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The synthesis of Zr-incorporated mesoporous titania materials was achieved by a
HCl-catalyzed nonsurfactant templated sol-gel process, followed by solvent extraction to
remove the urea template. The materials were characterized by FT-IR, X-ray energy
dispersive spectroscopy (XEDS), nitrogen adsorption-desorption measurement (BET),
powder X-ray diffraction (XRD) and transmission electron microscopy (TEM). Zirconia has
been successfully incorporated into the skeleton of titania and the observed Zr/Ti
compositions are close to the designed Zr/Ti molar ratios in the feeds. The content of
zirconia has significant effects on the mesoporosity and the pore parameters as well as the
thermal and hydrothermal stabilities of the materials. Anatase crystal structures were
formed in the materials with low Zr/Ti molar ratios. As the Zr/Ti ratio is increased, the
content of anatase structures decreases and the material becomes essentially amorphous
at the Zr/Ti ratio of 1/1. The materials have narrowly distributed average pore diameters in
the range of 2.5–5.1 nm and disordered pore or channel structures. The incorporation of Zr
increases the thermal stability but decreases the hydrothermal stability of the materials.
C© 2003 Kluwer Academic Publishers

1. Introduction
Mesoporous materials have attracted much attention in
the last decade since the discovery of the M41S fam-
ily of mesoporous materials [1, 2], in which quater-
nary ammonium surfactants were used as templates
to direct the formation of mesophase in hydrother-
mal synthesis. Most of the research groups focus their
work on the selections of template molecules, syn-
thetic methods, syntheses of new materials as well as
the practical applications in separation, catalysts and
catalyst supports [3–24]. A large amount of published
research work dealt with mesoporous silica materials.
However, as important materials in solid-state chem-
istry, transition metal oxides are drawing more and
more interests due to their catalytic properties. Pure
mesoporous transition metal oxides, such as zirconia,
titania and niobia, as well as transition metal incor-
porated mesoporous silica materials (e.g., Ti-Si, Cr-Si,
Mn-Si), have been prepared through various surfactant-
templated hydrothermal method or modified sol-gel
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process [15–24]. Titania is a valuable catalyst widely
used in photocatalytic reactions [25–28]. Antonelli and
Ying firstly reported the preparation of mesoporous
titania materials Ti-HMS1 [17]. Many groups have
described the synthesis of mesoporous zirconia ma-
terials [5–8] because of their special acid catalytic
character [29].

Different synthesis methods may result in different
structures and thermal and hydrothermal stabilities of
the resultant materials. Many works were proceeded
in how to increase the thermal and hydrothermal sta-
bilities from the view of the structures and the syn-
thesis methods [30–36]. Incorporation of metal oxides
into the skeleton of silica, such as Al, was always used
to increase thermal stabilities. There have been many
metal oxides doped into the silica skeleton. Others ex-
ploit organic reactions to introduce some special func-
tional groups or hydrophobic groups to increase their
hydrothermal stabilities. To our knowledge, the sta-
bilities of some metal oxides themselves are not very
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good. Most of the mesoporous metal oxides prepared
by surfactant templated route have to be calcined at
high temperature to eliminate the template molecules.
As a result, the resultant porous materials always col-
lapse during the calcination process, especially for tran-
sition metal oxides. So to some extent, the instability
of pure mesoporous metal oxides limits their practi-
cal usage and finding more effective synthesis methods
is necessary. Neutral surfactants or block copolymers
are becoming more and more attractive in the synthe-
sis of mesoporous metal oxides because they can be
easily removed by solvent extraction, in which the col-
lapse of the pores induced by high temperature can be
avoided effectively. The synthesis of binary metal ox-
ides is another useful way to improve the stabilities
of pure metal oxides. In 1998, Elder et al. reported the
synthesis of zirconia-stabilized mesoporous titania ma-
terials using surfactant as template and hydrothermal
synthesis method [37].

Recently, Wei et al. reported a facile, low-cost, envi-
ronmental friendly, nonsurfactant templated approach
to synthesize mesoporous materials [38]. Mesoporous
silica materials have been obtained by HCl-catalyzed
sol-gel reactions in the presence of nonsurfactant com-
pounds, such as D-glucose [38–41]. Mesoporous silica
and titania materials were also prepared through the
same approach by using urea as templates [41, 42].
Ti-incorporated mesoporous silica and Si-incorporated
mesoporous titania have also been achieved via the
nonsurfactant templated route. Because of some spe-
cial properties of both titania and zirconia, in this ar-
ticle, the synthesis of Zr-incorporated mesoporous ti-
tania materials was achieved via the co-hydrolysis and
co-condensation reactions of titanium (IV) n-butoxide
(TBT) and zirconium (IV) n-butoxide (ZBT) in the
presence of urea, which functions as a nonsurfactant
template in the sol-gel reactions and is subsequently
removed by solvent extraction. The mesoporosity and
the pore parameters of the materials were dependent
on the Zr/Ti molar ratios. The materials prepared with
low Zr/Ti ratios have anatase crystal structures and
amorphous natures can be formed at high Zr/Ti ratios.
The incorporated titania materials exhibit disordered
pore or channel structures and some accumulated inter-
particulate pores can also be discovered in the obtained
materials. The incorporation of Zr increases the thermal
stability of the materials, but decreases their hydrother-
mal stability.

2. Experimental section
2.1. Chemicals
Titanium (IV) n-butoxide (97%) and zirconium (IV)
n-butoxide (80 wt% solution in 1-butanol) were pur-
chased from Aldrich Chemical Company. Urea was the
product of Fisher Scientific Company. All the chemi-
cals were used without further purification.

2.2. Preparation of Zr-incorporated
mesoporous titania materials

Titanium (IV) n-butoxide (TBT) was dissolved in
ethanol at a weight ratio of 1/7. Then appropriate
amount of zirconium (IV) n-butoxide (ZBT) was added

dropwise into the TBT ethanol solution according to
the designed molar ratio of Zr/Ti (i.e., 1/100 to 1/1) and
stirred for 10 min. Different from the preparation of
pure mesoporous titania materials [42], 12 molL−1 and
0.28 molL−1 HCl aqueous solutions ([TBT + ZBT]:
[HCl] = 100: 1 molar ratio) were added step-by-step to
hydrolyze the mixed solution of TBT and ZBT for 5 h
at ambient temperature to obtain a transparent solution
(sol). Then, amount of urea-ethanol-H2O (1/5/1 weight
ratio) mixed solution, with 10 wt% template content
with the assumption of the complete conversion of TBT
and ZBT to TiO2 and ZrO2, was introduced into the
hydrolyzed sol under vigorous stirring and was kept
stirring for another 2 h. The template-containing so-
lution was left to stand at ambient temperature to gel
and age. For sample ZT-3 (Zr/Ti = 1/20 molar ratio),
0.21 g ZBT 1-butanol solution was added to 24.1 g TBT
ethanol solution and stirred for 10 min. The mixed so-
lution was hydrolyzed by both 0.008 mL 12 molL−1

HCl and 0.33 mL 0.28 molL−1 HCl solution for 5 h.
A urea-ethanol-H2O solution (0.591 g) was added to
serve as template or pore-forming agent. The transpar-
ent urea-containing zirconia-titania materials obtained
after gelling and aging for 20–30 days were grounded
into fine powder and extracted with water for 3 days to
remove urea molecules. The porous Zr-incorporated ti-
tania materials were afforded after drying at 100◦C for
one day. As a comparison, a controlled pure TiO2 sam-
ple with 10 wt% urea content (TBT-10) was prepared
under the same conditions.

2.3. Treatment procedures
of Zr-incorporated mesoporous
titania materials

The extracted samples used to characterize the thermal
stability were heated in oven at 350◦C for 6 h with
increasing rate of 1◦/min and kept in oven at 100◦C
for 24 h with decreasing rate of 5◦/min, finally cooled
to room temperature. For hydrothermal treatment, the
dried powder samples after solvent extraction were
boiled in water for 6 h and separated, then dried at
100◦C for one day.

2.4. Characterization methods
FT-IR was performed on a Bruker Vector22 FT-IR
spectrometer to examine the complete removal of tem-
plate molecules. The final composition of the Zr-
incorporated porous titania materials with different
Zr/Ti molar ratio was confirmed by X-ray energy dis-
persive spectroscopy (XEDS) recorded on an upgraded
EDAX 9100-60 instrument, which is attached on a
JEOL JEM-200CX transmission electron microscopy.
The used beam spot size was 0.1 µm and the analysis
was taken in the areas about 1.0 µm on the samples. The
measurements were proceeded on different areas of the
samples and the final composition was the average of all
the measured values. The finely grounded sample pow-
ders were dissolved in ethanol solution, then one drop
of the suspension was put onto a copper grid coated
with a holey carbon film and dried at ambient temper-
ature. Nitrogen adsorption-desorption isotherms were
measured on a Micromeritics ASAP2010 analyzer at
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−196◦C via 69 points full analysis. The samples were
degassed at 110◦C under 1 Pa for 4 h before isotherm
measurements. The pore size distributions were cal-
culated from the desorption branches of the isotherms
using Barrett-Joyner-Halenda (BJH) method. The crys-
tal phases of the obtained materials were determined
by small-angle and wide-angle powder X-ray diffrac-
tion patterns on a Rigaku DMAX2400 X-Ray Diffrac-
tometer at 40 kV and 100 mA using Cu Kα radiation
(λ = 0.15418 nm). The sample scans were collected in
the ranges of 2θ value of 0.6–8◦ and 8–60◦ at scan
rates of 1◦/min and 8◦/min, respectively. The morpholo-
gies of the Zr-incorporated porous titania materials
were characterized by a JEOL JEM-200CX transmis-
sion electron microscopy with an accelerate voltage of
200 kV. The preparation of the samples was same to
that of X-ray energy dispersive spectroscopy.

3. Results and discussion
The synthesis of Zr-incorporated porous titania materi-
als with various Zr/Ti molar ratios was achieved at am-
bient temperature in the presence of urea molecules, fol-
lowed by the extraction with distilled water. The FT-IR
results examined before and after water extraction con-
firm the complete removal of urea molecules. The ab-
sence of the bands in the range of 3300–3450 cm−1

and 1644 cm−1 ascribed to NH2 and C O groups in
the extracted sample indicates the complete removal of
urea molecules after extraction. The band at 1636 cm−1

in the extracted sample is attributed to the O H bonds
of H O H molecules in the obtained materials or KBr
pallet.

The XEDS analysis results of the Zr-incorporated
porous titania materials are summarized in Table I. As
seen from Table I, the observed Zr/Ti molar ratios are
close to the designed compositions in the feeds. This
result obtained from the average method confirms the
successful incorporation of zirconia into the skeleton
of titania. At high Zr/Ti ratios the observed value is
somewhat larger than the designed feed. It might be
attributed to the higher hydrolysis and condensation
rates of ZBT [43]. The XEDS pattern for sample ZT-6
is shown in Fig. 1. The peaks appeared at 4.54 keV and
15.77 keV are the typical Kα patterns of Ti and Zr. The
observed Zr/Ti ratio was calculated from the ratio of the
peak areas of Zr(Kα) and Ti(Kα) after the deduction of
backgrounds. The 8.0 keV peak is the pattern of Cu(Kα)
that is the copper grid used for supporting the samples
for XEDS analysis.

The nitrogen adsorption-desorption isotherms and
BJH pore size distribution plots of the samples after ex-
traction are shown in Fig. 2. All the samples except ZT-6
have type IV isotherms with H2 hysteresis loops spe-
cific isotherm plots for mesoporous materials (Fig. 2a).

T ABL E I Composition of the Zr-incorporated mesoporous titania
materials with various Zr/Ti molar ratios based on XEDS analysis

Sample code ZT-1 ZT-3 ZT-6

Zr/(Zr + Ti) Calculateda 0.99 4.76 50.0
(mol%) Observed 0.98 6.2 52.8

aThe designed Zr content is calculated from the feed composition.

Figure 1 XEDS pattern for sample ZT-6 after the removal of urea
molecules.

(a)

(b)

Figure 2 Nitrogen adsorption-desorption isotherms (a) and BJH pore
size distribution plots calculated from desorption branches of the
isotherms (b) for the Zr-incorporated mesoporous titania materials after
water extraction.
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T ABL E I I Physicochemical sorption properties and pore parameters of the samples prepared with 10 wt% template content and different Zr/Ti
molar ratios

Sample Zr/Ti molar BET surface BJH surface SP pore volumeb Total pore volumec Average pore Peak pore
codea ratio area (m2g−1) area (m2g−1) (cm3g−1) (cm3g−1) diameterd (nm) diametere (nm)

TBT-10 0 223.7 294.7 0.306 0.303 4.1 4.8
ZT-1 1/100 264.6 347.1 0.320 0.333 3.8 4.6
ZT-2 1/50 243.9 325.7 0.354 0.365 4.5 5.6
ZT-3 1/20 229.9 304.8 0.378 0.386 5.1 6.4
ZT-4 1/10 516.7 567.6 0.388 0.429 3.0 3.6
ZT-5 1/4 633.4 672.2 0.409 0.499 2.9 –
ZT-6 1/1 466.6 361.9 0.321 0.227 2.5 –

aAll the samples were synthesized at 10 wt% template content with the assumption of the complete conversion of TBT and ZBT to TiO2 and ZrO2.
bSingle point (SP) pore volume was measured at P/P0 ≈ 1.
cTotal pore volume of pores with 1.7–300 nm diameters was calculated from Barrett-Joyner-Halenda (BJH) method.
dAverage pore diameter was obtained from the BJH method based on desorption branches of the isotherms.
eThe peak pore diameter was the peak value of the BJH pore size distribution plot.

The mesoporosity of the samples is very significant at
low Zr/Ti molar ratios (i.e., ZT-1–3). When the Zr/Ti
molar ratio is increased to such as 1/10–1/4, the H2 hys-
teresis loops become smaller. Type I reversible isotherm
typical for a microporous material was observed in sam-
ple ZT-6 with 1/1 Zr/Ti ratio. The adsorbed volumes
at P/P0 ≈ 1 have an increase tendency with increased
Zr/Ti ratios. This tendency is in agreement with the data
listed in Table II. The relative pressures corresponding
to the hysteresis loops in the desorption-isotherms in-
crease first and then shift to lower values, which identify
the changes of the average pore diameters. From Fig. 2b
we can see, the widths at the half peak heights, iden-
tifying the distributions of average pore diameters, are
relatively narrow; moreover, the peak pore diameters
can increase to about 6.5 nm. But at Zr/Ti ratios of 1/4
and 1/1, there is no identifiable distribution peak.

Table II presents the physicochemical sorption prop-
erties and pore parameters of the samples prepared with
10 wt% template content and different Zr/Ti molar ra-
tios. The surface areas calculated either by Brunauer-
Emmett-Teller (BET) method or by Barrett-Joyner-
Halenda (BJH) method decrease first with the increase
of Zr/Ti molar ratio from 1/100 to 1/20 and then go up
from 1/20 to 1/4. The average pore diameter obtained
from BJH method based on desorption branches of the
isotherms increases from 3.8 nm to 5.1 nm as the Zr/Ti

T ABL E I I I Physicochemical sorption properties and pore parameters of the samples before and after thermal and hydrothermal treatments

Sample Zr/Ti molar BET surface BJH surface SP pore volume BJH pore volume Peak pore
codea ratio area (m2g−1) area (m2g−1) (cm3g−1) (cm3g−1) diameterb (nm)

TBT-10 0 223.7 294.7 0.306 0.303 4.8
TBT-10-O 0 159.1 226.9 0.271 0.265 5.5
TBT-10-B 0 193.1 262.7 0.266 0.275 4.9

ZT-1 1/100 264.6 347.1 0.320 0.333 4.6
ZT-1-O 1/100 195.1 276.9 0.298 0.304 4.9
ZT-1-B 1/100 239.0 321.7 0.313 0.323 4.9

ZT-3 1/20 229.9 304.8 0.378 0.386 6.4
ZT-3-O 1/20 169.3 243.0 0.359 0.362 7.2
ZT-3-B 1/20 171.7 236.5 0.349 0.353 7.4

ZT-4 1/10 516.7 567.6 0.388 0.429 3.6
ZT-4-O 1/10 372.7 426.1 0.296 0.318 3.4
ZT-4-B 1/10 168.5 233.3 0.339 0.343 7.4

aIn the sample’s code, the “O” means thermal treatment with oven at 350◦C, and the “B” indicates hydrothermal treatment in boiling water.
bThe peak pore diameter was the peak value of the BJH pore size distribution plot.

ratio is increased from 1/100 to 1/20 and then decreases
to 2.5 nm with the molar ratio increasing to 1/1. The
pore volumes keep increasing when the molar ratio is
increased from 1/100 to 1/4. However, both surface area
and pore volume decrease significantly at the Zr/Ti ra-
tio of 1/1, which might be induced either by the phase
separation during aging process or by higher hydrolysis
and condensation rates of ZBT. The powder XRD pat-
terns measured on the samples before water extraction,
reveal that no phase separation happened in aging pro-
cess even with high Zr incorporation content. There is
no any diffraction peak corresponding to urea crystals,
which has a sharp diffraction peak at 22.2◦ and some
peaks at 24.5◦, 29.2◦ and 35.5◦ etc., can be examined.
The higher hydrolysis and condensation rates of ZBT
are perhaps the main factor leading to the decrease of
surface area and pore volume. Comparing to the con-
trol sample TBT-10, the incorporation of Zr results in
the increase of pore volumes and the adjusting of pore
diameters.

The incorporation of Zr into titania skeleton leads
to significant changes of the thermal and hydrother-
mal stabilities. Table III presents the sorption proper-
ties and pore parameters of pure titania sample and
Zr-incorporated titania samples after thermal and hy-
drothermal treatments. Pure titania sample (TBT-10)
has good hydrothermal stability. The changes of pore
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diameter and surface area after hydrothermal treatment
are slight. But the pore diameters of Zr-incorporated
samples after hydrothermal treatment increase signifi-
cantly with the increased incorporation content of Zr.
This is proposed that the increase of the hydrophilic
properties after the introduction of Zr into titania skele-
ton makes the skeleton become more instable in the
presence of hot water. After thermal treatments, the
changes of pore parameters for Zr-incorporated sam-
ples are relatively smaller than those of pure titania
sample, indicating the increase of thermal stability with
the incorporation of Zr. However, the increase of ther-
mal stability is not linearly dependent on the incorpo-
ration content of Zr. Comparing all the parameters, low
incorporation content of Zr is relatively effective for
the increase of thermal stability. From the view of pore
diameter, the increase of thermal stability is more pro-
nounced at high incorporation content of Zr, in which
the pore diameter almost unchanges after treatments.

(a)

(b)

Figure 3 Nitrogen adsorption-desorption isotherms for samples ZT-1
(a) and ZT-4 (b) before and after treatments.

The dispersion of Zr in the skeleton of titania and the
formation of Zr O Ti networks strengthen the skele-
ton and lead to the increase of thermal stability.

The N2 adsorption-desorption isotherms for samples
ZT-1 and ZT-4 after thermal and hydrothermal treat-
ments are shown in Fig. 3. The samples after thermal
and hydrothermal treatments are still mesoporous ma-
terials. However, the relative pressures corresponding
to the hysteresis loops shift to high values after treat-
ments suggesting the increase of pore diameters. As
for the effect of thermal treatment, the shifted values
become smaller as the incorporation content of Zr is
increased, which identify that the thermal stabilities of
the materials increase with the increased incorporation
content of Zr. For hydrothermal treatment, the values of
hysteresis loops go up to higher values too; however, the
changes become more obvious, indicating the increase
of pore diameters and the decrease of hydrothermal
stability. These are mainly because of the increase of

(a)

(b)

Figure 4 BJH pore size distribution plots calculated from desorption
branches of the isotherms for samples ZT-1 (a) and ZT-4 (b) before and
after treatments.
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hydrophilic properties of Zr-incorporated samples and
the collapse of pore walls.

Fig. 4 shows the corresponding BJH distribution
plots of the samples after thermal and hydrothermal
treatments, obtained from the desorption branches of
the isotherms. The peaks of pore diameters shift to high
values after treatments, which indicates the increase of
thermal stabilities and the decrease of hydrothermal sta-
bilities of the samples. The half widths of the distribu-
tion peaks for thermal treated samples are very narrow
and almost do not change after treatment; however, the
widths after hydrothermal treatments become broader,
indicating the decrease of hydrothermal stabilities and
the uneven distribution.

Fig. 5 shows the small-angle (2θ : 0.6–8◦) and wide-
angle (2θ : 8–60◦) powder X-ray diffraction patterns
for the extracted samples. Sample ZT-1 only has one
wide diffraction peak centered at 2θ value of 0.96◦.
There is no other diffraction peak found in higher

(a)

(b)

Figure 5 Small-angle (a) and wide-angle (b) powder X-ray diffraction
patterns for samples ZT-1, ZT-3, ZT-4 and ZT-6.

2θ values, suggesting the lack of long-range ordered
arrangements. For sample ZT-3, there is a weak, broad
peak at 2θ value around 1.7◦. At higher Zr/Ti ratios, no
any diffraction peak appears, which indicate the disor-
dered arrangements. In the wide-angle XRD patterns,
Zr-incorporated mesoporous titania materials with
anatase structures are obtained at low Zr/Ti ratios (e.g.,
ZT-1, ZT-3 and ZT-4). However, the intensities of the

(a)

(b)

Figure 6 TEM images for samples ZT-1 (a) and ZT-4 (b) after re-
moval of urea molecules and sample ZT-1-H (c) after thermal treatment.
(Continued.)
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(c)

Figure 6 (Continued).

crystal peaks identifying the anatase structures, with
2θ values of 25◦, 38◦, 48◦ and 54.5◦, become weaker
with the increase of Zr/Ti ratio. In sample ZT-6, no
crystal peaks of anatase structure was found and there
was only one broad peak appeared at 2θ value of about
32◦, indicating the amorphous natures of the sample
with 1/1 Zr/Ti ratio. This is probably ascribed that the
uniform dispersion of Zr in the titania skeleton disrupts
the anatase structures of titania. However, after thermal
treatment, the anatase structure of sample ZT-4 be-
comes clear that perhaps because the thermal treatment
induces the deep crystallization of titania skeleton.

The TEM images for samples ZT-1 (a), ZT-4 (b) and
thermal treated sample ZT-1-H (c) are shown in Fig. 6.
The materials possess numerous interconnected worm-
hole-like channels. However, there is no long-range or-
dered pore and channel structures. Moreover, it is much
easier to find porous structures for the samples prepared
with high Zr/Ti ratios, e.g. ZT-4. In ZT-1, some parti-
cles appear to accumulate tightly together to form inter-
particulate pores, which maybe another reason leading
to the absence of diffraction peaks in small-angle scales
of XRD patterns. After thermal treatment, the accumu-
lation of the particles is more apparent. The pores or
channels connected together.

4. Conclusions
In this article, we have presented the synthesis of
Zr-incorporated mesoporous titania materials via HCl-
catalyzed sol-gel reactions by using urea as nonsurfac-
tant template (or pore-forming agent) followed by sol-
vent extraction. The XEDS results identify that zirconia
has been incorporated into the skeleton of titania with
close compositions to the designed feeds. The meso-
porosity of the materials is pronounced related to the

incorporation content of zirconia. The average pore di-
ameter increases from 3.8 nm to 5.1 nm and then de-
creases to 2.5 nm, when the Zr/Ti ratio is increased
from 1/100 to 1/20 and from 1/20 to 1/1. XRD re-
sults reveal that the materials possess anatase crystal
structures at 1/100–1/10 Zr/Ti ratios. The materials lack
long-range ordered pore and channel structures based
on the XRD patterns and TEM images. The even dis-
persion of Zr in titania skeleton and high hydrolysis
and condensation rates of ZBT as well as the hydrogen
bonding interactions between the hydrolyzed Ti OH
or Zr OH and the aggregates of urea molecules are
supposed to play significant roles in the preparation
of Zr-incorporated mesoporous titania materials. The
measurement results also indicate that the incorpora-
tion of Zr into titania skeleton increases thermal stabil-
ity but decreases hydrothermal stability of these binary
mesoporous materials.
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