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We evaluated the hydrogen gas-sensing characteristics of Pd-loaded (0.1, 0.3, 0.6, and 1 wt%) ZnO nanoﬁbers
prepared by a facile electrospinning technique and the eﬀect of diﬀerent electron beam (e-beam) doses (50, 100,
and 150 kGy) on sensing performance. The sensor loaded with 0.6 wt% Pd had the highest response to hydrogen
among the Pd-loaded sensors. The sensor irradiated with 150 kGy had the high response (Ra/Rg) of 74.7–100 ppb
of H2 at 350 °C. Metallization eﬀects in ZnO, the formation of structural defects due to e-beam irradiation, the
catalytic activity of Pd, and the presence of ZnO–Pd heterojunctions were the main factors yielding high sensitivity towards H2. The strategy of combining e-beam irradiation and Pd loading to enhance H2 sensing can be
applied to realize reliable gas sensors and the widespread use of hydrogen as a green energy alternative to fossil
fuels.

1. Introduction
H2 is a widely favored alternative to fossil fuels. This is mainly due
to its availability, cleanness, and recyclability [1]. However, H2 intrinsically has high risks, like high ﬂammability (at 4–75.6% concentrations) and high ﬂame propagation velocity [2]. Furthermore,
because hydrogen molecules are very small, they diﬀuse through many
materials and can easily reduce oxides [3]. Detection of H2 is thus
crucial, but unfortunately, it is colorless, odorless, and tasteless. Appropriate detection technology is thus necessary to enable its use
worldwide as a fuel.
Optical [3], thermoelectric [4], acoustic [5], electrochemical [6],
and metal oxide-based [7] gas sensors have been developed for accurate
sensing of hydrogen. Metal oxide-based gas sensors are the most widely
used for hydrogen detection because of their sensitive response, short
response time, small size, and low cost, among other merits [8].
However, though they generally show a relatively high response to H2,
they suﬀer from poor selectivity, so they are often hybridized with
highly catalytic noble metals to enhance their H2 sensitivity and selectivity. Pd and Pt are particularly well known catalysts of H2 dissociation, but Pt is expensive [9]. Thus many researchers have used Pd
to enhance the H2 sensing ability of metal oxide gas sensors [10,11].

⁎

For instance, Sennik et al. reported that Pd-loaded TiO2 nanorods performed better than neat TiO2 [11]. Rashid et al. [12] reported ﬂexible
hydrogen sensors based on Pd/ZnO nanorods for hydrogen detection.
Hassan et al. [13] used ZnO decorated with bimetallic Pt/Pd for successful detection of H2. In these sensors, Pd adsorbs H2 easily, with the
possible formation of PdHx, which greatly changes the resistance of the
overall sensor [10].
Another way to increase sensing capacity is by means of posttreatment procedures, including irradiation techniques such as gamma
irradiation [14], UV irradiation [15], ion beam irradiation [16], and
electron beam (e-beam) irradiation [17]. Structural defects such as
vacancies, defect clusters, and dislocations are generated by high-energy irradiation, ultimately contributing to enhanced sensor performance. In particular, two important eﬀects of radiation are temporary
eﬀects that cause electron–hole pair generation and permanent eﬀects
that cause changes in the crystal lattice [14]. Structural defects on the
surface of a sensor may facilitate the adsorption of gas molecules to
ultimately increase the response of the sensor [16]. Thus, high-energy
e-beams (1 MeV) can eﬃciently form surface defects on sensors, enhancing sensing.
Inspired by our previous work on e-beam irradiation of reduced
graphene oxide [17], and by the well-known catalytic activity of Pd, we
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Fig. 1. (a) Preparation of viscous Pd2+/Zn2+ solution for electrospinning. (b) Electrospinning process. (c) E-beam irradiation.

report for the ﬁrst time variations in the hydrogen sensing characteristics of Pd–loaded ZnO nanoﬁbers (NFs) in response to diﬀerent ebeam irradiation treatments. Electrospinning was used to synthesize Pdloaded (0.1, 0.3, 0.6, and 1 wt%) ZnO NFs. NFs can provide a large
surface area, which is an advantage for the adsorption of target gases.
They contain many nanograins and grain boundaries and large amounts
of target gases diﬀuse along the grain boundaries, leading to good
sensitivity [3]. To study the eﬀect of e-beam irradiation on sensing
performance, an optimized sensor was irradiated with diﬀerent radiation doses (50, 100, and 150 kGy). Sensing studies revealed the eﬀectiveness of both Pd loading and e-beam irradiation at enhancing sensing. Pd, because of its good catalytic activity, promoted interaction
between hydrogen gas and the sensor, and e-beam irradiation produced
defects in the sensor, both of which contributed to increased sensor
performance. The result was a gas sensor that can detect hydrogen gas
at ppb levels with good selectivity and thus can be used in practical
applications.

(TEM; JEM-2100 F, JEOL); both microscopes used were equipped with
energy dispersive X-ray spectroscopy (EDS) apparatus. X-ray diﬀraction
(XRD) was employed to structurally characterize the synthesized products. The surface chemical composition of the synthesized NFs was
examined by means of X-ray photoelectron spectroscopy (XPS). To
obtain the work functions of ZnO and Pd, ultraviolet photoelectron
spectroscopy (UPS; Thermo Fisher Scientiﬁc Co. Theta probe) measurements were carried out in ultrahigh vacuum (< 10−10 Torr), using
a HeI 21.2 eV UV light source. Work functions of pristine ZnO, 150 kGy
irradiated ZnO, and Pd were calculated as 4.86 eV, 3.72 eV, and
5.51 eV, respectively (Text S2 [19–21]; Fig. S1 in Supplementary Information).
To prepare ZnO NF samples for gas sensing studies, Ti (50 nm) and
Pt (200 nm) electrodes were sputtered onto the samples. SiO2 (200 nm
thick) grown on Si (100) was used as the substrate. Sensing performances were investigated using a gas sensing system and are shown for
various gases (C6H6, C7H8, CO, C2H5OH, and H2). Fabricated sensors
were placed in a horizontal-type tube furnace and the measurement
temperature, which had been determined by preliminary experimentation, was ﬁxed to 350 °C. Gas concentrations were controlled by
altering the ratios of dry air-balanced target gases to dry air using mass
ﬂow controllers. Dry air comprised O2 (21%), N2 (79%), and negligible
humidity (purity: 99.999%), and was purchased from AIRKOREA Co.,
LTD in Korea. For example, to prepare 10 ppm C2H5OH gas, we used a
gas bottle containing 100 ppm C2H5OH gas. By using mass ﬂow controllers, the sccm ratio of C2H5OH to dry air was set to 1:9. To prepare
100 ppb C2H5OH gas, we used a gas bottle containing 10 ppm C2H5OH
gas. By using mass ﬂow controllers, the sccm ratio of C2H5OH to dry air
was set to 1:99. Similar procedures were used for C6H6 and C7H8 gases.
Total ﬂow rate of gases was 500 sccm. Selected gases were introduced
into the gas chamber under continuous monitoring of the resistance of
the sensor. The response of sensor was calculated as R = Ra (resistance in
air)/Rg (resistance in the presence of target gas).

2. Experimental
Fig. 1 illustrates the steps used for synthesis of Pd-loaded ZnO NFs.
The process is divided into three steps: (i) preparation of a homogeneous and viscous solution for electrospinning, (ii) electrospinning,
(iii) e-beam irradiation. In the following subsections we explain each
step. Preparation of homogeneous Zn2+ and Pd2+/Zn2+ solutions and
the electrospinning process are described in Supplementary Information (Text S1 [18] in Supplementary Information). E-beam irradiation
was performed in an air atmosphere at 25 °C. It was conducted using an
ELV-8 electron accelerator. The accelerating energy of 1 MeV was used
with 1 mA of current. Various irradiation doses, namely 50, 100, and
500 kGy, were applied to the synthesized products by varying the irradiation time (18, 36, and 54 s, respectively).
Morphological and compositional aspects of the synthesized NFs
were studied by means of Field-emission scanning electron microscopy
(FE-SEM; FEI QUANTA FEG250) and transmission electron microscopy
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presented in Fig. S2 in the Supplementary Information. All sensors
showed reversibility, meaning that the sensor’s signal returned to its
initial value upon introduction of air. All sensors had n-type behavior
owing to the n-type nature of the base ZnO material, which arises from
a deﬁciency of oxygen ions. For better comparison, dynamic normalized
resistances of all sensors in response to 100 ppb H2 gas are presented in
Fig. 6a. The pristine ZnO NF sensor showed the lowest response,
whereas the 0.6 wt% Pd-loaded sensor displayed the highest response.
Calibration curves for all sensors are provided in Fig. 6b. For 0.1 ppm
H2 concentration as a reference, the order of increasing sensor response
was as follows: pristine ZnO NFs < 0.1 wt% Pd-loaded ZnO NFs < 1 wt
% Pd-loaded ZnO NFs < 0.3 wt% Pd-loaded ZnO NFs < 0.6 wt% Pdloaded ZnO NFs. Responses of sensors versus Pd loading for 100 ppb H2
gas are plotted in Fig. 6c; this ﬁgure clearly shows that as Pd loading
increased up to 0.6 wt%, the response increased, after which it decreased. Thus 0.6 wt% Pd loading of the sensor was chosen as the optimal loading value. The increase and then decrease in response to increasing Pd loading can be explained by referring to Fig. 6d, which
shows plots of the initial resistance of the sensors as a function of Pd
loading. The base resistances of Pd-loaded ZnO NFs containing 0, 0.1,
0.3, 0.6, and 1 wt% Pd NPs were 17.58, 24.30, 31.12, 52.32, and
26.52 MΩ, respectively. When no Pd was present (pristine ZnO NF
sensor), the initial depletion layer thickness was determined solely by
the removal of ZnO surface electrons by oxygen species in the air.
However, when Pd NPs were present, some additional electrons were
extracted by the Pd, and thus a thicker initial depletion layer appeared
on the exposed surfaces of the ZnO sensor. Accordingly, higher response
occurred. For 1 wt% Pd, the high loading allowed the formation of a
semi-continuous or continuous network of Pd NPs in such a way that
the electrical current passed easily through them, decreasing the sensor's surface area considerably and thus decreasing its response. Although it is possible that metal dopants aﬀect the sensing behavior
[28], the lowered sensitivity in the present work may also have been
due to the agglomeration of Pd NPs and the formation of larger Pd NPs,
consistent with the results of Botella et al. [29].
The 0.6 wt% Pd loaded sensor was therefore used in selectivity
studies. This sensor was exposed to interfering gases (C2H5OH, CO,
C6H6, and C7H8) and the resulting dynamic resistance curves were acquired (Fig. S3 in Supplementary Information). The selectivity pattern
of a 0.6 wt% Pd loaded sensor to 100 ppb of CO, C2H5OH, C6H6 C7H8,
and H2 gases at 350 °C is shown in Fig. 7 and was derived from Fig. S3
in the Supplementary Information. A high response of 45.6 was observed in response to 100 ppb H2, while the highest response for the
interfering gases was only 5.99 for C2H5OH gas. If we deﬁne the selectivity ratio as Si = RH 2 Ri , where Ri is the response to an interfering
gas, the following selectivity ratios for the interfering gases can be
SC7H8 = 9.13,
SC6H6 = 7.42,
and
obtained:
SCO = 14.33,
SC2H5OH = 4.83. These ﬁgures indicated that the selectivity of the
sensor was acceptable; nevertheless, for practical applications, higher
selectivity is desirable.
To investigate the eﬀect of e-beam treatment on the sensitivity and
selectivity of 0.6 wt% Pd-loaded ZnO NFs, this sensor type was irradiated with e-beams of 1 MeV energy at dosages of 50, 100, and 150
kGy. Normalized dynamic resistance plots of irradiated sensors are
shown in Fig. 8a. The sensors showed n-type behavior, suggesting no
change in semiconducting behavior after irradiation. Fig. 8b shows the
eﬀect of dose on the sensor response to 100 ppb H2 gas. The sensor
response increased continuously with increasing dose applied. Therefore we used 150 kGy as the optimal irradiation dose. The reasons for
the observed increase in response will be discussed in the next section.
Plots of sensor base resistance (in air) versus irradiation dose are provided in Fig. 8c; a direct relationship between these is evident. This
behavior will be also discussed in the next section.
The selectivity patterns of non-irradiated and 150 kGy-irradiated
0.6 wt% Pd-loaded ZnO NF sensors are compared in Fig. 9. For the 150
kGy-irradiated sensor, the selectivity ratios were SCO = 15.56, SC7H8 =

Fig. 2. XRD diﬀraction pattern of 1 wt% Pd-loaded ZnO NFs.

3. Results and discussions
3.1. Morphological and chemical studies
Peaks of ZnO and Pd were evident in the XRD patterns (Fig. 2, Text
S3 in Supplementary Information [22]). No traces of secondary phases
were found in the XRD patterns, demonstrating the very high purity of
the precursors and the success of the synthesis method. A typical FESEM micrograph of ZnO NFs with 0.1 wt% Pd loading demonstrating
successful synthesis of NFs with a 1-dimensional morphology is presented in Fig. 3a. A higher-magniﬁcation FE-SEM image showing that
each NF comprised many ZnO nanograins is shown in Fig. 3b; this is a
unique feature of NFs that is very beneﬁcial for sensing. ZnO NFs were
approximately 100 nm in diameter according to this ﬁgure. Elemental
EDS proﬁles for O, Zn, and Pd in the area indicated in Fig. 3c are
provided in Fig. 3d. The presence of all constituent elements supports
the assertion that Pd-loaded ZnO NFs had formed. Elemental EDS
analysis results of 0.1 wt% Pd-loaded ZnO NFs are shown in Fig. 3e;
peaks assigned to O, Zn, Pd, and Si (from the substrate) again demonstrated the successful formation of Pd-loaded ZnO NFs.
For TEM analysis, we chose 1 wt% Pd-loaded ZnO NFs as a typical
NF material. Low-resolution TEM micrographs of an NF are provided in
Fig. 4a, and further information can be inferred from the higher-magniﬁcation TEM image presented in Fig. 4b, which shows ZnO nanograins with an approximate diameter of 5–10 nm. The diameter of the
NF is ˜ 100 nm A lattice-resolved TEM micrograph showing a lattice
fringe is presented in Fig. 4c, and demonstrates that the fabricated NFs
had good crystallinity. In the lattice-resolved TEM image (Fig. 4d), the
two lattice fringe interspaces of about 0.25 nm and 0.22 nm are related
to the (101) planes of ZnO and (111) planes of Pd, respectively. An EDS
color map showing the spatial distribution of Pd, Zn, and O elements is
presented in Fig. 4e; the concentrations of Zn and O are higher than
those of Pd. The EDS analysis in Fig. 4f shows peaks related to Pd, Zn,
and O elements, further demonstrating the successful synthesis of Pdloaded ZnO NFs. XPS analysis results shown in Fig. 5 and Text S4 in
Supplementary Information also reveal the successful formation of Pdloaded ZnO NFs with the desired features [23–27].

3.2. Gas sensing studies
Preliminary gas tests were performed at various sensing temperatures; 350 °C was found to be the optimal working temperature.
Accordingly, all sensing tests reported in this work were performed at
350 °C. To determine the optimal Pd loading concentration, pristine and
Pd-loaded NFs were exposed to H2 gas. Dynamic resistance curves are
630
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Fig. 3. (a,b) FE-SEM micrographs of 0.1 wt% Pd-loaded ZnO NFs at two diﬀerent magniﬁcations. EDS line mapping results (d) taken from the part shown in (c). (e)
EDS analysis results.

postulated that in the presence of H2, the surface of ZnO was reduced to
Zn and semiconductor-to-metal conversion occurred. Thus, the resistance of the sensor signiﬁcantly changed on both the outer surfaces
and at grain boundaries. This would result in a signiﬁcant decrease in
the overall resistance and contribute to a higher sensitivity. According
to previous studies [35], metallization of the ZnO surface can arise from
the adsorption of H atoms onto O sites of the nonpolar surfaces of ZnO.
Strong hybridization takes place between the s orbitals of H and the p
orbitals of O (from ZnO), thereby delocalizing charge between Zn and
the OeH bond and causing it to partially occupy the 4 s and 3d states of
surface Zn atoms, resulting in metallization of ZnO.
For Pd-decorated ZnO NFs, in addition to the above mechanisms,
additional mechanisms related to the presence of Pd should be considered. For noble metal catalysts, both chemical and electronic mechanisms should be considered [36]. Chemical sensitization arises from
the catalytic activity of Pd NPs. Pd greatly catalyzes the adsorption and
dissociation of oxygen molecules, leading to a faster and higher degree
of electron withdrawal from the ZnO surface by oxygen species. Furthermore, in the presence of Pd NPs, hydrogen molecules will split into
hydrogen atoms and will be transferred to the surfaces of ZnO (so-called
“spillover” eﬀect) and will react with already-adsorbed oxygen ions,
releasing back electrons to the surface of gas sensor.
Therefore, the adsorption of hydrogen on the surface of gas sensor
increases, leading to an enhanced gas sensor response as described by
the following equations:

6.66, SC6H6 = 7.7, and SC2H5OH = 4.69. In comparison with the selectivity values for the non-irradiated sensor, 150 kGy irradiation increased the sensitivity of the gas sensor to H2 while having no eﬀect on
the selectivity of the sensor.
3.3. Sensing mechanism
Upon reaction of H2 molecules with adsorbed oxygen ions, liberated
electrons moved back to the conduction band of ZnO, leading to narrowing of the depletion layer and a decrease in sensor resistance (Text
S5 [30–33] in Supplementary Information). We call this mechanism the
“radial modulation eﬀect” and this eﬀect is schematically illustrated in
Fig. 10a.
The sensing behavior of pristine ZnO NFs is also strongly related to
the presence of nanograins as grain boundaries are a source of resistance modulation. Therefore, the role of ZnO–ZnO homojunctions
should be considered. Grain boundaries can serve as potential barriers
to the transfer of electrons from one grain to another. In air ambient,
oxygen species extract electrons from the surfaces of the ZnO grain
boundaries, and a potential barrier to the ﬂow of electrons can form.
Upon exposure to H2, the height of potential barrier decreases signiﬁcantly. This mechanism is schematically illustrated in Fig. 10b.
Another possible mechanism is the metallization eﬀect [34], and
this is presumably a dominant mechanism in the present study. As
mentioned above, H2 will react with surface oxygen ions; however, not
all adsorbed oxygen will be consumed. Because the sensing temperature
was high and hydrogen is a powerful reducer of metal oxides, it can be

Pd

H2 (ads ) → 2H (ads)
631
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(Fig. 12b). Therefore, the original volume of the conduction region will
decrease. Accordingly, with the smaller initial conduction volume, the
increase in electrons due to the introduction of the same amount of H2
will result in a greater sensor response, in terms of the deﬁnition of
response used herein (R = Ra/Rg; Fig. 12b).
For the 150 kGy-irradiated Pd/ZnO, the work function of Pd
(5.51 eV) is signiﬁcantly higher than that of ZnO (3.86 eV) and the
original volume of the conduction region would be signiﬁcantly reduced by electron transfer compared to pristine ZnO/Pd heterostructures. Accordingly, with the smaller initial conduction volume, the
increase in electrons caused by the introduction of the same amount of
H2 would result in higher sensitivity in terms of the deﬁnition of response used herein (R = Ra/Rg; Fig. 12).
The other possibility is formation of a Pd hydride (PdHx) phase. In
air, oxygen reacts with trapped electrons at Pd/ZnO heterojunctions. In
H2 ambient, Pd NPs can absorb atomic hydrogen to form PdHx [13].
First, it is possible that the work function of PdHx is high enough for it
to receive further electrons from ZnO and decrease the initial amount of
electrons in ZnO, bringing about the observed increase in sensor response. Second, Pd NPs may act as electron scattering points and the
change in electron scattering caused by hydrogen adsorption would
bring about further resistance change [13]. Therefore, the response
values of Pd-loaded sensors are higher than those of bare ZnO NFs
sensor because of the eﬀects of Pd.
For an e-beam irradiated sensor, in addition to the mechanisms already mentioned above, other factors should not be overlooked. The
main result of e-beam irradiation is the creation of structural defects.
There are six possible defects in a ZnO structure: Zni, VZn, zinc antisites
(ZnO), VO, Oi, and oxygen antisites (OZn) [39–41]. Zinc antisites are
unlikely to be stable because of their high formation energy, and
therefore are generally ignored. Zni and VO act as electron donors [42]:

VOX ↔ VO. + e−

(4)

VO. ↔ VO.. + e−

(5)

X

+ e−

(6)

Zni. ↔ Zni.. + e−

(7)

Zni ↔

where VOX represents an oxygen vacancy and ZniX represents a Zn atom
in an interstitial defect.
It is possible that O vacancies and Zn interstitials aﬀect sensing
behavior. One possibility is that the generation of defects increases the
depletion region and reduces the conducting volume of electrons. Ebeam irradiation will generate structural defects such as VOX and ZniX ,
which inevitably extract electrons out of the lattice. A smaller initial
conducting volume would result in a higher sensor response (Fig. 12c).
Furthermore, donor defects serve as active sites for chemisorption
and subsequently ionization of oxygen, thereby signiﬁcantly improving
the sensing performance of ZnO [43]. Accordingly, because the initial
resistances increased with increased irradiation dose, the most probable
defects caused by e-beam irradiation were oxygen vacancies. Point
defects bind more strongly to target gas molecules and therefore more
defective ZnO sensors show a greater response to target gases [44–46].
Accordingly, for the 150 kGy-irradiated sensor, more oxygen vacancy
defects were created and thus a larger response relative to the other
sensors was observed. Phan et al. [47] reported enhancements in sensor
response due to the presence of oxygen defects that acted as active sites
to increase the adsorption of target gas. Furthermore Liao et al. [48]
demonstrated that oxygen vacancies can enhance surface activity for
gas adsorption. Yu et al. [49] stated that oxygen vacancies can add
more electrons to the surfaces of ZnO and increase the electrostatic
interaction of the target gas with ZnO. Andzelm et al. [50] studied the
eﬀect of defects on the NH3 sensing capacity of single-walled carbon
nanotubes, and found that defects spontaneously chemisorb NH3 into
dissociated NH2 and H fragments, resulting in large drops in electrical
conductance. Zhao et al. [51] studied the eﬀect of oxygen vacancies on

Fig. 4. (a,b) TEM micrographs at two diﬀerent magniﬁcations. (c,d) Latticeresolved TEM micrographs. (e) EDS elemental color map. (f) Elemental EDS
analysis.
−
−
2Hads + Oads
(ZnO) → H2 O(g ) + e

(2)

The existence of a linear relationship between the response and the
square root of hydrogen suggests the Langmuir isotherm theory, which
demonstrates dissociative adsorption of H2 on the surface of Pd (see
Text S6) [37]. As shown in Fig.11, the sensor response had a linear
relationship with the square root of H2 concentration. It is noteworthy
that the sensor responses to hydrogen gas at 0.1, 1, and 10 ppm concentrations were 74.75, 132.71, and 236.82, respectively. In a previous
study of pristine ZnO NFs, the sensor’s response was 109.1–10 ppm H2
at 350 °C [38]. Accordingly, we inferred that e-beam irradiation in
conjunction with Pd loading signiﬁcantly improved the sensing performance of ZnO NFs.
H2 molecules can also be directly oxidized by reacting with oxygen
ions on the surfaces of Pd according to the following equation:

H2 (g ) + O (Pd ) → H2 O

Zni.

(3)

However, the dominant process is dissociation of H2. Regarding
electronic sensitization, because of the higher work function of Pd
(5.51 eV) than ZnO (4.86 eV; Fig. 12a), electrons will transfer from ZnO
to Pd and form an electron depletion layer on the ZnO side, which facilitates the trapping of electrons from the conduction band of ZnO
632
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Fig. 5. (a) XPS survey spectra of Pd-loaded ZnO NFs that received diﬀerent irradiation doses. (b) Zn2p, O1s, and Pd3d spectra of Pd-loaded ZnO NFs that received (b)
50, (c) 100, or (d) 150 kGy irradiation doses.

that of a perfect surface. Therefore, interstitial Sn atoms enhanced the
sensing of NO2 gas. Kim et al. [54] also reported the creation of oxygen
and Sn vacancies in SnO2 nanowires after irradiation with low electron
beam energy. The overall conductivity was n-type due to the larger
amounts of electrons than holes; however, the increase in gas sensitivity
was not signiﬁcant.
There are several key studies that have discussed H2 sensing mechanisms [28,34,37]. In Ref. [37], a reaction for hydrogen dissociation
on the Pd surface was proposed and is described in the present manuscript. In Ref. [28], the eﬀect of Rh doping on the hydrogen-sensing
properties of ﬂame-made SnO2 nanoparticles was investigated. Rhdoped SnO2 nanostructures exhibited an ultra-high response and a short
response time to H2 gas. The roles of Rh on H2 sensing were explained
based on the electronic and catalytic eﬀects of Rh dopants. With regard
to electronic eﬀects, Rh dopants as Rh3+ ions substitute for Sn4+ ions in
the SnO2 lattice, generating positive holes. This will lead to a lower
Fermi energy and thus higher potential barrier height on the surface

the sensing characteristics of Li-doped ZnO, and reported that oxygen
vacancies act as important sites for the adsorption and reaction of
oxygen gas.
Quy et al. studied the role of defects in the NO2 and ethanol sensing
behavior of ZnO. The main defect was Oi, which reduced carrier density
and increased the Debye length, which is inversely proportional to the
square root of carrier density. Presence of a large amount of Oi defects
increased the sensor response [52].
Patil et al. [53] reported that oxygen vacancies generate plenty of
electron donors. Accordingly, many electrons are captured from ZnO,
increasing the thickness of the electron depletion layer and enhancing
sensing. Kwon et al. [16] showed that the presence of interstitial Sn in
gamma-irradiated SnO2 signiﬁcantly enhanced the sensitivity of the
sensor to NO2 gas. Based on DFT calculations, the calculated adsorption
energy of NO2 gas was −1.83 eV, which was much higher than the
adsorption energy on a perfect SnO2 surface (−0.29 eV). Overall charge
transfer from the defective surface to NO2 gas was almost two times
633
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Fig. 7. Selectivity pattern of the 0.6 wt% Pd-loaded ZnO NF sensor to 100 ppb
of various gases at 350 °C.

Fig. 6. (a) Normalized dynamic response of pristine and Pd-loaded ZnO NF
sensors to 100 ppb of H2 at 350 °C. (b) Calibration curves of pristine and Pdloaded ZnO NF sensors at 350 °C. (c) Response of sensors as a function of Pd
loading. (d) Initial resistance of sensors versus Pd loading.
Fig. 8. (a) Dynamic resistance plots of 0.6 wt% Pd-loaded ZnO NF sensors
under 0.1, 1, and 10 ppm H2 at 350 °C after e-beam irradiation treatment at 0,
50, 100, and 150 kGy doses. (b) Sensor response versus dose rate. (c) Base
resistance of sensor versus dose rate.

and grain interfaces. Furthermore, the annihilation of electrons by Rh
dopants will expand the electron depletion regions on the surface and
grain interfaces. The introduction of H2 gas will decrease the deletion
region and lower the potential barrier height. The authors of that study
suggested that the ability of adsorbed hydrogen atoms to dissociate and
transfer electrons to SnO2 would increase with an increase in the energy
diﬀerence between the hydrogen chemical potential and the Fermi level
of SnO2. While the exact roles of Rh in SnO2 host materials on gas
sensing behaviors and mechanisms are still not well understood, this
mechanism is diﬀerent from that in the present study.
In Ref. [34], we investigated the sensing mechanisms of ZnO-SnO2
composite nanoﬁbers. Herein, the selective improvement in sensing

Fig. 9. Comparison of the selectivity of non-irradiated and 150 kGy-irradiated
0.6 wt% Pd-loaded ZnO NF sensors.
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Fig. 10. Cartoon illustration mechanism of sensing in Pd-loaded ZnO NFs. (a)
Reducing gas eﬀect. (b) Grain boundary eﬀect. (c) Metallization eﬀect. (d) Ebeam eﬀect.

Fig. 12. Schematic of sensing mechanisms of (a) ZnO NFs, (b) unirradiated Pdloaded ZnO NFs, and (c) 150 kGy-irradiated Pd-loaded ZnO NFs.

suggest that modulation of the potential barrier by metallization of ZnO
to Zn is a main determinant of a high sensor response to H2 gas.
However, the exact mechanisms by which this modulation enhances the
sensor response are not clear.
In the present work, we mainly investigated the hydrogen gas sensing properties of Pd-loaded ZnO nanoﬁbers with a focus on the eﬀect
of electron beam (e-beam) irradiation. ZnO/Pd heterointerfaces were
generated in the sensor. To precisely calculate the work function, we
carried out UPS analysis and were able to explain why the work function diﬀerence in ZnO/Pd heterojunctions resulted in the enhancement
of sensing behavior. Regarding electronic sensitization, because of the
higher work function of Pd (5.51 eV) than ZnO (4.86 eV; Fig. 12a),
electrons were transferred from ZnO to Pd and formed an electron
depletion layer on the ZnO side, which facilitated trapping of electrons
from the conduction band of ZnO (Fig. 12b). Therefore, the original
volume of the conduction region decreased. Accordingly, because of the
smaller initial conduction volume, the increase in electrons due to the
introduction of the same amount of H2 resulted in a greater sensor response, in terms of the deﬁnition of response used herein (R = Ra/Rg;
Fig. 12b). In addition, we found that e-beam irradiation decreased the
work function of ZnO. In the case of 150 kGy-irradiated Pd/ZnO, the
work function of Pd (5.51 eV) was signiﬁcantly higher than that of ZnO
(3.86 eV) and due to electron transfer, the original volume of the conduction region was signiﬁcantly reduced relative to that of pristine
ZnO/Pd heterostructures. Accordingly, because of the smaller initial
conduction volume, the increase in number of electrons due to the introduction of the same amount of H2 resulted in higher sensitivity in
terms of the deﬁnition of response used herein (R = Ra/Rg; Fig. 12).

Fig. 11. Variation in the sensor response in response to varied hydrogen concentrations. Linear correction by Langmuir model for the 150 kGy-irradiated
sensor.

behavior to H2 gas compared to other gases was ascribed mainly to
SnO2-ZnO heterointerfaces. The excellent sensing performance of the
SnO2-ZnO composite nanoﬁber sensors to H2 was a result of a bifunctional sensing mechanism. In particular, H2-induced metallization
in grain boundaries of SnO2-ZnO heterointerfaces signiﬁcantly enhanced the sensor’s H2-sensing abilities. Furthermore, due to the generation of Zn boundaries along the SnO2/ZnO heterointerfaces, a new
energy band conﬁguration was established. Metallic Zn donated a large
amount of electrons to the neighboring SnO2 grains, signiﬁcantly reducing resistivity. This phenomenon corresponds to signiﬁcant additional modulation of resistance by Zn metallization. Accordingly, we
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Appendix A. Supplementary data

Table 1
Comparison of the H2 sensing performance of the 0.6 wt% Pd-loaded ZnO NF
sensor to that of other reported sensors containing Pd.
Sensor

Conc.
(ppm)

T(°C)

Response

Ref.

0.6 wt% Pd loaded ZnO
NFs
1.0 wt% Pt-loaded WO3
Pt/Pd decorated ZnO
10 wt%Pd-SnO2
2 wt% Pd-doped SnO2
Pd-SnO2 composite NFs
PANi + 2 wt% Pd
Pd-doped SnO2
nanocomposite
Pd decorated WO3
Pt-functionalized GaN NTs
Pd decorated CNT
Pt/Pd bimetal decorated
ZnO NRs
Pd-NiO nanocomposite
Pd-rGO nanocomposite
Pd-loaded SnO2 hollow
spheres
PdO/WO3 nanohybrids
Nanoporous Pd ﬁlm
Pd/V2O5 thin ﬁlms
Pd/Al2O3
Pd-NiO nanocomposite

0.1

350

74.7 (Ra/Rg)

100
10000
100
1000
100
100
200

200
100
250
100
280
25
350

3 (Ra/Rg)
58%(ΔRa/Ra)×100
16.47 (Ra/Rg)
253 (Ra/Rg)
8.2 (Ra/Rg)
7 (Ra/Rg)
24 (Ra/Rg)

This
work
[9]
[13]
[25]
[26]
[55]
[56]
[57]

1000
25
100
10000

300
100
100
100

3 (Ra/Rg)
3.8 (Ra/Rg)
70 %(ΔRa/Ra)×100
69.8 (Ra/Rg)

[58]
[59]
[60]
[61]

145
1000
20

25
75
230

1.5(ΔRa/Ra)
16%(ΔRa/Ra)×100
52.9 (Ra/Rg)

[62]
[63]
[64]

40
1000
100
5000
500

25
25
100
100

9.02 (Ra/Rg)
6.5%(ΔRa/Ra)×100
5.7 (Ra/Rg)
1.5%(ΔRa/Ra)×100
250%(ΔRa/Ra)×100

[65]
[66]
[67]
[68]
[69]

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.snb.2018.12.120.
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3.4. Comparison with other studies
There are numerous reports of high-performance hydrogen gas
sensors. Table 1 compares previously reported metal-oxide gas sensors
containing Pd or Pt NPs with the present sensor. The present sensor
showed very high sensitivity to sub-ppm concentrations of hydrogen in
comparison with other reported sensors. It had a response of
74.7–100 ppb of H2, which is a far greater response than that of the
other sensors listed in Table 1. However, the sensing temperature
(350 °C) used was relatively high. Nevertheless, this can be an advantage because high sensing temperatures are used in some applications. Indeed, some hydrogen gas sensors require operation at high
temperatures, such as sensors for the composition of fuel gas streams in
gas turbines and hydrogen sensors for solid oxide fuel cells [11].
4. Conclusion
We dramatically enhanced the H2 sensing capabilities of ZnO NFsbased gas sensors by varying the amount of Pd loading and the dose of
e-beam irradiation. Loading of the sensor with 0.6 wt% Pd resulted in
the best sensing performance. To further increase the performance of
the sensors, they were treated with various doses of e-beam irradiation;
the sensor irradiated with 150 kGy showed the highest response and
good selectivity to H2. Metallization eﬀects in ZnO, generation of ZnO/
Pd heterointerfaces, the excellent catalytic activity of Pd, and the
creation of defects as a result of e-beam irradiation together resulted in
achievement of a high response (Ra/Rg = 74.6–100 ppb H2 at 350 °C) in
the ZnO NF sensor loaded with 0.6% Pd and irradiated with an e-beam
dose of 150 kGy. Other high-performance gas sensors can be fabricated
by combining the present strategies of noble metal loading onto metal
oxide gas nanostructures and e-beam irradiation.
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