
with polyaniline (PMS). The results showed the specific surface area of the PMS 
(49.2 m2/g) was almost the same as that of the MoS2 nanosheets/SnO2 nanotubes, a 
positive factor facilitating the adsorption and the diffusion of the gas molecules 
reported by the authors. The NH3‐sensing performance of the MoS2 nanosheets/
SnO2 nanotubes was found to be further enhanced with the decoration of polyani­
line. The sensor response (Rgas/Rair) of the MoS2 nanosheets/SnO2 nanotubes was 
just slightly higher than 1–100 ppm NH3 at ~24 °C. Then the sensor response of the 
PMD was effectively improved to be 10.9 with a short response/recovery time being 
21/130 seconds. Moreover, the sensor based on the PMS exhibited promising sens­
ing performance to 0.5–100 ppm NH3 with the detection limit being as low as 
200 ppb. It was reported that the high humidity always showed negative effects on 
the gas‐sensing performance gas sensor based on metal oxide. Interestingly, the gas‐
sensing response of the prepared PMS was found to have a positive relationship 
with the humidity in the experiment. The sensor was reported to smoothly detect 
50 ppm NH3 under the humidity in the range of 20–80% with the sensor response 
increasing from ~5 under 20% RH to ~10 under 80% RH. This was possibly attrib­
uted to the reaction between the NH3 and the water molecule and the greater depro­
tonation rate of the reaction product than NH3 on the surface of the PMS. This work 
also revealed that the gas‐sensing performance of the 1D material/2D material com­
posite could be further enhanced with modification of the third‐phase material, 
which would be applied to explore new gas‐sensing materials with promising mate­
rial for reference.

The study of Wang et al. also showed the SnO2 nanotubes decorated with MoS2 
nanosheets exhibited outstanding NO2‐sensing performance at room tempera­
ture [61]. The authors also synthesized the SnO2 nanotubes via a method of electro­
spinning with the raw material of SnCl2·2H2O and the constant voltage being 15 kV 
combined with an annealing treatment at 500 °C. And the MoS2 nanosheets were 
vertically grown on the surface of the SnO2 nanotubes through a hydrothermal 
method with the C(NH2)2S and Na2MoO4·2H2O at 200 °C for 12 hours. The resist­
ance of the obtained SnO2 nanotubes decorated with MoS2 nanosheets decreased 
quickly when the NO2 was injected, indicating the n‐type sensing response of the 
obtained composite. The sensor response (Rair/Rgas) of the decorated SnO2 nano­
tubes was found to be 34.67–100 ppm NO2, ~26.5 times higher than that of the pure 
SnO2. And the response time was also calculated to be as short as 2.2 seconds with 
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the recovery time being 10.54 seconds. The low detection limit of the SnO2 nano­
tubes decorated with MoS2 nanosheets was only 10 ppb, revealing the potential 
application in the area of hydrogen sensors. Additionally, the composite also showed 
excellent sensing repeatability and long‐term stability to NO2 with promising selec­
tivity. The enhanced chemisorbed oxygen on the surface of the composite was 
reported to be one factor for the improvement in their NO2 gas‐sensing perfor­
mance. The formation of p–n heterojunction further provided more active sites for 
the gas molecules and accelerated the charge transfer between the adsorbed gas 
molecules and the decorated SnO2 nanotubes, another positive factor for the 
enhanced NO2‐sensing response. This research further inferred that the 2D MoS2 
nanosheets could be effectively decorated on the 1D semiconducting materials with 
rough surfaces and improved their interactions with the gas molecules, resulting in 
the improved gas‐sensing performances of metal oxides.

The nanocomposite film composed of MoS2 nanosheets‐decorated Co3O4 
nanorods was reported by Zhang et al. to be the potential to detect NH3 with high 
performance [62]. Both the MoS2 nanosheets and the Co3O4 nanorods were synthe­
sized through a hydrothermal method with the temperature of 200 and 180 °C, 
respectively. Then the sensor based on the nanocomposite film was prepared via 
typical layer‐by‐layer (LBL) self‐assembly. The prepared Co3O4 showed typical rod‐
like morphology with the measured average diameter being 98.15 nm. And the aver­
age size of the MoS2 nanosheets was found to be 197.43 nm with good distribution. 
The sensor response (ΔR/Rair*100%, ΔR = Rair − Rgas) of nanocomposite film showed 
a close relationship with the number of self‐assembled MoS2/Co3O4 layers. The 
study showed that the sensor based on the five MoS2/Co3O4 layers exhibited a more 
promising NH3‐sensing performance compared with the one with 1, 3, or 7 layers. 
The value of the sensor response of the five MoS2/Co3O4 layers was 8.74% toward 
0.1 ppm NH3. Meanwhile, the nanocomposite film also showed good response per­
formance to 1–6 ppm NH3 with an excellent recovery property in the air atmosphere. 
The formation of the p–n heterojunction, the build of the potential barrier, and the 
bending of the energy bands would take place with the MoS2 contacting with the 
Co3O4. The release of the free electrons and the recombination of holes in the Co3O4 
in the nanocomposite modified the concentration of carries and the height of the 
potential barrier, which would be responsible for the superior NH3‐sensing property 
of the self‐assembled MoS2/Co3O4. The strategy and the method used in their work 
might also be applied to assemble metal oxides with other 2D nanomaterials with 
different layers to construct promising sensing material.

A sensor based on the MoS2 nanosheets‐decorated ZnO nanowires array was 
reported to effectively detect NO2 at 200 °C [63]. A simple hydrothermal method 
was applied to prepare the ZnO nanowires array with a smooth surface. Then a 
layer of Mo was deposited on the surface of ZnO via a direct current (DC) magnetic 
sputtering. The Mo seed layers with different thicknesses were prepared via the 
magnetic sputtering with controlling the sputtering time, which was the source 
material that would be further used to synthesize MoS2. The MoS2 was grown with 
a chemical vapor deposition process at 770 °C. The authors investigated the effects 
of the working temperature on the NO2‐sensing performance. The sensor response 

11.2  Enhanced Gas-Sensing Performances of 1D-Sensing Materials Composited with Different 
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(ΔR/RN2*100%, ΔR = Rgas − RN2) of the composite at 200 °C was found to be ~30%, 
approximately five times higher than that at room temperature (~6%). Meanwhile, 
the sensor response of the composite was highly dependent on the thickness of the 
MoS2 nanosheets. The research showed that the composite with the magnetic sput­
tering time being five minutes exhibited a more outstanding NO2‐sensing perfor­
mance compared with the other samples, showing a promising sensor response 
that was three times higher than that of the one with the sputtering time being 
one minute. As it was pointed out in the study, the thin MoS2 layer persisted the 
conductive layer in the sensing material under the effect of interface depletion, 
which would result in poor sensitivity to NO2. The too thick MoS2 layer that made 
the depletion layers formed in the composite little effect the resistance of the MoS2/
ZnO nanowires. The enhanced sensing performance of the composite was attrib­
uted to the recombination of the electrons and the holes in the sensing material 
and the modification of the width of the depletion layer between the MoS2 
nanosheet and the ZnO nanowires. The uniform ZnO nanowires arrays were also a 
positive factor for the outstanding NO2‐sensing performance due to their role of 
channel for the transfer of carries, which could be a possible structure applied to 
improve the gas‐sensing properties of metal oxides decorated with 2D nanosheets. 
The resistance of the sensor based on the prepared composited in their work was 
found to be unable to recover to the original level during the sensing process, which 
might indicate that the stability of the assembly sensor should be further explored 
and improved.

The 1D TiO2 nanotubes decorated by 2D MoS2 nanosheets, reported by Liang 
et al., were found to be sensing material to detect alcohol [64]. The TiO2 nanotubes 
arrays were synthesized through anodization of untreated titanium foils with the 
water/ethylene glycol and NH4F. The applied anodization voltage was 60 V with a 
time of two hours. The synthesized TiO2 nanotubes were clearly in order with the 
average diameter and the average wall thickness of 120 and 20 nm, respectively. 
Then the small‐size MoS2 nanosheets were modified on the surface of the uniform 
TiO2 nanotubes with the source materials being MoCl5 and Na2S·9H2O through a 
hydrothermal method at 180 °C. The synthesized MoS2 nanosheets increased the 
wall thickness of the nanotubes to be 90 nm. And the specific surface area of the 
TiO2 nanotubes was also increased from the original value of 26.8–47.4 m2/g when 
they were decorated with MoS2 nanosheets, indicating the positive effects of MoS2 
on the TiO2 nanotubes. The pure TiO2 nanotubes exhibited n‐type sensing perfor­
mance to alcohol, while the ones decorated with MoS2 nanosheets showed a con­
trary p‐type sensing property. The n‐type sensor response (Rair/Rgas) of the TiO2 
nanotubes was found to be only 1.3–100 ppm alcohol at 150 °C, so low that the TiO2 
nanotubes could not be effective to sense alcohol. When the TiO2 nanotubes were 
decorated with MoS2 nanosheets, the p‐type sensor response (Rgas/Rair) was success­
fully improved to be as high as 14.2, further indicating the positive effects of MoS2 
on the sensing performance of TiO2 nanotubes. It was reported the high surface area 
of the MoS2 nanosheets, the fast transportation of electrons through vertical tube 
walls of TiO2, and the formation of heterojunctions between them were the main 
factors to enhance the alcohol sensing of the composite. This research revealed that 
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the nanotubes array were effective channels for the carriers, and their gas‐sensing 
performance could be positively improved via decorating with 2D nanomaterials.

The study of Li et al. also revealed that the MoS2 nanosheets could be applied to 
effectively enhance the sensing response of Si nanowires to NO2 at room tempera­
ture [65]. The silicon wafer was firstly cut and cleaned and then treated with 5% HF 
to remove the layer of silicon oxide layer on its surface. A layer of Ag nanoparticles 
was prepared on the surface of the treated silicon wafer. The Si nanowires array was 
obtained with a further chemical etching in the solution of HF and H2O2 at 30 °C. The 
results showed that the average length of the prepared Si nanowire was approxi­
mately 6 μm with a rough surface and clustered tip. To obtain the MoS2‐decorated Si 
nanowire, a layer of Mo was deposited on the surface of the Si nanowires via a DC 
magnetic sputtering and then was sulfurized through a method of the chemical 
vapor deposition with the temperature of 770 °C. The deposition rate of the MoS2 
nanosheets on the surface of Si nanowires was measured to be approximately 
20 nm/min. It was reported that the gas‐sensing performance of MoS2‐decorated Si 
nanowire with the deposition time being three minutes was superior compared with 
that of the one being deposited with the time of one or five minutes. The obtained 
MoS2‐decorated Si nanowires with the optimal deposition time exhibited promising 
sensing performance to NO2 with different concentrations of 1–50 ppm It should be 
noted that the recovery process was found to be not fully completed during the sens­
ing circle. The sensor response (ΔR/RN2*100%, ΔR = Rgas − RN2) of the Si nanowires 
was extremely improved through decorating with MoS2 nanosheets. The sensor 
response of the composite was 28.4% toward 50 ppm NO2, ~2.5 times higher than 
that of the pure Si nanowires (~10%). The MoS2 nanosheets decorated on the Si 
nanowires introduced more active sites for the gas molecules, and the abundant S 
vacancies also facilitated the adsorptions of more NO2 molecules on the composite. 
Furthermore, there would be a band bending taking place when the Si nanowires 
were composited with MoS2, resulting in the formation of a potential barrier 
between their surfaces. The adsorption of NO2 during the sensing process would 
capture the charges from the MoS2 and then modify the height of the potential bar­
rier in the composite, improving the sensing response of the composite. The authors 
have systematically studied the NO2‐sensing performance of the MoS2‐decorated Si 
nanowires and indicated that the MoS2 could also be used to enhance the gas‐ 
sensing property of the semiconductor (not metal oxides).

11.2.3  WS2-based Composite

The structure of the WS2 was similar to that of the MoS2 discussed ahead, which has 
been used to enhance the gas‐sensing property of metal oxide. The sheet‐like WS2 
was also applied to decorate metal oxide to effectively modify their gas‐sensing 
property [66]. The gas‐sensing performance of the ZnO nanorods was successfully 
enhanced via decorating them with uniform WS2 nanosheets, which was reported 
by Fauzia and his group. In their work, a seed layer was prepared through a method 
of ultrasonic spray pyrolysis with the source material being Zn acetate dihydrate on 
the glass substrate. Then, a facile hydrothermal method was applied to grow the 

11.2  Enhanced Gas-Sensing Performances of 1D-Sensing Materials Composited with Different 
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uniform ZnO nanorods array with the raw materials being Zn nitrate tetrahydrate 
and hexamethylenetetramine at a low temperature of 95 °C for six hours. The WS2 
nanosheets were prepared via a probe sonication technique to exfoliate the 
nanosheets from the bulk WS2. The obtained WS2 was then spin‐coated on the ZnO 
nanorods to assemble the composite (Figure 11.4a–f). Then the prepared composite 
was dried in air to obtain the stable gas sensor, as shown in Figure 11.4g. Meanwhile, 
the content of the WS2 nanosheets was adjusted by modifying the deposition circles. 
There were two different composites assembled with the deposition circle being 1 or 
3, named as ZnO/WS2 1× or ZnO/WS2 3×, respectively. The sensor response was 
defined as (Cx−C18)/Cx*100%, in which the Cx and the C18 represented the capaci­
tance of the sensor in target humidity or 18% RH, respectively. The sensor response 
of the sensor based on pure ZnO or WS2 to the humidity of 85% RH was 73.10 or 
30.51, respectively. This sensor response was effectively improved to be 87.28 or 
378.05 for ZnO/WS2 1× or ZnO/WS2 3×, respectively. The recovery time of the com­
posite was almost the same as that of the pure ZnO or MoS2, being in the range of 
25.67–27.69 seconds (Figure 11.4h,i). While, the response times for ZnO/WS2 1× or 
ZnO/WS2 3× were calculated to be 41.38 or 74.51 seconds (Figure 11.4j,k), respec­
tively. The humidity‐sensing performance of the WS2‐decorated ZnO nanorods was 
reported to be attributed to the adsorption of water molecules on their surface. In 
the prepared composite, the WS2 nanosheets also provided adsorption sites for the 
water molecules and made more gas molecules interact with the composite during 
the sensing process. And the authors also reported that the n–n heterojunction 
between the ZnO and WS2 induced the establishment of an accumulation layer on 
one side of the ZnO/WS2 interfaces, which would effectively increase the water dis­
sociation rate. These two factors were mainly responsible for the improvement of 
the humidity‐sensing property of the WS2‐decorated ZnO nanorods. This research 
indicated that the 2D WS2 could also be the potential to enhance the gas‐sensing 
performance of metal oxides.

Furthermore, the WS2 nanosheets were found to be effective to enhance the NO2‐
sensing performance of highly porous SiO2 nanorods at room temperature 
(25 °C) [67]. The 1D SiO2 nanorods were synthesized via a method of glancing angle 
deposition with an e‐beam evaporator. The authors have deposited a series of SiO2 
nanorods with the same thickness of approximately 500 nm but different glancing 
angles of 75o, 77.5o, 80o, 82.5o, or 85o. The prepared SiO2 nanorods were then treated 
with UV‐O3 cleaner and were further spin‐coated with a solution of WCl6. The WS2 
was decorated on the surface of the SiO2 nanorods through a CVD system with two 
separated furnaces for sulfur and pretreated nanorods. The result showed that the 
WS2 deposited at 85° presented a highly porous morphology. And the glancing 
angles also had significant effects on the NO2‐sensing performance of the SiO2 
nanorods at room temperature. The WS2 deposited at 82.5° exhibited an optimal 
sensor response (ΔR/Rgas*100%, ΔR = Rair – Rgas) of 151.24% to 5 ppm NO2 at room 
temperature, which was over six times higher than the bare WS2 thin film (22.96%). 
Moreover, the sensor based on the WS2 deposited at 82.5° also exhibited a promising 
sensing property to 400 ppb NO2 with the theatrical detection limit being as low as 
13.726 ppb. The enhanced NO2 gas‐sensing performance of the composite could be 
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Figure 11.4  FESEM and TEM images of (a) ZnO, (b, d) ZnO/WS2 1×, (c, e) ZnO/WS2 3×, (g) the sketch of the assembled sensor, humidity sensing 
performance of sensor based on (h) WS2, (i) ZnO, (j) ZnO/WS2 1×, or (k) ZnO/WS2 3×. Source: Dwiputra et al. [66], Reproduced with permission from 
Elsevier.
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11  2D Materials with 1D Semiconducting Nanostructures for High-Performance Gas Sensor252

attributed to the highly porous structure of the vertically aligned SiO2 nanorods 
decorated with WS2 and the exposed edge sites of the WS2. The porous structure and 
the high specific surface area of the composite facilitated more gas molecules dif­
fused into the sensing material and adsorbed on its surface. And more edge sites of 
the WS2 also enhanced the interaction between the gas molecule and the sensing 
substrate, further improving the NO2‐sensing performance of the SiO2 nanorods 
decorated with WS2. But only a few reports were focusing on this promising 
nanosheet up to now. More potential sensing materials could be constructed via 
decorating metal oxides with WS2 nanosheets.

11.2.4  ZnO-based Composite

The ZnO nanosheet was also one of the popular 2D materials and has also been 
proved to be effective to improve the gas‐sensing performance of 1D material. The 
investigation of Wang et al. revealed that the hydrogen‐sensing performance of the 
Zn2SnO4 nanowires was effectively enhanced by decorating them with ZnO 
nanosheets [68]. In their work, the ZnO nanosheets decorated with Zn2SnO4 were 
prepared with a method of the metallic catalyst‐assisted thermal evaporation of ZnO, 
SnO2, and active carbon. A layer of Au with a thickness of 5 nm was firstly deposited 
on the surface of the substrate of the Si wafer via a sputtering method. Then a mix­
ture of active carbon, ZnO, and SnO2 powders was thermally evaporated to prepare 
the Zn2SnO4 decorated with ZnO at 800 °C with the pressure of 300 Torr in N2, as 
shown in Figure 11.5a–c. Then a thin layer of Pd was also sputtered on the synthe­
sized decorated Zn2SnO4 nanowires to assemble the gas sensor (Figure 11.5d–f). The 
result showed that the sensor based on the composite exhibited promising sensing 
performance toward 2–1000 ppm H2 at the working temperature being 120, 200, 255, 
270, or 300 °C (Figure 11.5g–j). The sensor response (ΔR/Rair*100%, ΔR = Rair − Rgas) 
of the sensor based on the ZnO‐decorated Zn2SnO4 was 46% at the working tempera­
ture of 270 °C. With the sputtering of the Pd layer, the sensor response was further 
improved to be 74% and the working temperature was decreased to be 255 °C. The 
response time of the Pd‐coated composite was 28 seconds to 1000 ppm H2, also shorter 
compared to that of the bare ZnO‐decorated Zn2SnO4 (41 seconds). And the Pd‐
coated composite exhibited excellent repeatability, selectivity, and long‐term stability 
toward H2, further indicating the potential of the composite in the area of hydrogen 
sensor. It should be noted that the sensor response of the composite was not high, 
which might be further improved to better meet the demands of practical application.

Meanwhile, Tian et  al. have also synthesized a similar composite of ZnO‐ 
decorated Zn2SnO4 nanowire through a different method of a hydrothermal process 
combined with calcination  [69]. The ZnO‐decorated Zn2SnO4 nanowire in their 
research was reported to show outstanding sensing response to TEA at 200 °C. The 
raw materials of ZnO powder, SnCl4·5H2O, and ZnOH were used to prepare the 
precipitates via a hydrothermal method at 200 °C for 20 hours. Then ZnO‐decorated 
Zn2SnO4 nanowires were synthesized through annealing the obtained precipitates 
at 450 °C for two hours. The result showed there were numerous nanosheets con­
tacted on the surface of the nanowires with an average diameter of 36.6 nm. And the 
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Figure 11.5  SEM images (a and b) and TEM image (c) of the ZnO-decorated Zn2SnO4 nanowires. The 3D schematic diagram of the heater (d) and 
the sensor (e), test gas chamber (f). The dynamic sensing performances of the sensor based on the ZnO-decorated Zn2SnO4 nanowires (g) and the 
Pd-decorated composite to 2–1000 ppm H2 at various working temperatures (h). The relationship between the operating working temperature and 
the sensor response of the ZnO-decorated Zn2SnO4 nanowires (i) and the Pd-decorated composite (j). Source: Wang et al. [68], Reproduced with 
permission from Elsevier.
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11  2D Materials with 1D Semiconducting Nanostructures for High-Performance Gas Sensor254

XRD pattern confirmed that the nanosheet and the nanowire in the composite were 
ZnO and Zn2SnO4 with the phase being hexagonal wurtzite and cubic spinel, respec­
tively. The sensing response of the sensor based on the ZnO‐decorated Zn2SnO4 was 
found to be effectively improved. The sensor response (Rair/Rgas) of the pure ZnO or 
Zn2SnO4 was 5.7 or 3.7, respectively, to 100 ppm TEA at 200 °C. Then the sensor 
response was improved to be 175.5 for the ZnO‐decorated Zn2SnO4 nanowires. 
Moreover, the composite also exhibited promising sensing properties to 10–200 ppm 
TEA at 200 °C. The sensor response of the composite was 292.4–200 ppm TEA at 
200 °C, so high indicating its great potential in the TEA sensor. And the sensor based 
on the composite also exhibited a short response time or recovery time to 100 ppm 
TEA, being 13 or 189 seconds, respectively. The special surface area of the composite 
was 19.11 m2/g, over 1.5 times higher than that of the pure ZnO (12.49 m2/g). The 
high special surface area would make more gas molecules adsorbed on the surface 
of the composite. The unique hierarchical structure of the composite also resulted 
in the establishment of a space charge layer and electron depletion layer, another 
factor being responsible for the improvement of the TEA sensing response. In addi­
tion, the building of heterojunction between the ZnO and the Zn2SnO4 would form 
an accumulation layer in the side of ZnO, making more oxygen molecules adsorbed 
and more charges captured. Therefore, the sensor based on the composite exhibited 
enhanced TEA sensing property.

Cho et al. have also constructed a novel sensor based on the heterojunctions of 
p‐CuO nanowire and n‐ZnO nanosheets [70]. The sensor based on the heterojunc­
tions1 was found to show promising near‐UV‐sensing performance. According to 
the study of ZnO‐decorated Zn2SnO4, the sensor based on the heterojunctions of 
p‐CuO nanowire and n‐ZnO nanosheets might also be the potential to exhibit out­
standing gas‐sensing performance under the UV.

Up to now, only a few researches were focusing on the improved gas‐sensing per­
formances of 1D nanostructures decorated with ZnO nanosheets. More attention 
should also be paid to this sheet‐like metal oxide, because the ZnO has been proved 
to be effective to detect various gases. There would be more effective gas‐sensing 
material assembled by decorating the metal oxides with 2D ZnO nanosheets.

11.2.5  NiO-based Composites

The NiO sheets with porous structures were reported to be positive to improve the 
gas‐sensing performance of the ZnO nanorods [71]. The ZnO nanorods were syn­
thesized with a hydrothermal method with source material of Zn(CH3COO)2·2H2O 
and the PH of 10 at 180 °C for 14 hours. The NiO nanosheets were decorated on the 
surface of the prepared ZnO nanorods via a hydrothermal route with the source 
material being NiCl2·6H2O at a low temperature of 140 °C for 10 hours. The ZnO 
nanorods with a length of 1–3 μm were uniformly decorated with porous NiO 
nanosheets. The sensor was assembled via coating the paste composed of the pre­
pared powders and deionized water on a ceramic tube. The sensor response of the 
pure ZnO (or NiO) was obtained to be 34.67 (or 85.88) to 100 ppm acetone at 200 °C 
(or 320 °C). Then the sensing performance of the NiO/ZnO composite was 
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significantly improved compared with the pure NiO or ZnO. The sensor based on 
the composite exhibited a high sensor response (Rair/Rgas) of 205.14–100 ppm ace­
tone at the working temperature of 240 °C, which was two or six times higher than 
that of the pure ZnO or NiO, respectively. Moreover, the NiO/ZnO composite also 
showed a short response time or recovery time of 7 or 20 seconds, respectively, to 
100 ppm acetone. In addition, the composite presented outstanding sensing selectiv­
ity toward acetone with sensing stability over 60 days. The larger specific surface 
area of the composite with more active sites facilitated the adsorptions of gas mol­
ecules on the sensing material compared with the pure ZnO or NiO. And the porous 
structure of the composite was also a positive factor improving the diffusion of gas 
molecules into the sensing materials. The formation of p–n heterojunction and the 
modulation of the width of the depletion layer between the interfaces between the 
NiO and ZnO made the resistance be changed more effectively, further resulting in 
the enhancement of the sensing response of the composite. The authors prepared a 
potential sensing material of NiO‐decorated ZnO nanorods with promising ace­
tone‐sensing performance via a simple hydrothermal method. The working tem­
perature was over 200 °C, which might be negative to full its application. There 
would have to be a heater in the sensor, increasing the power dissipation and the 
volume of the sensor. More attention should be paid to decreasing the working tem­
perature of the composite, an issue to be overcome to further improve the compre­
hensive performances of sensors based on metal oxides.

The vertically aligned ZnO nanorods arrays decorated with 2D NiO nanosheets 
were, reported by Hur et al., effective to sense NO2 [72]. The ZnO nanorods were 
synthesized with a hydrothermal method with the raw materials of diethanolamine, 
zinc acetate dehydrate, 2‐methoxyethanol, zinc nitrate hexahydrate, and hexameth­
ylenetetramine. A seed layer was firstly prepared on SiO2/Si wafer, and then a 
hydrothermal process was conducted at a low temperature of 90 °C for five hours to 
synthesize the uniform ZnO nanorods array with the average diameter of ~800 nm. 
Then a layer of Ni seed was also preprepared on the surface of the ZnO nanorods 
and was further exposed to a mixed aqueous solution of nickel acetate tetrahydrate. 
Finally, the prepared composite was annealed in air at 400 °C to obtain the stable 
NiO‐decorated ZnO. The growth time of the NiO showed a significant effect on the 
morphology of the composite, and there was also a close relationship between the 
content of NiO and the decorated ZnO nanorods. The sensor based on the decorated 
ZnO nanorods with the growth time of the NiO being 30 min exhibited the highest 
sensor response toward NO2 among all the studied composites. The sensor response 
(ΔR/Rgas*100%, ΔR  =  Rgas − Rair) of the composites was calculated to be ~350%, 
which was three times or ~six times higher than that of the pure ZnO nanorods or 
NiO nanosheets, respectively. Meanwhile, the response time of the composite was 
also shorter compared with that of the NiO nanosheets. The surface area of the ZnO 
nanorods was effectively improved with the decoration of 2D NiO nanosheets, 
which was a positive factor that made more NO2 molecules adsorbed on the surface 
of the composite. And there would be heterojunctions formed between ZnO and 
NiO, the electron depletion regions around which also adsorbing more NO2 in the 
composite. In addition, the authors pointed out that the transfer of electrons and 

11.2  Enhanced Gas-Sensing Performances of 1D-Sensing Materials Composited with Different 
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11  2D Materials with 1D Semiconducting Nanostructures for High-Performance Gas Sensor256

holes between NiO and ZnO could maintain the adsorption of NO2 on the surface of 
the composite, another factor being responsible for the enhanced NO2‐sensing per­
formance of the ZnO nanorods decorated with NiO nanosheets. The method of pre­
paring seed layers to synthesize the ZnO nanorods or the NiO nanosheets was an 
interesting and possible way to obtain uniform nanomaterials at low temperatures. 
The synthesizing temperature of the ZnO nanorods or the NiO nanosheets was 
90 °C, paving a possible method to prepare the metal oxide and the 2D nanosheets 
at low temperatures.

Park et al. have fabricated a novel sensing material of WO3 nanorods decorated 
with 2D NiO nanosheets and studied their potential sensing response toward acet­
aldehyde [73]. Their work revealed that the decorated NiO nanosheets could also be 
applied to decorate the WO3 nanorods to improve their acetaldehyde sensing perfor­
mance at 250 °C. A simple hydrothermal chemical route was applied to synthesize 
the composite. In their study, the NiO nanosheets were prepared via a hydrothermal 
process at 200 °C for 10 hours with the raw materials of Ni(NO3)2·6H2O and 
NaOH. Then the WO3 was synthesized with the Na2WO4·2H2O and could be 
obtained with the hydrothermal method at 180 °C for 24 hours. The thickness of the 
prepared NiO was approximately 6 nm, and the average length and width of the 
WO3 were reported to be 3.5 μm and 56 nm, respectively (Figure 11.6a,b). The com­
posite was prepared by just mixing the obtained NiO nanosheets and the WO3 
nanorods. The composite with proportions of NiO nanosheets and WO3 nanorods 
being 15 : 85 (NW2) exhibited a higher response to acetaldehyde compare the pure 
WO3 and other composites with different proportions (Figure 11.6c,d). The deco­
rated WO3 with optimal proportion showed a promising sensing response to 
20–100 ppm acetaldehyde at 250 °C with outstanding repeatability to 100 ppm acet­
aldehyde (Figure 11.6e–f). The sensor response (∆R/Rair*100%, ∆R = Rgas − Rair) of 
the composite was 2184% to 100 ppm acetaldehyde at 250 °C with the response/
recovery time being 1177/632 seconds. There would be n–p heterojunctions forming 
between the n‐type WO3 and the p‐type NiO. The transfer of holes and electrons 
across their surfaces would form the depletion regions around heterojunctions and 
facilitate the adsorptions of oxygen gas molecules in the air and the target acetalde­
hyde molecules and improve their reactions. Then the released electrons recom­
bined with the holes in the NiO, decreasing the net concentration of holes. The 
depletion region would also be widened with the migration of conduction electrons 
from WO3. Then the sensing property of the sensor based on the NiO was effectively 
improved by decorating with WO3. The WO3 nanorods decorated with NiO 
nanosheets could be potential to effectively detect acetaldehyde with a relatively 
high sensor response. It would be better for the composite to decrease the sensor 
response time and recovery time, which should be overcome and be of great impor­
tance to further improve the application of sensors based on the metal oxides deco­
rated with 2D NiO nanosheets.

11.2.6  Other 2D material-decorated 1D nanomaterial

The research of Zhang et al. revealed the ZnO nanoflowers, consisting of rod‐like 
ZnO, decorated with Sb‐doped SnO2 nanosheets were effectively to detect NO2 with 
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Figure 11.6  SEM images of NiO-decorated WO3 with their proportions (wt%) being 15 : 85 (NW2, a) or 25 : 75 (NW3, b). (c) The resistance of the 
pure WO3 or the composite with different proportions, the inset is the digital image of the assembled sensor. (d) The sensor response of the pure 
WO3 or the composite under different working temperatures. (e) The dynamic sensing performance of NW2 sensor to 20–100 ppm acetaldehyde at 
250 °C. (f) The sensing repeatability of NW2 to 100 ppm acetaldehyde at 250 °C. Source: Nakate et al. [73], Reproduced with permission from 
Elsevier.
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11  2D Materials with 1D Semiconducting Nanostructures for High-Performance Gas Sensor258

low concentrations of 100–1000 ppb [74]. In the study, the ZnO nanorods were pre­
pared with a microwaved hydrothermal method via raw materials being NaOH and 
Zn(CH3COO)2·2H2O at 200 °C for 15 minutes. The obtained ZnO nanorods showed 
average length and diameter being ~6 μm and 500 nm, respectively. The Sb‐doped 
SnO2 nanosheets were then synthesized via a microwaved hydrothermal method. 
The morphology of the Sn‐doped SnO2 was significantly affected by the concentra­
tion of the doped Sn. The undoped SnO2 exhibited typical nanowire‐like morphol­
ogy, but the morphology of the doped SnO2 gradually changed to be nanosheets. It 
was observed that there were uniform SnO2 nanosheets decorated on the surface of 
ZnO nanorods when the concentration of doped Sn was elevated to be 3%. The sen­
sor response (∆R/RN2, ∆R = Rgas − RN2) of the composites consisting of the Sb‐doped 
SnO2/ZnO heterojunctions increased with the increase of the doped Sb. The sensor 
response of the SnO2/ZnO heterojunctions with the concentration of doped Sb 
being 7% was ~9.5 to 1000 ppb NO2, one time higher than that of the one with the Sb 
being 1% (5.7). The response time of the composites of Sb being 7% was calculated 
to be only 16 seconds toward 1000 ppb NO2, also shorter than that of the one with Sb 
of 1% (100 seconds). The sheet‐like Sb‐doped SnO2 provided more active sites for the 
gas adsorption compared with the nanowire‐like SnO2. And more NO2 was also 
adsorbed on the surface of the doped SnO2 when the Sn4+ was replaced by Sb5+ or 
Sb3+. Therefore, there would be more gas molecules adsorbed on the surface of the 
ZnO nanorods decorated with Sb‐doped SnO2 nanosheets during the response and 
recovery process, resulting in the enhanced gas‐sensing performance of the hetero­
junctions. This study provided a possible and fast way to synthesize the 1D metal 
oxides decorated with 2D metal oxides, which would be promising to design novel 
sensing materials with heterostructure to exhibit outstanding sensing material.

Vertically ultrathin SnO2 nanosheets were also grown in situ on the quasi‐1D SiC 
nanofibers to form hierarchical architecture by a two‐step method  [75]. The SiC 
nanofibers were firstly prepared and then was immersed into the precursor with the 
raw material of SnCl2·2H2O to synthesize the SnO2 nanosheet‐decorated SiC via a 
simple hydrothermal process at 100–180 °C for six hours. Finally, the samples were 
calcined at 600 °C for two hours to obtain the SnO2 nanosheet‐decorated SiC 
nanofibers. The sensor based on the composited showed a sensor response (Rair/Rgas) 
of ~23 toward 100 ppm ethanol at 350 °C with the response time and the recovery 
time being four and six seconds, respectively. Furthermore, the hierarchical com­
posite also exhibited a superior gas‐sensing performance including high sensor 
response, excellent repeatability, and outstanding selectivity toward ethanol among 
the target gases. This work highlighted the possibility to develop a novel high‐ 
performance gas sensor based on 1D/2D hybrids used in harsh environments.

Wang et  al. have reported a sensor based on Pt single atoms‐decorated SnO2 
nanorods‐loaded on SiC nanosheets with excellent C2H5OH‐sensing property at 
350 °C [76]. The SiC nanosheets were synthesized with a method of carbothermal 
reduction with the raw materials of Si powder and GO. Then the prepared SiC 
nanosheets were further treated by a hydrothermal reaction at 150 °C for the loading 
of abundant active sites (–OH). The functional SiC nanosheets could be a possible 
substrate for anchoring SnO2 nanorods on their surfaces via a one‐step colloidal 
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synthesis. The formed SnO2 nanorods showed an average length and diameter of 8 
and 2 nm, respectively (Figure 11.7a,b). Finally, the Pt single atoms were decorated 
on the SnO2‐loaded SiC nanosheets through a wet impregnation method combined 
with carefully controlling the concentration of H2PtCl6 in the prepared precursor. An 
aberration‐corrected high‐angle annular dark‐field scanning transmission electron 
microscopy (HAADF‐STEM) clearly illustrated that the dispersed Pt was 0.1–0.2 nm 
(Figure 11.7c), reasonably indicating that the single‐atom Pt was successfully synthe­
sized in the composite. The exquisite structure and the highly active Pt composite 
(Figure 11.7d) showed excellent gas‐sensing performance at 350 °C with a high sen­
sor response (Rair/Rgas) of 119.75 ± 3.90 toward 500 ppm ethanol (Figure  11.7e). 
Meanwhile, the Pt‐decorated SnO2‐loaded SiC nanosheets also exhibited a promising 
sensor response of ~1.4 to 500 ppb ethanol with the response time and recovery time 
of ∼14 and ∼20 s (Figure 11.7f,g), respectively, further inferring the potential applica­
tion of the composite to detect ethanol. Additionally, the sensor based on the pre­
pared composite also exhibited outstanding sensing repeatability, long stability, and 
selectivity to ethanol at 350 °C (Figure 11.7h–j). The enhanced ethanol sensing prop­
erty of the composite was mainly attributed to the formation of heterojunctions, the 
high‐catalytic single‐atom Pt for facilitating the generation of negative oxygen spe­
cies, the large specific surface area, and the abundant active sites in the composite. 
This research revealed that the gas‐sensing property of the SnO2‐based materials 
could be enhanced with the help of single‐atom Pt. In addition, the facile method to 
efficiently synthesize the single‐atom Pt and the design of novel ternary sensing 
material is also a possible way to assemble gas sensors with exciting sensing properties.

Xu and his workmates have synthesized the MoO3 nanorods and then decorated 
them with porous NiCO2O4 nanosheets to improve their ethanol sensing perfor­
mance [77]. The uniform MoO3 nanorods were prepared via a hydrothermal method 
with the source material of Mo powder and H2O2 at 180 °C for 24 hours. The obtained 
MoO3 exhibited typical rod‐like morphology with a clean surface. The average 
length or width of the MoO3 nanorods was reported to be approximately 20 μm or 
200 nm, respectively. The uniform MoO3 nanorods were then decorated with porous 
NiCO2O4 nanosheets through a route of chemical deposition with the Ni(NO3)2·6H2O, 
2 mmol Co(NO3)2·6H2O, and 15 mmol CO(NH2)2 at 95 °C for two hours. The decora­
tion of NiCO2O4 nanosheets increased the width of the MoO3 nanorod to be 500 nm, 
and the composite was well dispersed with porous surfaces (Figure 11.8a–h). The 
sensor based on the composite exhibited a typical p‐type sensing performance 
toward ethanol with the concentration of 50–1000 ppb at 350 °C (Figure  11.8i). 
However, the pure MoO3 nanorods or the bare NiCO2O4 nanosheets exhibited no 
obvious sensing response to the ethanol vapor, indicating their poor sensing prop­
erty. The sensor response (Rgas/Rair) of the composite to 50 ppb ethanol was 2.7, and 
the sensor response was increased to be 20 when the concentration of ethanol was 
increased to be 1000 ppb (Figure 11.8j). Moreover, the composite also showed excel­
lent sensing repeatability and stability to ethanol with high selectivity. The special 
surface area of the MoO3 nanorods was effectively increased when they were deco­
rated with NiCO2O4 nanosheets, which would fascinate more oxygen molecules 
chemically adsorbed on their surfaces. And the porous structure of the composite 

11.2  Enhanced Gas-Sensing Performances of 1D-Sensing Materials Composited with Different 

 10.1002/9783527837649.ch11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/9783527837649.ch11 by kxdigital biz id - T

he U
niversity O

f N
ew

castle , W
iley O

nline L
ibrary on [05/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

Downloaded for personal academic use. All rights reserved. https://papernode.online/

https://ballisticcomainvitation.com/t2e548yr3v?key=403e8f291d0b160c8210d10a973a50a9


11  2D Materials with 1D Semiconducting Nanostructures for High-Performance Gas Sensor260

180
160
140
120
100
80
60
40
20
0

250 350 450300 400 500

R
es

po
ns

e 
(R

a/
R

g)

300

250

150

200

100

50

0

R
es

po
ns

e 
(R

a/
R

g)

250
30

20

10

T
im

e 
(s

)

–10

0

150

200

100

50

0

R
es

po
ns

e 
(R

a/
R

g)

180
160
140
120
100
80
60
40
20
0

0 50 100
Time (s)

150 200 300 400

0 100
Time (s)

200 300 400 500 600 700

250 0 5 10
Days

10 20 50 100200300 5001000

Concentration (ppm)

15 20 30 Hydrogenammonia Ethanol Methanol IPA25350

R
es

po
ns

e 
(R

a/
R

g)

140

120

100

80

60

40

20

0

R
es

po
ns

e 
(R

g/
R

a)

140

120

100

80

60

40

20

0

R
es

po
ns

e 
(R

a/
R

g)

Temperature (°)

SnCl4·5H2O

sti
rrin

g hydrothermal

reaction180 °C

SiC NSs

SiC NSs
with SnCl4·OA

oleylamine

SnO2

oleic acid (OA)

350 °C Ar

SnO2 NRs@SiC NSs

Gas sensor

Pt

Au interdigitated electrode H2PtCl6
ethanol solution

Pt SAs@SnO2 NRs@SiC NSs

Pt SAs@SnO2 NRs@SiC NSs

tres
trec

500 ppb 1000

500
300

200
100502010

(a) (b) (c)

(d)

(e) (f) (g)

(h) (i) (j)

Figure 11.7  (a) SEM image, (b) TEM image, and (c) high-resolution HAADF-STEM images 
of Pt single atoms-decorated SnO2 nanorods loaded on SiC nanosheets. (d) The sketch of 
the process to synthesize the composite and assemble the gas sensor. (e–j) The 
corresponding gas-sensing performances of the sensors based on the synthesized 
sensing materials at 350 °C. Source: Sun et al. [76], Reproduced with permission from 
American Chemical Society.
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could be another positive factor for the gas adsorption and diffusion, which would 
further improve the gas‐sensing performance. It was reported that the heterojunc­
tions between NiCO2O4 and α‐MoO3 would promote the chemical adsorption of 
oxygen molecules on MoO3 due to the existence of an electron accumulation 
layer  with a high electron concentration. Then more electrons were captured in 
MoO3, and this process would also make more electrons transferred from NiCO2O4, 
increasing the hole concentration of holes in the side of NiCO2O4 and resulting in 
the low resistance of the composite in air. When the ethanol was introduced, the 
reaction between the promoted chemisorbed oxygen species and the ethanol would 
release more electrons back to the composite than the pure MoO3, significantly 
decreasing the hole concentration in NiCO2O4 and improving the sensor response 
of the composite. In the research, the effect of the content of the decorated NiCO2O4 
was not reported, an important factor to fully understand the sensing performance 
of the composite. The sensor based on the composited with optimal content of 
NiCO2O4 might be exhibited a higher sensor response to ethanol at a lower working 
temperature (Figure 11.8).
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Figure 11.8  (a–d) SEM images, (e) TEM image, and (f–h) corresponding elemental 
mapping images of MoO3 nanorods decorated with porous NiCO2O4 nanosheets. (i) Dynamic 
sensing performance of pure MoO3 nanorods, bare NiCO2O4 nanosheets, or the NiCO2O4-
decorated MoO3 nanorods to 50–1000 ppb to ethanol at 350 °C. The assembled sensor is 
similar to that shown in the inset in Figure 11.6c. (j) The corresponding concentration-
dependent gas sensor response of NiCO2O4-decorated MoO3 nanorods. Source: Xu 
et al. [77], Reproduced with permission from Elsevier.

11.2  Enhanced Gas-Sensing Performances of 1D-Sensing Materials Composited with Different 
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The study of Xu et al. showed that the novel heterostructure of Co3O4 nanowire 
array modified with ZnSnO3 nanosheets was fabricated in situ on flat alumina sub­
strates with Pt interdigitated electrodes and Pt heaters via a simple hydrothermal 
method without seed layers [78]. The gas‐sensing measurement revealed that the 
Co3O4–ZnSnO3 composite arrays showed a sensor response of 5.57 (Rgas/Rair) toward 
100 ppm ethanol at 300 °C, which was 2.04 times higher than that of Co3O4 nano­
wire arrays. A similar structure of Co3O4 nanowires decorated with NiMoO4 
nanosheets was also established via a similar method by the same team [79]. The 
sensor based on the NiMoO4‐decorated Co3O4 nanowire array was also exhibited a 
higher sensor response of 17.12 toward 100 ppm trimethylamine at 250 °C, 3.91 
times higher than that of Co3O4 arrays (4.39).

The work of Wang and his team revealed that the composite film of few‐layer 
black phosphorus nanosheets and ZnO nanowires could be utilized to detect NO2 at 
room temperature [80]. The black phosphorus nanosheets were synthesized via an 
exfoliation method, and the composite was prepared via mixing the black phospho­
rus nanosheets and the ZnO nanowires. The sensor response (∆R/Rair*100%, 
∆R = Rgas − Rair) of the pure black phosphorus nanosheets was reported to be only 
37.7% to 50 ppb NO2 at 25 °C. Then the sensing performance of the composite was 
effectively enhanced with a higher sensor response of 74% to the NO2 with the same 
concentration.

The g‐C3N4 nanosheets were also applied to modify the SnO2 nanorods to success­
fully improve their ethanol sensing response  [81]. The flower‐like SnO2/g‐C3N4 
nanocomposites were synthesized via a facile hydrothermal method with the source 
materials of SnCl4·5H2O and urea. It was found that the composite with the content 
of g‐C3N4 being 7 wt% showed a better sensing performance toward ethanol com­
pared with that of the one composited with the content of g‐C3N4 being 0, 5, or 
9 wt%. The composite with the optimal content exhibited a sensor response (Rair/Rgas) 
of 1150–500 ppm ethanol at 340 °C, three times higher than that of the pure SnO2 
(43). In addition, the working temperature was also decreased from the original 
360 °C for the pure SnO2 nanowires to 340 °C for the composite.

These researches illustrated that a majority of the reported 1D/2D hybrids could 
be effectively assembled via a two‐step method. And the sensing response and the 
working temperature of the 1D sensing material were successfully improved 
through decorated 2D sheet‐like materials. However, there are still some challenges 
remaining to be overcome to improve the gas‐sensing performance of the 1D/2D 
composite, which would be discussed in detail in the following texts.

11.3  Remain Challenges and Possible Effective Ways 
to Explore High-Performance Gas Sensor

In general, the sensor responses of a majority of the sensors based on the 1D/2D 
hybrids always increase with increasing the working temperature. The highest value 
of the sensor response of the sensor could be obtained at an optimal working tem­
perature. Then the sensor response would decrease with further increasing the 
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working temperature over the optimal value. However, the 1D/2D hybrids could 
only exhibit a high sensor response to target gas at a relatively high optimal working 
temperature. For example, the sensor response of the RGO‐loaded CuO nanofibers 
was improved to 11.7–100 ppm H2S of at the optimal working temperature of 
300 °C [82]. The sensor based on the ZnO nanofibers loaded by RGO with the weight 
percent being 0.44 wt% presented the optimal NO2‐sensing performance at 
400 °C [83]. As discussed in the section of Introduction, there would be a high risk 
of explosion when the concentration of the gas was increased to be in the explosive 
limit. The high working temperature would make the explosion more likely to take 
place and increase the power consumption of the gas sensor. The low working tem­
perature might not provide enough energy that makes the oxygen species react with 
the target gas, but the high working temperature might accelerate the desorption of 
the oxygen species or the target gas, which was responsible for the highest sensor 
response at an optimal working temperature [47]. Further modification of the sens­
ing material with certain catalysts might be possible to decrease the energy required 
to trigger the reaction between the oxygen species and the target gas. The Pt or Pd 
has been successfully used to decrease the working temperature of the sensor based 
on metal oxides. The optimal working temperature of the MoO3 was decreased from 
250 to 175 °C with the decoration of Pt and graphitic‐carbon nitride (g‐CN) [84]. 
Even though the decoration of noble metal nanoparticles might increase the cost of 
production, the low working temperature could decrease the power consumption 
and effectively reduce the explosion risk during the operating of the gas sensors 
based on the 1D/2D hybrids.

Another challenge for the reported sensors based on the 1D/2D hybrids is that 
they are still significantly affected by the humidity. It was reported that the 
adsorbed oxygen species or the target gas molecules on the surface of the sensing 
materials played an important role in the sensing response. The reaction between 
the oxygen species and the target gas was responsible for the sensing response of 
the sensor. The sensor response always decreased with increasing humidity, widely 
described as water vapor poisoning [79, 85]. When the sensor worked under high 
humidity, the adsorption of water molecules on the surface of the sensing material 
would decrease the active site for the adsorption of oxygen molecules in the air, 
then the number of the adsorbed oxygen species would decrease and fewer target 
molecules would consume during the sensing process, leading to the decrease in 
the sensor response. Meanwhile, the adsorbed water molecules might directly 
react with oxygen species (O−) to form terminal hydroxyl groups on the surface of 
the sensing material, and the target gas molecule would also have to compete with 
the adsorbed water molecule and the target molecule, another factor responsible 
for the decreased sensor response under high humidity. Additionally, the sensor 
response of the 1D metal oxide‐based sensor was found to be slightly weakened in 
30–60 days, reported in several references [36, 86]. This might also be attributed to 
the decreased active sites on the surface of the sensing material with the fluctua­
tion of humidity and the adsorptions of water molecules. The method of designing 
the corresponding compensating circuit, doping metal oxides with metal atom, 
coating the sensing material with hydrophobic polymer, or functionalizing the 
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sensing substrate with metal nanoparticles might be possible and successful to 
minimize or reduce the effect of humidity on the gas sensing performance of the 
1D metal oxides composited with 2D materials [87–90]. The structure of the gas‐
sensing device would become complex to some extent, but the negative effects of 
the humidity on the gas‐sensing properties of metal oxides‐based sensors could be 
effectively limited or even eliminated. It should be noted that there were few 
reports systematically investigating the effective strategy to improve the stability of 
the metal oxide‐based sensor under high humidity. More efforts should be made to 
study and explore the method to possibly avoid the effects of humidity on the gas‐
sensing performance of 1D/2D hybrids, meaningful to further promote the appli­
cation of gas sensors.

Our discussions aforementioned revealed that the gas‐sensing performance of 1D 
semiconducting material with the morphology of nanorod, nanowire, or nanofiber 
could be successfully enhanced through compositing with 2D nanosheets of gra­
phene, GO, MoS2, WS2, ZnO, NiO, SnO, or NiCO2O4. It was clear that only a few kinds 
of 2D nanosheets were used to improve the 1D metal oxide. The sheet‐like BN, In2O3, 
TiC, Co3O4, or InSe were also reported to be potential gas‐sensing materials [91–95]. 
These 2D nanosheets might be applied to decorated 1D metal oxides to improve their 
gas‐sensing responses. With more and more 1D/2D composite designed and con­
structed, it might be possible to assemble the gas sensor with high sensor response, 
short response/recovery time, and outstanding long‐term stability at low working 
temperature and under high humidity. The relatively poor sensing performance of 
some reported 1D/2D composite might also indicate that the selected sensing material 
was not the optimal one. The latest 2D sheet‐like materials could be a candidate to 
assemble potential sensing substrate to exhibit promising gas‐sensing performance.

Recently, the method of machine learning and high‐throughput computing has 
been widely and popularly used to efficiently explore possible high‐performance 
materials in the area of drug discovery, diagnostic system for complex diseases, tox­
icity assessment, or gas sensors  [96–99]. Meanwhile, machine learning was also 
applied to explore the selectivity of E‐nose with plenty of data labeled under various 
circumstances [100–102]. The work of Salhi et al. suggested that machine learning 
was effective to develop high‐performance smart e‐nose with seven sensors to real­
ize the early detection of gas leakage [103]. The trained smart e‐nose was reported 
to be successful in selectively sensing LPG, CO, CO2, smoke, or flame under differ­
ent humidity conditions with the accuracy being almost 100%. Therefore, the poten­
tial sensing material could be effectively selected from the database with 
high‐throughput screening certain conditions. The selected sensing substrate would 
test to label enough data under various environments to obtain a dataset. The assem­
bled sensor might be likely to exhibit high sensor response and short response/
recovery time with promising selectivity with further training of the collected data­
set. According to the discussions aforementioned, the method of machine learning 
combined with high‐throughput computing could be a successful method to effec­
tively screen potential sensing materials and train the dataset to further improve 
their gas‐sensing properties [104, 105]. More attention should be paid to this effi­
cient strategy to develop high‐performance gas sensors to better meet the 
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requirements of practical applications. The gas sensor based on 1D/2D hybrids is 
now in the ascendant, and one can envision a bright prospect for the development 
of this promising composite.

11.4  Conclusions

The 1D metal oxide with the structure of nanowire, nanorod, or nanofiber has been 
widely applied as sensing material to detect various gases. And their gas‐sensing 
performance could be effectively enhanced through compositing them with 2D 
sheet‐like materials. The typical 2D material of graphene‐based nanosheets, MoS2, 
WS2, NiO, ZnO, SnO2, SiC, NiCO2O4, or g‐C3N4 have been successfully decorated on 
the 1D sensing material to improve their sensing responses. The high special surface 
area, the establishment of heterojunction, and the modulation of the potential bar­
rier are mainly responsible for the enhanced gas‐sensing performances of 1D semi­
conducting nanostructures decorated with 2D materials. The relatively high 
working temperature and the weakened gas‐sensing property under high humidity 
might limit the further application of the 2D material‐decorated 1D metal oxide in 
practices. The high‐throughput computing with further machine learning could be 
a possible strategy to screen more effective gas‐sensing material to exhibit more out­
standing gas‐sensing performance.
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