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A highly sensitive oxygen sensor operating at room temperature based
on platinum-doped In,O3 nanocrystals
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Semiconducting In,O; nanocrystals, synthesised via a nonaqu-
eous sol-gel method and doped with 1 wt% of platinum, have
shown to possess a unique high sensitivity to oxygen at room
temperature (RT). Consequently, a Pt/In,Os-based oxygen
sensor for room temperature operation has been developed
showing higher performance compared to the state-of-the-art
devices.

Semiconducting metal oxides have received great attention in the
past few years as sensing materials for resistive gas sensors. In an
n-type semiconductor, the adsorption of atmospheric oxygen
produces a depletion of electrons, which are the majority charge
carriers, and hence the conductivity of the semiconductor decreases
as the oxygen concentration increases. Therefore, in principle, they
are able to detect oxygen in a wide range of oxygen concentrations.
Resistive oxygen sensors find wide use in industrial, environmental,
medical, and domestic fields.!

However, resistive oxygen sensors based on both n- and p-type
semiconducting metal oxides require high operating temperature
and many efforts are currently in progress in developing oxygen
sensors operating at lower temperature. Recently a nanostructured
SrTiOs-based sensor has been reported to be very effective for near
ambient temperature oxygen sensing.” On the other hand, this
perovskite material is highly insulating and this complicates the
reading of electrical signal with conventional instruments. It should
be mentioned that smaller particle sizes and lower operating
temperatures strongly decrease the conductivity of semiconducting
materials. Therefore many sensing materials cannot be used for
practical applications at room temperature.

In this communication we present an oxygen gas sensor based
on Pt/In,O5 nanoparticles and operating at room temperature. The
sensor shows a significant enhancement of performance with
respect to the state-of-the-art n-type semiconducting sensors.>*
In,O; is a wide band-gap material, Eg ~3.70 eV, whose
microstructural, electrical and sensing characteristics have been
well studied.® Its electrical properties vary largely depending on
stoichiometry. When prepared in oxygen-deficient form, it reaches
n-type doping level due to oxygen vacancies. Further, in order to
enhance the sensitivity and to get a lower operating temperature,
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In,O; can be opportunely prepared in a nanostructured form and/
or doped with suitable metallic promoters.®

We synthesised In,Os; nanopowders via a nonaqueous sol-gel
method involving the solvothermal reaction of indium(IIr)
isopropoxide with benzyl alcohol. The experimental details are
reported elsewhere.” According to XRD and HRTEM investiga-
tions, the nanopowders are composed of highly crystalline
nanoparticles with an average diameter of about 20 nm.

These In,O; nanopowders have been further activated by
addition of 1 wt% of platinum. The dopant has been dispersed on
the surface of the semiconducting metal oxide by wetness
impregnation, contacting the In,O3 nanopowders with the proper
amount of an aqueous solution of H,PtCls. The nanopowders
have been finally dried and fired at controlled temperature
(between 150 and 450 °C) to promote the decomposition of the
platinum precursor into metallic platinum.

An oxygen gas sensor has then been realised by dispersing first
the Pt/In,O5; semiconducting particles in a suitable solvent to
obtain an ink with appropriate viscosity, which has been
successively printed as a film of around 1 pm thickness on a
ceramic substrate (dimensions 6 x 3 mm?®) supplied with
interdigited (spacing 200 pm) comb-like Pt electrodes and heater.
For transient measurement, the oxygen sensor was placed in a flow
stainless-steel test chamber having a volume of about 5 ml, and
tests carried out maintaining the chamber for 20 min. in a nitrogen
flow (200 ml min ") followed by different O, concentration pulses
supplied for 30 min. by varying the partial pressure of the air in the
range 0.1-20 kPa. Throughout all experiments a dry environment
(RH = 0) was maintained within the chamber.

A preliminary electrical characterization has shown that
Pt/In,O3 nanoparticles deposited on a ceramic substrate present
a low electrical resistance (around 20-30 k€, in dry air at RT)
which can be easily monitored by conventional instruments. It has
also shown that the sensor response, expressed here as AR/Ry, (%)
where AR = R, — R, with R, the resistance in N»-O, mixture and
Ry, the baseline resistance in nitrogen, is strongly dependent on the
annealing temperature of the printed film, showing a volcano
curve with a maximum around 350 °C (see Fig. 1).

This behaviour suggests that metallic platinum, formed by
decomposition of the H,PtClg precursor, is the active species for
oxygen chemisorption at RT. Indeed, the undoped In,O; is
insensitive towards oxygen at RT. Moreover, the decomposition of
H,PtClg precursor starts at 160 °C and can be considered complete
above 300 °C. The different degree of decomposition was
confirmed by the darker aspect of the sensing films annealed at
high temperature. However, at the temperature of 450 °C, sintering
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Fig. 1 Sensor response vs annealing temperature of the printed film.

phenomena can cause the growth of metallic platinum particles
and/or the coalescence of the In,O; nanoparticles, decreasing the
surface area and the number of chemisorption centers and
consequently also the sensitivity.

Fig. 2 shows the transient response to different O, concentra-
tions at RT of the sensor annealed at 350 °C. Allowing the
sensor response and recovery to reach the equilibrium (see
insert in Fig. 2) a fully reversible behaviour is observed. The
response time, T, and recovery time, T.. defined as the time
necessary to reach 90% of the final value of resistance, are 18 and
35 min., respectively, quite fast considering the low operating
temperature.

The response to 20% of oxygen in nitrogen was about 95, which
is very high for a n-type sensor at this low temperature. For
comparison, Table 1 shows the response of various oxygen sensors
at room temperature so far reported. The sensitivity of our device
is about one order of magnitude higher than previous sensors and
comparable with the p-type SrTiO; sensor.

The sensor response follows a linear trend in the wide range of
oxygen partial pressure investigated as shown in Fig. 3. Oxygen
detection by this sensor is due to electrical conductivity variations
induced by adsorption of gas molecule on the semiconductor
surface. When oxygen adsorbs on a semiconductor, negatively
charged oxygen species are formed. At room temperature, O,
species are predominantly formed on the semiconductor surface as
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Fig. 2 Transient response at RT of the sensor annealed at 350 °C.

Table 1 Features of RT O, sensors based on n- and p-type
semiconductors

Semiconductor Type Response to 20% O, [AR/R (%)] Reference
Pt/In,O3 n 95 This work
SnO, n 13 3

ZnO n 9.5 4

CuAlS, p 15 9

TiS, p S 10
CuFeTe, p 1.2 10
SrTiO; p 120 2

100 4

Sensor response / [AR/R (%))

1 T T
1 10

O, partial pressure/ KPa
Fig. 3 Log-log calibration curve at RT of the Pt/In,O; sensor.

a result of O, adsorption. The oxygen ionosorption causes electron
transfer from the surface of the grain to the adsorbed species, thus
leading to the formation of an electron-depleted surface layer. As a
result, the electrical conductivity decreases.

The high sensitivity observed can be explained by the large
surface area of the sensing film, due to the small size of indium
oxide particles. In conventional sensing materials the average grain
size considerably exceeds the depth of the sub-surface space charge
layers, which means that electrical conduction is controlled by the
transport of carriers across potential barriers at the grain boundary
contacts. On the other hand, on nano-crystalline materials with
grain sizes comparable to the depth of the sub-surface depletion
layers oxygen adsorption causes the individual grains to become
fully depleted from the conduction electrons. The addition of a
small amount of metallic Pt has further and effectively enhanced
O, sensing characteristics. The role of platinum is likely to act as a
catalytic promoter, enhancing the oxygen adsorption on the
surface of In,O5 and favouring oxygen spillover,® even if other
factors such as the increase of Schottky barrier or the reduction of
the interfacial resistivity between the metal oxide layer and the Pt
electrodes, cannot be excluded.

The results reported here clearly prove that films based on Pt
In,O3 nanopowders can be used in oxygen sensor devices offering
advantages such as operation at RT, low electrical resistance, high
sensitivity, and good linearity in a wide range of O, concentrations.
However, some drawbacks have yet to be overcome. For example,
cross-sensitivity to water vapour can affect the electrical behaviour
of the sensing layer, representing the main limitation to the
practical application of devices operating at low temperature.
Preliminary experiments have shown that the sensor responds to
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