Chem. Mater2006,18, 6069-6074 6069

Monolithic TiO , with Controlled Multiscale Porosity via a
Template-Free Sot-Gel Process Accompanied by Phase Separation

Junko Konishil, Koji Fujita,*T Kazuki Nakanishf, and Kazuyuki Hirad

Department of Material Chemistry, Graduate School of Engineering, Kyotedusity, Nishikyo-ku, Kyoto
615-8510, Japan, and Department of Chemistry, Graduate School of Science, Kyoésltyi
Kitashirakawa, Sakyo-ku, Kyoto 606-8502, Japan

Receied July 26, 2006. Résed Manuscript Receéd September 22, 2006

This article describes the fabrication of multiscale porous nanocrystalling mgdoliths through a
one-step method that combines a-sgél process and phase separation in template-free conditions. A
large-dimension monolith with well-defined macropores and a mesostructured anatase-tyeTiO
skeleton is spontaneously obtained by controlling the solution pH during the hydrolysis and polycon-
densation reactions of titanium alkoxides. The size of the macropores is adjusted by the starting
composition, and a crystallized anatase JJ$&eleton is formed without heat treatment. The use of titanium
alkoxide strengthens the gel network by the formation of chemical bonding in the condensation reaction,
which yields porous monoliths with higher mechanical strength than for the case of porous monoliths
derived from colloidal TiQusing freeze drying to maintain the porous morphology. The average crystallite
size of anatase TiOnanocrystals was found to be about 3.6 nm for the dried gel and about 5.0 nm for
the gel calcined at 300C. As a result of the growth of the anatase Ti@noparticles, the mesopores
with a median size of 5.0 nm are obtained. The high surface ar&&Q nt/g) is maintained even after
the heat treatment at 30C.

Introduction dual templating techniques using surfactants and latex
spheres can produce Ti@owder with bimodal pore size
distribution® Recent reports have also demonstrated that
macro-mesoporous structures can be prepared in the presence
of a single surfactaftand even under a template-free
condition??

For several applications, simultaneous tailoring of the
material shape (monolith, fiber, thin film, etc.) and the

" bimodal pore structure are important. For example, the

presence of macropores ensures a high flow rate for liquid

design, multiscale porous materials have received a lot of . ) .

. : . . phases, while the mesopores can contribute to the separation
attention because they offer multiple benefits arising from . o .
of a mixture of molecules. Consequently, monolithic materi-

each pore size regime. For example, large pores such as . : ; o
: : ; als with multiscale porous structures find an application as
macropores allow facile fluid transport, while the presence . : . -
- . . a separation medium for high-performance liquid chroma-
of additional mesopores gives rise to a large surface areatO raphy (HPLC)* monolithic HPLC columns, in which the
that assists the contacts of fluid. In the research of porous grapny ' '

TiO,, various methods have been established to fabricate°"OUS monoliths are used as the statlo_nary phase, allow
. . . much faster separation than the conventional ones packed
macroporous materigté and micro- or mesoporous materi-

. s . ; )
als/ and several synthetic strategies have been recentlyWlth particles:® Thus, in separation science and many

developed to form the bimodal porous structure. For instance, (8) Holland, B. T.; Blanford, C. F.; Do T.: Stein, Ahem. Mater1999

Unique properties of titania (Tikp have been extensively
exploited in diverse areas such as catalyssensing,
electronics optics? and separation sciené€lo extract a
higher performance from Ti©Owith potential application,
morphological control in a broad length scale ranging from
nanometers to millimeters is required in addition to the
compositional control in such ways as doping, solid solution
and organie-inorganic hybrid. In the subject of material
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environmental applications that include filters and photoca- fabrication of large-size Ti@monoliths. A monolithic body
talysis, there is a strong need for the development of with well-defined interconnected macropores is formed by
innovative techniques that would allow well-controlled the concurrent phase separation and—sg@l transition
synthesis of monolithic Ti@with multiscale porosity. Only  induced by the polymerization reaction, whereas micro- or
limited synthesis techniques have been reported to meet suclmesopores are embedded in the interconnected gel skeleton
requirement33 comprised of nanocrystalline anatase 7@ characteristic

A sol—gel method accompanied by phase separation isfeature is the spontaneous formation of multiscale porous
one of the promising techniques for fabricating monolithic structure in a closed condition at a constant temperature,
materials with a bimodal pore structufe Well-defined which obviates the need for any templating agents. Another
macroporous silica (Sig)-based gels can be prepared by feature is that the size and porosity of macropores can be
inducing phase separation parallel to the-sg@l transition. tailored by selecting the starting compositions. Furthermore,
Subsequent solvent exchange of the macroporous gel with ahe present alkoxy-derived method removes the necessity for
basic aqueous solution produces mesopores with diametershe freeze-drying process, owing to the formation of strong
of 5—10 nm via a process known as Ostwald ripenfihf. chemical bonding through the condensation reaction. Namely,
the reliable and reproducible method can be applied ta TiO high mechanical strength can be accomplished in alkoxy-

systems, the resultant TiGmonoliths will be useful for

derived sot-gel systems, which allows the fabrication of

molecular separation in the field of biochemistry due to the large-dimension monoliths. Several benefits are expected to

ability of TiO; to selectively adsorb phosphorylated mol-
ecules such as peptides and protéminfortunately, the
preparation of a multiscale porous Li@onolith via the

arise not only from the dual pore structure integrated in robust
monoliths but also from the unique functions of FiO

Experimental Section

phase separation route has not been achieved in alkoxy-

derived systems so far, since the high reactivity of titanium  Material Synthesis. Monolithic TiO, gels were prepared from

alkoxides makes it hard to control the structural development the starting solution containing titaniumpropoxide (Ti(OPr),

in the course of the hydrolysis and polycondensatfon. Aldrich), hydrochloric acid (HCI, Hayashi Pure Chemical Ind., Ltd.),

Especially in the synthesis of the monolith, the difficulty formamide (FA, Wako Pure Chemicals Ind., Ltd.), and wateQ(H

becomes serious because highly reactive precursor has t Il chemicals were used as received without further purification.
. i . Th | tio of the starti iti T HCl/

be used in the concentrated condition. Thus, the preparation e molar ratio of the starting composition was TIFO)/

. . . . . e a FA/H,0 = 1:0.5:0.5f, wheref = 20.50, 20.75, 21.00, 21.25, and
of TiO2 monoliths with a bimodal pore size distribution still 57 55 The gel preparation is as follows. Appropriate amounts of

remains a challenging task, irrespective of the drastic progressjcy, H,0, and FA were added to Ti(®r), while stirring under
in the synthesis of Sigbased monoliths including inorgaric  an ice-cooled condition. After stirring for 5 min, the homogeneous
organic hybrid Si@.*" solution was poured into a test tube and allowed to gel atG0

In our previous study, “colloidal titania” was used as the The resultant wet gel was aged at 30 or 8D for 24 h and
TiO, source to circumvent the high reactivity of titanium evaporation-dried at 60C for 7 days. Some of the dried gels were
alkoxide® however, we had faced the problem related to heat-treated at various temperatures between 300 antiC7fad 3

the weak bonding strength between physically aggregated ilr\1/|air. T ol ¢ dried and heat-reated el
colloidal particles, an additional freeze-drying process was _\ caourements.the morphology ot dried and heat-ireated gels

indi ble f intaining th hol was observed by scanning electron microscopy (SEM; S-2600N,
indispensable for ma}m aining the macroporou.s morphology, Hitachi, Ltd., Japan, with Pt coating) and field-emission scanning
and the resultant dried gels broke apart easily.

electron microscopy (FE-SEM; JSM-6700F, JEOL, Ltd., without
In this paper, we describe a method for the fabrication of coating). The size distribution of macropores was determined by
TiO, monoliths with multiscale porous structure from mercury porosimetry (PORESIZER-9320, Micromeritics Co., U.S.A.).
titanium “alkoxy-derived” sot-gel systems under template- The mesoporous structure was characterized by a nitrogen adsorp-
free conditions. The desired pore structure is achieved bytion—desorption isotherm (Tristar, Micromeritics Co., U.S.A.). The
controlling the hydrolysis and polycondensation reactions. size distribution of the mesopore was calculated from the adsorption

Starting from a homogeneous mixture of components underPranch of the isotherm using the Barrett-Joyner-Halenda (BJH)
a strongly acidic condition, the gradual increase in solution method, and the surface area was obtained by the Brunauer-Emmett-

. . : Teller (BET) method.
pH induces the polycondensation reaction and enables the X-ray diffraction (XRD) patterns were recorded on X-ray

diffractometer (RINT2500, Rigaku, Japan) with CuKadiation.

The measurements were made on the powder specimens prepared
by grinding monolithic gels. The size of crystallites was calculated
from the full width at half-maximum of (101) diffraction peaks
ascribed to the anatase phase using Scherrer’'s equation.

In order to evaluate the mechanical strength of dried and heat-
treated gels, uniaxial compression tests were performed using
compressive tester (CATY-500BL, Yonekura, Japan) so that the
compressive fracture was determined. The measurements were made
on monolithic circular cylinders of gels with flat smooth parallel
cylinder faces and lengths between 5 and 10 mm. The samples
were set on a plate and compressed by another plate. Fracture stress
was determined as the stress at which visible cracks appeared in
the sample. It should be noted that because the breaking point could
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Nonporous structure Bicontinuous structure Fragmented structure
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Figure 1. (a—e) SEM images of dried Ti©gels prepared with varied molar ratios of water/ZiC) f = 20.50, (b)f = 20.75, (c)f = 21.00, (d)f = 21.25,
and (e)f = 21.50. (f) Digital picture of monolithic TiO2 gels prepared in Teflon tubes and a coin. (g) Schematic illustration of coarsening of phase-separated
domains. Bicontinuous structure is obtained by inducing the phase separation in parallel to the gelation.

not be precisely detected as a result of compressive deformation,acid condition, because the solution pH is much lower than
the data included some uncertainties. the isoelectric point of Ti@ or pH = 5.5-6.01° Thus, the
use of HCI provides us with an opportunity to control the
) i ) ) structural development in the polycondensation stage. The
Figure la-e shows SEM images of dried Ti(gels third important point is the use of FA which enables the
prepared withf = 20.50, 20.75, 21.00, 21.25, and 21.50, control over the polycondensation rate and also effectively
respectively. The gel prepared with= 20.50 exhibits the  jqyces phase separation. FA is a highly polar solvent with
morphology of particle aggregates, while that wfita 21.50 ~ hydrogen bonding and is hydrolyzed to produce ammonia
shows nonporous structure in the micrometer range. Well- i, the presence of a strong acid. As a result of the hydrolysis
defined bicontinuous macropores are clearly observed in the ¢ FA, the solution pH becomes higher in the polyconden-
compositional range betweér= 20.75 and 21.25. Careful  gai0n stage of Ti@ oligomers. In the present case, the
design of the synthesis described below made it possible togg),tion pH is below 0 immediately after mixing the starting
synthesize the materials with controlled macroporous bicon- 4| tion and gradually increases to around 5 after 24 h. The
tinuous morphology. The first key point is the use of graqual increase in pH accelerates the polycondensation
Ti(O"Pr)s as TIQ, precursor to reduce the reactivity of oaction and eventually induces the-sgkl transition. At
polycondensation. Ti(®r)-derived systemf(= 21.0) ex- e same time, the polycondensation decreases the polarity
hibited substantially long gelation time-@0 min), while the of gel phase gradually by consuming the hydroxy groups,
substitution of titanium isopropoxide Ti(Pr), for Ti(O"Pr), while the polarity of the solvent remains high. In the course
led to gelation instantly after the addition of,® in the of polycondensation, therefore, the phase separation is driven
preparation of starting solution. The second key pointis the p,, the reduction of miscibility between the polar solvent and
use of HCl as the strong acid catalyst, which also helps 10 oy condensed inorganic species. A bicontinuous structure,
reduce the reactivity of Ti(®r)s to H,O. In such astrongly i which both the separated phases are highly continuous
acidic condition, the alkoxy groups in Ti(®r) are proto- 514 interconnected, is obtained when the phase separation
nated to make their local charge more positive. The proto- js inquced parallel to the selel transition. On drying, the
nated alkoxy groups are in turn dissociated to enhancege| hhase becomes the mesoporous skeleton, and the solvent
hydrolysis:® In comparison to hydrolysis, protonated hydroxy - jhase turns into macropores. The variation of gel morphology

groups in the hydrolyzed species hinder the nucleophilic \ i f as shown in Figure ae can be explained in terms
attack toward positively charged Ti ions, which retards the

polycondensation reaction. In addition, alkoxy-derived oli- (19) @ Kallay, N Zalac, S. Stefanic, @ 11993 9, 3457, ()

H : e a) Kallay, N.; Zalac, S.; erfanic, angmuir A .
gomers grown by_ _successwe condensa’_uon are _pos_ltlvely Rodriguez, R.; Blesa, M. A.; Regazzoni, A. E. Colloid Interface
charged and stabilized by the electrostatic repulsion in the Sci. 1996 177, 122.

Results and Discussion
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Table 1. Shringkage and Fracture Stress of Alkoxy- and 0.6 oy i 3.0
Colloid-Derived TiO, Gels with Interconnected Macropores g om:f=2075
~ : . :

(Diameter ~ 1 um) Teo sl R © aaf=2100{ o

fracture g L £ = g

diametef stres§ > 3

samplé conditior? (mm) (MPa) g g

alkoxy-derived TiQ gels as-dried 11 5.3 1(? § >°

heat-treated 7.8 4.0x 10° ) )

at 300°C g &L

colloid-derived TiQ gels as-dried 9.0 55 2 =

heat-treated 9.0 37 5 £

at 300°C ‘E j-;

a Alkoxy- and colloid-derived Ti@ monolithic gels were prepared in 3 E

Teflon tubes with diametes 17 mm andp 9 mm, respectively? Alkoxy-

derived gel was evaporation-dried at 8D, while colloid-derived gel was

freeze-dried to keep the macroporous morpholSgdfter drying, both the
gels were heat-treated at 300. ¢ Diameter of parallel faces of circular- Pore Diameter / um

cylinder-shaped gel$.Stress that generates visible cracks in the compression _. . o . .
teyst. pedyg 9 P Figure 2. Pore size distribution of the dried Ti@els measured by the

mercury intrusion method, ®) f = 20.75, @, A) f = 21.00, and©, ®)
_ ) ) f=21.25.
of a change in phase-separation tendency as mentioned

below. treatment, producing the robust gels. For colloid-derived gels,
Here, it should be mentioned that the problem relevant to on the contrary, no shrinkage is recognized during aging,
the high reactivity of titanium alkoxides can be alleviated if freeze-drying, and heat treatment, and the fracture stress is
a stabilized dispersion of colloidal Tids used as the starting  less susceptible to heat treatment. These results imply that
material. We recently developed a method to fabricate macro-after gelation, the particle aggregates comprising the inter-
mesoporous Ti@monoliths by the setgel process using  connected skeleton do not form almost any chemical bonding
an aqueous colloidal Tifas a starting material,although with each other, leading to the fragile gels. Thus, it is
a freeze-drying process was required to maintain the porousreasonable to conclude that the formation of chemical
structure after the gelation; simple evaporation drying in air bonding though the condensation in alkoxy-derived systems
spoiled the porous structure. Even if the porous structure is responsible for the high mechanical integrity. The ability
was held after freeze-drying, the resultant dried gel was of producing robust Ti@gels without the need for a freeze-
fragile because the network consisted of physically weak drying process could make the present synthesis more
aggregates of colloidal TiQparticles, which limits the  versatile and feasible, which would bring a great advantage
application in diverse areas. Our approach described herejn practical applications.
that is, the fabrication of Ti©@monoliths via the alkoxy- Using the present technique, well-defined macroporous
derived sot-gel route, overcomes this obstacle by the TiO, gel monoliths are spontaneously formed in a closed
formation of strong chemical bonding through the hydrolysis condition. The interconnected gel skeleton and macroporous
and polycondensation reaction. The difference in connectivity channel spread in space homogeneously into every corner
of the gel network between alkoxy- and colloid-derived gels of the resultant gel. Thus, a TiGnonolith with a desired
manifests itself in the physical properties such as mechanicalshape and size can be fabricated simply by pouring the
strength. In order to evaluate the mechanical properties of starting solution into an appropriate mold. Figure 1f shows
gels with interconnected macroproes (diametelrum), we a digital image of products prepared in Teflon tubes,
carried out uniaxial compression tests so that the compressivedemonstrating the feasibility of processing in different molds
fracture stress could be determined. The alkoxy- and colloid- including the confined space such as a capillary.
derived gels employed in the compressive test were prepared The size of the macropores can be controlled by adjusting
in Teflon tubes with¢p 17 mm andg 9 mm, respectively.  the timing of the onset of phase separation relative to the
After gelation at 30°C, both the gels were aged at 60. sol—gel transition, because the domain formation during the
The compressive fracture stress evaluated for dried and heatphase separation involves a coarsening process as schemati-
treated gels shaped into circular cylinders is summarized in cally illustrated in Figure 1g. The control over the pore size
Table 1, together with the diameters of parallel cylinder faces. is readily accomplished through only the change in the
For alkoxy-derived gels, the diameter is decreased to 11 mmstarting composition. Pore size distributions measured by Hg
upon evaporation drying and further reduced to 7.8 mm upon porosimetry are shown in Figure 2 for dried gels having
heat treatment, while the interconnected macroporous mor-bicontinuous structure. The macropores are sharply distrib-
phology is maintained. The shrinkage is caused not only by uted, and the pore size decreases with the increasing amount
the capillary force originated from solvent evaporation but of H,O in the starting composition [see also Figure-ti.
also by the condensation of titanium species with unreactedThe variation of pore size with the amount o§®Imay be
alkoxy or hydroxy groups. The fracture stress of alkoxy- explained in terms of the compatibility between the polar
derived dried gel is larger compared to that of colloid-derived solvent and the Ti@phase. In the system with a larger
dried gel and is significantly enhanced by heat treatment atamount of HO, the hydrolysis reaction of titanium alkoxide
temperatures as low as 30C. These results indicate that is more strongly promoted to increase the number of
even after gelation, unreacted alkoxy or hydroxy groups hydroxyl groups on the surface of the TLi®@ligomers.
condense with each other during aging, drying, and heat Therefore, the compatibility of the two phases increases in
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Figure 3. Mesoscale characterizations of the Figels prepared witlh = 21.00: (a) nitrogen adsorptierdesorption isotherm of the dried g&b) and the
gel heat-treated at 30 (). Curve of the gel heat-treated at 380 is shifted upward by 50 chrg—2 for clarity. (b) Pore size distribution of the dried gel
(O, @) and the gel heat-treated at 300 (O, H). (c) FE-SEM image of the gel heat-treated at 3@0 (d) Higher magnification image of part c.

the order off = 20.75< f = 21.00< f = 21.25. Thus, as  makes the gel network robust enough to endure the collapse
the amount of HO is increased, the phase-separation of porous structure during solvent evaporation in air.

tendency becomes weaker, and the finer bicontinuous By heat treatment at 30TC, the adsorptiondesorption
structure is obtained as a result of the later onset of phasehysteresis loop changes into a type-H2 isotherm. The BJH
separation, the smaller pores being left behind after evaporapore size distribution curve is centered at about 5.0 nm,
tion drying. Further increase in the amount ofCH(f > which agrees with the FE-SEM observation [Figure 3c,d].
21.25) makes the phase-separation tendency too weak, s@pviously, the heat treatment at 306G brings about the
the resultant gels are nonporous in the micrometer range dugyrowth of TiO, nanoparticles to produce the accessible

to a much later onset of the phase separation relative to themesostructure. The specific surface area is calculated to be
gelation [Figure 1e]. On the contrary, when the amount of apout 150 ri g~ using the BET method.

Hz0 Is sm.aller( < 20.75), Fhe phase separat!on takes place Figure 4a displays XRD patterns of the dried gel and those
much earhgr than the .gelatlon,. and the blcontlnuou§ Strucn,"eheat-treated at various temperatures: (21.00). The XRD
fragments into spherical particles to reduce the interfacial o for the dried gel reveals that nanocrystalline anatase
energy [Figure 1a]. TiO, is obtained from the alkoxy-derived systems. The
For the purpose of characterizing the mesoporous struc-appearance of anatase-type crystals without heat treatment
tures, N adsorption-desorption isotherms were measured is one of the significant advantages, since most alkoxy-
on the dried gel and the gel heat-treated at 3CG0(f = derived sot-gel processes produce an amorphous phase (the
21.00). The result is shown in Figure 3a; Figure 3b is the crystalline TiQ powders are well-known to be produced only
corresponding BJH pore size distribution. The dried gel under limited dilute conditions). The production of the
shows a type-I isotherm according to IUPAC classification, crystalline phase instead of the amorphous phase is related
which indicates the existence of micropores smaller than 2 presumably to a nearly complete hydrolysis of the alkoxide
nm. The BJH pore size distribution curve is centered at aboutand slower kinetics of the subsequent condensation reaction.
1.4 nm. This situation is greatly different from the case of When titanium alkoxide is dissolved in an acidic aqueous
TiO, gels derived from colloid&? where the mesopores with  solution, the coordination number of the titanium ion
a broad size distribution (2660 nm) are embedded into the increases from 4 to 6. This is because the entptybitals
macroporous framework due to the physical aggregation of of titanium ions accept oxygen lone pairs of water molecules
colloidal TiO,. In the case of the present alkoxy-based pro- to induce the coordination expansion. After the almost
cess, the framework with considerably fine mesh is obtained complete hydrolysis, the 6-fold structural units undergo the
as a result of the homogeneous polycondensation of TiO slow condensation through corner and edge sharing, leading
oligomers. In addition, the condensation reaction of unreactedto the formation of anatase Ti@rystal. Even if amorphous
hydroxyl groups continues during aging and drying even after aggregates are formed with a loose binding, the structural
the bicontinuous structure is fixed by the gelation, which rearrangement into a more stable crystalline phase, that is,
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] ' R e average crystallite size is found to be about 3.6 nm for the
S dried gel and about 5.0 nm for the gel heat-treated at 300
o G comgoma °C. Heating at temperatures higher than 7GCconverts the
I e anatase phase into the rutile phase without spoiling the
E macroporous morphology [Figure 4b].
&L J 1 o Examination on the separation efficiency of biomolecules
= Tl i [l utilizing the TiQ, monolith with multiscale porous structures
z 1 i has gained interest and is now in progress to demonstrate
£ the possibility of the application of Tinonoliths to HPLC
5 i alile devices. Future work will be dedicated toward the formation
N\ T of well-defined mesopores with controlled geometry.
2 e
T I S D = Conclusion
RO et BNt et N S R TiO, monoliths with multiscale porous structures have
20/ degree .
@ been successfully prepared by using TRg)y as the precur-

sor. The use of HCI as the strongly acidic catalyst allows us
to control the hydrolysis and polycondensation reaction of
Ti(O"Pr),, while the polycondensation reaction is controlled

by the pH increase through the hydrolysis of FA. Polymer-

ization-induced phase separation leads to the formation of
well-defined bicontinuous macropores. The pore size can be
tailored by adjusting the starting compositions. The intercon-

, _ ) nected gel skeleton consists of an assembly of anatase-type
Figure 4. (a) XRD patterns of Ti@gels heat-treated at various temperatures Tio tal ithout heat treat t The f fi f
(f = 21.00). Symbol%, @, andO represent diffraction peaks ascribed to | 2 nanocrystals without heat trearment. e lorma |on_ 0
the anatase and rutile phases and the organic compound, respectively. (pmultiscale porous structure proceeds spontaneously in a
SEM image of titania gel heat-treated at 7@)(f = 21.00). The micrometer- closed condition, which enables the fabrication of FiO
range morphology of the dried gel prepared from the same starting . . y . .
composition is shown in Figure 1c. monqllths into different shapes in _the appropriate molds.

Heating at 300°C produces 5-nm-sized mesopores due to
the growth of nanopatrticles, while maintaining the macro-
porous morphology.

anatase TiQ easily occurs in the acidic condition because
the titanium oxo or hydroxo bridges are broken to enhance
the dissolution and reprecipitati3h The XRD pattern of Acknowledgment. We appreciate Dr. Takeshi Shiono for
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