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a b s t r a c t
We report a facile synthesis of highly ordered mesoporous titania–zirconia composites with broad Ti/Zr
ratios via an evaporation-induced self assembly (EISA) process. Amphiphilic poly(alkylene oxide) block
copolymers, P123 and F127, serve as structure-directing agents (SDAs). By adjusting initial molar ratios
of copolymer to metal precursors, titania–zirconia nanocomposites with controlled texture and composition are obtained in a wide range from 10 to 90 mol% TiO2. Small-angle X-ray diffraction (SAXRD) and
transmission electron microscopy (TEM) measurements reveal the two-dimensional (2D) hexagonal
mesostructure (p6mm) with large-domain regularity. These mesostructured composites possess large
surface areas and pore volumes, narrow pore size distributions, and abundant surface Lewis acid sites,
resulting in unique photocatalytic activities for degradation of rhodamine-B and hydrogen evolution
in methanol aqueous solution. Their good photocatalytic abilities are ascribed to the cooperative effect
of the porosity and crystallinity.
Ó 2009 Elsevier Inc. All rights reserved.

1. Introduction
Due to its unique optical and electronic properties and nontoxic
nature, titania possess various utilities in areas of energy conversion, catalysis and photocatalysis, coatings, and chemical sensors
[1]. It crystallizes in three structure types: rutile, anatase, and
brookite, with large band gaps 3.0 eV for rutile form and 3.2 eV
for antase form [2]. A photon with energy equivalent to or greater
than the band gap generates an electron–hole pair on the TiO2 surface, which cause reduction and oxidation reactions [3], promising
the use of TiO2 as a good photocatalyst. For example, it was the ﬁrst
material as a photochemical water-splitting catalyst [4,5]. However, pure TiO2 materials usually have relatively low quantum efﬁciency, which restricts its extended applications in catalysis.
Combination with another metal oxide is presently the most practicable approach for property tuning [6,7]. These combined metal
oxide materials bring forth new reactivity properties and enhanced
activity due to structural and electronic modiﬁcations induced by
the dopant [8,9]. A great deal of Ti1xMxO2 such as TiO2–SiO2,
TiO2–ZrO2, or TiO2–Al2O3 [10–14] has been reported, among which
the TiO2–ZrO2 mixed metal oxide is most promising as photocatalysts [15–17]. TiO2–ZrO2 binary oxides with multiphasic composition exhibit an increase in the photocatalytic degradation rate of
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different pollutants in both gas and aqueous solutions [17,18]. Fu
et al. [19] and Yu et al. [20] have shown that TiO2–ZrO2 binary metal oxides exhibit higher photocatalytic activity than pure TiO2,
possibly due to the increase in surface area with respect to TiO2
at the same calcination temperature, the inhibition from rutile formation, the increase in surface acidity (i.e. stronger surface hydroxyl groups), or the creation of active defects on the surface.
Great efforts have been paid to reveal the relationship between
the morphology and properties of nanomaterials [21–24]. Morphological control of materials involves variety of aspects, including
the regulation of shape, size, structure, pore size, connectivity, colloidal dimensions, etc. Diverse morphologies such as particles, ﬁbers, ﬁlms, and porous structures result in different properties
for various applications [18]. Since the discovery of MCM-41 in
1992 [25], increasing attention has been focused on the design
and synthesis of silica and non-silica mesoporous materials for
their potential application in catalysis, energy, optics, electronics,
biology, and others [26]. Numerous synthesis strategies are reported, among which the evaporation-induced self-assembly
(EISA), pioneered by Brinker et al. [27,28] and adapted by Stucky
and coworkers [29], allows for tuning of inorganic hydrolysis-condensation rate. This method has been used to prepare highly ordered mesoporous oxide thin ﬁlms with controlled symmetry by
adjusting precursor composition and relative humidity [30], since
slow co-assembly of the inorganic network around the liquid crystalline template permits the formation of a well-deﬁned mesoporous structure. Over the past two decades, great interests have been
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concentrated on the achievement of ordered mesoporous TiO2 with
high crystallinity frameworks and high thermal stability [31–37].
Moreover, the synthesis of mesoporous zirconia with hexagonal
and cubic structures was ﬁrst realized by Stucky’s group employing
triblock copolymers as templates [29]. However, for multiple-metal oxides, speciﬁc chemistry for each metal species, especially different hydrolysis rate for different metal precursors, makes the
control of the hydrolysis-condensation process difﬁcult [38]. To
our knowledge, it is still a challenge for controlled synthesis of
the multiple-metal oxides with ordered mesoporous structures
through the EISA process.
Compared to pure TiO2, TiO2–ZrO2 composites have tunable
composition, abundant phases and more attractive photocatalysis
properties. Numerous efforts have been devoted to synthesize
TiO2–ZrO2 with different morphologies [39–41]. It is postulated
that ordered mesoporous TiO2–ZrO2 composites with wide Ti/Zr
ratios will possess speciﬁc photocatalytic properties due to the
large surface area, unsaturated titanium(IV) sites, oxygen vacancies existing on the surface, and high thermal stability. As for synthesis, as mentioned above, ordered mesoporous TiO2 with
crystalline walls are easily achieved, however, ordered mesostructured TiO2–ZrO2 has been rarely reported. Caruso et al. reported
porous Titania/Zirconia with pore of 1 lm using polymer gel template [18] and proved these materials had good photocatalytic
activities for decomposition of organic molecules. Liu et al. obtained mesoporous TiO2–ZrO2 composites utilizing triblock
copolymer as template [42] but their results only showed disordered mesostructures. To the best of our knowledge, highly ordered mesoporous multi-metal composites such as TiO2–ZrO2
composites with varied Ti/Zr ratios have not been reported.
Although some speciﬁc conclusions have been drawn from above
studies on photocatalytic properties of TiO2 with ordered mesoporous structures, there is a lack of systematic synthesis and detailed measurements of photocatalytic properties of ordered
mesoporous TiO2–ZrO2 composites. Therefore, it is necessary to
study the synthesis and physical properties of ordered mesoporous TiO2–ZrO2 composites.
Herein, an efﬁcient and reproducible approach to fabricate ordered mesoporous titania–zirconia composites with variable ratios
through EISA process by using amphiphilic triblock copolymer
F127 and P123 as structure-directing agents (SDAs) is reported.
To reveal the formation mechanism of ordered mesostructures,
the Ti/Zr ratio, quantity of block copolymers, relative humidity of
the surrounding atmosphere, and evaporation temperature have
been investigated in detail. To observe the structural evolution of
the mesostructures with different Ti/Zr ratios, the measurements
of X-ray diffraction (XRD) and transmission electron microscopy
(TEM) were employed. Within tunable Ti/Zr ratios, these TiO2–
ZrO2 nanocomposites possess highly ordered two-dimensional
(2D) hexagonal mesostructure. Moreover, these mesoporous
TiO2–ZrO2 nanocomposites exhibit high surface areas, narrow pore
size distributions, and abundant of surface Lewis acid sites, resulting in unique photocatalytic activity in degradation of rhodamineB (RhB) and hydrogen evolution.

1  105 M aqueous solution. P25 powder was supplied by Degussa Corp. All chemicals were used as received.
2.2. Synthesis of Mesoporous TiO2–ZrO2
0.7–1.0 g Pluronic F127 or 0.5–1.0 g Pluronic P123 was dissolved in 10 mL of ethanol at room temperature. Then quantitative
[CH3(CH2)3O]4Ti and ZrOCl28H2O were added (total amount of Ti
plus Zr is 5 mmol) into the above solution with vigorous stirring.
The composition of Ti/Zr/F127/EtOH (molar ratio) was varied in
the range of (0.5–4.5)/(4.5–0.5)/(0.05–0.08)/170. The mixture was
covered with polyethylene ﬁlm. After stirring for at least 2 h at
room temperature, the homogeneous sol was transferred to an
oven and underwent solvent evaporation. After two days of aging
under desired temperature and humidity (temperature: 40 °C, relative humidity (RH): 50%), the gel product was dried in another
oven at 100 °C for 1 day. Calcination was carried out by slowly
increasing temperature from room temperature to 400 °C
(1 °C min1 ramping rate) and heating at 400 °C for 4 h in air. High
temperature treatment was carried out in air for 1 h with a temperature ramp of 10 °C min1.
2.3. Degradation of RhB
The meso-TiO2–ZrO2 samples were dispersed into 150 mL RhB
aqueous solution (1  105 mol L1) and the resulting solution
was stirred in dark for 2 h to equilibrate the adsorption–desorption
of RhB on the sample surface. Five-hundred Watt high pressure
mercury lamp (center wavelength is 365 nm) was used as an irradiation source. At given time intervals, the supernate was analyzed
by recording the variations of the absorption band maximum
(554 nm) on a Shimadzu UV-3100 spectrometer. For comparison,
all the samples tested for the activity were weighted exactly same
(100 mg).
2.4. Hydrogen evolution
The photocatalytic hydrogen generation was carried out in a
Pyrex glass container with a volume of 320 mL. Five-hundred Watt
high pressure mercury lamp (center wavelength is 365 nm)
equipped with cooling water was used as an irradiation source,
which was placed in a ﬁxed distance from photocatalytic reactor.
The intensity of irradiation is 5.5 mW cm1. The photocatalytic
reaction of water splitting was performed in 60 mL solution
(35 mL distilled water and 25 mL methanol as sacriﬁce agent).
0.06 g photocatalyst was added into the solution. Before mercury
lamp was turned on, the suspension was thoroughly degassed
through bubbling argon gas into the system for 30 min to purge
out dissolved oxygen. After the lamp was turned on, the solution
was stirred. In order to keep reaction temperature constant at
25 °C, the photocatalytic reaction system was equipped with an
electric fan. The evolved hydrogen was measured by gas chromatography equipped with TCD detector and molecular sieve 5 A column. Carrier gas was argon.
2.5. Characterization

2. Experimental
2.1. Materials
Pluronic F127 (Mav = 12600, EO106PO70EO106) and Pluronic
P123 (Mav = 5800, EO20PO70EO20) were purchased from Aldrich
and Sigma–Aldrich Chemical Inc. Zirconium oxide chloride
(ZrOCl28H2O), tetrabutyl titanate ([CH3(CH2)3O]4Ti), and RhB
(C28H31ClN2O3) were purchased from Beijing Chemical Reagent
Company. RhB was dissolved in deionzed water to form

Powder X-ray diffraction (PXRD) patterns were recorded on a
Rigaku DMAX-2000 diffractometer (Japan) using Cu Ka radiation
(k = 1.5406 Å). Transmission electronic microscopy (TEM) and
energy dispersive X-ray analysis (EDAX) were taken on a Hitachi
H-9000 NAR transmission electron microscope (Japan) under a
working voltage of 300 kV. The nitrogen adsorption and desorption
isotherms at 78.3 K were measured using an ASAP 2010 analyzer
(Micromeritics Co. Ltd., USA). The Brunauer–Emmett–Teller (BET)
method was utilized to calculate the speciﬁc surface areas (SBET)
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using adsorption data in a relative pressure ranging from 0.04 to
0.2. Using the Barrett–Joyner–Halenda (BJH) model, the pore volumes and pore size distributions were derived from the adsorption
branches of the isotherms. FTIR spectra were recorded on a Nicolet
Magna-IR 750 spectrometer equipped with a Nic-Plan Microscope
(USA). Weight changes of the products were carried out on a Thermal Analysis SDT Q600 analyzer (USA) from 25 °C to 1000 °C under
air atmosphere with a heating rate of 10 °C min1. The UV–Vis
absorbance spectra of RhB were recorded on a Shimadzu UV3100 spectrophotometer (Japan) with a quartz cell (10 mm path
length) and deionized water as a blank. X-ray photoelectron spectroscopy (XPS) measurements were carried out in an ion-pumped
chamber (evacuated to 2  109 Torr) of an Axis Ultra (UK) spectrometer equipped with a focused monochromatized X-ray source
(Al Ka, h = 1486.6 eV) at a power of 225 W. A hemispherical analyzer collected the photoelectrons at an angle of 90° from the surface. The binding energy (BE) for the samples was calibrated by
setting the measured BE of C 1s to 284.6 eV.
3. Results and discussion
Ordered mesoporous 50TiO2–50ZrO2 (denoted as meso-50TZ)
was synthesized with a reactant molar ratio of F127/[CH3(CH2)3O]4Ti/ZrOCl8H2O/ethanol = 0.056/0.25/0.25/170, and well-ordered
mesoporous structure was obtained. This determination comes
from the analysis of the small-angle X-ray diffraction (XRD)

Fig. 1. (a) Small- and (b) wide-angle XRD patterns of meso-50TZ calcined at
different temperatures.
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patterns (Fig. 1a), showing a prominent reﬂection peak at 0.98°
along with a broad low intensity peak around ca. 1.8°, which,
according to the TEM observation, matches well with the characteristic (1 0 0), (1 1 0), and (2 0 0) reﬂections attributed to p6mm
hexagonal symmetry. When calcined at 600 °C, the peak at low angle range is retained with a little shift to high angle, suggesting the
decrease of the d with the increase of temperature. No reﬂection
peak is detected in the small-angle XRD patterns when the calcinations temperature increases to 800 °C and 900 °C, demonstrating
the collapse of the mesoporous structure. Wide-angle XRD patterns
(Fig. 1b) display only broad peaks for the samples calcined at
400 °C, demonstrating that the pore walls of meso-50TZ are amorphous. After calcined at 800 °C, the frameworks crystallize to
ZrTiO4 (JCPDS Card No. 34–0415). It is obvious that crystallization
of the frameworks leads to collapse of mesoporous structure due to
the instantaneous phase transition and rapid nanocrystallite
growth.
TEM images viewed along the [0 0 1] and [1 1 0] directions
(Fig. 2a and b) further conﬁrm that meso-50TZ calcined at 400 °C
has a highly ordered 2D hexagonal regularity. As the calcination
temperature increases to 600 °C, the regularity of mesoporous
structure remains and large domains of highly ordered cylindrical
pore channels with the 2D hexagonal symmetry are still observed
in a large domain from the TEM images (Fig. 2c and d). The cell
parameter estimated from the TEM images is approximately
9 nm for 400 °C product and 8 nm for 600 °C product, which is in
agreement with the value calculated from the small-angle XRD
data.
The nitrogen sorption analysis yields typical IV curves with type
H1 hysteresis loops for both products calcined at 400 °C and 600 °C
(Fig. 3a). The high BET surface areas of 186 and 170 m2 g1 is obtained for the products of 400 °C and 600 °C, respectively. Nitrogen
sorption measurements show that the pore size of meso-50TZ
composites decreases with calcinations temperature (Fig. 3b), possessing narrow mesopore size distributions at a mean size of 4.6
and 4.1 nm for the products calcined at 400 °C and 600 °C, respectively. After calcined at higher temperature, the speciﬁc surface
area decreases quickly. The BET surface areas of 37 m2 g1 and
18 m2 g1 are obtained for the products of 800 °C and 900 °C,
respectively, which are much lower than that calcined at 400 °C
and 600 °C, and these results prove breakdown of mesostructures
during high temperature treatment. The pore volumes vary from
0.29 m3 g1 to 0.19 m3 g1 when calcined at different temperatures. The high surface area and uniform pore structure should
make it more popular in catalysis.
Thermogravimetric-differential thermal analysis (TG-DTA) proﬁles of the as-synthesized meso-50TZ sample under air atmosphere are given in Fig. 4. The major weight-loss stage is
observed below 400 °C with a weight loss of about 60 wt.%. This
weight loss is attributed to the decomposition of amphiphilic triblock copolymer F127 combined with the removal of physically
absorbed water and the dehydration of zirconium–titanium
hydroxide. A remarkable exothermic effect centered at 300 °C is
shown in DTA curve, which mainly relates to the combination of
the decomposition of F127 and the dehydration of zirconium–
titanium hydroxide. The as-synthesized sample also shows an exothermic effect centered at 720 °C due to the crystallization of pore
walls to ZrTiO4, leading to the collapse of the mesostructure.
To test the surface acidity of meso-50TZ calcined at different
temperautre, FTIR study on pyridine adsorption are performed.
As shown in Fig. 5, the bands at 1608 and 1447 cm1 are evidence
of electron-acceptor centers on material surface, with which pyridine forms coordination bonds corresponding to the v8a and v19b
modes of the ring-breathing vibrations v(CCN) of pyridine, respectively. Parﬁtt et al. [43] assigned these bands to Lewis acid sites of
Type I, which strongly adsorbed pyridine. The amount of absorbed
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Fig. 2. TEM images (a) and (b) of meso-50TZ calcined at 400 °C viewed along [0 0 1] and [1 1 0] orientation; (c) and (d) of meso-50TZ calcined at 600 °C viewed along [0 0 1]
and [1 1 0] orientation.

pyridine on Lewis acid sites is estimated by the absorbance of the
band (v19b mode) around 1447 cm1. The numbers of Lewis acid
sites calculated for meso-50TZ calcined at different temperatures
are large and decrease gradually with the calcined temperatures
elevated (Table S1 in the Supporting Information).
Highly ordered mesoporous titania–zirconia composites can be
synthesized via an EISA process in ethanol media using
[CH3(CH2)3O]4Ti and ZrOCl28H2O as titanium and zirconium
sources, and F127 or P123 as template. The formation of mesostructured TiO2–ZrO2 nanocomposites undergoes a cooperative
self-assembly process [44] of titanate oligomers hydrolyzed from
[CH3(CH2)3O]4Ti, zirconia oligomers from ZrOCl28H2O, and amphiphilic triblock copolymer. In most cases with EISA strategy to fabricate mesoporous metal oxide, acids are often necessary to slow
down the hydrolysis-condensation rate of the metal precursors
[45]. Herein, no extra acid is added for adjusting the hydrolysis
rates of different metal species, however, the hydrolysis of zirconium oxychloride and titania alkoxide follows a self-adjusted process, resulting in a synchronized condensation–polymerization
process of these two metal species. The ﬁnal mesostructured composites have a uniform and homogeneous framework with welldispersed titanate and zirconate components, in which both
oligomers cross-link together and construct the mesostructured
frameworks. In addition, the temperature and relative humidity
(RH) of the surrounding atmosphere play an important role in
synchronizing the assembly of the titanate and zirconate oligomers
during the EISA process. After ﬁnely tuning this factor, 40 °C and
50% RH is the optimized condition and is adopted in the present
work. It proves that this procedure is controllable and repeatable
for the organization of highly ordered composite mesostructures
within a wide range of Ti/Zr ratios.

Varying the Ti/Zr ratios, a series of mesoporous TiO2–ZrO2 are
obtained by adjusting the quantities of SDAs, which is conﬁrmed
by small-angle XRD patterns shown in Fig. 6. The intensity and
width of the peak vary with the Ti/Zr ratio, indicating that the
mesostructure is strongly affected by the composition. The mesoporous 10 TiO2–90ZrO2 (denoted as meso-10TZ) sample shows
three well-resolved diffraction peaks indexed as the (1 0 0),
(1 1 0), and (2 0 0) reﬂections, respectively, suggesting a typical
2D hexagonal mesostructure belonging to p6mm hexagonal symmetry. 20TiO2–80ZrO2 (denoted as meso-20TZ), 40TiO2–60ZrO2
(denoted as meso-40TZ), and 60TiO2–40ZrO2 (denoted as meso60TZ) samples all possess 2D hexagonal mesostructures according
to the small-angle XRD patterns. When Ti increases to 80 mol% (denoted as meso-80TZ) and 90 mol% (denoted as meso-90TZ), the diffraction peak of (1 0 0) becomes broad and no small diffraction
peak is observed, indicating a short range ordered mesostructure.
Wide-angle XRD analysis gave information about the crystal phase
of these series of mesoporous TiO2–ZrO2 composites with different
Ti/Zr ratios (Fig. 7a). The meso-90TZ network exhibits diffraction
peaks attributed to anatase titania ((JCPDS Card No. 71–1169). A
further increase of the zirconia content inhibits crystallization, as
no crystallinity is detected with wide-angle XRD in the binary metal oxide samples meso-80TZ and meso-60TZ, demonstrating a
homogeneous mixing of the Ti and Zr components in both the
materials. The wide-angle XRD patterns from the samples containing zirconia as the major component, meso-40TZ to meso-10TZ, are
assigned to tetragonal phase of zirconia (JCPDS Card No. 02–0733).
After 600 °C treatment, the mesostructures of meso-10TZ, 20TZ,
and 40TZ samples are sustained with a little shrinkage (Fig. 7b)
while those of meso-60TZ, 80TZ, 90TZ samples collapse. Wideangle XRD patterns show that 10TZ and 20TZ treated at 600 °C
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Fig. 5. FTIR spectra of pyridine adsorption for Al-1 at the deposition temperature of
200 °C.

Fig. 3. (a) Nitrogen adsorption–desorption isotherms and (b) pore size distribution
curves (deduced from the desorption branches) of meso-50TZ calcined at different
temperatures.

Fig. 4. TG-DTA proﬁles for the as-synthesized meso-50TZ.

are indexed to the combination of monoclinic and tetragonal phase
of zirconia, while those of 40TZ and 60TZ exhibit a wide peak with
a distinct diffraction peak at 2h value of 30.2° which is indexed to
the 101 diffraction peak of tetragonal phase. The wide-angle XRD
pattern of mesoporous nanocomposite 80TZ and 90TZ samples calcined at 600 °C show typical diffraction peak of anatase phase. As
the temperature increases to 600 °C, the diffractions especially
for the 101 reﬂection at 2h value of 25.4° become narrow and in-

Fig. 6. Small-angle XRD patterns of ordered hexagonal mesostructured TiO2–ZrO2
composites with varied Ti/Zr ratios calcined at (a) 400 °C and (b) 600 °C. A: meso10TZ, B: 20TZ, C: 40TZ, D: 60TZ, E: 80TZ, F: 90TZ.

tense with particle size of 14 and 21 nm for 80TZ and 90TZ, respectively (calculated from Scherrer formula), indicating a further
growth and a size increase of anatase nanocrystals, which results
in the collapse of the mesostructure.
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tion curves broaden (Fig. S2b in Supporting information) with the
increase of Ti/Zr ratio, indicating that the mesostructures are
greatly degraded. The calculated pore wall thickness is in the range
of 4.5–7.5 nm, which is in agreement with the TEM observations.
The heterogeneous photocatalytic degradation of RhB solution
under UV light irradiation is detected with UV–vis spectrophotometer after adsorption–desorption equilibrium. The characteristic
absorption bands of RhB located at 554 nm steadily decrease with
increasing irradiation times and the representative photograph
(Fig. 9) for the RhB solution using meso-50TZ calcined at 800 °C
as catalyst clearly shows the decoloration process of RhB solutions
along with irradiation time. Therefore, the concentration of RhB is
evolved using the linear part of the absorbance–concentration
curve (Beer’s Law) and measuring absorbance to ﬁgure out the corresponding concentration. The photocatalytic activity of commercial nonporous photocatalyst P25 was also measured under the
same condition for the purpose of comparison. Fig. 11a displays
the time proﬁles of C/C0 under UV light irradiation for meso-50TZ
calcined at different temperatures, where C is the concentration
of RhB at the irradiation time t and C0 is the initial concentration.
After light on, the concentration of RhB decreased with irradiation
time and the pseudo-ﬁrst-order reaction is observed. Samples calcined at 400, 800, and 900 °C all present good catalytic efﬁciency
and the degradation process ﬁnished within 40 min, which is comparable with the commercial P25. Fig. 10a shows the time proﬁles
of C/C0 under UV light irradiation for the representative samples
with different calcination temperatures. Similar to other studies
on organic dyes, the degradation catalytic reactions is ascribed to
a pseudo ﬁrst-order reaction with a simpliﬁed Langmuir–Hinshelwood model when C0 is very small [46–48]:

lnðC 0 =CÞ ¼ kt

Fig. 7. Wide-angle XRD patterns of ordered hexagonal mesostructured TiO2–ZrO2
composites with varied Ti/Zr ratios calcined at (a) 400 °C and (b) 600 °C. A: meso10TZ, B: 20TZ, C: 40TZ, D: 60TZ, E: 80TZ, F: 90TZ.

TEM images of mesoporous TiO2–ZrO2 composites with a variable Ti/Zr ratio are displayed in Fig. 8. The highly ordered hexagonal arrangement of pores along [0 0 1] direction and the alignment
of cylindrical pores along [1 1 0] direction are observed in meso20TZ (Fig. 8a), conﬁrming the 2D hexagonal mesostructure.
Similarly ordered mesoporous structures are also obtained in
meso-40TZ and 60TZ (Fig. 8b and c). The cell parameters evaluated
from TEM measurements are in the range of 8–11 nm, which are
consistent with the d value calculated from the small-angle XRD
patterns (Table 1). Fig. 8d shows the ordered channels in meso20TZ calcined at 600 °C, further proving the ordered mesostructures are retained after 600 °C treatment.
Nitrogen adsorption–desorption isotherms of mesoporous
TiO2–ZrO2 composites with different Ti/Zr ratios exhibit typical
type IV curves with sharp capillary condensation steps between
relative pressure (p/p0) of 0.4–0.8, implying the well-uniform mesopores with very narrow pore size distribution (Fig. S2a and b in
Supporting information). The hysteresis loops are very close to
the H1 type, suggesting uniform cylindrical pore geometry. These
mesoporous TiO2–ZrO2 composites possess BET speciﬁc surface
areas as high as 90–250 m2 g1 (Table 1). It is mainly related to
the mesostructual regularity resulted directly from the Ti/Zr ratio.
The pore sizes calculated from the desorption data using the BJH
model are in the range of 3.6–3.7 nm (Table 1), without obvious
change when the Ti/Zr ratio varies. However, the pore size distribu-

where k is the apparent ﬁrst-order rate constant, as shown in
Fig. 10b. The value of k gives an indication of the activity of the photocatalyst. The corresponding reaction rates for these three samples
follow a trend TZ800 (k = 0.086 min1) > TZ900 (k = 0.077 min1) >
TZ400 (k = 0.066 min1). However, TZ600 shows slower decomposition rate and lower catalytic activities (Fig. 10a and b,
k = 0.039 min1). It is difﬁcult to evaluate the effect of only one factor on photocatalytic activity excluding effects of other factors [49].
For example, crystallization of amorphous metal oxides by heat
treatment resulted in simultaneous changes in other properties
such as speciﬁc surface area, which is another main factor for reaction efﬁciency. It is presumed that the reaction rate is the results
due to the combination of the speciﬁc surface area and crystallinity
of the samples. Larger surface area provides more active sites and
with no doubt the decomposition rate reduces when the surface
area decreases. But here in our case, with the increase of calcination
temperature, the crystallinity of the samples becomes better while
the surface area decreases. In order to estimate the crystallinity on
the decomposition behavior of our samples, the reaction rate k is divided by the surface area:

ka ¼ k=ðm  SBET Þ
where m is the mass of the sample and SBET is the speciﬁc surface
area of the sample, therefore, ka is the decomposition rate per
square meter. As shown in Fig. 10c, it is found that the decomposition rate per surface area follows the order of TZ900 (ka = 0.045 min1 m2) > TZ800 (ka = 0.023 min1 m2) > TZ400 (ka = 0.0035
min1 m2) > TZ600 (ka = 0.0023 min1 m2). This order obviously
indicates that the reactivity becomes higher with the increase of
sample crystallinity. Furthermore, representative samples with variable Ti/Zr ratios are also tested for degradation of RhB. The mesoporous composites of 20TZ (k = 0.044 min1), 40TZ (k = 0.065
min1), 60TZ (k = 0.067 min1), and 80TZ (k = 0.090 min1), exhibit
photocatalytic activities (Fig. 10d and e) which are major related to
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Fig. 8. TEM images of the mesostructured TiO2–ZrO2 composites with varied Ti/Zr ratios calcined at 400 °C: (a) meso-20TZ viewed along [0 0 1] orientation; (b) meso-40TZ
viewed along [0 0 1] orientation; (c) meso-60TZ viewed along [0 0 1] orientation and (d) TEM images viewed along [0 0 1] orientation of the mesostructured 20TZ composites
calcined at 600 °C. The insets are TEM images viewed along [1 1 0] orientation. The bars are 100 nm for insets.

Table 1
Physicochemical properties of the mesoporous TiO2–ZrO2 composites prepared with different Ti/Zr ratios and calcining temperatures.
Sample

Calcination temperature (°C)

BET surface area (m2 g1)

Pore size (nm)

Pore volume (cm3 g1)

d100 (nm)

meso-50TZ

400
600
800
900
400
400
400
400
400
400

186
170
37
18
252
189
201
173
102
92

4.6
4.1
–
–
3.5
3.6
3.7
3.7
3.7
3.7

0.29
0.21
0.23
0.19
0.29
0.29
0.24
0.18
0.16
0.12

9.0
8.8
–
–
9.4
8.8
8.5
11.0
9.8
9.0

meso-10TZ
meso-20TZ
meso-40TZ
meso-60TZ
meso-80TZ
meso-90TZ

Fig. 9. The photo of RhB solution in the presence of TZ800 (0.1 g) at different time
intervals (min) of (1) 0; (2) 5; (3) 10; (4) 15; (5) 25 and (6) 35, respectively.

the Ti/Zr ratio. To estimate the Ti/Zr ratio effect on the decomposition behavior of our samples, the reaction rate k is also divided by
the surface area (Fig. 10f) as above. It is found that decomposition
rate per surface area follows the order of 80TZ (ka = 0.00882 min1 m2) > 60TZ (ka = 0.00387 min1 m2) > 40TZ (ka = 0.00323 min1 m2) > 20TZ (ka = 0.00233 min1 m2). With an increase in
the content of Ti, the degradation amount of RhB increases. This increase in activity is reasonable when the following points are taken
into consideration: ﬁrst, zirconia has a very large band gap, greater
than 5 eV [50], so it cannot act as a photocatalyst under the irradiation conditions used for these experiments. Second, noticed from
the wide-angle XRD data in Fig. 7, the crystallinity is found to be
gradually improved with the increase of Ti. For comparison, commercial P25 with the same mass is also tested for degradation of
RhB and exhibits a reaction rate of 0.044 min1. Most of our mesoporous TiO2–ZrO2 samples show higher photocatalytic activities
than P25 except TZ600. Compared to P25, the Ti ratios of our
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Fig. 10. Photocatalytic degradation of RhB monitored as the normalized concentration change versus irradiation time in the presence of (a) meso-50TZ calcined at different
temperatures, (b) corresponding ﬁt of RhB conversion data, and (c) corresponding reaction rate ka (k divided by the surface area) versus calcination temperature; (d)
concentration change versus irradiation time in the presence of mesoporous TiO2–ZrO2 with different Ti/Zr ratios, (e) corresponding ﬁt of RhB conversion data, and (f)
corresponding reaction rate ka (k divided by the surface area) versus Ti content.

samples are lower, while the surface areas are larger. The sufﬁcient
amount of Zr inhibits remarkably crystallization and the consequent structural growth, resulting in high surface areas [18]. Large
surface areas and pore volumes are beneﬁcial to more RhB molecules absorbed in the channels to contact with active sites. The mesoporous TiO2–ZrO2 composites exhibit a binary function for the
degradation of RhB derived from their crystalline of the framework
and high surface areas [51].
The photocatalytic activity of the ordered mesoporous titania–
zirconia composites for the hydrogen evolution reaction in methanol aqueous solution was investigated and a small amount of Pt,
act as cocatalyst, was loaded onto the meso-50TZ surface by a
photo deposition method using chloroplatinic acid as the Pt
source. The chemical composition of the surface before and after
Pt loading is provided by XPS (see Fig. S3 in Supporting informa-

tion). The Ti 2p core level XPS spectrum has two peaks at 458.6
(2p3/2) and 464.4 eV (2p1/2) [52], and the spectra reveal no noticeable chemical valence change for Ti after Pt loading process. The
formation of metallic Pt is conﬁrmed by XPS analysis of the Pt/
TiO2–ZrO2 surface. It shows two intense peaks centered at the
binding energies of 72.9 and 76.2 eV. These two peaks are attributed to Pt 4f7/2 and Pt 4f5/2 excitation of metallic Pt, respectively
[52]. Measured atomic concentrations, determined using XPS, of
the Pt-loaded sample indicates the Pt/Ti ratio is about 0.3 mol%
on the surface. All the samples are active photocatalysts for
hydrogen evolution. Fig. 11a depicts the time dependent progress
of photocatalytic reaction for the Pt loaded meso-50TZ samples
calcined at different temperatures. The formation of H2 commenced within ca. 15 min after the catalytic reactor containing
suspension of Pt loaded meso-50TZ sample in water–methanol
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sumed by volume and surface recombination [54] before they
encounter adsorbed species. The recombination rate of photogenerated electron–hole pairs has been well proved to be highly
dependent on the crystallite size, crystallinity, and morphology
of photocatalysts. Therefore, it is presumed that another factor
is that the large surface-to-volume ratio, porosity, and crystallinity of our samples result in an easier separation of electrons and
holes.

4. Conclusions

Fig. 11. (a) Overall water splitting over Pt-loaded meso-50TZ calcined at different
temperatures under UV irradiation; (b) effect of calcinations temperature on the
rate of gas evolution over Pt-loaded meso-50TZ.

A controlled synthesis of highly ordered mesoporous titania–
zirconia composites with crystalline frameworks using tetrabutyl
titanate and zirconium oxide chloride as titanium and zirconium
sources, and triblock copolymer F127 and P123 as SDAs via an EISA
process is demonstrated. The whole process is self-adjusting to
organize the network-forming metal oxide species without extra
acid or base. XRD, TEM, and nitrogen adsorption–desorption analysis techniques have been employed to systematically investigate
the pore wall structure and thermal stability. The highly ordered
mesoporous structures with 2D hexagonal symmetry are obtained
by adjusting the amounts of SDAs under a proper relative humidity
and evaporation temperature. A series of titania–zirconia nanocomposites with controlled texture properties and composition
are obtained in a wide range from 10 to 90 mol% TiO2 through tuning the initial mass ratios. The composites possess ordered 2D hexagonal mesostructure, high surface area (up to 200 m2 g1), large
pore volume (0.1–0.3 cm3 g1), and uniform pore size (3.5–
4.1 nm). The titania-zirconia composites show good photocatalytic
activities for photodegradation of rhodamine B and hydrogen evolution in an aqueous suspension, which can be ascribed to the
cooperative effect of the crystallinity and porosity of these materials. This approach may be developed to design more ordered mesoporous crystalline multi-metal composites with wide
applications.
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mixture was exposed to UV light irradiation. No reaction was observed under dark condition. As seen in this ﬁgure, the meso50TZ calcined at 400 °C (denoted as TZ400) exhibits a signiﬁcant
photocatalytic activity and the amount of hydrogen evolved per
unit mass of sample decreases when the calcination temperature
is raised to 600 °C. When the sample calcined at 800 °C (denoted
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600 °C (denoted as TZ600). This is the unique inﬂexion in the
hydrogen evolution reaction for the meso-50TZ calcined at different temperatures. Whereas, when the reaction continues for longer than 2 h, the amount of hydrogen evolved becomes smaller
than that of TZ600. The reaction rate (Fig. 11b) follows a trend:
TZ400 > TZ800 > TZ600 > TZ900. The observation on the hydrogen
evolution activity for these Pt loaded mesoporous TiO2–ZrO2 samples treated at different temperatures can be mainly attributed to
the large surface area, porosity, and crystallinity of the samples
[53]. First, the mesoporous TiO2–ZrO2 composites which possess
differently effective activity sites provides different reaction sites
for reactions. Second, the large surface area and through-porosity
ensures the sufﬁcient exposures to the UV light. Third, the different surface area and through-porosity allows different efﬁciencies
for the adsorption of water molecules, thus changing their interaction with the photo-generated charge carriers. As mentioned
above, the photocatalytic activity originates from photogenerated
electron–hole pairs produced when it absorbs light with energy
equal to or greater than that of its electronic band gap energy.
Unfortunately, most photogenerated electrons and holes are con-
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Appendix A. Supplementary data
EDX data of meso-50TZ (Fig. S1); Nitrogen adsorption–desorption isotherms and pore size distribution curves of mesostructured
TiO2–ZrO2 composites with varied Ti/Zr ratios calcined at 400 °C
(Fig. S2); XPS spectra of meso-50TZ (Fig. S3); band position and
the number of Lewis acid sites of meso-50TZ (Table S1). Supplementary data associated with this article can be found, in the online version, at doi:10.1016/j.micromeso.2009.05.006.
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