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Optimization of tin dioxide nanosticks faceting for the improvement
of palladium nanocluster epitaxy
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Semispherical palladium nanoclusters have been epitaxed on$110% facets of tin dioxide nanosticks.
The synthesis of tin dioxide nanoparticles has been optimized to obtain a crystallite shape with a
maximum surface area lying on the rutile structure$110% planes, which are the most active for gas
sensing. For this purpose, we describe a microwave method, which allowed us to obtain
monocrystalline stick-like tin dioxide nanoparticles~so-called nanosticks! with rectangular prism
shape. These nanosticks present long lateral$110% faces, squared cross-section 5–25 nm wide, and
lengths of up to 0.5mm. © 2002 American Institute of Physics.@DOI: 10.1063/1.1433903#
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Since Seiyamaet al.1 introduced the possibility to us
chemical sensors for gas sensing, several studies hav
cused on sensing materials; which exhibit changes of c
ductivity at gas exposure. Currently, SnO2 is the most fre-
quently used material in these semiconductor gas se
~SGS! devices.2,3 Semiconductor sensing material in a nan
particle microstructure improves the response~sensitivity! of
the SGS.4 Moreover, it is known that the introduction o
noble metals, such as platinum and palladium, improves S
selectivity and decreases its operating temperatures.5 Fur-
thermore, both sensitivity and selectivity also depend on
distribution, chemical state, and crystal size of the noble m
als added.6

In the last few years, much attention has been given
wirelike structures because of their low cross-section dim
sionality in comparison with length, thereby promoting un
directional space-confined carrier transport, which is of in
est for multiple applications.7 In a recent study, Panet al.8

synthesized ultralong belt-like nanostructures~so-called
nanobelts! of undoped semiconducting oxides, such as
dioxide or indium oxide, and proposed that the doping
these wirelike nanostructures with different elements co
be used for making nanosized sensors on the basis of
unidirectional carrier transport characteristics.

In this letter, we present results on the effects of Pd a
catalytic additive to SnO2 nanopowders. We also show th
reduction treatments of Pd-loaded nanopowders greatly
fect grain growth, promoting the formation of stick-lik
SnO2 nanoparticles with wirelike structures.

The samples were synthesized by means of the mi
wave method, as reported in Ref. 2. In these previous s
ies, the low Pd loading~up to 3 at. Pd/Sn %! used during
sample growth, allowed us to obtain SnO2 nanopowders with
quasispherical nanoparticles and a high dispersion of c
lysts. As reported previously,9 few nanosticks appeare
among the spherical nanoparticles when the Pd load wa

a!Electronic mail: arbiol@el.ub.es
3290003-6951/2002/80(2)/329/3/$19.00
Downloaded 05 Oct 2006 to 150.214.231.66. Redistribution subject to AI
fo-
n-

or
-

S

e
t-

to
-

r-

n
f
d
eir

a

f-

o-
d-

ta-

in-

creased~10 at. Pd/Sn %!. In this study, spectacular resul
were obtained when samples were submitted to a redu
treatment. Reduction consisted of the following steps:~1!
heating the Pd/SnO2 sample in a flow of 5% H2 /Ar gas
mixture (60 cm3/min) at 10 K min21 from room temperature
~298 K! up to the selected reduction temperature~473 K!.
Samples were held for 2 h at thereduction temperature;~2!
treatment in flowing helium (60 cm3/min) for 1 h at the
reduction temperature to remove adsorbed hydrogen;~3!
cooling in flow of inert gas. To prevent the fast and unco
trolled reoxidation of the reduced samples, they were coo
to 191 K and then treated at low temperature with2
~5%!-He for 30 min, warmed to 295 K in the oxidizing mix
ture, and finally exposed to air. Further information about
reduction treatment can be found elsewhere.10

After this process we obtained stick-like tin dioxid
nanoparticles~so-called nanosticks! ~Fig. 1!. These nano-
sticks presented typical widths in the range 5–25 nm, a
lengths up to 0.5mm. Moreover, metallic Pd particles, in th
nanometer size range, were dispersed over the surfac
these sticks~Fig. 1!. The stick-like nanoparticles wer
monocrystalline, structurally uniform, and free of defects a
dislocations, as observed by high resolution transmiss

FIG. 1. Low magnification TEM image showing a general view of the Sn2

nanosticks covered with Pd nanoclusters~in dark contrast!.
© 2002 American Institute of Physics
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electron microscopy~HRTEM!. These nanoparticles ha
squared cross sections with rectangular prism shape and
long lateral faces corresponding to$110% planes, as seen afte
HRTEM analysis of the cross sections~Fig. 2!. Pd nanoclus-
ters are epitaxed on$110% SnO2 surfaces. Epitaxial plane
were determined from the details of HRTEM profile vie
images, and are shown in the solid black line squared se
tion in Fig. 3~a!. We observed that (111)Pd planes grew par-
allel to (110)SnO2

reduced planes. For this interfacial relatio

we tested an epitaxial model: @1-10#(111)Pdi

@001#(110)SnO2
~Fig. 4!. The atomic radii used to plot thi

figure were changed to allow observation of the atomic p
jections along the unit cell axis. Taking (11-2)Pd and
(1-10)SnO2

planes as reference in the interface, we obser

the following epitaxial relationship: twice the distance b
tween (11-2)Pd planes is about the distance between
(1-10)SnO2

planes. The lateral misfit between these w

25.4%, 2•d(11-2)Pd5231.587 Å53.174 Å, and
d(1-10)SnO2

53.35 Å. Moreover, if we consider(1-10)Pd

and (002)SnO2
planes, a new coincidence relationship a

pears. In this case, in every three(1-10)Pd plane spacings a

FIG. 2. ~a! HRTEM micrograph corresponding to a SnO2 nanostick cross
section visualized in the@001# crystal direction;~b! digital diffraction pattern
of the region squared in the top image;~c! nanostick model oriented along
the @001# direction.
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FIG. 3. ~a! HRTEM micrograph showing Pd nanoclusters epitaxed on
surface of a SnO2 nanostick both in profile view~e.g., selected in a solid
square! and plan view~e.g., selected in dashed square!. The inset shows the
digital diffraction pattern of the solid square selection in~a!; ~b! supercell
model of the Pd/SnO2 epitaxial system;~c! computer image simulation of
the model proposed in the middle.

FIG. 4. Epitaxial model shown in plan view. The epitaxial relationsh
proposed is@1-10#(111)Pdi@001#(110)SnO2

.
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Pd atom coincides with a Sn atom in five (002)SnO2
plane

spacings, giving an equivalent misfit of 3.4%; 3•d(1-10)Pd

5332.75 Å58.25 Å; 5•d(002)SnO2
5531.595 Å

57.975 Å. According to this structural correlation, we c
define a small-size coincidence cell that is repeated peri
cally along the@11-2#Pd and @1-10#Pd directions. This coin-
cidence cell, with dimensions 2•@11-2#Pd33•@1-10#Pd, is
marked in Fig. 4.

To confirm our predictions about the epitaxial relatio
ship, we also used the information obtained from plan vi
images. In this case we observed how(-1-11)Pd planes were
aligned with(1-10)SnO2

planes. Taking into account the st
reographic projection along the@111#Pd and@110#SnO2

direc-
tions, we found that the(-1-11)Pd plane projection was
aligned with that of the(-1-12)Pd and therefore was aligne
with (1-10)SnO2

. These results indicate that our propos
epitaxial model was in good agreement with the experim
tal results. The epitaxial relationship proposed was mode
@Fig. 3~b!# using the programRHODIUS.11 Computer image
simulation of the model was done with the software pack
EMS,12 @Fig. 3~c!#. The good match between experimen
and calculated images confirms that Pd nanoclusters a
semispherical shape and that they grow epitaxed on S2

stick-like particles after reduction.
Moreover, the presence of high Pd loading has a str

effect on the SnO2 growing mode, thereby determining th
faceting of the rutile nanoparticles in the faces observed d
ing the growth steps. This effect was demonstrated by c
paring the shape of these stick-like nanoparticles obtaine
high Pd loadings with that observed for SnO2 nanopowders
obtained at low loadings, where SnO2 nanoparticles had qua
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sispherical shapes and nanosticks were not present.2 Like-
wise, the reduction process is shown to enhance the effe
Pd over the shape of SnO2 nanoparticles. While only few
SnO2 nanoparticles adopted the nanostick shape before
duction, almost all of them acquired the desired stick-li
nanostructure after this process.

In this letter we also report on the distribution of th
metal loading in these special nanostructures. Growth co
tions and treatments were optimized to obtain epitax
growth between metal nanoclusters and nanosticks$110% fac-
ets. We are currently working on the electrical characteri
tion of the response of these nanosticks to gases.

This work was partially funded by the EU INCO Proje
No. ICA2-CT-2000-10017 and by the Spanish CICYT Pr
gram No. MAT 99-0435-C02-01.
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