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Titanium dioxide, despite its rather simple summation formula, is a material with
widespread applications. Fe-doped TiO,, because of its photocatalytic properties, is employed
in devices for water detoxification, water splitting, and air purification, as well as for solar
cells. For each application, its functionality can be optimized by adjusting the crystal
modification by the degree of Fe doping and by structuring on atomic to macroscopic length
scales. We have developed a flexible and inexpensive butanediol sol—gel synthesis for Fe-
doped titania which allows us to control the material properties on atomic, mesoscopic, and
macroscopic scales with respect to structure—morphology property relationships, i.e., to
generate a tailor-made functional material. A Kinetic phase diagram of TiO,:Fe based on
this synthesis pathway, in particular with respect to Fe incorporation, has evolved as a result
of the application of a large set of complementary means of investigation.

Introduction

Titanium dioxide is, to date, not only the most
important synthetic pigment,1=3 but also, due to its
outstanding electronic properties, one of the most pho-
toactive, and, because of its high chemical stability and
nontoxicity, one of the most practical materials em-
ployed in heterogeneous photocatalysis.*~® Extensive
research is in progress for exploring its widespread
applications such as water detoxification, water split-
ting, air purification, and solar cells.”8 The catalytic
properties of titania depend on its crystal modification
and crystallinity, and can be further tuned by doping
and by structuring. The rutile phase, for example, is
very efficient as a catalyst for decomposing H,S, whereas
the anatase phase is more active in many other catalytic
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processes.® Doping with transition metals allows a
tuning of the absorption properties® of TiO,. The key
dopant is Fe.®10 A huge surface enhancement and thus
an increase of the reactivity can be obtained by nano-
structuring.!* Here, we demonstrate how the material
properties of iron-doped titania can be tuned from the
macroscopic level down to the microscopic level by
varying the synthesis conditions of a rather inexpensive
butanediol sol—gel fabrication process.

Three different crystalline structures are known for
pure TiO,. At ambient conditions, the tetragonal rutile
structure is thermodynamically stable. Tetragonal ana-
tase and orthorhombic brookite transform irreversibly
into rutile when heated. The phase-transition temper-
ature depends on the size of the crystallites at least for
the anatase—rutile transition.’? To our knowledge, all
previous magnetic experiments concerning iron-doping
of TiO, have been performed with samples containing
less than 0.2% of iron atoms.'71920 |f iron atoms are
incorporated into TiO; in this dilute regime they are in
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the Fe®t state without exception. Titania modifications
with higher Fe content have been widely reported.
However, to our knowledge, no experiments were per-
formed to probe the local Fe coordination, i.e., to prove
unambiguously that Fe substitutes Ti while conserving
the TiO, modification. Here, we present a comprehen-
sive study of Fe in TiO; for significantly higher concen-
trations. We clarify by magnetic as well as spectroscopic
techniques the site-specific incorporation of Fe in rutile
and anatase. Furthermore, we demonstrate that single-
phase material with Fe contents up to 0.2% and 30% in
rutile and anatase, respectively, are stable even at high
temperatures. These single-phase compounds can be
obtained reproducibly only by soft chemistry synthesis
pathways.

Experimental Methods

For the synthesis of the nanostructured iron-doped titania
a modified sol—gel method was applied. To a solution of Fe-
(NO3)39H,0 (>98%, Merck) in butanediol (>98%, Merck)
titanium isopropoxide (98%, Aldrich) was added at room
temperature under constant stirring. The molar ratio of
butanediol and titanium isopropoxide was 1:2. Textile sheets
were soaked with the precursor solution and dried at ambient
temperature for 5 d. The template containing the dry gel was
calcinated in air at the temperatures mentioned in the text.

The morphology of the samples was examined using a LEO
Gemini 982 scanning electron microscope (SEM) equipped with
a Rontec energy-dispersive X-ray analysis (EDX) detector
system.

Transmission electron microscopic (TEM) studies were
performed on a Phillips CM 30 instrument equipped with
energy dispersive X-ray analysis (EDX) and a selected-area
electron diffraction (SAED) detector.

The surface area and pore size distribution were measured
by the BET method (Micrometrics ASAP 2000).

XRD measurements were done on a Seifert TT3003 diffrac-
tometer operating with Cu Ko radiation. Diffraction patterns
were recorded in the angular range 20° < 26 < 80° with a
stepwidth of 0.02° and a counting time of 1 s per data point.

Unpolarized Raman measurements were performed in
backscattering geometry using a Jobin Yvon micro-Raman
system based on an Olympus BX41 optical microscope. Excita-
tion light (514.5 nm) of an Ar" laser (Coherent Innova 200)
was coupled via optical fibers into the microscope system and
focused onto the sample. The laser power on the sample was
less than 20 mW to avoid laser-induced annealing. The
scattered light was collected via the microscope objective.
Elastically scattered light was rejected by a Kaiser Optics
holographic Notch filter before coupling the Raman scattered
light into the spectrometer system (Acton Research Corpora-
tion SpectraPro-500). The spectra were detected by a liquid-
nitrogen cooled ISA CCD2000 CCD camera.

The EXAFS measurements were done at the beamline E4
of HASYLAB at DESY in transmission mode at room temper-
ature. The spectra were energy-calibrated against the first
inflection point of the K edge spectra of Fe or Ti metal. After
removing the background, which was approximated by a
Victoreen function in the pre-edge region, and normalization
of the edge height, the photon energy (E) to wave vector (k)
conversion was carried out using the first inflection point of
the absorption edge as energy threshold. The atomic absorp-
tion was subtracted by fitting the k? weighted spectra in the
range 2.15A-1 <k <125A 1 for Fe (and24 A1 <k <15A~?
for Ti) with a fifth-degree polynomial function. For the Fourier
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transformation the data were weighted with a Bessel Window
B =4).

EPR measurements were performed in a Bruker Elexsys
500 CW spectrometer at X-band frequencies (9.48 GHz) and
magnetic fields up to 1 T between 4 and 300 K in a continuous-
flow He cryostat (Oxford Instruments). EPR measures the
microwave absorption Paus(B) of a paramagnetic sample de-
pendent on the external magnetic field B. To improve the
signal-to-noise ratio the field derivative dP,,/dB was detected
by lock-in technique with field modulation.

The magnetization was measured in a commercial super-
conducting quantum interference device (SQUID) magnetom-
eter (Quantum Design) working in magnetic fieldsup to5 T
and at temperatures between 1.8 and 400 K.

Results and Discussion

Color photographs of macrotextured sheets of pure
titania and iron-doped titania are shown in Figure la
and b, respectively. The change of color of the sheets
demonstrates how the absorption properties of the
material can be tuned by iron doping. The macroscopic
texture is controlled by the type of cellulose or cotton
fiber network used as template in the sol—gel process.
A control of the texture on this macroscopic level will
be crucial for technical applications, e.g., when employ-
ing such material in water-purification devices.

In the following we will focus on the intrinsic meso-
scopic and microscopic properties of iron-doped TiO;
synthesized by the butanediol sol—gel process. For this
purpose, we have prepared crystalline samples using
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Figure 2. TEM image of the mesoporous structure of an iron-
doped anatase sheet. Inset: BET isotherms and the corre-
sponding pore size distribution.

the same synthesis pathway as for the macrostructured
samples, but without sheet templates.

Figure 2 is an HRTEM image of the nanoscopic
structure of a pure anatase crystallite calcinated at T,
= 600 °C showing the homogeneous size distribution of
grains and pores with an average of 4—5 nm, which was
confirmed by sorption measurements (BET method).
The inset shows the pore size distribution deduced from
BET isotherms and the Kelvin equation. For this sample
the pore size is about 4 nm and the size distribution is
very narrow. A size control of the pores is desirable as
it allows a controlled enhancement of the active surface
and might help to avoid filling of the pores with
contaminants, which would lead to degradation of the
catalytic properties. According to the HRTEM lattice
images and SAED pattern the crystalline part of the
samples consists of anatase as dominant phase and
rutile in traces. Furthermore, small amorphous regions
are visible.

Raman and XRD measurements were performed to
identify the crystalline phases synthesized by the sol—
gel process at calcination temperatures ranging from
300 to 800 °C and nominal Fe concentrations up to 30%.
As an example, Figure 3a shows the analysis of an XRD
pattern of a TiO,:Fe 10% sample calcinated at T, =
630 °C. A quantitative phase analysis yielded a com-
position of 75% anatase, 10% rutile, and 15% pseudo-
brookite (Fe,TiOs), another phase of the TiO,:Fe system.
The modeled traces are the top three curves in the figure
labeled A, R, and P. Below, the experimental curve and
fit are compared. The difference between experimental
and modeled trace is shown as the lowest curve.

If one assumes that all Fe ions are embedded in the
pseudobrookite phase at this temperature, the expected
weight percentage of this compound is 15%. The ob-
served composition matches this value very well, indi-
cating that only small amounts of iron can be present
in rutile or anatase at temperatures above 600 °C, in
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Figure 3. Phase transition from doped anatase (A) to rutile
(R) and pseudobrookite (P) monitored by XRD and Raman
spectroscopy. (a) XRD pattern of TiO2:Fe 10% after calcinating
at 630 °C and a corresponding fit. The contributions of anatase,
rutile, and pseudobrookite are shown in the upper part of the
graph, and the difference between experimental and modeled
trace is shown at the bottom of the graph. (b) Room-temper-
ature Raman spectra of TiOz:Fe 5% calcinated at various
temperatures. Features due to the anatase, rutile, and pseudo-
brookite phases are indicated. High-frequency peaks have been
connected by vertical dashed lines. High-frequency regions in
the spectra samples synthesized at low temperatures have
been magnified with respect to the corresponding low-
frequency regions for clarity. Inset: room-temperature Raman
spectra of TiO,:Fe with different iron concentrations calcinated
at 700 °C. The evolution of the pseudobrookite features has
been indicated by vertical dashed lines.

agreement with the EPR and EXAFS results discussed
below.

Figure 3b shows a series of Raman spectra of TiO;:
Fe samples calcinated at different temperatures and
with a nominal iron content of 5%. Anatase single
crystals have Raman-active phonons at 144 cm™ (Ey),
197 cm™1 (Eg), 399 cm™1 (Byg), 513 cm™? (Ayg), 519 cm ™
(B1g), and 639 cm™! (Eg).13 All these phonon modes are
clearly visible in the spectra of low-temperature samples
(from 315 up to 600 °C), and despite the considerable
iron doping they are practically unshifted compared to
the spectra of the pure TiO, samples. The features
observed in the spectra of the high-temperature samples
(700 and 800 °C) correspond to Raman-active phonons
of rutile single crystals which have been reported to
occur at wavenumbers of 143 cm™1 (Byg), 447 cm ™! (Ey),
612 cm™! (A1), and 826 cm™! (Byg).'* These are also
nearly unshifted. The broad shoulder around 240 cm™1!
has been reported for rutile in the literature.* In the
spectra of the high-temperature samples, the evolution
of two additional Raman peaks at 195 and 220 cm™1 is
observed with increasing iron content. The inset of
Figure 3b shows a series of spectra from samples
calcinated at the same temperature of 700 °C but
containing different amounts of Fe. The two signals are
due to pseudobrookite, indicating that a segregation
occurs at higher temperatures.’®> The phase transition
from anatase into the mixed phase of rutile and pseudo-
brookite takes place between 600 and 650 °C. This is a
significantly lower temperature than the one observed
for the anatase—rutile transition in TiO; single crystals
(=900 °C).16 The decrease of the phase-transition tem-
perature is known to be characteristic of TiO, nano-
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Figure 4. EPR spectra at 4.2 and 200 K for TiO.:Fe 5%
calcinated at 470 °C (first and second) and 800 °C (third and
fourth), respectively, and EPR spectrum of Fe,TiOs. Solid lines
are fit curves as described in the text. For the fourth spectrum
also the result after subtraction of the fit curve is shown as a
solid line. The relative amplification factors between temper-
atures of the same sample are given in brackets. Upper inset:
SQUID magnetization for TiOz:Fe 7% calcinated at 400 °C.
The dotted line indicates the extrapolation of the spontaneous
moment. Lower inset: ratio of the intensities of pseudobrookite
and rutile phase normalized to the respective Curie—Weiss
law. The solid line indicates the fit (x — X¢)/x. to determine the
critical concentration x; of Fe3' in rutile.

crystals and has been attributed to surface effects.12 The
Raman results basically confirm the XRD results.

EPR and EXAFS measurements are used to identify
the distribution of the Fe-dopants between the three
phases of the TiO,:Fe system, namely anatase, rutile,
and pseudobrookite. The results are presented in Fig-
ures 4 and 5. EPR directly probes the Fe3* spin (S =
5/2) and hence gives information about the local sym-
metry of the host material. As one can see from the
example TiOz:Fe 5% presented in Figure 4, the reso-
nance spectra exhibit characteristic features, which
allow one to distinguish unambiguously between the
three phases of the TiO,:Fe system. The upper two
spectra are typical of the samples calcinated at 470 °C.
These spectra could be best fitted by four Lorentzian
lines: i.e., two lines with a g value near g = 2.0, another
resonance at g = 4.2, and an additional very broad
underlying line (line width > 0.3 T) with a resonance
field between 0.2 and 0.3 T. The intensity of the whole
spectrum exhibits a Curie—Weiss-like decrease, except
for the very broad line with a nearly temperature-
independent intensity.

The two overlapping lines observed at g = 2.0 with
line widths of 0.01 and 0.04 T can be ascribed to Fe3*
ions in the anatase structure. They result from the
powder-average of the anisotropic EPR spectrum,
which has been reported for anatase single crystals?!’
with a dominant uniaxial zero-field splitting D =
308.7-1074 cm~1. The weak line at g = 4.2 probably
indicates the presence of a small residual amount of the

Chem. Mater., Vol. 15, No. 21, 2003 4031

TiO,:Fe 30%

FT((k)*k?)

I I I

3 4 5 6 7 8
Figure 5. Upper panel: modified radial distribution functions
(mRDF) of iron in 30% Fe-doped TiO; calcinated at different
temperatures. Lower panel: mRDFs of the reference samples

pseudobrookite (P), rutile (R), and anatase (A). The latter two
compounds were measured at the Ti—K threshold.

amorphous TiO, phase, which appears at low calcination
temperatures <400 °C, as such a signal is typical of Fe3"
in glass.® The broad underlying line can be ascribed to
traces of metallic iron clusters, which were identified
by additional magnetization measurements, shown in
the upper inset of Figure 4. The magnetization curve
reveals a spontaneous moment of 0.4:107% ug per
formula unit (ug = Bohr magneton), which corresponds
to less than 0.1% Fe clusters. These observations prove
that the vast majority of the Fe ions are incorporated
into the anatase structure. The third and fourth spectra,
shown in Figure 4, were obtained from samples calci-
nated at 800 °C. The spectrum measured at 4.2 K
reveals a complicated structure with several sharp lines,
which has been already reported for powder spectra of
Fe3* in rutilel® and was intensively studied in single
crystals? as well. With increasing temperature a broad
line develops in addition to the low-temperature spec-
trum, as one can see from the data taken at 200 K. This
broad line is typical of pseudobrookite which is shown
as the fifth spectrum acquired at 200 K. The resonance
line of pseudobrookite, which is well described by a
single Lorentz curve, strongly broadens with decreasing
temperature and becomes undetectable below 100 K on
approaching the spin-glass transition.?! Therefore, it
cannot be observed in the rutile spectrum at 4.2 K.

(21) Atzmony, U.; Gurewitz, E.; Melamud, M.; Pinto, H.; Shaked,
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Wanklyn, B. Phys. Rev. Lett. 1979, 43, 782.
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After subtraction of the pseudobrookite line from the
200 K rutile spectrum, only the features of the 4 K
spectrum remain, as it is also shown together with the
fourth spectrum in Figure 4. Comparing the ratio of the
EPR intensities between the pseudobrookite (Ip) and the
rutile (Ir) signal for several nominal Fe3* concentra-
tions, we were able to estimate the critical amount, X,
of Fe3*, which can be incorporated into the rutile phase,
as X ~ 0.2%. This is indicated by the solid line in the
lower inset of Figure 4, where the concentration depen-
dence of the intensity ratio was fitted by Ip/lg = (X —
Xc)/Xe. The intensities were calculated from the areas
under the spectra by 2-fold integration of the EPR signal
and normalized by the Curie—Weiss law (T — Ocw)™?,
with ©cw = 0 K for diluted iron in rutile and Ocw =
—350 K for Fe,TiOs, determined from the temperature
dependence of the EPR intensity. From the analysis of
the EPR data, the rutile structure allows for only 0.2%
Fed* to occupy regular lattice sites, whereas the pure
anatase structure is unambiguously identified up to 3%
Fe®*. For more than 3% Fe®" the spectra still bear the
characteristics of the anatase phase. But the exchange
interaction between the Fe3* ions gains more and more
influence with increasing concentration, and, hence, the
EPR intensity exhibits deviations from the pure Curie
law. An extrapolation of the high-temperature part of
the inverse intensity yields Curie—Weiss temperatures
comparable to that of pseudobrookite, however this may
be just due to the higher Fe concentration within the
anatase phase. Finally, above 10% Fe®* the EPR signal
shows an additional line broadening which makes it
impossible to distinguish unambiguously between the
anatase phase and pseudobrookite. At these high Fe
concentrations EPR is not the appropriate method for
determining the purity of the phases, because the
spectra are governed by the strong correlations between
the Fe spins. To extend our investigations to samples
with higher nominal Fe concentrations, we used
EXAFS. The two methods complement each other: both
EPR and EXAFS vyield information about oxidation
states and the local environment of the iron centers.
EPR is much more sensitive than EXAFS and can
therefore be used for samples with low Fe concentra-
tions. Because of the strong spin—spin interactions
mentioned above, EPR is not the method of choice for
higher Fe contents. EXAFS, on the other hand, is less
sensitive but has no upper concentration limit. There-
fore, we used this method for investigations of the
samples with Fe concentrations up to 30%.

In Figure 5, the upper panel shows the modified radial
distribution functions (mRDF), i.e., the Fourier trans-
forms of the k2-weighted EXAFS functions, obtained
from Fe—K edge measurements of 30% Fe-doped samples
calcinated at different temperatures. For comparison,
the lower panel depicts mRDFs of an Fe,TiOs reference
sample (prepared by conventional solid-state reaction)
and of undoped anatase and rutile, respectively. The
Fe,TiOs data were taken at the Fe—K threshold,
whereas the two TiO, modifications were measured at
the Ti—K absorption edge.

One might be concerned whether pure anatase and
rutile are appropriate references for Fe-doped titania
because both the absorbing atom and the chemical
environment are different: for the pure titanates
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EXAFS measurements were performed at the Ti thresh-
old and Ti is the only backscattering transition metal.
The substituted samples, on the other hand, were
measured at the Fe-edge and the backscatterers are
both Ti and Fe. Fortunately, it is a well-established fact
that the central atom phase shift and the backscattering
atom phase shift, as well as the backscattering ampli-
tude, change slowly and smoothly with the atomic
number Z.22 For this reason the EXAFS signals for
elements with similar Z (e.g., the series of 3d-transition
metals) are comparable, and backscattering contribu-
tions of iron and titanium show little differences. We
verified this assumption by performing additional Ti—K
edge EXAFS measurements for the Fe,TiOs reference
and the 30% doped sample calcinated at 400 °C (i.e.,
below the phase transition described below). As ex-
pected, the mRDFs at the Ti- and Fe-thresholds were
found to be almost identical.

In Figure 5, it can be seen that for calcination
temperatures up to 500 °C the mRDF of the 30% doped
compound resembles that of the anatase reference,
whereas for higher calcination temperatures, the spec-
tra are basically identical to the one of pseudobrookite.
Small deviations in the intensities result from changes
of the (static) disorder of the neighboring ions. The peak
heights in the mRDF are influenced by the root-mean
square displacements of the atoms, which are described
by the Debye—Waller factors. For crystalline samples
the interatomic distances are well defined. Hence, the
Debye—Waller factors are small and the mRDF peaks
are rather high. Amorphous or nanoscopic materials,
on the other hand, exhibit small and broad peaks in
their mRDFs due to the large deviations of the inter-
atomic distances. For nanoscopic materials these devia-
tions derive from the strong influence of the surface,
which locally disturbs the crystal lattice.

It is worth noting that the experimentally found
mMRDFs do not match those of Fe;O3 or FesO4. This is
additional proof that iron is actually incorporated in the
TiO, framework and no binary oxides are formed. The
absence of a rutile-like radial distribution is consistent
with the EPR results. It confirms that the amount of
Fe incorporated into this TiO; phase must be very low
and that almost the entire Fe reacts from a doped
anatase to pseudobrookite within a small temperature
regime of about 100 °C. The critical concentration of
0.2% Fe that, according to the EPR measurements,
remains in the rutile phase is clearly too small to be
detected by EXAFS spectroscopy.

As can be seen in Figure 5, the peak heights slightly
increase with increasing calcination temperatures, re-
flecting a higher degree of structural order within the
iron environment. At the same time, the line widths in
the corresponding XRD patterns were found to decrease.
Both effects can be explained by growing of the crystal
grains upon heating.

Identical results were obtained for the samples with
a 10% iron substitution. Again, for calcination temper-
atures up to 500 °C the Fe—K EXAFS was very similar
to the anatase reference, while for higher temperatures
a pseudobrookite-like absorption spectrum was ob-
served. Apparently, in the high substitution regime the

(22) Teo, B. K. EXAFS: Basic Principles and Data Analysis;
Springer: Berlin, 1986; Chapter 7.
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Figure 6. Kinetic phase diagram of nanostructured iron-
doped titania from the butanediol sol—gel synthesis. Hatched
areas correspond to poor crystalline quality. Phase transitions
and segregations into mixed phases are indicated by red lines.

iron content does not significantly alter the thermal
behavior of the samples.

Figure 6 gives a kinetic phase diagram of nanostruc-
tured iron-doped titania from the butanediol sol—gel
synthesis derived by combining the results of the
various complementary methods. For iron concentra-
tions less than 0.2% the temperature of the phase
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transition from the anatase to the rutile structure
increases with increasing iron concentration. Above this
concentration the transition temperature remains ap-
proximately 600—650 °C. Samples calcinated at tem-
peratures lower than 400 °C show poor crystalline
qguality and contain amorphous phases. At low calcina-
tion temperatures, the iron atoms are incorporated into
the lattice of the anatase structure for Fe concentrations
up to 30%. In contrast, only up to 0.2% Fe can be
incorporated into rutile TiOs.

Conclusions

We have presented a comprehensive kinetic phase
diagram of TiO,:Fe based on a butanediol sol—gel
synthesis. The consistent picture has evolved as a result
of the application of an appropriate set of complemen-
tary methods of investigation. We have clarified the Fe
incorporation in TiO, from macroscopic to atomic scales.
The flexibility of this synthesis pathway for Fe-doped
titania allows one to control the material properties on
atomic, mesoscopic, and macroscopic scales with respect
to structure—morphology property relationships, i.e., to
generate tailor-made functional materials.
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