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We fabricated bare and Pd-decorated SnO2 nanowires (NWs) for comparative study of hydrogen sensing. A
selective vapor-liquid-solid method was used for fabricating SnO2 NWs and a UV reduction method was used to
decorate Pd NPs on the surfaces of the fabricated NWs. Sensing studies showed that decorating the surfaces of
SnO2 NWs with a noble metal increased the response to 1 ppm H2 gas from 6.88 to 16.95 at an optimal working
temperature of 300 °C. Furthermore, Pd decoration also increased the selectivity. The enhanced sensing properties of the Pd-decorated sensor are related to the Pd NPs’ catalytic effect and the formation of Schottcky
junctions. This study demonstrated the possibility of a high performance H2 sensor created by combining metal
oxide NWs with a catalyst such as Pd.

1. Introduction
Hydrogen (H2) is a green and readily available, environmentally
friendly fuel. Nevertheless, it is explosive in concentrations above 4% in
air [1] and can act as an asphyxiant gas at high concentrations [2].
Since it is an odorless, tasteless and colorless gas, the human nose is not
able to detect it. Accordingly, sensitive/selective H2 gas sensors are
needed for gas detection [3].
Resistive-based gas sensors are widely utilized for sensing hydrogen
due to their good sensitivity, low production cost, fast dynamics and
simple operation [4,5]. They rely on change in resistance in the atmosphere that contains the target gas [6]. SnO2 has been widely used
for sensing purposes because of its simple and cheap synthesis, good
intrinsic sensing response and high physicochemical stability [7]. This
is the most widely used sensor due to its high intrinsic sensing properties towards different gases [8]. Many researchers have reported
SnO2’s good sensitivity towards H2 gas [9]. Nevertheless, SnO2 in its
pristine form suffers from low response rates and unacceptable selectivity levels. To overcome these disadvantages, strategies such as
metal doping [10] and noble metal decoration [11] have been suggested to improve its sensing capacity. Regarding noble metal decoration, noble metal NPs are deposited on the surface of SnO2 to form

⁎

isolated islands. The deposits’ catalytic properties towards H2 gas effectively enhance the performance of sensor [12]. Many researchers
have reported promising effects of using Pd and Pt NPs for hydrogen
detection [13,14]. In spite of their good catalytic effects, Pt is very
expensive, which limits its widespread application [15]. Accordingly, it
is important to develop sensitive SnO2 gas sensors using Pd NPs. Some
research groups have already developed Pd-decorated SnO2 gas sensors,
but most of them do not have a high enough response and need to
increase their sensitivity. To develop high performance Pd-SnO2 sensors, we developed SnO2 nanowires (NWs) to increase the available
adsorption sites for the H2 gas molecules. Using this morphology, a high
surface to volume ratio resulted for both H2 gas molecules and the Pddecorated NPs. We synthesized SnO2 NWs using a vapor-liquid-solid
(VLS) growth method and then decorated them with the Pd NPs using a
UV reduction method at room temperature. We found the SnO2 NWs’
sensitivity to H2 gas was greatly enhanced after Pd decoration. This is
due to the Pd NPs’ catalytic activity and the formation of Schottcky
barriers, which modulate the sensor’s resistance. This study shows
promising effects of combining SnO2 NWs with high surface area Pd
NPs to form a powerful H2 sensitizer for the fabrication of an effective
gas sensor.
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2. Experimentation
2.1. Synthesis of SnO2 NWs
Networked SnO2 NWs were grown using a vapor-liquid-sold (VLS)
method. For the successful growth of the NWs, a photolithography
method was used first, and trilayered-interdigitated electrodes (TIEs)
were made on the SiO2-grown Si (100) substrates. The TIEs were
comprised of Au (3 nm), Pt (100 nm) and Ti (100 nm), which were sequentially deposited by a magnetron sputtering method. Next, the TIE
substrates were put into a horizontal quartz-tube furnace with an Al2O3
crucible containing high purity (99.9%) Sn metallic powder. The furnace was heated to 900 °C for 15 min in the presence of flowing N2
(300 sccm) and O2 (10 sccm) gas, and the SnO2 NWs were selectively
grown on the substrates. Fig. S1 (Supplementary Information) schematically shows the procedure for preparation of networked SnO2 NWs.
2.2. Pd decoration of SnO2 NWs
UV light at room temperature was utilized for Pd decoration. A
Pd+2-containing solution was prepared by dissolving 0.0085 g PdCl2
(99%) in a mixture of 8.5 g of isopropanol and 8.5 g propanol. The SnO2
NWs were dipped into the above solution and the samples were irradiated by a UV light with a λ = 360 nm using a halogen lamp. The
intensity of the UV light was 0.11 mW/cm2 and the reduction was
performed for 120 s. Finally, the Pd-decorated NWs were taken out
from the solution and calcined at 500 °C for 1 h.
2.3. Characterizations
An XRD (XRD, Philips X’pert MRD diffractometer) was utilized to
investigate the crystallinity and phase formation of the Pd-decorated
SnO2 NWs. Morphological examinations were carried out using field
emission scanning electron microscopy (FE-SEM).
2.4. Gas sensing measurements
Using and interdigitated electrode mask, Ni (200 nm)/Au (50 nm)
double-layered electrodes were successively deposited on the substrates
via magnetron sputtering. The fabricated sensors’ response to H2 as the
main target gas and other gases were evaluated at various temperatures
using a gas dilution and sensing system fabricated in-house. The response (R) was calculated as R = Ra/Rg for reducing gases and as
R = Rg/Ra for oxidative gases, where Ra is the initial resistance in air
and Rg is the resistance in the presence of the target gas. The gas sensing
measurements are similar to what we did in our previously published
papers [16,17].

Fig. 1. FE-SEM micrographs of (a) bare SnO2 NWs and (b) Pd-decorated SnO2
NWs. Upper-right insets are top-view FE-SEM images. (c) XRD pattern of Pddecorated SnO2 NWs.

3. Results and discussion

crystalline Pd [19] and SnO2 [17], respectively. Line mapping EDS
analysis presented in Fig. 2(c) clearly shows the existence of Sn, O and
Pd elements. As it can be seen, the concentration of Pd in deposited part
of NW is higher, demonstrating successful decoration of Pd on the
surfaces of SnO2 NWs.

3.1. Morphological and structural studies

3.2. Gas sensing studies

Fig. 1a provides a typical FE-SEM image of bare SnO2 NWs with a
relatively smooth surface. Fig. 1b reveals a typical FE-SEM micrograph
of Pd-decorated SnO2 NWs with the presence of some fine Pd NPs on the
surface of the SnO2 NWs. The insets of Fig. 1a and b show top-view lowmagnification images, which demonstrate the formation of dense NWs
on the substrate. Fig. 1c shows the XRD pattern of the Pd-decorated
SnO2 NWs. It shows the peaks related to the SnO2 with a rutile crystal
structure (JCPDS Card No. 88-0287) [18], as well as a weak peak related to metallic Pd (JCPDS Card No. 87-0641) [19].
Fig. 2(a) shows a typical TEM image of Pd-decorated SnO2 NW,
which clearly demonstrates the existence of ultrafine Pd NPs on the
surfaces of SnO2 NWs. Lattice-resolved TEM image are provided in
Fig. 2(b). The spacing between the parallel fringes of 0.22 nm and
0.264 nm can be attributed to the lattice planes of (111) and (101) for

The fabricated sensors were first exposed to 1, 10 and 100 ppm H2
gas at temperature range of 150–400 °C. Fig. 3a shows the dynamic
response of the bare SnO2 NWs to H2 gas at different temperatures. The
air resistance of the sensor decreases with increasing sensing temperature, demonstrating the semiconducting behavior of the SnO2. The
resistance of the gas sensor decreased after exposure to H2 gas and
returns to its baseline value after the introduction of air. This demonstrates an n-type behavior of the gas sensor, arising from the presence of
oxygen vacancies in the SnO2 NWs. Fig. 3b shows the calibration curves
of the bare SnO2 NWs sensor, indicating a strong gas response dependence of the sensor to the sensing temperature. Fig. 3c presents the
relationship between gas response (100 ppm H2) and sensing temperature. The maximum response is observed at 300 °C. At lower temperatures, there is not enough energy for effective diffusion or
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Fig. 2. (a) TEM and (b) HRTEM micrographs of Pd-decorated SnO2 NWs. (c) Line mapping EDS result of Pd-decorated SnO2 NWs.

Fig. 3. (a) Dynamic response of a bare SnO2 NWs sensor towards 1, 10 and 100 ppm H2 gas at different temperatures (b) corresponding calibration curves (c)
response versus temperature for 100 ppm H2 gas.
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Fig. 4. (a) Response of bare SnO2 NWs sensors towards 1, 10 and 100 ppm O2, NO2, C6H6, C7H8 and H2 gases at 300 °C (b) corresponding calibration curves.

adsorption of hydrogen gas. At higher temperatures, the hydrogen is
oxidized or desorbed before reaching the deep parts of the surface.
Accordingly, a low response is observed. At the optimal temperature of
300 °C, the response of the bare SnO2 sensor to 100 ppm H2 gas is 8.90.
This optimum sensing temperature is one hundred degrees lower than
what was previously reported by Kien et al. [20]. High working temperatures can shorten the lifetime of the sensor and increase the power
consumption.
To evaluate the gas sensing performance of the bare SnO2 NWs gas
sensor, it was exposed to various interfering gases at 300 °C. Fig. 4a
shows the dynamic resistance plots of the bare SnO2 NWs sensor to O2,
NO2, C6H6 and C7H8 gases in various concentrations. For comparison,
the H2 gas curve is also included. The sensor’s resistance modulation
depends on the nature of the gas; it increases in the presence of O2 and
NO2 and decreases in the presence of C6H6 and C7H8. Fig. 4b presents
corresponding sensor calibration curves for the different oxidizers and
reducing gases. While the sensor’s response to C6H6 and C7H8 gas is
much lower than to hydrogen, the response to the oxidizing gases is

noticeable. In particular, for 10 and 100 ppm NO2 gas, the response of
the sensor is higher than for the same concentration of H2 gas. This
shows the selectivity of this sensor is not limited to H2 gas.
To determine the optimal sensing temperature of the Pd-decorated
SnO2 NWs gas sensor, the sensor was exposed to H2 gas at different
temperatures (200–400 °C). Fig. 5a presents the dynamic resistance
curves of the Pd-decorated SnO2 gas sensor for hydrogen gas at different
concentrations. Interestingly, the sensor responds to concentrations as
low as 0.1 ppm of H2 gas. The initial resistance of the sensor is higher
than for a bare SnO2 NWs sensor at the same temperature because of the
presence of Pd NPs. Fig. 5b reveals the corresponding calibration plots
of the sensor towards H2 gas at sensing temperatures and Fig. 5c shows
the response versus the sensing temperature of sensor. According to this
figure, the optimal sensing temperature of the Pd-decorated gas sensor
is the same as for the bare sensor (300 °C), and Pd decoration does not
change the optimal sensing temperature of the SnO2 sensor.
Fig. 6a shows the dynamic resistance plots for the Pd-decorated
SnO2 sensor to O2, NO2, C6H6, C7H8 and H2 gas at 300 °C. Fig. 6b
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Fig. 5. (a) Dynamic response of Pd-decorated SnO2 NWs sensors towards 1, 10 and 100 ppm H2 gas at different temperatures (b) corresponding calibration curve (c)
response versus temperature for 100 ppm H2 gas.

presents the corresponding calibration plots, where the response of the
sensor to 1 ppm H2 gas is higher than all concentrations of the other
individual interfering gases except for 100 ppm NO2 gas, a considerably
higher concentration that 1 ppm of hydrogen gas. These results demonstrate good selectivity in the Pd-decorated SnO2 NWs gas sensor.
Fig. 7a and b demonstrate the Pd-decorated gas sensors’ repeatability
when exposed to various concentrations of H2 gas at 300 °C.
Fig. 8a compares the response of both the bare and Pd-decorated
sensors to 100 ppm of hydrogen at various temperatures. The response
of the Pd-decorated gas sensor is higher than the bare sensor at 300 °C,
with values of 27.84 and 8.90, respectively. This indicates that the bare
sensors’ response increased by 212.8% by means of Pd-decoration.
Fig. 8b compares the selectivity patterns of bare and Pd-decorated gas
sensors to 100 ppm of gases at 300 °C. While the bare SnO2 sensor has a
lower H2-response than for a NO2-response, the Pd-decorated sensor
exhibited responses to NO2 and H2 gases of 19.03 and 27.84, respectively, demonstrating an acceptable selectivity for H2 gas.
Fig. 8c compares the responses of both the bare and Pd-decorated
sensors to 10 ppm of hydrogen at different temperatures. The response

is increased by 141.4% due to Pd decoration at 300 °C. Fig. 8d exhibits
the selectivity patterns of the bare and Pd-decorated gas sensors at
10 ppm and 300 °C. The bare and Pd-decorated SnO2 sensors show responses to 10 ppm H2 of 7.99 and 19.29, respectively. With Pd decoration, the bare SnO2 sensors’ responses to NO2, O2, H2, C6H6, and
C7H8 increased by 21.8, 19.3, 141.4, 36.8, and 51.3%, respectively.
This demonstrates an excellent H2 gas sensor selectivity.
Fig. 8e provides the responses of both the bare and Pd-decorated
sensors to 1 ppm of H2 gas at various temperatures. At 300 °C, the gas
sensor response increased by 16.7% due to Pd decoration. Fig. 8f exhibits the selectivity patterns of the bare and Pd-decorated gas sensors
to 1 ppm of gases at 300 °C. The bare and Pd-decorated SnO2 sensors
show responses of 6.88 and 8.02–10 ppm H2, respectively. The Pd-decorated SnO2 sensor showed responses to NO2, O2, H2, C6H6, and C7H8
of 4.05, 3.56, 8.02, 1.93, and 2.02, respectively. This demonstrates an
excellent sensor selectivity to H2 gas.
In the following section, we explain the sensing mechanism and the
reasons for different sensor behavior observations.
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Fig. 6. (a) Response of Pd-decorated SnO2 NWs sensors towards 1, 10 and 100 ppm O2, NO2, C6H6, C7H8 and H2 gases at 300 °C (b) corresponding calibration curves.

3.3. Sensing mechanism

length of the sensor. In other words, the bare sensor with NWs morphology has a conduction channel in air. In a H2 gas atmosphere, H2
reacts with chemisorbed oxygen as H2+O− →H2O + e- [23], so electrons come back to the conduction band of SnO2 and the width of the
EDL decreases. Accordingly, the diameter of the conduction channel
will increase, and a response is observed. Due to the networked nature
of the fabricated SnO2 NWs, homojunctions between SnO2-SnO2 NWs
can act as a source of resistance modulation, where they generate potential barriers in air. In an H2 atmosphere, the height of potential
barriers decreased and a modulation in the sensor’s resistance happened, contributing to the response signal.
Bare SnO2 NWs showed a higher response to H2 gas relative to C6H6
and C7H8, which is due to the smaller kinetic diameter of the H2 molecules (2.89 Å [24]) in comparison with C6H6 (5.85 Å [25]) and C7H8

The well-accepted sensing mechanism of resistance-based gas sensors is based on the resistance variations in the presence of target gases
[21,22]. When a bare, semiconducting metal oxide such as SnO2 is in
air, oxygen gas is adsorbed on the surface of the sensor and, due to the
high electron affinity of oxygen, it takes electrons from the SnO2 conduction bands and becomes chemisorbed as the molecular form O2 or
the atomic form O and O2 on the surface of the sensor. The dominant
species strongly depends on the sensing temperature and type of metal
oxides. For SnO2, the dominant species at 300 °C is O . When the O
species covers the surface of the sensor, an electron depletion layer
(EDL) will form. Because the EDL has a much lower conductivity than
the inner regions, the electrons’ paths form a conduction channel for the
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Fig. 7. (a) Repeatability tests for two Pd-decorated SnO2 NWs sensors towards 0.1 1, 10 and 100 ppm H2 gas at 300 °C (b) corresponding calibration curves.

Fig. 8. (a,c,e) Histogram comparison of bare and Pd-decorated SnO2 NWs sensors at various temperatures towards (a) 100, (c) 10, and (e) 1 ppm of H2 gas. (b,d,f)
Histogram comparison of bare and Pd-decorated SnO2 NWs sensors towards (b) 100, (d) 10, and (f) 1 ppm of various gases at 300 °C.
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Fig. 9. UPS spectra of (a) SnO2 and (c) Pd. Calculation of the cut-off values of (b) 16.85 eV (SnO2) and (d) 16.25 eV (Pd).

(5.8 Å [26]). Accordingly, H2 molecules can diffuse into the inner parts
of the sensor, leading to a higher gas response. The sensors revealed a
high response to the oxidizing gases (O2 and NO2), however. This is due
to the high electron affinity of oxygen (0.43 eV) and NO2 (2.28 eV)
molecules. SnO2 has oxygen vacancies in its structure. These defects are
favorable adsorption sites for the target molecules. An O atom can
spontaneously fill the oxygen vacancy [27]. In the NO2 molecule, nitrogen (N) contains one unpaired electron, facilitating its strong adsorption on the surface of the sensor [28].
Pd-decoration led to remarkable changes in the sensing capacity of
the SnO2 NWs sensor. Pd NPs are dispersed on the surfaces of the SnO2
NWs and affect the sensing behavior. Promising effects of Pd on H2
detection have been previously reported in the literature [29,30].
Generally, Pd NPs can affect the sensing properties of metal oxides by
catalytic effects and the formation of Schottcky barriers. Pd NPs can
catalytically facilitate the dissociation of oxygen and hydrogen gases on
the surface of the sensor. In particular, Pd is effective for the decomposition of H2 [31]. In the presence of Pd, H2 first decomposes to atomic
hydrogen. By a spill over mechanism, it migrates to the surface of SnO2

where it can react with already chemisorbed oxygen radicals, producing
water vapor by the following reactions [1]:

H2

(1)

2H

2H + O

H2 O + e

(2)

This process causes a significant sensor resistance decrease resulting
in a high sensor response.
Schottcky barriers can form in the interface between Pd NPs and
SnO2. To precisely determine work functions of SnO2 and Pd in the
present system, we carried out UPS measurements (Fig. 9). Fig. 9a and c
display the UPS spectra of SnO2 and Pd, respectively. Based on Fig. 9b
and d, cut-off values of 16.85 eV (SnO2) and 16.25 eV (Pd) were obtained. The work function was calculated by subtracting the cut-off
value from 21.2 eV. Due to analyzer broadening, 0.1 eV was added to
the work functions. The SnO2 and Pd work functions were calculated as
4.45 eV (i.e., 21.2-16.85 + 0.1 = 4.45 eV) and 5.05 eV (i.e.,
21.2–16.25 + 0.1 = 5.05 eV), respectively.
As represented in Fig. 10, the work function of Pd is higher than

Fig. 10. Energy bands of SnO2 and Pd, before and after contact in air.
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will contribute to SnO2‘s resistance decrease, favoring the improved
response [31]. In addition, it is possible that Pd plays a catalytic role in
which it assists the adsorption, dissociation, and reaction of H2 gas
species. Fig. 11 schematically shows the role of Pd NPs on the sensing
performance of a Pd-decorated SnO2 gas sensor.
Recently, Trung et al. [32], reported a highly sensitive CO gas
sensor based on Pd-decorated SnO2 NWs at high temperature of 400 °C.
The high response of gas sensor was attributed to catalytic effect of Pd
towards oxygen and formation of Schottcky barrier junctions, without
directly measuring the work functions. However in our Pd-decorated
SnO2 NWs gas sensor, the responses to CO and CO2 gases (Fig. S2,
supplementary Information) were negligible in comparison with the
response to hydrogen gas which may be due to different working
temperature that reported gas sensor. In our Pd-decorated SnO2 NWs
gas sensor with lower optimal sensing temperature (300 °C), the high
sensitivity to hydrogen gas sensor was not only attributed to above
mechanisms, namely catalytic activity of Pd towards oxygen and formation of Schottcky barriers, but also to excellent catalytic activity of
Pd towards H2 gas, which reduced the optimal sensing temperature. In
addition, using evident UPS data, we exactly calculated the work
functions of Pd and SnO2, where due to difference between their
functions, the formation of Schottcky barriers was confirmed. Other
researchers also have reported the similar sensing mechanism for Pddecorated SnO2 NWs. For example, Kolmakov et al. [33], attributed the
enhanced gas sensing to catalytic effect of Pd towards oxygen gas as
well as formation of nano-schattcky barriers. Xiao et al. [34], reported
enhanced gas sensing properties of Pd/SnO2 gas sensors to catalytic
effect of Pd. Li et al. [35], related enhanced hydrogen sensing of Pd/
SnO2 to the chemical sensitization and electronic sensitization of Pd
catalyst. Almost similar sensing mechanism can be found in other literature [13,31].
Table 1 compares the H2 gas sensing performance of some SnO2
sensors containing Pd or other noble metals with the present sensor.
The present sensor shows a higher response to low concentration of H2
gas in comparison with other reported sensors, demonstrating its promising applicability for H2 gas detection in real applications.

Fig. 11. Sensing mechanism of Pd-decorated SnO2 NWs.

SnO2. Therefore, in intimate contact between Pd NPs and SnO2, electrons transfer from the SnO2 NWs to the Pd NPs and a Schottky barrier
is created between SnO2 and Pd (Fig. 10). First, the conduction channels of the SnO2 NWs are modulated, facilitating the response to the
hydrogen gas. In other words, the presence of Pd will increase the
electron depletion region of SnO2 NWs. Accordingly, the initial conduction volume or initial electron concentration of SnO2 will be significantly decreased. The smaller initial electron concentration will
bring about a higher response to a change in the same amounts of
electrons by gas adsorption. Second, the adsorption of H2 gas on SnO2
will increase the electron concentration on the SnO2 surface and assist
in further elevation of the Fermi level. This will increase the height of
the potential barrier in SnO2/Pd heterointerfaces. Accordingly, the
electron in SnO2 will become more difficult to move to the Pd side, and

4. Conclusion
In this work, the effect of Pd-decoration on SnO2 NWs for hydrogen
detection was demonstrated. Pd-decorated SnO2 NWs were synthesized
using the VLS method and UV reduction of Pd NPs. The morphology
and crystallinity of the synthesized NWs were studied using FE-SEM and
XRD. H2 gas sensing studies showed the promising effects of Pd NPs.
The Pd NPs not only increased the sensitivity of the SnO2 gas sensor, but
also increased its H2 gas selectivity. Enhanced sensing properties in Pddecorated sensors are associated with the catalytic effect of Pd NPs and
the generation of Schottcky junctions.

Table 1
Comparison between the H2 sensitivity of Pd-decorated SnO2 NWs in the present study with some noble metal-containing SnO2 gas sensors reported in the literature.
Sensor

H2 conc. (ppm)

Response (Ra/Rg)

T(°C)

Ref.

Pd-decorated SnO2 NWs
Pd-decorated SnO2 NWs
Pd-decorated SnO2 thin film
Pt-decorated SnO2 thin film
Au-decorated SnO2 thin film
Pd-SnO2 NFs
Au-SnO2 NPs
Au-SnO2

1
20
25
25
25
100
100
50

16.95
2.8
2.8
2.4
2.4
8.2
25
12

300
300
300
300
300
280
250
260

Present study
[20]
[31]
[31]
[31]
[36]
[37]
[38]
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