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Abstract

Macroporous ceramic thick films consisting of nanosized particles have been fabricated successfully by a modified sol-gel

method employing polymethylmethacrylate (PMMA) microspheres as a template. PMMA microspheres with a uniform particle
size (mean diameter: 870 nm) were first deposited on an oxidized silicon substrate. Precursor solutions of Ti(i-C3H7O)4 in
isopropyl alcohol, SnCl22H2O in dehydrated ethanol and MgCl26H2O in a mixture of ethanol and ultra pure water permeated

into the openings of the template layer in vacuo, and then was air-dried at room temperature. The composite layers were
subjected to heat treatment at 500–600 �C in air in order to remove the core PMMA templates by thermal decomposition and then
to oxidize the precursor frameworks. In the case of a macroporous SnO2 thick film, this heat treatment resulted in formation of a
self-standing network of interconnected hollow SnO2 microspheres whose shell walls consisted of nanosized oxide particles about 40

nm in diameter.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, macroporous materials with three-dimen-
sionally (3-D) ordered arrays of pores with diameters
from tens to hundreds of nanometers have com-
manded interest in a wide range of application (both
structural and functional): e.g., as photonic crystals
for optical communication devices, supports for cata-
lytic agents and electronic industry materials for
sensor devices and electrodes, because of a full
photonic band-gap effect, high specific surface area
and low thermal conductivity [1–7]. The most com-
mon method used for assembling highly ordered
porous structure is a colloidal crystal templating
method with a well-ordered packed structure of silica
or polystyrene (PS) microspheres [4–14]. Typical exam-
ples are as follows. Zakhidov et al. have fabricated a
variety of macroporous carbons that are 3-D periodic
on the scale of optical wavelengths [11]. In their study, a
silica opal was used as a template, whose openings were
filled with carbon or a material that converts to carbon.
3-D ordered macroporous metal oxides including many
transition metal oxides and alkaline earth metal oxides
have been prepared by Yan et al. with a templated
precipitation/chemical conversion method employing
a 3-D ordered array of PS spheres, i.e. PS latex
centrifugation, metal ion impregnation, oxalate pre-
cipitation, and subsequent conversion to macroporous
metal oxides [13]. Wang et al. have controlled success-
fully pore morphology of 3-D ordered macroporous
TiO2 (e.g., wall thickness and open/closed pore struc-
ture of resulting macroporous materials) by using the
PS spheres coated with polyelectrolyte multilayers as a
template [14].
From the viewpoint of easy removal of templates

without any fracture of 3-D ordered macroporous fra-
meworks, i.e. easy thermal decomposition of polymeric
templates, we believe that spherical polymethyl-
methacrylate (PMMA) is an alternative template [15,
16], although spherical PS has been used widely as a
polymeric template in the colloidal crystal templating
method [12–14, 17].
The aim of the present study is to establish the most

suitable fabrication conditions of macroporous oxide
thick film consisting of nanosized particles by a mod-
ified sol-gel method employing PMMA microspheres as
a template. The films fabricated were SnO2, TiO2 and
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MgO, the former two being the most important gas
sensor materials.
2. Experimental

2.1. Fabrication of macroporous ceramic thick films

Non-crosslinked polymethylmethacylate (PMMA)
microspheres with a nominal uniform particle size of
800 nm were purchased from Soken Co., Ltd (MP-1600)
and were used as a template. Three grams of the
PMMA microspheres was dispersed in 5.0 g ultra pure
water (resistivity higher than 18.2 M�cm) supplied by a
three-stage Milli-Q (Millipore, EQ-5S) purification
system. To the colloidal suspension was added 0.05 g
ammonium polycarboxylic acid as a dispersing agent.
To ensure dispersing of PMMA microspheres, the
suspension was sonicated by an ultrasonic device for 30
min. Then, the suspension was dip-coated on an
oxidized silicon wafer. The substrate dip-coated with the
suspension was air-dried at room temperature. PMMA
microspheres could self-assemble into a 3-D array by
sedimentation during the drying process.
Oxide precursor solutions employed in the present

study were as follows, unless otherwise noted: 5.0 ml
Ti(i-C3H7O)4 (99%, Rare Metallic Co., Ltd.) in 5.0 ml
isopropyl alcohol (99.5%, Wako Chemical. Industries,
Ltd.), 2.3 g (1.0 mol/l) SnCl22H2O (97%, Kishida. Co.,
Ltd.) in 10 ml dehydrated ethanol (99.5 vol.%, Wako
Chemical Industries), and 2.0 g (1.0 mol/l) MgCl26H2O
in a mixture of 5.0 ml ethanol and 5.0 ml ultra pure
water. The combination of source materials and solvents
was determined by referring to both the reactivity with
water and the solubility of source materials in solvents.
The precursor solution was permeated into the open-

ings of the 3-D array of PMMA microspheres in vacuo,
and then was air-dried at room temperature. A 3-D
framework of a source material could be formed during
this drying process. Especially in the case of Ti(i-C3H7O)4
formation of a tight framework could be expected by uts
hydrolysis and polymerization with a help of water vapor
contained in the ambient atmosphere. Thereafter, the
composite layer of the 3-D array of PMMA and the 3-D
framework of the source material was subjected to heat
treatment in flowing air in order to remove the core
PMMA microspheres by thermal decomposition and
then to oxidize the source material to form a macro-
porous oxide framework: slow heating at a rate of 1 �C
min�1 up to 250 �C, fast heating at 10 �C min�1 ip to
400 �C and 2 h holding for the PMMA decomposition,
slow heating at 1 �Cmin�1 up to 500 (forMgO thick film)
or 600 �C (TiO2 and SnO2 thick films) and 2 h holding at
the temperature for the oxidation and sintering.

2.2. Characterization

Thermal decomposition behavior of PMMA micro-
spheres was investigated by thermogravimetric and
differential thermal analysis (TG-DTA, Shimadzu,
DTG-50) up to 600 �C at a heating rate of 10 �C min�1

in flowing air. For comparative purpose, thermal
decomposition behavior of polysthyrene (PS) latex
microspheres with a mean particle size of 700 nm (JSR
Corp., No. 0561) was also studied.
Crystal phase and crystallite size of the oxide thick

films fabricated were characterized by X-ray diffraction
(XRD, Rigaku, RINT-2200). Specific surface area was
measured by BET method using a N2 sorption isotherm
(Micromeritics, TriStar 3000). Morphology and macro-
porous structure of the oxide thick films were observed
by a scanning electron microscope (SEM, Hitachi, S-
2250N) and a transmission electron microscope (TEM,
Jeol, JEM2010-HT).

3. Results and discussion

3.1. Thermal decomposition behavior of PMMA micro-
spheres

Thermal decomposition behavior of polymeric tem-
plate materials is considered to be one of the important
Fig. 1. TG–DTA curves for (a) PMMA microspheres and (b) PS latex

measured at a heating rate of 10 �C min�1 in flowing air.
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factors to control morphology of macroporous ceramic
thick films prepared by a colloidal crystal templating
method. Fig. 1 compares TG–DTA curves between
PMMA and PS latex. In the case of PMMA, gradual
and slight weight loss (about 2.3% of the total weight
loss) was observed up to 270 �C, and beyond that an
abrupt decrease in weight was observed in a narrow
temperature range of 300–380 �C, and then PMMA
disappeared completely up to about 390 �C. The first
slight weight loss may be ascribed to desorption of
water. In accordance with the second abrupt weight
loss, a broad endothermic peak appeared in a tempera-
ture range of 290–390 �C. In addition, a very small
exothermic peak was observed around 400 �C. Thus, it
is expected that PMMA is pyrolyzed directly to gaseous
species without forming any molten states during its
thermal decomposition. We believe such decomposition
behavior is essential for maintaining the ordered 3-D
macroporous frameworks during the removal process of
templates. In contrast, PS latex exhibited an abrupt
weight loss, but about 63% loss of total weight, in a
higher temperature range (420–470 �C) than that for
PMMA, and left behind a certain amount of, pre-
sumably, a carbonaceous residue (about 24% of total
weight) even after firing up to 600 �C. In addition,
appearance of several endothermic peaks in the tempera-
ture range of 420–470 �C and exothermic peaks above
470 �C implies very complex decomposition process
including melting, vaporization and combustion of
decomposed products. From the viewpoint of easy and
complete removal of template materials without any frac-
ture of 3-D ordered macroporous frameworks, therefore,
we adopted PMMA microspheres with uniform particle
size as a template material in the present study.

3.2. Pore morphology in macroporous ceramic thick films

Fig. 2(a) and (b) shows surface and cross-sectional views
of a 3-D array of PMMA microspheres fabricated on an
oxidized silicon substrate by dip coating. Particle size of
PMMA microspheres was almost uniform, while some
large particles were observed. Mean particle size was
measured to be 870 nm by SEM observation, which was
slightly bigger than the nominal value. Hexagonal close-
packing of PMMA microspheres was obvious in some
parts of the surface of the PMMA layer, but some small
voids also appeared. The layer of PMMA microspheres
showed a good adhesive property sufficient for the
subsequent permeation of the precursor solutions. No
significant cracking of the PMMA layer was observed
on the surface as well as in the layer after the permeation
of the SnCl22H2O precursor solution, as shown in
Fig. 2(c) and (d), although small cracking was obvious
in low magnification SEM photographs (not shown
here). It is also obvious that PMMA microspheres are
connected tightly to each other with the dried precursor
material, i.e. the narrow openings along the surface of
PMMA microspheres are filled with the dried precursor
material, and that closer hexagonal packing appears.
Similar morphology was observed for composite layers
Fig. 2. SEM photographs of a self-assembled 3-D array of PMMA

microspheres deposited on an oxidized silicon substrate (a, b) before

and (c, d) after permeation of SnCl22H2O precursor solution (2.3 g

(1.0 mol/l) SnCl22H2O dissolved in 10 ml dehydrated ethanol). Surface

views: (a) and (c), cross-sectional views: (b) and (d).
Fig. 3. SEM photographs of macroporous ceramic thick films

fabricated on an oxidized silicon substrate. Surface films (a) TiO2 (b)

MgO (c) SnO2 and cross-sectional view: (d) SnO2 sectional view.
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fabricated with other precursor solutions, while SEM
photographs are not shown here.
XRD analysis revealed the formation of respective

metal oxide layers, i.e. TiO2, MgO and SnO2 after
removal of the templates. The surface of the macro-
porous oxide thick films fabricated on an oxidized
silicon substrate was compared in Fig. 3. 3-D ordered
self-standing frameworks were observed for every film,
but the appearance of surface pore morphology was
different from one to another depending on the kind of
precursor materials. Among the films fabricated, the
TiO2 film showed the most ordered honeycomb pore
structure, as shown in Fig. 3(a). Besides spherical
macropores of about 630 nm in diameter, which reflects
the void formed by the removal of PMMA micro-
spheres, small pores appears at the boundaries of three
spherical macropores. Thus, a shrinkage of 27% was
calculated for the micropores, based on the original size
of PMMA microspheres, in the case of the TiO2 film.
Each pore is partitioned with a TiO2 framework (about
7.0 mm thick) with a crystallite size of 25.9 nm. The surface
area of the 3-D ordered macroporous TiO2 thick film
was 48.8 m2 g�1 (see Table 1). However, adhesion of the
film to the oxidised silicon substrate was weak. The
adhesion properties of the film could not be improved
under the present fabrication conditions, even when an
ITO glass was employed as an alternative substrate.
The MgO film also exhibited a macroporous frame-

work, as shown in Fig. 3(b), but, the pores were not
spherical but distorted after calcination. Mean size of
distorted pores was 550 nm and, therefore, the pore
shrinkages was 36%. Such a large shrinkage is
considered to arise from the lowest metal concentration
among the precursor solutions employed and poor
wettability between the precursor solution and the PMMA
microspheres. Weak mechanical strength of the dried pre-
cursor material or the oxide shell wall might facilitate the
distortion of the pores during removal of PMMA. How-
ever, the MgO film exhibited good adhesive properties
against the oxidized silicon substrate. A cross-sectional
view also showed the distorted macropore structure of the
MgO film. In addition, the MgO film was characterized
with a very small surface area of 5.4 m2g�1, whereas the
crystallite size was 8.4 nm, as summarized in Table 1,
suggesting a rapid grain growth during calcination.
In contrast, well interconnected microspheres

appeared after calcination in the case of SnO2 thick film,
as shown in Fig. 3(c). From the cross-sectional view of
the film shown in Fig. 3(d), it is obvious that the
microspheres are hollow without any large holes on
their surface. Formation of such hollow SnO2 micro-
spheres is due to unique decomposition behavior of
PMMA, i.e. presumably rapid evolution of decomposed
gaseous components from PMMA through a still por-
ous dried precursor material in the shell structure, but
with sufficient strength, and no fusion of PMMA during
the decomposition. The mean size of the hollow SnO2
microspheres was 1.15 mm, while the mean inner pore
diameter was about 720 nm. Therefore, the pore
shrinkage was about 16%. From the high magnification
SEM and TEM photographs shown in Fig. 4(a) and (b),
it is apparent that the hollow microspheres connected to
each other have a relatively rough surface, indicating
that the shell walls are rather porous. The crystallite size
of the hollow SnO2 microspheres was calculated to be
8.7 nm based on the XRD data and this value was con-
firmed by the hEM observation in Fig. 4(b). The surface
area of the macroporous SnO2 thick film was 41.8
m2g�1 (see Table 1), The SnO2 film also exhibited good
adhesive properties against the oxidized silicon sub-
strate. However, some distorted hollow microspheres
were observed, especially in the innermost region of the
thick film, as shown in Fig. 3(d), probably due to the
weak strength of the shell wall associated with low
metal concentration in the precursor solution and also
the gravitation of overlying microspheres themselves.
Table 1

Microstructure and surface area for macroporous ceramic film
Oxide layer
 Crystallite sizea (nm)
 BRT surface area (m2/g)
 Macropore diameter (nm)
 Shrinkage of pores (%)
TiO2
 25.9
 48.8
 630
 27
MgO
 –
 5.4
 550
 36
SnO2
 8.7
 41.8
 720
 16
a Crystallite size was calculated by Scherrer’s equation based on the XRD data.
Fig. 4. (a) High magnification SEM photograph of hollow SnO2
microspheres and (b) TEM photograph of the shell part of a hollow

SnO2 microsphere.
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3.3. Effect of concentration of precursor solution on
resulting SnO2 macroporous structure

We believe that the pore structure of macroporous
films (diameter and shape of macropores, strength of
shell wall, end etc.) was affected by several factors; e.g.
size of template particles, the kind and concentration of
precursor solutions, heat treatment conditions. Espe-
cially, the concentration of precursor solutions may be
important for preventing collapse of the inorganic shell
walls of the macropores during decomposition and
gasification of PMMA templates. Thus, macroporous
SnO2 films were fabricated with different concentrations
of the precursor solutions. Fig. 5 shows SEM photo-
graphs of the macroporous SnO2 thick films fabricated
with the lower (1.13 g (0.5 mol/l)) and higher (4.51 g (2.0
mol/l)) concentration of SnCl22H2O in 10 ml dehydrated
ethanol. When the concentration was low, a SnO2
framework with hemispherical fringes and distorted
pores appeared on the surface of the layer and no closed
SnO2 microspheres were found [see Fig. 5(a)]. This
surface morphology was similar to that observed for the
MgO film shown in Fig. 3(b). In addition, a large number
of distorted hollow microspheres were observed in its
cross-sectional view, as shown in Fig. 5(b). The low
concentration of the precursor solution and in turn
weak strength of the resulting SnO2 shell wall is
undoubtedly responsible for such morphology of the
mesoporous thick film. On the other hand, almost all
the SnO2 microspheres were closed in the case of the
high concentration of SnCl22H2O, although some had
cracks on their surface, as shown in Fig. 5(c). Closed
SnO2 microspheres also appeared on the cross-section
of the film, as shown in Fig. 5(d), presenting a striking
contrast to the cases of lower concentration of
SnCl22H2O [compare with Figs. 3(d) and 5(b)], while
the SnO2 microspheres were again confirmed to be
hollow (not shown here). In this case, the layer of SnO2
microspheres is obviously fractured at the neck bound-
aries of the hollow microspheres, indicating that the
shell wall of each microsphere is relatively strong. Any-
way, it is confirmed that the structure of macroporous
SnO2 thick films can be modified by controlling the
concentration of the precursor solution.
Fig. 5. SEM photographs of SnO2 thick films fabricated from the

SnCl22H2O precursor solution of different concentrations. The

amount of SnCl22H2O dissolved in 10 ml ethanol is 1.13 g (0.5 mol/l)

for (a) and (b) and 4.51 g (2.0 mol/l) for (c) and (d). Surface views: (a)

and (c), cross-sectional views: (b) and (d).
Fig. 6. SEM photographs of SnO2 thick films fabricated with different

size of PMMA microspheres (Precursor solution: 2.3 g (1.0 mol/l)

SnCl22H2O in 10 ml dehydrated ethanol). Mean particle size of

PMMA employed is 400 for (a) and (b), 250 for (c) and (d), and 150

nm for (e) and (f). Surface views: (a), (c) and (e), cross-sectional views:

(b), (d) and (f).
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3.4. Effect of particle size of PMMA on resulting SnO2

macroporous structure

Particle size of PMMA microspheres as a template
may also be an important factor determining the frame-
work of the resulting macroporous SnO2. Thus, effect of
particle size of PMMA templates has been examined by
employing the same concentration of SnCl22H2O
precursor solution (2.3 g (1.0 mol/l) SnCl22H2O in 10 ml
dehydrated ethanol). PMMA microspheres employed
additionally were also purchased from Soken. Co., Ltd
and were 400 nm (MP-1000), 250 nm (MP-1450) and
150 nm (MP-1451) in mean diameter. When 400 nm
PMMA microspheres were used, a layer of inter-
connected hollow SnO2 microspheres could be fabri-
cated, as shown in Fig. 6(a) and (b), though a hole or
crack was found on the surface of some microspheres
and a large number of distorted hollow microspheres
appeared in its cross-sectional view. In the cases of
PMMA microspheres less than 250 nm in diameter,
formation of ordered spherical SnO2 microspheres was
rarely found in the surface of the layers (see Figs. 6(c)
(e)), although distorted macropore structure was visible
in some parts of the layers in the cross-sectional views
(see Fig. 6(d) and (f)). Thus, it is found that the use of
bigger PMMA microspheres tends to facilitate forma-
tion of a more ordered macroporous structure, although
the reason for this phenomenon is not clear at present.
From the results described above, it has been revealed

that a very uniquemacroporous thick filmof ordered hollow
SnO2 microspheres could be fabricated by employing
PMMA microspheres bigger than 400 nm in diameter
under the present experimental conditions. Such a mac-
roporous SnO2 thick film could also be successfully fabri-
cated on an alumina substrate equipped with interdigitated
Pt electrodes, though the results are not shown here. Thus,
application of such a SnO2 thick film to a sensor material
is of great interest, and is now under investigation.
4. Conclusion

Macroporous ceramic thick films consisting of nano-
sized oxide particles have been fabricated successfully
by a modified sol-gel method employing polymethyl-
methacrylate (PMMA) microspheres as a template.
PMMA microspheres are considered to be a suitable
template from the thermal decomposition behavior. In
the case of SnO2 films, the resulting macropores after
removal of the PMMA microspheres were in a self-
standing framework of interconnected hollow micro-
spheres whose porous shell walls consisted of nanosized
oxide particles less than about 40 nm in diameter, when
PMMA microspheres bigger than 400 nm in diameter
were employed. In this method, macroporous structure,
e.g. pore diameter, shape (opened or closed) and
framework thickness, could be controlled by varying the
particle size of PMMA microspheres and the concen-
tration of precursor solutions.
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