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Abstract Fe(Ill)-doped TiO, aerogels are prepared by
acid catalyzed sol-gel method followed by supercritical
drying, and then heat treatment. Raman spectra together
with X-ray diffraction (XRD) and selected area electron
diffraction (SAED) patterns of the iron-doped TiO, aerogel
samples revealed the existence of both anatase and brookite
crystalline phases. It was found that the brookite phase
formation is favored by the increase of the iron content in
the dried samples. XRD measurements show that the lattice
constant ¢ of anatase phase decreases with the dopant
addition, while the value of a remains essentially unchan-
ged. The microstructure of the investigated samples is
relatively compact with small mesopores as revealed from
transmission electron microscopy (TEM). The most
enhanced photocatalytic activity was exhibited by the TiO,
aerogel sample with 1.8 at.% Fe(Ill) whose apparent rate
constant of the salicylic acid photodegradation was found
to be of almost six times higher than that of Degussa P25.
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Introduction

Photocatalysis using semiconductor materials has found
increasing interest in solving environmental pollution
problems [1-5].

Compared to other semiconductor photocatalysts, TiO,
has so far been shown to be the most promising material
used for both fundamental research and applications
because it is highly photo-reactive, cheap, non-toxic,
chemically and biologically inert, and photostable. A major
drawback of TiO, is the large band gap of 3.2 eV, so
wavelengths below 400 nm are necessary for excitation.
This limits the photosensitivity to the UV part of the solar
spectrum. In order to improve the quantum yield of TiO,-
based photocatalysis, the e —h* recombination rate needs
to be reduced. For solving this problem, many efforts have
been made and is generally accepted that there are three
ways to achieve the separation of e~ and h™: (a) by mod-
ifying TiO, by surface deposition of noble metal clusters
[6-8]; (b) by coupling TiO, with other semiconductors
possessing favorable band gaps and potentials like TiO)—
SnO, [9, 10]; (c) by introducing defects into the TiO,
lattice by doping with transition metal ions [11-14].

Particularly, the photoactivity of the TiO, can be
improved by means of Fe(Ill) doping [12-14] and by
increasing its specific surface area through wet gel super-
critical drying [15-18]. Fe(Ill)-doped TiO, has been
synthesized via ‘‘wet’’ chemistry, i.e., hydrolysis of a Ti-
precursor in the presence of a Fe(Ill)-containing aqueous
solution or by mixing both Fe(IIl) and Ti(IV) precursors
prior to hydrolysis [12—14].

In the present work, Fe(IlI)-doped TiO, aerogel photo-
catalysts with different iron doping content were prepared
employing the acid catalyzed sol-gel method followed by
low-temperature supercritical drying and thermal treatment.
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The photocatalytic efficiency of these materials was eval-
uated by determining the apparent rate constants from the
photodegradation process evaluation of the salicylic acid in
aqueous solution. The main morpho-structural characteris-
tics of the prepared Fe(Ill)-doped TiO, aerogels were
analyzed by employing krypton adsorption, elemental
analysis, and complementary techniques such as Raman
spectroscopy, X-ray diffraction, TEM, and SAED.

Experimental
Sol-gel aerogel preparation

The acid catalyzed sol-gel process was carried out under
normal conditions (760 mmHg, T = 22 °C). Two different
solutions were prepared. A first solution contained 5 mL
tetra-isopropyl orthotitanate—TIP (Merck, >98%) in 10 mL
ethanol and a second one contained Fe(NOs3); - 9H,O
(Aldrich) (0.25 M ethanolic solution), doubly distilled water
(V=1.09 mL), nitric acid and 10 mL ethanol. After
homogenizing, the first solution was slowly added to the
second one under vigorous stirring. The corresponding molar
ratios are presented in Table 1. The resulted gels were cov-
ered and allowed to age for 6 weeks at room temperature.
The ethanol was then removed by low-temperature super-
critical drying with liquid CO, using a SAMDRI—PVT—
3D dryer (Tousimis Res. Corp., USA). The obtained aerogels
were calcinated at 773 K for 2 hin air, usinga CARBOLITE
furnace, and further characterized.

Photocatalytic activity

The photocatalytic activity of the Fe(IllI)-doped TiO,
aerogels was determined by following the photodegrada-
tion of the salicylic acid (5 x 1074 M) used as a test
molecule. The initial ratio between salicylic acid and
Fe(III)-doped TiO, photocatalyst was of 16.6 g aerogel/L.
The organic compound was allowed to adsorb on the cat-
alyst surface for 15 min in the dark, before UV irradiation.
The salicylic acid concentration adsorbed on the catalyst
surface was about 1.5-3.6% related to the initial salicylic
acid concentration. Photodegradation profile was obtained

from the concentration of salicylic acid measured with a
Jasco V-530 spectrophotometer (from the decrease in the
peak of 295 nm). The unchanged position of the adsorption
peak of the spectrum could be explained by the aromatic
ring opening that occurs in one step during the photocat-
alytic process (no other aromatic intermediates exist). To
perform the spectroscopic measurements, the catalyst was
separated from the salicylic acid solution by filtration,
using a MLE. Cellulose 0.22 pm filter. Photodecomposition
experiments were performed in a Teflon cell with a quartz
window, for UV illumination using a 250 W high pressure
Hg lamp. Irradiation intensity as measured with Eppley
PSP Radiometer was 8 W/m?. The photodecomposition
reaction follows pseudo-first-order kinetics, consequently
the apparent rate constant was calculated by plotting In
(Cy/C) versus time. The slope of the plot after applying a
linear fit represents the apparent rate constant [19].

Morphological and structural characterization

Elemental analyses were performed with an inductively
coupled plasma-mass spectroscope (ICP-MS). The Bru-
nauer-Emmette-Teller (BET) surface areas (Sggt) were
derived from krypton physisorption measurements at 77 K
using a home-made glass installation. Prior to measure-
ments, the samples were degassed to 0.001 Pa at 448 K.
SgeT Was calculated in the relative pressure range 0.05-0.3,
assuming a cross-sectional area of 0.195 nm? for the
krypton molecule. The measurement error by using krypton
adsorption—desorption isotherms is only +2 m?*/g (krypton
molecule being smaller than nitrogen molecule).

The FT-Raman spectra of the investigated aerogel
samples were recorded by using a Bruker Equinox 55
spectrometer with an integrated FRA 106 Raman module.
A radiation of 1064 nm from a Nd-YAG laser was
employed for excitation. The power incident on the sample
was of 400 mW and the spectral resolution was of 1 cm™".

The structure of the aerogels was examined using a
DRON X-ray powder diffractometer linked to a data acqui-
sition and processing facility. CukK, radiation (4 =
1.540598 A) and a graphite monochromator were used.

A JEOL 200 CX TEM operating at an accelerating
voltage of 200 kV was employed to obtain bright (BF) and

Table 1 Iron content, specific

Sample TIP:Fe(NO3)3:EtOH:H,O:HNO Fe S 10° x &k,
surface area (Sggt) and apparent P molar r(atioz)3 2 3 (at.%) (;%79 (minfl)“m’
rate constant for the Fe(IIl)- ) )
doped TiO, aerogels obtainedin - 5 1:0.030:19.22:3.57:0.113 1.8 163 14.9
different molar ratio of the ) ) ] ]
reactants, calcined at 773 K for B 1:0.015:17.95:3.57:0.113 0.9 141 13.1
2h C 1:0.0075:21.49:3.57:0.113 0.45 125 9.3

M (undoped TiO;) 1:21.5:3.57:0.113 - 130 12.58

Degussa P25 - - 50 2.5
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dark (DF) field images as well as the electron diffraction
patterns of the samples. Particle sizes were measured from
BF and DF images, whereas the phase content was inves-
tigated by using electron diffraction patterns. Samples were
prepared by dipping a 3 mm holey carbon grid into ultra-
sonic dispersed oxide powder in ethanol.

Results and discussion

The iron content and the specific surface area (Sggr) for the
Fe(IlI)-doped TiO, aerogels obtained for different molar
ratios of the reactants, calcined at 773 K for 2 h are listed
in Table 1. It is remarkable that all TiO, aerogel samples
have a specific surface area about three times greater than
Degussa P25 powder. The highest specific surface area was
obtained for the doped TiO, aerogels synthesized with a
EtOH/TIP molar ratio of 19.22 with the highest iron
content.

The apparent rate constants as function of time (Fig. 1),
derived from the photodegradation process monitoring of
the salicylic acid in the presence of the Fe(Ill)-doped TiO,
aerogels, increase as the iron content becomes higher and
are by four to six times greater than that of Degussa powder
(see Table 1) [20]. The evolution of the apparent rate
constant versus iron concentration is shown in Fig. 2. This
result can be explained by their greater (two to three times)
surface area and by the fact that Fe(Ill) centers form
shallow charge trapping sites both within the TiO, matrix
as well as on the particle surface through the replacement
of Ti(IV) by Fe(IIl) [21]. Based on the favorable energy
levels, Fe(Ill) centers may act either as an electron or a
hole trap so that photogenerated charge carriers are tem-
porarily separated more effectively than in undoped TiO,.
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Fig. 1 Photocatalytic activity of the obtained photocatalysts
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Fig. 2 Apparent rate constant evolution as function of iron content

The photocatalytic efficiency is determined by the number
of photogenerated charge carriers which can avoid the
recombination reaction.

Raman spectra recorded on the calcinated aerogels are
shown in Fig. 3. As can be seen the Raman features
recorded for all the samples can be associated mainly with
those of the TiO, anatase crystalline phase. According to
factor group analysis, the anatase phase gives rise to six
Raman active modes (Ag + 2B, + 3E;) [22]. By
inspecting the spectra one observes a strong sharp band at
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Fig. 3 Raman spectra of the iron-doped TiO, aerogels calcined at
773 K for 2 h, having different Fe(IlI) content: (A) 1.8, (B) 0.9, and
(C) 0.45 at.% Fe
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approximately 146 cm™', three medium intense bands

around 396, 517, and 638 cmfl, and a weak band at about
196 cm™'. If we take into consideration the superimposi-
tion of two fundamental peaks near 517 cm™' (Raman
bands located at 515 and 519 cm™') these six peaks cor-
respond to the six fundamental vibration modes of TiO,
anatase with the symmetries E,, E,, B1g, Ajq, B, and E,
[22, 23]. However, a close analysis of the spectra reveals
the appearance of other very weak Raman bands around
245, 320, and 365 cm™! (see insets from Fig. 3). Such
spectral features were previously observed, when ultrafine
TiO, powders with grain sizes around 10 nm were inves-
tigated, and were attributed to the existence of a little
amount of brookite phase [22-25]. It is worth mentioning
that the brookite phase gives rise to 36 Raman active
modes (9A; + 9Bg + 9Bs, + 9B3,), which are spread
out on a wide spectral range, the most intense brookite
Raman band occurring around 153 cm ™! [22, 26, 27].

In the last decades TiO, nanoparticles have been
investigated with Raman spectroscopy because of the
unusual broadening and shift of Raman bands with the
change of the particles size, the most frequently spectral
changes being related to the lowest frequency vibrational
mode (146 cm_l) [19, 28, 29]. Because numerous Raman
features occur at almost the same wavenumbers for both
anatase and brookite crystalline phases any correlation
between the frequency and the half-width of the bands
becomes very difficult. However, by comparing the ratios
between the intensity of the band located around
400 cm™ ', which is given mainly by the anatase phase, and
that of the band situated around 245 cm™", which is due to
the brookite phase, a decrease of these values was found as
the iron content increases. Thus, for 0.45 at.% Fe content a
value of ~5.7 was obtained, while for the samples con-
taining 0.90 and 1.80 at.% Fe the ratios were found to be of
~4.6 and ~4.4, respectively. This behavior demonstrates
that the increase of the iron amount within the TiO, aerogel
samples from 0.45 to 0.90 at.% Fe favors the brookite
phase formation. The small variation observed for the two
highest iron concentrations can be rigorously discussed
only after a detailed analysis of these samples with other
complementary techniques.

In order to get further insights into the structure of the
iron containing aerogel samples X-ray diffraction mea-
surements were performed and are presented in Fig. 4.
X-ray diffraction patterns confirmed the major presence of
the anatase phase accompanied by a rather significant
fraction of brookite phase. Rietveld refinement (consider-
ing all peaks in the range of 20-70° (26)) reveals an
increase of brookite phase (from 13% to 28%) as the iron
content in the system increases (Table 2). The mean par-
ticle diameter of anatase phase is about 11 and ~9 nm for
the brookite phase. In all cases ¢ and a lattice parameters of
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Fig. 4 X-ray diffraction patterns of the undoped (M) and iron-doped
TiO, aerogels: (A) 1.8, (B) 0.9, and (C) 0.45 at.% Fe

anatase phase decrease by iron doping increase; both ¢ and
a parameters are lower than the values associated with
undoped anatase suggesting the presence of Fe ions in the
anatase lattice. If the a parameter is slightly changed
(—0.2%), the axial parameter ¢ decreases in the range with
—0.62% till —1% (in comparison with the values of
undoped phase, marked as sample M, in Tables 1 and 2) as
the iron doping increases. The best-fit in the refinement
runs was obtained considering a partial substitution of
titanium by iron in the tetragonal anatase structure.

From the data collected, one can infer that the lattice
parameter ¢ decreases with dopant addition, while the
value of a parameter remains essentially unchanged. The
anatase lattice was shown to deform predominantly along
the c-axis to accommodate substitutionally incorporated
Fe®" because the effective ionic radii of Ti*" and Fe’* are
0.67 and 0.64 A, respectively. Since only the axial
parameter c is notably changing, while a remains the same,
one can assume that Fe® " substitutes Ti*" preferentially on
the body centered and face centered lattice sites in the
anatase structure. This result, which must be confirmed by
techniques such as extended X-ray absorption fine structure
(EXAFS), is very important since it suggests that substi-
tutive dopants can act directly as trapping sites to enhance
the carrier lifetime.

@ Springer
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Table 2 Rietveld refinement

Sample Phase content (%) Mean particle size (nm) Lattice parameters (A)
parameters (phase contents,
mean particle size, and lattice Anatase Brookite Anatase Brookite a c
parameters) determined from
XRD spectra A 72.1 27.9 12 9 3.7820 (5) 9.4417 (6)
B 72.1 27.9 11 9 3.7907 (6) 9.4508 (4)
C 82.8 17.2 11 9 3.7923 (4) 9.4773 (5)
M 86.5 13.5 18 11 3.7925 (3) 9.5075 (4)
Errors +0.8 +0.8 +1 +1

TEM images of the specimens exhibit mainly Fe(III)-
doped TiO, nanoparticles having diameters between 8 and
12 nm (the mean size is about 10 nm) (Fig. 5a—c). The
average TiO, particle diameter thus obtained from the
TEM analysis is close to the value estimated from the
broadening of X-ray diffraction lines. The size distribution
is monomodal excepting the specimen with the lowest Fe
content which exhibits a bimodal distribution (Fig. 6).
Generally, only mesoropores having sizes between 10 and
30 nm were observed and the minimal size of detected
pores was similar to the mean size of anatase nanoparticles.
The porosity can be changed as a function of iron doping.
Thus, in the sample C (Fig. 5a), which has a minimal iron
content, a high and interconnecting porosity was detected,
while the sample B (Fig. 5b), which is very compact,

Fig. 5 TEM images and SAED
patterns associated to specimens
having different Fe(III) content:
a 0.45 at.% Fe (sample C); b 0.9
at.% Fe (sample B); ¢ 1.8 at.%
Fe (sample A); d an indexed
SAED pattern of well-
crystallized anatase particles
(where hkl,—anatase
diffraction rings and 1215—
brookite diffraction ring)

@ Springer

contains a major fraction of individual pores, without
intercommunication among them. A peculiar structure is
registered for the highest iron content sample (Fig. 5c)
where the microporosity was found to increase; a circum-
ferential and interconnecting porosity around anatase
particles can be observed in the inset of Fig. 5c. The
structural information given by SAED is in good agree-
ment with X-ray diffraction data. The presence of brookite
phase besides the major anatase phase (Fig. 3d) leads to a
broadening of the strongest ring (101) of the anatase phase,
which is overlapped with the line (111) (I = 80) of the
brookite. A strong diffuse ring (121) of the brookite is
observed at d = 2.90 A between the successive (101) and
(200) anatase rings. SAED patterns confirmed the decrease
of the axial lattice parameter c as the iron content increases.
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Fig. 6 The particle size distribution for Fe-doped TiO, aerogels: a
specimen A and b specimen C

Conclusions

Fe(Ill)-doped TiO, aerogels with specific surface areas of
up to 151 m?/g were prepared using the acid catalyzed sol—
gel method followed by low-temperature supercritical
drying and heat treatment. Varying the ethanol-to-titania
precursor and the Fe(NOj);-to-titania precursor molar
ratios and applying the low-temperature supercritical dry-
ing for the removal of the solvent entrapped in the porous
gels network, resulted in aerogels with different morpho-
logical properties. Increasing the ethanol-to-titania
precursor ratio, from 17.95 to 21.49 resulted in a larger
specific surface area. The iron-doped TiO, aerogel with the
highest content (1.8 at.%) has the highest photoactivity,
although it has the maximum brookite content. Shallow
trapping of the photoelectron by Fe(III) followed by rapid
iron-catalyzed transfer of the electron to adsorbed molecule
is suggested as a tentative explanation for the enhancement
of photocatalytic activity.

Raman spectra of the iron-doped TiO, aerogel samples
revealed the existence of both anatase and brookite crys-
talline phases. It was found that the brookite phase
formation is favored by the increase of the iron content in

the calcined samples. The microstructure of the samples
investigated by TEM shows a relatively compact micro-
structure with small mesopores (individual and non-
communicating). The porosity varies as a function of the
iron content and the increasing doping leads to an impor-
tant decrease of pore size and interconnectivity. Both X-ray
diffraction and SAED patterns revealed a major anatase
phase mixed with a brookite fraction. X-ray diffraction
measurements show that the lattice parameter ¢ of anatase
phase decreases with dopant addition, while the value of a
remains essentially unchanged. It can be presumed that
Fe* ' substitutes Ti*" preferentially on the body centered
and face centered lattice sites in the anatase structure, since
only the axial parameter ¢ changes, while a remains the
same. This result is very important for photocatalytic
activity since only substitutive dopants can act directly as
trapping sites to enhance the carrier lifetime. Thus, the as
obtained Fe(Ill)-doped titania aerogels are interesting cat-
alysts for environmentally imperative applications.
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