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Abstract

Tin dioxide (SnOy) is the most important material for use in gas sensing. The performance of SnO,
sensor is directly related to the tin oxide particle size and compositional characteristics. In the present
study, a method for the preparation of pure or chemically modified SnO, nano-powders by chemical
interaction in molten salts is presented. The molten alkali metal nitrates NaNOs; and KNOs were used
as liquid reaction medium. The oxides prepared in molten salts consist of small particles (~ 6-10 nm)
with narrow size distribution. The particles are united into soft associates with an average size of 200
— 300nm. It was found that SnO, nano-powders have good stability against recrystallization process at
elevated temperatures up to 650°C. The sensors were fabricated using thick film technology and tested
for ethanol and acetone vapor detection. SnO, film exhibits high sensitivity to vapors at a low
operating temperature of 200°C. Preliminary results indicate potential application of the material for
gas sensors.

Key words: gas sensors, tin dioxide nanopowder, molten salt synthesis, ethanol and dimethylketone
vapors.

INTRODUCTION

Tin dioxide semiconductor gas sensors were first proposed (Seiyama et al., 1962) in 1962. Since then
SnO; gas sensors have undergone extensive research and development. Tin dioxide (SnO5) is the most
important material for use in gas sensing. It is the main choice for solid-state gas detectors in
domestic, commercial and industrial application due to the low operating temperatures, high
sensitivities, simplicity of sensor design and low manufacturing costs (Ihokura et al., 1994; Yamazoe
1992; Jimenez et al., 1996).

Ethanol and dimethylketone vapors are the most exhaustively studied gases in the field of gas sensing
due to the great demand in biomedical, chemical, and food industries, especially in wine-quality
monitoring and traffic safety (Tang et al., 2007). Although ethanol and acetone have similar sensor
response the discrimination between these two vapors is essential for the precise and reliable screening
of intoxicated drivers. The expiration from a diabetes patient can contain a small amount of acetone
vapor (Ryabsev et al., 1999), therefore, a sick diabetes patient might be mistaken for a drunk driver.
Biomedical and traffic safety applications require ethanol and/or dimethylketone vapor sensing at the
presence of other reducing vapors, thus requires high selectivity for certain compound.

New methods such as non-invasive diagnostics by human breath analysis bear the potential to
drastically reduce the costs of medical care (Cao et al., 2006). Standard medical diagnostics has
reached the limit of further economization as trained human resources are required. Some of the
endogenous compounds found in human breath, such as dimethylketone, ethanol, ammonia, ethane
and pentane, have been successfully identified as breath markers for several diseases (Manolis 1983).
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Dimethylketone is a specific breath marker for type-1 diabetes and its concentration increases from
300 to 900 ppb for healthy humans and to more than 1800 ppb (Deng et al., 2004) for diabetic patients.
Currently, breath acetone testing is carried out using gas chromatography followed by flame ionization
detection (Sanchez and Sacks 2003), ion mobility spectrometry (Lord et al., 2002) and MS detection
(Phillips et al., 1999). These methods need bulky instrumentation and skilled operator. So, these
methods are not very suitable for use in diabetes diagnostics and dimethylketone monitoring outside
the laboratory. To meet the requirements for clinic applications, the sensing devices also need, in
addition to sensitivity and selectivity, sufficient portability and reasonable production cost. That is
why, tin dioxide semiconductor gas sensors, which have a strong miniaturization while offering very
high sensitivities down to ppb range, may become a key technology for commercial implementation of
breath analysis.

Because of an increasing demand for fast, continuous, and trace detection, current research in gas
sensor technigues has been focused on the development of sensors which can provide low-cost,
portable, rapid sensory, and high sensing information. A general route to improve a sensor’s
characteristics is to make the chemical sensors at the nanoscale, taking advantage of large surface
areas of nanoscale structures (Kwon et al., 1999; Comini 2006; Xue et al., 2005) and to change
compositional characteristics (i.e. the presence of additives) (Gopel and Schierbaum 1995; Xu et al.,
1991). For instance, tin dioxide sensor performance (stability, sensitivity, selectivity, and response
time) has been improved considerably by reducing the size of the particles used in the sensors to
nanometer dimensions (Krius et al., 1998; Zang and Liu 2000) and/or by adding dopants (noble metals
or other metal oxides) to tin dioxide to create nanocomposite materials (Siciliano 2000; Cabot et al.,
2000).

This study aims at preparing gas-sensing nanocomposites on the basis of doped SnO, using chemical
interaction in molten salt synthesis method and testing their sensing properties for detection of ethanol
and dimethylketone vapors.

EXPERIMENTAL

The nanocrystalline powders of pure tin dioxide or doped SnO, were prepared by molten salts
interaction method (Andriiko et al., 2004). A tin(I1) chloride dihydrate was used as the main precursor
for SnO; synthesis. The metal salts (doping additives) of antimony chloride, iron (111) chloride, nickel
chloride, bismuth chloride or lead chloride were dissolved in molten SnCl, at 40°C for a total doping
cation to tin cation ratio varying from 0,005 to 0,05. Prepared solid solutions of chlorides were finally
ground into powder. In order to synthesize nano-particles, powders of the solid solution of chlorides
were added by portions to molten alkali metal nitrates (pure KNO3z or NaNOs- KNO3 eutectic mixture)
under agitation. Reaction mixture was kept at 420°C for 1h. The interaction in the molten nitrates
resulted in the formation of oxides as follows:

SnCl; + 2KNO3 — SnO; + 2KCI + 2NO>1

The melt was cooled down to room temperature and washed six to seven times with distilled water to
remove water soluble salts (nitrates and chlorides) and dried at 120°C.

The nanocomposite of noble metal (Pt, Pd) particles and tin dioxide-based nanopowder were prepared
by controlled reductive precipitation of metal particles onto agglomerates of doped SnO; crystallites in
a water solution. A diluted solution of hexachloroplatinic acid and/or palladium dichloride was added
to an agueous suspension of tin dioxide-based nanopowder under agitation. Final dropwise addition of
water solutions of sodium formate and sodium ascorbate to the suspension resulted in the reduction of
noble metal cations to metal particles. Following precipitation, the powder was aged for 24h, and then
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separated by decantation, washed several times with distilled water to remove the sodium cations and
dried at 120°C for 2h.

The as-prepared powder was mixed with organic solvent terpineol for slurry preparation. After
ultrasonic treatment the paste was painted onto insulating alumina substrate. The applied film was
dried at 150°C for 2h and then annealed at 500°C for 2h in the atmosphere of inert gas argon. The
sensor response to ethanol and dimethylketone vapours was examined using a two-channel gas
calibration system with a computerized picoammeter unit. The operation temperature was varied
between 100 and 400°C.

RESULTS AND DISCUSSION

Powder X-ray diffraction (XRD) data was collected on a Dron-4 powder diffractometer using Cu Ko
radiation (A = 1.5405 A) operating from 20 = 10-80°. The phase analysis of prepared samples showed
that in the as-prepared state and after annealing, the SnO, — based powders display, regardless of
chemical composition, only cassiterite phase lines, and there is no evidence of the presence of any
other oxide phase.

___________________________________________________________________________

Intensity

10 20 30 40 a0 &0 70 a0
28 ideg)

Fig.1. XRD pattern of pure SnO, prepared via molten salt synthesis procedure at 420°C.
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Fig.2. XRD patterns of SnO,-PbO, 110 reflection. Fig.3. Correlation between crystallite size of

PbO content: 1.5 mol% - green; 3.0 mol% - blue; SnO,-MeO and dopant content. MeO : NiO -

6.0 mol% - orange lines. green; PbO — red; BiO1s — blue; SbO15 — orange
lines.

Figurel shows that all lines of XRD pattern are greatly broadened, which indicates that the chemical
interaction in the molten alkali nitrates results in the formation of tin dioxide-based nanopowder. The
crystallite size, d, was calculated from the X-ray line width using the Scherrer formula, d =
0.9M\/Bu2cos0, where A is the X-ray wavelength, Bi- is the width of the diffraction peak at half-height,
and 0 is the diffraction angle. For crystallite size estimation, the broadening of three main diffraction
peaks of SnO; at 26 = 26.5° 33.7° and 52.0° has been studied in order to rule out the possible influence
of other factors, besides crystallite size, on line width. As is shown in Fig. 2 and Fig.3, the d value
depends largely on the dopant content and depends on the chemical nature of the dopants. It was found
that all tested dopants can be divided into three groups according to their influence on the crystallite
size of SnO; nanopowder (Fig.3.). The d value decreases with dopant content in the case of the use of
lead oxide (PbO) or bismuth oxide (Bi»Os). The use of nickel (NiO) or copper (CuO) oxides for tin
dioxide additive indicated an opposite effect of crystallite size increase. To the third group of oxide
dopants we referred additives, which had no clear effect on the d value like antimony and niobium
oxides.

The morphologies of tin dioxide powders were studied using a TEM (JEM2100F, JEOL) equipped
with EDX (Oxford Instruments) for elemental analysis. Fig. 4 shows TEM images of SnO; samples.
There is a good correlation between the average crystallite size calculated on the basis of an analysis
of X-ray maximum profile and actual dimensions of particles obtained by TEM. It is obvious that the
samples with dopants have less agglomeration and are distributed more uniformly than the pure
sample (Fig.5). This demonstrates that the metal oxide dopants inhibit the aggregation of particles
during high temperature interaction in molten salts reaction medium, during melt separation and final
thermal treatment of the powder. Elemental analysis of tin dioxide sample surface modified by noble
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metals (Pt and Pd) did not prove uniform distribution of metal clusters, but indicated that metal
particles are smaller than doped SnO; crystallites and thus cannot be clearly visually indentified from
TEM images (Fig.6, Table 1).

Fig.5. TEM images of Sh-doped SnO,. SbO, 5 content is 3 mol%.
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Fig.6. TEM images of SnO.-SbhO:s/Pd/Pt. with
selected points for EDX analysis.  Additives

contents: Sb - 3 mol%; Pd - 3wt%; Pt -1wt%. Table 1. Elemental analysis results for selected

points (Fig.6). All results in atomic %.

Operating temperature had an effect on the gas sensitivity and selectivity. The tin dioxide-based
nanocomposites were sensitive to ethanol and dimethylketone at temperatures between 100°C and
400°C. The optimal operating temperature to ensure high selectivity to distinguish ethanol and acetone
and retain fairly high sensitivity is 200°C. Sensitivity and selectivity to ethanol and dimethylketone
vapors of SnOz-based materials were examined under different conditions to see the effects of oxide
composition and vapor concentration on the sensitivity. Fig.7 shows the results of response to ethanol
at 200°C on tin dioxide doped by antimony oxide (Sn to Sb ratio is 32), which was surface modified
by metallic particles of noble metals (Pt and Pd). The nanocomposite had the highest sensitivity
among tested compositions. The detectable concentration limit of ethanol vapor is below 500ppb,
which is acceptable for most breath analysis applications. The antimony-doped SnO, without noble
metal catalysts at the same test conditions demonstrated much lower sensitivity of 1.2 even at high
ethanol vapor concentration of 300ppm. A similar sensor behavior was observed in the presence of
dimethylketone vapor (Fig.8). Snos7Sho.o302 material exhibits relatively poor sensitivity of 1.1 to
300ppm of acetone at 200°C. The sensitivity changed dramatically for the sample modified by
platinum (1 wt. %) and palladium (3 wt. %) and reached the value of 3.8 for 10ppm of
dimethylketone. The enhanced gas sensitivity could be attributed to small grain size of the oxide and
to the presence of catalyst (noble metal) nanoparticles.

One can see (Fig.9) that SnO,-based film has a typical relationship between sensitivity and vapor
concentration. Both for dimethylketone and for ethanol sensitivity increases with vapor content and
reaches the value of 8.5 for 100ppm demethylketone concentration and 22.0 for 100ppm of ethanol.
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Fig.7. Response and recovery of SnO»-SbO1s/Pd/Pt sensor to different concentration of ethanol vapor
at 200°C.
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Fig.8. Response and recovery of SnO2-SbO.s/Pd/Pt sensor to different concentration of
dimethylketone vapor at 200°C.
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Fig.9. Sensitivity of SnO.-ShO,s/Pd/Pt sensor to
different concentration of dimethylketone and
ethanol vapors at 200°C.

Fig.10. Response and recovery of SnO»-
SbO.1s/Pd/Pt sensor to 2ppm concentration of
ethanol and dimethylketone vapor at 200°C.

Generally, the response to ethanol is similar to that to acetone due to their similar chemical nature.
Indeed, many papers (Gong et al., 1999; Li et al., 2002) reported that oxide semiconductor-type gas
sensors show similar sensing behavior towards ethanol and acetone regardless of the sensing materials.
According to test data (Fig.10), SnO, — based nanocomposite thick film responses to ethanol and
dimethylketone vapor have main difference in the desorption zone. Desorption process for
dimethylketone is fast, and film signal relaxation is complete in 150 seconds after gas supply stop. The
same process for ethanol vapor is much slower and lasts up to 1800 seconds. This effect of different
desorption kinetics on low-temperature (200°C) thick film is a basis for discrimination between
ethanol and dimethylketone in gas mixtures. Fig.10 shows that sensor response 150 seconds after its
contact with vapor mixture may be attributed only to response to ethanol.

CONCLUSIONS

The nanopowders for SnO, — based thick film sensors with various compositions were prepared by
molten salt synthesis method. The composites of tin dioxide with noble metals showed good response
to low concentrations (below 1ppm) of both ethanol and dimethylketone vapors at relatively low
temperatures of 200°C. Although the sensing behavior of ethanol and acetone is similar, successful
discrimination between them can be realized by the analysis of desorption process, which is much
slower for ethanol.
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