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Condensation- and Crystallinity-Controlled Synthesis of Titanium Oxide
Films with Assessed Mesopores

Tatsuo Kimura,*[a] Yusuke Yamauchi,[b, c] and Nobuyoshi Miyamoto[d]

Materials with controlled microstructures based on sol–
gel science have been widely applied to intelligent adsorb-
ents, catalyst supports, photocatalysts, and ceramics in high-
performance electronic, photonic, and magnetic devices.
Sol–gel reactions of metal alkoxides, such as hydrolysis and
condensation, in general lead to the formation of inorganic
oxide networks. Compositional design in the frameworks is
possible in mixed alkoxide systems. Non-hydrolytic routes
have often facilitated the fabrication of mixed metal
oxides[1] and inorganic–organic hybrid materials.[2] Likewise,
self-adjusted reactions between appropriate inorganic acidi-
ty and alkalinity pairs are a powerful method of constructing
not only single and/or mixed metal oxides but also metal
phosphates.[3] Although these studies have only focused on
the initial formation of inorganic networks, subsequent con-
densation has not been discussed as adequately. Condensa-
tion reactions of transition-metal oxides are too fast and it is
still difficult to control microstructures atomically in the
final metal oxides. Control of the sol–gel reactions has been

investigated further by using chemical modification of metal
alkoxides with organic chelating agents; the hydrolysis reac-
tion rates of the hydrophobic metal species are lower than
those of the original precursors.[4] However, once the de-
signed alkoxides have been hydrolyzed by the presence of
water, it becomes difficult to manage subsequent condensa-
tion reactions between the metal species, which is a limita-
tion of using sol–gel chemistry with highly reactive transi-
tion-metal chlorides and alkoxides.

Herein we demonstrate an effective way for preventing
from continuous condensation of transition-metal species in
solution by the addition of phosphites. For example, we
have found that triethyl phosphite (P ACHTUNGTRENNUNG(OC2H5)3) hardly
reacts with transition-metal sources such as TiCl4, ZrCl4, and
FeCl3 in ethanol, and unreacted P ACHTUNGTRENNUNG(OC2H5)3 can be eliminat-
ed by evaporation under ambient conditions even after the
fabrication of the precursor solutions. Accordingly, the poor
reactivity of P ACHTUNGTRENNUNG(OC2H5)3 with transition-metal species is uti-
lized for specific control of the degree of condensation in
the final inorganic oxides. This protocol is worth investigat-
ing to achieve precise control of the condensation reactions
between transition-metal species, which should offer advan-
ces in the field of sol–gel science. Although it has often
been reported that phosphorous sources, such as esters
(OP(OR)3, R=alkyl group), acids (H3PO4), and chlorides
(PCl3, PCl5, OPCl3), are generally reactive with proper
metal sources, such as alkoxides and salts,[3] the reactivity of
PACHTUNGTRENNUNG(OC2H5)3 has not yet been discussed in the sol–gel science.
Condensation-controlled synthesis of surfactant-assisted
mesoporous titanium oxide in the presence of PACHTUNGTRENNUNG(OC2H5)3

was investigated as a typical example because titanium
oxide is one of the most intelligent photocatalytic[5,6] and
semiconducting[7–9] transition-metal oxides

TiCl4 and PACHTUNGTRENNUNG(OC2H5)3 were mixed in ethanol (without
water) and combined with an ethanolic solution of Pluronic
F127 (EO106PO70EO106). When TiCl4 was slowly added to an
ethanolic solution of PACHTUNGTRENNUNG(OC2H5)3, it reacted vigorously with
ethanol to generate HCl. Because nonhydrolytic reactions
between derivative TiCl4�xACHTUNGTRENNUNG(OC2H5)x and P ACHTUNGTRENNUNG(OC2H5)3 hardly
proceeded in the solution, a resultant precursor solution was
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useful and stable for the fabrication of a cubic Im3̄m meso-
structured film in the presence of Pluronic F127 (see the
Supporting Information, Figure S1). When a similar synthe-
sis was carried out in the absence of P ACHTUNGTRENNUNG(OC2H5)3, the forma-
tion of analogous mesostructured titania film was not ob-
served even in the presence of the triblock copolymer, as
observed by X-ray diffration (XRD) and grazing-incidence
small-angle X-ray scattering (GI-SAXS; see the Supporting
Information, Figure S1). Accordingly, it is thought that the
poor reactivity of P ACHTUNGTRENNUNG(OC2H5)3 with transition-metal species
plays an important role in preventing condensation reactions
between derivative TiCl4�x ACHTUNGTRENNUNG(OC2H5)x species. Although it has
been reported that acetic acid is useful as an organic ligand
to stabilize transition-metal species in ethanol,[10] the use of
PACHTUNGTRENNUNG(OC2H5)3 as a non-metallic stabilizer based on inorganic
chemistry is rather exceptional and interesting because it is
not associated with chemical reactions in precursor solutions
and can be recovered for reuse in practical manufacturing
process.

A cubic Im3̄m mesostructured film constructed from tita-
nium oxide frameworks without phosphorous species was
obtained by spin-coating the precursor solution (a mixture
of TiCl4, P ACHTUNGTRENNUNG(OC2H5)3, and Pluronic F127) onto a substrate.
The energy-dispersive spectroscopic (EDS) mapping of the
as-prepared film (after air-drying and storing in vacuum)
showed the presence of only Ti and O atoms across the
whole film (see the Supporting Information, Figure S2).
Also, the corresponding energy-dispersive X-ray spectro-
scopic (EDX) spectrum supported the finding that the
amount of P atoms present was negligible. The formation
mechanism of the titanium oxide-based mesostructured film
is illustrated in Scheme 1. The precursor solution was clear

and, therefore, both titanium oxo species and PACHTUNGTRENNUNG(OC2H5)3

should be distributed homogeneously in the film after spin-
coating, but P ACHTUNGTRENNUNG(OC2H5)3 was gradually evaporated from the
film, even at room temperature, because of its low connec-
tivity to the titanium species. Consequently, a mesostruc-
tured film was fabricated from titanium oxide-based frame-
works in a less-condensed state. A periodic mesoporous tita-
nia film was then obtained after elimination of Pluronic
F127 through substantial shrinkage of the frameworks by
calcination.

The less-condensed state of the titania-based frameworks
was also confirmed by the GI-SAXS of the as-coated film
(see the Supporting Information, Figure S3). The image
shows a diffraction pattern with (110), (101) and (11̄0) peaks
that are typically assignable to a deteriorated Im3̄m meso-
structure (d1�10 =12.0 nm, initial a= 17 nm)[11,12] with the
main [110] orientation perpendicular to the substrate.[13] The
d110 value (8.1 nm) perpendicular to the substrate was
shrunk by 47.7 % after drying at room temperature; normal-
ly such a substantial shrinkage is not observed even after
calcination. Accordingly, the result indicates that the titania-
based frameworks are extremely soft due to suppression of
condensation reactions in the presence of PACHTUNGTRENNUNG(OC2H5)3. The
transmission electron microscopic (TEM) image of the film
calcined at 250 8C shows significant deterioration of the
meso ACHTUNGTRENNUNGstructure, with considerable shrinkage of the less-con-
densed frameworks (Figure 1).

Variation in the mesostructure during calcination was in-
vestigated by using GI-SAXS and TEM (Figure 1). Detailed
GI-SAXS data (see the Supporting Information, Figure S3)
of films calcined at different temperatures are used to ex-
plain the structural variation schematically (see the Support-
ing Information, Figure S4). The HR-TEM images (see the
Supporting Information, Figure S5) showed that the meso-
structure was maintained after calcination at 250 8C and
seems to be maintained even after calcination at 400 8C.
However, it was not transformed into anatase nanopillars,
which were observed for the film calcined at 550 8C. Our
previous work demonstrated that the Im3̄m mesostructure
was almost deformed after calcination at 400 8C, with full
crystallization to the titania anatase phase.[14] Here, slight
crystallization occurred at 400 8C because the condensation

degree of the initial titania-
based frameworks is lower than
that in the previous study.
Therefore, it is important for
predicting the mesostructural
stability, which is related to the
precisely managed degree of
condensation of the initial
frameworks.

The crystallinity of the cal-
cined films was investigated by
using TEM and synchrotron
XRD. Crystallization of titania
frameworks started at around
400 8C, and after calcination at

550 8C a clear ring pattern assignable to the (101) peak of
anatase was confirmed in the fast Fourier transform (FFT)
TEM image (see the Supporting Information, Figure S5).
Crystallization of titania frameworks was evaluated quanti-
tatively by synchrotron XRD on the basis of the intense
(101) peak areas of anatase in the range of 2q=25 to 268
(Figure 2a). Assuming the crystallinity of the titania (ana-
tase) framework to be 1.00 after calcination at 700 8C, the
films calcined at 400 and 550 8C are estimated to be 0.56 and
0.58. This result in turn implies that the amorphous phase is

Scheme 1. Schematic formation mechanism of mesostructured precursor film constructed by less-condensed ti-
tania-based frameworks in the presence of P ACHTUNGTRENNUNG(OC2H5)3. a) Air-dried to evaporate P ACHTUNGTRENNUNG(OC2H5)3; b) calcined at
250 8C to remove triblock copolymer, resulting in substantial shrinkage.
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actually present even in frameworks calcined at 550 8C. It is
considered that the presence of amorphous phase is impor-
tant for preserving the regularity of the mesostructure and
the regular anatase nanopillars because the regularity is fi-
nally collapsed by grain growth during calcination at 700 8C,
with the formation of intercrystalline mesospaces. There

have been many examples of amorphous titania frameworks
crystallizing into anatase without the deformation of meso-
structures.[11–15] Full crystallization of titania frameworks was
possible by rapid thermal treatment at 700 8C, with the re-
tention of the Im3̄m mesostructure after prestabilization of
the amorphous networks by heating at a low temperature
(300 8C).[12] However, the crystallinity of transition-metal
oxide frameworks governs mesostructural stability and it is
rational to consider that the mesostructure is sustained by
the presence of an amorphous phase that contains semi-crys-
talline species.[16]

Precise control of mesoscopic structure and crystallinity is
crucial for optimization of the photocatalytic performance
of titania-based materials; therefore, we investigated the
typical photocatalytic degradation of organic molecules over
the titania films designed in this study. Photocatalytic perfor-
mance (550>700>400 8C) was not proportional to the esti-
mated crystallinity (Figure 2b), which indicates that both the
number of active sites (crystallinity) and the porosity of the
calcined films are essential for understanding photocatalytic
properties. The size and connectivity of mesopores in the
calcined films are important for effective diffusion of meth-
ylene blue (MB) molecules inside the films.[17,18]

To understand the relationship between the mesostructure
and photocatalytic performance of the titania films, we esti-
mate the index for photocatalytic performance of the cal-
cined films by multiplying three index values: crystallinity
(see above), effective surface area, and diffusivity. The effec-

tive surface area of MB mole-
cules is equivalent to the
amount of MB adsorbed on the
films at equilibrium. Adsorp-
tion of MB molecules was com-
plete within 20 min, and the ad-
sorbed amounts on the films
calcined at 400, 550, and 700 8C
were estimated to be 0.0166,
0.0112, and 0.0148 molcm�3, re-
spectively. The other factor, dif-
fusivity of MB, is related to the
mesopore size and the porosity
(pore volume; 0.34, 0,35, and
0.09 cm3 cm�1), which are esti-
mated from the Kr adsorption–
desorption isotherms (Figure 3).
Although pore size was not the-
oretically calculated by using
the Kr sorption data, the value
of P/P0 (0.3, 0.5, and 0.8) after
complete desorption from the
mesopores was normalized on

the basis of pore volume and used as the index for diffusivi-
ty: 0.102, 0.190, and 0.072 cm3 cm�3 for the films calcined at
400, 550, and 700 8C, respectively. It has also been reported
that the pore size of Im3̄m mesoporous titania films be-
comes large at elevated calcination temperatures.[19] The in-
dexes were calculated by multiplying the three factors to

Figure 1. a)–d) GI-SAXS patterns and e)–h) TEM images of Pluronic
F127-templated titania-based films calcined at 250 (a,e), 400 (b,f), 550
(c,g), and 700 8C (d,h). The spots next to the (11̄0) spots are due to the
presence of different orientations ([001] perpendicular to the substrate)
as a minor component.[13]

Figure 2. a) Synchrotron XRD patterns of Pluronic F127-templated titanium oxide films calcined at different
temperatures and b) the photodegradation of MB at 30 8C under UV irradiation.
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give 0.00095, 0.00123, and 0.00106 for the films calcined at
400, 550, and 700 8C, respectively. This is in accordance with
the actual photocatalytic performance of the calcined films
(550>700>400 8C).

Titania frameworks in the film calcined at 700 8C were
almost completely crystallized to anatase with a size of
about 10 to 20 nm. Although the crystallinity (the particle
size of anatase nanopillars; �10 nm) of the film calcined at
550 8C is lower than that of the film calcined at 700 8C, the
photocatalytic performance is higher. Relative porosity re-
lated to objective organic molecules should be considered
when proposing an appropriate optimal porous structural
model with high photocatalytic properties. Indeed, architec-
tural porous films composed of fully crystallized anatase
nanoparticles are useful for designing high-performance
photocatalysts because the deformation of 3D ordered
meso ACHTUNGTRENNUNGporous structures leads to the formation of sufficient
mesospaces to accommodate target organic molecules.

The importance of the deformation of 3D mesostructures
for the improvement of photocatalytic properties will be re-
ported elsewhere, but here we briefly explain the similar de-
formation of another, 3D hexagonal, mesostructure (P63/
mmc). Because a P63/mmc derivative film (thickness 65 nm;
SBET 85 m2 cm�3 ; V 0.04 cm3 cm�3) calcined at 700 8C was also
composed of fully crystallized anatase nanoparticles, the
photocatalytic properties were simply compared by using
two indexes, that is, effective surface area (adsorbed amount
of MB) and diffusivity. The effective surface area of the P63/
mmc derivative film was similarly estimated to be

0.0095 mol cm�3. The diffusivity
in the P63/mmc derivative ana-
tase nanocrystal film (5.04, as
calculated on the basis of the
Kelvin equation, r/�1/ln(P/
P0=0.82), r= radius) was higher
than that of the Im3̄m deriva-
tive (3.04, P/P0 =0.72). Thus,
the P63/mmc derivative porous
anatase nanocrystal film (0.048)
was also a promising high-per-
formance photocatalyst similar-
ly to the present cubic (Im3̄m)
derivative film (0.045) present-
ed herein.

In conclusion, our novel con-
cept based on the poor reactivi-
ty of phosphites with transition-
metal species for preventing the
continuous condensation of
metal species in solution can
offer the possibility of designed,
controlled, and/or predictable
synthesis of various advanced
metal oxides in the field of sol–
gel chemistry. The crystallinity-
controlled synthesis of titania
was precisely realized in the

synthetic system of surfactant-assisted mesoporous inorganic
oxides. Condensation-controlled synthesis (related to crys-
tallinity), combined with mesostructural transformation (re-
lated to porosity), is applicable to other systems that use
transition-metal oxides and are important for the develop-
ment of porous materials with dramatic performance. Com-
prehensive rationalization by using actual crystallinity and
effective porosity also contributes to the design of porous
materials composed of single nanocrystals with both high
photocatalytic activity[20] and intelligent electrochemical
properties for advanced electrodes in nanodevices.[21,22]

Experimental Section

Condensation-controlled synthesis of mesostructured titania-based mate-
rial : In a typical synthesis, dehydrated titanium chloride (TiCl4, 0.26 mL;
Wako) was slowly added to triethyl phosphite (P ACHTUNGTRENNUNG(OC2H5)3, 0.403 mL,
Wako) in ethanol (EtOH, 3 mL; Wako) to give a Ti/P molar ratio of 1.0.
After stirring for 10 min, a solution of Pluronic F127 (EO106PO70EO106,
0.09 g; Aldrich) in EtOH (3 mL) was added. The mixture was stirred for
another 30 min, then the resultant clear solution was spin-coated
(3000 rpm) onto quartz substrates to prepare a transparent precursor film
with Im3̄m mesostructure, air-dried, and calcined at different tempera-
tures (250–700 8C, 1 8C min�1) for 3 h. The quartz substrates were cleaned
by using a UV–ozone treatment (SEN LIGHTS Photo Surface Processor
PL16–110) for 15 min before spin-coating.

Fresh TiCl4 was needed for the preparation of highly ordered (cubic
Im3̄m) mesostructured film because uncontrollable preoligomerization of
titanium species that occurs due to the high reactivity of TiCl4 in the
presence of moisture was not preferable. In fact, when non-fresh TiCl4

Figure 3. Kr adsorption–desorption isotherms for Pluronic F127-templated titania-based films calcined at
a) 250 (SBET =244 m2 cm�3, V=0.10 cm3 cm�3), b) 400 (SBET =322 m2 cm�3, V=0.34 cm3 cm�3), c) 550 (SBET =

194 m2 cm�3, V =0.38 cm3 cm�3), and d) 700 8C (SBET =85 m2 cm�3, V=0.09 cm3 cm�3); *: adsorption, *: desorp-
tion.
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was used for the same synthesis, distinct XRD peaks related to the for-
mation of an ordered mesostructure were not observed (see the Support-
ing Information, Figure S1). Although designed clusters are very interest-
ing as useful nano building blocks for the direct synthesis of mesostruc-
tured materials composed of crystalline units,[23–25] oligomeric titanium
species (not structured like clusters) are not suitable as inorganic precur-
sors. This information is useful for the development of reproducible syn-
thetic processes for highly ordered mesostructured materials. Only oligo-
meric species smaller than �5 nm in size (smaller than the supposed wall
thicknesses) are acceptable for the formation of highly ordered meso-
structures.[10]

Photodegradation test by using MB : As described in the literature,[18]

photolysis of MB over mesoporous titania films was conducted in a trans-
parent quartz fluorescence spectroscopy cell (10 � 10� 45 mm3). The film
(on a quartz substrate, 1� 10� 30 mm3) was immersed in an aqueous solu-
tion of MB (0.01 mm, 3.5 mL). The MB was adequately adsorbed on the
entire film after 20 min, then the sample was irradiated from the reverse
side of the film in a water bath at 30 8C by using a UV lamp (Ushio,
UI501C; Xe). Photodegradation behavior was recorded by using UV/Vis
spectroscopy (Shimadzu UV-3100PC) and conversion of MB was calcu-
lated from the difference in the absorbance of the peak observed at l=

645–665 nm before and after UV irradiation.

Characterization : GI-SAXS images were obtained by using a Rigaku
NANO-Viewer with monochromated CuKa radiation. TEM images were
taken by using JEOL JEM 2010 (200 kV) instrument. A field-emission
TEM (JEM-2100F) instrument equipped with an EDX spectroscopy
(JED-2300T) instrument was utilized to confirm the composition (Ti/P
molar ratio) of the resultant films. Kr adsorption–desorption isotherms
were obtained in liquid Ar at 87 K by using a Quantachrome Autosorb-1
instrument. Calcined films on p-type ACHTUNGTRENNUNG[100] Si wafers with a total area of
�100 cm2 were introduced in an exclusive sample cell and degassed at
RT under vacuum before measurement. Surface area and pore volume
were calculated by using the actual area and thickness (verified by using
a KLA-Tencor P-15 surface profiler) of the film. XRD patterns were col-
lected at the Kyushu Synchrotron Light Research Center (BL15) by
using an 8 keV synchrotron radiation source.
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