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The influence of Ce doping of titania
on the photodegradation of phenol
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Abstract Pure and cerium-doped [0.05, 0.1, 0.3, 0.5, and
1.0 Ce nominal atomic % (at.%)] TiO2 was synthesized
by the sol–gel method. The obtained catalysts were char-
acterized by X-ray diffraction (XRD), UV–visible dif-
fused reflectance spectroscopy (DRS), Raman, and BET
surface area measurement. The photocatalytic activity of
synthesized samples for the oxidative degradation of phe-
nol in aqueous suspension was investigated. The content
of Ce in the catalysts increases both the transition tem-
perature for anatase to rutile phase transformation and
the specific surface area, and decreases the crystallite
size of anatase phase, the crystallinity, and the band
gap energy value. The material with higher efficiency
corresponds to 0.1 Ce nominal at.%. Under irradiation
with 350 nm lamps, the degradation of phenol could be
described as an exponential trend, with an apparent rate
constant of (9.1 ± 0.6) 10−3 s−1 (r2=0.98). Hydroquinone
was identified as the main intermediate.
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Introduction

Phenolic compounds constitute an important family of waste-
water pollutants produced by chemical, petrochemical, food-
processing, or biotechnological industries (Patel et al. 2014).
The current levels of pollutant removal from water, with con-
ventional water treatment technologies, are often not fully
satisfactory when wastewater streams contain significant
amounts of hardly biodegradable compounds such as phenolic
pollutants (Adán et al. 2011).

In recent years, the application of heterogeneous photocat-
alytic water purification processes has gained wide attention
due to its effectiveness in degrading and mineralizing the re-
calcitrant organic compounds as well as the possibility of uti-
lizing the solar UV and visible-light spectrum. By far, TiO2

has played a much larger role in this scenario compared to
other semiconductor photocatalysts due to its low cost, effec-
tiveness, inert nature, and photostability.

The photocatalytic mechanism is initiated by the absorption
of the photon hν with energy equal to or greater than the band
gap of TiO2 (~3.1 eV for the anatase phase) producing an
electron-hole pair on the surface of TiO2 particle. An electron
is promoted to the conduction band (CB), while a positive hole
is formed in the valence band (VB). Excited state electrons and
holes can recombine and dissipate the input energy as heat, get
trapped in metastable surface states, or react with electron do-
nors and electron acceptors adsorbed on the semiconductor sur-
face or within the surrounding electrical double layer of the
charged particles. After the reaction with water, these holes
can produce hydroxyl radicals with high redox oxidizing poten-
tial. Depending upon the exact conditions, the holes, OH, O2
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H2O2, and O2 itself can play important roles in the photocata-
lytic reaction mechanism (Grabowska et al. 2012).

A substantial amount of research has focused on the en-
hancement of TiO2 photocatalysis bymodification with metal,
nonmetal, and ion doping (Pelaez et al. 2012; Grabowska et al.
2012; Daghrir et al. 2013). The primary purposes of doping
TiO2 are to retard the fast charge recombination and enable
visible light absorption by creating defect states in the band
gap. Generally speaking, the photocatalytic activities of TiO2

depend on various parameters in a complex way. Not only the
intrinsic properties of TiO2 (e.g., crystallinity, surface area,
particle size, defect sites, surface charge) but also the sub-
strate–surface interactions that should depend on the kind of
substrate play significant roles in deciding the overall
photocatalysis (Park et al. 2013).

Doping with lanthanides is a promising choice since lan-
thanide ions are known for their ability to form complexes
with various Lewis bases (e.g., alcohols, aldehydes, amines,
etc.) through the interaction of these functional groups with
the f orbitals of lanthanides (Ranjit et al. 2001). Moreover, rare
earth oxides are found to have polymorphs, strong adsorption
selectivity, good thermal stability, etc., due to their f electron
and multi-electron configuration (Xu et al. 2006).

Particularly, the utilization of Ce-doped TiO2 was re-
ported for the degradation of some substrates: 2-
mercaptobenzothiazole (Li et al. 2005), rhodamine B
(Xiao et al. 2006), formaldehyde (Xu et al. 2006), 4-
chlorophenol (Silva et al. 2009), methylene blue (Aman
et al. 2012), and bisphenol A (Chang and Liu 2014). The
efficiencies of these treatments were diverse, as expected,
because the process is substrate-dependent.

Several reviews focus on comparing the efficiency of dif-
ferent treatments for the degradation of phenol as a Bmodel^
contaminant (Esplugas et al. 2002; Liotta et al. 2009;
Grabowska et al. 2012). However, no reports were found
about the influence of cerium doping of TiO2 on the
photodegradation of phenol.

We present here a comparative study on the photocatalytic
efficiency of undoped and Ce-doped TiO2 (0.05–1.0 Ce nom-
inal at.%) prepared by the sol–gel method. The synthesized
samples were characterized by X-ray diffraction, Raman scat-
tering, UV-visible diffuse reflectance spectra, and N2

physisorption. The photocatalytic activity of the materials
for the oxidative degradation of phenol in aqueous suspen-
sion, under different irradiation sources, was investigated.

Experimental section

Chemicals

The following specific reagents were used in this study: tita-
nium tetraisopropoxide (TTIP, Aldrich), absolute ethanol

(Anedra), nitric acid (Anedra), titanium dioxide (Degussa
P25), and phenol (Aldrich). The metal-ion precursor used in
the preparation was cerium(III) nitrate hexahydrate
(Ce(NO3)3.6H2O, Aldrich).

Preparation of photocatalysts

The photocatalysts were prepared by standard sol-gel
methods. TiO2 sols were obtained by dropwise addition of
an ethanolic TTIP solution, where 5 mL of TTIP was mixed
with 50 mL of anhydrous ethanol, to 50 mL of distilled water
adjusted to pH 1 with nitric acid under vigorous stirring at
25 °C. After continuously stirring for 24 h, the resulting sus-
pension was evaporated and dried at 50 °C overnight. The
obtained crystals were ground to powder and calcined at
400 °C (6 °C min−1) or 600 °C (6 °C min−1) for 1 h, under
air. Ce-doped TiO2 samples were prepared according to the
above procedure in the presence of Ce(NO3)3 6H2O to give a
doping level from 0.05 to 1.0 nominal at.%. The appropriate
amount of metal-ion precursor was added to distilled water
before the hydrolysis of TTIP, and the subsequent procedures
were the same as described above. The undoped sample is
white, while the doped samples exhibited different tones of
yellow according to their Ce content. The prepared materials
calcined at 600 °C will be referred to hereafter as undoped and
0.05 Ce, 0.1 Ce, 0.3 Ce, 0.5 Ce, and 1.0 Ce (referring to Ce
nominal at.%). Similarly, the catalysts calcined at 400 °C will
be referred to as undoped-400 and 0.1 Ce-400.

Characterization of the photocatalysts

Crystal structure patterns of the Ce-doped TiO2 powder sam-
ples were examined by X-ray diffraction (XRD) using a
Philips diffractometer (PW-1390) with Cu Kα radiation. The
Raman scattering measurements of TiO2 samples were per-
formed in the backscattering geometry at room temperature in
air using a Jobin-Yvon T64000 triple spectrometer, equipped
with a confocal microscope and a nitrogen-cooled charge-
coupled device detector. The spectra were excited by a
514.5 nm line of argon laser with an output power of less than
5mW to avoid local heating due to laser irradiation. Brunauer-
Emmett-Teller (BET) surface area measurements were carried
out using N2 as the adsorptive gas (Micromeritics ASAP
2020). UV–Vis diffuse reflectance spectra (DRS) were obtain-
ed on a UV–Vis Perkin-Elmer Lambda 35 spectrophotometer.

Photocatalytic decomposition of pollutant

The photocatalytic oxidation of phenol in catalyst suspensions
was carried out in a glass reactor at 25 °C, in air and with
continuous stirring to ensure that the material was in suspen-
sion. For each run, the reaction mixture was prepared by ul-
trasonically dispersing 100 mg catalyst, 5 μg phenol
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(Aldrich), and 100 mL ultrapure water (Milli-Q: resistivity
>18 MΩ cm and <20 ppb organic carbon), in the dark for
15 min. A Rayonet photochemical reactor RPR-100
(Southern New England Ultraviolet Company) with inter-
changeable lamps of different wavelengths (white, 350 or
575 nm) was used. The corresponding spectra are shown in
Fig. 1.

The sampling was performed periodically. The phenol con-
centration and intermediate products (catechol, hydroquinone
and p-benzoquinone) in the filtered samples were determined
by HPLC (HP 1050 Ti series) using the corresponding stan-
dard solutions. The elution was monitored at wavelengths of
200, 270, 200, and 250 nm for phenol, catechol, hydroqui-
none, and p-benzoquinone, respectively. The column was a
C18 Restek Pinnacle II (particle size 5 μm, 2.1 mm, id
250 mm), and the mobile phase was a 50/50 (v/v) methanol/
H3PO4 (0.2 %) mixture at 0.1 mL min−1 constant flux.

The evolution of phenol concentration in aqueous solution
with irradiation (without catalyst) and without irradiation (but
with each catalyst) was performed to check direct photolysis
and the adsorption of phenol on the materials, respectively.

To analyze the Ce and Ti leaching from the catalysts, metal
ion concentrations were determined using ICP-mass spec-
trometry (ICP-MS, Nexlon 300X, Perkin-Elmer Co., USA).
The sampling was performed at the end of the irradiation
period. The samples were filtered through a cellulose mem-
brane with pore size of 0.45 μm and stored in the refrigerator
until analysis.

Results and discussion

Catalyst characterization

Figure 2 shows XRD patterns of undoped and modified TiO2

photocatalysts. It was found that all samples calcined at
400 °C were of anatase phase. Compared to highly crystalline
anatase TiO2, (103) and (112) crystal faces did not grow very
well, which commonly occurred in TiO2 calcined below
500 °C (Sun et al. 2013).

An increase in calcination temperature to 600 °C resulted in
a significant improvement in the crystallinity of the material.
For undoped titania, a complete A–R (anatase to rutile) trans-
formation was observed. The presence of both phases, anatase
(A) and rutile (R), in doped material with a low nominal
amount of Ce (0.05 Ce, 0.1 Ce, and 0.3 Ce) was detected,
while for 0.5 Ce and 1.0 Ce, only the A phase was observed.
This result indicates that the presence of Ce inhibited the
phase transformation at 600 °C. The chemical bonds of Ti–
O–Ce three elements around the anatase crystallites could eas-
ily occur during the thermal treatment process, which possibly
inhibited the formation and growth of the crystal nucleus of
rutile (Liqiang et al. 2004).

Moreover, as the content of Ce increased in the doped
samples, the peaks broadened, and their intensity slightly
weakened indicating weaker crystallinity. Lanthanide ions
are known to be less reactive than titania precursor species,
which also slows down the condensation and crystallization
processes of the titania matrix (Aman et al. 2012).

No diffraction peaks that could be attributed to the dopant
ion were observed, not even for the highest Ce content. Our
result suggests that the doping levels or the thermal treatment
employed does not induce the formation of discrete impurity
phases of cerium oxide, in accordance with a previous report
(Aman et al. 2012). Furthermore, the ionic radius of Ce3+ is
0.097, which is much larger than that ofTi4+ (0.061 nm) but
smaller than that of oxygen (0.14 nm). Hence, it is difficult for
lanthanide ions to enter the TiO2 lattice to replace Ti4+ ions
(Nguyen-Phan et al. 2009). It is conceivable that metal impu-
rities, which were formed during synthesis, were nanoscopic
or possibly well dispersed on the surface (Choi et al. 2010).
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Fig. 2 XRD patterns of undoped and Ce-doped TiO2 samples (calcined
at 600 °C), undoped-400, and 0.1 Ce-400 (calcined at 400 °C) compared
with P25 Degussa
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The diffraction peak broadening was used to estimate the
average TiO2 crystallite size in terms of the Scherrer equation
(Klug and Alexander 1974):

D ¼ Kλ=βcos θ

where D is the average crystallite diameter in angstrom, β is
estimated as the line width at half-maximum height of the
main intensity diffraction peak of anatase (101) or rutile
(110) after background removal, K=0.89 is a constant related
to the crystallite shape and the way in which D and β are
defined, θ is the diffraction angle, and λ is the X-ray wave-
length corresponding to CuKα irradiation (1.5417 Å).

The XRD intensities of the anatase (101) peak and the
rutile (110) peak were also analyzed. The weight percent of
the anatase and rutile phases was determined by Spurr–Myers
equation (Demeestere et al. 2005):

Awt% ¼ 1þ 1:265IR=IAð Þ−1 � 100
Rwt% ¼ 100� Awt%

IA and IR refers to the diffraction intensities of the (101)
anatase and (110) rutile crystalline phases at 2θ=25.3° and
27.5°, respectively.

The crystallite sizes of anatase and rutile at each calcination
temperature are listed together with their respective percent-
ages in Table 1.

The crystallite size of anatase thus estimated for samples
calcined at 400 °C was 10.12 nm for undoped titania, while
there was no change in size after doping with 0.1 at.% Ce. For
samples calcined at 600 °C, A crystallite size decreases from
26.32 nm (0.05Ce) to 9.05 nm (1.0 Ce). The presence of
relatively large Ce3+ on the particle surfaces, at grain bound-
aries and grain junctions, could inhibit the crystallite growth
of titania through the formation of Ce–O–Ti bonds that

increase the diffusion barrier at the titania grain junctions
(Sibu et al. 2002).

Raman spectra were further employed to identify the
surface geometric structure of the samples. As shown in
Fig. 3, three Raman-active modes corresponding to the
typical vibrational bands of rutile TiO2 (Ma et al. 2007;
Yan et al. 2014) are clearly observed for undoped TiO2

calcined at 600 °C.
For the doped materials, the Raman spectra of the cat-

alysts calcined at 600 °C are dominated by anatase Raman
modes (Ohsaka et al. 1978; Grujić-Brojčin et al. 2014):
Eg(1) (140 cm−1), Eg(2) (195 cm−1), B1g (395 cm−1), A1g +
B1g (518 cm−1), and Eg(3) (636 cm−1), as shown in the
inset of Fig. 3.

Nitrogen adsorption–desorption isotherms of prepared
photocatalyst samples were tested to evaluate the textural
properties. Adsorption isotherms of certain selected composi-
tions, calcined at 400 and 600 °C, are presented in Fig. 4.

All the isotherms exhibited typical type IV behavior with a
hysteresis loop caused by capillary condensations within the
mesopores, according to BDDT (Brunauer–Deming–
Deming–Teller) classification (Sing et al. 1985). Average pore
diameters obtained from BJH desorption were 9.2 and 8.1 nm
for undoped and 1.0 Ce, respectively. Volume adsorption was
higher for Ce-doped than for the undoped sample, which in-
dicates a higher surface area. Moreover, it was found that the
specific surface area increases from 4.75 m2/g for the undoped
sample to 57.71 m2/g for the Ce-doped samples (see Table 1).
Considering the XRD results of the Ce-doped sample, it can
be concluded that the doping of Ce ions can confine the crys-
tallite size, which results in the larger specific surface area of
Ce-doped samples.

According to the BET analysis for the 0.1 Ce sample,
the rise in calcination temperature reduces the surface

Table 1 Structural, textural, and
optical properties of synthesized
photocatalysts calcined at 600 and
400 °C, and commercial P25 for
comparison

Photocatalyst XRD Nitrogen physisorption UV–Vis

Crystallite sizea (nm) Crystalline phaseb (wt.%) BET surface
area (m2/g)

Absorption
edge (eV)

Anatase Rutile Anatase Rutile

P25 21.32 54.17 76 24 81.88 3.16

undoped n.d. 98.47 n.d. 100 4.75 3.07

0.05Ce 26.32 82.72 39 61 16.37 3.06

0.1Ce 23.86 84.40 81 19 27.68 2.80

0.3Ce 20.69 56.90 72 28 33.35 2.75

0.5Ce 13.57 n.d. 100 n.d. 42.94 2.70

1.0Ce 9.05 n.d. 100 n.d. 57.71 2.68

undoped-400 10.12 n.d. 100 n.d. 87.42 3.02

0.1Ce-400 10.11 n.d. 100 n.d. 83.92 2.90

a Estimated by Scherrer equation using the XRD line broadening
bWeight percent of anatase and rutile were calculated by Spurr–Myers equation.
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area from 83.92 m2/g (400 °C) to 27.68 m2/g (600 °C),
to the detriment of the amount of active sites on which
the reactants can be adsorbed. However, powders with a
large surface area are usually associated with large
amounts of crystalline defects, which favor electron-
hole recombination leading to a poor photoactivity.
Recently, it has been reported that the photocatalytic ac-
tivity of amorphous TiO2 is negligible, indicating that
crystallinity is an important requirement. Then, a balance
between surface area and crystallinity must be found in
order to obtain the highest photoactivity (Carp et al.
2004).

The absorption spectra of the samples were evaluated
by UV–Vis DRS as shown in Fig. 5. Prepared undoped
TiO2 showed an absorption threshold at 410 nm, which
is characteristic of the rutile phase (Yan et al. 2014).
Cerium incorporation to TiO2 induces a red shift of the
electronic absorption band that correlates with the Ce

content of the material. Such observation is consistent
with previous studies (Coronado et al. 2002; Xiao et al.
2006). This redshift of the absorption edge in Ce-doped
catalysts promotes the generation of electron-holes under
visible-light irradiation.

The band gap energies of the materials could be estimated
using the following equation (Zhou et al. 2011):

αhνð Þn ¼ B hν− Egð Þ
where hν is the photon energy, α is the absorption coef-
ficient that can be obtained from the scattering and re-
flectance spectra according to the Kubelka–Munk theory,
B is a constant relevant to the material, and n is the
value that depends on the nature of transition: 2 for a
direct allowed transition, 3/2 for a direct forbidden tran-
sition, and 1/2 for an indirect allowed transition. The
(αhν)n (n=1/2) versus hν extrapolated to α=0 represents
the absorption band gap energy. Table 1 lists the band
gap energy values of the TiO2 photocatalysts. The band
gap energy for the undoped TiO2 is 3.07 eV and de-
creases with Ce content up to 2.68 eV (for 1.0 Ce).

Photocatalytic degradation of phenol

The evolution of phenol concentration in aqueous solution
with irradiation (without catalyst) and without irradiation
(but with each catalyst) was performed as control experiments.
Neither of them presents degradation of phenol. Moreover, no
significant adsorption effect was observed (by comparison
with analytical concentration).

Experiments of photocatalytic degradation of phenol using
three different light sources (white, 350 and 575 nm) were
done. Figure 6 shows the percentage of degradation after 3 h
(with 350 nm lamp) and 5 h (with white and 575 nm lamps) of
irradiation.

The efficient absorption of visible light does not appear to
be a decisive factor in the photocatalytic activity of Ce-TiO2.
Although the catalyst absorption at λ >400 nm increases with
the Ce content (see Fig. 5), the irradiation with specific
sources of light did not yield a better efficiency of photocata-
lytic degradation. This observation is in line with the behavior
described by other authors (Li et al. 2005; Choi et al. 2010).
However, due to the relevance of visible light in the solar
spectrum, the degradation of 25 % of the initial concentration
of phenol by 0.1 Ce is a promising result.

For the three lamps used, the addition of a low amount of
cerium to the catalysts (0.05 %) increases the percentage of
degradation of phenol compared to undoped material.
However, when the 0.1 Ce at.% (0.6 % w/w) is exceeded,
the efficiency stays the same or decreases. This decrease in
the photocatalytic activity of Ce-doped catalysts with the in-
crement of Ce concentration above certain values was already
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observed and was attributed to the presence of amorphous
phase, promoting electron-hole recombination (Silva et al.
2009).

We found that 0.05 Ce, 0.1 Ce, and 0.3 Ce with both phases
(A and R) were better materials for the degradation of phenol.
A similar observation, namely that the mixtures of both phases
exhibit higher photoactivity as well as effective degradation of
phenol in comparison with pure A or R catalysts, was reported
for pure TiO2 (Zhang et al. 2000). Moreover, it was reported
(Choi et al. 2010) that metal-doped TiO2 with a relatively high
fraction of rutile (around 28 %) showed significantly en-
hanced photocatalytic activity (evaluated for methylene blue
degradation, iodide oxidation, and phenol degradation under
visible-light irradiation at λ >400 nm).

Recently,Wang et al. (2014) reported that an increase in the
crystallite size from 6.6 to 26.6 nm led to a significant im-
provement in the photoreactivity of pristine anatase nanopar-
ticles (for the degradation of phenol), while this reactivity was

independent of the crystallinity. Interestingly, our best
performing catalysts (0.05 Ce, 0.1 Ce and 0.3 Ce) have A
crystallite sizes (see Table 1) similar to the better value report-
ed there (Wang et al. 2014). Therefore, the relation of A/R
phases seems to be as important as the crystallite size in the
photoreactivity of TiO2 catalysts.

A closer study was performed with the 0.1 Ce catalyst (the
better synthesized material). The catalyst stability is essential
for industrial applications since it has to maintain its activity
during a long period of operation. One of the main drawbacks
of metallic catalysts is the leaching of the active phase into the
liquid phase (Martins et al. 2010). The concentrations of Ti
and Ce, after the utilization of the catalyst, were determined in
the reaction mixture. For both metals, the values were under
the detection limits, 5 ppb (for Ti) and 70 ppt (for Ce). Then,
the photocatalytic activity could be considered as a heteroge-
neous process.

For the three light sources, the degradation of phenol (with
0.1Ce) followed an exponential trend. The apparent rate con-
stants were (7.0±0.3) 10−4 s−1 (r2=0.99), (9.6±0.1) 10−4 s−1
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(r2=0.99), and (9.1±0.6) 10−3 s−1 (r2=0.98) for white, 575 and
350 nm lamps, respectively. This observation is in line with
reported behaviors for pristine anatase TiO2 (Wang et al.
2014) and Degussa P25 TiO2 with 80 % A and 20 % R
(Peiró et al. 2001). However, the degradation of phenol by
undoped TiO2 (calcined at 600 °C) could be described as bi-
exponential decay, indicating a more complex mechanism.
The absence of the A phase in this material (it is only R)
may be responsible for this difference.

For undoped and 0.1 Ce catalysts with 350 nm irradiation,
three main intermediates were detected: hydroquinone, cate-
chol, and p-benzoquinone, all reported as oxidative products
of phenol (see Fig. 7).

For pure TiO2 (in the form of A or a mixture of A and R)
excited by UV irradiation, OH radicals are a primary oxida-
tion species responsible for phenol degradation or mineraliza-
tion. The attack of the electrophilic radical OH occurs at the
ring positions activated by the presence of the substituent. The
phenolic –OH group is electron-donating for the electrophilic
aromatic substitution, then the electron density at the ortho
and para positions increases. Hydroquinone and catechol are
the main intermediates from this attack (Di Paola et al. 2003).
The p-benzoquinone can be formed in three different ways: (i)
by OH attack on the hydroquinone molecule; (ii) in the reac-
tion of that molecule with holes photogenerated in titanium
dioxide; and (iii) by oxidation of hydroquinone by oxygen
dissolved in water (Grabowska et al. 2012). Catechol, similar-
ly to hydroquinone, forms o-benzoquinone. The compound is,
however, very unstable and hence its absence in the detected
products of photochemical oxidation of phenol or catechol
(Grabowska et al. 2012).

In our experiments with the undoped catalyst, the amount
of hydroquinone was 7.6 %, that of catechol, 5.3 % and p-
benzoquinone, 1.4 % (assuming 100 % for initial phenol con-
centration). The presence of both dihydroxylated intermedi-
ates indicates the OH radical attack, as expected.

In the case of metal-doped TiO2 excited by visible
light, both OH radicals and direct oxidation could be
employed (Grabowska et al. 2012). Moreover, lanthanide
interacts strongly with the aromatic ring, and this interac-
tion encourages the direct oxidation through the positive
hole present on the surface (Silva et al. 2009). However,
no significant adsorption of phenol on the 0.1 Ce catalyst
was observed, making the contribution of direct oxidation
in our studies less important.

In the experiments with 0.1 Ce, a pronounced increase
in the degradation rate of phenol was observed. Since
cerium extends the photoresponse into the visible region,
this can lead to an increase in the charge separation effi-
ciency of surface electron-hole pairs. The redox pair of
cerium (Ce3+/Ce4+) is also important, since cerium could
act as an effective electron scavenger to trap the bulk
electrons in TiO2 (Silva et al. 2009).

Under 350 nm irradiation, the utilization of 0.1 Ce catalyst
yielded hydroquinone as the main intermediate (10.5 %, as-
suming 100 % for initial phenol concentration). Then, we
propose the OH radicals attack phenol and the primary inter-
mediates. As a consequence of these attacks, only a residual
concentration of hydroquinone was detected after 3 h of
treatment.

Conclusion

It can be concluded that the increasing level of cerium in the
material (i) increases the transition temperature for anatase to
rutile phase transformation, (ii) confines the crystallite size of
anatase phase, (iii) increases the specific surface area, (iv)
decreases the crystallinity, and (v) induces a red shift of the
electronic absorption band.

However, no direct correlation between these characteris-
tics and the photocatalytic activity was found. The material
with higher efficiency corresponds to 0.1 Ce nominal at.%.
Under irradiation with 350 nm lamps, the degradation of phe-
nol could be described as an exponential trend, with an appar-
ent rate constant of (9.1 ± 0.6) 10−3 s−1 (r2 = 0.98).
Hydroquinone was identified as the main intermediate.
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