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Abstract

The transformation of doped or seeded pseudoboehmite to corundum was studied by combining thermal analysis, X-ray diffraction, trans-
mission electron microscopy, and electron paramagnetic resonance spectroscopy. The temperature of phase transformation to corundum was
lowered by about 130◦C when Fe3+ or corundum seeds were added to the sols. Action of Fe3+ ions depends on the actual degree of thermally
induced transformation of pseudoboehmite via transition aluminas to corundum and the ability of these alumina phases to incorporate Fe3+

ions. These ions tend to aggregate with increasing iron concentration of the alumina phases and can work as nucleation centers. Small (∼20 nm)
corundum particles act as active nucleation sites whereas larger grains (200–400 nm) also present in the samples are less effective. For the
first time trapping and stabilization of NO2 molecules in transition aluminas formed by a sol–gel route was shown.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The influence of seeding or doping on the process of
corundum formation beginning with alumina sols/gels via
xerogels (containing boehmite or pseudoboehmite as the
main components) and so-called transition aluminas has
been studied using various methods during the past decades,
e.g., X-ray diffraction,1 thermal analysis (TG-DTA),2,3

calorimetric4 or dilatometric5 measurements,27Al NMR6.
Baca et al.7 have described the transformation of boehmite

into �-alumina as a topotactic sequence, which forms sev-
eral increasingly ordered transition aluminas. The final
transition to�-alumina is a nucleation and growth type of
reaction and the nucleation sites are usually oxygen va-
cancies and/or dislocations.4 The temperature of the phase
transition to corundum can be lowered by adding�-Al2O3
grains as seeds1,8 and Fe3+ ions, accordingly. Corundum
seeds enable an epitaxial growth of the corundum phase.

Aspects of the influence of seeding on corundum transfor-
mation (either lowering the temperature of phase transfor-
mation or enhancing corundum yields after heat treatment
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at a given temperature) have been discussed in the literature
before.9

There are various mechanisms under discussion for ex-
plaining the action of Fe3+ ions and compounds in the pro-
cess of corundum formation. Yarbrough and Roy10 found
that epitaxial growth of the corundum phase on dispersed
�-Fe2O3 seeds results in a microstructure equivalent to that
of a corundum seeded gel, whereas the addition of an FeCl3
solution only leads to a small increase in nucleation fre-
quency. According to the work done by Baca et al.7 dop-
ing with Fe3+ ions should lead to defects in the structure of
transition aluminas. These defects could initiate nucleation
of �-Al2O3, i.e., epitaxial growth on�-Fe2O3 does not oc-
cur. The possibility of an enhanced mobility of O2− in the
Fe3+-doped samples was also used to explain the reduction
in temperature of corundum formation.11

To investigate the transformations from boehmite or pseu-
doboehmite xerogels to corundum a special combination
of methods is favoured in the present paper. This study in-
cludes differential thermal analysis (DTA), X-ray diffraction
(XRD), transmission electron microscopy (TEM) and elec-
tron paramagnetic resonance (EPR). Thus, by combining
the pieces of information obtained from these macroscopic
and microscopic methods, it should be possible to derive
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common features and differences to describe the phase trans-
formation and related processes caused by heat treatment.

TG-DTA coupled with evolved gas analysis by mass
spectroscopy (MS) allowed thermally induced processes to
be indicated and the gases released to be identified, simul-
taneously. X-ray diffraction was used to detect and identify
crystalline phases and their precursors in the samples. TEM
in direct combination with electron diffraction and energy
dispersive X-ray analysis (EDX) gave an image of the size
and morphology of particles and also contributed to the
identification of crystalline phases. EPR spectroscopy was
used to obtain information about the crystalline as well
as the amorphous alumina matrices via spin probes. Ions
with 6S state, Fe3+ and Mn2+, were used. Fe3+ ions play
a two-fold role here: On the one hand they take an active
part in the thermally initiated processes, i.e., at least lower
the temperature of corundum formation. On the other hand
Fe3+ ions can sensitively monitor changes of the alumina
matrix including the formation and perfection of the corun-
dum lattice. In contrast, traces of Mn2+ ions present in the
samples under study here will especially yield information
on thermally induced changes of the xerogels leading to the
formation of transition aluminas.

Although EPR is originally concerned with the local
properties of matter, there is aparallelism of EPR findings
(especially in systems where both chemical reactions and
aggregation or de-aggregation processes of spin probes oc-
cur) and the results of macroscopic investigations. Thus,
a specific contribution to understanding thermally induced
processes in less ordered, multiphase materials is to be
expected.

In the present paper it will be shown how the parallelism
mentioned above can be established by EPR evidence for

• the incorporation and structural rearrangement of Fe3+
and Mn2+ ions in xerogels and of Fe3+ in corundum seeds,

• the appearance of paramagnetic intermediates such as
NO2 or X–NO (e.g., X= Fe2+) when the gels are ther-
mally treated,

• the diffusion of Fe3+ ions into transition aluminas at and
above 600◦C,

• the aggregation and de-aggregation of Fe2+ and Fe3+ ions
to form {FeOx} species as a function of thermal energy
brought into a transforming matrix of transition aluminas.

The aspect of linking EPR findings with the results of
DTA, XRD and TEM appears to be unique with respect to
the results available in the literature regarding the field of
corundum formation starting with a sol–gel process.

2. Experimental procedure

2.1. Materials

Sols were prepared by the Yoldas method12,13 by
hydrolysis of Aluminium(III)-sec-butoxide in water at

Table 1
Description of samples under study

Sample Doping and seeding levels (mol% Fe2O3/Al2O3

with respect to Al2O3 formed from boehmite)

Fe000 0
Fe004 0.04
Fe013 0.13
Fe026 0.26
Fe052 0.52
Fe104 1.04
S000 0
S050 0.5
S100 1.0
S200 2.0
S400 4.0

75◦C. HNO3 was added to peptise the resulting colloidal
boehmite/pseudoboehmite particles. Fe(III) doping of the
sols was achieved by performing hydrolysis in the pres-
ence of ferric nitrate solutions.�-Al2O3 seeding was done
by adding an appropriate suspension to the sols. The sus-
pension was prepared from�-Al2O3 (Alcoa CT 3000 SG)
by wet milling and was stabilised with nitric acid. Particle
diameters in the corundum suspension used for seeding
were checked by TEM and appeared to be in the range
of 200–400 nm for one fraction of the particles. A sec-
ond fraction of corundum seeds is clearly smaller; here
the diameters are in the range of about 20 nm, sometimes
below. The dispersant was evaporated by maintaining the
sols at∼90◦C. Then the solid residue was further dried for
4 h at 120◦C to obtain the xerogels studied here.Table 1
summarises the main characteristics of these samples.

2.2. Methods

All samples were studied using combined TG-DTA–MS
measurements in a TAG 24 thermobalance (Setaram, France)
operating at up to 1300◦C and equipped with a mass spec-
trometer for analysing the evolved gases. Samples were
heated at a rate of 5◦C/min under air/nitrogen flow. Se-
lected samples (Fe000, Fe026, Fe104, S100) were heated to
600 and 1000◦C, respectively, in a thermobalance and then
cooled to room temperature.

EPR spectra in the X-band were taken at room tem-
perature with an ERS300 spectrometer (Zentrum für Wis-
senschaftlichen Gerätebau, Germany). For convenience the
effective g factors g′ = hν/βB (h = Planck’s constant,ν
= microwave frequency,β = Bohr magneton,B = magnetic
induction) will be used to represent and discuss the find-
ings. Although for Fe3+ ions theg value is close to 2, in the
X-band effectiveg valuesg′ of up to 20 can result because
of the fine structure.

XRD measurements were performed on a Seiffert FPM7
diffractometer (Freiberg, Germany) with Cu-K� radiation.
Phases were identified by comparison with the ICSD powder
diffraction file.14
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TEM investigations were carried out with a JEOL 4000FX
analytical Transmission Electron Microscope. Imaging,
electron diffraction and EDX were used as methods to de-
termine the size, habit and crystallographic phase of the
particles in the various samples. Xerogel and alumina pow-
ders were dispersed by ultrasonic treatment in alcohol. The
dispersion was poured onto a carbon film located on a grid
and slowly dried on air.

3. Results

3.1. Thermal analysis (TG-DTA)

Fig. 1 shows the DTA curve of sample Fe000 as well
as the findings on the corresponding gaseous decomposi-
tion products detectable by mass spectroscopy. The results
of thermal analysis for the other samples (Table 1) in the
temperature region of up to 600◦C are similar. All of these
samples yield the following thermal effects:

(i) Endothermic:
A = desorption of water from the xerogel. For some

samples this peak is split into two superimposed broad
ones (A1, A2).

B = release of weakly bonded water and nitrogen ox-
ides, and oxidation of organic components to yield H2O
and CO2. The simultaneous detection of nitric oxides as
well as of H2O and CO2 leads to the conclusion that

Fig. 1. DTA curve of sample Fe000 (5◦C/min; N2/Air mixture) and
evolved gases during TG-DTA experiment. Mass spectroscopic curves of
molecules with relative massesm/e 18 (H2O), 30 (NO), 46 (NO2), and
44 (CO2).

nitrate ions are involved in the oxidation of the organics
in the xerogel.

C = combined effect of dehydration and further oxi-
dation superimposed on the thermal effect caused by the
formation of�-alumina. This was reported to have ap-
peared between 400 and 550◦C by other authors.15

N = decomposition of nitrates.
(ii) Exothermic:

X = crystallisation of a so far unidentified system.
X-ray structural analysis of a sample heated up to the
maximum of this peak, i.e., 220◦C, only revealed the
pattern for pseudoboehmite.

T = transformation to corundum.

Gases resulting from the decomposition of the thermally
non-stable components of the xerogels are completely re-
leased at about 600◦C.

Fig. 2shows the exothermic peaks of corundum formation
in the samples indicated together with the main parameters
of the peaks. These are peak temperatureTp and peak area
�A. Both, Fe3+ doping and Al2O3 seeding cause a similar
thermal behaviour: the addition of rather small quantities of
ferric iron ions or corundum particles causes the largest de-
crease in the temperature of corundum formation and the
highest increase in peak area. This means that both addi-
tions enable the formation of corundum at a temperature far
lower than 1100◦C. Otherwise this effect is limited, e.g.,
a further increase in the amount of dopants or seeds does
not reduce the phase transformation temperature in a linear
manner.

3.2. X-ray diffraction (XRD)

Fig. 3 shows the typical changes in the XRD patterns
for a xerogel resulting from various heat treatments. Sam-
ple S100 serves as an example here. The X-ray diffraction
patterns for all of the xerogels showed very broad reflec-
tions at the positions typical for boehmite (Fig. 3a). Ac-
cording to Bagwall and Messing16 such broad reflections
point to pseudoboehmite, i.e., a less ordered boehmite with
a water content of 1.3–1.8 mol H2O/1 mol Al2O3. Recently,
Nguefack et al.17 have provided a thorough discussion of
the models for various boehmites. In the following, the term
pseudoboehmite will be favoured to describe the precur-
sors of�-alumina studied here. After heating the sample to
600◦C (10◦C/min) the pseudoboehmite pattern vanished.
Very broad reflections occurring between 2θ = 15◦ and 40◦
and a more pronounced one at 45◦ indicate the presence
of �-alumina now (Fig. 3b). When the xerogel sample was
heated to 1000◦C (10◦C/min), the pattern shown inFig. 3c
belonging to superimposed reflections of corundum as the
main phase and of the residues of transition aluminas (see
arrow) was obtained.Fig. 3d shows that after heating the
sample to 1200◦C (5◦C/min) pure corundum with no fur-
ther indication of the presence of transition aluminas was
found.
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Fig. 2. DTA peaks of corundum formation of the samples indicated (a), their parameters: peak temperature (Tp: �), and peak area (�A: �) as a function
of Fe3+ (b), and corundum seed additions (c).

Fig. 3. X-ray diffraction patterns of sample S100 after different heat
treatments: (a) 120◦C (xerogel), (b) heated up to 600◦C, (c) heated up
to 1000◦C, and (d) heated up to 1200◦C.

3.3. Transmission electron microscopy (TEM)

TEM allows a more detailed investigation of individual
particles.Fig. 4 gives examples of particle morphologies
and crystalline phases found in xerogel powders. As shown
in Fig. 4a and ccollecting images of seeded and iron-doped
samples, the xerogel matrices are formed by tiny particles
(about 20 nm). These cannot be identified clearly, because
their crystallinity is mostly weak and no single-crystal
diffraction patterns could be obtained. The ring reflections
of their polycrystalline diffraction patterns are broad due to
the tiny dimensions. Thus, it is difficult to assign the ma-
jority of particles to a distinct crystal structure. Some pseu-
doboehmite was detected, based on XRD (see the preceding
text), the respectived-values would also fit the analysis of
electron diffraction here. The tiny pseudoboehmite particles
are in close contact to the large corundum seeds (diameters
of 100–400 nm), which are not single crystals, but show
polycrystal reflections, cracks and rounded contours caused
by milling processes (Fig. 4b). In the Fe3+-doped xerogel
boehmite/pseudoboehmite crystallites (Fig. 4c) and a nee-
dle shaped phase consisting mainly of iron and oxygen was
detected (Fig. 4d).

After heating the xerogels to 600◦C almost all the wa-
ter, nitrate and organic residues should be removed from
the sample. Thus, in the seeded samples transition alumi-
nas and corundum seeds should now be observable. As
shown in Fig. 5a after that temperature treatment very
small particles of transition aluminas result. According to
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Fig. 4. TEM micrographs and electron diffraction patterns of xerogels. (a) Corundum seeds (arrows) surrounded by xerogel particles (stars), some cracks
in the seeds can be seen. Polycrystal diffraction pattern of boehmite/pseudoboehmite, corresponding to the xerogel particles. (b) Polycrystalline corundum
seed (arrow) and corresponding electron diffraction pattern, the seed is surrounded by xerogel particles. (c) TEM micrograph of xerogel particles of
the highly with Fe ions-doped sample Fe104. Single-crystal diffraction pattern of a boehmite/pseudoboehmite particle (in [12̄9] orientation), aside
polycrystalline diffraction pattern of agglomerates of the xerogel particles, referring to the presence of boehmite. (d) TEM micrograph of needlesof the
sample highly doped with Fe ions, these needles containing Fe and O mainly according to the EDX spectrograph (not shown). The electron diffraction
patterns are ambiguous.

the electron diffraction investigations taken at several ar-
eas of the samples, some indication of�- and �-Al2O3 is
obtained. It is of special interest, that in the areas of the
tiny particles even�-Al2O3 could be identified by elec-
tron diffraction. This observation points to the presence of
very small corundum seeds which could also be detected
in the suspension, the smallest ones have diameters of less
than 20 nm. Otherwise, the large seed particles, though still
having some cracks, show single-crystal diffraction, i.e.,
defects originating from the milling process were to a cer-
tain extent removed (“healed over”) by the heat treatment
(Fig. 5b).

In contrast to the xerogel, particles of a discrete
{Fe–O}-phase were not found in the iron-doped sample
after the heat treatment at 600◦C (Fig. 5c). The xerogel
has been transformed into a polycrystalline product. The
appropriate polycrystalline reflections may be assigned to
�-Al2O3. They would also fit boehmite, which is however

less probable taking into account the results from DTA
analysis and XRD.

Keeping seeded and iron-doped samples at or above
1000◦C leads to the formation of corundum, according to
the results of thermal analysis and X-ray diffraction. This is
clearly demonstrated by the images and diffraction patterns
in Fig. 6. In Fig. 6a it is possible to compare corundum
seeds (∼200 nm in diameter here) directly with the small
corundum grains developed from the xerogel matrix. It is
to be seen that corundum was also formed in the areas
without close contact to the large corundum seeds. This
again supports the assumption that the fraction of very
small seeds was active here. InFig. 6ba portion of a seeded
sample is depicted. In the middle of the micrograph an
area of “molten” appearing material is shown. According
to the EDX investigations of this region aluminium and
oxygen are the main constituents. This “molten” appearing
region (identified by single-crystal diffraction patterns) is
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Fig. 5. TEM micrographs and electron diffraction patterns of xerogels after heat treatment at 600◦C. (a) Tiny particles in sample S100. The habit of
the particles is not well defined, the respective polycrystal electron diffraction pattern shows a texture, caused by habit and/or orientation relationship
of the particles, the presence of�- and �-Al2O3 could be detected. (b) Corundum seed with cracks (sample S100), after heating to 600◦C it shows
single-crystalline regions (cp. diffraction pattern). The surrounding tiny particles are�- and �-Al2O3 as well as boehmite/pseudoboehmite as identified
in the polycrystal diffraction pattern. (c) Sample with high content of Fe-ions (Fe104), the particles are small with poor crystallinity, seen in thebroad
rings of diffraction pattern, that fits to�-Al2O3 and boehmite/pseudoboehmite.

surrounded by tiny corundum crystals, identified through
its polycrystalline reflections and its EDX spectrographs.
The diffraction pattern inFig. 6b shows both groups of
reflections simultaneously.

Iron doping also succeeded in the formation of corun-
dum at 1000◦C as can be seen fromFig. 6c. Spherical as

well as needle-like corundum particles could be identified
here. Furthermore, it is remarkable that now, again, needle
shaped Fe–O particles are detectable (Fig. 6d). According
to the diffraction patterns in combination with the ICPDS,18

Fe21,34O32 or Fe3O4 (FeFe2O4) are possible phases here.
The diffraction patterns contain areas of diffuse scattering
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Fig. 6. TEM micrographs and electron diffraction patterns of xerogels after heat treatment at 1000◦C. (a) TEM micrograph of sample S100 with
corundum seeds and tiny particles, identified as corundum and transition aluminas simultaneously present. (b) Between agglomerates of the small particles
in sample S100 are “molten” appearing regions, identified as corundum. The diffraction pattern shows single-crystal reflections of an array of the
“molten” appearing part (corundum in [3 21] orientation) and polycrystalline ring reflections of the fraction of the small particles (transition aluminas)
simultaneously. The polycrystalline diffraction fits to�-, �- and �-Al2O3. (c) In the TEM micrograph of sample Fe104 different particle morphologies
are to be seen: needle-like particle (arrow) and spherical ones (star). The single-crystal diffraction pattern of such a spherical particle is in accordance to
corundum (in [4 21] orientation). (d) Needle-like particles in sample Fe104; both diffraction patterns fit to Fe21.34O32 and FeFe2O4 (among other phases
containing P or Al) and show diffuse scattering beside the reflections.

which can be caused by ordered defects which exist, e.g., in
Fe21,34O32 as ordered vacancies.19 Since these needles are
not surrounded by corundum particles they could not have
acted as seeds. Vice versa, it is to be expected, that during
corundum formation the separation of an{FeOx} phase is
forced by the limited ability of the corundum lattice to in-
corporate Fe3+ ions as point defects. Possibly also (inter-
mediate) formation of Fe2+ plays a role here.

For comparison, the results of temperature treatment at
1000◦C on a nominally undoped and unseeded xerogel were
also studied (Fig. 7). A peak temperature of corundum for-
mation of 1148◦C was obtained. Thus, it is to be expected
that the sample mainly consists of transition aluminas. Using
TEM, aggregates of the very small, non-spherical particles
are observable (Fig. 7). The poly-crystal electron diffraction
patterns show a slight texture, caused by the shape and/or
orientation relationship of these small particles. The pat-
terns show the presence of�-alumina as the main “phase”,
�-alumina may also be a constituent of this product but the
�-phase is less probable.

3.4. Electron paramagnetic resonance
spectroscopy (EPR)

X-band EPR spectra of the xerogels formed after drying
at 120◦C show two characteristic resonances atg′ ∼ 4.3
and in theg′ = 2 region, respectively (Figs. 8 and 9). Traces
of Fe3+ are ubiquitously present in alumina compounds, if
no specific purification treatments are performed. Thus, in
the nominally undoped samples, Fe000 and S100, traces of
Fe3+ ions can also be found. The asymmetric resonance
at g′∼ 4.3 is typical for Fe3+ ions in a distorted rhombic
co-ordination sphere.20

There is a six-line resonance atg′ ∼ 2 with a hyper-
fine splitting of∼9 mT taken directly from the experimen-
tal spectra. This can be assigned to Mn2+. Nitric acid was
identified as the source of these Mn2+ traces. The acid was
added to peptise the sols and to stabilize the corundum sus-
pension. This means that adding a corundum suspension to
a sol will enhance the total amount of Mn2+ in the sam-
ple, and the ratio of Fe3+ to Mn2+ will be changed. This is
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Fig. 7. TEM micrographs and electron diffraction patterns of xerogel Fe000 after heat treatment at 1000◦C. The particle dimensions are about 20 nm,
their habit is not well defined, but longish structures are to be seen. Only polycrystalline diffraction patterns could be achieved, they are ambiguous and
fit often to �- and rarely to�-Al2O3.

clearly indicated inFig. 8(compare parts a and e). As shown
in Fig. 9, the ratios of the amplitudes of the resonances atg′
∼ 2 and 4.3 are also altered after doping with Fe3+. Doping
with Fe3+ enhances the resonance at g′ ∼ 4.3 as expected
(compareFig. 9a and e).

Heating of the samples in steps causes characteristic
changes of the spectra. After heating to 600◦C samples
Fe000 and S100 show two effects:

(i) A triplet is observable superimposed on the Mn2+ sex-
tet. This resonance can be assigned to trapped NO2
molecules.21 The hyperfine splitting constant results in
A = 5.35 mT. To our knowledge, this is the first work
which gives an indication of NO2 molecules trapped

in transition aluminas formed via a sol–gel process.
It should also be mentioned here, that�-irradiation of
potassium nitrate at 300◦C did not lead to the formation
of any detectable amounts of trapped NO2 molecules.

(ii) The ratio in the amplitudes of Fe3+ and Mn2+ ions has
been drastically changed. The amplitude of the Fe3+
resonance has increased, while that of the Mn2+ has
decreased. These changes can be explained by oxida-
tion processes. Oxidation of the ESR active Mn2+ ions
and formation of inactive antiferromagnetically coupled
Mn4+ species leads to a decrease of the amplitude of
the Mn2+ sextet. Otherwise, oxidation of Fe2+ (which
does not cause ESR signals at the temperatures used
here) results in Fe3+ and thus in an increase of the
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Fig. 8. EPR spectra (calibration of they-axis is in arbitrary units) of
samples Fe000 (a–d) and S100 (e–h). (a, e) Xerogels dried at 120◦C; (b,
f) samples after heating up to 600◦C; (c, g) samples after heating up to
1000◦C; (d, h) samples after DTA experiment.

amplitude of the corresponding ESR resonance. Ad-
ditionally, the effect of changes of the peak-to-peak
linewidths of the ESR resonances from 8 mT (Fig. 8a)
to 4 mT (Fig. 8b) has to be taken into account. As
could be shown by spectra simulations20,22 Fe3+
resonances atg′ ∼ 4.3 become narrower if the
co-ordination polyhedra show stronger distortions. In
the case of aluminas studied here, the transformation
from pseudoboehmite (cf.Fig. 3a) to transition alu-
mina (cf. Fig. 3b) should lead to a higher distortion
of the alumina matrix and thus also of the Fe–O-
polyhedra.

EPR spectra of Fe3+-doped samples (Fe026 and Fe104 in
Fig. 9) heated to 600◦C show remarkable differences com-
pared to those of Fe000 and S100 described in the preceding
text:

(i) Although thermal analysis showed that NO2/NO was
evolved from all samples in a similar way, there was
no indication of NO2 trapping (Fig. 9b and f). This
discrepancy can be explained by magnetic interactions

Fig. 9. EPR spectra (calibration of they-axis is in arbitrary units) of
samples Fe026 (a–d) and Fe104 (e–h). (a, e) Xerogels dried at 120◦C;
(b, f) samples after heating up to 600◦C; (c, g) samples after heating up
to 1000◦C; (d, h) samples after DTA experiment.

between paramagnetic NO2 molecules and Fe2+/Fe3+
which cause a broadening of the NO2 triplet.

(ii) The Mn2+ sextet can no longer be detected possibly
due to redox and aggregation processes of manganese
species.

(iii) In the region at aroundg′ ∼ 2 a very broad resonance ap-
pears. This results from the magnetic interaction of iron
ions, forming{FeOx}-clusters. The latter ones point to
the interaction of magnetically coupled iron ions bridged
by oxygen atoms.

After heating to 1000◦C only slight changes occur in the
spectra of sample Fe000 (Fig. 8c). According to DTA and
XRD results, this sample should still be primarily composed
of transition aluminas. Thus again, the resonances of Fe3+
at g′ ∼ 4.2 and of the Mn2+ sextet were observed. The NO2
species are no longer detectable.

There are only very weak residues of the Mn2+ resonance
remaining in the spectrum of the seeded sample (Fig. 8g).
The asymmetric resonance at g′ ∼ 4.3 due to Fe3+ has be-
come smaller and resonances atg′ ∼ 13, 5.6 and 2 have
now become characteristic. This triple of EPR signals is an
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X-band fingerprint of Fe3+ incorporated into corundum22–24

(see alsoFig. 9a and f). This means that Fe3+ ions are present
in the remaining transition aluminas and in corundum, as
well. For both Fe3+-doped samples (Fig. 9c and g) the EPR
spectra are determined by the pattern of Fe3+ ions incorpo-
rated into corundum. Additionally, for sample Fe026 a small
residue of resonance is still detectable atg′ ∼ 4.3. Thus, a
comparison of the spectra of the samples heated to 1000◦C
shows that the content of transition aluminas decreases in the
order Fe000 > S100 > Fe026 > Fe104, and conversely, that
the content of corundum increases in this sequence, as was
also to be expected from the results of TG-DTA and XRD.

In all samples resulting from TG-DTA experiments (T >
1200◦C) corundum should now be the main phase. EPR
spectra of all these samples are determined by the pattern
of Fe3+ ions incorporated into corundum and further para-
magnetic species are not detectable. Differences in the line
width result from magnetic interactions in the Fe3+-doped
samples.22,25

The high sensitivity of the Fe3+ EPR pattern to changes
in the distorted corundum lattices also allows a characteri-

Fig. 10. EPR spectra (293◦C) of (a) the initial powder used for the
preparation of a stable suspension of corundum seeds (solid line);
(b) after drying the suspension at 150◦C for 2 h; and (c–f) after
subsequent heat treatments for 10 min at the temperatures indicated.
Dashed lines show spectra simulations using the following zfs para-
meters of Fe3+ ions in �-Al2O3 (reference 23):b0

2 = 1705× 10−4 cm−1,

b0
4 = −108×10−4 cm−1, b3

4 = 2181×10−4 cm−1 and the distributions: (a)
�b2

2 = 140 × 10−4 cm−1, �0 = 3 mT; (f) �b2
2 = 40 × 10−4

cm−1, �0 = 1.5 mT.

sation of the�-Al2O3 seeds used here (Fig. 10). Their sus-
pension was prepared by wet milling commercially avail-
able corundum (Alcoa CT 3000 SG). The corresponding
EPR pattern shown inFig. 10aindicates a partially distorted
corundum lattice at Fe3+ sites. The spectrum can be simu-
lated by using the parameters given in the caption ofFig. 10.
As Buzare et al.22 have demonstrated, annealing the original
sample Alcoa CT 3000 SG results in a less distorted corun-
dum powder. Wet milling of this Alcoa corundum charge,
i.e., formation of a suspension of even smaller corundum
grains, leads to a further remarkable distortion of the ini-
tial corundum lattice.Fig. 10b–fshows the EPR spectra of
the solids obtained after drying at 150◦C for 2 h and af-
ter subsequent heat treatments. It can be seen that after the
milling procedure the co-ordination sphere of the Fe3+ in-
dicated by the pattern of EPR resonances is different from
that observed for well ordered corundum samples. Only the
resonance atg′ ∼ 13 is detectable after drying at 150◦C.
Further heat treatments enable a reorganisation of the corun-
dum lattice. A temperature of 1050◦C is needed to obtain
a pattern with the typical resonances atg′ ∼ 13, 5, and 2.
The ratios between the amplitudes atg′ ∼ 13 and 5 are vari-
able and significantly depend on the state of order of the
corundum lattice. This means the ratios of the amplitudes
clearly indicate how regular the actual corundum matrix is.
The basis for this statement could be provided by a series
of corresponding simulations.22,23 Simulation of the spec-
trum in Fig. 10f was also possible here. The comparison of
parameters given in the caption toFig. 10shows that after
heat treatment at 1050◦C the corundum lattice has a higher
degree of order than that of the initial powder (Fig. 10a).

4. Discussion

Utilization of thermal analysis and XRD showed that
there are three important temperatures for heat treatments:
(i) 120◦C, the temperature for drying wet gels to prepare
xerogels, i.e., a preparation of pseudoboehmite mixed with
minor components such as nitrates, adsorbed water and or-
ganic residues from the sec-butanol; (ii) 600◦C, the temper-
ature at which a majority of volatile components is evolved
and gamma-alumina has formed; (iii) 1000◦C, the temper-
ature at which corundum should have formed in seeded and
Fe3+-doped samples, whereas in undoped samples such as
Fe000 the transition aluminas are still present. For this rea-
son, samples in the TEM, XRD and EPR studies were heated
to these temperatures.

4.1. Characterization of the xerogel matrix

As expected, pseudoboehmite was obtained as the typical
product of the hydrolysis of Al-alkoxides in acidic media at
temperatures above 75◦C. This means, doping with Fe3+ or
seeding with a corundum suspension does not significantly
change the type of alumina which forms the xerogel matrix.
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As a consequence, during thermal treatment the sequence
of phase transformations is maintained for Fe3+-doped and
seeded pseudoboehmites, respectively. According to Bye
and Simpkin,11 Fe3+ has no significant influence on the type
of transition aluminas formed.�-Al2O3 was the main inter-
mediate phase produced from both pure�-Al2O3 and that
containing Fe3+ in solid solution—although the addition of
Fe3+ greatly reduced crystallinity in the�-phase.

These new findings result from the TEM and EPR studies
of the xerogels presented here:

(a) Doping with Fe3+ ions yields at least two different
Fe3+ species in the xerogels: (i) Isolated Fe3+ ions in-
corporated into pseudoboehmite particles (sites exhibit
rhombic distortion, as indicated by an EPR resonance
at g′ ∼ 4.3); (ii) ferric (perhaps also ferrous) ions as
part of a separate{FeOx} phase (broad EPR resonance
at g′ ∼ 2). Explicit detection of{FeOx} in Fe3+-doped
samples using TEM showed a needle shaped species
consisting mainly of iron and oxygen. The formation
of {FeOx} indicates that under the conditions chosen
(time, temperature), the pseudoboehmite is not able to
incorporate all the Fe3+ offered.

(b) Another implication of adding Fe3+ (and simultane-
ously, also, NO3−) concerns the xerogel matrix. Some
parts of the iron-doped sample Fe104 are not stable
under the influence of the electron beam and thus could
not be investigated; some parts exhibit a marginally
higher crystallinity and a few a greater grain size than
was observed in the seeded material. This can be seen
in the narrowing of the polycrystalline reflections and
in the appearance of spots in the rings, as depicted in
Fig. 4c. Even single crystalline patterns of boehmite
can be successfully observed, as can also be seen in that
figure. This is in contrast to sample Fe026 which has a
smaller amount of dopants, and where the crystallinity
of the boehmite particles is very weak and the grain
size very small.

(c) Two fractions of corundum particles (∼20 nm and
200–400 nm) were identified by TEM in the dried corun-
dum suspension. The fraction of very small (∼20 nm)
corundum particles from the corundum suspension
could not be distinguished from the pseudo-boehmite
matrix in seeded xerogels by diameter or habit but only
by electron diffraction results. Seeds are embedded in
a pseudo-boehmite matrix which is not different from
the undoped and unseeded xerogel. Large corundum
grains (200–400 nm) can easily be distinguished from
a xerogel matrix and characterized using TEM.

(d) Mn2+ ions are incorporated into the pseudoboehmite
matrix as non-aggregated centers.

4.2. Alumina obtained after heating xerogels to 600 ◦C

According to the results of thermal analysis (TG-DTA–
MS), after heating the xerogels to 600◦C any water, organic

compounds or nitrate should be removed and the transition
aluminas, most probably�-alumina, should have formed.

The X-ray diffraction patterns of the heat treated xerogels
point to a weakly ordered product. A characteristic reflection
at 2θ = 45◦ indicates the presence of transition aluminas,�-
as well as�-alumina fit this X-ray reflection. This was con-
firmed and specified by the results of the electron diffraction
patterns (Fig. 5). Because of the tiny dimensions (as little as
10 nm) of the particles and their strong agglomeration, es-
pecially in the case of iron-doped samples, no single-crystal
diffraction patterns could be achieved. According to the elec-
tron diffraction investigations, as a result of the regime of
heat treatments of up to 600◦C in the samples doped with
iron ions pseudoboehmite has transformed into�-alumina
(other transition aluminas were not included in the data treat-
ment for the Fe-doped samples). The seeded samples show
�- and �-alumina as transformation products of the pseu-
doboehmite. Any amount of�-alumina which could be de-
tected in the seeded sample probably results from the tiny
alumina grains originally created by the preliminary milling
process.

The following new aspects with respect to heat treatments
of up to 600◦C will especially be emphasized here:

• The detection of the intermediates NO and NO2 shows
the ability of transition aluminas to stabilize and trap
these reactive molecules.

• The consumption of{FeOx} present in the xerogel by
diffusion of Fe3+ into the matrix of transition aluminas:
In the Fe3+-doped sample particles of a separate{FeOx}
phase (as observed before in the xerogel) could not be de-
tected. This might be due to the fact, that TEM is always
able to investigate only a very small part of the sample.
Otherwise, it is more probable that the transition aluminas
when heated to 600◦C are able to incorporate a certain
amount of Fe3+ ions. This conclusion is assisted by some
EDX spectrographs of the small particles which show
little iron content in the agglomerates of the transition alu-
mina particles and by EPR findings. In a separate exper-
iment a mixture of xerogel with ferric nitrate was kept at
850◦C. It could be shown by using the line widths and in-
tensities of the Fe3+ resonance atg′ ∼ 4.3 as a qualitative
measure, that Fe3+ diffused into transition aluminas. This
ability to incorporate Fe3+ ions into transition aluminas
would also explain the observations previously described
in the literature.4 On the one hand, increased amounts
of Fe3+ ions offer a good precondition for the formation
of oxygen vacancies and dislocations. Thus the idea is
supported, that formation of an�-Fe2O3 phase is not
essential to enhance the velocity or to decrease the tem-
perature of corundum formation in iron-doped samples.
On the other hand, the capacity of transition aluminas to
incorporate isolated Fe3+ ions is limited and depends on
temperature. If a certain concentration of Fe3+ is present
in the transition aluminas, then a further supply of ferric
iron ions will lead to the formation of very small{FeOx}
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aggregates and finely dispersed crystallites of�-Fe2O3. It
is known11, that hexagonal�-Fe2O3 is formed from the
cubic �-phase at∼350◦C. The small, finely dispersed
crystallites of�-Fe2O3 can serve as nuclei for corundum
formation as has already been discussed in the literature.10

• Corundum seeds distributed in the matrix are mainly
“healed over” with respect to macroscopic defects. Thus,
even small corundum particles could be detected by uti-
lization of the electron diffraction ring patterns in the
sample region with only small particles (seeFig. 5a).
A comparison of the milled corundum seeds before and
after tempering shows clear differences in the crystal
quality. After the milling process, we observed a fraction
of hackled corundum grains with diameters of between
20 and 40 nm, some of them even smaller; the latter
most show polycrystalline electron diffraction patterns.
A second fraction of corundum seeds was larger and had
diameters of between 200 and 400 nm. These seeds often
showed cracks and evidence of plastic deformation, their
crystalline structure was disturbed and only polycrystal
diffraction could be achieved. After tempering, the frac-
tion of large corundum seeds is healed over, some cracks
are still to be seen, but electron diffraction investigations
show single-crystal patterns.

• In the transition aluminas formed from Fe000 and seeded
samples, respectively, Mn2+ remains detectable, but in
the iron-doped samples the Mn2+ sextet is not observable.
There may be two reasons for this: (i) Mn2+ takes part in
redox reactions with Fe2+/Fe3+, (ii) Mn2+ interacts with
{FeOx}-clusters.

4.3. Alumina obtained after heating the xerogels
to 1000 ◦C

Finally, corundum is formed during thermal treatment at
and above 1000◦C. As observed by other authors earlier,1,4,8

the addition of seeds or of Fe3+ ions results in a decrease in
the temperature of phase transformation to corundum. This
effect is not linear with respect to the seeds or dopants added,
as confirmed in this work.

In sample Fe000, according to the DTA measurements,
corundum formation should start at temperatures above
1100◦C, thus formation of corundum should not be ex-
pected here. In contrast, in Fe3+-doped (Fe026, Fe104) and
corundum-seeded (S100) samples the phase transition to
corundum could start at temperatures of around 1000◦C.

In undoped, unseeded sample mainly transition alumi-
nas are present as expected, but traces of�-alumina have
also formed. The transformation of the undoped sample
does not proceed to a single definite phase; we found�-
as well as�-Al2O3, but with smaller amounts of the latter
(TEM).

In Fe3+-doped and corundum-seeded samples large per-
centages of the samples have transformed to corundum, but
residues of transition aluminas are still present according to
the results of XRD and EPR.

The regime up to 1000◦C delivers the complete transfor-
mation to corundum in a sample weakly doped with Fe3+
ions; no other phases and no other elements than Al or O
could be detected by TEM.

The sample with the higher iron content has also trans-
formed to corundum, there are small amounts of impurities
and a portion of{FeOx} phases which fit either Fe21.34O32
or �-Fe2O3 (tetragonal Maghemite). It follows, that at this
temperature the corundum lattice is not able to incorporate
larger amounts of Fe3+; thus an additional{FeOx} phase
must have been formed after heating the sample to 1000◦C.

In the seeded sample tempered to 1000◦C, a series of
Al2O3-phases (�-, �-, �-, �-) could be detected by TEM
imaging in combination with electron diffraction as trans-
formation products of the xerogel. “Molten” appearing ar-
eas were found in the seeded sample. According to EDX
results, impurities are not responsible for this unexpected
morphology.

In seeded xerogels the transformation to corundum is pre-
ferred in those parts of the samples which are close to small
corundum seeds, larger ones are less effective.

After transformation to corundum Mn2+ ions are no
longer detectable by EPR.

5. Conclusions

The main issue of this work was to have a combined
spectroscopic and macroscopic characterisation of the ac-
tions of Fe3+ ions and corundum seeds, respectively, dur-
ing thermally induced transformations of boehmite or pseu-
doboehmite xerogels. Therefore it was important, firstly, to
identify the main constituents of the xerogels under discus-
sion here. Under the conditions chosen here for sol syn-
theses, the xerogels should be composed of boehmite or
pseudoboehmite as the main phase (compare, e.g., Ngue-
fack et al.17 and Pierre and Uhlmann26), (basic) aluminium
nitrate and volatile components such as adsorbed water and
sec-butanol.

Looking at the results of thermal analysis in combination
with MS and XRD, it was shown that on heating to 1200◦C
the pseudoboehmite xerogel releases water, nitric oxides and
residues of organic compounds while transforming to corun-
dum via transition aluminas.

From the view of materials science, especially concerning
the mechanisms of doping with Fe3+ ions and seeding with
corundum grains, the following conclusions can be drawn
concerning thermally induced transformations at tempera-
tures of up to 1200◦C:

• Heating Fe3+-doped pseudoboehmite xerogels causes dis-
solution, as well as crystallization of{FeOx} phases. Their
formation and stability is governed by the state of the alu-
mina matrix. In the result, various Fe3+ species can exist.
Large{FeOx} particles detected in xerogels by TEM do
not act as nucleation sites.
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• Perfection of the corundum grains used as seeds has not
previously been taken into account. Here a combined
microscopic (TEM) and spectroscopic (EPR) view could
be taken. It was shown, that after heat treatments at
600◦C the macroscopic defects from the milling process
are nearly “healed over” and that after heat treatments
at 650◦C rearrangement of the corundum lattice was
indicated by the Fe3+ EPR pattern.

• Grain sizes for the seeding corundum particles were not
uniform in the samples studied here. Small (about 20 nm)
particles are the more active nucleation sites compared to
large ones (200–400 nm).

The following specific contributions of EPR spectroscopy
can be summarized:

• Structural changes of and transitions between aluminas
are well and sensitively reflected by the EPR spectra of
Fe3+ and Mn2+ ions as well as by trapped NO2.

• Spectroscopic, structural and chemically relevant infor-
mation was obtained about several kinds of Fe3+ species
and their incorporation into amorphous and crystalline
alumina phases. A sensitive indication of the local forma-
tion of corundum nanocrystallites was possible, allowing
an insight into the local rearrangements which begin be-
fore the process of phase formation proceeds.

• Isolated Mn2+ ions are only observable in xerogels and
transition aluminas, i.e., in highly disordered regions of
the samples.

• The detection of NO2 molecules trapped in sol–gel de-
rived transition aluminas was achieved for the first time.

• On heat treatment of freshly prepared corundum seeds,
not only cracks and rounded contours are “healed over”.
A structural reconstruction of the lattice was also initiated.
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