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Synthesis of bimodally porous titania powders by hydrolysis
of titanium tetraisopropoxide
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Bimodally porous titania powders with controlled phase composition and porosity were
made by hydrolysis of titanium tetraisopropoxide (TTIP) and calcination. The extent of
calcination was followed by thermogravimetric differential thermal analysis and
Fourier transform infrared spectroscopy. The specific surface area (SSA) of the
powders ranged from 10 to 500°fg as determined by nitrogen adsorption. The SSA
increased by decreasing either the water concentration during hydrolysis or the
calcination temperature. The pore size distribution was bimodal with fine intraparticle
pore diameters at 1-6 nm and larger interparticle pore diameters at 30-120 nm as
determined by nitrogen adsorption isotherms. The particle phase composition as
determined by x-ray diffraction ranged from amorphous to crystalline anatase and
rutile largely proportional to the calcination temperature and to a lesser extent on the
initial H,O/TTIP molar ratio.

I. INTRODUCTION variables, especially the water concentration significantly
Titania powders are widely used as a white pigmeminﬂuences the properties of the titania powders as TTIP

an adsorbent, and a major component in many electronk€acts quickly with water. — ,
devices (e.g. capacitors and varistors) and have recently Ping et al-> synthesized titania powders from fita-

become of interest as functional materials such as a phdiUm tetrabutoxide (TTB) by controlling the water con-

tosemiconductor and a photocatalyst.The most com- centration during hydrolysis. They reported that the grain

mon procedures of preparing the titania powders hav&iz€ of powders prepared at low,®/TTB molar ratios

been based on the hydrolysis of acidic solutions of Ti(lv)Was smaller than that of powders made at high molar
salt$” or by gas-phase oxidation reaction of TiCl ratios. As a result, the anatase to rutile phase transfor-

at high temperatureés® Recently, however, methods of Mation temperature for powders made at loyOATTB
vapor-phase hydrolysfspyrolysis® and sol-gel synthe- molar ratios was less than tflzélt of powders at higloH
si< of organic precursors (e.g., titanium tetraisopro-1 15 ratios. Sasamotet al.” also prepared titania

poxide, TTIP) have been developed to synthesize titanifOWders from TTIP by controlling the initial water
nanoparticles with high purity. concentration. However, they found that the water con-

Sol-gel synthesis provides a way to make nanoIoargentration had no effect on the anatase to rutile transfor-
ticles by a chemical reaction in solution starting with Mation temperature. In contrast, Kaforeported that

metal alkoxides as a precursor. An advantage of the sofnatase to rutile transformation rate and the specific sur-
gel synthesis is that it is possible to obtain large amountiic€ area of titania powders increased with increasing
of powder with a high level of chemical purity.In this ~ H29/TTIP molar ratios. _

sol-gel synthesis two simultaneous reactions—hydrolysis Recently, preparation of porous powders with con-
and polycondensation—take place when TTIP reacté_m”ed pore size and high surface area for uses such as
with water® These two reactions are sensitive to waterlIt€rs, adsorbates, catalysts, and catalyst supffonas
concentration, pH, type and amount of solvent, reactioffttracted much interest. The sol-gel synthesis is a very

temperature, and mixing conditions. Among the reactiorEffective method to control pore sizes of inorganic oxide
powderst® Although many research groups have ex-

plored the characteristics of titania powders prepared by
controlling the water concentration during the hydrolysis
0n leave from Konyang University, Nonsan, South Korea. reactlon,_to the best of our knOWIedg.e' none has. ex?‘m'
bAddress all correspondence to this author. ined the influence of water concentration and calcination
e-mail: pratsinis@ivuk.mavt.ethz.ch temperature on the titania pore characteristics. This paper
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describes the effect of initial water concentration andanalysis (BET) surface area analyzer (ASAP2010, Mi-

calcination temperature on the characteristics of produatromeritics, Norcross, GA). All powders were degassed

porous titania powders by thermogravimetric differentialat 150 °C prior to actual measurement. The SSA was

thermal analysis, Fourier transform infrared spectroscopgetermined by the multipoint BET method using the

(FTIRS), nitrogen adsorption, and x-ray diffraction (XRD). adsorption data in the relative pressuR¥R;) range
0.05-0.25. The desorption isotherm was used to deter-

Il EXPERIMENTAL mine the pore size distribution using the Barrett, Joyner,

. and Halender (BJH) method with cylindrical pore sfZe.
A. Sample preparation
Titanium tetraisopropoxide [TTIP; Ti(OEl,),, 97%]
supplied by Aldrich was used as a precursor. To moderlll- RESULTS AND DISCUSSION
ate the high reactivity of TTIP with water, the TTIP was A, Thermal Analysis

first dissolved in anhydrous ethyl alcohol at a molar ratio Figure 1 shows the themogravimetric (TG) curves for

?c]:o%'jt'ggHg;tfrezb 565-32?:02/;!13”(\)/\'/'23 (;arlrr]gi(:]tg li)tf ?;is:[he RS, R20, R200, and R1000 powders dried at 150 °C.
. P y 9 ) For the R5 and R20 powders, two main zones in weight
tilled water slowly to the mixed solution (ethyl alcohol

and TTIP) with a vigorous stirring for 1 h. Powders wereIOSS are identified. The first zone from 50 to 250 °C
prepared at molar ratios of 8 to TTIP of 5, 20, 200, corresponds to the removal of physically adsorbed water

nd alcohof* The second zone from 250 to 380 °C cor-
and 1090 and were 'a?'?'ed as RS, R20, R.ZOO’ and R_’lOO eésponds to the oxidation of residual organic components
respectively. On addition of the water into the mixed

solution, a slurry containing white titanium hydroxide and removal of chemically adsorbed watéitiowever,
L y g white y for the R200 and R1000 powders, only the first zone is

precipitate was formed. Clear liquid was removed fromobserved which corresponds to the removal of physi-

the flurry by filtering through a filter paper (MN 615, cally adsérbed water and alcohol

Macherey-Nagel, Dren, Germany) with openings less . . o .

than or e)(;ual ?0 2-amin diameteytg.o The fiIE[)ered%ow— Figure 2 shows the differential thermal analysis (DTA)

X o . corresponding to Fig. 1. For the R5 and R20 powders that
gf;%g?eiﬁsn?;éggur(ésfor;ﬁgi?]’gf?rl(lj%:\lgggilocgg%n%'(f)grwere prepared at_low water concentrations,_ an intensiv_e
1h at a heating rate of 10 °C/min exothermic peak is observed at 260 °C, which is associ-

' ated with the elimination and burning of organic compo-
B. Characterization nents. On the other hand, for the R200 and R1000 powders
. _ . prepared at high water concentrations, no exothermic
The powders were analyzed by thermogravimetric dif-peak js observed at 260 °C. This indicates that the R5 and
ferential thermal analysis (TG-DTA; STA501, Bahr) at a Rog powders contain more residual organic components
heating rate of 10 °C/min in flowing air. The infrared

(IR) spectra of the powders were measured in the range

from 500 to 4000 cit, using FTIRS (IFS 66v, Bruker, 100

Karlsruhe, Germany). An x-ray diffractometer (D5000,

Siemens, Karlsruhe, Germany) was used for identifica=

tion of crystalline species in the calcined powders with®

Ni-filtered Cu K, radiation as the x-ray source for dif- € R20

fraction angles @ between 20 and 60°. The weight frac- -f—,’ %

tion of rutile or anatase in the titania powders wasg 0

calculated by* B R1000
X = 1/(1 +08,g) c

whereX is the weight fraction of rutile in the powders, 'En 0T =

while | , andl are the x-ray integrated intensities of the @

(101) reflection of anatase and the (110) reflection ofg

rutile. The crystallite sizesOy,,,) were calculated using

Scherrer’s equatiof? 70 ; ; ‘, ;
Dy = KN(B COSO) 0 200 400 800 800

whereX is the wavelength an8,,, is the full width at Temperature (°C)

half maximum, whileK is a constantk = 1.4. The FIG. 1. Weight reduction of sol-gel made titania powders by TG

speci_fic surface area (SS_A) of the powders was analyzeghayysis in flowing air. The powders were made aDATTIP molar
by nitrogen adsorption in a Brunauer—Emmett—Tellerratios of 5, 20, 200, and 1000 and dried at 150 °C.
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than the R200 and R1000 powders possibly due to inbending?> respectively. The intensity of these absorption
complete hydrolysis. For the R5 powder, another exobands decreases with increasing calcination temperature.
thermic peak at 390 °C is observed, corresponding t@he peak at 3172 cm for the powder dried at 150 °C is
crystallizatiorf* of amorphous to anatase phase. How-attributed to the hydroxyl grougETi—OH).2° This indi-
ever, the exothermic peak is not observed for the R20cates that this powder consists of amorphous titanium
R200, and R1000 powders that have already had anatabgdroxide. This peak does not exist for the powder cal-
phase before 390 °C which will be shown in the XRD cined at 400 °C due to the formation of crystalline ana-
patterns of Figs. 5(b)-5(d). tase which will be shown in the XRD pattern of Fig. 5(a).
Figure 3 shows IR spectra of the R5 powder heatWeaker peaks are also observed at 1440 and 1355 cm
treated at increasing temperatures. The peaks arourahd at 1160 and 1063 ¢ which are associated with
3410 and 1640 ciit correspond to the OH stretching and the bending of C—H bonds and C—O stretching in TTIP,
respectively?> This spectrum indicates that a significant
amount of organic components remains in the R5 pow-
der. However, the organic peaks disappear in the spec-

R1000 trum for 400 °C and this is ascribed to the oxidation of
organic components, as confirmed by DTA in Fig. 2.
R200 Further heating to 800 °C gives rise to peaks at 695 and

525 cni?, attributed to rutile€’’ This is in agreement with
the XRD pattern in Fig. 5(a).

Figure 4 shows the IR spectra of the powders made
R20 at different initial HLO/TTIP molar ratios and dried at
150 °C. The R5 and R20 powders show the peak at
3172 cmi* corresponding to the hydroxyl group, while
the R200 and R1000 powders do not show it. This is
attributed to the different phase composition of the pow-
ders dried at 150 °C: the R5 and R20 powders show
amorphous titanium hydroxide [see Figs. 5(a) and 5(b)],
while the R200 and R1000 powders exhibit anatase
; ‘ ‘ ‘ ‘ ‘ . , phase [see Figs. 5(c) and 5(d)].
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Temperature ("C) Figures 5(a)-5(d) show the XRD patterns of the R5,
FIG. 2. DTA curves of sol-gel made titania powders. The powdersR20, R200, and R1000 powders, respectively, at various
were made at KED/TTIP molar ratios of 5, 20, 200, and 1000 and dried cg|cination temperatures. The R5 and R20 powders dried

at 150 °C.
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FIG. 3. FTIR spectra of the R5 powder at various calcinationFIG. 4. FTIR spectra of the powders made at different initigDH
temperatures. TTIP molar ratios and dried at 150 °C.
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FIG. 5. XRD patterns of sol-gel made titania powders calcined at various temperatures. The powders were g@AE R holar ratios of (a)
5, (b) 20, (c) 200, and (d) 1000. The peaks marked A and R represent the anatase and rutile phases, respectively.

at 150 °C show an amorphous phase, while the R200 and At 700 °C, there is a major change in phase structure
R1000 powders exhibit an anatase phase. According tdepending on the initial 5O/TTIP molar ratio for all
Terabeet al.?® when the water concentration during hy- powders. With increasing initial J0/TTIP ratio from 5
drolysis reaction was small, large amounts of unhydroto 200, the intensities of rutile peaks corresponding to the
lyzed alkyls remained in the powder. These alkylsplanes (110), (101), and (211)62= 27.5°, 36.2°, and
prevent crystallization to anatase so that powders werb4.4°, respectively) are bigger, while those of the anatase
amorphous. On the other hand, when the initial watepeaks corresponding to the planes (101), (004), and (200)
concentration was large, the amount of residual alkylg26 = 25.3°, 37.8°, and 48.1°, respectively) are smaller.
preventing crystallization to anatase was small, so th&his result indicates an enhancement of phase transfor-
molecular structure of the powder resembled that of thenation from anatase to rutile with increasing initia] ®f
anatase phase which is more stable than the amorphoti§IP molar ratio. It is interesting to note that the
phase?® intensities of the rutile peaks in the R1000 powder are
It is also seen in Figs. 5(a) and 5(b) that the transforsmaller than those in the R200 powder, while the inten-
mation of amorphous to anatase phase occurs at 400 asdies of the anatase peaks in the R1000 powder are big-
300 °C for the R5 and R20 powders, respectively. Howger than those in the R200 powder, in spite of the
ever, in Figs. 5(c) and 5(d), pure anatase has alreadycrease of the initial HO/TTIP molar ratio.
appeared at 150 °C for the R200 and R1000 powders and Figure 6 shows the calculated rutile weight fraction in
is maintained until 500 °C. It is apparent that the phase¢he R5, R20, R200, and R1000 powders calcined at sev-
transformation temperature from amorphous to anataseral temperatures for 1 h. The rutile weight fraction in-
depends on the initial ¥O/TTIP molar ratio. This is in  creases with the increase of temperature from 600 to
agreement with the DTA analysis in Fig. 2. However, the800 °C for all powders. This fraction first shows an ini-
phase transformation from anatase to rutile begins to agtal increase with increasing the initial,LB/TTIP molar
pear at 600 °C for all powders, regardless of the initialratio from 5 to 200 and then exhibits a decrease for the
H,O/TTIP molar ratio. R1000 powder at a constant calcination temperature.
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FIG. 6. Calculated rutile weight fractions of the powders made at o )
different initial H,O/TTIP molar ratios and calcined at several tem- FIG. 7. Average crystallite size of anatase in the R5, R20, R200, and
peratures for 1 h. R1000 powders as a function of calcination temperature.

This means that the anatase to rutile transformation ratéecreasing grain size, because the surface area, and con-
increases with increasing initial JO/TTIP molar ratio sequently the transformation rate, were increased. On the
for the powders made at low water concentrations, bubasis of this result, it is possible to explain that the rutile
that increase has a limit for the powders made at higltontent increased for the initial J@/TTIP molar ratios
water concentrations. This is in disagreement with Dingfrom 5 to 200 due to the decrease of grain size in anatase
et al.*> who found the inhibition of the phase transfor- crystals, but for the initial ratio of 1000, it decreased
mation of anatase to rutile with the increase of wateragain as the grain size increased with increasing water
concentration during the hydrolysis reaction. They car-concentration.
ried out, however, the experiment under much smaller
water concentrations (i.e., the initial B/TTIP molar ¢ specific surface area and porosity
ratios = 1, 2, 3, 4) compared to this study. Our result is
also in disagreement with Katd,who reported that the Figure 8 shows the specific surface areas of the pow-
transformation rate of anatase to rutile increased witlders made at different initial J©/TTIP molar ratios as a
increasing water concentration in the range of initialfunction of calcination temperature. All powders show a
H,O/TTIP molar ratios of 20-1000. They investigated,decrease of the specific surface area with increasing cal-
however, the transformation rate on the powders calcinedination temperature due to the phase transformation and
at 900 °C, while we examined that on the powders cal¢rystallite growth. It is interesting to observe that the R5
cined between 600 and 800 °C. This transformation maynd R20 powders show higher surface areas than the
be caused by the formation of rutile nuclei on the surfacd&R200 and R1000 powders at 150 °C but exhibit smaller
of anatase particles followed by the growth of rutile to-surface areas at 600 °C. This can be explained by the
ward the interior’® The formation of rutile nuclei can be XRD and TG-DTA analyses as follows: At 150 °C, the
accelerated as the grain size becomes smdller. R200 and R1000 powders had anatase phases, as con-
Figure 7 shows the evolution of anatase crystal sizdirmed by XRD analysis in Figs. 5(c) and 5(d), and thus,
with calcination temperature for titania powders made athe particle sizes of the powders are bigger than those of
various HO/TTIP molar ratios. Between 500 and 600 °Cthe R5 and R20 powders which showed amorphous
there is a steep increase of anatase crystal size for ali(OH), by FTIRS and XRD. Hence, the specific surface
powders regardless of initial JO/TTIP ratio. Kumar areas of the R200 and R1000 powders are smaller than
et al3! reported that sol-gel made titania showed rapidthose of the R5 and R20 powders. However, the R5 and
growth of anatase crystals during the anatase to rutil®20 powders go through the phase transformation of
phase transformation. It is apparent that the grain size addimorphous to anatase due to the removal of residual
anatase crystals decreases with increasing initig/H organics between 300 and 400 °C and between 150 and
TTIP molar ratio from 5 to 200, but it shows a little 300 °C, respectively, as confirmed by TG-DTA, FTIRS,
increase for the initial HO/TTIP molar ratio of 1000 for and XRD analyses in Figs. 1-3 and 5. This results in a
a constant calcination temperature. According to Dingapid reduction of the specific surface areas of the R5 and
et al.2° the number of nucleation sites increased withR20 powders. Thus, at calcination temperatures above
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400 °C, the specific surface areas of the R5 and R20@elative pressures between 0.8 and 1.0, the curve exhibits
powders become smaller than those of the R200 and hysteresis loop indicating the presence of mesopores
R1000 powders. (type IV). The shape of the hysteresis loop is of a type

Figure 9 shows the adsorption isotherms of theH3, associated with narrow slitlike pores. On the other
powders dried at 150 °C and made at varioy©HTIP  hand, the other powders (R20, R200, and R1000) have
molar ratios. The isotherm of the R5 powder is a com-4sotherms of type IV which exhibit hysteresis loops
bination of types | and IV (BDDT classificatio?d>®>  mostly of type H3. Thus, the powders are mesoporous
with two very distinct regions: At low relative pressures, and the pores have narrow slitlike shapes. Unlike the
the isotherm exhibits high adsorption, indicating that theisotherm of the R5 powder with one hysteresis loop,
powder contains micropores (type I). However, at highthe isotherms of the other powders have two hysteresis
loops, indicating bimodal pore-size distributions in the
mesoporous region.

Figure 10 shows the pore-size distributions of the
powders prepared at various initiab®/TTIP molar ra-
tios and dried at 150 °C. All powders show bimodal
pore-size distributions consisting of intraaggregated
pores with maximum pore diameters from micropores to
3.3 nm and interaggregated pores with maximum pore
diameters of ca. 60 nm. According to Kunetral. 3* the
bimodal pore-size distributions arose from the hard ag-
gregates in the powders. In addition, they reported that
there are two types of pores present in the bimodal pore-
size distributions. One is fine intraaggregated pores (rep-
resented by the hysteresis loop in the lowdP, range),
and the other is larger interaggregated pores (hysteresis
loop in the higheP/P, range). In Fig. 10, the maximum
pore volume of the intraaggregated pores of the R5 pow-
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FIG. 9. Nitrogen adsorption isotherms obtained from the powdersFIG. 10. Pore-size distribution curves of the powders dried at 150 °C
made at different initial BO/TTIP molar ratios and dried at 150 °C. after being made at different initial JO/TTIP molar ratios.
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lar ratio, the maximum pore size of the intraaggregatedhose of the other powders and the interstitial voids of the
pores shifts into the mesoporous region. However, th@acked primary particles within the aggregates increase
maximum pore sizes of the intraaggregated pores in theith increasing initial BO/TTIP ratio.
R200 and R1000 powders do not exhibit significant Figures 11(a) and 11(b) show the pore size distribu-
change compared to those of the R5 and R20 powdersions of the R5 and R200 powders, respectively, calcined
Apparently, for the R5 powder, the particles within the at several temperatures. For the R5 powder, the pores
aggregates tend to be packed more closely compared ghow bimodal distributions consisting of the intraaggre-
gated and interaggregated pores from 300 to 500 °C. At
600 °C, the pores exhibit monomodal distribution of the

o7 interaggregated pores due to the collapse of the intraag-
a —o— 300°C gregated pores. The maximum pore volume of the intra-
06 | —a— 400°C aggregated pores in @he powder calcined at 300 °C Iies_in
500°C the microporous region. However, when the powder is
o calcined at 400 and 500 °C, the maximum pore size of
—e— 600°C . e .
= 051 the intraaggregated pores shifts into mesoporous region
o (ca. 3.3 nm) indicating the growth of pores. This is
g caused by the formation of anatase crystallites and the
‘q—)’ 0.4 1 removal of organic components remaining in the powder
c between 300 and 400 °C. The formation of anatase crys-
=) tallites results in the enlargement of maximum pore size
§ 031 in the intraaggregated pores from micropores to meso-
) pores. The bimodal pore size distributions are also
£ ol observed in the R200 powders calcined at several tem-
' peratures in Fig. 11(b). Contrary to the R5 powder, all
maximum pore volumes of the intraaggregated pores of
o1 4 the R200 powder lie in the mesoporous region. It is also
seen that the maximum pore size of the intraaggregated
pores increases with increasing calcination temperature
0.0 suggesting the growth of pores. It is interesting to note
1
(a) Pore Diameter (nm)
1.2
—o— 300°C 0.40
1.1 4 0
—— 40000 —o— R20 (this work)
7 S00C 035 1 —o— P25 (Degussa)
—e— 600°C 9
— 0.9
\c) — 0.30 1
mE 0.8 m@
£ Py
> %7 E 020
9 o5 =
Q 04 4 > 0.15 -
£ 5
031 O o0
0.2 4
0.05
0.1 +
0.0 0.00 T T
1 1 10 100
(b) Pore Diameter (nm) Pore Diameter (nm)
FIG. 11. Pore-size distribution curves of the (a) R5 and (b) R200FIG. 12. Comparisons of the pore-size distribution curves of the
powders calcined at several temperatures. R20 powder calcined at 500 °C and Degussa’s P25 powder.
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