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Abstract: High-performance hydrogen sensors are important in many industries to effectively address
safety concerns related to the production, delivering, storage and use of H2 gas. Herein, we present a
highly sensitive hydrogen gas sensor based on SnO2-loaded ZnO nanofibers (NFs). The xSnO2-loaded
(x = 0.05, 0.1 and 0.15) ZnO NFs were fabricated using an electrospinning technique followed by
calcination at high temperature. Microscopic analyses demonstrated the formation of NFs with
expected morphology and chemical composition. Hydrogen sensing studies were performed at
various temperatures and the optimal working temperature was selected as 300 ◦C. The optimal gas
sensor (0.1 SnO2 loaded ZnO NFs) not only showed a high response to 50 ppb hydrogen gas, but also
showed an excellent selectivity to hydrogen gas. The excellent performance of the gas sensor to
hydrogen gas was mainly related to the formation of SnO2-ZnO heterojunctions and the metallization
effect of ZnO.
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1. Introduction

Hydrogen gas (H2) is a highly clean and renewable source of energy [1]. Nevertheless, it is
flammable and explosive in the concentration ranges of 4–75 vol.% in air [2]. Due to the small size
of hydrogen gas during its transportation, storage and usages, leakage of hydrogen is likely and can
cause catastrophic damage [3]. Unfortunately, hydrogen is a colorless, odorless and tasteless gas
and it is impossible to be detected by human senses [4]. Therefore, detection of hydrogen gas by
high-performance electronic devices is very important for further industrial use of this gas.

So far, many hydrogen gas sensors, such as surface acoustic wave [5], optical [6], gasochromic [7],
thermoelectric [8] and metal oxide-based sensors [9] have been developed. Among them, metal
oxide-based gas sensors are widely used for the detection of different toxic gases and volatile organic
compounds, thanks to their low price, simple fabrication, good sensitivity and high stability [10–12].
To date, many types of metal oxides, including binary metal oxides [13] and ternary metal oxides [14],
have been reported for detection of hydrogen gas. Among them, ZnO-based gas sensors are highly
attentive due to having high sensitivity, high stability, easy synthesis methods and a low-cost [15].
In particular, one-dimensional (1D) morphologies of ZnO, like nanorods [16], nanowires [17],
and nanofibers (NFs) [18], have gained special attention, mostly due to their simple synthesis
methods and larger surface area relative to thin and thick film counterparts. ZnO NFs are among the
simplest morphology of ZnO. ZnO NFs can be easily synthesized by the electrospinning technique,
which is a facile and low-cost synthesis method with possibility of large-scale mass production
for industrialization [19–21]. Accordingly, many researchers have reported gas sensors using ZnO
NFs [22,23].
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Doping can increase the structural defect within the ZnO, acting as potential adsorption sites for
target gases [24]. Accordingly, doping with different dopants is also a promising strategy to improve
the gas sensing characteristics of 1D ZnO gas sensors [25–27]. Another promising strategy is loading
of n-type [28] or p-type [29] metal oxides in the matrix of the ZnO nanomaterials. Loaded metal
oxides can form heterojunctions with ZnO, acting as a strong source of resistance modulation in the
gas sensor.

So far, less attention has been paid to SnO2 loading on ZnO NFs. Accordingly, in this research,
we have fabricated xSnO2-loaded (x = 0.05, 0.1 and 0.15) ZnO NFs for hydrogen gas sensing
investigations. They were synthesized by the electrospinning method, followed by calcination.
The hydrogen gas sensing properties showed that the gas sensor with 0.1 SnO2 loading had the
best sensing properties at 300 ◦C. The sensing mechanism was explained due to the formation of n-n
SnO2-ZnO heterojunctions and the metallization effect of ZnO in the presence of hydrogen gas.

2. Experimental Procedure

2.1. Synthesis of SnO2-Loaded ZnO NFs

For synthesis of xSnO2-loaded (x = 0.05, 0.1 and 0.15) ZnO NFs: Polyvinyl alcohol (PVA,
MW = 80,000), zinc chloride dihydrate (ZnCl2·2H2O) and tin (II) chloride dihydrate (SnCl2·2H2O)
were provided by Sigma-Aldrich. First, the PVA was dissolved in deionized (DI) water and stirred
at 80 ◦C for 3 h to prepare a 10 wt.% PVA solution. Then, 1 g of ZnCl2·2H2O and desired amounts
(x = 0.05, 0.1 and 0.15) of tin precursor were added drop-wise (0.05 mL/h) to the above solution and
vigorously stirred for 12 h at 80 ◦C. Then final solutions with an approximate viscosity of 280 mPa·s
were prepared. The electrospinning solution was loaded into a syringe with a metallic needle. A large
positive voltage (+15 kV) and large negative voltage (−10 kV) were applied to the needle and Al
collector, respectively. During the process, both the distance between the tip of the needle and collector
(20 cm) and the feed rate (0.01 mL/h) were fixed. It should be noted that the electrospinning of NFs
was performed in a chamber with dimensions of 100 × 60 × 60 cm3, which was specially designed
for the electrospinning machine. After synthesis of the SnO2-loaded ZnO NFs, they were annealed
at 600 ◦C for 2 h to enhance the crystallinity and remove the remaining organic species and water.
Figure 1a shows the schematic of electrospinning for the preparation of SnO2-loaded ZnO NFs.
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0.1 and 0.15) ZnO nanofibers (NFs) and (b) drop casting of NFs onto the patterned electrode of the
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2.2. Device for Material Characterization

The morphology of the synthesized NFs were obtained by using field-emission scanning electron
microscopy (FE-SEM, Hitachi, S-4200, Tokyo, Japan) and transmission electron microscopy (TEM,
JEOL, Ltd., JEM-3010, Tokyo, Japan) incorporated with energy-dispersive X-ray spectroscopy (EDS,
JEOL, Ltd., JEM-3010, Tokyo, Japan) for chemical analysis of the NFs.

2.3. Gas Sensing Test

Details of the sensing test methods are presented in our previous papers [18,30]. First, Ti (∼50 nm
thick) and Pt (∼100 nm thick) bilayer electrodes were sputter-deposited onto SiO2-coated Si substrates
and then NFs were drop casted (3 droplets, followed by drying at 80 ◦C) onto the substrate (Figure 1b).
Second, for the sensing tests, the sensors were put into a tube furnace, equipped with a gas chamber
that can control the temperature. Gas concentrations were controlled exactly, by varying the ratios
of the desired gases to dry air using mass flow controllers. After recording the resistance in air (Ra)
and the resistance in the presence of the target gas (Rg) by means of a Keithly source meter, the sensor
response (R) was calculated as R = Ra/Rg (for H2 and CO gases) and R = Rg/Ra (for NO2 gas) [31–39].
The response time and the recovery time were defined as the time needed for the resistance to reach
90% of its final value upon exposure to target gas and air, respectively [40].

3. Results and Discussion

3.1. Morphological and Microstructural Study

An FE-SEM micrograph of the as-electrospun 0.1 SnO2-loaded ZnO NFs is provided in Figure 2a.
As shown, long and continuous ZnO NFs have been successfully synthesized. However, since they
were not yet calcined, their surface morphology was quite smooth. The FE-SEM micrographs of the
calcined SnO2-loaded ZnO NFs are shown in Figure 2b,c for 0.05, 0.1 and 0.15 SnO2-loaded ZnO
NFs, respectively. The calcined individual NFs were still long and continuous, but showed a grainy
morphology, which indicated evaporation of water and the removal of organic species from the
as-electrospun samples. Apparently after calcination, the diameter of the calcined ZnO NFs decreased
relative to the as-electrospun NFs. The insets show higher magnification FE-SEM images, which
demonstrated the presence of nano-sized grains.

TEM observation was performed to further characterize the microstructure of the NFs.
A representative TEM image taken from the 0.1 SnO2-loaded ZnO NFs is presented in Figure 2e.
This clearly demonstrated the formation of a NF of an approximate diameter of 100 nm with rugged
surface morphology. To gain an insight into the crystallinity of calcined 0.1 SnO2-loaded ZnO NFs,
a high-resolution TEM micrograph was obtained as shown in Figure 2f. Parallel fringes with spacings
of 0.336 nm and 0.250 nm can be attributed to the crystalline planes of (110) of SnO2 and (101) of ZnO,
respectively [41,42]. This indicated the formation of crystalline ZnO and SnO2 phases after calcination.
EDS mapping analysis results, shown in Figure 2(g-1,g-2,g-3) taken from Figure 2e, demonstrated the
existence of O, Zn and Sn elements in the NF.
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Figure 2. Field-emission scanning electron microscopy (FE-SEM) micrographs of (a) as-spun
0.1 SnO2-loaded ZnO NFs and calcined, (b) 0.05 SnO2-loaded ZnO NFs, (c) 0.1 SnO2-loaded ZnO NFs,
and (d) 0.15 SnO2-loaded ZnO NFs. Insets in (b–d) show corresponding higher magnification FE-SEM
images. (e) Low-magnification TEM image and (f) high-resolution TEM image of 0.1 SnO2-loaded
ZnO NFs. (g-1), (g-2) and (g-3) energy-dispersive X-ray spectroscopy (EDS) O, Zn and Sn elemental
mapping of 0.1 SnO2-loaded ZnO NFs taken from (e), respectively.

Figure 3 shows a representative XRD pattern of the 0.1 SnO2-loaded ZnO NFs. The obtained
pattern matches well with both ZnO and SnO2 phases. It shows the existence of both hexagonal ZnO
(JCPDS Card No. 88-0511) and tetragonal SnO2 (JCPDS Card No. 88-0287) crystal structures.
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3.2. Gas Sensing Study

Adsorption phenomena are strongly dependent on the sensing temperature of the gas sensor and
generally, there is an optimal sensing temperature, where the maximum response occurs. As a first step,
a 0.15 SnO2-loaded ZnO NFs gas sensor was exposed to different concentrations of hydrogen gas at
temperature range of 250–400 ◦C and corresponding transient resistance plots are shown in Figure 4a.
As shown, upon injection of hydrogen gas, the resistance of the gas sensor decreased, revealing a
n-type nature of gas sensor, which originated from the n-type semiconducting characteristics of ZnO
and SnO2 materials. To see the response of the gas sensor to various concentrations of hydrogen
gas, the corresponding calibration plots are depicted in Figure 4b. At 300 ◦C for all concentrations
of hydrogen gas, a maximum response was observed and the gas sensor even could detect as low as
50 ppb hydrogen gas. At the optimal sensing temperature (300 ◦C), the responses of the gas sensor to
50 ppb, 100 ppb, 1 ppm, and 5 ppm were 50.1, 79.4, 83.62, and 91, respectively. This demonstrated a
very high response of the gas sensor to hydrogen gas.

In the next step, different contents of SnO2-loaded gas sensors were exposed to various
concentrations of hydrogen gas at 300 ◦C and corresponding transient curves are provided in Figure 5a.
The sensor responses are summarized in Figure 5b,c which shows the following order in the sensor
response to hydrogen gas: 0.1 > 0.15 > 0.05 SnO2-loaded ZnO NFs gas sensor. For example, for 50 ppb
hydrogen gas, the responses of 0.05, 0.1 and 0.15 molar ratio of SnO2-loaded ZnO gas sensors were
41, 48 and 50.1, respectively. Accordingly, the 0.1 SnO2-loaded ZnO NFs gas sensor was selected as
the optimal gas sensor. The responses of all gas were higher than that of the pristine ZnO NFs gas
sensor [43].
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Figure 4. (a) Dynamic response curves of 0.1 SnO2-loaded ZnO NFs to 50 ppb, 100 ppb, 1 ppm
and 5 ppm H2 gas at different temperatures. (b) Calculated hydrogen response as a function of
operating temperature.

Since selectivity of the gas sensor is of importance for practical usages, the optimized gas sensor
was exposed to different concentrations of NO2 and CO gases, which are typical oxidizing and reducing
gases, respectively. Figure 6 shows the response time and recovery time of xSnO2 (x = 0, 0.05, 0.1
and 0.15) loaded ZnO NF gas sensors to 5 ppm H2 gas at 300 ◦C. The response and recovery times
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significantly decreased with increasing “x”. Also the 0.1 SnO2-loaded ZnO NFs gas sensor showed the
shortest response and recovery times, compared to the sensors of other compositions.Sensors 2019, 19, x FOR PEER REVIEW    6  of  14 

 

 

Figure 5.  (a) Dynamic response curves of SnO2‐loaded ZnO NFs gas sensors to 50 ppb, 100 ppb, 1 

ppm  and  5 ppm H2  gas  at  300  °C.  (b) Calculated  hydrogen  response  as  a  function  of  hydrogen 

concentration. (c) Calculated hydrogen response as a function of SnO2 loading amount. 

Since selectivity of the gas sensor is of importance for practical usages, the optimized gas sensor 

was  exposed  to  different  concentrations  of NO2 and CO  gases, which  are  typical  oxidizing  and 

reducing gases, respectively. Figure 6 shows the response time and recovery time of xSnO2 (x = 0, 

0.05, 0.1 and 0.15) loaded ZnO NF gas sensors to 5 ppm H2 gas at 300 °C. The response and recovery 

times  significantly decreased with  increasing  “x”. Also  the  0.1 SnO2‐loaded ZnO NFs gas  sensor 

showed the shortest response and recovery times, compared to the sensors of other compositions. 

 

Figure 6. Response and recovery times of xSnO2 (x = 0, 0.05, 0.1 and 0.15) loaded ZnO NFs to 5 ppm 

H2 gas at 300 °C. 

The corresponding sensing transient curves at 300 °C were compared with that of hydrogen gas 

in Figure 7a. It should be noted that due to the oxidizing nature of NO2 gas, upon injection of NO2 

gas,  the resistance of  the gas sensor  increased, which was  in contrast with  the  trend observed  for 

reducing  gases  such  as  H2  and  CO  gases.  Figure  7b  shows  the  selectivity  pattern  of  the  0.1 

Figure 5. (a) Dynamic response curves of SnO2-loaded ZnO NFs gas sensors to 50 ppb, 100 ppb, 1 ppm
and 5 ppm H2 gas at 300 ◦C. (b) Calculated hydrogen response as a function of hydrogen concentration.
(c) Calculated hydrogen response as a function of SnO2 loading amount.
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The corresponding sensing transient curves at 300 ◦C were compared with that of hydrogen gas
in Figure 7a. It should be noted that due to the oxidizing nature of NO2 gas, upon injection of NO2 gas,
the resistance of the gas sensor increased, which was in contrast with the trend observed for reducing
gases such as H2 and CO gases. Figure 7b shows the selectivity pattern of the 0.1 SnO2-loaded ZnO
NFs gas sensor to H2, NO2 and CO gases. The response of the gas sensor to 50 ppb H2, NO2 and CO
gases was 50, 2.62 and 1.57, respectively, which demonstrated the exceptionally high response of gas
sensor to hydrogen gas.
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Table 1 [44–54] compares the response of some ZnO-based and SnO2-based gas sensors to
hydrogen gas with the present 0.1 SnO2-loaded ZnO NFs gas sensor. Based on the data provided
in this table, the present sensor had a much higher response to hydrogen gas than other reported
hydrogen gas sensors and easily could detect ppb-levels of hydrogen gas.

Table 1. Comparison between hydrogen gas sensing properties of the 0.1 SnO2-loaded ZnO NFs gas
sensor with other ZnO-based or SnO2-based gas sensors reported in the literature.

Sensor Conc. (ppm) T (◦C) Response Ref.

0.1 SnO2 loaded ZnO NFs 0.05 300 50.1 a Present work

WO3-ZnO 2000 200 13 a [44]

SnO2 NFs 1000 150 2.4 a [45]

ZnO Nanorods 100 340 5 a [46]

ZnO Nanorods 1000 250 11 a [47]

Mg doped ZnO thin films 5000 300 50 a [48]

Porous ZnO nanotubes 5000 200 8 a [49]

Ni-doped ZnO 10,000 150 43.4% b [50]

Pd-SnO2 composite microspheres 100 200 16.7 a [51]

Pd-SnO2 NFs 100 280 8.2 a [52]

Al-doped SnO2 NFs 100 340 7.7 a [53]

SnO2 nanosheets/carbon NFs 100 200 16.3 a [54]

Note: a = (Ra/Rg), b = (∆R/Ra).

In real applications, there is always some humidity in the environment. Accordingly, we tested
the response of the 0.1 SnO2-loaded ZnO NFs gas sensor to 5 ppm H2 gas in the presence of different
levels of relative humidity (RH%) as shown in Figure 8a. As summarized in Figure 8b, with increasing
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of the RH%, the response decreases continuously. This was due to the fact that water molecules are
likely to be adsorbed on the surfaces of the NFs and thus prevent the chemisorption of target gas
species. Therefore, the number of the available sites for adsorption of H2 gas decreased, leading to a
lower response of gas sensor in the presence of humidity.
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Figure 9a,b shows the transient resistance curves and the calibration plots of a fresh and a six
months aged 0.1 SnO2-loaded ZnO NFs sensor towards 50 ppb to 5 ppm of H2 gas, respectively. As can
be seen, almost no drift was observed and the response of gas sensor, even after six months, was not
changed. This demonstrated its high stability over time, which is important for long-term applications.
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To explore the experimental detection limit of the 0.1 SnO2-loaded ZnO NFs gas sensor, it was
exposed to various concentrations (20 ppb to 100 ppm) of H2 gas and the corresponding dynamic
resistance curves are displayed in Figure 10a. The response is summarized in Figure 10b. As evidently
shown, the sensor could even detect extremely low concentrations (20 ppb) of H2 gas. Also, the
response of the gas sensor to 50 ppm and 100 ppm H2 gas were almost the same, which indicated
saturation of gas sensor in this concentration was attained.
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3.3. Sensing Mechanism

The sensing mechanism for resistive-based gas sensors is based on the variations of sensor’s
resistance in the presence of target gases. Initially, in air, oxygen molecules will be adsorbed on the
surface of gas sensor according to the following reactions [55]:

O2(g)→ O2(ads) (1)

O2 + e− → O−2 (ads) (2)

O−2 (ads) + e− → 2O−(ads) (3)

O−(ads) + e− → O2−(ads) (4)

Due to adsorption of oxygen gas on the surface of gas sensor, electrons are extracted by adsorbed
oxygen molecules and an ultra-thin, so-called electron-depletion layer (EDL), is formed on the surfaces
of gas sensor. Therefore, for the SnO2-loaded ZnO gas sensors used in this study, EDLs will be formed
on the bare surfaces of ZnO and SnO2, which are exposed to air. Upon injection of hydrogen gas,
hydrogen can react with already adsorbed oxygen gas according to the following reaction:

H2 + O− → H2O + e (5)
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Thus, the generated electrons will come back to the surface of gas sensor and contract the width
of EDLs, resulting in a significant decrease of the sensor’s resistance. Accordingly, a response due to
variation of the width of the EDLs in exposed grains of ZnO and SnO2 will be result. As shown in
Figure 2e, the NFs were composed of individual grains of ZnO and SnO2. Accordingly, in contact areas
between ZnO-ZnO and SnO2-SnO2 homojunctions, potential barriers will be formed. Upon exposure to
hydrogen, the height of the potential barrier will decrease, resulting in the facile transport of electrons
and the decrease of the sensor’s resistance. Schematic illustrations showing the sensing mechanisms in
SnO2-loaded ZnO NFs are presented in Figure 11.
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Therefore, the second source of the resistance change was due to the presence of homojunctions.
It should be noted that due to much higher amounts of ZnO relative to SnO2, the number of
ZnO-ZnO homojunctions were significantly larger than that of the SnO2-SnO2 homojunctions.
Another source of the resistance modulation came from the heterojunctions between ZnO and SnO2

grains. In SnO2-loaded ZnO NFs gas sensors, due to difference between the work functions of ZnO
(Φ = 5.2 eV) [56] and SnO2 (Φ = 4.55 eV) [57], n-n heterojunctions could be formed in air. Accordingly,
in intimate contact between ZnO and SnO2, electrons would be transferred from SnO2 to ZnO to
equate the Fermi levels. Therefore, at the SnO2-ZnO heterointerfaces, electron accumulation layers
and EDLs will be generated on the ZnO and SnO2 sides, respectively. As a result, band bending
occurs and potential barriers will be formed in the interfaces between ZnO and SnO2, as shown in
Figure 11a for a vacuum condition. In air, the height of the potential barrier increases relative to a
vacuum, due to adsorption of oxygen gas (Figure 11b). In NO2 (oxidizing gas) and CO (reducing gas)
environments, the height of potential barriers will increase and decrease, respectively (Figure 11c,d).
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However, in both cases the variations of the resistance modulations are not so significant and a low
response would appear.

After injection of hydrogen gas, due to the high reducing power of hydrogen gas and a relatively
high sensing temperature, the H2 gas could reduce the surface of ZnO to metallic Zn with much lower
resistivity than ZnO [48,49]. Without metallization effect, the variation of the potential barrier by the
introduction of H2 gas would be almost similar to that of CO gas. Accordingly, upon exposure to H2

gas, ZnO would be converted to metallic Zn on the outer surfaces (Figure 11e) [43]. Accordingly, the
ZnO-SnO2 heterojunctions were destroyed and electrons would be transferred from the metallic Zn
(Φ = 4.33 eV) surface to ZnO. This semiconductor-to-metallic surface conversion in ZnO remarkably
increased the modulation of resistance [58]. Upon injection of air, metallic Zn was converted back to
ZnO, and its band structure would be recovered.

The gas sensor with optimal composition of 0.1 SnO2-loaded ZnO exhibited the highest response
to hydrogen gas. In fact, when the amount of SnO2 increased, the number of SnO2-ZnO heterojunctions
increased, so a higher response was observed. However, further increases in the amount of SnO2

resulted in a decreased response of the gas sensor, due to possible agglomeration of SnO2 grains
and increase of SnO2-SnO2 homojunctions instead of SnO2-ZnO heterojunctions. Further studies are
needed to find the possible reasons for the decrease of sensing response at higher amounts of SnO2.

Overall the excellent selectivity of the optimized gas sensor could be attributed to (i) the
metallization effect of ZnO in the presence of hydrogen gas, (ii) the smaller kinetic diameter (2.89 Å) [59]
of H2 molecules relative to CO and NO2 molecules, and (iii) the optimal sensing temperature for
enhanced adsorption and reaction of H2 with ZnO. In addition, the bond energy in H2 (436.0 KJ/mol)
was much lower than that of CO (1076.5 KJ/mol) [60] and H2 has higher reactivity compared with CO,
leading to higher response of the gas sensor to hydrogen gas, relative to CO gas. Other researchers
have also reported a higher response of SnO2-ZnO gas sensors to hydrogen, relative to CO gas [56].

4. Conclusions

In brief, we synthesized xSnO2-loaded (x = 0.05, 0.1 and 0.15) ZnO NFs by a facile and low-cost
electrospinning method, followed by high temperature calcination. FE-SEM and TEM characterization
results demonstrated the formation of highly crystalline NFs with an approximate diameter of 100 nm
with a desired chemical composition. The optimized gas sensor with composition of 0.1 SnO2-loaded
ZnO NFs revealed the highest hydrogen response at an optimal temperature of 300 ◦C. The optimal
gas sensor not only showed a high response to low concentrations of hydrogen gas, but also it showed
an excellent selectivity to hydrogen gas. The gas sensing mechanism was related to the formation of
SnO2-ZnO heterojunctions and the metallization effect of ZnO. The realized gas sensor in this study was
able to detect ppb-levels of hydrogen in the atmosphere and could be used for practical applications.

Author Contributions: S.S.K. conceived and designed the experiments and completed the paper; J.-H.L., J.-Y.K.
and J.-H.K. performed the experiments and analyzed the data.

Funding: This research received no external funding.

Acknowledgments: This study was supported by Inha University.

Conflicts of Interest: The authors declare no conflict of interest and the founding sponsors had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in
the decision to publish the results.

References

1. Kamal, T. High performance NiO decorated graphene as a potential H2 gas sensor. J. Alloys Compd. 2017,
729, 1058–1063. [CrossRef]

2. Mourya, S.; Kumar, A.; Jaiswal, J.; Malik, G.; Kumar, B.; Chandra, R. Development of Pd-Pt functionalized
high performance H2 gas sensor based on silicon carbide coated porous silicon for extreme environment
applications. Sens. Actuators B 2019, 283, 373–383. [CrossRef]

http://dx.doi.org/10.1016/j.jallcom.2017.09.124
http://dx.doi.org/10.1016/j.snb.2018.12.042


Sensors 2019, 19, 726 12 of 14

3. Samerjai, T.; Tamaekong, N.; Liewhiran, C.; Wisitsoraat, A.; Tuantranont, A.; Phanichphant, S. Selectivity
towards H2 gas by flame-made Pt-loaded WO3 sensing films. Sens. Actuators B 2011, 157, 290–297. [CrossRef]

4. Kumar, M.K.; Ramaprabhu, S. Palladium dispersed multiwalled carbon nanotube based hydrogen sensor
for fuel cell applications. Int. J. Hydrogen Energy 2007, 32, 2518–2526.

5. Yang, L.; Yin, C.; Zhang, Z.; Zhou, J.; Xu, H. The investigation of hydrogen gas sensing properties of SAW
gas sensor based on palladium surface modified SnO2 thin film. Mater. Sci. Semicond. Process. 2017, 60, 16–28.
[CrossRef]

6. Zhang, Y.; Peng, H.; Qian, X.; Zhang, Y.; An, G.; Zhao, Y. Recent advancements in optical fiber hydrogen
sensors. Sens. Actuators B 2017, 244, 393–416. [CrossRef]

7. Chen, M.; Zou, L.; Zhang, Z.; Shen, J.; Li, D.; Zong, Q.; Gao, G.; Wu, G.; Shen, J.; Zhang, Z. Tandem
gasochromic-Pd-WO3/graphene/Si device for room-temperature high-performance optoelectronic hydrogen
sensors. Carbon 2018, 130, 281–287. [CrossRef]

8. Sawaguchi, N.; Shin, W.; Izu, N.; Matsubara, I.; Murayama, N. Enhanced hydrogen selectivity of
thermoelectric gas sensor by modification of platinum catalyst surface. Mater. Lett. 2006, 60, 313–316.
[CrossRef]

9. Steinebach, H.; Kannan, S.; Rieth, L.; Solzbacher, F. H2 gas sensor performance of NiO at high temperatures
in gas mixtures. Sens. Actuators B 2010, 151, 162–168. [CrossRef]

10. Mirzaei, A.; Kim, J.-H.; Kim, H.W.; Kim, S.S. How shell thickness can affect the gas sensing properties of
nanostructured materials: Survey of literature. Sens. Actuators B 2018, 258, 270–294. [CrossRef]

11. Mirzaei, A.; Kim, S.S.; Kim, H.W. Resistance-based H2S gas sensors using metal oxide nanostructures:
A review of recent advances. J. Hazard. Mater. 2018, 357, 314–331. [CrossRef] [PubMed]

12. Mirzaei, A.; Kim, J.-H.; Kim, H.W.; Kim, S.S. Resistive-based gas sensors for detection of benzene toluene
and xylene (BTX) gases: A review. J. Mater. Chem. C 2018, 6, 4342–4370. [CrossRef]

13. Van Toan, N.; Chien, N.V.; Van Duy, N.; Hong, H.S.; Nguyen, H.; Hoa, N.D.; Van Hieu, N. Fabrication of
highly sensitive and selective H2 gas sensor based on SnO2 thin film sensitized with microsized Pd islands.
J. Hazard. Mater. 2016, 301, 433–442. [CrossRef] [PubMed]

14. Falsafi, F.; Hashemi, B.; Mirzaei, A.; Fazio, E.; Neri, F.; Donato, N.; Leonardi, S.G.; Neri, G. Sm-doped cobalt
ferrite nanoparticles: A novel sensing material for conductometric hydrogen leak sensor. Ceram. Int. 2017,
43, 1029–1037. [CrossRef]

15. Zhu, L.; Zeng, W. Room-temperature gas sensing of ZnO-based gas sensor: A review. Sens. Actuators A 2017,
267, 242–261. [CrossRef]

16. Kim, H.; Pak, Y.; Jeong, Y.; Kim, W.; Kim, J.; Jung, G.Y. Amorphous Pd-assisted H2 detection of ZnO nanorod
gas sensor with enhanced sensitivity and stability. Sens. Actuators B 2018, 262, 460–468. [CrossRef]

17. Tuscharoen, S.; Kulakeatmongkol, N.; Horprathum, M.; Aiampanakit, K.; Eiamchai, P.; Pattantsetakul, V.;
Limwichean, S.; Chananonnawathorn, C.; Hendro; Kaewkhao, J. Low-temperature hydrothermal synthesis
single-crystal ZnO nanowire for gas sensor application. Mater. Today Proc. 2018, 5, 15213–15217. [CrossRef]

18. Abideen, Z.U.; Kim, J.-H.; Mirzaei, A.; Kim, H.W.; Kim, S.S. Sensing behavior to ppm-level gases and
synergistic sensing mechanism in metal-functionalized rGO-loaded ZnO nanofibers. Sens. Actuators B 2018,
255, 1884–1896. [CrossRef]

19. Zahmatkesh, S.; Zebarjad, S.M.; Bahrololoom, M.E.; Dabiri, E.; Arab, S.M. Synthesis of ZnO/In2O3 composite
nanofibers by co-electrospinning: A comprehensive parametric investigating the process. Ceram. Int. 2019,
45, 2530–2541. [CrossRef]

20. Liu, L.; Liu, Z.; Yang, Y.; Geng, M.; Zou, Y.; Shahzad, M.B.; Dai, Y.; Qi, Y. Photocatalytic properties of
Fe-doped ZnO electrospun nanofibers. Ceram. Int. 2018, 44, 19998–20005. [CrossRef]

21. Abideen, Z.U.; Kim, J.-H.; Lee, J.-H.; Kim, J.-Y.; Mirzaei, A.; Kim, H.-W.; Kim, S.S. Electrospun metal oxide
composite nanofibers gas sensors: A review. J. Korean Ceram. Soc. 2017, 54, 366–379. [CrossRef]

22. Boyadjiev, S.I.; Kéri, O.; Bárdos, P.; Firkala, T.; Gáber, F.; Nagy, Z.K.; Baji, Z.; Takács, M.; Szilágyi, I.M.
TiO2/ZnO and ZnO/TiO2 core/shell nanofibers prepared by electrospinning and atomic layer deposition
for photocatalysis and gas sensing. Appl. Surf. Sci. 2017, 424, 190–197. [CrossRef]

23. Katoch, A.; Abideen, Z.U.; Kim, J.-H.; Kim, S.S. Influence of hollowness variation on the gas-sensing
properties of ZnO hollow nanofibers. Sens. Actuators B 2016, 232, 698–704. [CrossRef]

24. Cao, F.; Li, C.; Li, M.; Li, H.; Huang, X.; Yang, B. Direct growth of Al-doped ZnO ultrathin nanosheets on
electrode for ethanol gas sensor application. Appl. Surf. Sci. 2018, 447, 173–181. [CrossRef]

http://dx.doi.org/10.1016/j.snb.2011.03.065
http://dx.doi.org/10.1016/j.mssp.2016.11.042
http://dx.doi.org/10.1016/j.snb.2017.01.004
http://dx.doi.org/10.1016/j.carbon.2018.01.013
http://dx.doi.org/10.1016/j.matlet.2004.05.092
http://dx.doi.org/10.1016/j.snb.2010.09.027
http://dx.doi.org/10.1016/j.snb.2017.11.066
http://dx.doi.org/10.1016/j.jhazmat.2018.06.015
http://www.ncbi.nlm.nih.gov/pubmed/29902726
http://dx.doi.org/10.1039/C8TC00245B
http://dx.doi.org/10.1016/j.jhazmat.2015.09.013
http://www.ncbi.nlm.nih.gov/pubmed/26410272
http://dx.doi.org/10.1016/j.ceramint.2016.10.035
http://dx.doi.org/10.1016/j.sna.2017.10.021
http://dx.doi.org/10.1016/j.snb.2018.02.025
http://dx.doi.org/10.1016/j.matpr.2018.04.085
http://dx.doi.org/10.1016/j.snb.2017.08.210
http://dx.doi.org/10.1016/j.ceramint.2018.10.184
http://dx.doi.org/10.1016/j.ceramint.2018.07.268
http://dx.doi.org/10.4191/kcers.2017.54.5.12
http://dx.doi.org/10.1016/j.apsusc.2017.03.030
http://dx.doi.org/10.1016/j.snb.2016.04.013
http://dx.doi.org/10.1016/j.apsusc.2018.03.217


Sensors 2019, 19, 726 13 of 14

25. Hastir, A.; Kohli, N.; Singh, R.C. Ag doped ZnO nanowires as highly sensitive ethanol gas sensor. Mater. Today
Proc. 2017, 4, 9476–9480. [CrossRef]

26. Hsu, C.-L.; Jhang, B.-Y.; Kao, C.; Hsueh, T.-J. UV-illumination and Au-nanoparticles enhanced gas sensing
of p-type Na-doped ZnO nanowires operating at room temperature. Sens. Actuators B 2018, 274, 565–574.
[CrossRef]

27. Zhang, Y.; Liu, Y.; Zhou, L.; Liu, D.; Liu, F.; Liu, F.; Liang, X.; Yan, X.; Gao, Y.; Lu, G. The role of Ce doping in
enhancing sensing performance of ZnO-based gas sensor by adjusting the proportion of oxygen species.
Sens. Actuators B 2018, 273, 991–998. [CrossRef]

28. Kudo, M.; Kosaka, T.; Takahashi, Y.; Kokusen, H.; Sotani, N.; Hasegawa, S. Sensing functions to NO and O2

of Nb2O5- or Ta2O5-loaded TiO2 and ZnO. Sens. Actuators B 2000, 69, 10–15. [CrossRef]
29. Diao, K.; Xiao, J.; Zheng, Z.; Cui, X. Enhanced sensing performance and mechanism of CuO

nanoparticle-loaded ZnO nanowires: Comparison with ZnO-CuO core-shell nanowires. Appl. Surf. Sci. 2018,
459, 630–638. [CrossRef]

30. Kim, J.-H.; Lee, J.-H.; Mirzaei, A.; Kim, H.W.; Kim, S.S. SnO2 (n)-NiO (p) composite nanowebs: Gas sensing
properties and sensing mechanisms. Sens. Actuators B 2018, 258, 204–214. [CrossRef]

31. Han, C.; Li, X.; Shao, C.; Li, X.; Ma, J.; Zhang, X.; Liu, Y. Composition-controllable p-CuO/n-ZnO hollow
nanofibers for highperformance H2S detection. Sens. Actuators B 2019, 285, 495–503. [CrossRef]

32. Chen, Y.; Zhang, X.; Liu, Z.; Zeng, Z.; Zhao, H.; Wang, X.; Xu, J. Light enhanced room temperature
resistive NO2 sensor based on a gold-loaded organic–inorganic hybrid perovskite incorporating tin dioxide.
Microchim. Acta 2019, 186, 47. [CrossRef]

33. Kaviyarasu, K.; Mola, G.T.; Oseni, S.O.; Kanimozhi, K.; Magdalane, C.M.; Kennedy, J.; Maaza, M. ZnO doped
single wall carbon nanotube as an active medium for gas sensor and solar absorber. J. Mater. Sci. Mater.
Electron. 2019, 30, 147–158. [CrossRef]

34. Li, Y.; Zhou, X.; Luo, W.; Cheng, X.; Zhu, Y.; El-Toni, A.H.; Khan, A.; Deng, Y.; Zhao, D. Pore engineering of
mesoporous tungsten oxides for ultrasensitive gas sensing. Adv. Mater. Interfaces 2019, 6, 1801269. [CrossRef]

35. Wei, D.; Jiang, W.; Gao, H.; Chuai, X.; Liu, F.; Liu, F.; Sun, P.; Liang, X.; Gao, Y.; Yan, X.; et al. Facile
synthesis of La-doped In2O3 hollow microspheres and enhanced hydrogen sulfide sensing characteristics.
Sens. Actuators B 2018, 276, 413–420. [CrossRef]

36. Mirzaei, A.; Kang, S.Y.; Choi, S.-W.; Kwon, Y.J.; Choi, M.S.; Bang, J.H.; Kim, S.S.; Kim, H.W. Fabrication and
gas sensing properties of vertically aligned Si nanowires. Appl. Surf. Sci. 2018, 427, 215–226. [CrossRef]

37. Bang, J.H.; Choi, M.S.; Mirzaei, A.; Kwon, Y.J.; Kim, S.S.; Kim, T.W.; Kim, H.W. Selective NO2 sensor based
on Bi2O3 branched SnO2 nanowires. Sens. Actuators B 2018, 274, 356–369. [CrossRef]

38. Lee, J.-H.; Kim, J.-Y.; Mirzaei, A.; Kim, H.W.; Kim, S.S. Significant enhancement of hydrogen-sensing
properties of ZnO nanofibers through NiO loading. Nanomaterials 2018, 8, 902. [CrossRef]

39. Wang, Z.; Wang, D.; Sun, J. Controlled synthesis of defect-rich ultrathin two-dimensional WO3 nanosheets
for NO2 gas detection. Sens. Actuators B 2017, 245, 828–834. [CrossRef]

40. Mirzaei, A.; Park, S.; Sun, G.J.; Kheel, H.; Lee, C. Fe2O3/Co3O4 composite nanoparticle ethanol sensor.
J. Korean Phys. Soc. 2016, 69, 373–380. [CrossRef]

41. Li, X.; Li, X.; Fan, L.; Yu, Z.; Yan, B.; Xiong, D.; Song, X.; Li, S.; Adair, K.R.; Li, D.; et al. Rational design of
Sn/SnO2/porous carbon nanocomposites as anode materials for sodium-ion batteries. Appl. Surf. Sci. 2017,
412, 170–176. [CrossRef]

42. Fang, J.; Fan, H.; Ma, Y.; Wang, Z.; Chang, Q. Surface defects control for ZnO nanorods synthesized by
quenching and their anti-recombination in photocatalysis. Appl. Surf. Sci. 2015, 332, 47–54. [CrossRef]

43. Katoch, A.; Choi, S.-W.; Kim, H.W.; Kim, S.S. Highly sensitive and selective H2 sensing by ZnO nanofibers
and the underlying sensing mechanism. J. Hazard. Mater. 2015, 286, 229–235. [CrossRef] [PubMed]

44. Park, S. Enhancement of hydrogen sensing response of ZnO nanowires for the decoration of WO3

nanoparticles. Mater. Lett. 2019, 234, 315–318. [CrossRef]
45. Ab Kadir, R.; Li, Z.; Sadek, A.Z.; Abdul Rani, R.; Zoolfakar, A.S.; Field, M.R.; Ou, J.Z.; Chrimes, A.F.;

Kalantar-zadeh, K. Electrospun granular hollow SnO2 nanofibers hydrogen gas sensors operating at low
temperatures. J. Phys. Chem. C 2014, 118, 3129–3139. [CrossRef]

46. Sun, Z.-P.; Liu, L.; Zhang, L.; Jia, D.-Z. Rapid synthesis of ZnO nano-rods by one-step, room-temperature,
solid-state reaction and their gas-sensing properties. Nanotechnology 2006, 17, 2266. [CrossRef]

http://dx.doi.org/10.1016/j.matpr.2017.06.207
http://dx.doi.org/10.1016/j.snb.2018.08.016
http://dx.doi.org/10.1016/j.snb.2018.05.167
http://dx.doi.org/10.1016/S0925-4005(00)00335-X
http://dx.doi.org/10.1016/j.apsusc.2018.07.112
http://dx.doi.org/10.1016/j.snb.2017.11.063
http://dx.doi.org/10.1016/j.snb.2019.01.077
http://dx.doi.org/10.1007/s00604-018-3155-1
http://dx.doi.org/10.1007/s10854-018-0276-6
http://dx.doi.org/10.1002/admi.201801269
http://dx.doi.org/10.1016/j.snb.2018.08.130
http://dx.doi.org/10.1016/j.apsusc.2017.08.182
http://dx.doi.org/10.1016/j.snb.2018.07.158
http://dx.doi.org/10.3390/nano8110902
http://dx.doi.org/10.1016/j.snb.2017.02.038
http://dx.doi.org/10.3938/jkps.69.373
http://dx.doi.org/10.1016/j.apsusc.2017.03.203
http://dx.doi.org/10.1016/j.apsusc.2015.01.139
http://dx.doi.org/10.1016/j.jhazmat.2014.12.007
http://www.ncbi.nlm.nih.gov/pubmed/25590816
http://dx.doi.org/10.1016/j.matlet.2018.09.129
http://dx.doi.org/10.1021/jp411552z
http://dx.doi.org/10.1088/0957-4484/17/9/032


Sensors 2019, 19, 726 14 of 14

47. Wang, J.X.; Sun, X.W.; Yang, Y.; Huang, H.; Lee, Y.C.; Tan, O.K.; Vayssieres, L. Hydrothermally grown
oriented ZnO nanorod arrays for gas sensing applications. Nanotechnology 2006, 17, 4995. [CrossRef]

48. Liu, Y.; Hang, T.; Xie, Y.; Bao, Z.; Song, J.; Zhang, H.; Xie, E. Effect of Mg doping on the hydrogen-sensing
characteristics of ZnO thin films. Sens. Actuators B 2011, 160, 266–270. [CrossRef]

49. Choi, K.-S.; Chang, S.-P. Effect of structure morphologies on hydrogen gas sensing by ZnO nanotubes.
Mater. Lett. 2018, 230, 48–52. [CrossRef]

50. Bhati, V.S.; Ranwa, S.; Fanetti, M.; Valant, M.; Kumar, M. Efficient hydrogen sensor based on Ni-doped ZnO
nanostructures by RF sputtering. Sens. Actuators B 2018, 255, 588–597. [CrossRef]

51. Li, Y.; Deng, D.; Chen, N.; Xing, X.; Liu, X.; Xiao, X.; Wang, Y. Pd nanoparticles composited SnO2 microspheres
as sensing materials for gas sensors with enhanced hydrogen response performances. J. Alloys Compd. 2017,
710, 216–224. [CrossRef]

52. Zhang, H.; Li, Z.; Liu, L.; Xu, X.; Wang, Z.; Wang, W.; Zheng, W.; Dong, B.; Wang, C. Enhancement
of hydrogen monitoring properties based on Pd–SnO2 composite nanofibers. Sens. Actuators B 2010,
147, 111–115. [CrossRef]

53. Xu, X.; Sun, J.; Zhang, H.; Wang, Z.; Dong, B.; Jiang, T.; Wang, W.; Li, Z.; Wang, C. Effects of Al doping on
SnO2 nanofibers in hydrogen sensor. Sens. Actuators B 2011, 160, 858–863. [CrossRef]

54. Wang, Z.; Liu, S.; Jiang, T.; Xu, X.; Zhang, J.; An, C.; Wang, C. N-type SnO2 nanosheets standing on
p-type carbon nanofibers: A novel hierarchical nanostructures based hydrogen sensor. RSC Adv. 2015,
5, 64582–64587. [CrossRef]

55. Yang, X.; Li, H.; Li, T.; Li, Z.; Wu, W.; Zhou, C.; Sun, P.; Liu, F.; Yan, X.; Gao, Y.; et al. Highly efficient ethanol
gas sensor based on hierarchical SnO2/Zn2SnO4 porous spheres. Sens. Actuators B 2019, 282, 339–346.
[CrossRef]

56. Mondal, B.; Basumatari, B.; Das, J.; Roychaudhury, C.; Saha, H.; Mukherjee, N. ZnO–SnO2 based composite
type gas sensor for selective hydrogen sensing. Sens. Actuators B 2014, 194, 389–396. [CrossRef]

57. Katoch, A.; Abideen, Z.U.; Kim, H.W.; Kim, S.S. Grain size tuned highly H2-selective chemiresistive sensors
based on ZnO–SnO2 composite nanofibers. ACS Appl. Mater. Interfaces 2016, 8, 2486–2494. [CrossRef]

58. Katoch, A.; Kim, J.-H.; Kwon, Y.J.; Kim, H.W.; Kim, S.S. Bifunctional sensing mechanism of SnO2–ZnO
composite nanofibers for drastically enhancing the sensing behavior in H2 gas. ACS Appl. Mater. Interfaces
2015, 7, 11351–11358. [CrossRef]

59. Drobek, M.; Kim, J.-H.; Bechelany, M.; Vallicari, C.; Julbe, A.; Kim, S.S. MOF-based membrane encapsulated
ZnO nanowires for enhanced gas sensor selectivity. ACS Appl. Mater. Interfaces 2016, 8, 8323–8328. [CrossRef]

60. Shi, J.; Cheng, Z.; Gao, L.; Zhang, Y.; Xu, J.; Zhao, H. Facile synthesis of reduced graphene oxide/hexagonal
WO3 nanosheets composites with enhanced H2S sensing properties. Sens. Actuators B 2016, 230, 736–745.
[CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1088/0957-4484/17/19/037
http://dx.doi.org/10.1016/j.snb.2011.07.046
http://dx.doi.org/10.1016/j.matlet.2018.07.031
http://dx.doi.org/10.1016/j.snb.2017.08.106
http://dx.doi.org/10.1016/j.jallcom.2017.03.274
http://dx.doi.org/10.1016/j.snb.2010.01.056
http://dx.doi.org/10.1016/j.snb.2011.08.072
http://dx.doi.org/10.1039/C5RA08863A
http://dx.doi.org/10.1016/j.snb.2018.11.070
http://dx.doi.org/10.1016/j.snb.2013.12.093
http://dx.doi.org/10.1021/acsami.5b08416
http://dx.doi.org/10.1021/acsami.5b01817
http://dx.doi.org/10.1021/acsami.5b12062
http://dx.doi.org/10.1016/j.snb.2016.02.134
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Procedure 
	Synthesis of SnO2-Loaded ZnO NFs 
	Device for Material Characterization 
	Gas Sensing Test 

	Results and Discussion 
	Morphological and Microstructural Study 
	Gas Sensing Study 
	Sensing Mechanism 

	Conclusions 
	References

