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Abstract

Macroporous Sn®(mp-SnQ(P-); P means polymethylmethacrylate (PMMA) ame diameter of PMMA microsphere) thick film gas
sensors were fabricated by a modified sol-gel method by employing PMMA microsphereB0Q, 400, 250 and 150 nm) as a template
and SnC{ as a tin source. Morphology of mp-Sp@ims was markedly dependent on the Sn&bncentration and the diameter of PMMA
microspheres. Especially, the ratio of the thickness of the,Svell to the diameter of the hollow Sn@nicrosphere seems to increase with
decreasing the diameter of PMMA microspheres used.

Among the films prepared, mp-Spa®-250) exhibited the largest response to NO and MQir at 225 C, whereas its response transients
were relatively slow, indicating low adsorption and desorption speeds of negatively charged chemisorbpddi&3 on the SnQurface. On
the other hand, mp-SnP-800) showed the largest lflesponse among the sensors at temperatures higher tha@.408as been revealed
that the thickness and porous structure of the Sth@k films are important factors to determine the sensing properties tcaROH.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction stacking of a catalyst or gas-diffusion layer on the sensing
layer by sputtering5], chemical vapor depositidg], spin-
Strict optimization of gas reactivity and diffusivity of coating[7] and slide-off transfer printing8—11]. Chemical
semiconductor gas sensors is enormously essential for im-surface modification of SnOpowders with ethoxysilanes,
proving their gas sensitivity and selectivity. Loading of a which resulted in changes in gas-diffusion speed of both
noble metal and/or an oxide on sensor materials, which is O, and a target gas as well as in potential barrier height at
well known as a typical technique for controlling gas reactiv- grain boundaries among Sp@articles, also improved sig-
ity on the sensor surface, largely improved the sensing per-nificantly the gas-sensing propert[@2—-15] In addition, the
formance to a target g4$—4]. However, the loading effect  importance of the gas-diffusion dynamicsin the $sénsing
seems to become more pronounced only when the nano- andayers in determining gas-sensing properties has been proved
micro-structure of the semiconductor gas sensor materials ismathematicallyf16,17]
optimized suitable for a gas reaction region as well as a gas- Besides these important studies, we have demonstrated
diffusion pathway. Therefore, numerous efforts have recently that mesoporous SnCand semiconductor oxides modified
been directed to constructing the most suitable structure towith mesoporous Snfare promising as sensor materials
control gas reactivity and diffusivity in the sensing layer and for H, and NQ [18-22] The SnQ powders with hexago-
then to improve gas sensitivity and selectivity. Those include nally ordered mesopores of a diameter range around 3nm
and high specific surface area (374gn’ even after calci-
* Corresponding author. Tel.: +81 95 819 2645; fax: +81 95 819 2643.  hation at 600C) exhibited excellent biresponse and large
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their mesoporous structure and active sites on the surface on the silicon substrate pre-oxidized at 10@for 1 h or
the mesoporous frameworks, however, simultaneous controlan alumina substrate with interdigitated Pt electrodes. There-
of macroporous structure in the sensing layers is suggestedfter, they were air-dried at room temperature (RT), allowing

to be another important subject. PMMA microspheres to self-assemble into a 3-D array by
We have recently developed a diode-type Pdjis@nsor sedimentation.
equipped with macropores in the Tifim as a gas-diffusion The precursor solution, Sng£PHO (97%, Kishida

pathway fabricated by anodic oxidation of a Ti m¢g&—25] Chem. Co., Ltd.) dissolved in methanol (99.5vol.%,
The number of macropores in the BHi@m that was much Wako Pure Chem. Ind., Ltd.) (Sn£lconcentration:
less than that of anodically oxidized alumina with many uni- 0.1-2.0 mol dm ), was permeated into the openings of the
axially ordered macropores (alumite), largely improved re- 3-D array of PMMA microspheres in vacuo, and then were
sponse and recovery speed tg & well as the magnitude air-dried at RT. Thereafter, the composite film of the 3-D
of the response. On the basis of these results, our particulaarray of PMMA and the 3-D framework of the source ma-
attention has been paid to fabrication of macroporous materi-terial was subjected to heat treatment in flowing air, in or-
als by utilizing polymer microspheres as a temp[2&-31] der to remove the core PMMA microspheres by thermal de-
Macroporous materials with three-dimensionally (3-D) or- composition and then to oxidize the source material toSnO
dered arrays of pores with diameters from tens to hundredsframework. Thermal decomposition behavior of the PMMA
of nanometers have commanded interest in a wide range ofmicrospheres was investigated by thermaogravimetric and
application: e.g. as photonic crystals for optical communi- differential thermal analysis (TG-DTA, Shimadzu Co., Ltd.,
cation devices, supports for catalytic agents and electronicDTG-50) up to 600C at a heating rate of 16 min~1, in or-

and electrochemical industry materials for sensor devices andder to determine calcination conditions. Based on the results
electrodes. Especially the application of macroporous;SnO described in Sectio.1, the composite films fabricated were
films with opal- and inverted opal-structure to gas sensors fired in an appropriate heating process (slow heating at a rate
by Scott et al[32] is worth noting. A colloidal crystal tem-  of 1°C min~1 up to 250°C, fast heating at 10C min—1 up to
plating method with a well-ordered packed structure of silica 400°C, slow heating at 1C min~— up to 600°C and holding

or polystyrene (PS) microspheres have been used convenfor 2h at 600°C). Each macroporous SaGhick film ob-
tionally to develop highly ordered macroporous structures, tained was denoted as mp-S#{2-n) in this study; P means

in these studies. However, we believe that spherical poly- PMMA andn represents diameter of PMMA microsphere.
methylmethacrylate (PMMA) can be utilized as an alterna-

tive template material, from the viewpoint of easy removal of 2.2. Characterization of macroporous Spfim

the template without any fracture of the 3-D ordered macro-

porous frameworks, i.e. easy thermal decomposition of poly-  Morphology of macroporous Sn@ilms was observed by
meric template$33—-36] Then, we have demonstrated that a scanning electron microscope (SEM, Hitachi, S-2250N)
macroporous Sng) TiO2 or MgO thick films with relatively and a transmission electron microscope (TEM, JEOL,
ordered 3-D arrays of macropores were fabricated by a mod-JEM2010-HT). Crystal phase and crystallite size of the SnO
ified sol-gel method employing PMMA microspheres as a films were characterized by X-ray diffraction (XRD, Rigaku,

templateg[37,38] RINT-2200) using Cu & radiation (30 kV, 16 mA). The crys-
The aim of the present study is to establish further suit- tallite size was calculated by the Scherrer’s equation. Spe-
able fabrication conditions of macroporous Srifiick films cific surface area and pore size distribution were measured

by a modified sol-gel method employing different kinds of by a BET method using aiNsorption isotherm (Micromerit-
PMMA microspheres and SngCimethanol solution as a Sn ics, TriStar 3000). However, the specific surface area of the
source and then to investigate sensing properties of the macromacroporous Sngfilms was hard to be measured due to their
porous Sn@ thick films to NG, and H. smallvolume. Therefore, a macroporous S3c (ca. 1 mm
thick and 10 mm in diameter) was prepared, as described be-
low. At first, a disc of PMMA microspheres was prepared

2. Experimental by uniaxial pressing (ca. 1 kgfcmd). A small amount of a
SnChb methanol solution was permeated into the 3-D array of
2.1. Preparation of macroporous Sp@ms the PMMA disc in vacuo, and then was air-dried at room tem-

perature. They were calcined under the conditions described
Four kinds of non-cross-linked PMMA microspheres (P- above.

n, n = 800, 400, 250 and 150 nm in diameter, Soken Chem.
& Eng. Co., Ltd.) were used as a template. After 1.0 g of the 2.3. Measurement of sensing properties
PMMA microspheres was dispersed in 5.0 g ultra pure wa-
ter (resistivity higher than 18.2 8 cm) with 0.05g ammo- Gas-sensing properties of the macroporous Sfilths
nium polycarboxylic acid as a dispersant, the suspension wasfabricated on an alumina substrate equipped with interdig-
treated ultrasonically for 30 min to achieve high dispersion of itated Pt electrodes were measured to 10—-100 ppm NO and
PMMA microspheres. The suspension was then dip-coatedNO, (specific velocity: 1.55 10~2m s~1) and 1000 ppm bl
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