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ABSTRACT

A wide spectrum of mesoporous titania (TiO,) materials has been synthesized by co-hydrolysis of tita-
nium tetraethoxide in mixture with zirconium tetraisopropoxide (5 mol%) by changing the hydrolysis
temperature, from 110 °C to 140 °C, the reaction time, from 20 h up to 144 h, the catalyst, NH4OH or NH,4.
Cl, and the alcoholic media, ethanol or isopropanol. For short reaction times and/or for low temperatures
of hydrolysis, micrometer aggregates of amorphous and microporous products were obtained. By increas-
ing both the reaction time and temperature, the crystallization of TiO,-anatase occurs with a strong
change of micropores into mesopores.

In this work are discussed the numerous parameters which affect the crystallization of TiO,, allowing to
obtain a wide spectrum of mesoporous materials characterized by crystal sizes and average pore diam-

Macrosized mesoporous aggregates

eters ranging between 9 nm and 38 nm and from 2.5 nm to 16 nm, respectively.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Mesoporous titanium dioxide (TiO,) is intensively studied for
its widespread applications in catalysis, gas sensor, photoelectrol-
ysis, photocatalysis and as film working electrode for dye-sensi-
tized solar cells (DSSC’s) [1-6]. To enhance the efficiency for
these applications, great efforts have been devoted to the structure
and morphology of TiO, [7-9]. Shape and size of grains, high sur-
face area and crystallinity, tailored pore network are the most
important factors affecting such applications. Mesoporous titania
with such factors is generally produced by the sol-gel method
through the surfactant templating technology [10-18]. However,
the resulting mesoporous products are generally poor crystallized
and contaminated by the template. In order to enhance the crystal-
linity of TiO, and to remove the template, the products are submit-
ted to heat treatment which frequently determines a partial or
total collapse of mesopores with the consequent and dramatic
reduction of the photo-catalytic activity. To stabilize the mesopor-
ous structure of titania, a post treatment with bases has been
adopted [19-21].

Mesoporous structures synthesized in the absence of a template
have also attracted much attention [22-32]. They generally exhibit
disordered macro-mesoporous structures owing to the aggregation
of primary nanoparticles but the mechanism of the mesopores for-
mation is not well understood.
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To enhance the photocatalytic activity, research efforts have
been also directed on different doping of mesoporous TiO, [33-43].

The nano-sized titania powder, used in wastewater treatment
process, has a problem in its recycle-ability. For this purpose, sup-
porting materials coated with mesoporous TiO, have been devel-
oped [44-46]. The consequent surface area reduction of the
nano-scale TiO, determines a diminution of its photo-catalytic effi-
ciency. To avoid such an inconvenient, macro-sized aggregates of
TiO, with low ordered mesoporous structure, were obtained in
the presence [47] or in the absence of a template [48]. As the high
ordered mesoporous structure of titania does not appear a prere-
quisite for high photocatalytic activity [6] and taking into account
the macro-scale aggregates of disordered mesoporous ZrO,
(5 mol%)-TiO, synthesized by co-hydrolysis of Zr-Ti alkoxides in
the absence of a template [48], further experimentals have been
performed. The objective is that to elucidate the mechanism of
mesopores formation in order to produce nanometric products as
aggregates micrometer in size characterized by high crystallinity
and mesoporosity.

2. Experimental

Mixtures of titanium tetraethoxide, (Ti(OC,Hs),4), and zirconium
tetraisopropoxide, (Zr(OCsH7)4), (R.G. Aldrich) were used for
preparing ZrO, (5 mol%) incorporated TiO, materials by forced
co-hydrolysis. The detailed experimental conditions for the syn-
theses have been carried out according to the procedures men-
tioned in [48]. The products synthesized by changing the various
parameters are listed in the Table 1. The syntheses were performed
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Table 1

Characteristics of the products obtained by co-hydrolysis in ethanol or isopropanol of Ti-tetraethoxide in mixture with Zr-tetraisopropoxide (5 mol%) and catalyzed by NH4OH or

by NH4Cl for different hydrolysis temperature and time duration, respectively.

Hydrolysis temperat./time Alcoholic Catalyst Crystallinity Pore volume BET surface area Average pore diameter Average crystal size
duration (°C/h) media (cm®/g) (m?/g) (nm) (nm)
110/20 Ethanol NH4OH Amorphous - - - -
110/48 Ethanol NH,OH Amorphous - - - -
110/96 Ethanol NH4,OH Amorphous - - - -
110/144 Ethanol NH4OH Amorphous 0.41 551 21 -
120/20 Ethanol NH,OH Amorphous - - - -
120/48 Ethanol NH4OH  Amorphous - - - -
120/96 Ethanol NH40OH  Poor cryst. - - - -
120/144 Ethanol NH4OH  Poor cryst. 0.37 323 3.2 18.6
130/20 Ethanol NH4OH  Poor cryst. - - - -
130/48 Ethanol NH40OH  Poor cryst. 0.39 362 2.7 19.5
130/96 Ethanol NH40H  Full cryst. - - - -
130/144 Ethanol NH4,OH  Full cryst. 0.48 144 9.3 20.9
140/20 Ethanol NH4,OH  Poor cryst. 0.37 408 2.5 20.7
140/48 Ethanol NH4OH  Full cryst. 0.41 171 6.9 223
140/96 Ethanol NH4,OH  Full cryst. 0.47 166 8.4 26.2
140/144 Ethanol NH4,OH  Full cryst. 0.44 117 11.0 284
110/144 Isoprop. NH,OH Amorphous - - - -
120/48 Isoprop. NH40OH  Poor cryst. - - - -
120/96 Isoprop. NH4,OH  Poor cryst. - - - -
120/144 Isoprop. NH4,OH  Full cryst. 0.48 113 12.0 30.1
130/20 Isoprop. NH40H  Poor cryst. - - - -
130/48 Isoprop. NH4OH  Full cryst. - - - -
130/96 Isoprop. NH4OH  Full cryst. 0.44 140 8.3 304
130/144 Isoprop. NH4,OH  Full cryst. 0.41 86 13.6 31.2
140/20 Isoprop. NH40OH  Poor cryst. 0.71 520 3.9 244
140/48 Isoprop. NH4,OH  Full cryst. 0.40 124 10.1 274
140/96 Isoprop. NH4,OH  Full cryst. 0.49 109 16.1 335
140/144 Isoprop. NH4OH  Full cryst. 0.34 71 15 373
120/20 Ethanol NH,4CI Poor cryst. - - - -
120/48 Ethanol NH4CI Poor cryst. - - - -
120/96 Ethanol NH,Cl Full cryst. 0.32 196 43 9.2
120/144 Ethanol NH4Cl Full cryst. 0.30 183 4.5 9.5
140/20 Ethanol NH4CI Poor cryst. 0.29 290 2.7 8.1
140/48 Ethanol NH,Cl Full cryst. 0.27 177 4.6 9.9
140/96 Ethanol NH4Cl Full cryst. 0.28 179 4.8 104
140/144 Ethanol NH4CI Full cryst. 0.29 178 49 11.1

Poor cryst. = poor crystallized; Full cryst. = full crystallized; Isoprop. = Isopropanol.

in ethanol or isopropanol, catalyzed by NH4,OH or by NH4Cl and by
changing both the temperature and duration of hydrolysis, respec-
tively. After the hydrolysis treatments performed in ethanol, the
products were washed with ethanol, while the ones hydrolyzed
in isopropanol were washed in isopropanol. The so treated prod-
ucts were dried in air at room temperature.

In order to investigate the effect of the nature of the washing li-
quid on the textural properties of the hydrolyzed products, some of
them were washed with deionized water or with alcohol and after
dried in air at room temperature.

Powder X-ray diffraction (XRD) measurements were taken
using a Philips XL 30 powder diffractometer with Cu-Ko.. The sam-
ples were scanned over the 20 range of 10-80° (step time 10 s; step
size 0.05°). The average diameter of the crystallites for the products
was derived from the line broadening (101) peak of anatase of the
corresponding XRD pattern according to the Debye-Scherrer
equation.

The BET surface area of products was determined by nitrogen
physic-sorption data measured at 77 K using a Gemini of Microm-
eritics after products were vacuum-dried at 453 K for 12 h. N,
adsorption-desorption isotherms were used either to discriminate
the presence of mesopores or to determine the average pore size
using the BJH method.

3. Results and discussion

In the Table 1 are summarized the various parameters adopted
for the forced hydrolysis of titanium tetraethoxide in mixture with

zirconium tetraisopropoxide (5 mol%). Some characteristics of all
the synthesized products, such as pore volume, BET surface area,
average pore diameter and crystal sizes determined by XRD pat-
terns, are also reported. Obviously, high BET surface areas result
for the amorphous and poor crystallized products, while lower sur-
face areas characterize the well crystallized samples. The XRD
reflection peaks of these crystallized products, compared with
the diffraction data of anatase TiO, (JPCDS card no. 21-1272), are
the characteristic peaks of the anatase phase. This means that
the incorporation of 5 mol% of ZrO, into TiO, does not change
the structure of anatase-TiO,. Such incorporation leads only to
the shift of the XRD reflections to lower angles corresponding to
the unit cell expansion due to the replacement of Ti** ions (radius
60.5 pm) by larger Zr*" ions (radius 84.0 pm). The angle of 25.28°
(20) for the plane (101) of pure anatase shifts, in fact, to 25.16°.
In Fig. 1 are resumed the effects of the various parameters on
the crystallization of anatase. Each curve separates the full crystal-
lization field of the products from that of amorphous or poor crys-
tallized ones as function of the hydrolysis time as well as of the
hydrolysis temperature. The full crystallization of anatase for the
products catalyzed by NH4OH in ethanol, curve qa, requires longer
reaction times and/or higher temperatures (30h at 140°C or
144 h at 125 °C), while lower values (30 h at 130°C or 144 h at
115 °C) are necessary for the crystallization of products catalyzed
by NH4CI in ethanol (curve c). Intermediate reaction times as well
as hydrolysis temperatures need for the full crystallization of prod-
ucts catalyzed by NH4OH in isopropanol (curve b). The length of
the hydrolysis time as well as the increase of the hydrolysis
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Fig. 1. Separation curves between the full crystallization field from that of
amorphous or poor crystallized anatase for the products hydrolyzed in the presence
of ethanol-NH4OH (a), isopropanol-NH4OH (b) and ethanol-NH4Cl (c).

temperature significantly enhance the crystallization of anatase. A
strong change in the surface area, from the wide range of 290-
550 m?/g to that of 72-178 m?/g, is related to the evolution from
the amorphous or poor crystallized products into well crystallized
ones (Table 1).

The XRD peaks (101) of anatase for the full crystallized prod-
ucts synthesized at 140 °C and after the longest hydrolysis time
of 144 h, are shown in Fig. 2. The different line broadening of the
products indicate different crystal sizes of anatase. The (101) peak
of the product catalyzed by NH4CI in ethanol is relatively broader
(Fig. 2a) than the peak of the product catalyzed by NH4OH in eth-
anol (Fig. 2b). That is attributable to the smaller particles size (8.1-
11.1 nm) of the products catalyzed by NH4Cl as confirmed by the
Debye-Scherrer equation (Table 1). The finer crystals sizes for
these products can justified by two concomitant effects: firstly,
the NH4CI catalyst favors a faster crystallization rate of anatase;
secondly, the acidic NH4CI produces positive charge onto the pri-
mary particles and, moreover, the adsorption of NH," cations on
the particle surface [40] reduces the collisions among the primary
particles, slowing their crystal growth. The same peak of anatase
for products crystallized in isopropanol and catalyzed by NH,OH
(Fig. 2c) is relatively sharper than the peak of the products hydro-
lyzed in ethanol. Such finding justifies the greater crystal size of
anatase for the product synthesized in isopropanol
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Fig. 2. XRD (101) peak of anatase, TiO,, for the crystallized products at 140 °C for
144 h in the presence of NH,Cl-ethanol (a), NH4OH-ethanol (b) and NH4OH-
isopropanol (c).

(24.4-37.3 nm) compared with that of the product synthesized in
ethanol (18.6-28.4 nm, Table 1). The destabilizing effect of isopro-
panol on the colloidal particles [49] and the lower reactivity to-
wards hydrolysis as the alkoxy chain length increases explain the
enhanced crystal growth for products hydrolyzed in isopropanol
[50].

The textural properties of the hydrolyzed products have been
studied by the N, adsorption-desorption isotherms and the aver-
age pore diameter were obtained from BJH method based on
desorption branches of the isotherms. The effects of the length of
the hydrolysis time as well as the increase of the hydrolysis tem-
perature on the textural properties of products catalyzed by NHy4.
OH in ethanol, are shown in Fig. 3. The resulting amorphous
product hydrolyzed at room temperature for 1 h shows a typical
IUPAC I-type isotherm which is a characteristic of the microporous
solids with a strong adsorption of N, at the lowest relative pressure
P/Py (Fig 3a). The sample hydrolyzed at 140 °C for 20 h, which re-
sulted poor crystallized, Fig. 3b, shows a typical IV-type isotherm
with type Hy hysteresis loop in the 0.4-0.95 range of relative pres-
sure and a corresponding reduction of the adsorption of N, at the
lowest relative pressure P/Py That involves a reduction of the
micropores and the formation of disordered mesopores character-
ized by a wide range of sizes. After 144 h of the duration of the
hydrolysis reaction, (Fig. 3c), a further reduction of adsorption of
N at the lowest P/Py and a type Hs isotherm with a hysteresis loop
shifted at 0.8-1.0 range of relative pressure, have been detected.
These results can be justified by further reduction of the microp-
ores and formation of the mesopores with average pore diameter
changing from 2.5 nm to 11.0 nm.

A comparison among the full crystallized products hydrolyzed
under comparable conditions (140 °C for 144 h) in ethanol or
isopropanol and in the presence of different catalyst, is reported
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Fig. 3. N, Adsorption-desorption isotherms and pore size distributions of the

products catalyzed by NH4OH in the presence of ethanol at room temperature for
1 h (a), at 140 °C for 20 h (b) and at 140 °C for 144 h (c).
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Fig. 4. N, Adsorption-desorption isotherms and pore size distributions of the
products hydrolyzed at 140 °C for 144 h in the presence of NH,Cl-ethanolo (a),
NH,4OH-ethanol (b) and NH4OH-isopropanol (c).
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Fig. 5. Average mesopore size as a function of crystal size of anatase-TiO, for full
crystallized products either calcined or not.

in Fig. 4. The product catalyzed by NH4ClI in ethanol, presents hys-
teresis loop in the 0.7-0.95 P/Py range (Fig. 4a) corresponding to
mesopores with average pore diameter of 4.9 nm as a direct conse-
quence of the smaller particles sizes of anatase (11.1 nm) as de-
tected from XRD data (Table 1). The product hydrolyzed in
isopropanol and catalyzed by NH40H (Fig. 4c), exhibits hysteresis
loop in the 0.8-1.0 P/PO range due to larger mesopores (15.2 nm) as
a consequence of their larger crystal sizes (37.3 nm).

Analogous hysteresis loop with a same type Hs; isotherm
(Fig. 4b) can be observed for the product hydrolyzed in ethanol
and catalyzed by NH40H. In this case intermediate mesopore size
according to the intermediate crystal size (Fig. 4b) resulted.
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All the well crystallized products hydrolyzed at different tem-
peratures and reaction times calcined or not display a direct corre-
lation between the average pore diameter and their crystal sizes, as
can be seen in Fig. 5.

As the formation of the mesopores in the products is connected
to the crystallization of anatase, taking into account the correlation
between the average pore diameter of mesopores and their crystal
sizes, the textural properties of the hydrolyzed products can be
planned through the crystallization process of anatase.

The following mechanism can be advanced for the formation of
mesoporous aggregates of TiO, anatase. The first step involves the
formation of nuclei of hydrous titania followed by their coarsening
to form nano-sized spherical and amorphous particles character-
ized by a strong microporosity (SEM micrography of Fig 6a). Under
continuous stirring the coarsening of these particles produces
micrometer and amorphous aggregates, different in shape and size,
containing numerous micropores and some mesopores (Fig. 6b).
The forced step of the hydrolysis reaction, at higher temperature
and/or for long time, determines the crystallization of amorphous
hydrous titania into crystalline anatase involving a strong reduc-
tion of the micropores and a concomitant formation of the mesop-
ores (Fig. 6¢). The SEM micrographs of this morphological
evolution, concerning the product catalyzed by NH4OH in ethanol,
show that after the crystallization of anatase there is not any sig-
nificant change in the size and shape of the aggregates.

The effects of the calcination on the textural properties of some
of the hydrolyzed products before and after the calcination are
shown in Table 2. The calcination improves the crystallinity espe-
cially for poor crystallized samples, while the surface area drasti-
cally decreases and the average pore size increases.
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Fig. 6. SEM micrographs of products catalyzed by NH4OH in the presence of ethanol at room temperature for 1 h (a), at room temperature for 3 h (b) and at 140 °C for 144 h

(c).

Table 2

Comparison of the characteristics of some hydrolyzed products before and after calcination at 400 °C for 2 h.

Hydrolysis temperat./time Alcoholic Catalyst Crystallinity Pore volume BET surface area Average pore diameter Average crystal size
duration (°C/h) media (cm®[g) (m?[g) (nm) (nm)
120/144 Ethanol NH4OH  Poor cryst. 0.37 323 3.2 18.6
120/144c Ethanol NH4OH  Full cryst. 0.34 118 7.6 21.0
130/48 Ethanol NH4OH  Poor cryst. 0.39 362 2.7 19.5
130/48c Ethanol NH,OH  Full cryst. 0.32 125 6.8 19.2
140/144 Isoprop. NH4OH  Full cryst. 0.34 72 15.2 37.3
140/144c Isoprop. NH4,OH  Full cryst. 0.34 72 15.0 40.2
140/20 Ethanol NH,Cl Poor cryst. 0.29 290 2.7 8.1
140/20c Ethanol NH,4Cl Full cryst. 0.24 119 6.4 13.0
140/48 Ethanol NH4Cl Full cryst. 0.27 177 4.6 9.9
140/48c Ethanol NH,4CI Full cryst. 0.28 106 7.4 14.6
140/144 Ethanol NH,4Cl Full cryst. 0.29 178 4.9 11.1
140/144c Ethanol NH,4Cl Full cryst. 0.30 108 7.9 13.9

Poor cryst. = poor crystallized; Full cryst. = full crystallized; Isoprop. = Isopropanol; c = calcined at 400 °C for 2 h.
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Fig. 7. N, Adsorption-desorption isotherms and pore size distributions of the
products before (a) and after calcination (b). The figure (A) refers to the sample
hydrolyzed at 130 °C for 48 h and catalyzed by NH,OH in ethanol; the figure (B)
refers to the sample hydrolyzed at 140 °C for 48 h and catalyzed by NH,CIl in
ethanol.

Generally, the thermal treatment of amorphous or poor crystal-
lized products determines a conspicuous collapse of the microp-
ores with a consequent increase in the average pore size. Such
effect can be seen in Fig. 7A by comparing, before (a) and after cal-
cination (b), the N, adsorption-desorption isotherms of the poor
crystallized product hydrolyzed at 130 °C for 48 h and catalyzed
by NH4OH in ethanol. A drastic reduction of the N, adsorption at
the lowest relative pressure can be seen, in fact, for the thermally
treated sample, while no significant shift results for the relative
pressure P/Py range connected to the hysteresis loop. The calcina-
tion of the full crystallized sample hydrolyzed at 140 °C for 48 h
and catalyzed by NH4CI in ethanol, determines a small reduction
of the N, adsorption at the lowest relative pressure (Fig. 7B) and
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Fig. 8. N, Adsorption-desorption isotherms and pore size distributions of the
product hydrolyzed at 120 °C for 144 h in the presence of NH4Cl-isopropanol and
washed with de-ionized water (a) or with isopropanol (b).

an analogous and negligible shift of the relative pressure P/Py range
connected to the hysteresis loop. This last feature involves any sig-
nificant change of the size and the distribution of the mesopores on
calcination.

The textural properties of the hydrolyzed products are also af-
fected by the nature of the washing liquid. Fig. 8 shows the N,
adsorption-desorption isotherms for the sample hydrolyzed at
120 °C for 144 h and catalyzed by NH4Cl in ethanol and washed
with de-ionized water (curve a) or with ethanol (curve b) respec-
tively and afterward dried in air at room temperature. The hydro-
lyzed product washed with de-ionized water results more rich in
micropores and mesopores than that washed with ethanol. On
the other hand the two samples contain mesopores different in
shape. The influence of the washing liquid on the textural proper-
ties of the products can be explained by the effect of drying stres-
ses. While drying, the primary nanoparticles of the products are
forced by the drying stresses to come together [51]. The magnitude
of the drying stress, originating from the capillary pull of the pore
fluid, is directly proportional to the surface tension of the pore fluid
and to the reciprocal of the pore radii. A greater drying stress must
be expected when the pore fluid is water characterized by a high
surface tension so favouring the formation of micropores for the
products washed with de-ionized water in comparison with the
same product washed with ethanol, which has a lower surface
tension.

4. Conclusions

In the absence of a template and in a single step, a wide spec-
trum of mesoporous ZrO, (5 mol%)-TiO, products have been syn-
thesized by forced co-hydrolysis of Ti-Zr alkoxides. The wide
range of the mesopore sizes is a direct function of the crystal sizes
of anatase as a consequence of the numerous parameters which af-
fect its crystal growth.

The crystal size of anatase can be programmed by changing
parameters such as, hydrolysis temperature, hydrolysis time, the
catalyst, the alcoholic media, the washing liquid of the hydrolyzed
products and the calcination temperature.

The co-hydrolysis catalyzed by NH4OH in the presence of iso-
propanol favors products characterized by crystals of anatase as
well as mesopores both larger in size than those catalyzed by NH,4.
OH in the presence of ethanol.

Products characterized by crystals and mesopores both smaller
in sizes result in performing the hydrolysis catalyzed by NH4Cl in
the presence of ethanol in comparison to catalyzed by NH,OH.

The calcination treatment of products determines a reduction of
both the surface area and the microporosity, especially for the
poorly crystallized products, while the calcination performed on
the well crystallized products has a little influence on their textural
properties.

A performing feature of the synthesized products concerns their
macro-scale dimension as aggregates easier to recycle in catalysis
applications.
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