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a b s t r a c t

Chromium–titania photocatalysts were prepared at different contents in chromium oxide (0.1–5.0 wt.%)
by gelling titanium alkoxide and chromium nitrate. Nanostructured titania with crystallite sizes between
22 and 40 nm and high specific surface areas (68–113 m2/g) were obtained in solids annealed at 500 ◦C.
eywords:
hotocatalysts
ol–gel
henol photodegradation
hromium–titania photo catalysts
PS chromium–titania
V–vis chromium–titania spectra

The determination of the band gap energy showed a shift to the visible region in samples containing high
amounts of chromium oxide (3.8–1.8 eV). XPS spectroscopy evidenced the presence of Cr(III) and Cr(VI)
in the annealed semiconductors. The photocatalyst with low doping content (0.1 wt.% Cr) was observed
to provide effective Cr–Ti interaction and allow the maximum photoactivity.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Titanium dioxide has been widely studied and its applications
ave been improved by different research centers throughout
he world. The wide applications of this important semiconduc-
or include optical coatings, solar energy conversion, gas sensing,
ater splitting, photo voltaic devices and pollutant destruction

1–5]. Several methods, including the effective incorporation of
oping cations like transition metals into TiO2 network, have been
mployed to improve the photophysical properties of TiO2. Among
he methods that have been reported for successful incorporation of
opants into TiO2, the following can be mentioned: plasma spray-

ng, anodization, thermal oxidation and chemical vapor deposition
6]. Most of the above referred techniques are complicated and
equire the use of expensive apparatus. In this way, the sol–gel
rocess seems to be an easy and effective method to incorporate
opants into the TiO2 lattice [7]. When doping is used for photo-
atalytic purposes, the incorporation of transition metals such as
e, Mo, Cu, Ni [8–10] has been reported as a good doping alterna-
ive. Among doping transition metals chromium has been reported
s a very effective TiO2 doping metal, which notably improves

he photoactivity for the oxidizing decomposition of Rhodamine

[11], methylene blue [12,13], azoic dye active yellow XRG [14],
xalic acid, propene and 2-propanol [15] among others. How-

∗ Corresponding author. Tel.: +52 55 58044668; fax: +52 55 58044666.
E-mail addresses: ross@xanum.uam.mx (R. López), gomr@xanum.uam.mx

R. Gómez), coco.oros@hotmail.com (S. Oros-Ruiz).

920-5861/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.01.010
ever, it has also been reported that the use of chromium has a
detrimental effect on photoactivity [16–18]. The negative effect of
chromium on photoactivity was related by Herrmann et al. [18]
to the role of Cr(III) by inducing a fast electron–hole recombi-
nation. Extensive characterization of Cr/TiO2 semiconductors has
been reported in solids prepared by very different methods. For
instance, in Cr/TiO2 P-25 chromium has been found as a com-
plex mixture of Cr(III), Cr(V) and Cr(VI) [19], whereas in titania
films prepared by the sol–gel method only the presence of Cr(III)
has been observed by XPS spectroscopy [20]. Furthermore, when
the catalysts were prepared by hydrothermal doping of TiO2, the
presence of Cr(III) and Cr(IV) was also observed [14]. According to
the information available in the literature, the role of the chrome
oxidation and its positive or negative effect on titania Cr-doped
semiconductors for photocatalytic purposes is still a controversial
subject.

With the aim of understanding the role of chromium as a dop-
ing agent, we have studied the TiO2-Cr photocatalysts. Since the
cationic radius of Cr(III) (0.69 Å) is comparable to that of Ti (IV)
(0.68 Å); therefore, a possible substitution of Ti(IV) in the titania
framework can be achieved. The Cr-doped TiO2 semiconductors
were synthesized by the sol–gel method using as starting pre-
cursors chromium nitrate and titanium butoxide. The synthesized
materials were characterized by nitrogen adsorption, UV–vis and
FTIR spectroscopy, X-ray diffraction, X-ray photoelectronic spec-

troscopy and thermal analysis. The photocatalytic evaluation was
made for the phenol photodegradation under UV light source. In
order to know the extent of the photodegradation, the analysis of
total organic carbon in the irradiated solution was made.

dx.doi.org/10.1016/j.cattod.2011.01.010
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:ross@xanum.uam.mx
mailto:gomr@xanum.uam.mx
mailto:coco.oros@hotmail.com
dx.doi.org/10.1016/j.cattod.2011.01.010
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. Experimental

.1. Materials and reagents

The following reagents were used as received without purifica-
ion for the preparation of the TiO2-Cr semiconductors: titanium
IV) butoxide (Aldrich 97%), chromium (III) nitrate nonahy-
rate (Aldrich 99.99%), 1-butanol (Aldrich 99.4%), nitric acid
Aldrich), phenol (Mallinckrodt) and distilled-deionized water
18 M� cm).

.2. Synthesis

The photocatalysts, TiO2 and TiO2-Cr (0.1, 0.5, 1.0 and 5.0 wt.%
f Chromium) were synthesized by the sol–gel method. An appro-
riated amount of chromium (III) nitrate nonahydrate, which was
alculated to obtain the desired Cr content in the material (0.196,
.971, 1.96, 9.81 mmol for the 0.1, 0.5, 1.0 and 5.0 wt.% of chromium,
espectively), was added to a flask containing 18 mL of distilled-
eionized water, 44 mL of 1-butanol and 0.2 mL of nitric acid (to
btain pH 3). Subsequently, 44 mL of titanium (IV) butoxide were
dded drop wise to the solution during 4 h (water/alkoxide molar
atio of 8). The gelling solution was then heated at 70 ◦C under reflux
nd maintained under constant stirring for 24 h until the gel was
ormed. The obtained xerogels were dried at 70 ◦C for 24 h. The
ried solids were ground in an agate mortar until a fine and homo-
eneous powder mixture was obtained. Finally, the solids were
nnealed in air at 500 ◦C for 4 h, using a heating rate of 2 ◦C/min.
s a reference, undoped TiO2 sol–gel sample was prepared accord-

ng to the protocol described above without the addition of the
orresponding chromium precursor.

.3. Photocatalyst characterization

The specific surface area of the solids were determined by
itrogen adsorption isotherms obtained with a Quantachrome
utosorb-3B apparatus; this equipment has the ability to apply
ultiple methods of analyses at the same time, such as multipoint

ET and BJH methods (pore size distribution). Before adsorption,
he samples were desorbed in vacuum at 300 ◦C overnight. The
ore size distribution was calculated using the branch of desorp-
ion from the isotherm, by applying the BJH method. The fractal
imension, which describes the topography of a real surface in
erms of a “roughness exponent”, is known as fractal dimension D.
t was estimated from the adsorption–desorption isotherms data
pplying the Frenkel–Halsey–Hill equation expressed as

n(S1g) = const − (3 − Ds)ln(�)

here Slg is the amount adsorbed at the relative pressure P/Po and
is the called adsorption potential defined as [21,22]:

= RT ln
(

Po

P

)

Many real surfaces have surface irregularities that appear to
e similar at different scales, assuming values between D = 2 (for
mooth surfaces) and D = 3 (for extremely rough surfaces that they
ssentially occupy all available volume). The fractal dimension

quantifies the roughness of real surfaces in terms of a single
arameter [23]. In order to estimate the possible electronic transi-
ions and the energy band gap (Eg) of the semiconductors, a Cary

00 Scan spectrophotometer (Varian) equipped with an integrat-

ng sphere (Labsphere DRA-CA-30I) was used. The equipment was
alibrated with a Spectralon standard (Labsphere SRS-99-010, 99%
eflectance). The obtained diffuse reflectance spectrum was trans-
y 166 (2011) 159–165

formed to a magnitude proportional to the extinction coefficient
(˛) through the Kubelka–Munk (K–M) function:

F(R) = (1 − R)2

2R

where R is the reflectance and F(R) is the Kubelka–Munk function.
Then, the Eg was estimated from the plot of the modified K–M,
[F(R)xh�]1/2 vs energy of the absorbed light for indirect allowed
transitions. Fourier Transform Infrared Spectra were recorded in
a Shimadzu IRAffinity-1 equipped with ATR module. The mea-
surements were conducted in an absorbance mode within the
frequency range of 4000–350 cm−1, with a resolution of 2 cm−1. The
samples were mixed with KBr at 5 wt.%. The X-ray powder diffrac-
tion (XRD) patterns were collected at room temperature using a
Siemens D-500 diffractometer operated at 40 kV and 30 mA. The
Cu K� radiation was selected using a graphite monochromator. The
measurements were recorded in steps of 0.03◦ with a count time
of 1 s in the 2� range from 5 to 70◦. The average anatase crystal-
lite size was determined by the Scherrer formula (D = K�/ˇ cos �),
where D is the crystallite size, K is a constant equal to 0.94, � is
the wavelength (1.5405 Å), � is the diffraction angle and ˇ is the
full width at half maximum (FWHM) of the XRD peak. In order to
analyze the oxidation state of the doping metal in the titania semi-
conductors, X-ray photoelectron spectroscopy (XPS) was used. The
electron spectrometer was a Thermo VG Scientific ESCALAB 250
equipped with hemispherical analyzer equipment. The operating
conditions of the spectrometer were put at constant pass energy
mode and monochromatized Al K� radiation (h� = 1486.6 eV) was
used. The X-ray source operated at 10 mA and 15 kV. The peaks
intensities were estimated by calculating the integral of each peak
after subtracting the S-shaped background and fitting the exper-
imental peak with a combination of Lorentzian/Gaussian lines of
variable proportions. The binding energies (BE) were referenced to
the C (1s) peak, which was fixed at 284.6 eV. The thermal analysis
was done in a STA i1000 simultaneous thermal analyzer using a
heat rate of 10 ◦C min−1 and a N2 flux of 10 cm3 min−1.

2.4. Photocatalytic test

To prove the efficiency of the prepared photocatalyst, the
activity of the samples was evaluated in phenol oxidation. The
photocatalytic reaction was carried out in a glass reactor con-
taining 200 ml of aqueous solution with 30 ppm of organic
molecule and 0.2 g of photocatalyst. The powder suspension was
stirred and irradiated with a high pressure mercury lamp (UV
lamp, emitting at 254 nm, 2.16 watts, 18 mA) protected with a
quartz tube and immersed in the center of vessel. To assure the
adsorption–desorption equilibrium of the molecule in the solu-
tion, the suspension was stirred for 30 min in the dark with an air
flow of 2 ml/s (Air-Pump BOYU S-4000B); then, the solution was
irradiated with the UV lamp (Pen-Ray UVP). The pH of the initial
solution was 6 with no variations in the irradiated solution (3 h
under irradiation). The degradation of the pollutant was monitored
by collecting samples at 20 min intervals and following the main
section of the phenol absorption band at 268 nm with a UV–vis
spectrophotometer Varian Cary 100 UV–vis. To avoid interferences
in the UV–vis analysis associated with suspended solids, each sam-
ple was filtered through a nylon membrane (0.45 �m, Millipore)
to remove the oxide particles before analysis. To determine the
mineralization achieved, total organic carbon (TOC) measurements
were carried out with a Shimadzu TOC-V CPN (equipped with a

NDIR detector). The respective probes for possible Cr leaching in
the reactant medium (see Standard Methods for the Examination
of Water and Wastewater, 20th edition, pp. 3–65, American Public
Health Association, Washington, DC, 1998) do not show any con-
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Fig. 1. Nitrogen adsorption isotherms for selected TiO2-Cr samples.

ent of chromium dissolved in media. The sensitivity of the method
s 0.1 ppm.

. Results and discussion

.1. Nitrogen adsorption and fractal analysis

Nitrogen adsorption–desorption isotherms and pore size dis-
ributions of selected photocatalyst are shown in Fig. 1, They
orrespond to type IV, which is characteristic of mesoporous mate-
ials [24] and present an H1 type hysteresis loop according to IUPAC
lassification. At low doping content (0.1 and 0.5%) in the samples,
he pore size distribution (insert in Fig. 1) shows a monomodal dis-
ribution. When the Cr content increases to 1.0 wt.%, a bimodal pore
ize distribution can be observed. This kind of distribution arises at
he highest doping content (5.0 wt.%), where it is clearly observed
he bimodal distribution possibly attributed to the superficial for-

ation of chromium oxides as conglomerates. The results of the
pecific surface areas, pore volume and pore size distribution were
ummarized in Table 1, where their specific surface area is observed
o increase with the doping content. In heterogeneous catalysis
sually a high specific surface area promotes a faster oxidation of
rganic molecules, however for photocatalytic heterogeneous reac-
ions it seems that the surface area effects are of minor importance
n comparison to other photophysical properties such as the abun-
ance of crystalline phases, Eg, etc. In the present study, as can
e seen in Table 1, the specific surface area effect on the photoac-
ivity is of minor importance, since the 5.0 wt.% Cr photocatalyst
113 m2/g) is less active than the 0.1 wt.% Cr (68 m2/g). Therefore,
ther factors then, such as chromium oxidation state or crystallite
ize, must be taken into consideration in order to explain enhance-

ents in photoactivity. The fractal dimension, Ds, is indicative of a

olid capacity for adsorption and permeability; also, it can be con-
idered an important characteristic of the smoothness or roughness
f solids. The fractal dimension can be directly related to the wrin-

able 1
pecific surface area, pore volume and mean pore size distribution, fractal dimension and

Doping (wt.%) Specific surface area (m2/g) Pore volume (cm3

0.1 68 0.21
0.5 78 0.31
1.0 99 0.21
5.0 113 0.22
Pure 72 0.33
Fig. 2. The Frenkel–Halsey–Hill fractal analysis of the isotherms for the TiO2-Cr
0.1 wt.%.

kled level on the surface area of TiO2 and TiO2-Cr semiconductors
[25]. As an example of the Frenkel–Halsey–Hill treatment of the
adsorption–desorption isotherms, Fig. 2 shows the Ds for 0.1 wt.%,
the corresponding values obtained for the samples are reported in
Table 1. From the Ds values, fractal surface of the material can be
assumed [26]. The values of Table 1 show that the fractal dimen-
sion is sensitive to the chromium content. At 0.5 wt.% the fractal
geometry is almost the same than that for the pure TiO2 structure.
The Ds values are between 2.47 and 2.65, the lowest values imply
that the pore walls were smooth, whereas the highest values indi-
cate a greater roughness of the surface. The sample with the highest
roughness showed the highest specific surface area (113 m2/g).

3.2. UV–vis diffuse reflectance spectroscopy

The calculated Eg values are reported in Table 1, where the
energy band gap is seen to diminish from 3.18 to 1.80 eV for low
and high chromium oxide content in the samples, respectively [27].
The red shift of the adsorption edge has been attributed to the local-
ized states near the conduction or valence band of the modified
semiconductors [28]. It has also been attributed to the formation
of color centers, which were associated with the oxygen vacancies
in pure TiO2 or to the radicals in the titanium dioxide lattice asso-
ciated with the doping ions [29]. Our assumption is that at high
doping levels as 5.0 wt.%, an excess of the chromium precursor is
present. The formation of chromium oxide clusters on the surface
of the TiO2 is expected [30] and these are responsible for the light
absorption in the visible region. The spectra (not shown [27]) are
typical of O2−(2p) → Ti4+ (3d) transitions in the tetrahedral symme-
try of TiO2 [31]. An absorption band situated in the visible region

is also present (∼700 nm) and is attributed to the 4A2g → 4T2g d–d
of Cr3+ [17]. The TiO2-Cr powders with a doping content of 0.1, 0.5
and 1.0 wt.% are yellow-orange colored, whereas the powder with
a doping content of 5.0 wt.% is a dark-green colored sample [32].

energy band gap for the TiO2-Cr photocatalysts.

/g) Pore size (Å) Fractal dimension Eg (eV)

65 2.549 3.16
97 2.479 3.06
49 2.624 3.04
34 2.651 1.80
95 2.467 3.18
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ig. 3. FTIR spectra for the TiO2-Cr solids annealed at 500 ◦C, (a) TiO2, (b) 0.1 wt.%,
c) 0.5 wt.%, (d) 1.0 wt.% and (e) 5.0 wt.%.

his change in color indicates a variation in the Cr(III)/Cr(VI) ratio.
he Cr (III) in the precursor nitrate was partially oxidized to Cr(VI).

.3. Fourier transform infrared spectroscopy

To analyze the structure of the materials the FTIR spectra of
iO2-Cr were taken (Fig. 3). The 450–750 cm−1 region is typical
f TiO2 anatase structure vibration; these low-energy bands were
elated to the stretching vibration of the Ti–O and Ti–O–Ti bonds.
t 1630 cm−1 the typical vibration frequency is observed due to

he OH bending vibration band of physically adsorbed water in the
erogels; the intensity of this signal does not vary significantly with
he increase in Cr content. The broad band centered at 3450 cm−1 is
ttributed to the enlargement vibration of the interacting hydroxyl
roups coordinated with Ti4+ cations (Ti4+-OH) and can also be
ttributed to the surface of adsorbed water molecules and surface
dsorbed hydroxyl groups [33–35].

.4. Crystalline titania phase identification

The diffractograms for the TiO2-Cr annealed at 500 ◦C showed
hat the presence of Cr in TiO2 preserves the anatase crystalline
hase (JCPDS 21-1272), and no rutile peaks are observed at any Cr
oping content, Fig. 4. The diffraction patterns of the samples do
ot show the formation of chromium titanates such as Cr2TiO5 (at
4.11 2�, JCPDS 33-0409) or CrTiO3 (at 54.62 2�, int. 100, JCPDS

3-0408). Chromium oxide reflections associated with Cr2O3 (at
6.19 2�, JCPDS 04-0765) are not observed suggesting the inser-
ion of chromium cations in the titania network or the formation on
he titania surface of highly dispersed chromium oxide conglomer-

able 2
tructural parameters for the TiO2-Cr doped materials.

Photocatalyst 2� dh k l Unit cell volum

TiO2 25.436 3.498 132.244
48.116 1.889

TiO2-Cr 0.1% 25.466 3.494 132.419
48.236 1.885

TiO2-Cr 0.5% 25.436 3.498 133.196
48.206 1.886

TiO2-Cr 1.0% 25.436 3.498 131.332
48.026 1.892

TiO2-Cr 5.0% 25.406 3.502 134.314
48.206 1.886
Fig. 4. X-ray diffraction patterns of the TiO2-Cr materials annealed at 500 ◦C.

ates. According to the Goldschmidt’s rules in a crystalline solid, the
ions substitution occurs only if the difference in the atomic ratio is
lower than 15%. Therefore, Ti4+ (0.68 Å) can be successfully substi-
tuted only by Cr3+ (0.69 Å), for which reason the incorporation of Cr
into the TiO2 lattice causes soft modifications in the lattice param-
eters and crystallite size, Table 2. The crystallite size was estimated
from the FWHM of the (1 0 1) and (2 0 0) planes of anatase using
the Scherrer equation. The crystallite size decreases as a function
of Cr content. The results show nanostructured materials from 22 to
40 nm. The values obtained for the lattice parameters and unit cell
volume showed unpredictable behavior and the values are listed
for comparative studies.

3.5. X-ray photoelectron spectroscopy

To evaluate the interaction between chromium and titanium
dioxide, the chromium oxidation state was analyzed by XPS spec-
troscopy [9,36–38]. All complete spectra (survey) were calibrated
at the C 1s peak (284.5 eV) that corresponds to carbon and is always
present on the surface of the powdered samples (adventitious car-
bon). The Ti 2p peak (not shown) for each sample was situated at
the binding energy of 458.6 eV. The Cr 2p core level binding energy
signal was deconvoluted and is present in Fig. 5. The deconvoluted
XPS spectra indicate that mixed oxidation states of chromium are
present in the doped materials. The initial precursor Cr(III) oxida-
tion state was in part modified by the experimental procedure. The
Cr 2p3/2 binding energy (BE) corresponding to Cr(III) and Cr(VI) is
576.6 eV and 578.6 eV, respectively and (being of the same order)
it shows similar values for all the samples with a variation of about

0.1 eV (Table 3). The energy difference between Cr 2p3/2 and Cr 2p1/2
was approximately 9.6 eV and it is constant for all doping contents
[39]. The integral area under Cr(III) and Cr(VI) peaks reveal that
Cr(III) is the predominant species (60% approx.). As expected, the

e (Å)3 Lattice parameters (Å) Crystallite size (nm)

a = b = 3.779, c = 9.259 40.5

a = b = 3.770, c = 9.315 31.83

a = b = 3.772, c = 9.359 30.18

a = b = 3.785, c = 9.163 24.37

a = b = 3.772, c = 9.437 22.52
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Fig. 5. X-ray photoelectron spectra; deconvolution of the Cr 2p3/2

r/Ti ratio increases with the doping content and the highest value
as 0.144 for the 5 Cr wt.%. In the survey spectra the O 1s signal can

e observed; the deconvoluted signal shows two contributions (not
hown), the first located around 529–530 eV (Table 3) which cor-

esponds to the Ti–O bonds in the TiO2 lattice (the corresponding
ercentages are in parenthesis), whereas the second peak on decon-
oluted spectra (531.5 eV) is attributed to Ti-OH hydroxyl groups

able 3
inding energies of core electrons, valences, intensities and surface atomic ratios of
r/TiO2 catalysts.

Sample (wt.%) Cr 2p3/2 (eV) O 1s Surface atomic ratio

500 ◦C BE (%)a FWHM BE (%)b Cr/Ti

TiO2-Cr (0.1) 576.6 (59) 4.288 530.0 (86) 0.009
578.6 (41) 531.5 (14)

TiO2-Cr (0.5) 576.7 (66) 3.975 529.9 (84) 0.037
578.7 (34) 531.5 (16)

TiO2-Cr (1.0) 576.6 (59) 3.840 530.0 (87) 0.053
578.6 (41) 531.6 (13)

TiO2-Cr (5.0) 576.7 (60) 3.552 529.9 (88) 0.144
578.5 (40) 531.4 (12)

a The percent values correspond to Cr(III) and Cr(VI).
b The percent values correspond to Ti–O and Ti-OH.
binding energy (eV)

r2p1/2 peaks, (a) 0.1 wt.%, (b) 0.5 wt.%, (c) 1.0 wt.% and (d) 5.0 wt.%.

arising from the synthesis method [40]. It can be observed that the
O 1s signal intensity increases as chromium content increases.

3.6. Thermal analysis

A simultaneous differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) were done in the doped and
undoped xerogels dried at 70 ◦C for 24 h. In Fig. 6 TGA and DSC
(insert on graph) analyses were plotted for the selected samples
of TiO2-Cr 0.1, TiO2-Cr 1.0 wt.% and pure S-G TiO2. In all sam-
ples two principal weight losses can be identified. The first located
between 25 and 260 ◦C corresponds to a loss of 13% approximately,
associated with the evaporation of physically adsorbed water and
remaining nitrates. The second one was located between 260 and
500 ◦C which corresponds to the remaining precursor combustion
and structural water (OH−) [41]. Simultaneously, from DSC analy-
sis, the exothermic peak at about 265 ◦C was also attributed to the
combustion of remaining chromium nitrates and the formation of
chromium oxides (CrO3 and Cr2O3) [42]. The second exothermic
peak at about 416 ◦C corresponds to the transformation of amor-

phous titania to the anatase phase and is sharper for the pure TiO2.
For a low doping content (0.1 wt.%), the DSC curve indicates that
crystallization to anatase phase was modified by the substitution
of Ti(IV) by Cr(III).
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.7. Photocatalysis

The photocatalytic activity for the various solids is shown in
ig. 7 as phenol oxidized vs time. The formation of hydroquinone,
atechol and p-benzoquinone has been reported as intermediates
or the phenol photooxidation and their concentration as a func-
ion of time under UV irradiation of phenolic solutions is lower
han 5%. So, this low concentration of intermediates allows us to
onsider that the phenol signal analyzed by UV–vis spectroscopy
s only slightly perturbed by the presence of these intermediates
43]. In Fig. 7 it can be seen that 38–42% of phenol was oxidized
fter 4 h under reaction on 0.5, 1.0 and 5.0 wt.% Cr photocatalysts,
hereas for TiO2-Cr (0.1 wt.% Cr) and for the undoped TiO2 the pho-

odegradation arises to 95 and 70%, respectively. Photocatalytic
egradation of organic contaminants usually follows a pseudo-
rst order kinetics [44,45] and for the phenol decomposition the
seudo first order rate constant was obtained (Fig. 8). The calcu-

ated value of the rate constant was 2.8 ± 0.6 × 10−3 min−1 for the
hotocatalysts with 0.5, 1.0 and 5.0 wt.% Cr (around 40% of phenol
xidized) and it showed that for doping contents higher than 1.0%

he photoactivity was not significantly modified. On the other hand,
he rate constants for TiO2 and Cr 0.1 wt.% were 5.5 × 10−3 and
0.1 × 10−3 min−1 respectively (Fig. 8). The photocatalysts of doped
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Fig. 9. Effect of the overall XPS signal intensity (FWHM), chromium content and
photocatalytic activity as a function of the chromium content.

titania with the lowest Cr content double the photoactivity pre-
sented by the bare TiO2. This indicates that an effective reduction
in the electrons and hole recombination rate could be achieved with
photocatalysts at low doping contents. It is worth mentioning that
the role of Cr(III) and Cr(VI) in photoactivity was well established
in the present study and we consider that the overall XPS signal
intensity (FWHM) can be related to the photoactivity enhancement
(Fig. 9). Table 3 shows that the lowest Cr/Ti ratio corresponds to the
TiO2/Cr 0.1 wt.% catalyst, thus in this catalyst a higher Cr–Ti inter-
action was obtained and hence the positive effect of Cr on retarding
the electron–hole is magnified. To ensure that the phenol photoox-
idation was achieved, the determination of the total organic carbon
in the reactant solution was made. The obtained values showed that
the initial phenol concentration (TOC) was reduced in 60 ± 5% for
the catalysts with chromium contents of 0.5, 1.0 and 5.0 wt.%. For
the bare TiO2, TOC reduction was 70% and for the doped catalyst
with 0.1 wt.% Cr it was 90%.

4. Conclusions

It is shown that by gelling titanium alkoxide in the presence of

chromium nitrate, TiO2-Cr photocatalysts with high specific sur-
face area and nanostructured crystalline structure are obtained.
A shift in the band gap energy to the visible region is produced
in the chromium doped-TiO2 photocatalysts in comparison to the
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iO2 bare catalyst. The modification of the initial chromium oxida-
ion state Cr (III) to Cr (VI) occurring during the annealing of the
olids was evidenced by XPS spectroscopy. It is shown that with
he photocatalyst at low doping content (0.1 wt.% Cr) an effective
r–Ti interaction was obtained and a maximum photoactivity was
eached.
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