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Tin oxide (SnO2) nanowires with a tetragonal structure were formed on oxidized Si substrates by ther-
mal evaporation of tin grains at 900 ◦C. The morphology, crystal structure, and H2 gas sensing properties
of undoped and Pt-doped SnO2 nanowires were investigated. SnO2 nanowires were approximately
30–200 nm in diameter and several tens of micrometers in length. Gas sensors made of undoped, 0.8 wt%
in oxide
anowires
as sensor
ydrogen
latinum

Pt-doped, and 2 wt% Pt-doped SnO2 nanowires showed a reversible response to H2 at an operating tem-
perature of RT–300 ◦C. The sensitivity increased with increasing H2 concentration. The highest sensitivity
of 118 was obtained for 2 wt% Pt-doped SnO2 nanowire sensor to 1000 ppm H2 at an operating tem-
perature of 100 ◦C. The gas sensing properties of Pt-doped and Pd-doped SnO2 nanowires were also
investigated to compare the effect of impurity doping. The results demonstrated that impurity doping
improved the sensitivity and lowered the operating temperature at which the sensitivity was maximized.
. Introduction

It appears that hydrogen (H2) will play an important role as
clean and abundant energy source in the near future. H2 pro-

uces only water on combustion and provides zero emission [1,2].
owever, H2 is dangerous for transport and storage because it is
ammable and explosive and also because it easily leaks from gas-
andling equipments if handled carelessly. Therefore, it is essential
o develop high-performance H2 gas sensors for domestic and
ndustrial applications.

Many studies on the development of gas sensors that uti-
ize changes in the resistance of oxide semiconductors, such as
nO2 [3–7], ZnO [8–10], and WO3 [11,12], have been carried out.
ecently, it was reported that quasi-one-dimensional nanomate-
ials such as nanowires, nanobelts, and nanotubes showed high
ensitivity, quick response, and enhanced ability to detect gases at
ow concentrations because of their high surface-to-volume ratio,
ingle crystalline structure, and great surface activity [10,13–16]. Of
hese nanomaterials, quasi-one-dimensional SnO2 has been exten-
ively studied. For examples, Comini et al. [6,14] reported that SnO2
anowires and nanobelts were sensitive to environmental pollut-

ng species, such as CO, NO2, and ethanol, at operating temperatures

bove 200 ◦C. Xue et al. [17] reported that indium-doped SnO2
anowires showed a high response to ethanol at a temperature of
00 ◦C. Qian et al. [18] reported that Au-decorated SnO2 nanobelts
howed a high sensitivity to CO and the sensitivity increased
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with increasing CO concentration at operating temperatures of
250–400 ◦C. Although the SnO2 nanowires have been investigated
as gas sensing materials as mentioned above, these studies have
mostly dealt with operation at a high temperature. However, the
operation at a high temperature results in high power consumption
and complexity in integration, which limits the application of SnO2
gas sensors. Thus, we determined to investigate the gas sensing
properties at various temperatures including room temperature. In
the present study, we studied the formation, microstructure, and
H2 sensing properties of undoped and Pt-doped SnO2 nanowires. It
was found that Pt doping not only improved the sensitivity to H2 but
also decreased the operating temperature at which the sensitivity
was maximized. These results indicated a possibility of developing
a gas sensor made of SnO2 nanowires operable at a low temperature
with low power consumption.

2. Experimental

SnO2 nanowires were formed on oxidized Si substrates by thermal evaporation
of tin grains. The apparatus used for the formation of SnO2 nanowires is illustrated in
Fig. 1(a). Tin grains 1 mm in diameter with a purity of 99.9% were placed on oxidized
Si substrates in an alumina boat. No catalysts and impurities were introduced. The
alumina boat was placed at the center of a quartz tube inserted in a horizontal tube
furnace. Argon gas at a flow rate of 50 ml/min was introduced into the quartz tube
at ambient pressure. The furnace was heated to 900 ◦C and kept at this temperature
for 1 h. A layer of wire-shaped products was obtained on the substrates around the
tin grains after cooling down of the furnace to room temperature.
Gas sensors made of SnO2 nanowires were fabricated by pouring a few drops
of nanowire-suspended ethanol onto oxidized Si substrates equipped with a pair
of interdigitated Pt electrodes with a gap length of 0.12 mm. The structure of an
SnO2 nanowire sensor is shown in Fig. 1(b). The weight of SnO2 nanowires dis-
persed on a substrate was approximately 0.5 mg and the area of sensing element
was 7 mm × 10 mm. In the doping of platinum, 40-�l ethanol solution of platinic
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Fig. 1. (a) Apparatus used for the formation of SnO2 nanowires. (b) Structure of an SnO2 nanowire sensor.
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ig. 2. XRD patterns of undoped and Pt-doped SnO2 nanowires after annealing at
50 ◦C for 30 min in air. (a) Undoped SnO2 nanowires. (b) 0.8 wt% Pt-doped SnO2

anowires. (c) 2 wt% Pt-doped SnO2 nanowires.

hloride (H2PtCl6·6H2O) with a concentration of 5 × 10−4 or 1.25 × 10−3 mol/l was
oured onto SnO2 nanowire sensors. After annealing at 350 ◦C for 30 min in air,
hree types of gas sensors were fabricated: undoped, 0.8 wt% Pt-doped, and 2 wt%
t-doped SnO2 nanowire sensors. The Pt concentration in the Pt-doped sensors was
stimated by calculating the weight ratio of Pt in ethanol solution of platinic chlo-
ide to SnO2 nanowires. The structure of undoped and Pt-doped SnO2 nanowires was
nvestigated by using an X-ray diffractometer (XRD) (Shimadzu XRD-6100) with Cu
� radiation, a field emission scanning electron microscope (FE-SEM) (JEOL JSM-
700F), and a transmission electron microscope (TEM) (JEOL EM002B) equipped
ith an energy dispersive X-ray spectrometer (EDX).

H2 gas sensing properties were measured in a quartz tube that was inserted in
n electric furnace. The operating temperature was varied from room temperature

RT = 25 ◦C) to 300 ◦C by heating the furnace. Dry synthetic air was introduced in the
uartz tube at a flow rate of 200 ml/min. When the sensitivity of the sensors was
easured, a small amount of hydrogen was added at a desired concentration to the

ynthetic air. The electrical resistance of gas sensors was determined by measuring
he electric current that flowed when a potential difference of 10 V was applied
etween the interdigitated Pt electrodes. In this study, the sensitivity was defined

Fig. 4. (a) TEM image of a 2 wt% Pt-doped SnO2 nanowire with a diameter of 88 nm.
(b) HRTEM image of the nanowire. The inset is the enlarged HRTEM image for a Pt
particle on the nanowire. (c) EDX analysis of the nanowire.

ig. 3. (a) FE-SEM image of undoped SnO2 nanowires. The inset is a high magnification FE-SEM image. (b) TEM image of an undoped SnO2 nanowire with a diameter of
0 nm. (c) HRTEM image of the nanowire. (d) SAED pattern of the nanowire.
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ig. 5. Changes in the resistances of the undoped and Pt-doped SnO2 nanowire
as sensors upon exposure to 1000 ppm H2 at different operating temperatures. (a)
ndoped SnO2 nanowires. (b) 0.8 wt% Pt-doped SnO2 nanowires. (c) 2 wt% Pt-doped
nO2 nanowires.

s (Ra−Rg)/Rg, where Ra was the electrical resistance before the introduction of H2,
nd Rg was the minimum electrical resistance after the introduction of H2.

. Results and discussion

The XRD patterns observed for undoped and Pt-doped SnO2
anowires after annealing at 350 ◦C for 30 min in air are shown

n Fig. 2. The undoped SnO2 nanowires are identified as a tetrag-
nal SnO2 in JCPDS card No. 41-1445. As it is shown later by TEM
bservation, Pt particles are formed in Pt-doped SnO2 nanowires.

owever, Pt peaks are not observed in XRD patterns probably
ecause Pt concentrations are low.

A typical FE-SEM image of undoped SnO2 nanowires is shown
n Fig. 3(a). The inset shows a high magnification FE-SEM image.
he SnO2 nanowires are 30–200 nm in diameter and several tens
Fig. 6. Sensitivities of the undoped and Pt-doped SnO2 nanowire sensors upon
exposure to 1000 ppm H2 at various operating temperatures.

of micrometers in length. A TEM image of an undoped nanowire
with a diameter of 90 nm is shown in Fig. 3(b). A high-resolution
TEM (HRTEM) image of this nanowire and the selected area electron
diffraction (SAED) pattern shown in Fig. 3(c) and (d) indicate that
the nanowire is a single crystal. The interplanar spacing of 0.34 nm
shown in Fig. 3(c) corresponds to the (1 1 0) plane in a tetragonal
SnO2 structure. The growth direction of SnO2 nanowires is [3 0 1]
as indicated in Fig. 3(b), which is consistent with previous reports
[19,20].

A TEM image of a 2 wt% Pt-doped SnO2 nanowire with a diam-
eter of 88 nm is shown in Fig. 4(a). Pt particles, which appear as
dark spots, are distributed randomly on the surface of the SnO2
nanowire. The corresponding HRTEM image (Fig. 4(b)) shows that
Pt particles are 1–6 nm in diameter. The inset in Fig. 4(b) is an
enlarged HRTEM image for one particle. The interplanar spacing of
0.198 nm corresponding to (2 0 0) plane of fcc Pt indicates that the
dark spots are metallic Pt particles. EDX analysis of this nanowire
(Fig. 4(c)) indicates that SnO2 nanowires are surely doped with Pt.

Typical changes in the resistance of the sensors made of
undoped, 0.8 wt% Pt-doped, and 2 wt% Pt-doped SnO2 nanowires
upon exposure to 1000 ppm H2 measured at different operating
temperatures are shown in Fig. 5(a)–(c), respectively. At every oper-
ating temperature, the resistance decreases upon exposure to H2
and completely recovers to the initial value after the removal of
H2. It should be noted that the recovery time is shorter than 2 min
for the undoped sensor even at room temperature. The sensitiv-
ity is greatly improved by Pt doping. Although the recovery time
increases with the doping of Pt, it is shorter than 40 min.

The sensitivities are summarized in Fig. 6 as a function of the
operating temperature for three types of gas sensors upon exposure
to 1000 ppm H2. The sensitivity of the undoped sensor is relatively
low, and the maximum sensitivity is 5.5 at 150 ◦C. As the Pt con-
centration increases, the sensitivity increases and the operating
temperature at which the sensitivity shows a maximum is low-
ered to 100 ◦C. The highest sensitivity of 118 is observed in this
study for the 2 wt% Pt-doped sensor at an operating temperature
of 100 ◦C. We see that Pt doping not only improves the sensitivity
but also lowers the operating temperature at which the sensitiv-
ity is maximized. It should be noted that two sensor samples were
fabricated for each type of the sensor, and H2 gas sensing prop-
erties of these two samples were found to be similar, indicating
a good reproducibility. The improvement on the sensitivity of the
Pt-doped sensors is ascribed to the effect of “chemical sensitiza-

tion mechanism” proposed by Yamazoe et al. [21]. Pt particles
catalytically activate the dissociation of hydrogen molecules by
a “spillover” effect, forming atomic hydrogen. The atomic hydro-
gen diffuses to the surface of SnO2 nanowires, which activates the
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ig. 7. Changes in the resistances of the undoped and Pt-doped SnO2 nanowire
ensors measured at an operating temperature of 100 ◦C. The measurement was
erformed for various H2 concentrations. (a) Undoped SnO2 nanowires. (b) 0.8 wt%
t-doped SnO2 nanowires. (c) 2 wt% Pt-doped SnO2 nanowires.

eaction between hydrogen and the adsorbed oxygen [21,22]. This
esults in an effective shrinkage of the depletion layer at the sur-
ace of nanowires and lowers the resistance of the Pt-doped sensors,
eading to a high sensitivity.

The changes in the resistance of the undoped and Pt-doped
ensors at an operating temperature of 100 ◦C are shown in
ig. 7(a)–(c). The measurement of the sensitivity was performed
or various H2 concentrations of 100–1000 ppm. In every sen-
or, the resistance decreases upon exposure to H2. The decrease
n the resistance is enhanced with increasing H2 concentration.
he resistance shows a good reversibility during the cycles of

ntroduction and exhaust of H2. The change in the resistance
f the undoped sensor upon exposure to H2 is relatively small
Fig. 7(a)). The change in the resistance is greatly enhanced by
he doping of 0.8 wt% Pt (Fig. 7(b)). For the 2 wt% Pt-doped sen-
or (Fig. 7(c)), the sensitivities upon exposure to 100, 200, 400,
Fig. 8. Sensitivities of Pt-doped and Pd-doped SnO2 nanowires to 1000 ppm H2 as
a function of the operating temperature.

600, 800, and 1000 ppm H2 are 4, 12, 41, 78, 91, and 118, respec-
tively.

In the previous work, we also reported the H2 gas sensing
properties of Pd-doped SnO2 nanowires [13]. To investigate the
effect of impurity doping on gas sensing properties, the sensi-
tivities of Pt-doped and Pd-doped SnO2 nanowires to 1000 ppm
H2 are represented in Fig. 8 as a function of the operating tem-
perature. The highest sensitivity of Pd-doped nanowires was also
obtained at 100 ◦C. It can be seen that the sensitivities of Pd-
doped SnO2 nanowires are higher than those of Pt-doped SnO2
nanowires, especially in the temperature range of 50–250 ◦C. The
difference in the sensing properties of two types of impurity-doped
nanowires may be taken into account the chemical state of impu-
rity. In the case of Pt doping, Pt particles are distributed on the
surface of SnO2 nanowires. As mentioned above, the sensitivity
is improved by the effect of “chemical sensitization mechanism”,
namely “spillover effect”. However, in the case of Pd doping, PdO
particles are formed in air and reduced to metallic Pd in H2, result-
ing in the electron transfer between PdO/Pd particles and SnO2.
In this way, the sensitivity is greatly enhanced by two effects
of “chemical sensitization mechanism” and “electronic sensitiza-
tion mechanism” [21,22]. Therefore, the sensitivity of Pd-doped
nanowires is highly improved compared with that of Pt-doped
nanowires.

4. Conclusions

SnO2 nanowires with a tetragonal structure were formed on oxi-
dized Si substrates by thermal evaporation of tin grains at 900 ◦C.
SnO2 nanowires of a single crystal structure were approximately
30–200 nm in diameter and several tens of micrometers in length.
Pt particles of 1–6 nm in diameter were randomly distributed on the
surface of Pt-doped SnO2 nanowires. Gas sensors made of undoped
SnO2 nanowires, 0.8 wt% Pt-doped SnO2 nanowires, and 2 wt% Pt-
doped SnO2 nanowires showed a reversible response to H2 at an
operating temperature of RT–300 ◦C. The sensitivity increased with
increasing Pt concentration. The highest sensitivity obtained in
this study upon exposure to 1000 ppm H2 was 118, which was
measured at 100 ◦C for a sensor made of 2 wt% Pt-doped SnO2
nanowires. Pt doping improved the sensitivity and lowered the
operating temperature at which the sensitivity was maximized. The

gas sensing properties of Pt-doped and Pd-doped SnO2 nanowires
were also investigated to compare the effect of impurity dop-
ing. This result indicates the potential of impurity-doped SnO2
nanowires for developing gas sensors operable at a low temper-
ature with low power consumption.
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