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Abstract

The role of Fe3+ ions in the transformations from boehmites and pseudoboehmite xerogels via transition aluminas to corundum was

studied here. Especially, the active iron species responsible for the decrease of the temperature of transformation to corundum were

looked for. To enable the formation of various Fe3+ and Fe2+ species, samples were subjected to thermal treatments in different

atmospheres as well as mechanically activated. Thermal analysis and ESR spectroscopy served to follow the processes and to characterise

the resulting products. It was found that (i) isolated Fe3+ ions can indicate local structural changes but have (almost) no influence on the

temperature of corundum formation, (ii) the temperature of corundum formation decreases in the result of action of small a-Fe2O3

particles and (iii) during thermal treatments Fe3+ ions are distributed between different phases or precursors thereof: transition

aluminas, corundum, Fe2O3, and a Fe3+ pool.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Preparation of corundum coatings by application of the
sol–gel method at first yields alumina coatings. These have to
be transformed to corundum via transition aluminas by
thermal treatments. The temperature of thermal treatments for
the preparation of corundum coatings on mechanically and
thermally stressed metal surfaces has to be kept as low as
possible with regard to the unwanted oxidation of the
substrates. Thus strategies are asked for to enable the phase
transformation to corundum at comparably low temperatures.

The influence of Fe3+ ions on the transformation to the
a-Al2O3 phase, e.g. in the form of ionic admixtures to the
respective sol [1,2] or as Fe2O3 particles [3,4], is known in
its macroscopic aspects. This is a case of ‘‘metastable-to-
stable’’ transformation which is not reversible and is not
characterised by an equilibrium transformation tempera-
ture. Generally speaking, a decrease in the belonging DTA
peak temperature Tp with Fe3+ concentration c was
e front matter r 2005 Elsevier Inc. All rights reserved.
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observed that attained a critical value with cE0.2mol%
Fe2O3 [2,5].
This threshold leads to the conclusion that competitive

processes are at work during the course of thermal
transformation of the gels, which will be examined within
the scope of this study, among other topics. Furthermore,
the phase sequence [6–9] during the above-mentioned
transformation, including further macroscopic effects, is
also known as a representation of changing macroscopic
properties [10–12]. Likewise, numerous research reports
have been submitted which relate directly to the material
properties (e.g. grain sizes and particle sizes) of Al2O3

products, or which concern the use of seeds [2,5,13–15] for
Tp reduction.
Because of the findings that have so far been made on the

problems implicit in the title and the prevailing assump-
tions [3,16–19], the present work concentrates on the
following problems, which have in the past hardly been
dealt with or which have been approached macroscopically
and phenomenologically:
(i)
 Do the Fe3+ ions play a key role in changing the
thermal properties of the xerogels and in the formation
of the Al2O3 phases?

www.elsevier.com/locate/jssc
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(ii)

Samples under investigation

Sample Fe3+ content (as mol% Fe2O3) or a-
Al2O3-seeding levels (as mol% Al2O3)
Are these species reducible in a chemical manner? Can
the oxidation–reduction processes of Fe3+ ions, which
are initiated by the gas phase, have a direct influence
on Tp?
(iii)

Fe2O3 (mol%)

Disperal 50.003

Disperal P2 50.003
Within what temperature ranges and how do Fe
species take effect (e.g. as Fe3+ ions, or in clusters, or
in separate phases)?
A1 0.003
(iv)
A2 0.003

A3 50.003

Fe004 0.04
Can a significant influence on the transition tempera-
ture Tp be achieved by mechanical activation of the
matrix or by activation of the two-phase system
xerogel/solid Fe compound?
Fe013 0.13

Fe026 0.26

Fe052 0.52

Fe104 1.04

a-Al2O3 (mol%)

S100 1.0

S200 2.0
The present work is methodically based on a combina-
tion of electron spin resonance (ESR) and thermal analysis
(TA). As is well known, ESR provides a selective and
sensitive method for characterising paramagnetic species in
all states of aggregation [20,21]. In particular, solid systems
with centres in 6S states (such as Fe3+ or Mn2+ ions) are
suitable objects for obtaining local structural information
with this method.

XRD and electron diffraction investigations performed
on samples treated in the temperature range up to 1300 1C
were discussed in [2,5].

The aim of the present TA studies, and particularly the
application of the reducing thermal conditions, was to use
chemical means to get to know more about the role of
Fe3+ ions in the above-mentioned phase-transition process
to a-Al2O3 in association with the ESR method. The TA
always provides the indispensable macroscopic evidence
for locally acquired ESR results and makes it possible to
establish a correspondence between the various descriptive
levels, starting from the original, complementary informa-
tion [22,23].
2. Experimental

2.1. Preparation and transformation of samples

An overview over the samples under study here is given
in Table 1.

Commercially available redispersible boehmites Disperal
and Disperal P2 (CONDEA Chemie, Germany) and
pseudoboehmite samples prepared by hydrolysis of Alu-
minium(III)-s-butoxide (ASB) in water at 85 1C and
partially doped with Fe3+ or seeded with corundum (see
[2] for details) were included in the studies. The before
mentioned samples were subject of thermal treatments at
different temperatures and in different atmospheres; details
are given in the text and with the figures, respectively.

Some xerogels and mixtures thereof with iron com-
pounds were mechanically activated in a planetary mill
(Pulverisette 7, Fritsch, Germany) for different periods of
time (8 and 16 h) at 600 rpm. Syalon vials with five syalon
balls (12mm in diameter) were used. The mass of the balls
was 14.8 g and that of the samples 1 g.
2.2. Thermal analysis

The thermal behaviour was studied mainly by conven-
tional TA (DTA-TG) both in inert and reactive atmo-
spheres. In several cases, simultaneously coupled TA-MS
measurements have been applied in order to follow the
composition of the evolved gases. A NETZSCH thermo-
analyser STA 409 C Skimmers, equipped with a
BALZERS QMG 421, was used to record the thermo-
analytical curves (T, DTA, TG, DTG) together with the
ionic current (IC) curves in the multiple ion detection
(MID) mode [24,25]. A DTA-TG sample carrier system
with platinum crucibles (baker, 0.8ml) and Pt/PtRh10
thermocouples was used.

2.3. ESR spectroscopy

ESR spectra in the X-band were taken at room
temperature and 77K with an ERS300 spectrometer
(Zentrum für Wissenschaftlichen Gerätebau, Germany).
Although for Fe3+ ions the g value is close to 2, in the
X-band effective g values g0 (g0 ¼ hn/bB; h is the Planck’s
constant, n the microwave frequency, b the Bohr magneton
and B the magnetic induction) of up to 20 can result
because of the fine structure. Resonance positions were
referenced to the signal of a MgO:Cr3+ reference sample.

3. Results

3.1. Results of thermal analysis

The key results of the TA are summarised in Fig. 1. It
shows the dependence of peak temperature on the
concentration of the Fe3+ doping of the samples (for the
nominally undoped samples the partly very small Fe3+

concentrations are estimated by means of the ESR signals).
For reasons of comparability, the findings were also
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on the peak temperature of phase transformation to corundum (Tp). Lines
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for thermal analysis in a nitrogen or a 10 % H2/90 % N2 atmosphere,

respectively.

Table 2

Samples resulting after mechanical treatments in a planetary mill

Sample Treatment Maximum temperature

of corundum formation

Tp (1C)

A3 None 1148 (air)

1128 (N2)

A3M08 Milled for 8 h 1049 (N2)

A3M16 Milled for 16 h 1009 (N2)

A3Fe2O3M Milled with 1wt% Fe2O3 for

8 h

987 (N2)

1008 (10 % H2/90 %

N2)

A3Fe3O4M Milled with 1wt% Fe3O4 for

16 h

1008 (N2)

A3Fe(acac)3M Milled with 1wt% Fe(acac)3
for 8 h

1038 (N2)
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included for selected redispersable boehmites of the
disperal type (the data for mechanically treated samples
are given in Table 2). Both types of samples avail of only
very small Fe3+ concentrations.

From the displayed curve progression, it may be directly
concluded that the Fe3+ ions are the cause of shifts of the
peak temperature Tp with higher Fe3+ concentrations, not
lastly owing to the increasing aggregation of the {Fe3+–O}
species (see [26–28]). If the TA runs are carried out directly
under reducing conditions, remarkable Tp shifts result,
accompanied by substantial changes of the respective ESR
spectra (see below).

The Tp values resulting from external pre-treatment at
300 1C, 500 1C, and 850 1C in a hydrogen atmosphere are
recorded between the two Tp graphs a and b. Here the
combined effect of thermal and chemical influences must
be noticed. Moreover, it should also be noted that the
sequence of Tp values changes with respect to the pre-
treatment temperature with higher Fe3+ concentrations.
Typical DTA curves were shown in a previous work [2].

Results of TA of samples milled in a planetary mill are
summarised in Table 2. It can be seen that mechanical
activation enables a decrease of the peak temperature of
corundum formation by up to �140 1C. An additional
decrease of Tp by milling mixtures of xerogel samples
together with iron compounds can only be achieved by
addition of Fe2O3 whereas Fe3O4 or Fe(acac)3 are not as
effective.

3.2. Results of the Fe3+-ESR

3.2.1. Basic types of spectral patterns for Fe3+ spectra,

observed during thermal treatments of xerogels

Fig. 2 is intended on the one hand to give an overview of
the diversity of spectral patterns, and on the other hand to
show the typically recurring patterns of Fe3+-ESR spectra
for the samples, which were recorded before or after the
TA. All such spectra can be simulated and can be
integrated. But as extensive work on simulation has already
been carried out [29], the description and discussion here
must be confined to the changes brought about by thermal,
chemical and mechanical influences on the samples. These
alterations are indicated largely by the effective g ratios, g0

[20] and the accompanying changes to amplitudes and line
widths.
While Fe3+ point defects here produce discrete reso-

nances within the range g0�2, g0�4.3, and g044.3 (i.e.
g0�5.2; 13; Fig. 2a), aggregation of the {Fe–Ox} species is
demonstrated by the overlapping of symmetrical lines of
great width in the case of g0�2 (see Fig. 2b and c). In most
cases, these transitions show a distinctive temperature
dependence (compare spectra in Fig. 2c and d), since they
are brought about by collective magnetic regions, with
ferromagnetic or anti-ferromagnetic couplings (see below).
These phenomena are accompanied by broadened transi-
tions, particularly at higher Fe3+ concentrations. Espe-
cially the g0�4.3 transitions show initial stages of
aggregation indicated by their temperature-dependence.
This effect is superimposed by magnetic dipole–dipole
interactions. The spectrum in Fig. 2b is likewise the result
for the Fe3+-doped sample Fe052 after the TA, carried out
in a reducing gas atmosphere (10% H2/90% N2). Isolated
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Fig. 2. Typical ESR spectra taken before and after the thermal analysis:

(a) sample Fe026, isochronally annealed at 850 1C inside an ESR tube, (b)

sample Fe052 after thermal analysis performed in reducing gas (10% H2/

90% N2), (c, d) sample Fe052, pre-treated for 2 h at 300K in a hydrogen

atmosphere, (e) sample Fe026, isochronally annealed at 750 1C inside an

ESR tube and spectrum (d) was taken at 77K, all others at 293K.
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Fe2+ ions are not detectable by ESR under the existing
measurement conditions. However, the spectral behaviour
(see also [30]) depicted in Fig. 2b arises in interaction of
Fe2+ with Fe3+ ions. Phenomenologically, the formation
of finite Fe2+ concentrations is made probable by the use
of reducing (thermal) conditions and this is last but not
least indicated by the pale-green colour of the samples.

Very broad lines with characteristic temperature depen-
dence of intensity, e.g. as depicted in Fig. 2b, unquestion-
ably document the mutual action between Fe2+ and Fe3+

ions, which summarily leads to a superimposition of ferro-
and anti-ferromagnetic contributions. Phenomenologically,
there is a sufficient resemblance between the spectrum in
accordance with Fig. 2b and that of the mechanically
treated ferrimagnetic magnetite. It must also be considered
that a-Fe2O3 is formed in ferromagnetic or super-para-
magnetic form within a range of �400 1C.
Generally, a simultaneous local formation of a-

Al2O3:Fe
3+ seeds (or preliminary stage) is very sensitively

shown by the characteristic Fe3+-ESR spectrum (Fig. 2a).
The first stages of this process are recognisable in the low
field (see arrows in Fig. 2e). The comparatively narrower
transitions with g0�13 [31,32] are particularly well suited as
sensitive and doubtless indicators for the a-Al2O3:Fe

3+

species and thus for the respective local phase transforma-
tion process. Moreover, Fig. 2e depicts the distribution of
Fe3+ ions between the phases of the matrix formed (i.e.
between transition aluminas, corundum and {FeOx}), on
the basis of the g0 values and line widths.

3.2.2. ESR findings before and after thermal analysis,

including reductive pre-treatments

In order to gain a further microscopic access to the
findings obtained by thermal or chemical means, in
addition to the NMR results [5], all of the samples,
including selected model substances (see below) were
characterised on the basis of their Fe3+-ESR spectra at
293K as well as 77K. Typical spectra for Fe3+ ions in
transition aluminas as well as in a-Al2O3 are depicted in
Fig. 2d, e and a, respectively. The Fe3+ ions are not
regularly aligned with O2� ions. OH� or H2O molecules
are statistically co-ordinated, with a distorted orthorhom-
bic co-ordination polyhedron resulting, giving signals at
g0�4.3 [33,34]. Under the chosen conditions, the prob-
ability of such an arrangement is relatively high, as it
clearly contributes to an approximation of the state of
equilibrium of the matrix.
The resonance intensities at g0�4.3 (not shown here)

differ only slightly for the Fe3+-doped samples, including
the nominally undoped sample A1. Even after drying at
120 1C, part of the Fe3+ ions is present in a distorted
rhombic co-ordination. With higher degrees of doping
(especially with the sample Fe052), a substantial portion of
the Fe3+ ions is present as an aqueous complex, which is
in agreement with the Moessbauer investigations of Huang
et al. [16].
The nominally undoped sample A1 contains Fe impu-

rities (o0.01mol%) which are not only confirmed by the
ESR spectrum (see Fig. 3 for the non-zero amplitudes of
the g0�4.3 resonances), but also by the pale-brown colour
of the sample.
After hydrogen treatment at 300 1C, the spectra of the

original xerogels show Fe3+ resonances at g0�4.3 with
comparatively small line widths. The Mn2+ resonances lose
intensity as a result of redox reactions (e.g. through the
formation of anti-ferromagnetic MnO2 under the influence
of released oxidising components such as NO, NO2, O2 [2]).
The corresponding integrals of the spectra (not shown
here) consequently reveal further findings as a result of the
emphasis given to spectral contributions with greater line
widths; they provide very broad lines in the region down to
B0�0mT and, all in all, very broad resonances within the
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g0�2 range. By comparison with corresponding model
systems [35], the latter are allocated to {Fe–Ox} aggregates
with slight proportions of distorted, i.e. partially para-
magnetic MnO2. In addition, the line width increase is
noticeable with growing Fe3+ concentration by virtue of
the magnetic dipole–dipole interaction at g0�4.3.

Fig. 3 demonstrates the combined effect of thermal
energy and of chemical reduction by hydrogen on the
xerogel matrix, on the basis of the amplitudes1 of the ESR
transitions at g0�4.3. Gel starting samples pre-treated at
120 1C (air) serve as a comparison here. Clearly, the
transformation of Fe3+ species is dominant within a range
of �300 1C, with very broad lines at g0�2 into such with
g0�4.3.

At g0�4.3, the amplitude rises with the increase in the
hydrogen pre-treatment temperature (500 1C), particularly
with higher Fe3+ concentrations (e.g. Fe052). This is due
to the complete orthorhombic distortion of the co-
ordination sphere by the weakly interactive Fe3+ ions,
resulting from the release of residual water by the matrix
and the local structural reorganisation.

The samples Fe004 and A1 obviously do not have any
more reserves regarding available Fe3+ ions under these
conditions and the amplitudes hardly change with the
transition to a temperature of 850 1C. This is all the more
surprising, as the reduction power of hydrogen is now
clearly increasing. Possibly, no reducible aggregated
{Fe–Ox} species are left, or this is not accessible within
the matrix. A reduction of Fe3+ (incorporated in the
transition aluminas), based on separate experiments, does
not take place or takes place only to a very slight extent.
This means, at g0�4.3 contributions from other species are
superimposed on the resonance caused by Fe3+ ions in
1The first or second integrals of many ESR spectra of the powder

samples examined are analysable only after additional corrections.

Therefore they are not always more meaningful than the initial deductions

which are based on amplitudes and line widths.
transition aluminas. At g0�4.3, the amplitudes of the more
highly doped samples, Fe013 and Fe052, decrease. This
decrease is explained by a reduction of the aggregated
{Fe–Ox} species during reductive pre-treatment, prior to
emplacement of the transitional alumina. This finding
presents a further indication for the distribution phenom-
enon of Fe3+ between point defect states and aggregate
states of Fe3+ ions.
As Fig. 4 makes clear with reference to the amplitudes at

g0�4.3, it must be assumed that there is a connection
between reductive pre-treatment of the samples and the
observed Tp shift, with xerogels doped with different
amounts of Fe3+ ions.
It is remarkable that for the doped samples the Tp shifts

are comparatively less well pronounced, although the
amplitudes clearly increase at g0�4.3 with the Fe3+-doping
level and during treatments in hydrogen at 300 and 500 1C,
respectively. However, the Fe3+ ions come proportionately
from a {Fe3+–Ox} pool of xerogels, which contributes
largely to the broad transitions at g0�2 and which feeds the
temperature increase as well as the ‘‘point defects’’ with
g0�4.3, as well as the aggregates of type Fe2O3. The
lowering of the g0�4.3 amplitude after pre-treatment of
the sample with hydrogen at 850 1C makes apparent the
reductive power of hydrogen as well as its attack on the
aggregate {Fe–Ox} prior to the emplacement of Fe3+ ions.
The formation of Fe0 species must also be expected under
these conditions, especially with hydrogen treatment in the
region of 1000 1C. Clearly, the Fe3+ concentration
represented by the signal with g0�4.3, is not primarily
effective for the formation of corundum. The overall shift
of the ascertained Tp values in the direction of higher
temperatures indicates that the number of effective Fe2O3

seeds was diminished by reduction (see below).
The amplitudes of the ESR signals at g0�2 and especially

at g0�13 represent a characteristic portion of the Fe3+ fine
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structure of a-Al2O3:Fe
3+ (see Fig. 2a). The dependence of

the g0�13 resonance amplitudes on the thermal and
chemical pre-treatment as well as their correspondence to
the respective Tp values is depicted in Fig. 5. For example,
the xerogels which are air dried at 120 1C provide both
signal increase (at g�13) and a decrease of Tp as a function
of the Fe3+ concentration and thereby confirm the
influence of Fe3+ ions on the Tp shift—a connection
originally derived from macroscopic investigations as
mentioned in the introduction.

The g0�2 region likewise provides a typical signal
pattern in the presence of a-Al2O3:Fe

3+ species, which in
the case of small Fe3+ concentrations is suitable for
quantifying the corundum content, and which at higher
concentrations indicates the aggregation of the {Fe–Ox}
species by signal overlapping.

Surprisingly, reductive pre-treatment of the nominally
undoped sample A1 (but which in reality contains traces of
Fe3+) provides an increase of Tp, linked with a slight
decrease in the ESR amplitudes at g0�2 and 13, respec-
tively. This trend continues in a slightly modified manner
with samples that are rather more highly doped, so that
conclusions may be drawn here as well on the original
effect of small {Fe–Ox} aggregates (remember also the
brown colour of the samples) during phase transformation
to a-Al2O3.

The reductive effect of hydrogen is particularly notice-
able in this series at 500 and 850 1C with the Fe052 sample,
which is the most strongly doped with Fe3+. This especially
relates to the decrease of the amplitude at g0�13. The
higher doping level also implies the presence of a larger
number of reducible {Fe–Ox} aggregates that are no longer
available as crystallisation seeds after reduction. At g0�2,
the resulting amplitude is also determined in this case by
the distribution of Fe3+ ions between the {Al–O} and
{Fe–O} phases.
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Fig. 6 serves to make apparent a possible connection
between the ESR responses of the samples prior to and
after performance of the TA; i.e. the amplitudes of the
signals at g0�13 are depicted as a function thereof at
g0�4.3. The picture would be slightly modified with
consideration being given to the line widths of the signals.
But the basic statement remains unaltered. The integrals of
the signals of the respective starting samples exhibit broad
signal contributions within the g0�2 range which must be
ascribed to the {Fe�Ox} aggregates and which increase
proportionately with the doping concentration.
Although the pre-treatment of the samples at 120 1C (air)

only provides a slight differentiation with respect to the
amplitudes at g0�4.3, the signals at g0�13 increase
noticeably after the TA, i.e. proportionally to the Fe3+

doping level. With g0�13, the ESR transition doubtlessly
indicates the local corundum formation. The remarkable
thing is that pre-treatment of the samples in hydrogen up
to temperatures of 500 1C provides a comparatively small
increase of amplitudes with g0�13, although an enlarge-
ment of the g0�4.3 amplitudes was recorded prior to the
TA. This means that here, too, competition occurs between
the incorporation of Fe3+ into the a-Al2O3, into the Fe2O3

particles, as well as into the transition aluminas. Coupled
with redox processes brought about by internal oxidation
partners (e.g. decomposition products of nitrate) as well as
external (hydrogen) reduction partners, the temperature–
time regime adjusts by making a specific distribution of
Fe3+ ions between the aforementioned phases.
Again at this point it may be concluded that the species

with the ESR transitions with g0�4.3 obviously have only a
marginal influence on the a-Al2O3 formation in the
Tp850 1C temperature range. However, they represent
Fe3+ species which are incorporated in the transitional
alumina phases and which are converted by embedding the
existing Fe3+ species during seed growth into a-Al2O3.
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The shape of the graph in Fig. 6d, which significantly
differs from graphs a–c, is obviously determined by the
greater reduction power of hydrogen at 850 1C. Part of the
potential seeds in the form of small {Fe–Ox} aggregates are
reducible here and cannot any longer contribute to an
increase in the a-Al2O3 formation.

All in all, it is interesting to note that the highest
amplitudes with g0�13, respectively, lie within a limited
range. This means that these amplitudes are not graded
according to the Fe3+-doping concentration of the starting
samples. They are rather an expression of the distribution
of the Fe3+ ions between the {Al–O} and the {Fe–O}
phases in formation, whereby the latter have a seeding
effect in their early stages and accelerate the formation of
corundum.

Fig. 7 provides a further insight into the distribution,
seed-formation and seed-growth processes. It can be seen
that the temporal development for the ESR amplitudes
with g0�13 (i.e. the representative of a-Al2O3:Fe

3+) is quite
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different for systems with corundum seeding or Fe3+

doping of the starting sols and provides a further indication
of the influence of Fe3+ species on the seed-formation
process.
In addition, here it should be noted that these samples

remained in ESR tubes (3mm internal diameter, 250mm in
length) during heat treatments in a furnace as well as for
the registration of spectra. Because of the tube geometry,
this experimental arrangement implies a comparatively
high partial water-vapour pressure pH2O

resulting from the
water vapourisation and condensation equilibrium in
vertically positioned tubes. This high pH2O

(i.e. the
saturation vapour pressure at the respective temperature)
leads to corundum formation at lower temperatures (e.g.
750 1C) in Fe3+-doped samples and clearly facilitates
structural reorganisation. On tempering in a quartz insert
(internal diameter 20mm, height 250mm) in the furnace,
the partial water-vapour pressure that sets in is noticeably
lower and the formation of corundum takes place only at
higher temperatures even with the same samples.
While the seeded sample (S100) showed hardly any

changes in what was a small amplitude anyway with g0�13
(Fe3+ impurities of the xerogels), after treatment at 850 1C
in each case, a clear increase was registered by the sample
doped with Fe3+. Here, seed formation has to dominate,
followed by a finite seed growth. For the seeded sample,
this seems to be relevant only at 950 1C—combined with
the embedding of Fe3+ in the a-Al2O3 matrix. The Fe3+-
doped samples here attain a somewhat stationary state, as
the number of effective seeds does not continue to grow
markedly and seed growth becomes decisive.

3.2.3. Distribution of Fe3+ between transition aluminas, a-

Al2O3 and {Fe–Ox} phases

As Fig. 8a shows, a finite concentration of species with
g0�4.3 is present at crystallisation temperatures (Tp). And
while the amplitudes with g0�4.3 dominate in the case of
the undoped or little doped samples, a stationary value
results for the quotients above about 0.2mol% Fe3+. This
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means that the number of Fe3+ ions embedded in the
corundum rises until it reaches a limiting value. It is only
with a further rise in temperature (or lengthening of the
tempering time) that the remainder of the species is
converted, with g0�4.3, and the Fe3+ is embedded in the
corundum. So it is then that several species (a-Al2O3,
transition aluminas and related phases) as well as residues
of {Fe–Ox}, which are not suitable for seeding, co-exist
under the experimental thermoanalytical conditions.

In accordance with Fig. 8b, amplitudes within the range
g0�4.3 show only a slight dependence on the pre-treatment
temperature (sample Fe026) up to about 750 1C. Only
when it is above this temperature does the amplitude of the
broad lines at g0�4.3 drop. This amplitude change is less
pronounced as a result of the greater line width relating to
signals with g0�13 (a-Al2O3:Fe

3+).
Accordingly, a steeper slope emerges for signal ampli-

tudes with g0�13. With g0�13, the narrow line width is the
result of the less well-pronounced angular dependence of
the signals, or their low dependence on the statistic
distribution of zero field parameters [24].

In Fig. 9, the signal amplitude quotients are used, with
g0�13 and 4.3, on the one hand in order to reduce
experimental amplitude errors by analysis of the same
spectrum, and on the other hand to obtain a measure for
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and (b, c) samples of different doping levels after heat treatments

(performed in ESR tubes) at 750 1C.
the time-dependent distribution of the Fe3+ ions between
the transition aluminas and the a-Al2O3.
With small Fe3+ concentrations (e.g. in the nominally

undoped samples) and after a short induction period at
T ¼ 1150 1C, the Fe3+ signals in a-Al2O3 (g

0�13) dominate
at the expense of the intensity of resonance with g0�4.3
(Fig. 9a).
The samples doped with Fe3+ behave in quite a different

manner; local a-Al2O3:Fe
3+ formation (Fig. 9b and c) can

be observed even at 750 1C here (e.g. look at the signal in
Fig. 2e, with g0�13). The induction period is hardly
pronounced and after 5 h there is a quotient rise, with a
transition to quasi-stationary behaviour. This is an
expression of a comparative distribution of Fe3+ ions
between the a-Al2O3 and the transition aluminas under the
conditions selected. The higher speed (relative amplitude
change per time unit) shown in Fig. 9b for sample
Fe003 corresponds to the higher Fe3+ concentration (see
Table 1). The quasi-stationary state is reached, when
all accessible and suitable Fe2O3 species are being
used as seeds and consequently only a small concentration
of Fe3+ is embedded in the corundum at this temperature
(750 1C).
Fig. 10 makes clear the changes which take place in the

samples in an oxygen or hydrogen atmosphere (at 1000 1C)
and which are sensitively indicated by Fe3+-ESR spectra.
A significant number of species with g0�4.3 remains after
tempering in hydrogen (1 h, 1000 1C), both in the cases of
sample Fe026 as well as of S200 (likewise with a small Fe3+

concentration on account of impurities), which indicates
transition alumina residues. In this connection, it is
remarkable that no (local-structural) difference in the
two corundum charges could be ascertained from the
27Al-MAS-NMR perspective after tempering in oxygen
or hydrogen [36]. As oxygen favours the formation or
structural perfecting of corundum, it should also contribute
to the complete in situ transformation of Fe3+ species or of
the entire matrix into a-Al2O3:Fe

3+ at pO2
�1 bar.

Finally, attention is drawn to an interesting comparison
here: TA in nitrogen atmosphere produced no crystal-
lisation peak Tp for the seeded sample S200 after pre-
treatment in hydrogen at 1000 1C; i.e. even after reduction,
typical seed behaviour continued and the sample was
transformed at just 1000 1C (evidenced by X-ray diffrac-
tion). With sample Fe026, a crystallisation peak was shown
to exist after the same pre-treatment, the value of which
fitted well into the graph (Fig. 1a). That is, residues of
small Fe2O3 aggregates were present in the sample as a
result of incomplete reduction.
The seeded sample S200 treated in oxygen for 1 h at

1000 1C provides a relatively intensive signal of a-Al2O3/
Fe3+, i.e. the Fe3+ that is present as contamination is with
the support of oxygen completely incorporated in the
corundum.
At g0�13, the relatively small signal that was obtained

for sample S200 treated in hydrogen is evidence of slight
Fe3+ incorporation and implicitly indicates a substantial



ARTICLE IN PRESS

0 100 200 300 400 500

(a)

(b)

(c)

(d)

B0 [mT]

g′=4.3

g′=5.3

g′=13

Fig. 10. ESR spectra of the samples Fe026 and S200 after heat treatments

at 1000 1C for 1 h (quartz tubes with 2 cm inner diameter) in oxygen and

hydrogen atmospheres, respectively: (a) sample Fe026, oxygen, (b) sample

Fe026, hydrogen, (c) sample S200, oxygen and (d) sample S200, hydrogen.

The intensities at g0�13 of the spectra (b) and (d) are equal to 1/7 and 1/70

of those of the spectra (a) and (c), respectively.

R. StöX er et al. / Journal of Solid State Chemistry 179 (2006) 652–664660
reduction of existing Fe3+ and Fe2+ ions, without
explicitly observing the magnetically ordered species, as
in Fig. 2c. Clearly, the a-Al2O3 grows on the surface of the
seeds even after hydrogen treatment, in parallel with the
reduction reaction.

3.2.4. ESR X-band spectra of milled xerogels as well as

milled mixtures of xerogels with selected solid Fe3+

compounds before and after thermal analysis

For these experiments a xerogel with a very low iron
level (sample A3) was used. Differing from sample A1 it
initially showed no resonance in the ESR spectra.

After milling, the nominally undoped xerogels provide
new ESR intensities, which are very slight and which are
largely settled within the range g0�4.3. After TA in a
nitrogen atmosphere, the typical Fe3+ in corundum signals
can be recorded (see also Fig. 2a).

Next, the phase Fe2O3 was studied. The ESR spectrum
consisting of a broad line at g0�2 shows a clear but yet
unspecific influence of the milling process, such as must be
expected in spin-exchange coupled systems. Subsequently,
after performing milling together with the already activated
xerogel, the ESR provides an enhanced signal intensity,
with g0�4.3; i.e. more or less discrete, magnetically
uncoupled centres come into being.
TA provides a Tp value of 987 1C for this system that is

lower than that of a mechanically activated xerogel
(Tp ¼ 1009 1C).
If the TA is interrupted even at 850 1C, the ESR provides

a clearly increased intensity with g0�4.3, as well as with
g0�2. There have so far been no indications as to local
corundum formation under the selected conditions. On
interrupting the TA at 982 1C (i.e. at the steepest slope of
the transition peak), an ESR spectrum was obtained which
is dominated by typical resonances of Fe3+ incorporated in
corundum (a-Al2O3:Fe

3+). But the peaks at g0�13; 5.2 and
2, are comparably broad owing to the large Fe3+ presence
by virtue of magnetic dipole–dipole interactions. Further-
more, the co-existence of the transition aluminas and the a-
Al2O3 phase has been recorded on account of the typical g0

values (g0�4.3 and 13). The corresponding integrals make
the existence of Fe2O3 regions probable on account of the
very broad transition with g0�2.
Magnetite (Fe3O4) was included into the mechanical

activation process with regard to a possible effect of low-
valent Fe species. Milling of a xerogel containing only
small traces of Fe3+ (A3) together with 1wt% Fe3O4 yields
broad ESR lines which are in principle comparable with
those of milled magnetite.
After the TA of the sample has been completed in a

nitrogen atmosphere the ESR pattern for a-Al2O3:Fe
3+ is

produced, whereby the transition with g0�5.3 (see also
[29,31,37]) is comparatively broad. A Tp of 1008 1C results.
The same value for Tp is achieved with a sample with a

Fe2O3 addition of 1wt% (A3Fe2O3M) whereby local
oxidic species such as distorted Fe3O4 and possibly also
Fe0 arise through the reducing conditions (10% H2/90%
N2 gas atmosphere) of the TA.
The greatest effect regarding the Tp is achieved on

milling the xerogel A3 with Fe2O3. Here the Tp, at 987 1C,
lies distinctly below the value for the mechanically
activated xerogel matrix, in which Tp ¼ 1128 1C. The
largest ESR intensity after performing TA was achieved
in this series with the addition of Fe(acac)3, as here the Tp

value is at its highest. With a Tp ¼ 1038 1C (DT ¼ �8%),
the Tp value of the mechanically activated matrix is just
about reached.
The finding that the milled sample A3Fe2O3M yields a

distinct lowering of Tp serves as a further example for the
assumption derived from macroscopic findings that the
Fe3+ ions take effect on Tp in the oxidic form (e.g. Fe2O3),
and not through some other bonded or complex structure.

4. Discussion

4.1. New findings of thermal analysis

The following can be determined from the experiments
that have been carried out: Coupled dehydration/hydration
processes occur as a function of the partial water-vapour



ARTICLE IN PRESS
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pressure pH2O
, whereby the Tp can be significantly

decreased. The Tp values that were originally lowered by
means of Fe3+ doping are raised to distinctly higher values
with the use of reducing conditions during TA. The pre-
treatment under hydrogen of the xerogel samples (which
contain Fe3+) within a temperature range of 300–1000 1C
likewise manifests itself by raising the Tp to higher values,
which leads to the conclusion that the Fe3+ species can
take effect at even lower temperatures. Different processes
have to be taken into account: Obviously, the reduction of
Fe3+ species appears to be the main effect at the increase of
Tp. It holds also for nominally undoped samples containing
traces of Fe3+. In addition to this process, especially
effective at higher temperatures of pre-treatment, parallel
to the reduction of Mn3+ and Mn4+ species, a deactivation
at the surface of the matrix particles should be considered.
This e.g. concerns surface seeds, formed spontaneously by
the matrix and phenomenologically observed by the H2

influence on samples containing only traces of iron (see for
example the boehmite samples in Fig. 1).

The xerogels [2,16], which contain nitrates, within the
temperature range from �200 to �350 1C, produce during
the course of the TA in a 10% hydrogen/90% nitrogen
atmosphere a multitude of exothermic peaks, which are
unexpectedly sharp (not shown here). A trapping of NO2 as
described in [2] before has not been observed under
reducing conditions.

All in all, the maximum temperature belonging to the
transformation peak Tp has proved to be a function of
numerous influences, important ones are:
�
 the concentration of Fe3+ ions that are not bound up
with complexing ligands (e.g. acetylacetonate groups);
Fe3+ ions are active in small Fe2O3 clusters, phase
precursors or active {Fe3+–Ox} particles;

�
 the possible stabilisation of the precursors of the g-

Al2O3 phase by Fe3+ ions, whereby this effect sig-
nificantly loses its potency to phase separation (the
formation of an {Fe–Ox} phase that is ineffective in seed
formation) above concentrations of about 0.2mol%
Fe2O3;

�
 pre-tempering in a temperature range of 150–300 1C;

here a structural reorganisation and an activation of
Fe3+-doped xerogels take place with simultaneous
enlargement of ESR amplitudes, with g0�4.3;

�
 the activation state of the xerogel matrix, i.e. the degree

of amorphisation, particularly the state after mechanical
activation, whereby the activation barrier for the
transition of xerogel to g-Al2O3 is lowered;

�
 the TA heating rate, as both thermodynamic and kinetic

effects determine the position and width of the transi-
tion peak to a-Al2O3;

�
 the seeds that are formed internally as well as those

already added to the sol [2,5];

�
 the atmosphere in which thermal energy is supplied,

particularly pO2
, pH2

, pH2O
whereby the effect of these

three atmospheres may be completely different;
�
 the synthesis route of xerogels (sequence and manner of
educt admixture, temperature–time regime, among
others).

4.2. Information obtained by Fe3+-ESR with respect to

spectroscopic and material aspects

The habit for X-band spectra of Fe3+ ions is determined
by the following species in the investigated samples:
Together with small {Fe–Ox} aggregates, the Fe3+ ions
(e.g. as Fe3þaq ) in the sol or xerogel matrix produce spectra
of the type shown in Fig. 2d, with a resonance of narrow
width with g0�4.3 and a broad width with g0�2 (proven by
the respective integrals); the corresponding intensity
relationships represent the distribution of Fe3+ ions
between the co-existing phases and precursors, respectively.
As soon as the corundum matrix has formed as such

(even locally, if need be), it constrains the trigonal
symmetry [29,37] of the FeO6 co-ordination for the initially
incorporated or finally diffused Fe3+ ions yielding the
typical X-band pattern of the Fe3+ fine structure (see also
Fig. 2a).
Further discrete spectral phenomena occurred only in

the interim and indicate Fe3+ species with an oxygen co-
ordination in the transition region between orthorhombic
and trigonal symmetry.
After simulation [29,31] and comparison of experimental

and simulated spectra, the X-band spectra of the untreated,
pre-treated or thermally analysed samples facilitate access
to the following information: It has to be assumed that at
least three or four phases co-exist up to the temperature Tp.
The largest available Fe3+ amounts are embedded in the

corundum matrix that is coming into being in an oxygen
atmosphere at sufficiently high temperatures (TX1000 1C)
up to concentrations of Fe3+�0.1mol%. Thereby, the
Fe3+ ions increasingly lose their proven indicator function
regarding the quantity and quality of the corundum
formed, with tiny Fe3+ concentrations.
The effectiveness with which Fe3+ ions are embedded in

the corundum matrix and also the degree of local structural
organisation increase with rising temperature of transfor-
mation to a-Al2O3. Thereby, the diffusion of Fe3+ in the
still existing transition aluminas with subsequent (coupled)
transformation into doped corundum (a-Al2O3:Fe

3+) is
being given greater importance in contrast to the direct
diffusion of Fe3+ in native corundum. At the same time,
the competition that has become apparent (particularly at
low temperatures) between phase separation into a-Al2O3

and Fe2O3 could be checked.
The formation of a-Al2O3:Fe

3+ can be ESR spectro-
scopically proven with the increase in (local) partial water-
vapour pressure even at T�750 1C. Coupled hydration/
dehydration processes obviously contribute to the forma-
tion of colonies of the phase being constituted.
The spin exchange interaction, which serves here as an

important indicator for the aggregation of paramagnetic
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species, can be evidenced by line shape analysis of
individual signals within the range g0�2 (see Fig. 2c).

Determination of the proportion of a-Al2O3:Fe
3+ as

well as transition aluminas sensitively arises from the
amplitude ratio with g0�13 and 4.3 (or from the respective
integrals).

Conclusions about the aggregation of Fe3+ and Fe2+

ions in the formation of {Fe2+–O–Fe3+} species as well as
the development of magnetic order phenomena in the
samples result from the temperature dependence of the
spectral transitions; as expected, species arise under
reducing conditions with a ferri-/ferromagnetic coupling
in an analogous manner to disturbed magnetite and its
ESR spectroscopic behaviour. If the particles are suffi-
ciently small, this phenomenon appears as super-para-
magnetism.

The following consideration may be helpful when
describing the formation of aggregated {Fe3+–Ox} species:
Without pre-treatment, the xerogels provide small signals
that are not further differentiated with respect to the level
of doping, at g0�4.3. Clearly, the greater proportion of the
existing Fe3+ ions contribute to a very broad signal in each
case, with g0�2. The brown colouration of the more highly
doped samples corresponds to other Fe3+ organic com-
pounds, or to aggregation process products of the
{Fe3+–Ox} species. The ESR intensity at g0�4.3 increases
strongly after tempering at 300 1C (with and without a
hydrogen atmosphere). The cause of this may be the
thermally simulated incorporation of Fe3+ in the AlOOH
phase that is evolving, accompanied by dehydration and
aggregation processes.

4.3. Chemical and physical consequences of thermally and

mechanically induced redox processes

Oxidation–reduction processes in xerogels have a num-
ber of causes: the oxidative effect of decomposing nitrate
residues, the reductive effect of decomposing organic
residues, as well as the externally predetermined atmo-
sphere (pO2

, pH2
, pH2O

) [16,38,39]. The use of external
reductive conditions (a hydrogen atmosphere within a
temperature range of 300–1000 1C, TA in a reducing gas
atmosphere) brings about a reduction of the Mnx+ species
(x ¼ 3 or 4) formed as an intermediate in the lower
temperature range (up to about 500 1C), or of appropriate
aggregates to Mn2+. In contrast to this, Fe3+ amounts
have exhibited relatively few changes, which makes one
conclude that discrete co-ordination is at work. Above
500 1C the doped matrices were reductively changed, with
Tp increases as a result. Moreover, it became apparent
which {Fe–Ox} species can be reduced under the applied
conditions. This largely concerns aggregated {Fe–Ox}
species, and hardly Fe3+ point defects in discrete phases
(see below). This gave rise to the further point that the
effective components for lowering the Tp are provided by
small active particles of Fe2O3, resulting from the Fe3+

doping of sols (see also [3,4]).
Altogether, the thermal pre-treatment of samples under
hydrogen led in any case to higher Tp values, whereby the
respective shifts were in part slight. The effect is most
strongly pronounced with comparatively small Fe3+

concentrations at 850 1C. Clearly, the positive re-organisa-
tion effect of the matrix was dominant in the lower
temperature range in comparison with the decreasing
reductive effect of hydrogen.
At higher Fe3+ concentrations the reduction factor

asserts itself as a result of phase separation (the co-
existence of transition aluminas and Fe2O3); during its
further course, an iron pool of Fe species with different
valences forms at the beginning of phase separation and
engages in the reaction and transformation of Fe3+-doped
a-Al2O3.

Tp shifts to distinctly higher values result when carrying
out the TA of Fe3+-doped samples under reducing
conditions; i.e. the values for undoped samples are nearly
reached. Another consequence of this is that the small and
reducible {Fe–Ox} aggregates (indicated by very broad
signals with g�2 and by broadened transitions in the case
of g0�4.3), are to be regarded as effective components for
the Tp shift. In contrast with this, the corundum seeded
samples show very little influence of the reductive atmo-
sphere on Tp; however, the intensity relationships of the
ESR signals for slight Fe3+ impurity concentrations are
changed with g0�13 and 4.3 (Fig. 8a). They reflect the
distribution of Fe3+ ions between the transition aluminas
and a-Al2O3.
Obviously, a-Al2O3 can scarcely grow on the

{Fe2+–O–Fe3+} species (see Fig. 2b and c and the
experiments on the milled sample A3Fe3O4M) formed by
reduction (see also [2]). As corundum formation never-
theless takes place in the samples during TA, it may be
assumed that this occurs spontaneously and on the other
hand that in the presence of suitable, smaller Fe2O3

particles at least two sub-systems must be present in the
unreduced samples with finite Fe3+ concentrations.
The strongly disturbed magnetite precursors (‘‘Fe3O4’’

or mixed valence cluster of the type {Fe2+–O–Fe3+} (Fig.
2b and c) arise in a reducing atmosphere at higher
temperatures. These spectroscopically reflect the combined
effect of aggregation and magnetic order, which depends
on local and naturally also on the original Fe3+

concentration of the xerogels. Together with the finding
that Fe3+ ions, localised on a-Al2O3 lattice sites, or in
transition aluminas, cannot be, or can hardly be, reduced
under the prevailing conditions, also at this point it may be
concluded that small, reducible Fe2O3 particles are the
effective components for the shift of the transformation
peak.
The use of mechanical energy in the milling process not

only causes an activation of the xerogel matrix, accom-
panied by defect formation and the release of water. It
also leads to the first stages of solid-state reaction bet-
ween the matrix and the jointly milled Fe2O3. Thus
magnetically non-collective, ortho-rhombically distorted
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{Fe–Ox}-species come into being with a resonance of
g0�4.3. These species are caused by a thermally induced
diffusion of Fe3+ ions into the xerogel matrix as well
as of Al3+ ions into the Fe2O3 matrix. To summarise: a
currently indefinable perturbation occurs in the spin
exchange (e.g. as a result of very slight changes to the
bonding angle) in the Fe–O systems as a result of the use of
mechanical–thermal energy, which is spectroscopically
indicated by a line form change. Indeed, milled Fe2O3

provides a very broad ESR signal that can hardly be
further evaluated and does not permit the specifying of
defects. But the evidence of the effect of small Fe2O3

particles on the lowering of Tp is a sure thing. This
statement is supported by further milling findings concern-
ing the admixture of Fe3O4, Fe(acac)3, etc., which
document that active Fe2O3 particles are clearly required
for the Tp shift. Any disturbance by the interactions with
other valence stages of iron or by the residues of complex
formers is of disadvantage. Favoured by the activated and
geometrically suitable, small Fe2O3 particles (fulfilling the
requirement of surface coherence) a-Al2O3 can grow and
incorporate amounts of Fe3+ in dependence on the
transformation temperature. In addition to the diffusion
of Fe3+ ions into the freshly formed corundum, precursors
with resonances at g0�4.3 are mainly to be formed which
finally convert to the doped system a-Al2O3:Fe

3+ (g0�13;
5.2; Fig. 2a). Consequently, even under these conditions
there is a distribution of Fe3+ ions between different
phases (transition aluminas, corundum, Fe2O3, {Fe–Ox}.
This becomes particularly apparent when using samples in
which the TA was interrupted at 850 or 982 1C.

If one compares the effects observed with the milled
xerogels and the redispersable boehmites, then it is
apparent that the highest Tp value (1220 1C) was deter-
mined for the latter. Both systems possess very low Fe3+

concentrations and matrix particles of small size. In
contrast to the milled xerogels which supply a large
number of crystallisation seeds and which consequently
accelerate the transformation process, the redispersable
boehmites are crystalline and their surfaces are conditioned
for re-dispersion; hence precisely the aggregation necessary
for the phase transformation is prevented.

5. Conclusions

The effective components for the lowering of Tp are
clearly small {Fe–Ox} aggregates (Fe2O3) which for the
growth of a-Al2O3:Fe

3+ are characterised by sufficient
activity and surface coherence. By way of contrast, non-
aggregated or little-aggregated Fe3+ species largely have a
role as indicators for recognising the advance of thermal or
mechanically induced processes as well as for the char-
acterisation of non-crystalline components or developing
phase precursors. As soon as the corundum matrix has
formed as such (even locally, if need be), it constrains the
FeO6 polyhedrons of the initially incorporated or finally
diffused Fe3+ ions into trigonal asymmetry [29,37]. As a
result the typical X-band pattern for the fine structure is
observed (see also Fig. 2a).
Based on the findings of ESR, TA, and XRD it has to be

assumed that at least three or four phases co-exist up to the
temperature Tp. The Fe3+ ions distribute themselves
between these phases as a function of the available Fe3+

concentration, the tempering period and temperature, the
atmosphere and the possible presence of chelating agents.
The proportion of small aggregates increases with the

Fe3+ concentration; phase transformation and the struc-
tural perfecting of the matrix are accomplished in parallel
with cluster formation under the combined effect of
thermal energy and increasing reduction power; with the
samples Fe013 and Fe052, the {Fe3+–Ox} species still
exerts a distinct influence on the transition temperature Tp.
The small {Fe–Ox} aggregates disclose the following to

ESR spectroscopy: In addition to the characteristic line
widths and shapes (particularly with the exchange-coupled
species), distinct deviations of ESR intensities from the
Curie Law occur when varying the measuring temperature
(see also [32]).
A further important indication is not only the chemical

reducibility, but also the shift of Tp to lower values.
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R. StöX er et al. / Journal of Solid State Chemistry 179 (2006) 652–664664
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27 (1992) 397–404.

[39] K. Sohlberg, S.J. Pennycook, S.T. Pantelides, J. Am. Chem. Soc. 121

(1999) 7493–7499.


	Fe3+-assisted formation of alpha-Al2O3, starting from sol-gel precursors
	Introduction
	Experimental
	Preparation and transformation of samples
	Thermal analysis
	ESR spectroscopy

	Results
	Results of thermal analysis
	Results of the Fe3+-ESR
	Basic types of spectral patterns for Fe3+ spectra, observed during thermal treatments of xerogels
	ESR findings before and after thermal analysis, including reductive pre-treatments
	Distribution of Fe3+ between transition aluminas, alpha-Al2O3 and lbraceFe-Oxrbrace phases
	ESR X-band spectra of milled xerogels as well as milled mixtures of xerogels with selected solid Fe3+ compounds before and after thermal analysis


	Discussion
	New findings of thermal analysis
	Information obtained by Fe3+-ESR with respect to spectroscopic and material aspects
	Chemical and physical consequences of thermally and mechanically induced redox processes

	Conclusions
	Acknowledgments
	References


