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In the present study, ZnO nanoﬁbers (NFs) were synthesized by the simple electrospinning technique for gas
sensing studies. ZnO NFs were irradiated with a high-energy (1 MeV) electron beam (e-beam) at diﬀerent doses
(50, 100, and 150 kGy) to study the eﬀect of the e-beam dose on the sensing performance of the synthesized ZnO
NFs. H2 sensing studies showed that the sensing properties of the unirradiated and 50 kGy-irradiated sensors
were similar, which indicates that this e-beam dose was insuﬃcient. However, the sensing characteristics improved with an increase in the irradiation dose to 100 and 150 kGy. The response of the optimal sensor (150kGy-irradiated) to 10 ppm H2 was much higher than that to other (interfering) gases (e.g., C2H5OH, C6H6, C7H8,
and CO). The observed high gas response of the 150 kGy-irradiated sensor was attributed to its high surface area
resulting from the one-dimensional nature of the ZnO NFs, the grain size of ZnO, and the formation of surface
defects by e-beam irradiation. The high selectivity of the ZnO NFs toward H2 gas was related mainly to the
metallization of ZnO and the concentration gradient of carfbon across the NF surfaces. Overall, the ﬁndings
demonstrate the eﬀectiveness of high-energy irradiation in enhancing the sensing performance of ZnO NFs. We
believe that this approach can be extended to other metal oxides for the enhancement of sensing performance.

1. Introduction
In recent years, hydrogen (H2) gas has attracted much attention as a
green, renewable, highly eﬃcient, and sustainable source of energy [1].
It is well known that H2 constitutes roughly 75% of the mass of the
universe, and upon combustion, it produces only H2O, which is a nonpolluting vapor [2]. H2 is thus a promising alternative to fossil fuels
because it can overcome numerous environmental and energy shortage
problems [3], and it is currently used in various industrial processes
[4,5]. However, despite its numerous advantages, H2 is extremely
dangerous; it is ﬂammable at a wide range of concentrations (4%–75%)
and has an auto-ignition temperature of 250–400 °C. Furthermore, it
has a small atomic size with a high diﬀusion rate, and because it is
odorless and colorless, it is undetectable by the human nose [6–8].
Accordingly, the detection of H2 leaks during the storage and utilization
of H2 gas is extremely important from a safety standpoint.
High-performance sensors are required for detecting H2 and

minimizing explosion risk. In recent years, various H2 gas sensors, including those based on metals [9], semiconducting metal oxides [10],
optical ﬁbers [11], surface acoustic waves [12], conducting polymers
[13], and Schottky diodes [14,15], have been reported. Among these
gas sensors, metal-oxide-based gas sensors have unique advantages
such as high sensitivity, small size, online response, simple design,
rapid response time, high stability, and low cost; thus, they are usually
the ﬁrst choice for sensing of H2 and other toxic gases [16].
Most H2 gas sensors based on metal oxides utilize Pd as a sensing
material [17–19], because of the high H2 sensitivity of Pd and its high
catalytic activity for H2 sensing. The main mechanism of H2 gas sensing
by Pd is the adsorption of H2 on Pd, subsequent formation of PdHx, and
remarkable modulation of the resistance of the gas sensor [20].
Nevertheless, Pd is relatively expensive, and it can be poisoned when
exposed to diﬀerent atmospheres [21]. Therefore, alternative methods
need to be explored for enhancing the H2 sensing performance of this
type of gas sensor.
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e-beam irradiation.

A promising post-treatment approach is the application of highenergy irradiation, e.g., ion-beam irradiation [22,23], laser irradiation
[24], γ-ray irradiation [25], electron-beam (e-beam) irradiation [26],
or even UV light irradiation [27]. This approach is promising mainly
because it modiﬁes the physicochemical characteristics of the sensing
material. Whenever the beam interacts with the material, it can induce
changes in the molecular and structural characteristics of the material,
such as ionization, and the formation of diﬀerent types of defects, such
as interstitial atoms and vacancies. Therefore, the irradiation alters the
structure of the sensing material and can consequently alter its sensing
capacity [28]. Among the various irradiation techniques listed above, ebeam irradiation is gaining popularity because of the ease of its manipulation and its applicability at room temperature, wherein the degree of modiﬁcation depends on the radiation energy, radiation dose,
and material characteristics [29].
However, little research has focused on a systematic investigation of
the eﬀect of the e-beam irradiation dose on the sensing performance of
metal–oxide–semiconductor sensors. Within this context and with the
aim of studying the eﬀect of the e-beam dose on the sensing performance, we selected ZnO as the sensing material in this study, because it
is a versatile semiconductor that exhibits n-type semiconducting behavior and has a high intrinsic gas response [30]. In particular, ZnObased gas sensors are interesting for H2 sensing. For example, Katoch
et al. reported the enhanced H2 sensing performance of SnO2-ZnO nanocomposites [31,32]. Similarly, Mondal et al. reported a H2-selective
SnO2-ZnO nanocomposite [33]. Fan et al. demonstrated the high H2
sensitivity of Zn2SnO4-ZnO composites [34]. Zhao et al. reported Pddecorated ZnO for H2 sensing at room temperature [35], and Devi et al.
demonstrated the promising use of Nb2O5-ZnO nanocomposites as H2
sensors [1]. In our previous studies on ZnO nanoﬁbers (NFs), we found
that they exhibited extremely high sensitivity to H2 gas, presumably
because of the metallization of ZnO [36]. In the present study, we applied e-beam irradiation to further enhance the H2 sensing performance
of ZnO NFs.
Among the diﬀerent morphologies of ZnO, we selected the NF
morphology for this study. NFs are one-dimensional (1D) nanostructures that contain numerous nanograins and have a high surface
area [37]. As a result, large amounts of tested gas can easily diﬀuse
along the grain boundaries (potential barriers), which will result in an
improvement in the gas sensing performance. Another advantage of NFs
is their facile synthesis by the electrospinning technique. In this simple
and cost-eﬀective technique, it is possible to control the processing
parameters to obtain diﬀerent morphologies, diameters, and aspect
ratios with the ultimate aim of synthesizing NFs for sensing applications
[38].
Even though a few studies have examined the eﬀects of e-beam irradiation on the structural and other properties of ZnO [39,40], to the
best of our knowledge, the eﬀects of the e-beam irradiation dose on the
H2 sensing ability of pristine ZnO NFs have not yet been reported.
Therefore, the present study investigates the eﬀect of the e-beam dose
on the H2 sensitivity of ZnO NFs synthesized by electrospinning. This
paper presents the synthesis technique, morphological and chemical
characteristics, electrical behavior, and H2 sensing performance of
unirradiated and e-beam-irradiated ZnO NF sensors. The obtained
ﬁndings demonstrate that the irradiation process plays an eﬀective role
in enhancing the H2 sensing performance of ZnO NFs by forming
structural defects, which are promising adsorption sites for H2 gas. The
ﬁndings of the present study are anticipated to be useful for studying
the applicability of e-beam irradiation to the enhancement of the sensing performance of other sensing materials.

2.1. Preparation of viscous ZnO solution for electrospinning
Zinc acetate [Zn((CH3CO2)2)] and polyvinyl acetate (PVA, MW
80,000) were purchased from Sigma Aldrich to prepare a ZnO solution
for the electrospinning process. First, an aqueous solution of PVA was
prepared by dissolving 10 wt% PVA in distilled water. Then, an aqueous
solution of Zn((CH3CO2)2) was prepared. After stirring of the zinc
acetate solution at 70 °C for 4 h, it was added to the PVA solution. The
resulting solution was stirred at 70 °C for 6 h, which yielded a viscous
solution.
2.2. Electrospinning process
Details of the electrospinning process can be found elsewhere [41].
The viscous ZnO solution was loaded into a syringe equipped with a
sharp needle. During the electrospinning process, a positive voltage
( + 15 kV) and a negative voltage (−10 kV) were applied to the needle
and an aluminum collector, respectively, to increase the production
rate. During electrospinning at room temperature, the solution feeding
rate was set to 0.07 ml/h. The as-synthesized NFs were calcined at
600 °C for 2 h to remove the solvent and PVA.
2.3. E-beam irradiation
E-beam irradiation of the synthesized ZnO NFs was performed in an
air atmosphere at room temperature by the use of the ELV-8 electron
accelerator (Korea Atomic Energy Research Institute). An e-beam with
an energy of 1 MeV was employed for irradiating the sensors at doses of
50, 100, and 150 kGy for 18, 36, and 54 s, respectively. The beam
current was set to 1 mA.
2.4. Material characterization
The morphology of the ZnO NFs was studied by ﬁeld-emission
scanning electron microscopy (FE-SEM; Quanta FEG 250, FEI) and
transmission electron microscopy (TEM; JEM-2100F, JEOL), both coupled with energy-dispersive X-ray spectroscopy (EDS). X-ray diﬀraction
(XRD; X’pert MPD PRO, Philips) was used to study the crystallinity of
the ZnO NFs. X-ray photoelectron spectroscopy (XPS) spectra recorded
using an Al Kα monochromatic X-ray source (1486.6 eV) were used to
investigate the chemical states of the synthesized ZnO NFs.
Photoluminescence (PL) measurements were performed at room temperature by the use of a He-Cd laser (λ = 275 nm). The surface area of
the synthesized ZnO NFs was measured by the Brunauer–Emmett–Teller
(BET) method (Micromeritics TriStar, ASAP 2020).
2.5. Gas sensing tests
Fig. 1d shows a schematic illustration of the fabrication procedure
of gas sensors. First, titanium (˜50 nm) and platinum (˜200 nm) electrodes were sputter-deposited in sequence onto the ZnO NFs by means
of a special mask having an interdigital pattern, which had been placed
beforehand on SiO2 (200 nm)-grown Si substrates. Then, the fabricated
ZnO NF gas sensors were placed in a gas chamber and exposed to different reducing gases (H2, CO, C6H6, C7H8, and C2H5OH). Sensing tests
were performed using a gas sensing system at diﬀerent operating
temperatures. The gas concentrations were monitored by varying the
mixing ratio of the target gas to dry air by the use of mass ﬂow controllers. The total ﬂow rate of the gases was set to 500 sccm. Predetermined amounts of tested gases were injected into the gas chamber
while the electrical resistance of the sensor was accurately recorded.
The resistance of the sensor in air (Ra) and that in the presence of the
target gas (Rg) were continuously recorded, and the response of the
sensor was determined as R = Ra/Rg. The response and recovery times

2. Experimental procedure
Fig. 1 schematically shows the various steps in the synthesis of ebeam-irradiated ZnO NFs. The synthesis was performed in three steps:
preparation of a ZnO solution for electrospinning, electrospinning, and
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Fig. 1. Schematics of (a) preparation of viscous Zn2+ solution, (b) electrospinning process, (c) e-beam irradiation process, and (d) sensor fabrication procedure.

uniformly aligned NFs are available, such as the introduction of a small
gap into a charged collector, control of applied voltage, and adjustment
of the needle-to-collector distance [42]. However, we preferred to
synthesize randomly aligned ZnO NFs for sensing applications because
more ZnO-ZnO homojunctions can be formed between the NFs in randomly aligned NFs, which serve as sources of resistance modulation of
the gas sensor.
The results of EDS analysis are shown in Fig. 2e. The EDS spectra
show peaks corresponding to Zn (5.57 wt%), O (35.42 wt%), and Si
(substrate, 59.01 wt%), which indicates the successful deposition of
ZnO on the SiO2 substrate. Since the observed “O peak” can be assigned
to either ZnO and SiO2, the exact composition of the synthesized ZnO
NFs cannot be determined from the EDS spectra.
Fig. S1a and b show XRD patterns of the unirradiated and e-beamirradiated (150 kGy) sensor samples, respectively. The XRD patterns of
both samples show peaks corresponding to crystalline ZnO (JCPDS Card
No. 89-1397). Fig. S1c and d show the full width at half-maximum
(FWHM) values of the (100), (002), and (101) peaks of the unirradiated
and e-beam-irradiated (150 kGy) samples, respectively. The FWHM
values of the (101), (100), and (002) peaks of the unirradiated sample

were calculated as the time taken for the resistance to change by 90%
upon exposure to H2 gas and air, respectively.

3. Results and discussion
3.1. Morphological, structural, and chemical investigations
The morphologies of the synthesized ZnO NFs were analyzed by FESEM; the corresponding FE-SEM images are shown in Fig. 2a–d. Fig. 2a
clearly reveals the presence of numerous ZnO nanograins in the assynthesized (unirradiated) ZnO NFs. The approximate diameter of the
ZnO NFs was 120 nm. The inset of Fig. 2a shows a lower-magniﬁcation
FE-SEM image. Fig. 2b–d show FE-SEM images of ZnO NFs irradiated at
doses of 50, 100, and 150 kGy, respectively, which demonstrate successful synthesis of long and continuous ZnO NFs with a high surface
area. It can be seen from the ﬁgures that the irradiation is unable to
change the morphology of NFs; the morphology of the irradiated ZnO
NFs is almost similar to that of the unirradiated ZnO NFs. The NFs
synthesized by electrospinning are randomly aligned on the substrate,
and their arrangement is not uniform. Strategies for the synthesis of
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Fig. 2. (a) FE-SEM image of unirradiated ZnO; the inset shows a lower-magniﬁcation FE-SEM image. (b)–(d) FE-SEM images of ZnO NFs irradiated at doses of (b) 50
kGy, (c) 100 kGy, and (d) 150 kGy. (e) EDS analysis of unirradiated ZnO NFs.

peaks corresponding to the Zn 2p1/2 and Zn 2p3/2 core levels are in
close agreement with the binding energy of the Zn2+ oxidation state,
which conﬁrms the presence of ZnO in the synthesized NFs [46]. Accordingly, all XPS spectra show peaks corresponding to ZnO. The Si
peaks present in the XPS survey spectra originate from the SiO2 substrate, although the deposited ZnO NF ﬁlms are not that thin. For XPS
measurements, we directly deposited ZnO NFs on the SiO2 substrate;
therefore, the Si peaks were detected from some parts of the substrate
that were not completely covered by the ZnO NFs.
For further analysis of the XPS data, O 1s peaks were deconvoluted
into constituent components by means of a Gaussian function. Fig. 4b–e
show deconvoluted peaks for the unirradiated, 50-kGy-irradiated, 100kGy-irradiated, and 150-kGy-irradiated ZnO NFs, respectively. In all
cases, the O 1s peak included constituent peaks attributable to the Zn-O
(˜530.8 eV), Si-O (˜532.6 eV, from the substrate), and CeO (˜533.4 eV)
bonds. The peak corresponding to the C element originated from the
hydrocarbon in the XPS instrument. The C element comes from the
hydrocarbon from the XPS instrument. Only ZnO imparted sensing
characteristics; therefore, we focused on the Zn-O peak in our analysis.
This peak corresponds to the O2− ions in the crystal structure of ZnO,
and their intensities are proportional to the amount of oxygen in ZnO
[47]. The atomic concentrations of oxygen for the unirradiated, 50kGy-irradiated, 100-kGy-irradiated, and 150-kGy-irradiated sensors
were 23.44%, 16.71%, 12.24%, and 9.52%, respectively. Any change in
the atomic concentration of oxygen in ZnO can be attributed related to
the formation of oxygen defects such as oxygen vacancies. As can be
seen in Fig. 4, the atomic concentration of oxygen decreases with an
increase in the irradiation dose, which suggests an increase in the

are 0.218, 0.207, and 0.212, respectively, whereas those of the (101),
(100), and (002) peaks of the e-beam-irradiated (150 kGy) sample are
0.506, 0.459, and 0.468, respectively. Therefore, it can be concluded
that e-beam irradiation at a dose of 150 kGy generates structural defects, thereby causing the degradation of crystallinity.
TEM studies were conducted to gain deeper insight into the synthesized ZnO NFs. Fig. 3a shows a low-magniﬁcation TEM image of the
synthesized ZnO NFs, which clearly depicts ultraﬁne ZnO grains with a
diameter of ˜5–10 nm. The presence of such ultraﬁne grains with numerous grain boundaries is crucial for enhancement of the gas sensing
performance, since the modulation of the sensor resistance at these sites
greatly increases the response of the fabricated sensor. Fig. 3b shows a
lattice-resolved TEM image of the ZnO NFs. The parallel fringes observed in this micrograph demonstrate the good crystallinity of the
synthesized ZnO NFs. The spacing of 0.25 nm between adjacent fringes
corresponds to the (101) plane of hexagonal ZnO. Fig. 3c shows an EDS
color mapping of the ZnO NFs. Both Zn and O elements are distributed
within over the synthesized ZnO NFs, indicating the formation of ZnO
(Fig. S2 in Supporting Information).
XPS is a highly sensitive technique for surface analysis that provides
additional evidence for the chemical composition of a material. XPS can
detect elements up to a depth of 10 nm. Fig. 4a shows XPS survey
spectra of the ZnO NFs before and after e-beam irradiation (1 MeV) at
diﬀerent doses. In the XPS survey spectra of all the samples, the peaks
located at ˜285.08 and ˜532.08 eV can be assigned to C 1s [43] and O 1s
[44], respectively. Furthermore, the peaks located at ˜1045.08 and
˜1022.08 eV can be assigned to the Zn 2p1/2 and Zn 2p3/2 core levels,
respectively, which are similar to previously reported values [45]. The
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Fig. 3. Results of TEM analyses: (a) TEM image of ZnO NFs, (b) lattice-resolved TEM image, and (c) EDS color mapping.

lower than 350 °C, the sensor does not have suﬃcient energy to eﬀectively adsorb H2 gas onto its surface. In contrast, when the sensing
temperature is higher than the optimal value of 350 °C, the amount of
oxygen chemisorbed on the surface decreases and/or the H2 gas decomposes before it can react with the adsorbed oxygen gas [48]. Furthermore, metallic Zn is likely to transform into a liquid phase at
400 °C, thus deactivating the sensing behavior of ZnO. Although the
melting point of Zn is 419.5 °C, its melting point is suppressed below
400 °C because of the nanoscale morphology of the ZnO NFs [49].
Consequently, the gas response was found to be highest at 350 °C, and
therefore, subsequent sensing experiments were performed at this
temperature.
Fig. 7a shows normalized dynamic resistance curves of the e-beamirradiated gas sensors. All the sensors exhibited n-type semiconducting
behavior, which suggests that there was no change in the electrical
behavior of ZnO after irradiation. Furthermore, all the sensors showed
reversible responses, since the resistance returned to the value in air
when the supply of H2 gas was stopped. As can be seen in Fig. 7a, the
normalized dynamic resistance curves of the sensors do not exactly
follow the same trend. This may be because of variations in the gas
concentration, the presence of various defects, and the various concentrations of these defects in the sensors irradiated at diﬀerent doses.
For a ﬁxed gas concentration, depending on the type and concentration
of defects present in the sensors, the target gas may require time to ﬁnd
a vacant adsorption site on the sensing layer. Furthermore, diﬀerent
types of defects may have diﬀerent energies for desorption of the target
gas. Therefore, the normalized dynamic resistance curves of the sensors
showed slight diﬀerences. Fig. 7b shows the calibration curves of the
irradiated sensors. For all H2 concentrations, the sensor response increases with increasing irradiation dose. As an example, we considered
the responses of the 50-, 100-, and 150-kGy-irradiated sensors to
10 ppm H2, which were 120, 134, and 150, respectively. The response
of the unirradiated sensor was similar to that of the 50-kGy-irradiated
sensor. Thus, we concluded that the 150-kGy-irradiated sensor showed

number of oxygen vacancies. These oxygen vacancies play a vital role in
enhancing the gas sensing performance of e-beam-irradiated ZnO NFs.
Fig. 5 shows variations in the electrical resistance of the 50-kGy-irradiated ZnO NF sensor as a function of temperature (Text S1 in Supporting information).
Fig. S3 shows the nitrogen adsorption–desorption isotherms of the
unirradiated, 50-kGy-irradiated, 100-kGy-irradiated, and 150-kGy-irradiated sensors. From these plots, the BET surface area of the unirradiated ZnO NF sample was found to be lower than those of the irradiated samples. The BET surface areas of samples irradiated at doses
of 50, 100, and 150 kGy were 10.5, 100.6, and 240.2% larger than
unirradiated one, respectively. The increase in the BET surface area
with increasing e-beam irradiation dose is possibly a result of the
generation of structural defects.

3.2. Gas sensing studies
Since gas adsorption is strongly related to the diﬀusion process and
since diﬀusion phenomena are thermally activated, the response of the
gas sensor is directly related to its operating temperature. Fig. 6a shows
the plot of the dynamic resistance of the unirradiated ZnO NF sensor to
various H2 concentrations at sensing temperatures in the range of
250–400 °C. The sensor shows a high and reversible response to all
concentrations of H2 gas. When H2 is injected into the gas chamber, the
resistance decreases immediately. When the supply of H2 gas is stopped,
the resistance returns to its initial baseline value. This indicates n-type
behavior of the sensor, which is attributable to the intrinsic semiconducting n-type behavior of ZnO. Fig. 6b shows the calibration plot of
the unirradiated sensor at diﬀerent temperatures, which reveals an
increase in the response with increasing gas concentration. Fig. 6c
shows the response of the sensor to 0.1 ppm H2 gas as a function of the
sensing temperature. As can be seen in the ﬁgure, the response increases with increasing temperature and attains an optimal value at
350 °C, after which the response decreases. At sensing temperatures
214
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Fig. 4. (a) XPS survey spectra of unirradiated ZnO NFs and ZnO NFs irradiated at e-beam doses of 50, 100, and 150 kGy. Deconvoluted O 1s core level for (b)
unirradiated ZnO and (c)–(e) ZnO NFs irradiated at doses of (c) 50 kGy, (d) 100 kGy, and (e) 150 kGy.

Table S1 presents the response times and recovery times of the ebeam-irradiated gas sensors. It can be seen that despite some exceptions, overall, the response time decreases with increasing gas concentration and the recovery time shows the opposite trend. In fact,
when more gas molecules are injected into the gas chamber, they can be
adsorbed onto the adsorption sites of the sensor very rapidly. However,
they require a longer time to be desorbed completely. Overall, both the
response times and the recovery times of the gas sensors are relatively

the highest response among all the tested sensors. This optimum sensor
was selected for the subsequent gas selectivity studies. If a sensor responds to all tested gases, it cannot be practically used for sensing.
Therefore, a low response to interfering gases (i.e., selectivity) is an
important requirement for a good sensor. Our previous study revealed
that the sensor response to 10 ppm H2 gas at 350 °C was 109.1 [36].
Thus, the sensor response to H2 increased by 37.5% after e-beam irradiation at 150 kGy.
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3.3. Comparison with other works
Table 1 [33,36,50–57] presents a comparison of the H2 sensing
properties of the optimized gas sensor of this study with those of some
ZnO-based H2 sensors reported in the literature. These data reveal that
the sensor response achieved in this study is much higher than the responses of the previously reported ZnO-based gas sensors. Even though
the working temperature of our optimized sensor is not too high, we are
presently working on the functionalization of the ZnO NFs to reduce the
relatively high sensing temperature of the sensor. Overall, the data
provided in Table 1 demonstrate that e-beam irradiation is an eﬀective
approach for enhancing the sensing properties of metal oxides.
3.4. Gas sensing mechanism
In air, oxygen molecules, which have high electron aﬃnity (0.43 eV
[58]), are easily adsorbed onto the surface of the ZnO NF sensor and
can extract electrons from the conduction band of the NFs. Accordingly,
they can be converted to oxygen ions (O2−, O−, and O2−) on the
surface of the gas sensor via the following reaction [59]:

Fig. 5. Resistance of 50-kGy-irradiated ZnO NF sensor as a function of temperature.

short; this demonstrates the fast dynamics of the sensors, which is an
important parameter from the viewpoint of practical applications.
As stated before, high selectivity is among the most important
properties of a gas sensor. To evaluate the selectivity of the ZnO NF
sensor, the optimal sensor (150-kGy-irradiated) was exposed to 10 ppm
each of CO, C6H6, C7H8, and C2H5OH gases at 350 °C; Fig. 8 shows the
selectivity pattern of the optimal sensor. The responses of the sensor to
10 ppm each of CO, C6H6, C7H8, and C2H5OH gases were 1.41, 1.33,
2.52, and 10.53, respectively. From a comparison of these values with
the value of the response to 10 ppm H2 (i.e., 150), we inferred that the
sensor could easily detect H2 gas in the presence of these other (interfering) gases. On the other hand, the sensor had excellent selectivity
toward H2 gas, which is crucial from a practical standpoint.
Fig. 9a shows the dynamic resistance curves of a freshly prepared
sensor and those of a sensor stored in a laboratory for 1 year to 0.1, 1,
and 10 ppm H2 gas at 350 °C. This examination was aimed at studying
the long-term stability of the proposed ZnO NF sensor. As can be seen
from the ﬁgure, the curves of both the sensors almost overlap, which
demonstrates the high stability of the proposed ZnO NF sensor. The
corresponding calibration curves shown in Fig. 9b reveal that the sensor
responses to concentrations of 0.1, 1, and 10 ppm decreased by 9.8%,
7.4%, and 12.0%, respectively, after its storage in a laboratory for
1 year. After 1 year, the response of the gas sensor decreased only
slightly; this demonstrates the high long-term stability of the sensor,
which is of great importance from a practical standpoint.
Fig. S4 shows the reproducibility of the 150-kGy-irradiated sensor
for sensing 100 ppb H2 gas at 350 °C. As is clear from the ﬁgure, the
sensor shows very high reproducibility after ﬁve consecutive sensing
cycles. To examine the practical applicability of the sensor in the presence of some amount of water vapor in the environment, we also tested
the response of the 150-kGy-irradiated sensor at various relative humidities (RHs). Fig. S5a shows the dynamic resistance curves of the
sensor for 100 ppb H2 gas at 350 °C at 0%, 30%, and 60% RH, and Fig.
S5b shows the corresponding responses as a function of the RH. As can
be seen from the ﬁgure, the responses of the gas sensor at 0%, 30%, and
60% RH are 31, 27.99, and 24.81, respectively. Thus, the response of
the gas sensor decreases with increasing humidity. In fact, in the presence of water vapor, some water molecules may be adsorbed onto the
gas sensor surface, which will limit the number of available adsorption
sites for H2 gas. Consequently, a smaller amount of hydrogen molecules
will be adsorbed onto the gas sensor surface, and this will lead to a
lower response. Fig. S5c shows variations in the response time and
recovery time with the relative humidity. As can be seen in this ﬁgure,
both parameters decrease with increasing humidity, which demonstrates the slower kinetics of the gas sensor in the presence of water
vapor.

O2 (g ) → O2 (ads ) → O2− (ads ) → 2O− (ads ) → O 2 − (ads )

(1)

The O2– species is stable at < 100 °C, the O– species is stable at
100–300 °C, and the O2– species is the dominant species at > 300 °C
[38]. Transfer of electrons from the surface of ZnO to the adsorbed
oxygen causes a decrease in the electron concentration. Consequently, a
depletion layer is formed on the outer surfaces of the ZnO NFs. The
following reactions can occur in the presence of H2 gas:
Scheme 1 [60]:

H2 (ads ) → 2H(ads)

(2)

2−
−
2Hads + Oads
(ZnO) → H2 O(g ) + 2e

(3)

Scheme 2 [61]:

H2 (g ) + O 2 − (ZnO) → H2 O (g ) + 2e−

(4)

According to Scheme 1, H2 molecules are ﬁrst dissociated into individual hydrogen atoms, which are subsequently chemisorbed and
oxidized by the adsorbed oxygen ions. However, the possibility of hydrogen splitting is low owing to the absence of catalytic noble metals in
the sensor. According to Scheme 2 (which is more probable), H2 molecules react directly with oxygen ions on the surfaces of the ZnO NFs.
Thus, the resistance modulation contributes to the response of the
sensor (Fig. 10a).
Since ZnO NFs have numerous ZnO nanograins, the gas sensing
characteristics of these NFs must also be strongly related to the presence
of nanograins. Therefore, the presence of the ZnO-ZnO homojunctions
should not be overlooked (Fig. 10b). Because ZnO is an n-type semiconductor, the boundaries between the nanograins act as potential
barriers to the ﬂow of electrons between grains. In air, because of abstraction of electrons by the oxygen species, the grain boundaries will
act as potential barriers to the ﬂow of electrons. The potential barriers
will almost disappear in the presence of H2 gas because of the metallization of ZnO, which will consequently result in a signiﬁcant decrease in the resistance of the sensor. Therefore, a high modulation of
the resistance along the grain boundaries will enhance sensing performance.
The abovementioned mechanisms are common to all the ZnO NF
sensors, i.e., the irradiated and unirradiated ones. However, other factors should be considered in the case of the irradiated sensors. It noteworthy that the 50-kGy-irradiated sensor exhibits sensing properties
similar to the unirradiated sensor because the e-beam dose is insuﬃcient to induce structural defects in the former sensor. However,
the other two irradiated sensors, i.e., those irradiated at 100 and 150
kGy, exhibit better sensing properties than the unirradiated and 50kGy-irradiated sensors. The superior gas responses of the 100- and 150216
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Fig. 6. (a) Dynamic resistance of unirradiated ZnO NF sensor to 0.1, 1, and 10 ppm H2 at diﬀerent temperatures. (b) Response of sensor at diﬀerent gas concentrations and diﬀerent temperatures. (c) Response of gas sensor to 0.1 ppm hydrogen gas as a function of temperature.
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vacancies (VO), Oi, (oxygen interstitials) and oxygen antisites (OZn). Zni
and VO act as electron donors and release free electrons according to the
following reactions [63]:

VOX ↔ VO. + e−

(5)

VO.

(6)

↔

VO..

+ e−

ZniX ↔ Zni. + e−

(7)

Zni.

(8)

↔

Zni..

+

e−

As described above, VO denotes an oxygen vacancy and Zni denotes
a Zn atom in an interstitial defect. In contrast to the abovementioned
defects, VZn, Oi, and OZn are electron acceptors, and they consume free
electrons.
To conﬁrm the presence of defects, we performed PL analysis. Fig.
S6 shows PL spectra of the unirradiated (pristine) and e-beam-irradiated sensor samples at room temperature. A broad visible band (deeplevel emission) centered at 528 nm was observed in the spectra of all
the samples. However, its intensity was strongly dependent on the
sample history. With an increase in the e-beam irradiation dose, both
the intensity and the width of the PL emission increased. Since the
green emission originated from structural defects such as oxygen vacancies in ZnO [64,65], the sample irradiated at a higher e-beam dose
had higher concentrations of structural defects, including oxygen vacancies.
There are two scenarios regarding the adsorbed gas molecules and
surface electrons. In the ﬁrst scenario, the surface electrons are more
abundant than the adsorbing gas molecules. In this scenario, the sensing
activities are limited mainly by the amount of adsorbing gas species.
VZn, Oi, and OZn, all of which consume free electrons, increase the
thickness of the electron depletion region, which corresponds to a reduction in the conducting volume. Nearly all of the adsorbing gas
species will react with the surface electrons. Accordingly, the same
amount of adsorbed gas species will result in a higher sensor response in
the case of a smaller initial electron conducting volume (or area).
Therefore, a smaller initial conducting volume will result in a higher
sensitivity (Fig. 10). In the second scenario, the adsorbing gas molecules are more abundant than the surface electrons. In this scenario, the
number of electrons will inﬂuence the extent of occurrence of the
surface reaction. That is, a smaller number of electrons will result in an
insuﬃcient surface reaction, which will lead to a decrease in the sensor
response. In contrast, a larger number of electrons will result in a direct
increase in the extent of sensing reactions. Irradiation will lead to the
formation of structural defects, such as VOX and ZniX , which will consequently increase the number of electrons in the lattice (Fig. 10c).
Fig. 11 indicates that the initial resistance decreases both upon
application of e-beam irradiation and with an increase in the irradiation
dose. Accordingly, we surmise that the second scenario prevails in our
proposed sensor system. In addition, the change in the resistance may
be related to the change in the CeO bond. As can be seen in Fig. 4b–e,
the percentages of oxygen atoms with respect to the CeO bonds in the
50-, 100-, and 150-kGy-irradiated ZnO NFs are 34.76%, 10.60%, and
11.31%, respectively. It is noteworthy that the resistance decreases
signiﬁcantly from the 50-kGy-irradiated ZnO NFs to the 100-kGy-irradiated ZnO NFs, which is in agreement with the XPS analysis result that
the number of CeO bonds in Fig. 4c is much higher than that in Fig. 4d.
We assume that the resistance decreases with an increase in the number
of CeO bonds because an abundance of covalent CeO bonds causes a
decrease in the electronic conduction.
It is also possible that the surface defects generated by e-beam irradiation promote the adsorption behavior of gas molecules on the
surfaces of the ZnO NFs.
Ahn et al. proposed that oxygen vacancies are preferential adsorption sites for NO2 gas [63]. Donor defects, such as oxygen vacancies and
zinc interstitials, serve as active sites for the adsorption and ionization
of oxygen and may enhance the sensor response [66–68]. Oxygen

Fig. 7. (a) Normalized dynamic resistances of ZnO NF sensors irradiated at
diﬀerent e-beam doses to 0.1, 1, and 10 ppm H2 at 350 °C. (b) Corresponding
calibration curves.

Fig. 8. Histogram of selectivity of 150-kGy-irradiated ZnO NF sensor toward
diﬀerent gases (10 ppm) at 350 °C.

kGy-irradiated sensors are attributed to the formation of defects, which
refer to any break in the symmetry of the lattice, e.g., vacancy sites,
grain boundaries, or even an edge. According to the literature [62], ZnO
defects can be divided into two broad groups: (i) zinc-related defects,
including Zn atoms in interstitial defects (Zni), VZn, (zinc vacancy) and
zinc antisites (ZnO); and (ii) oxygen-related defects, including oxygen
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Fig. 9. Curves of dynamic resistances of freshly synthesized sensor and sensor stored in laboratory for 1 year to 0.1, 1, and 10 ppm H2 gas at 350 °C. (b)
Corresponding calibration curves.

results in the attraction of more charges from the defect-containing ZnO
surface and can enhance the gas response remarkably [50]. Accordingly, many more defects are formed in the 150-kGy-irradiated sensor,
and it therefore has a higher response than the other sensors. Recently,
Phan et al. [69] reported an enhanced sensor response in the presence
of oxygen defects, which served as active adsorption sites for enhancing
gas adsorption. Yu et al. reported enhanced NO2 gas sensing properties
of defective ZnO nanowalls [70]. Liao et al. demonstrated that oxygen
vacancies can increase the surface activity of ZnO nanorods and consequently promote gas adsorption [71]. As stated above, in the present
study, ZnO consisted of intrinsic defects such as zinc interstitials (Zni)
and oxygen vacancies (VO). Fig. 4b–e revealed the oxygen contents of
the ZneO bonds in the 50-, 100-, and 150-kGy-irradiated ZnO NFs to be
16.71%, 12.24%, and 9.52%, respectively. Accordingly, the number of
ZneO bonds decreased with an increase in the e-beam dose. The decrease in the number of ZneO bonds corresponded to an increase in the
amount of defects, including oxygen vacancies, which contributed to an
improvement in the sensing performance. Several previous studies reported that oxygen vacancies played a major role in enhancing the
sensitivity of ZnO (Text S2, Supporting Information). In order to investigate the eﬀect of oxygen vacancies on the sensing behavior of the
ZnO NFs in the present study, we conducted comparison studies of
pristine and Pd-doped ZnO NFs (Fig. S7, Supporting information). The
comparison of O1s XPS spectra revealed that the number of oxygen
vacancies increased considerably upon the incorporation of Pd nanoparticles, which led to an enhancement of the sensor response.
In ZnO-based gas sensors, an unusual “metallization” phenomenon
mechanism is believed to be the main cause of the resistance modulation of ZnO in a H2 gas atmosphere at high temperatures [32]. We
postulate that upon exposure of ZnO to H2 gas, the surface of ZnO will

Table 1
Performance comparison of previously reported ZnO-based H2 gas sensors and
ZnO NF sensor synthesized in the present study.
Sensor

Conc.
(ppm)

T (°C)

Response (Ra/
Rg)

Ref.

150-kGy-irradiated ZnO NFs

10

350

150

ZnO-SnO2-based composite
ZnO NFs
Au-functionalized SnO2-ZnO
NWs
Nanopillar ZnO
Pd-SnO2 composite
microspheres
ZnO p-n homojunction
Mg-doped ZnO thin ﬁlms
Cd-doped ZnO NRs
ZnO nanobelts
0.2 wt% Rh-doped SnO2

10000
10
0.1

150
350
300

10
109.1
8.9

This
work
[33]
[36]
[50]

100
100

350
200

10.41
16.47

[51]
[52]

1000
5000
2000
100
2500

400
300
220
25
300

1.15
50
6.13
8
3530

[53]
[54]
[55]
[56]
[57]

Note: NWs, NFs, NRs, and NPs denote nanowires, nanoﬁbers and nanorods,
respectively.

vacancies and zinc interstitial are the more probable defects, and these
defects may enhance the sensing activities of our proposed sensor
system. Further studies are required to examine the possible enhancement of the preferred adsorption of H2 gas by these defects.
It is noteworthy that even though the resistance of the 50-KGy-irradiated sensor is lower than those of the other tested sensors (even
under the same conditions), it should show a lower response. This is
because the number of defects is highest at the highest applied dose.
Point defects show stronger bonding with target gas molecules, which
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Fig. 10. Sensing mechanism of e-beam-irradiated ZnO NF gas sensor: (a) radial modulation, (b) grain boundary modulation, (c) e-beam irradiation, and (d) metallization.

reduce to Zn and a semiconductor-to-metallic transformation will occur
(Fig. 10d). Thus, the resistance of the sensor will change signiﬁcantly
and a high response will consequently be observed. As reported in a
previous study [31], metallization of the ZnO surface can occur by the
adsorption of H atoms onto the O sites on the nonpolar surface of ZnO.
In fact, strong hybridization occurs between the s-orbitals of H atoms
and the p-orbitals of O atoms (in ZnO), because of which the energy
states of these O p-orbitals—located at the Fermi level—shift to lower
energy states. Therefore, charge delocalization between Zn and the
OeH bond occurs, and this charge delocalization can metallize the
surface Zn atoms. This metallization phenomenon is shown in Fig. 10d.
The metallization phenomenon of ZnO was veriﬁed by examining its
XPS spectra. Fig. 12 shows high-resolution Zn 2p XPS spectra before
and after exposure to 100 ppb H2 gas at 350 °C. It should be noted that
since the processes of adsorption and reaction with subsequently reduction of Zn are so fast, obtaining the XPS peaks was diﬃcult. Accordingly, we maintained exposure of the samples to H2 gas for 10 min
and then performed XPS analysis. As can be seen in the ﬁgure, before
exposure to H2 gas, the Zn 2p1/2 and Zn 2p3/2 peaks were located at
1045.28 and 1022.28 eV, respectively. After exposure to H2 gas, the

Fig. 11. Resistance of e-beam-irradiated sensor as a function of irradiation dose
at sensing temperature of 350 °C.

Fig. 12. High-resolution Zn 2p XPS spectra of ZnO NFs before and after exposure to H2 gas.
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e-beam with a diameter of 0.5–2 nm and an intensity of
105–106 A cm−2 induced local vaporization and local amorphization of
Si NWs, but it induced local surface melting, enhanced surface diﬀusion, and local vaporization of metallic NWs [75]. Remeika et al. reported that 200 keV focused e-beam irradiation induced not only local
crystallization but also local modiﬁcation of the shape of metallic NWs
[76]. Karuppasamy et al. revealed that the e-beam irradiation with a
power density of 106 W·cm−2 induced annealing eﬀects, which led to
enhanced crystallinity of ZnO thin ﬁlms [77]. E-beam irradiation can
cause permanent damage to a sample and lead to the formation of
structural defects in the sample; however, the formation of defects can
be controlled by carefully regulating the e-beam irradiation conditions,
including the irradiation dose.

peaks shifted to 1045.18 and 1022.08 eV, respectively. That is, the
peaks shifted to lower binding energies, which is in accordance with
ﬁndings reported in the literature. Furthermore, the inferred spin-orbit
splitting at 23.0 and 23.1 eV is characteristic of the Zn2+ and Zn° oxidation states, respectively, in ZnO [36].
To investigate the metallization phenomenon of ZnO, the I–V
characteristics of the 150-kGy-irradiated ZnO NF sensor were measured
before and after exposure to H2 gas, as shown in Fig. S8. After exposure
to H2 gas, the current ﬂowing through the sensor increased signiﬁcantly, which demonstrates the much higher conductivity of the gas
sensor after exposure to H2 gas; this higher conductivity can be attributed to the metallization phenomenon of ZnO.
Accordingly, it is obvious that the metallization of ZnO to Zn upon
the reaction of ZnO with H2 plays a dominant role in enhancing the
selective response of the sensor to H2 gas in the presence of interfering
gases. Additionally, it is possible that the C content of ZnO aﬀects the
selectivity of the sensor. XPS analysis reveals the presence of the C
element in ZnO. Since the sensor inherently includes the C element, the
C dopant in ZnO will reduce the adhesion of C-containing gases to the
sensor surface. The concentration gradient of C will induce diﬀusion of
C atoms. Accordingly, selectivity may also be aﬀected by how easily the
test-gas molecules can adhere to the sensor surface. A gas molecule not
containing C will enhance the gas exchange at the surface because it
creates the highest concentration gradient of C across the ZnO NF
surfaces. The C concentrations in the tested gases (C7H8, C2H5OH, CO,
C6H6, and H2) (Fig. 8) are in the following order: CO and C6H6 (1/
2) > C7H8 (7/15) > C2H5OH (2/9) > H2 (0/2); this order of the C
concentration coincides with that of the sensing selectivity of the proposed ZnO NF sensor toward the tested gases. Since the proposed sensor
is expected to be applicable to the sensing of oxidizing gases, e.g., NO2,
further study is necessary in this aspect (Text S3, Supporting information).
In previous works, we investigated the eﬀects of e-beam irradiation
on a variety of sensing materials, including reduced graphene oxide
(rGO) [72] and SnO2 [73]. The response of rGO to NO2 gas increased
proportionally with the e-beam irradiation dose in the range of 0–500
kGy. Thus, structural defects and oxygen functional groups contributed
to the sensing performance enhancement via e-beam-induced changes.
At a lower irradiation dose of 100 kGy, the generated oxygen functional
groups provided more adsorption sites. However, at a higher dose of
500 kGy, non-oxygen defect sites played a major role in enhancing the
sensing performance. In the case of SnO2 nanowires (NWs), we surmised that e-beam irradiation generated holes at doses in the range of
50–150 kGy. This presumably occurred according to the cation-vacancy
model, which stipulates that positively charged holes are generated as
follows: O2(gas) = 2OO + VSni− + ih [73] or SnSn = VSni− + ih + Sngas;
here, VSni- is a Sn vacancy and i = 1–4 [73]. When the NWs were
subjected to e-beam irradiation, the irradiated electrons created oxygen
vacancies and Sn vacancies, both of which generated positively charged
holes. At a low irradiation dose (50 kGy), holes were generated as
follows: SnSn = VSni− + ih + Sngas. Furthermore, electrons and oxygen
vacancies were generated as follows: OO = VO2+ + 2e− + (1/2)O2gas.
The overall semiconducting behavior was n-type behavior because the
number of generated oxygen vacancies was higher than that of generated holes. At a high irradiation dose (150 kGy), a suﬃcient number of
holes were generated and positively charged holes became prevalent in
the SnO2 lattice; this resulted in p-type sensing behavior. Accordingly,
the sensing behavior under e-beam irradiation is dependent on not only
the irradiation dose but also the sensing material. Therefore, further
study is necessary to optimize the irradiation dose in order to obtain the
maximal response of the ZnO NF sensor under e-beam irradiation.
It is well known that an e-beam interacts with a solid. A single highenergy electron loses a small portion of its kinetic energy via inelastic
scattering within a sample. Pailloux et al. found that hollow nanopipes
in GaN thin ﬁlms evolved to form bamboo-like structures under
300 keV e-beam irradiation [74]. Xu demonstrated that a high-intensity

4. Conclusion
In summary, ZnO NFs were fabricated by the electrospinning technique for gas sensing studies. Characterization of the ZnO NFs by various techniques demonstrated the successful synthesis of NFs with an
approximate diameter of 100 nm and a 1D morphology. The fabricated
NFs were irradiated with a 1 MeV e-beam at diﬀerent doses (50, 100,
and 150 kGy). The sensing studies revealed the 150-kGy-irradiated
sensor to be the optimum sensor because of its high response and excellent selectivity toward H2 at 350 °C. The main factors contributing to
the high response of the 150-kGy-irradiated sensor were the high surface area of the ZnO NFs, the ZnO grain size, and the presence of
structural defects formed by e-beam irradiation. Structural defects such
as oxygen vacancies and zinc interstitials were expected to enhance the
gas sensing performance by increasing the number of conducting
electrons to facilitate surface sensing reactions, as well as by increasing
the adsorption probability of gas molecules. The dominant mechanism
of the selective sensing of H2 gas was considered to be the metallization
phenomenon. In addition, the C dopant in ZnO was expected to contribute to the high selectivity toward H2 gas, which would facilitate the
adhesion of C-containing gases to the surfaces of the ZnO NFs These
results suggest that e-beam irradiation at an optimized dose can impart
superior sensing properties to oxide NFs.
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