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The ordered porous zirconium oxide incorporated with variable amounts of titanium was
synthesized via a direct-hydrothermal synthesis procedure. Characterizations by powder
X-ray diffraction, nitrogen adsorption, high-resolution transmission electron microscopy, and
energy-dispersive, X-ray photoelectron, Raman, and diffuse reflectance ultraviolet spec-
troscopies have been carried out to study the chemical nature of titanium in the porous
ZrO, material. The results show that titanium ions are homogeneously dispersed into the
framework of ZrO,, when the amount of titanium doping is less than 20 mol %, which is
much higher than that in silica-based materials. At higher titanium loading, nanocrystalline
TiO, anatase is formed. A suitable amount of titanium is favorable to the thermal stability

of the porous zirconium oxide.

1. Introduction

Silica-based, mesoporous materials have attracted
intense interest for their high potential applications as
chemical separation, catalysts, etc. To generate more
effective functions in applications, the pore surface must
be modified. Various techniques have been developed
to incorporate transition metals into mesoporous silica
by hydrothermal procedures or “postsynthesis” grafting
methods.12 Of the numerous doping candidates, tita-
nium appears to be most promising for catalytic ap-
plications.

Titanium dioxide is well-known as a large-band-gap
semiconductor, versatile photocatalyst and shows great
catalytic activity in many selective reactions.3 Incorpo-
ration of titania into silica or zeolitic supports has been
studied extensively.*> The zeolites, after modification
by isomorphous substitution of Si by Ti during the
synthesis, are able to perform selective oxidation of
organic compounds such as alkanes, alkenes, and alco-
hols by H,0,.6 Cubic MCM-48 and SBA-15 mesoporous
silica molecular sieves incorporated with titanium have
recently been reported to have potential as novel
catalysts.”8 Titanium can also be substituted into the
framework of various materials,® including some non-
silica-based materials such as aluminophosphates.1©

The discovery?! of silica-based, mesoporous materials
has expanded the possibilities of non-silica-based porous
materials, which opens new potential applications in the
fields of catalysis and adsorption.12

For a variety of reasons, great interests have cur-
rently been focused on the study of porous zirconium
oxides. As one of the transition-metal oxides, zirconium
oxide is known to play an important role as industrial
catalyst and catalyst supports for its particular acid
catalysis!® and oxidizing capabilities as well as its good
ion-exchange properties.’* Porous zirconia has been
found to possess high surface areas, ordered frame-
works, and narrow pore size distributions, giving them
potential applications as host structures and more active
catalysts for reactions. In addition, some modified
zirconia, such as phosphated zirconia, exhibit higher
acid strength and activity for acid-catalyzed reactions.!®
Also, the lattice of ZrO, can accommodate a variety of
dopants. Much of the early work was concentrated on
the synthesis of porous zirconia with high surface area.
However, in most cases, the thermal stability and the
ordering of the porous structure was poor, and few
exceptions are ordered porous zirconium o0xo phos-
phate,'® zirconium oxide sulfate!’, and mesoporous
phosphated zirconia.l® Recently, some works dealing
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with the doping of porous zirconium oxide have at-
tracted much interest.!® For example, aluminum-doped
mesoporous zirconia would help to increase the thermal
stability and preserve its surface area.?° This paper
describes the incorporation with variable amounts of
titanium into the framework of ordered porous zirco-
nium oxide molecular sieves by direct-hydrothermal
synthesis procedures. X-ray powder diffraction (XRD),
nitrogen adsorption, diffuse reflectance ultraviolet, X-
ray photoelectron (XPS), and Raman spectroscopies
were used to characterize these incorporated samples.

2. Experimental Procedure

2.1. Materials Synthesis. The ordered porous Ti—zirco-
nium oxides were prepared by direct synthesis, via the
surfactant templating synthesis route. The titanium source
was titanium isopropoxide (98%, Aldrich). Zr(SO,).+-4H,0 was
used as the Zr source and hexadecyltrimethylammonium
bromide (CisTMABT) as the surfactant. The synthesis was
carried out as follows: C;sTMABr (3.2 g, 8.7 mmol) was
dissolved in a HCI solution (0.1 M), and Zr(S0O,),*4H,0 (16.85
g, 47.4 mmol) dissolved in H,O (75 g) was added into the
surfactant solution at a rate of 30 mL/h during stirring. At
the same time, titanium isopropoxide (x mL) was added at the
rate of 6 mL/h while stirring. The mixture was stirred for at
least 3 h and aged for another 3 h at room temperature. Then
the mixture was removed into a closed polypropylene bottle
with hydrothermal treating at 110 °C for 48 h. The obtained
precipitate was filtered and dried at 100 °C. The as-synthe-
sized material was stirred for 3 h in a 0.5 M phosphoric acid
solution (85 wt %). After filtering, washing, and drying, the
surfactant was removed by calcination under flowing air at
773 K for 6 h. The material thus obtained was a white powder.
In the above synthesis, the Ti/Zr molar ratios were controlled
at 0, 5%, 10%, 15%, 20%, 25%, 30%, and 40%, and the resultant
corresponding materials were designated as TO, T0.5, T1, T1.5,
T2, T2.5, T3, and T4, respectively.

2.2. Analysis. XRD patterns were obtained using a Rigaku
D/max-RB diffractometer. Analyses were performed with Cu
Target (40 kV and 60 mA); a typical scan speed was 5°/min
with a step of 0.002°, in the range from 1.8° to 10°.

N. adsorption—desoption isotherms were obtained at 77.35
K on a Micromeritics Tristar 3000 analyzer. The samples were
outgassed at 250 °C in flowing N, for at least 20 h before
measurement.

HRTEM and EDS were measured with a JEOL 200CX
electron microscope operated at 200 kV.

Diffuse reflectance UV—vis spectra were taken on a Shi-
madzu UV-3101PC UV—vis—NIR scanning spectrophotometer,
equipped with an integrating sphere using BaSO, as the
reference.

Raman spectra were obtained at room temperature using a
1064 nm line from a YAG laser beam on a Bio-RAD FT-Raman
spectrometer.

XPS were collected on a VG Micro MK Il instrument using
monochromatic Mg Ko X-rays at 1254 eV operated at 300 W.
The O(1s) binding energies were referenced to the C(1s) line
situated at 284.6 eV.

3. Results and Discussion

Bulk structural characterization by XRD of porous
ZrO; support (Figure 1a) incorporated by various
amounts of titanium (Figure 1b—d) confirms that the
structure is maintained upon hydrothermal incorpora-
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Figure 1. XRD patterns of samples (a) TO, (b) T2, (c) T3, and
(d) T4.

Table 1. Pore Structure Parameters and the Results of
X-ray Fluorescence Analysis for the Ti—ZrO, Samples
with Varying Titanium Dopings

(18) Wong, M. S.; Antonelli, D. M.; Ying, J. Y. Nanostruct. Mater.
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A. L.; Frepiat, J. J. Microporous Mesoporous Mater. 1999, 31, 9.

sample
T0 T1 T2 T25 T3 T4
designated amount 0 10 20 25 30 40
of Ti (mol %)
actual amount 0 9.8 192 243 30 40

of Ti (mol %)
value of d(100) (nm)
ap value? (nm)

3.14 318 3.15 314 3.07 2.95
3.626 3.672 3.637 3.626 3.545 3.406
wall thickness? (nm) 1.756 1.802 1.787 1.766 1.695 1.556
pore volume (cm?/g) 0.168 0.188 0.170 0.164 0.160 0.155
BET surface area (m?/g) 360 402 368 352 345 334

2ap = 2d(100)/«/§. b Wall thickness = ag — pore size. The pore
size was determined by the adsorption average pore diameter.

tion of Ti by direct synthesis. It can be seen from Figure
1 that small amounts of Ti doping will help to increase
the ordering of the pore structure. However, the order-
ing will decrease with further incorporation. Upon
calcination at 773 K, the XRD peaks of these Ti—ZrO;
samples shift to lower d spacing (Table 1), because the
materials undergo further condensation and contraction
of pores upon the removal of the surfactant. The XRD
patterns for samples TO, T2, and T4 after calcination
within the range of 10—80° are shown in Figure 2. It
can be seen that sample T2 shows an XRD pattern
similar to that of sample TO, and no characteristic peaks
belonging to titania have been observed, while for
sample T4 there is a distinctive peak at 25° belonging
to titania. This suggests that some lattices of zirconium
may be substituted by the introduction of titanium in
small amounts; i.e., titanium can be incorporated into
the inorganic wall of ZrO,, while nanocrystalline titania
would be separated out from the supporting material,
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Figure 2. XRD patterns for the samples within the range of

10—-80° after calcination at 773 K for 6 h: (a) TO, (b) T2, (c)
T4.

once the doping level of titanium is higher than 20 mol
%.

The actual amounts of Ti (mol %) of these samples
analyzed by X-ray fluorescence are very close to their
designated ratios (Table 1). This means that titanium
can be effectively incorporated into the porous ZrO, via
the direct-hydrothermal synthesis procedure. The ni-
trogen adsorption isothermals measured at 77.35 K of
samples TO, T1, T2, and T4 are shown in Figure 3. All
of these four samples synthesized with C;¢ surfactant
show the type | isothermal, which is an indication for
the presence of pores with sizes between micro- and
mesopores.'® The BET surface area of porous ZrO; is
around 360 m?/g after calcination at 773 K, and the
value increases up to 402 m?/g with 10 mol % of Ti
incorporation, which is in good agreement with the
values of d(100) spacing from the XRD results. Fur-
thermore, both the pore volume and the wall thickness
for samples T1 and T2 are higher than those of the TO
sample, which suggests that a suitable amount of Ti
doping (less than 20 mol %) will help to increase the
thermal stability of porous zirconium oxide. This can

Chem. Mater., Vol. 13, No. 3, 2001 1037

be associated with the improved condensation of the
zirconium framework owing to the incorporation of
TiO32~. The comparison of the BET surface areas for
samples TO and T1 at different calcining temperatures
has been shown in our previous work.2! The variation
of the ap values and the wall thickness indicates that
the hexagonal unit cell dimension would be changed
with the doped amount of titanium. The BET surface
areas and the values of d spacing as well as the wall
thickness decrease when the Ti doping is higher than
30 mol %, which may be due to the decrease of the
ordering structure, because of the much higher amount
of Ti doping.

Figure 4 shows the representative HRTEM image of
sample T2 and the corresponding EDS measurement
(Figure 4b). As can be seen in the TEM image, a well-
ordered pore structure is still maintained after calcina-
tion at 773 K. Furthermore, neither visible nanoparti-
cles of titania nor diffuse intensity and superlattice
reflections could be observed in this image as well as in
the selected area electron diffraction pattern. However,
the distinctive signal of titanium is detected by the
corresponding EDS measurement, which indicates that
the introduction of titanium may have been incorpo-
rated into the framework of zirconium oxide. Figure 5
shows the TEM image of a local area of sample T4
(Figure 5a) and the corresponding EDS measurement
(Figure 5b). It is clear that a large amount of nano-
crystalline TiO; is present on the supporting material
and the intensity of the Ti signal measured by EDS is
much higher than that of sample T2. Further evidence
for the incorporation of titanium into the framework of
zirconia can be found from the following demonstration.

Raman spectroscopy is an effective tool for determin-
ing the presence or absence of extraframework TiO,
nanoparticles, because it is extremely sensitive to
crystalline forms of TiO, because of its strong scattering
properties.?2 Raman spectra for the bands at 638, 514,
394, and 144 cm~! belong to the characteristic absor-
bance of the anatase TiO,.” Particularly, the remarkably
strong band at 144 cm~! can be used to evaluate the
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Figure 3. N; adsorption—desorption isothermals of samples (a) T4, (b) TO, (c) T2, and (d) T1.
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Figure 4. (a) TEM image of sample T2 and its selected area
electron diffraction pattern. (b) Corresponding EDS spectrum
(* is the Cu element), which arises from the supporting grid.

0

amount of extralattice Ti present in porous ZrO,. In
Figure 6b,c, no sign of the absorbance at 144 cm™1! can
be observed, confirming the absence of extraframework
bulk crystalline titania. However, the intense Raman
signal occurs at 144 cm~! for higher titanium loading
(Figure 6d,e), which is characteristic of TiO, anatase
particles. It is worth noting that the Raman absorbent
peak at around 835 cm™! occurs and the intensity
increases with the Ti-doping level (Figure 6a—c), when
the doping level is less than 20 mol %. As the incorpo-
rated amount of titanium further increases, a similar
intensity is maintained (Figure 6d,e). Therefore, the
band at around 835 cm™1 is believed to be related solely
to the Ti—O—Zr bonding in the inorganic framework of
ZrO,. The Raman spectra also suggest that isolated
titanium ions are present in the framework of support-
ing material with the titanium loading at not higher
than 20 mol %. Meanwhile, the extraframework of
anatase TiO; appears when the Ti loading gets higher.

Figure 7 shows O(1s) XPS spectra of Ti—ZrO, samples
with varying titanium loadings. The TO sample shows
an O(1s) line at 531.5 eV binding energy, which is about
1.3 eV higher than that of TiO, anatase.® With increased
titanium loading, the position of the O(1s) lines shift
toward lower binding energies, which can be attributed
to oxygen presence in different environments from its
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Figure 5. (a) TEM image of the local area of sample T4 and
its electron diffraction pattern. (b) Corresponding EDS spec-
trum.

presence in pure porous zirconium oxide. It is noted that
the binding energy of the O(1s) line of the TO sample
gets a relatively distinctive decrease at increased Ti
doping up to 20 mol %. This can be explained by the
fact that some zirconium was replaced by titanium,
which induced the decrease of interatomic potentials
due to the reduction of the overall atomic size.

Figure 8 shows Zr(3d) XPS spectra as a Zr(3ds,;) and
Zr(3ds/,) doublet with a separation of 2.4 eV23 for porous
ZrO, with varying titanium loadings. At low titanium
loading, T2 shows a Zr(3ds2) line at 182.72 eV binding
energy, which is about 0.5 eV lower than that of
undoped sample TO. As the titanium loading further
increases for sample T3, the position of the Zr(3dsy,) line
at 182.75 eV is very close to that for sample T2. This
suggests a homogeneous dispersion of Ti(IV) ions in the
framework of ZrO,, at a titanium loading not higher
than 20 mol %. With the further increases of the
titanium loading above 20 mol %, the chemical environ-
ment of zirconium remains almost unchanged. This
further confirms that the additional titanium loading
higher than 20 mol % cannot be further incorporated
into the framework of the ZrO, wall. The XPS result of
the upper limit of 20 mol % Ti doping in the framework
of the ZrO, wall is consistent with the Raman spectra,
which is much higher than the possible Ti loading in
silica-based materials.”®

(23) Handbook of X-ray photoelectron spectroscopy; Chastain, J.,
King, R. C., Jr., Eds.; Physical Electronics, Inc.: Minneapolis, MN,
1995.
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Figure 6. Raman spectra of Ti—ZrO, materials with varying

titanium doping corresponding to samples (a) TO, (b) T0.5, (c)

T2, (d) T3, and (e) T4.

Ols

536 534 532 530 528 526
Binding Energy(eV)
Figure 7. O(1s) XPS spectra of Ti—ZrO, materials with
varying titanium doping corresponding to samples (a) TO, (b)
T2, (c) T3, and (d) T4.

UV—vis absorption spectroscopy has been extensively
used to characterize the nature and coordination
of titanium ions in titanium-substituted molecular
sieves.?425 Figure 9 shows UV —vis spectra of the series
of Ti-incorporated samples. As illustrated, the undoped
sample TO shows a very weak absorption peak at 210
nm. For the referent sample of pure TiO, anatase, a
broad absorption at 330 nm is found. The ultraviolet
absorption wavelength of titanium is sensitive to its
coordination and to the TiO, particle size.?® At low Ti
loading corresponding to sample TO0.5, the observed
absorption peak is at 230 nm, presenting neither the
absorption of ZrO, nor the absorption of TiO,, and with

(24) Luan, Z.; Kevan, L. J. Phys. Chem. B 1997, 101, 2020.

(25) Corma, A.; Navarro, M. T.; Pariente, J. P. J. Chem. Soc., Chem.
Commun. 1994, 147.

(26) Davis, R. J.; Liu, Z. Chem. Mater. 1997, 9, 2311.
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Figure 8. Zr(3d) XPS spectra of Ti—ZrO, materials with
varying titanium doping corresponding to samples (a) TO, (b)
T2, and (c) T3.
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Figure 9. UV—vis spectra of Ti—ZrO, samples with varying
titanium doping and the referent sample of bulk TiO, anatase.

the intensity remarkably increased. This suggests that
Ti(1V) has effectively modified the Zr—O—Zr coordina-
tion; i.e., Ti(IV) has been incorporated into the frame-
work of ZrO,.2! Furthermore, the increased intensity of
absorption peaks and the red-shifted magnitude of the
adsorption bands correspond well to the amount of the
Ti incorporation when the amount of Ti doping is less
than 20 mol %. This may prove that titanium can be
homogeneously dispersed into the framework of ZrO,.
Also, the gradual red shift can be related to a transition
for the coordination of titanium ions from Zr—O—Ti
coordination to the octahedral coordination of TiO,. The
abnormal absorption curve of sample T4 in this figure
may be caused by the surplus TiO, dispersed onto the
outer surface of ZrO,. Relative to bulk TiO;, anatase,
the broad absorption band of sample T4 blue shifted
from 330 to 300 nm. A similar case was found in
dispersed TiO, nanoparticles on the mesoporous silica
materials.822

4. Conclusion

A direct and effective synthetic method for the
incorporation of titanium into the framework of ordered
porous zirconium oxide has been demonstrated. Both
bulk structural characterizations and spectroscopy re-
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sults reveal that titanium is homogeneously dispersed
into the framework of a porous ZrO, wall at a low
titanium loading level and the upper limit of Ti incor-
poration into the framework of ZrO; is 20 mol % higher
than that in silica-based materials. The experimental
results show that the pore structure and the high
surface area are still maintained with Ti incorporation.
The proper amount of Ti doping is helpful for the
improvement of the thermal stability of porous ZrO,
material, whereas nanocrystalline TiO, anatase is

Chen et al.

formed at titanium loading above 20 mol %. These new
Ti—ZrO, materials may be potentially useful as a novel
catalyst.
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