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The detection of hydrogen (H2) gas is of importance owing to its increasing use in the modern society to achieve
a cleaner life environment. In this study, bare and palladium (Pd)-functionalized ZnO nanowires (NWs) were
synthesized for H2 gas sensing. The ZnO NWs were fabricated by a vapor–liquid–solid technique and Pd functionalization was performed using an ultraviolet irradiation technique. Enhanced H2 gas response of the ZnO
NWs was observed after Pd functionalization. Additionally, the Pd-functionalized ZnO NW gas sensor exhibited
high selectivity to H2 gas. The superior hydrogen gas sensing of the Pd-functionalized ZnO NW sensor was
related mainly to the sensitization of the Pd nanoparticles, metallization effect of ZnO at the sensing temperature
(350 °C), and partial PdHx formation. This study demonstrates the effectiveness of the Pd functionalization on
the ZnO NWs for the realization of practical hydrogen gas sensors.

1. Introduction

outstanding sensing material for the detection of H2 gas [14,15];
however, owing to the good responses to other interfering gases, it
suffers from a low selectivity in the pristine form. In order to overcome
the low selectivity of ZnO, noble metals (Au [16], Pt [17], and Pd [18]),
can be functionalized or incorporated.
Owing to the high costs of Pt and Au and better catalytic effect of Pd
than that of Ag, Pd is the most suitable noble metal for detecting H2 gas.
In addition, the volume of hydrogen gas that can be adsorbed by Pd is
considerably larger than the volume of Pd. Furthermore, Pd provides a
low barrier for H2 gas dissociation [1] and can act as an H2 gas sensitizer [3].
In this study, we significantly improved the sensing characteristics
of a ZnO NW gas sensor by Pd functionalization. A vapor–liquid–solid
(VLS) growth technique was employed for synthesizing the ZnO NWs,
while the Pd functionalization was performed by ultraviolet (UV) irradiation in a PdCl2 solution. Because of the catalytic effects of the Pd
nanoparticles (NPs), generation of Schottky barriers, conversion of Pd
to PdHx, and surface metallization of ZnO, an excellent H2 gas response
was obtained for the Pd-functionalized ZnO NW sensor.

Considering the air pollution and global warming contributed by the
combustion of fossil fuels, in the search for alternative clean fuels, the
hydrogen (H2) gas has captured considerable attention as a green, recoverable, and abundant fuel [1]. Nevertheless, the hydrogen (H2) gas
is extremely explosive in the range of 4–75 vol% [2]. In addition, its
large diffusion coefficient and low ignition energy, make it more dangerous in case of accidental leakages [3]. Therefore, the storage,
transport, and application of hydrogen gas are associated with risks of
severe explosions. As human senses cannot detect H2 gas, sensitive
devices are needed to detect H2 gas in the environment [4]. Among the
various devices for detecting H2 gas, metal-oxide gas sensors have numerous features including low costs, on-line responses, high sensitivities, and simple fabrications and operations [5,6]. Therefore, they are
extensively used for detection of H2 gas [7,8].
For sensing applications, larger surface area provides better gas
response [9]. Accordingly, one-dimensional morphologies have good
potential for fabrication of gas sensors. In particular, zinc oxide (ZnO)
nanotubes [10], nanofibers [11], and nanowires (NWs) [12] with large
surface areas, high stabilities, facilitated access, and good electrical
properties [13] have been used for such applications. ZnO is an
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Fig. 2. (a) Dynamic resistances of the bare ZnO NW sensor exposed to 1, 10,
and 100 ppm of H2 gas at different temperatures. (b) Corresponding calibration
curves. (c) Changes in sensor responses with the temperature for 100 ppm of H2
gas.

fabricated ZnO NWs were put into the Pd2+-containing solution, which
was then exposed to UV light using a halogen lamp (intensity
=0.11 mW/cm2, λ = 360) at room temperature for 120 s. Finally, the
Pd-functionalized NWs were annealed (500 °C/1 h).
2.3. Characterizations

Fig. 1. FE-SEM micrographs of the (a) bare ZnO NWs and (b) Pd-functionalized
ZnO NWs. (c) XRD pattern of the Pd-functionalized ZnO NWs.

The morphology of the NWs was analyzed by field-emission scanning electron microscopy (FE-SEM; Quanta FEG 250, FEI), at an accelerating voltage of 15 kV. The samples were first mounted on the
holders using double-sided conductive tapes of vacuum compatible
carbon. Then a very thin layer of Pt layer (˜ 3 nm) was deposited on the
samples by means of using a sputtering machine. X-ray diffraction
(XRD, Philips X’pert MRD diffractometer) with Cu Kα1 radiation (λ
=1.5409 Å) was carried out in the 2θ range 20–90° to analyze the
crystallinity of the Pd-functionalized ZnO NWs. Ultraviolet photoelectron spectroscopy (UPS) was carried out by irradiation of He I (21.2 eV)
UV light in an ultrahigh vacuum (UHV) (< 10−10 Torr) chamber. X-ray
photoelectron spectroscopy (XPS, Thermo K-Alpha, Mg Kα X-ray source
(1486.6 eV)) was performed to evaluate the chemical state of Pd. The
binding energies obtained by the XPS were corrected by setting the C 1s
line to 284.5 eV.

2. Experimental methods
2.1. Growth of ZnO NWs
Networked ZnO NWs were selectively grown by a catalyst-assisted
VLS method. First, trilayer interdigital electrodes (TIEs) were sputterdeposited on SiO2-covered Si substrates. The electrodes consisted of Ti
(100 nm), Pt (100 nm), and Au (3 nm). Subsequently, the substrate with
TIEs was placed into a quartz tube furnace, where a ceramic boat
containing a metallic Zn powder (99.9%) was already placed. The
growth of ZnO NWs was carried out at 900 °C for 30 min in an atmosphere containing of flowing N2 (300 sccm) and O2 (10 sccm) gases.
2.2. Pd functionalization of the ZnO NWs

2.4. Gas sensing tests

For the Pd functionalization, Pd NPs were deposited on the ZnO
NWs through the UV reduction method. First, 0.0085 g (0.028 mM) of
PdCl2 was dissolved in a solvent of isopropanol and ethanol. The

Ni/Au (200 nm/50 nm) electrodes were sputter-deposited on the
specimens using a special mask. The responses of the gas sensors to H2
2
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Fig. 3. (a) Dynamic resistance curves of the bare ZnO NW sensor exposed to 1,
10, and 100 ppm of O2, NO2, C6H6, C7H8, and H2 gases at 300 °C. (b)
Corresponding calibration curves.

Fig. 4. (a) Dynamic resistance curves of the Pd-functionalized ZnO NW sensor
exposed to 1, 10, and 100 ppm of H2 gas at different temperatures. (b)
Corresponding calibration curves. (c) Changes in sensor responses with the
temperature for 100 ppm of H2 gas.

gas and other interfering gases were measured at different temperatures
and gas concentrations using a gas sensing system. After stabilization,
the desired concentration of target gas was injected into the gas
chamber inside a tubular furnace using mass flow controllers. The resistances of the gas sensors were continuously recorded in the air and
target gas atmospheres. The response (R) of the gas sensor was obtained
as R = Ra/Rg for reducing gases, while for oxidizing gases, it was estimated as R = Rg/Ra, in which Ra is the resistance in the air and Rg is
the resistance of the sensor in the target gas ambient. Further details are
presented in previous reports [19,20].

PdCl2 concentration can be obtained, at which the gas sensor exhibits
the highest response to hydrogen gas [21]. Our preliminary experiments with the Pd-functionalized NWs indicated that the surface coverage for the maximum sensor response is in the range of 0.4 to 0.5
(Text S2 in Supplementary Information).
Fig. 1c shows an XRD spectrum of the Pd-functionalized ZnO NWs.
In the XRD pattern, the peak centered at 40.2° is attributed to the (111)
planes of the Pd NPs (JCPDS Card # 87-0641) [22]. The low intensity of
this peak is related to the low amounts of Pd on the ZnO NWs. The
peaks related to the ZnO NWs with the zinc-blende crystal structures
(JCPDS card # 89-1397) [23] have high intensities, demonstrating the
full crystallization of the ZnO NWs after the calcination at 500 °C.
Therefore, the characterization results demonstrated the formations of
bare and Pd-functionalized ZnO NWs.

3. Results and discussion
3.1. FE-SEM and XRD analyses
Fig. 1a presents an FE-SEM micrograph of a single ZnO NW,
showing that the synthesized ZnO NW has a smooth morphology. The
inset provides a lower-magnification FE-SEM micrograph, which demonstrates the formation of ZnO NWs on the substrate. Fig. 1b displays
an FE-SEM micrograph of a Pd-functionalized ZnO NW with a rough
morphology owing to the Pd NPs. The inset in Fig. 1b shows a lowermagnification FE-SEM micrograph, confirming the growth of ZnO NWs
on the substrate. The diameters of the fabricated NWs are ˜100 nm. The
calculated surface coverage of the Pd-functionalized ZnO NWs in
Fig. 1b is 0.437 (Text S1 in Supplementary Information). As reported by
Lupan et al., by changing the initial PdCl2 concentration, an optimized

3.2. Gas sensing results
The gas sensing being dependent on the diffusion of the gas, the
temperature is an important factor determining the sensing behavior of
the gas sensor [24]. Accordingly, as a first step, the optimal working
temperatures of the bare and Pd-functionalized ZnO NW sensors were
determined. Fig. 2a shows transient resistance plots of the ZnO NW
sensor for various concentrations of H2 gas at various temperatures
(150–400 °C). Owing to the reducing characteristic of the H2 gas, the
ZnO NW gas sensor exhibits an n-type behavior originating from the

3
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reveal the optimal working temperature. Fig. 4a shows transient resistance plots of the Pd/ZnO NW gas sensor at various temperatures.
The sensor can detect even 0.1 ppm of gas at all temperatures. Fig. 4b
provides the calibration diagrams of the sensor, while Fig. 4c indicates
the response to H2 gas versus the temperature. The optimal sensing
temperature is increased to 350 °C, slightly higher than that of the bare
gas sensor; however, a considerably higher response is obtained. Fig. 4b
shows the mainly linear relationship between the logarithm of (S = Ra/
Rg-1) and logarithm of the H2 concentration (Text S3 in Supplementary
Information).
To study its selectivity, the Pd-functionalized sensor was exposed to
O2, NO2, C6H6, and C7H8 gases. Fig. 5a shows transient resistance plots
(at 350°) of the Pd-functionalized ZnO NW gas sensor exposed to the
above gases and H2 gas. Fig. 5b shows the corresponding calibration
curves derived from Fig. 5a. The Pd-functionalized ZnO gas sensor
provides the highest response to H2 gas. In particular, its response to
1 ppm of H2 gas is higher than even those to 100 ppm of O2, C6H6, and
C7H8 gases. This demonstrates its excellent selectivity toward hydrogen
gas (Fig. 5c). Fig. 6a and b show reproducibility test results for the Pdfunctionalized sensor. As shown, two fabricated gas sensors exhibited
almost the same trend upon the exposure to the H2 gas. Fig. 6c shows
the repeatability of the Pd-functionalized ZnO NWs exposed to 1 ppm of
H2 gas at 350 °C. The sensor exhibits small variations in the response
over five consecutive cycles. Its response fluctuates in the range of
12.85 to 13.44, demonstrating an excellent repeatability.
The responses of both gas sensors to 100 ppm of H2 gas at different
temperatures are presented in Fig. 7a. The Pd functionalization increased the response of the ZnO NW gas sensor to H2 gas. Fig. 7b shows
selectivity histograms of the bare and Pd-functionalized gas sensors for
100 ppm of different gases at their optimal temperatures. The Pdfunctionalized ZnO sensor reveals a response of 87.17–100 ppm of H2
gas, considerably higher than that to NO2 gas (16.79), which demonstrates its selective nature to H2 gas. In contrast, the bare ZnO gas
sensor exhibits responses of 2.63 to H2 gas and 16.36 to NO2 gas, demonstrating its low selectivity to H2 gas. After the Pd functionalization,
the responses to NO2, O2, H2, C6H6, and C7H8 gases are increased by
1.6, 7.8, 3214.4, 17.2, and 166.9%, respectively.
In order to analyze its cross selectivity, the Pd-functionalized ZnO
NW was exposed to mixed gases containing H2 + C6H6 gases and H2 +
C7H8 gases. Fig. 8a shows transient resistance plots of the Pd/ZnO NW
exposed to 1 ppm of C6H6, H2, and mixture of C6H6 (1 ppm) + H2
(1 ppm) gases. The sensor responses to these gases are 1.73, 13.58, and
14.80, respectively, which demonstrates that even in the presence of
C6H6, the Pd-functionalized ZnO NW gas sensor exhibits a high response to hydrogen gas. Fig. 8b presents dynamic resistance curves of
the Pd-functionalized ZnO NW sensor exposed to 1 ppm of C7H8, H2,
and mixture of C7H8 (1 ppm) + H2 (1 ppm) gases, yielding responses of
2.91, 13.28, and 15.81, respectively, which further demonstrates the
good selective performance of the gas sensor.
Fig. 9a and c show UPS spectra of ZnO and Pd, respectively. According to Fig. 9b and d, the cut-off values of ZnO and Pd are 17.18 and
15.79 eV, respectively. The work functions were evaluated by subtracting the cut-off values from the injected photon energy (21.2 eV).
To correct for the broadening of the UPS analyzer, 0.1 eV is added to
the obtained value. Therefore, the work functions of ZnO and Pd corresponded to 4.12 and 5.51 eV, respectively [20].

Fig. 5. (a) Dynamic resistance curves of the Pd-functionalized ZnO NW sensor
exposed to 1, 10, and 100 ppm of O2, NO2, C6H6, C7H8, and H2 gases at 350 °C.
(b) Corresponding calibration curves.

nonstoichiometric composition owing to oxygen vacancies. Fig. 2b
shows corresponding calibration plots of the bare ZnO NW sensor at
different sensing temperatures, which demonstrate the gas response
dependence on the temperature. Fig. 2c shows the relationship between
the response to 100 parts-per-million (ppm) of H2 gas and sensing
temperature for the bare ZnO sensor. The sensor exhibits its highest
response at 300 °C. At T < 300 °C, the gas molecules do not have sufficient energies for adsorption. In contrast, at T > 300 °C, H2 gas molecules may escape before adsorption. At 300 °C, the adsorption rate is
equal to the desorption rate of the gas, leading to the highest response
(2.63) [25].
In real applications, in addition to the H2 gas, other interfering gases
are present and thus in case of lack of selectivity and false alarms, the
practical use of the gas sensor is not possible. To analyze the selectivity
of the bare gas sensor, its responses at the optimal working temperature
to different gases were studied. Fig. 3a shows transient resistance plots
of the sensor for different concentrations of O2, NO2 (oxidizing), C6H6,
C7H8, and H2 (reducing) gases. The resistances in the resistance are
observed upon the exposures to the O2 and NO2 gases, while decreases
are observed upon the exposures to the C6H6, C7H8, and H2 gases.
Fig. 3b shows corresponding calibration curves of the sensor for the
different gases. The bare ZnO NW gas sensor exhibits higher responses
to O2 and NO2 gases than that to the H2 gas. Therefore, it does not have
a sufficient selectivity to H2 gas for practical applications.
To study its gas sensing characteristics, the Pd-functionalized sensor
was exposed to H2 gases with different concentrations (0.1–100 ppm) to

3.3. Sensing mechanism
Generally, the variation in the resistance in the various atmospheres
is the basis of the gas sensing mechanism [26,27]. With ZnO NWs being
in air, oxygen molecules are adsorbed on the ZnO NWs and owing to the
high electron affinity of oxygen they are chemisorbed (O2 , O , or O2 )
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Fig. 6. (a) Reproducibility tests of the two Pd-functionalized ZnO NW sensors exposed to 0.1, 1, 10, and 100 ppm of H2 gas at 350 °C. (b) Corresponding calibration
curves showing the variations in sensor responses with the H2 concentration. (c) Repeatability test at 1 ppm of H2 gas at 350 °C.

Fig. 7. (a) Comparison of the responses of the bare and Pd-functionalized ZnO NW sensors exposed to 100 ppm of H2 gas at different temperatures. (b) Selectivity
histograms of the bare and Pd-functionalized ZnO NW sensors exposed to 100 ppm of different gases at their optimal temperatures.

[28]. Generally, O2 species are dominant at T < 150 °C, O is dominant
at 150–300 °C, while O2 is dominant species at T > 300 °C [29]. As the
fabricated sensors operate at ≥ 300 °C, the dominant species are supposed to be O in the bare ZnO NW sensor and O2 in the Pd-functionalized ZnO NW gas sensor. Upon the coverage of ionized oxygen
species on the ZnO NWs, an electron depletion layer with a high resistivity forms. Therefore, the conductivity is confined to the conduction channels inside the ZnO NWs. In the H2 gas atmosphere, owing to
the reaction of the H2 gas with the adsorbed oxygen (H2 + O− →
H2O + e- [30]), electrons are released back to the ZnO sensor and thus
the diameter of the conduction channel is increased yielding the

response. This mechanism is referred to as radial modulation of the ZnO
NW gas sensor. In addition, as many contact areas exist, potential
barriers can be created at ZnO–ZnO homojunctions. Upon the exposure
to a reducing gas, the height of the potential barrier decreases, and a
remarkable modulation in the resistance of the sensor occurs [31].
Among the reducing gases analyzed in this study, the bare ZnO NWs
exhibited a higher response to H2 gas than those to C6H6 and C7H8
gases. Owing to the small kinetic diameter of the H2 gas molecule
(2.89 Å [32]), smaller than those of the C6H6 (5.85 Å [33]) and C7H8
(5.8 Å [34]) molecules, H2 gas molecules can more easily penetrate the
ZnO gas sensor structure, resulting in a higher gas response.

5
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Fig. 8. Dynamic resistance curves of the Pd-functionalized ZnO NWs exposed to (a) 1 ppm of C6H6, H2, and C6H6 (1 ppm) + H2 (1 ppm) mixed gas and (b) 1 ppm of
C7H8, H2, and C6H6 (1 ppm) + H2 (1 ppm) mixed gas at 350 °C.

Fig. 9. UP spectra of (a) ZnO and (c) Pd and calculations of their cut-off values of (b) 17.18 and (d) 15.79 eV, respectively.

Furthermore, the metallization of ZnO also enhances the H2 gas sensing.
In H2 gas atmosphere, a thin layer of ZnO can be reduced to metallic Zn.
It is expected that the metallization of ZnO to metallic Zn enhances the
H2 gas sensing. Wang et al. [35] suggested that after adsorption of H2
gas on the surface of ZnO, the electron back-donation from O atoms to
the 4s states of Zn atoms is the dominant factor for the metallization of
the ZnO NWs. In addition, Katoch et al. [36] reported metallization of
ZnO by H2 gas. The semiconductor (ZnO)-to-metal (Zn) transition remarkably affected the resistance modulation in the ZnO NWs, yielding a
high response to H2 gas. The bare ZnO sensor exhibited higher responses to the O2 and NO2 gases which can be attributed to the high
electron affinities of oxygen and NO2 gas of 0.43 and 2.28 eV, respectively [37]. In addition, oxygen vacancies in ZnO lead to the n-type
behavior of ZnO. As the oxygen vacancies are favored adsorption sites
for oxygen molecules, when the O2 molecules are adsorbed on top of

the oxygen vacancy sites, they can easily fill the oxygen vacancies [38].
Furthermore, the nitrogen atom in the NO2 molecule has one unpaired
electron, which facilitates its chemisorption on the defective structure
of the ZnO sensor, which explains the high response of the bare ZnO
NW sensor to NO2 gas [39].
The Pd functionalization led to significant variations in the behavior
of the ZnO NW sensor. Pd NPs were dispersed on the ZnO NWs (Fig. 1b)
and accordingly the gas response significantly increased by the catalytic
activity of Pd to the H2 gas, which already has been reported in the
literature [3,40–45]. In the H2 gas ambient, Pd facilitates the dissociation of molecular H2 into H atoms, which migrate to the surface of
ZnO by a so-called spill-over mechanism. The H atoms then react with
the adsorbed oxygen ions on the surface of ZnO and the electrons are
return back to ZnO. The relevant reactions are as follows [42]:

H2

6

H+ H

(1)
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Fig. 10. Energy bands of (a) ZnO/Pd before and after the contact to the air. (b,c) Energy bands of ZnO/PdHx before and after the contact to the air, in which the work
function of PdHx is (b) larger and (c) smaller than 4.12 eV.

H+ O (adsorbed)

OH (adsorbed)

OH− (adsorbed) + H→H2O + e−

(2)

and 5.51 eV, respectively. A Schottky barrier forms at the interface
between Pd and ZnO owing to their different work functions, where the
electrons flow from ZnO to Pd, generating the electron-depletion region
in ZnO (Fig. 10a). Accordingly, the initial resistance of the gas sensor is
increased compared to that of the pristine ZnO gas sensor. In fact, the
measured resistance mainly depends on the diameter of conduction
channel of the ZnO NWs. Apart from the changes due to charge carrier
concentration, resistance of ZnO NWs can be calculated as follows [46]:

(3)

These reactions lead to the significant decrease of resistance,
yielding a high response.
The modulation of the resistance in the ZnO/Pd heterojunction also
contributes to the change in sensing activity of gas sensor. The UP
spectra (Fig. 9) show that the work functions of ZnO and Pd are 4.12
7
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desorption reactions [50].
The H2 gas sensing characteristics of reported gas sensors containing
Pd are compared with those of the present gas sensor in Table 1
[51–56]. The response in the present work is considerably higher than
those of the other gas sensors, confirming the large potential of the
fabricated sensor for various applications.
4. Conclusion
The promising role of the Pd functionalization on the ZnO NWs for
H2 gas sensing was analyzed. The ZnO NWs were fabricated by the VLS
growth method and subsequently Pd NPs were functionalized on the
ZnO NWs by the UV reduction method. The desired morphologies and
crystallinities of the samples were confirmed by characterization
methods. The H2 gas sensing results demonstrated the higher gas sensing capability of the Pd/ZnO NWs relative to those of the bare ZnO
NWs. The bare ZnO gas sensor did not exhibit selectivity to H2 gas,
while the Pd-functionalized ZnO NW gas sensor exhibited a high selectivity. The increased sensing response was due to the catalytic effects
of the Pd NPs, generation of Schottky contacts, and conversion to
Ohmic contacts upon the transition of Pd to PdHx.

Fig. 11. Pd 3d XP spectra before and after the exposure to H2 gas.

Table 1
Comparison of the response of the Pd-functionalized ZnO NW sensor to those of reported gas sensors containing Pd NPs.
Sensor

H2 gas concentration (ppm)

Response (Ra/Rg)

T (°C)

Ref.

Pd-functionalized ZnO NWs
Pd-functionalized ZnO NRs
Pd-functionalized Zn2SnO4/ZnO
Pd-functionalized ZnO nanoflowers
Pd-doped ZnO NRs
Pd-ZnO thin film
Pd-functionalized ZnO NRs

100
1000
1000
300
350
10000
10000

87.17
˜0.912 (ΔR/Ra)
˜0.74 (ΔR/Ra)
2.8
13 (ΔI/Ia)
2.7 (ΔI/Ia)
˜0.80 (ΔR/Ra)

350
20
270
300
20
20
100

This study
[51]
[52]
[53]
[54]
[55]
[56]

R=

4 L
2
Dcond.
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where R is the resistance of the sensor, ρ is the resistivity of the ZnO, L is
the length of the ZnO NWs, and Dcond is the diameter of the conduction
channel of ZnO NWs. In the presence of Pd, the diameter of conduction
channel of ZnO NWs decreases and according to Eq. (4), the resistance
of the gas sensor will be increased. The smaller initial conduction volume or equivalently higher initial resistance in Pd-functionalized ZnO
NWs yields a higher response.
Upon the exposure to H2 gas, the direct dissolution of the H2 gas in
octahedral sites of Pd changes its metallic state (Pd) into a hybrid form
(PdHx) (x saturates at 0.67 [42]). This conversion is evident in the corelevel XP spectrum of Pd 3d in Fig. 11, where the shift of the Pd 3d peak
shows the formation of PdHx. Accordingly, it is possible that some part
of Pd is converted to PdHx.
The work function of PdHx is ˜3.2–5.27 eV [47,48]. In the case of the
PdHx/ZnO heterointerface, it is possible that the work function of PdHx
is larger than that of ZnO. Similar to the Pd/ZnO interface, electrons
flow from ZnO to Pd, enlarging the electron depletion region in ZnO
and thus contributing to the enhances in the H2 gas sensing behavior
(Fig. 10b). The larger initial volume of the depletion region corresponds
to a smaller initial conduction volume and the sample adsorption/
desorption portion leads to a higher relative change in conduction volume and thus to a higher sensor response. A similar mechanism was
reported by Chang et al. for Pd-decorated ZnO nanorods (NRs) [49]. If
the work function of PdHx is smaller than that of ZnO, the electrons
transfer from PdHx to ZnO (Fig. 10c). Therefore, the initial larger volume of the depletion region cannot affect the improvement in the
sensor’s signal. The high response of the Pd-functionalized ZnO sensor
to H2 gas can be also attributed to the lowest activation energy of H2
compared to those of the other reactive gases, accelerating the

Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.snb.2019.126693.
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