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Abstract

In the present work, we have analyzed the feasibility of several metal/semiconductor systems for metal additive superficial
clustering. To this aim, we have selected the most common semiconductors (SnO, and TiO,) and catalytic metal species (Pt, Pd
and Nb) used for gas sensing. The application of nanoscopical techniques such as high resolution electron microscopy and the
complementary use of the digital image processing (DIP) and computer image simulation (CIS) have shown the morphological
characteristics of the metal additive nanoclusters attached to the semiconductor surface. While the natural distribution for Pt on
semiconductor nanopowders (SnO,, TiO....) is as metal nanoclusters, Pd atoms tend to disperse on semiconductor surface and Nb
tends to diffuse into the semiconductor bulk. In this work, we show that metal nanoclustering is also possible in the latter cases
under special growing conditions such as high metal additive doping or submitting the sample to thermal or reducing processes.
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1. Introduction

In the last few years, there has been an increasing
interest in the field of electronics for gas sensors based
on semiconducting materials [1,2]. In view of the in-
creasingly strict legal limits for polluting gas emissions,
there is a great interest in developing high performance
gas sensors for applications such as control of air
pollution and exhaust gases. In this way, semiconductor
gas sensors (SGS) offer advantages due to their simple
implementation, low cost and good reliability for real-
time control systems. The introduction of catalytic ad-
ditives to the SGS materials has been reported by
several authors to improve the sensitivity and selectivity
of the sensor, and to reduce the response time and
operating temperature of the device [3,4]. The amount
and distribution of the metal is the most important
parameter to be controlled in order to obtain the
highest sensitivity [5].
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Although there exist many works in literature
devoted to the electrical and general analytical charac-
terization as well as to the understanding of the physi-
cal mechanisms that control the gas sensing behavior,
only a few works have been dedicated to the nanostruc-
tural characterization of semiconductor nanopowders
and metal additives morphology and distribution in the
SGS systems. We have applied those nanoscopical tech-
niques that allow the further studies needed in the SGS
materials field. TEM and HRTEM observations and
the complementary use of the digital image processing
(DIP) and computer image simulation (CIS), have
given us a good understanding of the nanoscopic char-
acteristics and behavior of our materials. In this work,
we have summarized the most important results found
recently about superficial clustering in different cata-
lytic metal additives when added to SGS materials.

2. Experimental details

SnO, and TiO, samples have been doped with differ-
ent catalytic metals such as, Pt; Pd; and Nb. The
samples have been prepared following different growing
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Fig. 1. (a) HRTEM micrograph of a TiO, rutile nanoparticle surface
with the presence of Pt nanoclusters. (b) Magnified detail of the
selected area in (a). (c) Supercell model of one of this cuboctahedral
Pt nanoclusters and (d) CIS of the supercell model.
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Fig. 2. (a) HRTEM image of the Pd/SnO, nanopowders in as-grown
sample. (b) HRTEM micrograph of the same nanoparticles after the
reduction process. A few Pd clusters appear in the image. (c)
HRTEM micrograph of a Pd nanocluster on a SnO, nanoparticle
surface. (d and e) Supercell model and CIS of the Pd cluster shown in

(¢).

methods, selecting the most appropriate in every case,
such as the impregnation method for Pt/TiO, systems
[6,7], the electroless and microwave methods for low
and high doped Pd/SnO, systems [6,8,9], respectively,
and the laser induced pyrolisis for the Nb/TiO, systems
[6,10]. HRTEM observations have been performed in a
Philips CM30 microscope operated at 300 kV with 0.19
nm point resolution. For CIS, the EMS software pack-
age [11], installed in a Indy R5000 Silicon Graphics
workstation, has been used. Supercell files used in EMS
have been built using the RHODIUS program [12].

3. Results and discussion

One of the most common examples of catalytic metal
distribution in gas sensor materials is superficial nan-
oclustering in the as-grown samples. This is the case of
Pt noble metal added to TiO, [13,14]. In recent works
[7], we have shown that those nanoclusters nucleated as
cuboctahedral clusters for diameter sizes smaller than 3
nm (cuboctahedrons with triangular and square faces)
and in non-regular faceted shapes, which tended to be
spherical for bigger diameter sizes (>3 nm). We also
showed the feasibility of obtaining a good Pt nanoclus-
ter dispersion and high percentage of metal active
atoms. As an example, in Fig. 1, we present a HRTEM
micrograph of few Pt nanoclusters distributed on a
TiO, rutile nanoparticle surface. The subsequent mod-
elling and simulation of the selected cluster/support
structure let us obtain important information about the
epitaxial relationship, [11_1](011)Pt||[200](052)Ti02 in
this case, and the nanocluster morphology. CIS shown
in Fig. 1d has been obtained in the Scherzer defocus, at
300 kV and C,=1.2.

Besides this natural formation of nanoclusters, we
can find catalytic metal distributed in other ways. How-
ever, we can enhance superficial nanoclustering by an
appropriate modification of the growing conditions. A
second distribution mode is observed when Pd is added
in low concentrations to the semiconductor substrate.
In that case, the metal can be dispersed as monoatomic
centers, giving rise to ultradispersion or atomically
dispersion of the additive metal on the semiconductor
surface, as found in the case of Pd on SnO, [15,16].
Nevertheless, for higher concentrations ( > 5 wt.% Pd)
or even at low concentrations but after a reduction
treatment, we could obtain Pd nanoclustering on the
semiconductor surface [6,8,9]. In Fig. 2, we show an
example of the reduction treatment effects on Pd/SnO,
nanopowders. The SnO, nanoparticles surface appears
‘clean’ of clusters before reduction (Fig. 2a), while after
an in situ reduction process a few Pd clusters sinter on
surface (Fig. 2b). The in situ reduction process has been
widely described elsewhere [8]. In Fig. 2¢, we show a
magnified HRTEM detail of a Pd nanocluster on the
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Fig. 3. (a) HRTEM micrograph showing the formation of a NbO
cluster on TiO, surface. (b and c) DIP of the area squared in (a).
Black arrows mark the presence of twins in the TiO, nanoparticle.

surface of a SnO, nanoparticle. In Fig. 2d and e we
show the supercell model and the CIS of the Pd cluster
shown in Fig. 2c. In this case, the study of the cluster
morphology reveals a semispherical shape with a per-
fect epitaxy with the following relationship: [11-
2](111)PdH[1—10](110)Sn02. CIS shown in Fig. 2e¢ has
been also obtained in the Scherzer defocus conditions,
at 300 kV and C,=1.2.

Finally, a third metal distribution mode is found
when additives can diffuse into the semiconductor. An
example is found for Nb added to TiO,, which diffuses
by entering substitutionally into the semiconductor
bulk or occupying interstitial positions or inducing
structural changes in metal oxide structure [17,18]. In
this case, we have found that metal clustering is possi-
ble when submitting the Nb/TiO, nanopowders to an
annealing process. The Nb superficial clustering has
been found to be related to the anatase-to-rutile phase
transition and dramatically accelerated when increasing
the metal addition percentage, as shown recently [6,8].
In Fig. 3 there is an example of a TiO, rutile nanopar-
ticle showing a NbO nanocluster on its surface. The
image has been digitally processed obtaining the mate-
rial phase separation by filtering the digital diffraction
pattern after FFT of the HRTEM experimental image.
In this way, in Fig. 3b and ¢ we show the atomic planes
corresponding to the TiO, rutile phase and the NbO
nanocluster phase, respectively.

4. Conclusions

The feasibility of several metal/semiconductor sys-
tems for metal additive superficial clustering has been
studied by means of HRTEM, DIP and CIS. The use of

complex supercell models let us to simulate the nanos-
tructures studied, obtaining a good understanding of
the experimental results. The most common semicon-
ductors (SnO,, TiO,) and catalytic metal species (Pt,
Pd, Nb) used for gas sensing have been selected. In this
work, we show that metal nanoclustering is also possi-
ble not only in the as-grown state as in the case of
Pt/TiO,, but also in other systems as Pd/SnO, and
Nb/TiO, under special growing conditions such as high
metal additive doping or after sample submission to
thermal or reducing processes.
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