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TiO,-CeO, mixed oxides were synthesized by the sol-gel method and calcined at 473, 673 and 873 K.
The preparation method enabled us to obtain TiO,-CeO, mixed oxides with specific surface areas of 250,
174 and 99 m?/g. An important effect of the thermal treatment on the band gap of the TiO,-CeO, mixed
oxides was observed. The E; band gap shifts from 3.1 to 3.2 eV, for the TiO, bare catalysts, to 2.3-2.5eV on

the annealed mixed oxides. The X-ray Rietveld refinement shows that the calculated titanium deficiency
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diminishes as the annealing temperature of the mixed oxides is increased. A relationship between the
titanium deficiency per unit cell (from 44.8 to 20.0%) the Eg band gap (2.3-2.5eV) and the capacity for
the herbicide photodegradation (from 85.6 to 94.5%) was observed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Titanium dioxide has attracted much attention as photocata-
lyst, because its textural, structural and semiconducting properties
are all singular. Titanium dioxide is considered the semiconduc-
tor showing the best photoactivity. However, modifications in the
anatase-rutile phase ratio, crystallite size, specific surface area,
pore structure and band gap energy have important effects on its
capacity to photodegrade the organic pollutants presentin wastew-
ater [1-4]. Improved titania-based photoactivity has been reported
in solids whose photophysical and textural properties were mod-
ified by doping titanium dioxide with metals or metallic oxides
[5,6]. In this way, important modifications in the titania network
and hence in their structural and photocatalytic properties have
been successfully obtained by means of the synthesis of doped tita-
nia materials using the sol-gel method. The sol-gel process allows
doped-nanosized semiconductors formation by adding the doping
metal precursor to the gelling titanium alkoxide solution [7-9]. In
the sol-gel synthesis of the titanium alkoxide the hydrolysis and
polycondensation reactions occur simultaneously forming higher
molecular weight products [10-13]. The hydrolysis and polycon-
densation reactions are very sensitive to synthesis conditions such
as the type and quantity of solvent, water concentration, pH of
the gelling solution, reaction temperature and mixing conditions
[14,15]. The effect of pH and cerium oxide content on the textu-
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ral properties, crystalline structure and photophysical properties
has been recently studied for TiO,-CeO, semiconductors [16,17].
In such papers it has been reported that such properties are very
sensitive to thermal treatments. When the annealing temperature
of the solids was increased, a diminution in the titanium deficiency
[VTi*4] was found. Also, by using electron density maps, a contrac-
tion of the titania network was observed. On the other hand, the
photoactivity for the 2,4-dichlorophenoxiacetic acid on TiO,-CeO,
semiconductors annealed at constant temperature (673 K) was
recently reported showing that the cerium oxide content modifies
both the titania crystallite size and the photocatalytic properties
[18].With the purpose to understand the role of the annealing tem-
perature (473, 673 and 873 K) other than the cerium oxide content
in the photocatalytic properties of TiO,—CeO, mixed oxides the
semiconductors were prepared by the sol-gel method using tita-
nium isopropoxide and cerium nitrate as starting materials. The
characterization of the TiO,-CeO, solids annealed at different tem-
peratures was performed by means of nitrogen adsorption, X-ray
diffraction (XRD) Rietveld refinement and UV-Vis spectroscopy.
The photocatalytic evaluation was carried out by degrading 2,4-
dichlorophenoxyacetic acid.

2. Experimental
2.1. Catalyst preparation
The sol-gel TiO,-CeO, material was synthesized at pH 3 using

titanium alkoxide as reactant and HNOs3 as hydrolysis agent. The
catalyst preparation process was as follows: to a 2 neck flask
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containing an ethanol/water solution (16:8 molar ratio), the appro-
priate amount of cerium nitrate (Aldrich 99.9%) to obtain 10 wt%
CeO,, in the final solids was added. Afterwards, 1 mol of titanium
n-butoxide (Aldrich 97%) was added dropwise during 1 h. Then, the
solution was maintained in reflux until the gel was formed. After
gelling, the samples were dried in air at 373 K and annealed at 473,
673 and 873K for 4 h using a program rate of 2 K/min.A TiO, bare
sample calcined at 673 K was prepared in the same way described
above but without adding cerium nitrate.

2.2. Characterization

2.2.1. Adsorption measurements

Nitrogen adsorption isotherms were obtained at 77 K with an
automatic Quantachrome Autosorb 3B instrument. Prior to the
nitrogen adsorption, all the samples were outgassed overnight at
573 K. The specific surface areas of the samples were calculated
from the nitrogen adsorption isotherms using the BET method, and
the mean pore size diameter form the desorption isotherms using
the BJH method.

2.2.2. UV-Vis absorption spectra

The UV-Vis absorption spectra were obtained with a Varian
Cary Il UV-Vis spectrophotometer coupled with an integration
sphere for diffuse reflectance studies. A sample of MgO with a 100%
reflectance was used as a reference.

2.2.3. X-ray diffraction and Rietveld refinement

The X-ray diffraction patterns were obtained at room tem-
perature with a Bruker Advance D-8 diffractometer with a Cu
Ka radiation and a graphite secondary bean monochromator. The
intensities were obtained in the 2 theta ranges between 20° and
100° with a step of 0.05° and a measuring time of 0.5 s per point. The
crystalline structures were refined by Rietveld method [19-23]. The
titania tetragonal structure was refined using a tetragonal unit cell
with the symmetry described by group 14, /amd. For the peak pro-
file shapes, we used the Voigt function and the polynomial Cheby I
whit 6 terms [24]. The values for titanium deficiency per unit cell (%)
were calculated using the Wyckoff positions and the occupancies
[23] were refined by the Rietveld method.

2.2.4. Electron density maps of Fourier

The electron density maps were calculated following the
method described in detail elsewhere [17]. In brief, on a point (x,
y, z) of the crystallite cell with volume V was calculated by Fourier
series using the structural factors F(h, k, 1):

o(x,y,z) =V~ ZZZF(h, k, 1) exp[—2mi(hx + ky + 12)]
h k 1

where (X, y, z) represents a vector r of real space, with one vector
space (a, b, ¢) and (h, k, I) are the coordinates of one vector from the
reciprocal space with base (a* b*, c*), i.e., they are the coordinates
from the diffraction plane that it is given by Bragg’s Law.

2.2.5. Catalytic activity

The photodegradation experiments were carried out at room
temperature (298 K) as follows: to a flask with an aqueous solution
(250 mL) containing 30 ppm of 2,4-dichlorophenoxyacetic acid,
250 mg of catalyst were added. The solution with air flux (Air-Pump
BOYU S-4000B, Pressure: 0.012 MPa, Power: 9W and OUTPUT:
3.21/min) was maintained under stirring for 15min in the dark
until reaching the adsorption-desorption equilibrium. Then, it was
irradiated in a closed box with a UV lamp Pen-Ray (UVP), which
emits a A radiation of 254 nm with an emission of 2000 wW/cm?.
The reaction rate was followed by taking a sample every 15 min

Table 1
Specific surface areas and band gap energies for the TiO,-CeO; samples annealed
at different temperatures.

Sample Surface area (m?g~1) A (nm) Eg (eV)
TiO; at 673K 73 388 3.1
TiO,-CeO; at 473K 250 539 23
TiO,-CeO, at 673K 174 517 24
TiO,-CeO, at 873K 929 496 2.5

Eg: band gap energy.

and then analyzed in a UV-Vis spectrophotometer Varian, model
Cary-IIl. The concentration of 2,4-dichlorophenoxyacetic acid was
calculated from the adsorption band at 229nm, applying the
Lambert-Beer equation.

3. Results
3.1. Specific surface area

The specific surface areas of the samples annealed at different
temperatures are reported in Table 1, where it can be seen that the
BET specific surface area of titania-ceria decreases for the samples
calcined at 473 and 873 K from 250 m2/g to 99 m?/g, respectively.
This implies a diminution of 60% of the specific surface area by
the effect of the annealing temperature; i.e., the pore walls were
smoothed and some pores collapsed because of the sintering pro-
cess [25]. Similar effects on the diminution of the specific surface
area were also observed on TiO,-CeO, samples prepared with dif-
ferent CeO, contents [18,25].

3.2. UV-Vis spectroscopy

The band gap energy (Eg) of the TiO;, CeO; and TiO,-CeO,
samples calcined at 873 K was calculated from the UV absorption
spectra (Fig. 1) by taking into account «(E) « (Eng)m/Z, where
«(E) is the absorption coefficient for a photon with energy E, and
m=11is for an indirect transition between bands [26]. The band gap
energies calculated by a linear fit of the slope to the abscissa are
reported in Table 1 for the titania-ceria mixed oxides. The Eg val-
ues for the titania-ceria mixed oxides are of the same order for
the three annealing temperatures (2.3-2.5eV), however, they are
far from that obtained in the TiO, bare catalyst annealed at 673 K
(3.2eV) and that of CeO; (2.8 eV). In previous works, the Eg band
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Fig. 1. UV-Vis spectra for the TiO;, CeO; and TiO,-CeO, samples annealed at the
same temperature.
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Fig. 2. Rietveld refinement plots for the TiO,-CeO, samples as a function of the
annealing temperature. Tick marks correspond to the anatase phase.

Table 2

Rietveld refinement data for TiO,-CeO, samples annealed at different temperatures.
Sample Anatase (Wt.%) Crystallite size (nm) [VF4*]
TiO,-CeO, at 473K 100 8.9(7) 448
TiO,-CeO, at 673K 100 21.0(10.3) 22.4
TiO,-CeO, at 873K 100 43.6 (2) 20.0

The number in parenthesis corresponds to the standard deviation.
[V*5#*]: titanium deficiency per unit cell (%).

gap shift to the visible region has been attributed to the incorpo-
ration of Ce** cations substituting some Ti** cations in the titania
network as well as by the titanium deficiency created per unit cell
V'] [18,25].

3.3. X-ray diffraction patterns

The Rietveld refinement plots for the TiO,-CeO, photocatalyst
(Fig. 2) show anatase as the crystalline phase for all the samples.
The absence of peaks identifying cerium oxide suggests the prob-
able insertion of some Ce** in the titania network as well as the
formation of cerium oxide conglomerates highly dispersed over
the titania surface. The size of such conglomerates is too small
and they cannot be detected because of the limited resolution
obtained by XRD diffraction when supported nanocrystalline struc-
tures are present. In previous work on TiO,-CeO, mixed oxides, the
CeO,, crystalline structure was identified in samples annealed up to
1073 K [25].

The crystalline size calculated by the Rietveld refinement for the
various solids is reported in Table 2. The smallest nanocrystallites
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Fig. 4. Photodecomposition of the 2,4-dichlorophenoxyacetic acid on TiO,-CeO,
photocatalysts as a function of time.

(8.9 nm) correspond to the sample annealed at 473 K; meanwhile
the largest crystallite size (43.6 nm) was obtained in the sample
annealed at 873 K.

The estimated values concerning the titanium deficiency per
unit cell are reported in Table 2. It can be seen that it diminishes
from 44.8 to 20% per unit cell on the TiO,-CeO, photocatalyst
calcined at 473 and 873K, respectively. These results show that
titanium deficiency can be created on TiO,-CeO, mixed oxides by
varying the annealing temperature of the xerogels.

The effect of the cerium oxide in the electron density of TiO; is
illustrated in Fig. 3, where the electron density maps are very differ-
ent for TiO, and TiO,-CeO, semiconductors. These results suggest
that the CeO, can modify the Eg band energy on the TiO,-CeO,
mixed oxides.

3.4. Catalytic activity

The activity of the catalysts was evaluated in the pho-
todegradation of the 2,4-dichlorophenoxyacetic acid at room
temperature. The photodegradation of the substrate was followed
by the UV absorption band at 229 nm. The evolution of the 2,4-
dichlorophenoxyacetic decomposition as a function of time is
presented in Fig. 4. From the data in these curves, the apparent
rate constant (K) was calculated by the Integral Method for an irre-
versible monomolecular first order reaction [26,27]:

dCa
=-—2=KC
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Eg=25¢eV
=4+
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T’o,so or o
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Fig. 3. Electron density maps of Fourier obtained by XRD for TiO, and TiO,-CeO, samples annealed at 873 K.
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Fig. 5. Kinetic constant for the 2,4-dichlorophenoxyacetic acid decomposition on
TiO,-CeO, photocatalysts.

If the batch reactor works at constant density, then:

Ca
In [ CA0:| kt
where C, is the concentration at time t, and Cg, is the initial con-
centration.

An acceptable linearity was obtained by applying the first order
kinetic equation (Fig. 5). The calculated values for the constant
rate are reported in Table 3, where it can be seen that the highest
value corresponds to the samples annealed at 873K (k=0.0150s"1).
Although Fig. 4 shows some differences between the photoactiv-
ity of the TiO,-CeO, materials annealed at 673 and 873K, the
mathematic treatment done over the experimental data by lin-
ear regression decreased the experimental error. In such a way the
kinetic constant value for both samples appear to be the same (see
Table 3).

The dependence of the photocatalytic activity and the pho-
tophysical properties (Eg) is presented in Fig. 6. An acceptable
correspondence between the photoactivity and the band gap
energy can be seen. It can be said that the Eg variation induced
by the thermal treatments is the most important factor altering the
photoactivity.

In Fig. 7, the photoactivity and the titanium deficiency, as a func-
tion of the annealing temperature, are presented. This figure shows
that the catalyst with the lowest titanium deficiency is the most
active for the 2,4-D photodegradation.

The TiO, is a dielectric material when it has a stoichio-
metric composition, i.e. the TiO, can become a semiconductor
material when its stoichiometric composition is modified. The non-
stoichiometric composition in the titania framework (Ti;_,0;) can
be due to the point defects (Frenkel defects and/or Schotty defects)
and/or substitutions during the syntheses process of the materi-
als [28,29]. On the other hand, 3.1 and 3.20eV values of band gap

Table 3
Photoactivity for the 2,4-dichlorophenoxyacetic acid decomposition on the
TiO,-CeO; samples annealed at different temperatures.

Sample K(s™) Conversion after 2.5h (%)
TiO, 0.0020 53.0
TiO,-CeO, at 473K 0.0073 85.6
TiO,-Ce0, at 673K 0.0140 93.7
TiO,-Ce0O, at 873 K 0.0150 94.5

K: kinetic constant.
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Fig. 6. Conversion and band gap energy as a function of the annealing temperature
for the TiO,-CeO, photocatalysts.

energy for TiO, solids synthesized by sol-gel method and annealed
at673 Kand 873 Krespectively have been reported [30-32].In such
a way these values have showed that band gap energy were not
strongly dependent on the annealing temperature for TiO,. Mean-
while in Table 1 and Figs. 1 and 3 show the important role of the
cerium oxide in the band gap energy values (from 2.3 to 2.5eV)
in TiO,-CeO, sol-gel. This result has been attributed to doping
effects, some substitutions of Ti** by Ce*" cations in the titania
framework that form Ti-O-Ce bonds are reported [25]. The modifi-
cation of the Eg band for the TiO,-CeO; mixed oxides could also be
a consequence of the transitions f — d of Ce3* species and interband
transitions in CeO; [33,34].

The titanium deficiencies, calculated by the Rietveld refinement
method are point defects into the titania—ceria framework [28]. As
aconsequence, the electronic density can be modified by this factin
the TiO,-CeO, solids (see Fig. 3). We can see these changes quan-
titatively on the band gap energy values reported in Table 1. On
the other hand, the point defects are diminished by the increase
in the crystallite size as consequence of the annealing tempera-
ture. This fact is due to the reorientation that the atoms acquire
during calcination process, i.e. more of the amorphous parts of the
TiO,-CeO5 solids are crystallized when the temperature is raised.
Therefore at higher annealing temperature TiO,-CeO, solids have
better crystallinity and hence lower point defects.
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The titanium deficiency results were estimated from the occu-
pancy calculated and the occupancy refined by Rietveld’s technique
as follows:

Multiplicity_of iion
Maximun_multiplicity for_its_space_group

Occupancy_calculated =

Occupancy_calculated — Occupancy_refined

Occupancy_calculated x 100%

Deficiency = [

It must be expected that in samples with a high titanium deficiency
(see Table 2), important modifications in the band gap must be
created. In Table 1, it can be seen that the lowest Eg value corre-
sponds to the semiconductor with the highest titanium deficiency.
However, when the semiconductor strongly diminishes the band
gap, not only a fast electron-hole pair formation occurs; also a
fast electron-hole recombination is produced at the same time. In
Fig. 7 the photoactivity and titanium deficiency as a function of the
annealing temperature is showed. In samples with a high titanium
deficiency in which a fast electron-hole pair recombination must
occur the photodegradation rate is diminished. Thus, an inverse
correlation between the Eg band gap and titanium deficiency was
obtained in the TiO,-Ce0, mixed oxides (Fig. 8). It should be noted,
that the values of deficiencies shown in Table 2 are not necessarily
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Fig. 9. Conversion and average crystallite size as a function of the annealing tem-
perature for the TiO,-CeO, photocatalysts.

titanium vacancies, i.e. the deficiencies of the Ti can be occupied by
other ions as: oxygen and /or cerium [18].

Finally, the effect of the crystallite size on the photochemical
properties of the TiO,-CeO, semiconductors can be seen in Fig. 9.
These results show that in TiO,-CeO, semiconductors, modifica-
tions in the crystallite size and hence in the Eg can be produced by
thermal treatments.

4. Conclusions

The present study shows the modifications in the textural, pho-
tophysical and photocatalytic properties induced by the annealing
temperature on TiO,-CeO, semiconductors: i) modification of the
Eg band gap. ii) formation of strong titanium deficiencies [V*1;%*]
in the solids. iii) important modifications in the crystallite size
(8.9-43.6 nm). iv) important relationship between the photoactiv-
ity and the electron-hole pair recombination. It can be concluded
that the band gap energy variations are a consequence of the tita-
nium deficiency produced by the annealing temperature. These
important factors Eg and titanium deficiency remarkably modifies
the photocatalytic activity for the 2,4-D degradation on TiO,-CeO,
semiconductors.
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