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A porous TiO; film possessing both meso-sized (2—50 nm) pores and macro-sized (100—300 nm) pores has been
fabricated for the first time by coating an SnO; substrate with a paste consisting of secondary TiO, submicroparticles, poyl-
ethylene glycol, hydroxypropyl cellulose and water, followed by calcination. The macropores are formed most probably
by phase separation between the TiO, particles and the polymers in the course of drying of the coated paste. The meso-
macroporous TiO, film thus prepared has a thickness of ca. 10 um by four-fold coating, and is characterized by a large
surface area arising from the mesopores in the secondary TiO: particles, and by the presence of wide channels within the
film. The film fabricated by calcination at 550 °C for 30 min was composed of pure anatase with high crystallinity. These
features are favorable to construct an electrode for dye-sensitized photoelectrochemical cells.

Recently TiO, films have attracted the atten-
tion of researchers working on electrodes for solar
cells,"* electroluminescence* and electrochromic® devices,
biosensors,® and batteries,’ in view of the high chemical sta-
bility, high refractive index, and the high dielectric constant
of the oxide.® In most cases, the electrode is fabricated from
nanocrystalline TiO, particles, which ensure a high porosity
and activity in comparison with the values for a smooth plane
electrode, and the resulting pores are generally of a meso
size (2—>50 nm), namely between micropores (< 2 nm) and
macropores (> 50 nm).” One promising area of applications
is a photoelectrochemical cell in which dye molecules on
the electrode surface inject electrons into TiO, upon visible
excitation, followed by regeneration of dye molecules by a
reducing agent such as I~, thereby producing a continuous
current, as reviewed recently by Kamat,'® Lampert,'! and
Hagfeldt and Griitzel.'?

In applications where a redox process plays a key role, the
accessibility of a reactant in the solution to the TiO, surface
is of prime importance.*'* The mesopores are normally too
narrow for the reactant to access into the depth of the film.
Thus, the diffusion coefficient of an electroactive agent in
the mesopores is about 10-fold smaller than that in the sol-
vent bulk because of physical hindrances by the wall of the
mesopores,’® and this lowers the efficiency of the output of
electrochemical solar cells.!s!’

Enlargement of mesopores into macropores would pro-
mote the diffusion of reactants to a level as in the solvent
bulk, and is expected to enhance the output of TiO,-based
dye-sensitized cells. In view of this, Caruso and cowork-
ers have recently fabricated a macroporous TiO, film'®—*
with the pore size ranging from 100 nm to 1 um and a wall
thickness of about 100-—150 nm.?"?* However, the surface
area of the macroporous film becomes consequently smaller
than that of a mesoporous one, and hence deteriorates the

photoactivity of the electrode due to the reduced capacity
for dye adsorption. To improve the performance of a dye-
sensitized solar cell, it is hence desirable to fabricate a TiO,
film that possesses, at the same time, a large surface area and
high accessibility of reactants.

These considerations have incited us to fabricate a novel
TiO; film (called meso-macroporous film in what follows)
possessing both mesopores (2—50 nm in diameter) and
macropores (> 50 nm), from anatase TiO, secondary sub-
microparticles. The macropores provide the pathway for re-
actants, and the mesopores ensure a high surface area of the
electrodes. The meso-macroporous films were characterized
by scanning electron micrography (SEM), X-ray diffraction
(XRD), and specific surface area measurements.

Experimental

Fabrication of TiOQ, Meso-Macroporous Film.  Secondary
TiO; submicroparticles of about 100 nm in diameter were prepared
by a hydrothermal treatment described elsewhere.?® Briefly, a mix-
ture of TI{OCH(CH3),14 (10.5 ml, Tokyo Kasei Kogyo), 2-propanol
(2 ml, Wako Pure Chemical) and Milli-Q purified H,O (63 ml) was
stirred for 30 min, and then autoclaved at 235 °C for 12 h. Addition
of HNO; (0.48 ml, Kanto Chemical) was followed by heating at
80 °C for 8 h, and finally drying in a rotary evaporator until the
precipitate became powdery.

The submicroparticles were then used to fabricate porous TiO2
films by a procedure depicted in Fig. 1. A coating paste was
prepared from TiO, submicroparticles (0.8 g), H,O (4 ml), poly-
ethylene glycol (PEG, 0.24 g, Junsei Kagaku) and hydroxylpropyl
cellulose (HPC, 0.08 g, Tokyo Kasei Kogyo). HPC was used to
increase the viscosity of the paste. The SnO; substrate 1x4 cm
(SnO; thickness 900 nm, Nippon Sheet Glass) was fixed on a glass
plate (4x7 cm) for heat accumulation and covered along the length
of each edge with a piece of adhesive tape (Scotch) having a nominal
thickness of 40 pm. A drop of the paste was applied to one of the free
edges of the SnO; substrate, and flattened with a glass rod sliding
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Fig. 1. Flow diagram of meso-macroporous TiO; film fab-
rication.

over the tape-covered edges. Repeated doctor blade coatings® of
the paste onto an SnO; substrate and drying at 50 °C yielded a film.
The coatings were repeated while the substrate was hot enough,
since coating on a cooled substrate gave a TiO, film which easily
peeled up and powdered. The glass rod was slid fast for coating
the successive overlayers to prevent the underlayer from dissolving
into the paste.

The polymers in the film before sintering were combusted at
270 °C for 2 h, and the resulting meso-macroporous TiO; film was
calcined at 450—550 °C in a tubular ceramic heater, by raising the
temperature at a rate of 3 °Cmin~'. During the heating up, the
film became black first, then became semitransparent and lustrous.
Though the film usuvally had visible cracks, it adhered strongly to
the substrate. For the purpose of comparison, a mesoporous film
was fabricated by use of the TiO, sol recommended by the Gritzel
group (Ti-Nanoxide T, Solaronix).?*

Characterization of Secondary TiO; Submicroparticles and
Meso-Macroporous Film.  The secondary TiO; submicroparti-
cles and the meso-macroporous films were characterized by XRD
(RINT2100, Rigaku), SEM (S-4500, Hitachi), and surface area
measurements by nitrogen adsorption (Belsorp 36, Nippon Bell).
For XRD measurements, the meso-macroporous films were fabri-
cated under five different heating conditions (at 50 °C for 1 min, at
450, 500, and 550 °C for 30 min, and at 550 °C for 3 h) on silica
substrates which do not crystallize from room temperature to 1500
°C, and the XRD patterns were measured from 10 to 80° stepped
by 1/4° at room temperature. An SnO»-coated glass was employed
as the film substrate for SEM observation. Observation of the TiO,
film surface did not require metal sputtering on samples because of
the electron reflecting effect due to the TiO, conductivity, while the
cross section of the TiO; film was observed after silver sputtering.

Results

Morphology of the Meso-Macroporous Films.  Fig-

Meso-Macroporous Anatase TiO; Film

ure 2 shows the morphology of TiO; films before sintering.
Since the films have not been combusted, the surface consists
of secondary TiO, submicroparticles and polymers (HPC and
PEG). The TiO; network of the slowly dried film (Fig. 2a) is
thicker than that of the rapidly dried film (Fig. 2b). The latter
film has more macropores (larger than 50 nm in diameter)
than the former. As described in Experimental, the slowly
dried film (Fig. 2a) became powdery and peeled up by the
combustion and sintering. On the other hand, the rapidly
dried film with a glass plate for heat accumulation retained
the form of a TiO; film throughout the combustion and sin-
tering treatments. Therefore, the formation of the TiO; film
and the stability during the combustion and sintering are de-
pendent on the network morphology of the pre-combusted
film.

Figure 3 shows the cross section of a meso-macroporous
film prepared by four successive coatings of the paste on an
SnO; substrate. The TiO, film, on top of a 900-nm thick
SnO, layer (white belt), is darker than the SnO; part but
brighter than the glass substrate (bottom). This is because
the conductivity of the TiO, is lower than that of SnO;.
The thickness of the TiO; layer is ca. 10.5 pm, which is

X 4, il
Fig. 2.  SEM photograph showing the surface morphology
of TiO, films before sintering prepared by (a) slow and (b)
rapid drying.
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Fig. 3. SEM photograph showing the cross section of a TiO»
film prepared by heating at 450 °C for 30 min on SnO;-

coated glass.

considered to be in an ideal range for use in such applications
as photoelectrochemical cells and batteries.

Figure 4 shows the surface morphology of a TiO; film
prepared by heating at 450 °C for 30 min. It is seen that
the film is composed of spherical nanoparticles of about 10
nm in diameter, in agreement with the TEM observation
reported previously,” which then are aggregated into sec-
ondary submicroparticles. The diameter of the secondary
submicroparticles in Fig. 4 is about 200 nm, which is larger
than that of the starting material (ca. 100 nm as estimated by
DLS measurements).?

Figure 5 compares the surface morphology of the present
meso-macroporous TiO; film (Fig. 5a) with a mesoporous
TiO, film (Fig. 5b). A conspicuous difference is readily
noted between the two films. The latter film is fairly smooth
and carries mesopores alone, while the former film exhibits
large cavities (macropores). The diameter of the macropores
in Fig. 5a is about 100—300 nm.

Crystallinity of the Meso-Macroporous Films.  Fig-
ure 6 depicts the XRD patterns of the meso-macroporous

..........

Fig. 4. SEM photograph showing the surface morphology
of a TiO, film prepared by heating at 450 °C for 30 min.
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Fig. 5. SEM photographs of (a) a meso-macroporous TiO»
film prepared by heating at 450 °C for 30 min and (b) a
mesoporous TiQ; film prepared by heating at 450 °C for 30
min.

films. The broad peak at 22° in each trace is attributed to
the noncrystalline phase of silica substrates. In the film just
after drying at 50 °C, the peaks at 31° and 23° are assignable
to the brookite phase” and polymers (HPC and PEG), re-
spectively (Fig. 6a).2?” All the other easily visible peaks are
attributed to anatase.” The polymer peak (23°) disappeared
by combustion at temperatures above 450 °C (Figs. 6b, c,
and d). The small brookite peak (31°) is still visible up to
a temperature of 550 °C. By heating at 550 °C for 3 h,
the brookite peak disappeared completely, the anatase peaks
became sharper, and there appeared a tiny peak at the rutile
diffraction position (28°, Fig. 6e).”’

Change in TiO, Surface Area by Sintering Treatments.
The surface area of this TiO, film was determined by nitro-
gen adsorption (Table 1). The diameters of the particles are
calculated from the surface areas, assuming that the particles
are spherical. Hence the surface area (S) and the diameter (d)
are correlated by Eq. 1, S = 6/dp, where p (= 3.89 gcm™)
is the density of anatase. The average diameters of the TiO,
nanoparticles before and after sintering were calculated to be
15.2 and 15.5 nm, respectively. Since the increase in the di-
ameter, arising probably from crystallization and coaptation
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Fig. 6. XRD patterns of TiO, films prepared by (a) drying

at 50 °C, (b) heating at 450 °C for 30 min, (c) heating at
500 °C for 30 min, (d) heating at 550 °C for 30 min, and
(e) heating at 550 °C for 3 h. All the prominent peaks are
from anatase.

Table 1.  Effect of Sintering Conditions on the Specific Sur-
face Area of the Film and the Diameter of TiO, Nanopar-
ticles

Film Temperature Time  Specific = Diameter”
°oC min surface area nm
m2 g-l

Mesoporous 450 30 90.0 17.1
— — 101” 152

Meso- 450 30 99.6 15.5
macroporous 550 30 83.9 184
550 180 46.9 329

a) Calculated from specific surface area.® b) Powder before
sintering.

of the TiO; nanoparticles, is small enough, one can conclude
that the degree of particle coaptation during sintering is very
low and hence there are interspaces (mesopores) preserved
between the nanoparticles. When the film was heated at 550
°C for 3 h, the surface area of the meso-macroporous film
and the diameter of the TiO, nanoparticles were 46,9 m? g_1
and 32.9 nm, respectively. The surface area is about half that
of the mesoporous film (90.0 m? g~!) or the meso-macrop-
orous film (99.6 m? g~!) heated at 450 °C for 30 min. This
increase in diameter and the decrease in surface area with a
rise in temperature indicate the occurrence of shrinkage of
TiO, nanocrystals resulting from crystallization.’'

Discussion

Formation of Macropores. The macroporous network
was formed during the drying treatment of the TiO, paste.

Meso-Macroporous Anatase TiO; Film

Rapid drying yielded numerous macropores and thin net-
works of TiO, submicroparticles (Fig. 2b). On the other
hand, slow drying gave a thick network and large dense TiO,
regions (Fig. 2a). The slow evaporation of water may have
allowed TiO; particles and the polymer to aggregate, requir-
ing only a small number of holes for passage of water to the
exterior, whereas the rapid evaporation may have depressed
the aggregation of particles, requiring many holes for pas-
sage of water. The dependence of the morphology of the
TiO, network on the speed of water evaporation could be
accounted for in this manner.

In general, peeling up and powdering result from film
shrinkage.* Shrinkage of the dense TiO, region may create
large cracks which develop by cohesion of TiO, particles;
then the film peels up.>>—>° On the other hand, when the
TiO, network is thin, the cracks are small because of the
shrinkage without cohesion of nearby particles. Since the
formation of small cracks tends to relieve the cohesive force,
the macroscopic shrinkage of the film may be hindered.** The
pores with a size much larger than the surrounding particles
are considered thermodynamically stable and do not shrink
during sintering.*** Hence, the fine network (Fig. 2b) stabi-
lizes the film throughout the heating, and the thick network
(Fig. 2a) results in peeling up and powdering by combustion
and sintering.

Besides the difference in size (monodispersed nanoparti-
cles or secondary submicroparticles), the difference between
the mesoporous and meso-macroporous films lies in the ad-
dition of hydroxypropyl cellulose (HPC) to increase the vis-
cosity of the coating paste for the latter film. Haga et al.®
recently suggested that HPC acts in assembling and orienting
TiO, particles. In view of this, the “walls” of the macrop-
orous regions may have been formed by the secondary TiO,
particles assembled together by HPC.

Since a dispersion of colloidal particles in water is stabi-
lized by adsorption of polymers on the surface,* PEG should
exist on the surface of the secondary TiO, submicroparticles
in the film before sintering (Fig. 2a). The PEG is absent on
the surface of TiO, particles of the heated films shown in
Fig. 4. The combustion of PEG may enlarge the macropores
and smooth the trunk of the network. Since the film before
sintering contains polymers uniformly, the combustion of the
polymers produces the continuity of the macropores in the
film from the bottom to the exterior.

The formation mechanism of meso-macroporous films is
hence envisaged as follows. Rapid evaporation creates many
holes in the film for passage of water from the interior of the
film to the exterior. In the course of drying, the secondary
TiO, particles assemble to HPC and PEG remains on the
surface of the TiO, network. The succeeding combustion
of these polymers yields continuous macropores from the
bottom to the exterior of the film and in this step mesopores
are reserved in the secondary submicroparticles.

Crystallization of Anatase in Meso- Macroporous
Films. Pure anatase nanocrystals are generally con-
sidered to be desirable in using TiO; films as a semicon-
ductor photoelectrode or photocatalyst, and coexistence of
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another crystal phase can provide trapping sites or an en-
ergy barrier for electron transfer. The raw material used in
the present work (secondary TiO, submicroparticles) con-
tained brookite (Fig. 6a),> which crystallizes easily by hy-
drothermal treatments.***' The heat treatment at 450, 500,
and 550 °C for 30 min retained the minor brookite phase
as seen in Figs. 6b, 6¢c, and 6d. When the TiO, films were
heated at 550 °C for 3 h, the brookite phase disappeared com-
pletely, to give mono-crystallization of anatase (Fig. 6¢). Itis
known that sintering eliminates brookite and anatase phases,
and causes rutile crystallization.*> The sintered crystalliza-
tion from brookite to mono-anatase phase is generally diffi-
cult, because rutile crystallization occurs before disappear-
ance of brookite.*” In view of this, mono-crystallization from
brookite to anatase, found in the present work, is an unusual
phenomenon. This may be because the degree of crystalliza-
tion of anatase nanoparticles was high enough, and hence
they did not change into the rutile phase up to 1000 °C.*

Park et al.* recently reported that the high crystallinity
of rutile annealed at high temperature (500 °C) gave rise
to a high dye-sensitization efficiency because of the effi-
cient electron transfer in the TiO, network and the dimin-
ished energy barriers at the neck portion between the TiO;
nanoparticles. However, this contradicts a general view that
anatase has a higher activity than rutile as a photocatalyst*
or photoelectrode.** Many workers have demonstrated an
advantageous feature of porous films of nanocrystalline
anatase, obtained by sintering of colloidal anatase nanopar-
ticles at 400 to 450 °C without significant transformation
to rutile."**"—° However, the anatase nanoparticles used in
those works appear to be of low crystallinity. The anatase
porous films fabricated in this work, on the other hand, ex-
hibit high crystallinity, due most probably to the high anneal-
ing temperature of 550 °C and the prolonged treatment time
of 3 h.

As is seen in Table 1, raising the sintering temperature
led to a decrease in the surface area and an increase in the
average diameter. Similar behavior was also noted by Barbé
et al.,* who reported that the mesoporous TiO; films began
to shrink at 350—400 °C, and that the film surface areas
were 104 and 88 m? g~!, by heating at 450 and 550 °C for
30 min, respectively. These values are in good agreement
with those of the meso-macroporous films prepared in this
work (Table 1). Since these phenomena are due to coaptation
of the nanoparticles, the sharpening of XRD anatase patterns
with rising temperature (Fig. 6) can be attributed not only to
the change of brookite into anatase, but also to the growth
and coaptation of the anatase crystals. The diameter (32.9
nm) calculated from the surface area of the film prepared
by heating at 550 °C for 3 h is smaller than that of the
secondary submicroparticles (ca. 100 nm).” This indicates
that the nanoparticles are coapted each other, remaining some
interspaces (mesopores) between them.

In summary, meso-macroporous TiO, films were fabri-
cated from the secondary submicroparticles. It was con-
firmed that the optimal sintering condition was the heating at
450 °C for 30 min for a large surface TiO; film, and at 550 °C
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for 3 h for a high crystalline anatase TiO, film. These meso-
macroporous TiO, films will be applicable to photoelectrode
and photocatalyst because the macropores may facilitate the
diffusion of electroactive agents or reactants. An experimen-
tal result is to be described elsewhere.”'

The authors are indebted to Mr. T. Tsuru, Institute of In-
dustrial Science, The University of Tokyo, for specific sur-
face area measurements.
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