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ABSTRACT: Iron-doped TiO, (Fe:TiO,) nanoparticles were
synthesized by the sol—gel method (with Fe/Ti molar ratio
corresponding to 1, 3, and $%), followed by hydrothermal
treatment, drying, and annealing. A similar methodology was used
to synthesize TiO, and a-Fe,O; nanoparticles. For comparison, a
mixture hematite/titania, with Fe/Ti = 4% was also investigated.
Characterization of the samples using Rietveld refinement of X-
ray diffraction data revealed that TiO, consisted of 82% anatase
and 18% brookite; for Fe:TiO,, brookite increased to 30% and
hematite was also identified (0.5, 1.0, and 1.2 wt % for samples

Fe:Ti0,(5%) nanoparticles: TEM bright field image and elemental mapping
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prepared with 1, 3, and 5% of Fe/Ti). For hematite/titania mixture, Fe/Ti was estimated as 4.4%, indicating the Rietveld method
reliability for estimation of phase composition. Because the band gap energy, estimated as 3.2 eV for TiO,, gradually ranged from
3.0 to 2.7 eV with increasing Fe content at Fe:TiO,, it can be assumed that a Fe fraction was also inserted as dopant in the TiO,
lattice. Extended X-ray absorption fine structure spectra obtained for the Ti K-edge and Fe K-edge indicated that absorbing Fe
occupied a Ti site in the TiO, lattice, but hematite features were not observed. Hematite particles also could not be identified in
the images obtained by transmission electron microscopy, in spite of iron identification by elemental mapping, suggesting that
hematite can be segregated at the grain boundaries of Fe:TiO,.
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1. INTRODUCTION

TiO, is a semiconductor largely used as photocatalyst for solar
energy conversion because of its relative low cost and excellent
chemical stability.! TiO, deposited as a porous thin film on a
conductive substrate allows its application as photoanode in
dye-sensitized TiO, solar cells,>® and in photoelectrochemical
cells for water splitting’ or for oxidation of organic
pollutants.* ' Recently, we reported a successful system that
mineralized phenol by electroassisted photocatalysis using
porous TiO, electrodes connected to a solar cell, in an efficient
and inexpensive method to achieve water remediation.”

Solar energy conversion results from the electron/hole
separation that can occur under irradiation; however, the wide
band gap energy (Epg = 3.2 eV for anatase phase) limits the
TiO, photoactivity to UV irradiation (380 nm), that
corresponds to less than 3% of sunlight."'® The TiO, light
harvesting can be enhanced by sensitization with adsorbed
nanoparticles of a smaller band gap semiconductor, or by
doping with metallic or nonmetallic elements."' ™'

Iron has been considered a good candidate for TiO, doping
due to the Fe** and Ti*" ionic radii similarity;'” Fe doped TiO,
(Fe:TiO,) can be easily prepared by the sol—gel method, with
controlled crystalline phase and particle size.">'*>° Compared
to nondoped TiO, samples (as electrodes or suspended
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particles), Fe:TiO, always exhibited enhanced light harvesting;
however, controversial results can be found for its performance
as photocatalyst. Whereas some studies reported that iron
doping in TiO, resulted in higher activity for photocatalytic
oxidation of phenol,m and dyes such as methylene blue' %17
or methyl orange,21 others described lower activity for
degradation of alcohols,””** and methylene blue'' or Rhod-
amine B dyes.**

Probably, the Fe:TiO, photocalyst activity strongly depends
on the structural modifications associated to iron incorporation
as dopant (interstitial or substitutional) and a possible hematite
(a-Fe,05) phase segregation. Since hematite exhibits a much
lower dielectric constant when compared to TiO,> the
hematite presence can affect the separation of photogenerated
charges and the photocatalytic activity. Hematite segregation
can occur when the iron concentration exceeds the limit that
can be accommodated into the TiO, lattice, and again,
controversial results were found in the literature and depended
on the synthesis procedure. It was already stated, for instance,
that hematite segregation was observed just for Fe:TiO,
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prepared with relative Fe/Ti content higher than 20 wt % in the
precursors and after annealing at 600 °C;%% however, the
segregation of hematite, as well as Fe,TiOs, was also observed
for much lower Fe concentrations, such as 1 at % for Fe:TiO,
synthesized by the sol—gel method.””*

Motivated to contribute for a better understanding of the
effects of iron insertion and hematite segregation in Fe:TiO,
photocatalysts, we investigated the morphological and struc-
tural properties of nanosized particles of TiO,, Fe:TiO, (with
Fe/Ti molar ratio corresponding to 1, 3, and 5%) and a mixture
TiO,/a-Fe,0, (with Fe/Ti = 4%) by X-ray diffraction (XRD)
analyzed by Rietveld refinement, extended X-ray absorption
fine structure (EXAFS) and other surface analysis techniques.

2. EXPERIMENTAL SECTION

2.1. Synthesis of TiO,, Fe:TiO,, and a-Fe,0; Aqueous
Suspensions. Titanium tetra-isopropoxide, TTIP, (Aldrich-97%),
Fe(NO;);-9H,0 (Vetec-99%), nitric acid (Merck-65%) and all other
chemicals were of P.A. grade and used without any further purification.
Deionized water from a Milli-Q water purification system was used
throughout the work. The a-Fe,0; sample was prepared from 0.01
mol L™! of Fe(NO;); aqueous solution maintained at 96 °C for 24 h;**
after being cooled at room temperature, an orange-red suspension was
obtained. Fe:TiO, samples were synthesized by sol—gel method
followed by hydrothermal treatment, using precursors with the Fe/Ti
nominal molar ratio corresponding to 1, 3 and 5%; these samples are
respectively identified as Fe:TiO,(1%), Fe:TiO,(3%) and
Fe:Ti0,(5%). For comparison, a TiO, sample was also prepared
using the same procedure and without Fe(NO,);. Under vigorous
stirring, 2.5 mL of TTIP (that contained 0.39 g of Ti) was added to 30
mL of aqueous Fe(NO,); and HNO; solution (pH ~1.3), resulting in
the instantaneous formation of a pale yellow precipitate. This
suspension was peptized at 85 °C under stirring for 12 h (for
dispersion of agglomerates into primary particles), filtered using a glass
frit, and then transferred into a Teflon lined stainless steel autoclave,
which was sealed and heated at (200 = 5) °C for 8 h. After being
cooled at room temperature, the autoclave was opened and an aliquot
of the supernatant (7 mL) was carefully collected for analysis; the
residual aqueous suspension was then dispersed by ultrasonic bath for
30 min. The suspension of each sample was concentrated using a
rotary evaporator (at low pressure, S0 °C) for achieving ca. 15 wt %
for the final oxide concentration and then transferred to a closed flask,
for posterior preparation of powders. For each sample, the aliquot of
the supernatant solution was later analyzed by inductively couple
plasma optical emission spectroscopy (ICP OES), using the Perkin-
Elmer Optical 3000 DV equipment, in order to determine the
concentration of Fe and Ti that remained in the solution after the
hydrothermal treatment.

2.2, Preparation and Characterization of Oxide Powders. A
small aliquot of the aqueous suspension of each oxide was first dried in
oven at 60 °C and the resulting powder was crushed employing an
agate set of mortar and pestle. The sample was heated in an oven from
ambient temperature (10 °C/min), maintained at 350 °C for 30 min
and then at 450 °C for 30 min; after cooling down to ambient
temperature, the sample was crushed again. This procedure was also
used to prepare the TiO,/a-Fe,O; (with Fe/Ti = 4%) mixture. The
specific surface areas were determined by Brunauer—Emmett—Teller
(BET) method from Nitrogen adsorption at 77 K (Quantachrome
Nova 4200e equipment). The band gap energy for each sample was
estimated by a modified Kubelka—Munk function,*® from UV-—vis
diffuse reflectance spectra (UV—vis DRS), taken with a Teflon disk as
the reference standard (Cary SG-Varian apparatus, equipped with an
integrating sphere). The total Ti and Fe concentrations in two sets of
annealed samples were estimated by ICP OES after microwave-
assisted acid decomposition (details were described as the Supporting
Information). Examination by transmission electron microscopy
(TEM) was performed for samples of the annealed particles
resuspended in water (ca. 13 ng L™"), using a Carl Zeiss CEM-902
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equipment; electron energy-loss spectroscopy (EELS) and elemental
mapping were also obtained (Carl Zeiss Libra-120 TEM microscopy).
XRD and Rietveld Refinement. XRD analysis were taken at room
temperature using a Rigaku Rint-2000 equipment with a CuKa, 4 =
1.5406 A radiation, from 10° < 26 < 90°, with a 0.02° step size and S 's
per point. The instrumental broadening was checked with a crystalline
standard NIST LaBs powdered sample. Diffraction peaks of crystalline
phases were compared with those of standard compounds reported in
the Joint Committee on Powder Diffraction Standards (JCPDS)
database. Rietveld refinement was accomplished using GSAS-EXPGUI
software package;>"** the phase composition for the samples was
estimated considering the contribution of anatase (space group 141/
amdZ (141)), brookite (space group Pbca (61)) and hematite (space
group R3c (167)).20% Fittings were performed using pseudo-Voigt
functions and evaluated in terms of the weighted and expected factors
(pr,3 4REX), and their ratio, which corresponds to the goodness-of-fit
).

EXAFS Local Structure Investigation. X-ray absorption spectra
were collected at the Brazilian Synchrotron Light Laboratory (LNLS),
station DOSB-XAFS2, at room temperature (ca. 25 °C), using a Si
(111) monochromator. The samples were pressed into pellets of
suitable thickness; metallic Fe and Ti foils were also measured, as
reference. Ti K-edge (4850 to 5700 eV) and Fe K-edge (7000 to 7750
eV) spectra were collected in the transmission mode; the average of
three scans was considered for each sample. The data were analyzed by
Athena in IFEFFIT software package; normalized EXAFS oscillations
as a function of the photoelectron wavenumber (y(k)) were obtained
using standard procedures, considering the pre-edge and postedge
smooth backgrounds from the absorption spectra. The Fourier
Transforms (FT) of the k* (y(k)) spectra were associated to the
radial distribution around the absorbing Ti (or Fe) atoms.

3. RESULTS AND DISCUSSION

3.1. Characterization of TiO,, Fe:TiO,, and a-Fe,0;/
TiO, Powder Samples. Hydrolysis of TTIP followed by
hydrothermal treatment resulted in quantitative precipitation as
TiO,; from ICP OES analysis, the total amount of remaining Ti
in the supernatant ranged from 0.1 to 0.7 mg, which
corresponds up to 0.2% of the initial quantity added as
TTIP. For the supernatant solutions collected from the
Fe:TiO, samples preparation, the Fe amount ranged from
0.03 to 0.1 mg, less than 2% of the Fe(NO;); introduced as
precursor. The higher remaining iron concentration can be
associated to the larger hematite solubility, when compared to
TiO,.>* The final Ti and Fe concentrations in annealed TiO,
and Fe:TiO, powder samples were also estimated by ICP OES
after microwave-assisted acid decomposition (Table 1).
Considering the nominal values, the measured Ti concen-
trations in the samples differed by less than 10% of the
expected amounts; higher discrepancies were found for Fe
(ranging from 10 to 20%), probably because of its smaller
relative concentrations in the samples.

Table 1. Titanium and Iron Concentrations Estimated by
ICP OES for Two Sets of Annealed TiO, and Fe:TiO,
samples

nominal
concentration (mmoI measured concentration (mmol
g) g")
sample Crge Cp Cre Cp
TiO, 12.5 12.0; 11.9
Fe:TiO,(1%) 0.13 124 0.13; 0.12 12.5; 124
Fe:TiO,(3%) 0.38 122 0.32; 0.31 11.2; 11.9
Fe:Ti0,(5%) 0.63 11.9 0.51; 0.50 11.3; 11.9
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After annealing at 450 °C, the resulting powder exhibited
different colors; while the nondoped TiO, was white, the
Fe:TiO, changed from pale yellow to orange on increasing the
relative iron content. However, examination by scanning
electron microscopy or by TEM revealed similar morphology
for all the samples. Figure 1 shows a TEM image obtained for
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Figure 1. TEM image of annealed Fe:TiO,(5%) sample. Inset:
distribution of the average diameter obtained from a set of one
hundred particles.

the Fe:TiO,(5%) sample; the histogram of the average
diameter estimated from a set of one hundred particles,
presented as inset, revealed that the average diameter ranged
from 10 to 23 nm, and corresponds to 13 nm for most of the
particles.

Table 2 presents the surface area and pore volume
determined for annealed powder samples from N, adsorp-

Table 2. Surface Area and Pore Volume Estimated from BET
N, Adsorption—Desorption Isotherms for TiO, and Fe:TiO,
Powder Samples

sample surface area (m* g™*) pore volume (cm® g™')
TiO, 94 022
Fe:TiO,(1%) 114 0.26
Fe:TiO,(3%) 122 0.30
Fe:TiO,(5%) 122 0.28

tion—desorption curves. Type IV isotherms were obtained
(data not shown), suggesting mesoporous structure. Compared
to TiO,, doped Fe:TiO, exhibited higher surface area and
smaller pore volume.

Figure 2 exhibits the XRD patterns for annealed TiO, and
Fe:TiO, powders; crystalline samples were obtained, consisting
of anatase (JCPDS 21—1272) and brookite (JCPDS 29—1360)
phases. Also, hematite phase (JCPDS 33—0664) can be
identified in the samples prepared with 3 and 5% of Fe/Ti
molar ratio, indicating phase segregation of a-Fe,0;. In fact,
this synthesis procedure provided crystalline nanosized particles
even before the annealing procedure; XRD measurements
performed after peptization (12 h at 85 °C) already revealed
the characteristic reflections peaks for the anatase and brookite
phases (see Figure S1 in the Supporting Information), which
were intensified as a consequence of the hydrothermal
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Figure 2. XRD patterns for annealed TiO, and Fe:TiO, powder

samples prepared with different Fe/Ti molar ratio. Inset: detail of
hematite peaks observed in Fe:TiO,(3%) and Fe:TiO,(5%) samples.

treatment (8 h at 200 °C in autoclave) and annealing (350
°C for 30 min, 450 °C for 30 min).

The phase composition for each annealed sample was
estimated by Rietveld refinement, taking into account the
contribution of anatase, brookite and hematite phases. The
relative phase composition, i.e., the fraction for each phase, in
weight (W in wt %), can be estimated considering the mass of
the unit cell for every p phase (m,) and the individual scale
factor (S ) determined from Rletveld method, according to the
eql

_ Spmp

wW=—2°
Py (Sm) (1)

First, the Rietveld refinement was used to analyze the XRD data
for a mixture prepared with annealed powders of a-Fe,O; and
TiO,, with Fe/Ti = 4.0 wt %. Figure 3 shows the XRD pattern
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Figure 3. XRD data (symbols) and respective Rietveld refinement
(solid line) for a mixture of TiO, and a-Fe,O; (Fe/Ti = 4%) annealed
powders. The Bragg reflections for anatase, brookite, and hematite
phases (vertical bars) and the curves for the difference between
experimental data and calculated profiles were also indicated.

(symbols) and the respective Rietveld refinement (solid lines)
obtained for the mixture, as well as the Bragg reflections for
anatase, brookite and hematite phases (vertical bars). The
obtained Rietveld refinement exhibited good agreement with
the experimental data (RWP 7.9% and R, = 6.9%, thus y*
=1.14), as observed in the curve for their difference. The
hematite relative concentration was estimated as 4.4 wt %,
indicating the reliability of the Rietveld method for a
quantitative determination of phase composition in these
samples.

Figure 4 shows the experimental data and the respective
refinement for the TiO, and Fe:TiO,(5%) annealed powders

dx.doi.org/10.1021/am301444k | ACS Appl. Mater. Interfaces 2012, 4, 5555—5561
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Figure 4. XRD data (symbols) and respective Rietveld refinement
(solid lines) for (a) TiO, and (b) Fe:TiO,(5%) annealed powders.
The Bragg reflections for the anatase, brookite, and hematite phases
(vertical bars) and the curves for the difference between experimental
data and calculated profiles are also indicated.

(¢* corresponding to ca. 1.4); similar results were observed for
other samples. The phase composition and lattice parameters
estimated by Rietveld refinement are presented in Table 3.
The estimated parameters revealed that anatase is the major
crystalline phase in these oxides and the brookite contribution,
estimated as 18% for TiO,, increased for the Fe:TiO, samples.
Also, hematite was identified in all the samples prepared in the
presence of Fe(NO;);, and its weight fraction systematically
augmented from 0.5 to 1.2 wt % when the Fe concentration in
the precursors increased from 1.0 to 5.0%. Compared to
nondoped TiO,, for the Fe:TiO,(1%) sample a higher
contribution of brookite (32.0 wt %) and the segregation of
hematite (0.5 wt %) were found; also, the lattice parameters
and unit cell volumes for anatase and brookite phases were
enlarged (see the Supporting Information, Figure S2). The
presence of iron increased these lattice parameters probably
owing to the larger ionic radius of Fe’* (0.645 A) in
comparison to the Ti** ion (0.604 A).>* However, the lattice
parameter evolutions differed for the anatase and brookite
phases (see the Supporting Information, Figure S2a, b,
respectively). The lattice parameter variations for the brookite
phase were not regular, whereas for anatase, both ¢ and a lattice
parameters changed proportionally. Thus, because for the
anatase phase the ¢/a ratio corresponded to 2.505 for all the
samples (see Figure S2c in the Supporting Information), it can

be concluded that the iron insertion caused a regular lattice
expansion into its a- and c-axis, as already discussed for S-doped
TiO,.*” Also, the lattice parameters and unit cell volume of
brookite were more affected than their respective values
estimated for anatase, indicating that iron could have been
preferentially inserted into the brookite phase. For the sample
prepared with precursors containing 3% of Fe/T1, brookite and
hematite phases corresponded to 35.8 and 1.0 wt %,
respectively. The lattice parameter variations for brookite
were not regular, while for the anatase phase these values and
the unit-cell volume decreased and were similar to those
estimated for the nondoped TiO,. Maybe, in this condition,
hematite segregation and iron insertion into brookite phase
were more favorable than in the anatase phase. Finally, for the
Fe:TiO,(5%) sample, the brookite and hematite contributions
corresponded to 30.7 and 1.2 wt %, respectively. Furthermore,
the lattice parameters and the unit cell volume increased, and
these effects were more significant for brookite in comparison
to anatase. Thus, the results obtained from the Rietveld
refinement of XRD data indicated that part of the iron
segregated as a-Fe,O;, while another fraction was incorporated
as dopant into the TiO, lattice. This hypothesis can be
supported considering the differences in the color and
absorption of the Fe:TiO, samples when compared to the
one for TiO, and to the a-Fe,0;/TiO, mixture (Figure S).

Fe:TIO,(5%)
Fe:Ti0 (3%)
FerTIO,(1%)

8 o,

0.8

(ahv)'i (eV emy
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04
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OO 1 T 1
450 600 750
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300

Figure S. UV—vis diffuse reflectance spectra for TiO,, Fe:TiO,, and
the a-Fe,0;/TiO, mixture (dotted line). Inset: the respective
Kubelka—Munk function for estimating the band gap energy (Egg)
from variation of (ahv)® with photon energy (hv).

For TiO,, a white powder, the absorption onset is observed
at ca. 380 nm. For the Fe:TiO, samples, the color gradually
changed from pale yellow to orange with increasing iron
content, whereas the onset of absorption also shifted toward
the visible-light region; the red shift in the absorption spectra
can be associated to the band gap narrowing of these
semiconductors. A very different UV—vis DRS spectrum was
obtained for the a-Fe,0,/TiO, mixture (dotted line). Thus,

Table 3. Phase Composition and Lattice Parameters Estimated from XRD Data Using Rietveld Refinement”

lattice parameters (A)

anatase brookite
sample phase composition* (wt %) Ana:Bro:Hem a=b c a b c
TiO, 82.0:18.0: 0.0 3.782(6) 9.474(8) 9.170(2) 5.441(2) 5.174(5)
Fe:TiO,(1%) 67.5:32.0:0.5 3.784(5) 9.479(3) 9.184(6) 5.438(3) 5.178(9)
Fe:TiO,(3%) 63.2:35.8:1.0 3.782(5) 9.473(1) 9.150(2) 5.449(9) 5.179(0)
Fe:TiO, (5%) 68.1:30.7:1.2 3.788(2) 9.488(1) 9.269(2) 5.468(1) 5.172(S)

"Rietveld refinement parameters: R,, =86+ 07%and y* = 1.4 + 0.1 “Ana = anatase, Bro = brookite, and Hem = hematite phases.
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Figure 6. (a, c) EXAFS spectra, and (b, d) corresponding Fourier transforms for annealed powder samples of TiO,, a-Fe,05, Fe:TiO,, and a-Fe,05/

TiO, (Fe/Ti = 4%).

comparison of the spectra indicates that, in spite of the
hematite segregation, the Fe:TiO, samples must also contain
iron inserted as dopant in the titania lattice. The band gap can
be estimated from the UV—vis DRS considering the variation of
semiconductor absorption () with the incident photon energy
(hv), employing a modified Kubelka—Munk function.*® For the
direct-allowed electronic transition, the region near the
absorption edge (ahv)* exhibited a linear relationship with
hv (inset in Figure 4), and Epg can be determined by
extrapolation of the intercept with the abscissa. The Epg for
TiO, was estimated as 3.2 eV, which is in good agreement with
the reported values for anatase phase.*® For Fe:TiO,, the Eyq
values decreased from 3.0 to 2.7 eV for samples with the
relative Fe/Ti amount increasing from 1 to 5%.

The annealed powder samples were also investigated by
EXAFS measurements. Comparison of the X-ray absorption
near-edge spectra (XANES) obtained for these samples (see
Figure S3 in the Supporting Information) revealed that the
main edge crest, observed at 4976 eV, was not altered by iron
content. Also, all the spectra exhibited similar features; peaks at
ca. 4987 and 5002 eV, and a peak at pre-edge (from 4965 to
4975 eV), which can be attributed to transitions from Ti 1s to
3d energy levels. The Fe K-edge XANES spectra also exhibited
similar features for all samples, with the main peak observed at
7119 eV

The EXAFS oscillations and their corresponding FT
(performed with k*weighted) of the data for titania, hematite,
Fe:TiO, and the mixture hematite/titania are shown in Figure
6. For the Ti K-edge, Figure 6a, b, similar spectra were obtained
for all the samples. Independent of Fe content, the EXAFS
oscillations remained unchanged; all the FT curves exhibit the
main peaks at equivalent distances and with similar magnitude.
The radial distribution function around the absorbing atom
(FT curves) can be discussed considering the anatase and
brookite structure (see Figure S4 in the Supporting
Information); in the first one titanium is coordinated with six
oxygen atoms, with four neighbors at 1.98 A and other two at
1.93 A*' Brookite shows a similar structure, titanium being
coordinated with six oxygen atoms, located at different
distances, ranging from 1.86 to 2.04 A. The distances were
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obtained from the structure used in the refinement.*” Because
of the similar distances between titanium and oxygen atoms in
anatase and brookite the interpretation of the spectra can be
carried out considering both as scattering the same signal,
although the contribution of brookite should be smaller due to
its smaller mass percentages in the samples. Thus, the main FT
maximum at Figure 6b can be associated with the nearest shell
around the absorbing Ti atom, consisting of six O neighbors;
the second maximum can be related to the four Ti atoms and
the next peak to the third coordination shell of O atoms which
is similar in brookite and anatase. Therefore, the distances for
these coordination shells for Fe:TiO, samples are similar to
those exhibited by TiO,.

For hematite, a distorted octahedral configuration is also
found; around iron, there are three oxygen atoms at 1,94 A and
other three at 2.12 A.'” For data obtained at the Fe K-edge
(Figure 6d), the first FT maximum for hematite can be
attributed to six nearest oxygen neighbors; the second peak,
with similar or higher magnitude, has been associated to
superposed contributions of Fe and O shells.*> For Fe:TiO,
samples, however, the first maximum is much higher than the
second one, suggesting that the second coordination shell for
Fe:TiO, samples is different from that for hematite. This
feature was interpreted as an indication that absorbing Fe
occupied a Ti site at TiO, lattice. As observed in Figure 6d, the
features after the first peak in Fe K-edge show an evolution with
the increasing iron content in the samples, having a similar
shape to that observed for a-Fe,O;/TiO, samples. This
behavior is indicative that the observed spectra are scattered
by Fe atoms in TiO, lattices as well as in a-Fe,Oj lattices, and
the contribution of a-Fe,Oj; is increasing with the iron mass
percentage in Fe:TiO, samples. Thus, the higher the initial Fe
concentration, the higher the amount of segregated hematite,
which is consistent with the Rietveld refinement of the XRD
data.

Probably, hematite segregated at grain boundaries of the
Fe:TiO, particles and, due to the low relative concentration,
could not be identified by EXAFS. This hypothesis is supported
by comparison of bright field TEM images and elemental
mapping obtained for a-Fe,0;/TiO, (Fe/Ti 4%) and

dx.doi.org/10.1021/am301444k | ACS Appl. Mater. Interfaces 2012, 4, 5555—5561
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Fe:TiO,(5%) samples at Figure 7. The insets in b and d in
Figure 7 exhibit the iron signal (721 eV) in EELS spectra; for
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Figure 7. TEM bright-field images and elemental mapping (Inset:
EELS spectra) for (a, b) a mixture of the a-Fe,0,/TiO, (4%) and (¢,
d) Fe:TiO, (5%).

the hematite/titania mixture the elemental mapping revealed
regions with accumulated iron (brighter dots, Figure 7b), which
can be associated with hematite particles in the sample. For the
Fe:TiO,(5%) sample (Figure 7d), iron is also identified but it
must be homogeneously distributed and hematite particles
cannot be recognized in the image, suggesting that hematite can
be segregated at the grain boundaries of Fe:TiO, particles.
The presence of segregated hematite in the Fe:TiO, grain
boundaries can affect the separation of photogenerated charges
(electron/hole pair), as well as the electron transport through a
Fe:TiO, film, when this material is used as photocatalyst,
considering the differences in dielectric constants for TiO, and
a-Fe,0;. The dielectric constant values for anatase and
hematite, estimated at 298—300 K, correspond to S5 and 12,
respectively.”>** In fact, we are also investigating the photo-
electrochemical properties of thin films of TiO, and Fe:TiO,
and a worse performance has been observed for Fe:TiO, (these
results will be published later). Thus, the controversial results
observed in literature for the performance of Fe:TiO, particles
(or films) as photocatalyst for solar energy conversion can be
probably related to an eventual segregation of hematite.

4. CONCLUSIONS

Nanosized particles of crystalline TiO,, a-Fe,O; and iron-
doped TiO, (Fe:TiO,) were synthesized by the sol—gel
method (with Fe/Ti molar ratio corresponding to 1, 3 and
5%), followed by hydrothermal treatment, drying and
annealing. Rietveld refinement of the X-ray diffraction data
revealed that TiO, consisted of 82% anatase and 18% brookite;
for Fe:TiO,, the brookite contribution was higher than 30%.
Since hematite was also identified in all of the Fe:TiO, samples
(0.5, 1.0, and 1.2 wt % for samples prepared with 1; 3 and 5%
of Fe/Ti), their characteristics were compared to a mixture
consisting of hematite/titania (with 4% of Fe/Ti). Considering
that the band gap energy, estimated as 3.2 eV for TiO,,
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gradually ranged from 3.0 to 2.7 eV with increasing Fe content
in the Fe:TiO, samples, it can be assumed that a Fe fraction
was also inserted as dopant in TiO,. Furthermore, because the
lattice parameters and unit cell volume for brookite were more
affected than for anatase, it can be inferred that iron could be
preferentially inserted into the brookite crystallographic phase.
However, since hematite features were not identified by
extended X-ray absorption fine structure spectra, neither in
the images obtained by transmission electron microscopy,
probably hematite was segregated at the grain boundaries of
Fe:TiO,. Considering that a-Fe,O; exhibits a much lower
dielectric constant than TiO,, its presence at the grain
boundaries will hinder the separation of photogenerated
charges, affecting significantly the material performance as a
photocatalyst for solar energy conversion.
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