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Abstract TiO,/SnO, nanocomposites are studied as
potential candidates for gas sensors. Commercial metal
oxide nanopowders milled for 1 h in ethanol are used for
preparing nanocomposites with varied composition from
100 mol% TiO, to 100 mol% SnO,. Brunauer—-Emmett—
Teller (BET) adsorption isotherms served to determine
specific surface area, SSA. The particle size distribution is
established by means of Dynamic Light Scattering, DLS
technique. Differential Thermal Analysis and Thermo-
gravimetry, DTA/TG measurements within the temperature
range of 20-900 °C indicate better stability of nanomate-
rials composed of bigger particles or agglomerates. The
total mass loss varies from 0.9 to 8.5% for 100 mol% SnO,
and 100 mol% TiO,, respectively. The only gaseous
products of decomposition are water and carbon dioxide.
X-ray diffraction analysis of nanocomposites indicates two
separate phases of different crystallite size, i.e., smaller
rutile TiO, (9 nm) and larger cassiterite SnO, (28 nm). Gas
sensor dynamic responses at 400 °C to the reducing gas—
ammonia (NHj3) are detected in the concentration range
extending from 100 ppm to —5000 ppm. Nanosensor of
50 mol% Sn0O,/50 mol% TiO, is stable and sensitive to the
interaction with NH; and gives the highest response at
400 °C.
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Introduction

Metal oxides, such as TiO,, SnO,, ZnO, WOs3, and Fe,Os5,
are well known for their remarkable ability to change the
electrical resistivity in response to oxidizing and reducing
gases. Gas sensing properties of these materials are deter-
mined by the surface states and morphology of the metal
oxides. Nanomaterials and nanostructures, such as nano-
wires, nanotubes and nanodots, seem to be particularly
interesting for this purpose because of the increased sur-
face-to-volume ratio. Reduced dimensionality of nanosen-
sors affects the efficiency of gas adsorption process and
improves sensitivity of nanomaterials [1]. However, there
are additional basic features, namely quantum confinement,
nanoparticle morphology and aggregation as well as
nanomaterial agglomeration [2] that play an important role
in decreasing operating temperature and improving sensor
selectivity.

Detection of ammonia (NH3), gas, extremely dangerous
to human health, constitutes a challenge for environmental,
automotive and chemical industry as well as the medical
diagnostics [3]. In order to implement the resistive type
sensors in these four major areas, different demanding
requirements as to the detection limit, response time and
temperature range are formulated [3].

However, most of the semiconductor gas sensors exhibit
very small changes in the electrical resistance upon expo-
sure to NH; hence very low NHj sensitivity. It is generally
accepted that the reducing gases to be detected remove
some of the adsorbed oxygen thus change the overall
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conductivity and create the sensor signal. The following
competitive reactions can occur in the presence of
ammonia and oxygen [4, 5]:

2NH; + 70(,q — 2NO; + 3H,0 + 7e 7,
2NH3 +NO; + O — 3/2N; +3H,0 + le~

Interference from NO, and NO, in particular, being an
oxidation product of NHj, is considered to be one of the
reasons for the observed low NHj sensitivity. Efforts have
been made to improve the selectivity and enhance the
sensitivity towards ammonia. Selective metal-oxide gas
sensors can be obtained by doping or using catalysts that
enhance the chemisorption of specific gases or by creating
nanocomposites of different metal oxides.

Recently, one can observe a growing interest in the
composite materials that consist of two metal oxides, e.g.,
SnO,—Zn0O [6-8], Fe,05-Zn0O [9], Fe,Os—Sn0O, [10, 11],
WO5-Sn0O, [12], SnO,-TiO, [13] as well as three com-
ponents like SnO,-TiO,-In,03 [14, 15] for gas sensor
applications. It has been proved that coupled systems
increase the gas sensor response [12, 14], sensitivity and
selectivity towards detected gas [6, 9, 14]. Moreover, this
enables to lower the operating temperature [13] and
improves thermal stability of the gas sensor [6].

Among many possible metal oxide systems for gas
detection, special attention has been paid to solid solutions
and composites of TiO,—SnO, [13, 17-20]. Nowadays, tin
and titanium dioxides are under investigation particularly
in a nanocrystalline form.

The aim of this work has been to study TiO,/SnO,
system based on commercial nanopowders. The effect of
composition of nanocrystalline TiO,/SnO, mixtures on the
sensor dynamic responses to NH; has been demonstrated.
Material characterization is important for predicting the
best performance of composite nanosensors. Special
importance is paid to Differential Thermal Analysis
(DTA), Thermogravimetry (TG) and Mass Spectrometry
(MS) as suitable methods for evaluation of this type of
powders [21-25]. Moreover, application of these methods
is necessary prior to further processing of nanopowders for
gas sensing purposes. DTA/TG and mass spectrometry
allow us to determine suitable thermal conditions of the
sensor preparation and operation.

Experimental

Commercial rutile-TiO, (purity 99.5%) and SnO, (purity
non-specified) nanopowders from Sigma-Aldrich were
used to prepare the composites. Appropriate amounts of
metal oxides were mixed by milling with zirconia balls in
ethanol for 1 h. Composition of the prepared composites of
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TiO,/Sn0O, was varied from 100 mol% TiO, to 100 mol%
SHOZ.

Specific surface area, SSA, of nanopowders was deter-
mined from nitrogen adsorption BET (Brunauer—-Emmett—
Teller) isotherms obtained with ASAP 2010 Chemi System
Micromeritics Instruments.

The particle size distribution of pure TiO, and SnO,
nanopowders dissolved in water and ethanol was estab-
lished on the basis of the Brownian motion using Dynamic
Light Scattering technique, DLS with a Nanosizer-ZS,
Malvern Instruments.

Differential Thermal Analysis and Thermogravimetry,
DTA/TG, measurements were carried out on a SDT 2960
TA Instruments apparatus in the temperature range of
20-900 °C. The nanopowder samples of mass around
20 mg were placed in standard platinum crucibles and
heated at a rate of 10 °C min~'. The measurements were
carried out under dynamic conditions in the synthetic air
atmospheres (<15 ppm H;O) under a flow of
100 cm® min~"'. Volatile products of decomposition were
analyzed by a quadrupole mass spectrometer (ThermoStar
QMS 300 Balzers) connected on-line to the SDT 2960
system by a quartz capillary heated up to 200 °C.

Nanosensors were prepared in a form of circular tablets
calcined from the nanopowders at a pressure of 25 MPa
and temperature of 400 °C. The temperature of calcination
was established on the basis of DTA/TG and MS
measurements.

Crystallographic properties of the both nanopowders
and sensing tablets were determined by X-ray diffraction
using an X’Pert MPD Philips diffractometer in a Bragg—
Brentano geometry.

Gas sensor dynamic responses defined as S = (R — R,)/
R, where R is the electrical resistance upon gas introduc-
tion and R, is the electrical resistance in air as a reference
gas were recorded in a system described in detail in [16].
The responses to the reducing gas NH; were detected at a
constant temperature of 400 °C upon changing concentra-
tion of ammonia within the range of 100-5000 pm.
Ammonia was mixed with air by adjusting the corre-
sponding flow rates. The total flow of NH; + air mixture
was kept constant at 60 sccm.

Results and discussion

Chemical composition, SSA, and the crystallite size D of
the starting materials and prepared nanocrystalline TiO,/
SnO, composites are given in Table 1.

Figure 1 demonstrates distribution of the particle size
for the commercial nanopowders of the starting materials,
i.e., pure rutile TiO, (a) and SnO, (b). As compared with
the crystallite size obtained from the studies of X-ray
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Table 1 Chemical composition, specific surface area, SSA as well as
the crystallite diameter D of the starting materials and prepared
nanocrystalline TiO,/SnO,

Chemical composition Specific surface D from XRD/nm

mol % TiO, area SSA/m” g~ .
Sn0O, TiO,

212 28

2 232 28

10 26.9 28

20 34.7 28

50 64.5 26 11

80 115.3 28 11

90 137.1 21 9

95 146.3 9

100 158.5 8

diffraction (see Table 1) high degree of agglomeration can
be seen. However, SnO, nanopowder forms larger
agglomerates (80-300 nm in diameter) on the average than
TiO, (40-100 nm).

As it can be concluded from the results presented in
Table 1, and in Fig. 1, the grain sizes of commercial
nanopowders of the starting materials, i.e., pure rutile TiO,
and SnO, are not well matched. The crystallite size is much
lower in the case of TiO, than that of SnO,. This has
profound consequences for morphology of TiO,/SnO,
composites as well as for their gas sensing performance.

As shown by DTA/TG and MS measurements, the
results of which are presented in Figs. 2 and 3, the
material with smaller grain size is less stable than the one
of larger grains. The loss of mass upon heating is more
pronounced for TiO, than for SnO,. Mass spectra for
SnO, are not presented here because the signals are weak
and noisy.

Thermal decomposition of nanopowders proceeds
through overlapping stages. The total mass loss depends
on the composition of materials and varies from 0.9% for
100 mol % SnO, to 8.5% for 100 mol % TiO, (Fig. 2).
The mass spectrum of the gas produced by decomposition
of TiO,/SnO, composites contains the following m/z sig-
nals: 12, 17, 18 and 44, where m is a mass while z is a
charge of the molecule in electron charge units. This leads
to a conclusion that the only gaseous products of
decomposition are water and carbon dioxide. The mass
spectrum for these compounds taken from the NIST
database [26] is as follows: H,O0—16(0.9), 17(21),
18(100) and CO,—12(8.7), 16(9.6), 28(9.8), 44(100),
where the first number is the m/z value, the number in the
brackets complies with an intensity. The signals for
m/z equal to 16 and 28 cannot be taken into account as the
measurements are performed in air containing oxygen and
nitrogen. For the nanometric titanium and tin oxides and
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Fig. 1 Distribution of particle diameter for commercial nanopowders
of the starting materials, i.e., pure rutile TiO, (a) and SnO,
(b) obtained from dynamic light scattering, DLS

their composites, the mass loss starts at about 45 °C. This
first step of decomposition occurs between 45 and 180 °C
and is described by a small endothermic effect on the
DTA curve. Analysis of the mass spectrum of the gaseous
products accompanying decomposition of the material
indicates the presence of water, only (m/z = 18 on the ion
current line) in the analyzed temperature range (Fig. 3).
Therefore, it can be stated that this step is a result of
dehydratation—removing water absorbed by the materials.
For the analyzed samples, starting from the temperature of
about 180 °C, strong exothermic effects on DTA curves
together with a large amount of CO, evolved (m/z = 44)
and H,O (m/z = 18) are observed (Fig. 3). All this
strongly indicates the combustion process of some organic
residue resulting probably from the nanopowders synthe-
sis, distinctly seen for bulk TiO,, and its composites with
high fraction of TiO, the more so as, the mass loss for
these materials is significant.

Figure 4 shows the comparison between X-ray diffrac-
tion patterns of nanopowders and calcined tablets of pure,
starting TiO, and SnO, commercial materials. As it can be
seen, apparently there is no big difference between XRD
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Figure 5 demonstrates the evolution of the crystallo- @ | DTA
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der mixtures. Two separate phases of different crystallite
sizes, that of smaller rutile TiO, and that of larger cassit- ?;
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molecular weight of TiO, (79 g mol™') as compared to
that of SnO, (150 g mol™!) combined with fine grains of
TiO,, the X-ray diffraction peaks from this phase cannot be
observed until the composition of the mixture reaches
50 mol% SnO,/50 mol% TiO,. The crystallite sizes
determined from the width of diffraction peaks are given in
Table 1.

Dynamic changes in the electrical resistance, R upon
exposure to ammonia, as a function of time, are shown in
Fig. 6. The electrical resistance of sensors decreases when
ammonia is admitted. Pure TiO, sensor is not sensitive
enough at 400 °C. The resistivity response to NH; of pure
SnO, nanomaterial is large but irreversible. The composi-
tion of 50 mol% SnO,/50 mol% TiO, seems to be stable
and sensitive to the interaction with NH;. The changes in
the electrical resistivity are large and reproducible for this
nanocomposite sensor.

Figure 7 indicates that the composition of 50 mol%
Sn0O,/50 mol% TiO, gives the highest response to NHj at
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Fig. 3 Simultaneous TG/DTA and mass spectroscopic (MS) curves
as a function of temperature for nanopowders of TiO,/SnO,

400 °C. The influence of SnO,-to-TiO, mole ratio of the
composite on its response to NH; can be explained by a
quite complex mechanism of interaction of ammonia with
the metal oxide surfaces. There are two types of com-
petitive reactions during oxidation of NHj5 at the sensor
surface. One is related to the consumption of the previ-
ously chemisorbed oxygen that accounts for normal
behavior of adsorption of reducing gases. This reaction
leads to a decrease in the sensor resistivity. Inverse
reaction with the oxidizing type gas, NO, which is an
oxidation product of NHj increases the sensor resistivity.
When these two reactions occur at the same time, both
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Fig. 5 X-ray diffraction patterns for nanocrystalline TiO,/SnO,
composites in the form of gas sensing tablets

effects can cancel out the sensor response. This seems to
be the case for pure and TiO,-rich compounds that are
easily affected by both NH; and NO,. SnO, is sensitive to
NH; probably because it is not affected by NO,. TiO, may
act as an excellent stabilizer of the resistivity. The
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Fig. 6 Changes in the electrical resistance R of gas sensors based on
TiO,, SnO, and TiO,/SnO, upon introduction of NH; at 400 °C
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Fig. 7 Gas sensor response, S, as a function of TiO,/SnO, mol ratio
at a constant ammonia concentration of 100 ppm and 1200 ppm

presence of grains with different sizes may alter the
response through different concentration of the adsorption
centers. It seems that the control of the oxidation behavior
of NH; is important for developing highly sensitive
ammonia sensors.
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Conclusions

Nanocrystalline TiO,/SnO, composites with chemical
compositions varied from 100 mol% TiO, to 100 mol%
SnO, for NHj; sensing were obtained by mixing pure
commercial nanopowders. DTA/TG experiments revealed
that thermal decomposition of TiO,/SnO, nanopowders,
accompanied by the mass loss and emission of CO, and
H,O due to the combustion of organic residue was com-
pleted at about 400 °C. This was particularly important for
establishing an appropriate calcination temperature of
TiO,/SnO, nanocomposites in order to obtain thermally
stable NH; sensing material. Two separate phases of dif-
ferent crystallite size: smaller rutile TiO, and larger cas-
siterite SnO, were revealed by X-ray diffraction. The fact
that there were no significant differences in XRD patterns
between nanopowders and tablets indicated that the calci-
nation temperature of 400 °C was chosen properly and did
not promote the growth of nanoparticles.

The sensor of 50 mol% Sn0O,/50 mol% TiO, exhibited
the best NH; sensing features. It was demonstrated that the
electrical resistivity of the sensor changed dynamically and
reversibly upon interaction with ammonia.
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