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Nanocrystalline TiO, catalysts based on pure rutile (R100) and a 30% of anatase and 70% of rutile (R70) were synthesized by the
sol-gel method, using Pluronic PE 6400 as templating agent. Catalysts were characterized in terms of structural and morphological
properties; moreover, the formation of paramagnetic charge carriers under UV irradiation was studied and related to the activity
of TiO; in the photoinduced degradation of phenol. With respect to Degussa P25, the two sol-gel catalysts show lower surface area
and a wider pore size distribution. The EPR spectra recorded under UV irradiation show enhanced charge separation in the sol-gel
samples, with the O~ species in higher amount than in Degussa P25. This result is in agreement with the high catalytic activity of
R100 sample in the photoinduced degradation of phenol, very similar to that displayed by Degussa P25 and higher than that of
R70 sample.
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1. INTRODUCTION

Titanium dioxide is a very active photocatalyst stable in most
chemical environments, inexpensive, and of low biological
toxicity [1]. These properties justify its use in several in-
dustrial applications, including water remediation through
the degradation of organic contaminants [2, 3], removal of
gaseous organic and inorganic pollutant [4, 5], odor con-
trol [6, 7], and protective coatings [8]; moreover, they have
led to the development of commercial products such as self-
cleaning materials [9], air cleaning ceramic tiles [10], and
self-disinfecting medical products [11].

Many TiO, formulations have been developed as cat-
alysts, exhibiting different photoefficiencies. In general,
anatase has long been considered the most photochemically
active phase of TiO,, probably because of a higher surface
adsorptive capacity towards many organic compounds [12],
while the rutile phase is generally less active because of higher
rates of recombination of the photogenerated charge carri-
ers [13]. On the other hand, mixed-phase materials, as the
commercial Degussa P25, show higher photocatalytic ac-
tivity than pure phases [14]. Degussa P25 consists of 80%
anatase and 20% rutile [15] and is normally used as a refer-
ence material for the catalytic activity of TiO,.

The charge carriers photogenerated in TiO, by UV irra-
diation are electrons in the conduction band (CB) and holes
in the valence band (VB) [16] (reaction 1). Then, holes are
trapped at bulk or surface O%~ ions giving paramagnetic O~
species [17] (reaction 2); while electrons are trapped on Ti**
ions located at the bulk, at the surface [16, 18] and, in mixed-
phase systems, at the anatase-rutile interface, giving EPR ac-
tive Ti** species [19] (reaction 3):

TiO; + hy — egy + hip, (1)
0% +hiy — O7, (2)
Ti4+ + e(_:B - Ti3+. (3)

According to reactions 1-3, the paramagnetic species
Ti** and O~ may be considered as probes of the photogen-
erated electrons and holes, respectively, and can be revealed
by electron paramagnetic resonance (EPR) spectroscopy. In
particular, EPR was used to study the charge transfer pro-
cesses which occur within Degussa P25 TiO, [19-21]. For
this commercial mixed-phase catalyst, it was suggested that
its high photoactivity is due to: (i) the lower band gap energy
of rutile, which extends the useful range of photoactivity into
the visible region, and (ii) a slower charge recombination due
to an efficient electron transfer from rutile to anatase, which
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is favored by an intimate contact between anatase and rutile
particles [20]. In particular, the EPR-active electron trapping
sites at the interface between rutile and anatase were pro-
posed as catalytic hot spots for the mixed-phase TiO, cata-
lyst [19]. In spite of the studies on Degussa P25 and on pure
phases [22, 23], the design of new catalysts with improved
efficiency needs a much more wide correlation between pho-
tocatalytic properties and charge carriers. With this aim, in
the present paper, pure rutile and a mixed-phase TiO, were
synthesized by template-assisted sol-gel method. This gener-
ally allows a good control in terms of composition and mor-
phology in the nanoscale particle size range. The paramag-
netic species formed on these catalysts under UV irradiation
and their activity in the photoinduced degradation of phe-
nol were studied and compared with those of the commercial
product.

2. MATERIALS AND METHODS
2.1. Reagents

Titanium(IV) chloride (TiCly, > 99.9%), ethanol (= 99.9%),
HCI (37%), phenol (= 99%), and H,0, (35%) were from Al-
drich and used as supplied. Triblock copolymer EOQ;3—PO3,-
—EQO;3 (Pluronic PE 6400, EO = —~CH,CH,0—, PO =-
—CH,(CH3)CHO-) was a gift from BASE. Degussa P25 was
purchased from Degussa Corporation. All chemicals were
used as received. Mill-Q water was used. Pure nitrogen and
oxygen were supplied by Sapio.

2.2. Preparation of the catalysts

Following the synthetic procedure described in the literature
[24, 25], pure rutile and a mixed-phase TiO, photocatalysts
were synthesized by a sol-gel process using a triblock copoly-
mer as templating agent.

In a typical synthesis, 1.5g of the triblock copolymer
Pluronic PE 6400 were dissolved in ethanol (19 ml) under
magnetic stirring. In order to obtain pure rutile phase (sam-
ple R100), HCI 37% (0.01 mol) was added to the polymer
solution. Then, TiCly (0.01 mol) was added dropwise un-
der N, atmosphere within 30 minutes. The sol-gel transition
occurred after 6 days in air at room temperature. Care was
taken in order that all samples had the same area of exposed
surface (24 cm?). Aging of gels went on for 15 days in air
at room temperature; the obtained xerogels were finally cal-
cined in O; at 653 K for an overall time longer than the ther-
mal treatment reported in the literature [24, 25], typically 15
hours, until the triblock copolymer was removed and a white
TiO, powder was obtained.

2.3. Characterization of the catalysts

The X-ray diffraction (XRD) patterns were obtained on a
Bruker D8 Advance diffractometer using Cu Ke radiation.
The phase content was determined by the Rietveld method.
Nitrogen adsorption-desorption measurements were
carried out on a Sorptomatic 1990 System (Fisons Instru-
ments) to determine the specific surface area (SSA) and the

total pore volume (Vp) by the BET method [26] and to esti-
mate the pore size distribution using Barrett-Joyner-Halenda
(BJH) procedures. Before measurement, samples were evac-
uated at 473 K for 12 hours.

Transmission electron microscopy (TEM) dark field
(DF) images were obtained with a JEOL 200 CX microscope
operating at 200 kV. For the analysis, powders were dispersed
in n-octane by sonication and a drop of the dispersion de-
posited on a carbon film supported by a copper grid. Particle
size was obtained by measuring the diameter D; of the par-
ticles for a number of particles close to 500 from different
parts of the grid for each sample. Average particle size was
calculated with a log normal distribution.

High-resolution transmission electron microscopy im-
ages were obtained with a JEM 2010 UHR, equipped with a
Gatan imaging filter (GIF) and a 794 slow scan CCD camera.

EPR spectra were recorded at 10K on a Bruker EMX
spectrometer working at the X-band frequency, equipped
with an Oxford cryostat operating in the range of tem-
perature 4-298 K. Spectra were recorded on powder sam-
ples in helium atmosphere, both before and after 30 min-
utes of irradiation within the EPR cavity. For irradiation, an
UV 500 W Hg lamp (Jelosil, Italy) was used, equipped with
the output radiation focalized on sample in the EPR cavity.
The g values were determined by standardization with a,a’-
diphenyl--picryl hydrazyl (DPPH). The intensity of the EPR
signal, expressed in arbitrary units, was calculated with a
+10% accuracy by double integration of the resonance lines.
Care was taken in order that the sensitive part of the EPR
cavity (1 cm length) was always filled.

2.4. Photoinduced degradation of phenol

Reactions were carried out in a 400 ml pyrex discontinuous
batch reactor with an external coil jacket and equipped with
a UV 125 W Hg high pressure lamp placed in a coaxial quartz
cylinder. No optical filter was adopted. The reactor was exter-
nally enveloped in an aluminum foil.

Titanium dioxide (100 mg) was suspended by sonication
in 400 ml of an aqueous solution containing phenol at the
concentration of 121 mg/l (93 mg/l as C). Then, stoichio-
metric H,O; 35% (molar ratio phenol: H,O, = 14 : 1) was
added, the suspension was stirred in the dark for 30 minutes,
then the UV source was turned on. The temperature was kept
at 298 K. For the monitoring of the photoinduced degrada-
tion of phenol, an aliquot of the reaction solution (6 ml) was
drawn out at regular time intervals, centrifuged in order to
separate TiO, powder, then the clear solution was analyzed
by means of the total organic carbon (TOC) analyzer TOC-
V CSH (Shimadzu). The overall precision of the analysis was
+8%.

Control experiments were carried out in the absence of
TiO; (blank) and with Degussa P25. The experimental points
were fitted with the integral of a Gaussian curve. In order to
compare the kinetics of the different samples, the maximum
slope point, which corresponds to the maximum degrada-
tion speed, (dC/dt)may, and the correspondent time value,
t1/2, were selected as characteristic parameters.
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Figure 1: Wide angle XRD patterns of TiO, after calcination at
653 K: (a) pure rutile (sample R100), (b) mixed-phase TiO, con-
taining 30% anatase and 70% rutile (sample R70).

3. RESULTS AND DISCUSSION

3.1. Structural and morphological characterization
of the catalysts

The wide angle XRD patterns of the sol-gel TiO, catalysts
after calcinations at 653 K are shown in Figure 1. The diffrac-
tion peaks were indexed as pure rutile TiO,, sample R100 in
Figure 1 (JCPDS, no. 21-1276) and bicrystalline anatase and
rutile (for anatase, JCPDS, no. 21-1272). For this latter sam-
ple, the phase content was calculated by the Rietveld method
and resulted to be 30% for anatase and 70% for rutile (sam-
ple R70 in Figure 1).

The nitrogen adsorption-desorption curves in Figures 2
and 3 can be assigned to type II isotherms (IUPAC classi-
fication) with a small hysteresis loop. The BET surface area
values of 31 and 44 m?/g and the pore volume of 0.15 and
0.23 cm®/g were obtained for R100 and R70 samples, respec-
tively. The surface area values are slightly lower than the value
reported in the literature for Degussa P25 (51 m?/g) [15],
while the total pore volumes were very similar to that of the
commercial product (0.15cm?/g) [15] (Table 1). However,
while Degussa P25 shows a small characteristic pore distri-
bution in the range 30—40 nm, on both sol-gel samples a pore
size distribution rather heterogeneous with pore sizes rang-
ing from 2 to 100 nm was observed. This result is probably
due to the prolonged calcination at 653 K, which was neces-
sary to remove the triblock copolymer Pluronic PE 6400 and
obtain a white TiO, powder.

The phase content, specific surface area, and total pore
volume of the sol-gel samples synthesized in the present work
are summarized in Table 1 and compared with the data re-
ported in the literature for Degussa P25 [15].

For the R100 sample, the TEM-DF image shows elon-
gated particles distributed as daisy petals (Figure 4) with an
average diameter 12.7 nm large and 26.0 nm long. The pres-
ence of a petal shape is confirmed by the HR-TEM micro-
graphs, where they are shown grouped and isolated (Figure
5), with set of fringes corresponding to (110) lattice planes of

FIGURE 2: N-physisorption curves recorded at 77 K for the R100
TiO, catalyst.

rutile phase. The HR-TEM image of the R70 sample shows
the features of the rutile phase and, in addition, the presence
of square particles with average particle size of about 7 nm
(Figure 6), with set of fringes not present in the R100 sam-
ple images and thus attributed to the presence of the anatase
phase. The HR-TEM image of the mixed-phase R70 sample
shows that the rutile and the anatase phases are in intimate
contact.

3.2. EPR characterization of the catalysts

The EPR spectra of R100 and R70 samples were recorded at
10 K in helium atmosphere after 30 minutes of in situ UV ir-
radiation (see Section 2). As a comparison, also the spectrum
of Degussa P25 was recorded under the same conditions. For
each sample, the absence of EPR signals on samples before
irradiation was checked.

Spectra recorded on both R100 and R70 samples (Figure
7 (a) and (b), resp.) show the presence of a low-field signal
attributable to holes trapped at O~ species resulting in O~
centers (g, = 2.017 and g, = 2.005) [22] and of a poorly
resolved axial signal attributable to trapped electrons at Ti**
sites on rutile lattice (g, ~ 1.95 and g, ~ 1.94) [20]. Both
these signals are observable also for the commercial product
(Figure 7), even if this later shows more resolved resonance
lines; however, the intensity of the signal attributable to the
O~ species was higher for sol-gel samples than for Degussa
P25, being 5 times higher for R100 and 3 times higher for
R70 sample. Instead, the intensity of the Ti** signal is only
slightly higher for sol-gel samples than for Degussa P25; this
is in agreement with the results obtained by Berger et al. [22]
that the relative ratio of Ti** and O~ signal intensities varies
from sample to sample and that the Ti** concentration is
always smaller (< 10%) than the concentration of trapped
holes. The high amount of O~ centers detected on the sol-
gel samples suggests that the UV irradiation induces an en-
hanced charge separation in these samples, with respect to
Degussa P25, and/or that the charge carrier recombination
rate is slower.
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TasLE 1: XRD and N, adsorption-desorption results for the pure rutile (R100) and mixed-phase (R70) TiO,, synthesized in the present

study, compared with Degussa P25.

Sample Phase content Specific surface area (m?/g) Total pore volume (cm?/g)
R100 rutile 100% 31 0.15
R70 anatase 30% + rutile 70% 44 0.23
Degussa P25 anatase 80% + rutile 20% 51 0.15
500

400

300

200

Adsorbed volume (cm?/g)
S

FIGURE 3: N,-physisorption curves recorded at 77K for the R70
TiO; catalyst.

F1GURE 5: High-resolution transmission electron micrograph of the
R100 TiO, catalyst.

FIGURE 4: Trasmission electron microgaph of the R100 TiO, cata-
lyst.

On the other hand, the spectrum of the commercial
product shows also the perpendicular components of the g-
tensors attributable to trapped electrons at Ti** on anatase
(g = 1.989) [20] and at the interface between anatase and
rutile (g, = 1.980) [19], these signals suggesting an electron
transfer from rutile to anatase. In the case of sol-gel samples,
these signals were not observed, this result suggesting that
the stabilization of the charge separation in the sol-gel sam-
ples follows different ways than the rutile to anatase transfer.

3.3. Photoinduced degradation of phenol

Figure 8 shows the results of the photoinduced degradation
of phenol in aqueous solution, catalyzed by R100 and R70, in

FiGURE 6: High-resolution transmission electron micrograph of the
R70 TiO, catalyst.

terms of concentration of total organic carbon (TOC) at dif-
ferent reaction times (for experimental details, see Section 2).
The initial concentration of phenol was 121 ppm, corre-
sponding to 93 ppm of C (Figure 8). As a comparison, reac-
tions were also carried out without TiO, (blank sample) and
with Degussa P25. The maximum slope point, which corre-
sponds to the maximum degradation speed, (dC/dt)max, and
the correspondent time value, t/,, are reported in Table 2.
The results show a high activity for the R100 sample, which
shows (dC/dt)may =2.34 ppm/min and t;,, =29.9 min, values
slightly smaller than the commercial product ((dC/dt)max =
2.51 ppm/min and t;/, = 27.5 min). The R100 sample is much
more active than R70 ((dC/dt)max =2.03 ppm/min and t,, =
37.7 min), which in turn is only slightly more reactive than
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FiGure 7: EPR spectra recorded at 10K of (a) R100, (b) R70 TiO,
sol-gel catalysts, and (c) commercial Degussa P25 after 30 minutes
of in situ UV irradiation in helium atmosphere.
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F1GuRre 8: Photoinduced degradation of phenol with stoichiometric
H,0,, catalysed by the following TiO, catalysts: (A) R100, ({) R70,
(O) Degussa P25. The symbol ([J) indicates that the reaction was
carried out without TiO, (blank). Dotted lines represent the fitting
curves.

blank sample. These results agree with the amount of O~
centers, detected by EPR.

4. CONCLUSIONS

Nanocrystalline TiO; catalysts containing pure rutile (R100)
and a mixed-phase 30% of anatase and 70% of rutile (R70)
were synthesized by the sol-gel method, using the triblock
copolymer Pluronic PE 6400 as templating agent.

With respect to the commercial product Degussa P25
[15], the two sol-gel catalysts show slightly lower BET surface
area values, a low porosity and a much wider pore size dis-
tribution, with pore sizes ranging from 2 to 100 nm. This be-
havior is probably due to the prolonged calcination at 653 K,
which was necessary in order to remove the triblock copoly-
mer and obtain a white TiO, powder.

TaBLE 2: Maximum degradation speed, (dC/dt)max, and semitrans-
formation time, f,,,, calculated from the fitted curves reported in
Figure 8.

Sample (dC/dt)max (ppm/min) t1/> (min)
Degussa P25 2.51 27.5
R100 2.34 29.9
R70 2.03 37.7
Blank 2.02 39.3

The EPR spectra recorded at 10 K under UV irradiation
show that on the sol-gel samples electrons are trapped in Ti**
sites on rutile phase and are not transferred to anatase. More-
over, the intensity of the signal attributable to the O~ species,
resulting from the trapping of holes at bulk or surface anions,
was higher for sol-gel samples than for Degussa P25, being 5
times higher for R100 and 3 times higher for R70 sample.
This result suggests that the UV irradiation induces an en-
hanced charge separation in the sol-gel samples, with respect
to the commercial product.

For what concerns the activity of these materials as cata-
lysts in the degradation of phenol, the maximum degrada-
tion speed, (dC/dt)max, and the semi-transformation time,
t1/2, calculated from the fitted curves, show that the R100
sample is only slightly less active than Degussa P25. Instead
the R70 sample showed to be only slightly more reactive than
blank sample, these results being in agreement with the rela-
tive amount of O~ centers detected by EPR.

The results obtained for the sol-gel samples in terms
of porosity, amount of paramagnetic species and reactivity
show that the wide pore distribution and the low porosity
do not hinder to obtain a good reactivity in the degrada-
tion of phenol, this being in agreement with the enhanced
charge separation observed by EPR. The stabilization of the
charge separation in the sol-gel samples is probably due to
different effects than those suggested for Degussa P25 [19-
21]. On these bases, it is reasonable to expect that for R100
and R70 samples a higher reactivity can be obtained by in-
creasing porosity.
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