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a b s t r a c t

We have investigated the fabrication of hydrogen gas sensors based on networks of Pd

nanoparticles (NPs) deposited tin dioxide nanowires (NWs). SnO2 NWs with tin NPs

attached on the surface were obtained by a simple thermal evaporation of SnO crystalline

powders. The tin dioxide NWs were decorated with Pd NPs by the reduction process in Pd

ion solution. The sensors showed ultra-high sensitivity (w1.2 � 105%) and fast response

time (w2 s) upon exposure to 10,000 ppm H2 at room temperature. These sensors were also

found to enable a significant electrical conductance modulation upon exposure to

extremely low concentrations (40 ppm) of H2 in the air. Our fabrication method of sensors

combining with Pd NPs, Sn NPs and n-type semiconducting SnO2 NWs allows optimized

catalytic and depletion effect and results the production of highly-sensitive H2 sensors that

exhibit a broad dynamic detection range, fast response times, and an ultra-low detection

limit.

ª 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.
1. Introduction hydride [4]. Recently, a lattice expansion mechanism for Pd
Hydrogen is one of the most important and promising energy

sources for environmentally friendly technologies. One

energy application is the hydrogen fuel cell, which efficiently

produces electricity and does not require power lines [1e3].

However, hydrogen is flammable and explosive when its

concentration exceeds 4% in air [3]. Accurate and fast detec-

tion of H2 is therefore necessary for the extensive adoption of

hydrogen use in energy production. Pd is a well-known metal

catalyst for H2 dissociation and also for formation of Pd
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with a fast response time and a high sensitivity has been

proposed [5e8]. Penner et al. [5] have fabricatedmesoscopic Pd

wires for use as H2 sensors and switches, operated by the

lattice expansion of Pd wires. These samples showed a very

fast response time but they had a relatively high detection

limit of 1% H2.

Tin dioxide is also widely used as an H2-sensing material

[9e18] because of its simple structure and reaction principles.

The reduction/oxidation of the surface of SnO2 is the main

mechanism induced by H2 at high temperatures [9,13]. Shukla
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et al. [11] have modified nanoemicro-integrated thin film

sensors with indium oxide (In2O3)-doped SnO2. These sensors

had a very high sensitivity to H2 at room temperature, but they

exhibited a very slow response time. Pd nanoparticles (NPs)

have also been incorporated onto SnO2 thin films, [12] nano-

belts [13], and nanowires (NWs) [14,15] to improve their

sensitivities to H2.

De et al. [10] have synthesized mesoporous PdO-SnO2

films responding to H2 at room temperature, and these have

shown high sensitivity and selectivity to H2 down to 500 ppm

H2 at room temperature. However, slow response behaviors

have been observed in these sensors. Kolmakov et al. [13]

have demonstrated the effect of Pd-doping with individual

SnO2 NWs and nanobelts. Palladium-doping on SnO2 NWs

showed high sensitivity and a fast response compared with

those of undoped Pd on SnO2 NWs, but the operating

temperatures of the doped samples were higher than room

temperature. In this paper, we report a novel fabrication

method of H2 sensors based on a mixed network of Pd NPs

decorated SnO2 NWs. The SnO2 network sensors for H2

detection show ultra-high sensitivity (w1.2 � 105%) and

a fast response time (w2 s) upon exposure to 10,000 ppm H2

at room temperature. These sensors also demonstrate

a significant electrical conductance modulation upon expo-

sure to extremely low concentrations (down to 40 ppm) of H2

in air. We discuss the H2-sensing mechanisms of the SnO2

network sensors and their performance depending on

synthetic conditions.
2. Experimental Procedures

2.1. Synthesis

This approach was based on a thermal vaporization process

which is the main mechanism for synthesis and guarantees

the achievement of highly pure and catalyst-free nano-

structures. Mixtures of SnO2 NWs and Sn NPs, where Sn NPs

are attached on the surface of SnO2 NWs,were obtained by the

simple thermal evaporation of SnO powder in a high-

temperature tube furnace equipped with graphitized quartz

tube as an inner tube. An alumina boat which contained

precursor SnO (3.0 g, 99.99% purity) powder was placed on the

inner graphitized quartz tube with diameter of 3 cm. Another

alumina boat for product was placed downstream of the

flowing Ar gas. No catalyst metal was used for the preparation

of the SnO2 nanostructures. The end of the inner tube was

5 cm from the center of the high-temperature tube furnace,

which was heated to 900 �C rapidly under a constant Ar gas

flow. Then, the furnace was heated to 1070 �C for an hour and

maintained for 3 h at the same gas flow. After the heat

treatment, the furnace was cooled to room temperature at

a rate of 3 �C/min. After the thermal synthetic reaction, large

amounts of SnO2 NWs with Sn NPs on the surface (hereafter

we refer as SnO2 NWs) were produced on the downstream

alumina boat.

Distilled water (30 ml) was added to a three-neck round

bottom flask (100 ml) along with a metal precursor material

(0.005 mmol) and PdCl2 (palladium chloride, Reagent Plus,
99%). SnO2 NWs (10 mg, synthesis described above) were then

added into the flask. Two drops of HCl (hydrochloric acid, 35%)

were also mixed into the Pd reaction flasks in order to balance

the pH conditions. These flasks containing the precursor and

wires were treated for 30 min in an ultrasonic bath. After

sonication, the mixtures of SnO2 NWs were well dispersed

into ametal ion solution. This solution was stirred for an hour

under N2 gas. Subsequently, the solution was reduced by

NaBH4 (0.1 mol) at room temperature. Finally, the products

were washed with distilled water.

2.2. Device fabrication

In order to fabricate the devices based on the Pd NP-decorated

SnO2 NWs and SnNPswith decorated PdNPs, a 20-nm-thick Ti

film and a 100-nm-thick Au film were deposited onto a ther-

mally oxidized Si(100) substrate using a direct current

magnetron sputtering system with a base pressure of

4 � 10�8 Torr. A combination of photolithography and lift-off

techniques was utilized to fabricate the micron-scale Ti/Au

electrodes. Then, Pd NP-decorated SnO2 NWs were dispersed

onto the Ti/Au electrodes via micro-pipette drops and ultra-

sonic spreading of the sample. An effective area of the

substrate and sensingmaterials we used are 7.5mm� 7.5mm

and 1 mm � 1 mm, respectively.

2.3. H2 response measurements

The measurement system consisted of a sealed chamber

(w250 mL) with a gas inlet and outlet, mass flow controllers

for monitoring the ratio of H2 to air, and digital multimeters

connected to a personal computer. Two gases were mixed

from different lines and flowed into the chamber through the

gas inlet line. Typically maximum flow rates for testing were

1000 sccm Air and 500 sccm 1% H2 in air. The pressure in the

chamber was maintained at near atmospheric pressure. The

real-time electrical resistance response to H2 was measured

by the sensors. All data acquisitions were carried out with

LabView software through a GPIB interface card. The surface

morphology of the samples was observed using field emission

scanning electron microscope (FE-SEM, JEOL JSM-600F) at an

accelerating voltage of 10 keV and transmission electron

microscopy (TEM, JEOL-2010F) using an accelerating voltage of

200 keV.
3. Results and discussion

3.1. Structures and H2 response properties

Fig. 1 provides a SEM image of SnO2 NWs mixed with Sn NPs

prepared by a simple thermal evaporationmethod (Fig. 1 a), an

HRTEM image of Pd NP-decorated SnO2 NWs (Fig. 1 b),

a schematic image of a SnO2 network sensor consisting of

a mixture of Pd NPs decorated SnO2 NWs on Au electrodes

(Fig. 1 c), and TEM images of a SnO2 NW with Sn NPs on the

surface (Fig. 1 d). The diameters of the SnO2 NWs and Sn NPs

were found to be in the range of tens to hundreds of nano-

meters. Fourier transforms of the HRTEM images (insets)

confirmed that the wires are SnO2 phase with rutile structure
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Fig. 1 e (a) A SEM image of SnO2 NWs and Sn NPs fabricated by a simple thermal evaporation method, (b) a TEM image of

amixture of SnO2 NWswith functionalized Pd NPs, (c) schematic images of devices prepared by dispersingmixtures of SnO2

NWs and Sn NPs with functionalized Pd NPs by micro-pipetting on Au electrodes on a substrate, (d) TEM images of a SnO2

NWwith Sn NPs on the surface. The insets of shows selected area electron diffraction (SEAD) patterns indicating tetrahedral

rutile SnO2 with P42/mmm symmetry and a-Sn with cubic Fd3m symmetry.
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and dots are hexagonal Sn phase. The SnO2 network sensors

were fabricated by dispersing a mixture of the Pd NP-deco-

rated SnO2 NWs and Sn NPs on Au electrodes.

The SnO2 network sensors employing mixtures of the Pd

NP-decorated SnO2 NWs and Sn NPs were used to detect H2 in

the concentration range of 40e10,000 ppm at room tempera-

ture by measuring changes in their electrical conductance. To

measure the variations in their electrical properties with gas

absorption and desorption, the SnO2 network sensors were

first exposed to air or nitrogen gas (N2) to obtain a baseline,

then to a designated concentration of H2, and then back to air

or N2, thus completing one cycle. The transient response

properties of the SnO2 network sensors at various H2

concentrations are shown in Fig. 2. A representative electrical

conductance response of a SnO2 network sensor to the pres-

ence of 10,000 ppm H2 in air at room temperature is shown in

Fig. 2 a, while a real-time conductance response of the SnO2

network sensor to H2 in the concentration range of

40e10,000 ppm in air is provided in Fig. 2 b. Variations in H2

sensitivity as a logarithmic function of H2 concentration are

shown in Fig. 2 c.

The response time can be defined as the time required to

reach 36.8% (¼ e�1) of the total change in the electric
resistance at a given H2 concentration [19,20]. As seen in Fig. 2

a, the SnO2 network sensor exhibited a very fast response time

of 2 s. The SnO2 network sensor showed a large conductance

level change, signifying a switch-like property at room

temperature, mainly due to heavily decorated Pd NPs on SnO2

NWs. Moreover, it was also found that the SnO2 network

sensors showed good repeatability in their changes of current

without observing major signal variations indicating

a poisoning effect. It is well known to occur when high-

concentration H2 is exposed to a sensor under a long-term

period [21]. The hydrogen sensing mechanism in the SnO2

network sensor showing “ONeOFF switching” is mainly based

on changes in the electrical conductance as the H atoms

dissociated from H2 due to the catalytic activity of Pd NPs and

“spill-over” effect with oxygen ions at the surface of SnO2 [13].

Further details related to the mechanisms of the SnO2

network sensors will be discussed later. Fig. 2 b illustrates

representative electrical conductance in the range of

40e10,000 ppm H2 for the SnO2 network sensor in air. The

amplitude of the conductance was dependent on the H2

concentration. As shown in the inset of Fig. 2 b, the SnO2

network sensor was found to successfully detect H2 at

concentrations down to 40 ppm. The sensitivity variation as

http://dx.doi.org/10.1016/j.ijhydene.2010.08.026
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Fig. 2 e (a) A representative electrical conductance

response of a SnO2 network sensor to the presence of

10,000 ppm H2 in air at room temperature, (b) a real-time

conductance response of the SnO2 network sensor to H2 in

the concentration range of 40e10,000 ppm in air,

(c) variations of H2 sensitivity as a logarithmic function of

H2 concentration. The inset of (b) shows the electrical

conductances and the sensitivities of the SnO2 network

sensors with a H2 concentration range of 40e60 ppm.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 5 ( 2 0 1 0 ) 1 2 5 6 8e1 2 5 7 3 12571
a function of H2 concentration is shown in Fig. 2 c. The

sensitivity (S ) of the network sensor is defined as

S ¼
�
GH2

� GAir or N2

�

GAir or N2

� 100 ð%Þ (1)

where GH2
and GAir are the conductance in the presence of H2

and air, respectively. According to the definition of sensitivity,

the SnO2 network sensor was found to have S ¼ 1.2 � 105% at

10,000 ppm H2 and S ¼ 10% at 40 ppm H2 in air at room

temperature. Also, the sensitivity was proportional to the

logarithm of the H2 concentration at room temperature,

according to:

S w AlogH2 þ B (2)

where H2 is the hydrogen concentration (ppm), and A and B

are temperature-dependent constants. The correlation

between the sensitivity and H2 concentration was found to be

in good agreement with Equation (2) in the range of

40e10,000 ppm, indicating that the SnO2 network could be

used as an H2 sensor to effectively detect H2 over a wide

concentration range at room temperature. The representative

electrical responses and the sensitivities in the presence of

10,000 ppm H2 at room temperature for the SnO2 network

sensor in air and in N2 are presented in Fig. 3. The H2 sensing

properties in N2 (without O2) were found to be much higher

sensitivity than those in air. However, the conductance of the

SnO2 network sensor in N2 was found to be partially recov-

erable with and without H2.

3.2. H2 sensing mechanism

We believe that O2 plays an important role in recovering the

SnO2 network sensor after exposure to H2 gas. Oxygen atoms

are reduced to O� ions by electrons generated from hydrogen

atoms on Pd surface. The chemical reactions involved during

the hydrogen gas sensing are summarized by following reac-

tions from eqs. (3e5).

H2/2H (3)

2H/2Hþ þ 2e� (4)

O2 þ 2e�/2O� (5)
Fig. 3 e Variations in conductance and H2 sensitivity as

a function of time upon exposure to 10,000 ppm H2 in air

and in N2, respectively.
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Fig. 4 e The schematic images of the SnO2 network sensors completing one hydrogen cycle (a) in air and (b) in N2,

respectively. And the changes in conductance and of the oxide thickness (c) in air and (d) in N2, respectively.
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Eqs. (3) and (4) describe that H2 molecules dissociate into

hydrogenatomson the surfaces of PdNPsat roomtemperature

anddonateelectrons toSnO2NWs.Eq. (3) is reflectedbyspilled-

over hydrogen atoms on the surface of Pd NPs. The increased

conductivity indicate that increase carrier density of n-type

semiconducting SnO2 NWs by spilled-over hydrogen atoms on

the surface of Pd NPs as reflected in Eq. (4). When the SnO2

network sensors are exposed to air, the change in conductance

turns back to the initial state (OFF switching mode). Eq. (5)

describes the formation of oxide from oxygen molecules from

air electronically recoveringwires. These reactions fromeq. (5)

interrupt the increase in conductance of the sensor with H2.

Therefore, the sensitivity in air is about six times lower than

that in nitrogen exposure due to O2 molecules (see Fig. 3).

The schematic images of the spill-over mechanism are

presented in Fig. 4 a and b. Hydrogen and O2 molecules

dissociate into atoms on the surfaces of Pd NPs and SnO2

wires. Fig. 4 c and d illustrate the conductance changes and

the oxide thicknesses in the presence of H2 gas in air and in N2,

respectively. After completing one cycle in N2, the conduc-

tance and the oxide thickness did not recover to their initial

values (see Fig. 4 d) and only partially recoverable, as seen in

Fig. 3. Schottky barrier formation can be influenced by the

work function of Pd NPs under H2 exposure. Hydrogen mole-

cules that dissociate into atomic hydrogen on and dissolve

into Pd NPs lower the work function of the Pd [22], which may

cause changes in the electron-depleted regions on n-type

SnO2. Therefore, the SnO2 network sensor could be affected by

the H2-induced changes in the depletion regions around the

Pd NPs. These phenomena can also explain the partial

recovery in the absence of oxygen, as seen in Fig. 3. The

proposed mechanisms can explain the oneoff response, the

highly changing conductance and the very fast response time

of the SnO2 network sensors in air and N2 ambient conditions.
For recovery of sensor, electrons should be removed from

the n-type SnO2 wires. Since the SnO2 wires were heated

under the Ar gas, oxygen defect sites on the surface SnO2

wires are abundant, which is known to activate electronic

donor state increasing electronic conductivity. In recovery

process, oxygen molecules from the air seem to be effectively

absorbed on reduced SnO2 wires’ surface especially on the

oxygen defect sitesmaking activated oxygen species and draw

electrons, which results in the high resistance of sensor.

Furthermore, our SnO2 wires have Sn nanoparticles as well as

Pd particles on the surface, which seems to make the surface

of SnO2 wires more reductive, thus more effective for spill-

over of oxygen molecules.
4. Conclusions

We have investigated hydrogen gas (H2) sensors based on Pd

NP-decorated tin dioxide NWs. A simple thermal evaporation

of the SnO powder yields SnO2 wires mixed with Sn nano-

particles. SnO2 NWswith Sn NPswere effectively decorated by

the PdNPs through a reduction process in ametal ion solution.

A switch-likepatterndue toH2exposurewasobservedbecause

of the reduction/oxidation of the SnO2 network sensors due to

the “spill-over effects” and the “depletion effects”. As a result,

the SnO2 network sensors were found to show ultra-high

sensitivity (w1.2 � 105%) and a fast response time (w2 s) upon

exposure to 10,000ppmH2at roomtemperature.Also, theSnO2

network sensors were found to have significant electrical

conductance modulations upon exposure to extremely low

concentrations (down to 40 ppm) of H2 in air. This novel

fabrication method allows the production of highly-sensitive

H2 sensors that exhibit a broad dynamic detection range, a fast

response time, and an ultra-low detection limit.
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