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An investigation of Ag/(hematite-alumina) solid solutions (Ag/FexAl2�xO3,
0.5 £ x £ 2) was completed via x-ray diffraction (XRD), scanning electron mi-
croscopy (SEM), Fourier transform Infrared spectroscopy (FTIR) and Möss-
bauer spectroscopy. Results reveal that the materials obtained by combustion
synthesis are multi-phase nanocomposites and silver metal is supported on
hematite-rich and alumina-rich nanoparticles for x< 2. For the iron-rich
hematite phase, the experimental results indicated a beginning transition to
the superparamagnetic state. They also show that the distribution of iron and
aluminum cations in the product phases strongly depends on the starting
concentrations and that their compositions closely correspond to those of the
equilibrium phase diagram at about 1250�C. Mössbauer signal intensities of
samples with x = 0.5, 1.0 and 1.5 could consistently be explained by coexis-
tence of phases of approximate composition Fe0.2Al1.8O3 and Fe1.8Al0.2O3 ,
which closely corresponds to the thermodynamic equilibrium phase diagram of
Fe2O3-Al2O3 at about 1250�C. Finally, the Mössbauer spectra reveal line
shape changes for the samples with x< 2 which are characteristic for the
onset of superparamagnetic behavior.
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INTRODUCTION

During the last few decades, metal and metal/
oxide–ceramic composites have been extensively
investigated due to their remarkable properties
and application potential.1–6 Iron-substituted alu-
mina, which is a commonly employed sorbent and
catalyst, has been the subject of various physico-
chemical investigations.7–10 The main characteris-
tics of alumina powders are surface acidity,
mechanical resistance, high surface area and sta-
bility against sintering, as well as good insulating
and diamagnetic properties. Among the materials
that can be used as seed sources for the crystalliza-
tion of the corundum structure of aluminum oxide,
a-Fe2O3 appears to be one of the best choices

because of it is isostructural with a-Al2O3 (space
group R�3c, No. 167) with a close-packed oxygen
lattice and Fe3+ cations located in octahedral
sites.11–14 However, the lattice dimension and molar
volumes of the two compounds differ significantly:
the hexagonal lattice constants of a-Al2O3 are given
by a = 475.8 pm and c = 1299.1 pm and those of a-
Fe2O3 by a = 503.4 pm and c = 1375.2 pm, yielding
molar volumes of Vm(Al2O3) = 25.6 cm3 and
Vm(Fe2O3) = 30.3 cm3, respectively.15 Hematite (a-
Fe2O3) is a complex magnetic material that is
antiferromagnetic (AF) at low-temperatures. Above
the so-called Morin temperature (TM = 260 K), it
undergoes a transition to a weak ferromagnetic
state (WF) because of spin canting.16 The main
characteristics of iron oxide powders are easy
sintering as well as semiconducting and ferri- or
antiferromagnetic properties. In principle, chemical
mixing of a-Fe2O3 with a-Al2O3 could be beneficial to
produce oxidation catalysts with improved stability(Received May 8, 2019; accepted August 16, 2019;
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or of mechanically and thermally stable redox-ac-
tive powder materials.

Many papers have reported on the catalytic
properties of the mixed oxide system Fe2O3-Al2O3.
Mimura and Saito 17 reported high catalytic activ-
ity of Fe2O3 (10 wt.%)/Al2O3(90 wt.%) in the dehy-
drogenation of ethylbenzene to produce styrene in
the presence of CO2. Giecko et al.18 tested the
activity of Fe2O3 supported on Al2O3 towards the
decomposition of nitrous oxide to remove N2O from
a nitric acid plant simulated process stream. The
tested catalysts characterized by high activity (95%
conversion of N2O at 750�C), excellent mechanical
stability and no decomposition of nitric oxide. The
catalytic activity of the Fe2O3-Al2O3 system is
greatly influenced by the addition of other compo-
nents. In this way, it is found that doping Fe2O3-
Al2O3 with Au and Mn2O3 (calcined at 300, 500
and 700�C) is accompanied by a progressive
increase in catalytic activity of the investigated
solid catalysts for CO oxidation by decomposition of
O2 and H2O2.19 More recently, it was reported that
the addition of Sn to Pt/Fe2O3-Al2O3 improved the
isobutane dehydrogenation activity.19 This catalyst
revealed even better activity than that of the
commercial Pt-Sn/Zn-Al-O catalyst, which is com-
monly employed in dehydrogenation reactions.20

The addition of silver component to Fe2O3-Al2O3

enhanced the catalytic properties and, indeed, Ag/
FexAl2-xO3 nanocomposites already have been used
successfully as catalysts in the decomposition of
H2O2 and N2O.21 The activity of these catalysts
influenced by the particle size of silver and the iron
content in the catalyst.

Mössbauer spectroscopy is a powerful technique
for analysing Fe-containing alloys and compounds,
see e.g. Ref. 22 Moreover, Mössbauer spectroscopy
(MS) can also detect phases that are difficult to
differentiate by XRD because of their similar crystal
structures, such as c-Fe2O3 and Fe3O4. It also offers
the possibility to observe magnetic transitions
through the evolution of magnetic hyperfine fields
and/or characteristic spectral line shapes. Further-
more, MS allows for the study of structural and
electronic properties through isomer shifts and
quadrupolar interactions. These hyperfine parame-
ters give valuable information regarding the bond-
ing environment and the symmetry of local
structure around the Fe atoms. Therefore, as an
extension of our previous work,21 the main goal of
the present study was to shed light onto the
formation process of the catalytically active Ag/
FexAl2-xO3 nanocomposites and to analyze the solid-
state reaction kinetics, possible phase transforma-
tions and the distribution of cations in the product
phases as well as the magnetic state of the Ag/(a-
Fe2O3–a-Al2O3) system obtained by the present
synthetic conditions (combustion synthesis; anneal-
ing at 700�C followed by ignition) by using x-ray
diffraction, SEM, FTIR and Mössbauer
spectroscopy.

EXPERIMENTAL

All chemicals employed for synthesis (AgNO3,
Fe(NO3)3Æ9H2O, Al(NO3)3Æ9H2O and CH4N2O) are
analytical grade chemicals. Four mixtures of the
general formula Ag/FexAl2�xO3 (x = 0.5, 1.0, 1.5 and
2.0) were prepared using urea as combustion fuel.
The amount of urea added during each preparation
was 75% larger than the stoichiometric amount, i.e.
the amount corresponding to complete combustion
of urea and the nitrate anions in the parent
mixtures.21 The stoichiometric amounts of the reac-
tant precursors were dissolved in distilled water,
and kept in an oven at 90�C till a viscous gel was
obtained. Finally, small portions of the obtained gel
were calcined at about 700�C for 3 h in air and
subsequently quenched to room temperature. Dur-
ing the first few minutes of the calcination process,
ignition occurred with rapid evolution of a large
amount of gases. Generally, the entire procedure
was conducted with minimal exposure to light.

X-ray powder diffraction patterns were recorded
using a Philips diffractometer (PW 103/00) operated
at 35 kV and 20 mA providing Co-Ka radiation.
Scanning electron micrographs obtained using a
JEOL scanning microscope (JSM-5400 LV). The
infrared patterns recorded by means of a Thermo-
Nicolet-6700 FTIR spectrophotometer using the
KBr pellet technique in the range from cm�1to
4000 cm�1. 57Fe Mössbauer spectroscopic measure-
ments of the samples completed via a conventional
microcomputer controlled spectrometer using a
57Co/Rh radiation source. They were fitted with
the Recoil Mössbauer spectral analysis software 23

and decomposed into sub-spectra with parameters
of the following meaning: isomer shift IS (mm/s,
relative to a-Fe at room temperature), half width C
of the lines (mm/s), quadrupole splitting QS (mm/s),
internal magnetic field B (T) and its distribution
width DB (T), and relative spectral area A (%) of the
individual sub-spectra.

RESULTS AND DISCUSSION

The phase changes accompanying the variation in
the x-values of the Ag/FexAl2�xO3 (0.5 £ x £ 2)
system are checked by x-ray diffraction analysis
(XRD). As shown in Fig. 1, it is found that the three
phases Ag, an a-Al2O3- and an a-Fe2O3-type phase
are present in the samples. Increasing x-values
accompanied by a continuous decrease of the reflec-
tions characterizing the alumina-rich phase and by
a continuous development of reflections due to the
hematite-rich phase. The formation of silver meta-
l—and not that of other possible phases such as
Ag2O, AgFeO2 or AgAlO2—appears to be a direct
response of the present synthesis conditions using
urea in excess as a reducing combustion fuel. In
other words, employing urea as a combustion fuel
favors the production of supported silver metal
instead of silver containing oxides. It is to be noted,
however, that Ag2O decomposes at low
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temperatures and that the decomposition of the
ternary AgFeO2 phase is already occurring at
temperatures of about 635�C.24

Average crystallite sizes, Lw, of silver metal and
iron oxide are estimated from x-ray line width
broadening by means of the Scherrer equation25:

b ¼ kk
Lw cos h

ð1Þ

Here, k is the Scherrer constant taken as 0.94,26 k is
the x-ray wavelength and b is the corrected peak
width. In these experiments, the width is taken as
the full width at half maximum intensity of the
peaks in the range 2h = 25�–80�. The obtained
values are listed in Table I. Inspection of Table I
reveals that the crystallite size of Ag is approxi-
mately the same for all the samples (about 33 nm)
irrespective of the iron content. On the other hand,
the crystallite size of the Fe2O3-rich phase in the

mixed system (0.5 £ x £ 1.5) amounts to about 13–
16 nm and it is only for the pure hematite phase
(x = 2) that a largely increased crystallite size of
36 nm is observed. Unfortunately, due to overlap of
lines from metallic silver, no reliable data can be
obtained for the alumina-rich phase. Nevertheless,
these results confirm that the materials synthesized
in the present work represent true nanocomposites.
The elemental nominal composition of the Ag/Fex-

Al2�xO3 nanocomposites are given in Table I.
Based on the XRD analysis, SEM investigations

were carried out for two concentrations (x = 0.5 and
x = 2). As seen in Fig. 2, the sample with x = 0.5,
Fig. 2a, consists of near-spherical crystallites with
sizes varying in the 100–250 nm range. Moreover,
irregularly distributed holes among the particles
are evident. The average grain size of the catalyst
with the higher iron content of x = 2, Fig. 2b, is
larger with values varying in the 200–350 nm
range. Comparison with the results obtained from
XRD also shows that the particles seen in the SEM
micrographs represent aggregates of nanoparticles.
Moreover, the observed increase in the particles size
accompanying the increasing x-values goes in par-
allel with the increase in the crystallite size of the
iron-rich phase (Table II).

The FTIR spectra of the Ag/FexAl2-xO3 nanocom-
posites (0.5 £ x £ 2.00) are reported in Fig. 3. As
seen, the spectra of all samples showed the presence
of an intense broad band in the high wave number
range at about 3420 cm�1, which can be assigned to
stretching modes of OH groups of H2O mole-
cules.27,28 The spectrum obtained for the Ag/
Fe0.5Al1.5O3 sample reveals the presence of addi-
tional absorptions bands at 640 cm�1, 590 cm�1 and
446 cm�1. However, the band at about 640 cm�1 is
no longer visible in the Ag/FeAlO3 sample with
x = 1 and in samples with higher iron content. The
further increase in the x-value to x = 2.00 is accom-
panied by a noticeable shift of the 590 cm�1 band to
559 cm�1 and of that originally (for x = 0.5) at
446 cm�1 to 474 cm�1.

From the observed trend in these spectra the
band at 640 cm�1 can be assigned to vibrational
modes involving Al-O bonds,29 which disappear
with increasing x-values, i.e. with increasing
Fe2O3 concentration. Concurrently, Okuno et al.30

have observed a similar trend for (SiO2)1�x(Al2O3)x
glass. The authors observed that with increasing
Al2O3 content the relative intensity of a band at
400–500 cm�1, assigned to Si-O-Si bending vibra-
tions, decreases while that of a band at 500–
900 cm�1, assigned to the Al-O bond vibration,
increases.

It is known that the position of IR bands of a-
Fe2O3 as well as their relative intensities and
broadening influenced by various parameters
including the degree of crystallinity, grain morphol-
ogy and the aggregation of particles besides their
shape.31,32 In this way for example, a-Fe2O3 spheres
showed IR bands at 575 cm�1 and 485 cm�1,

Fig. 1. XRD patterns of Ag/FexAl2-xO3 nanocomposites
(0.5 £ x £ 2.00).

Table I. The elemental nominal composition of the
Ag/FexAl22xO3 nanocomposites

x Al-nitrate (g) Fe-nitrate (g) Ag-nitrate (g)

0.50 12.12 4.35 7.32
1.00 7.76 8.36 7.02
1.50 3.73 12.06 6.76
2.00 15.48 6.51
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whereas a-Fe2O3 laths showed IR bands at
525 cm�1 and 440 cm�1.33 On the other hand, Ristić
and Musić 34 found a very strong and broad band at

547 cm�1 with a shoulder at 596 and other bands at
around 460 cm�1 for (porous) spheres of a-Fe2O3.
Wang et al.35 reported bands at 575 cm�1 and
484 cm�1 for a-Fe2O3 pseudo-cubes. Accordingly, it
is reasonable to relate the two bands observed in
Fig. 2 at 590 cm�1 and 446 cm�1 , which shift with
increasing x-values to 559 cm�1 and 474 cm�1 to
vibrational modes of the a-Fe2O3-rich phase.

Mössbauer spectra completed at room tempera-
ture for the samples with different iron content are
shown in Fig. 4. The solid lines through the data
points represent least-squares fits to the spectra.
For x = 2 (Ag/Fe2O3), the observation of a magnet-
ically split sextet with narrow lines shows that iron
is magnetically ordered. The Mössbauer spectrum of
any sample can be fitted by a single sextet of

Fig. 2. SEM micrographs of (a) Ag/Fe0.5Al1.5O3 and (b) Ag/Fe2O3 nanocomposites.

Table II. Crystallite sizes for Ag and the a-Fe2O3-
rich phase (0.5 £ x £ 2.00) determined from XRD of
the Ag/FexAl22xO3 nanocomposites

x Ag (nm) a-Fe2O3-type phase (nm)

0.50 31.2 13.2
1.00 33.4 12.8
1.50 34.2 16.0
2.00 32.5 36.2

Fig. 3. FTIR spectra of Ag/FexAl2-xO3 nanocomposites
(0.5 £ x £ 2.00).

Fig. 4. 57Fe Mössbauer spectra of Ag/FexAl2�xO3 nanocomposites
(0.5 £ x £ 2.00).
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Lorentzian line shape. The isomer shift of the sextet
is typical for octahedrally coordinated high-spin
Fe3+.36 The results of the spectral fit showed that
the signal is almost identical to that of pure bulk
hematite (a-Fe2O3) with a local magnetic field of
51.5 T, see Table III.37 Detailed consideration of the
central part of the spectrum also reveals that any
possible additional signal contribution in this range
must be clearly less than 1% of the total signal
intensity. This allows the conclusion to be drawn
that silver does not enter the hematite structure to
any noticeable extent and that silver metal—in
agreement with the results from XRD—is supported
on the hematite-alumina system.

With decreasing iron content (x< 2), a doublet
structure develops in the center of the Mössbauer
spectra which then can be described by a superpo-
sition of a doublet and a magnetically split subspec-
trum. It is also observed that the magnetically split
part of the spectrum with decreasing iron content
develops progressively wider and more asymmetric
lines. This magnetic part of the spectra can effec-
tively be described by superposition of three mag-
netic subspectra (subspectra 1–3 in Table III) with
isomer shifts which all are typical for octahedrally
coordinated high-spin Fe3+ and local magnetic fields
typical for octahedrally coordinated magnetically
ordered high-spin Fe3+, Table III. As seen, the local
magnetic fields of these three magnetic subspectra
decrease systematically with decreasing iron con-
tent. For subspectrum 1, for example, from 51.6 T
(x = 2) to 49.7 T (x = 0.5) and similarly for subspec-
tra 2 and 3 to magnetic fields as low as 38 T. In
parallel, the fraction of iron giving rise to subspec-
trum 1 decrease from 100% for x = 2 to about 31%

for the nanocomposite with x = 0.5 because of the
line shape changes. On the other hand, with
increasing alumina content, the quadrupole doublet
(subspectrum 4 in Table III) at the center of the
spectrum increases in intensity from zero for x = 2
to about 30% for x = 0.5. Its isomer shift is typical
for high-spin Fe3+, too. The quadrupole splitting
(QS) of the doublet takes values of about 0.6 mm/s
and apparently does not depend significantly on
sample composition.

According to the equilibrium phase diagram of
Fe2O3-Al2O3,38–41 below about 1300�C the system is
two-phase consisting of an alumina-rich and of a
hematite-rich solid solution. It has been reported
that—depending on temperature (1000–1300 C� in
air)—the former phase can take up between 5 mol.%
and 10 mol.% Fe2O3 (0.1 [ x¢ [ 0.2) and the
hematite-rich solid solution can contain between
about 8 and 20 mol.% of alumina (1.6 [ x¢¢ [ 1.85).
The reported miscibility gaps, thus, vary from
almost symmetric, e.g. Ref. 38 to significantly
asymmetric, e.g. x¢ � 0.2 and x¢¢ � 1.640,41; note
that x is defined here as x = 2ÆnFe(nFe + nAl). Thus,
at given temperature, for all total compositions x of
FexAl2�xO3 between x¢ and x¢¢, two solid solution
phases of composition x¢ and x¢¢ are in equilib-
rium—if such conditions are prevailing. The two
phases are isostructural, but differ considerably in
lattice parameters.15,38 Because of the high temper-
atures which are most probably reached in the
sample preparation due to ignition of the reactive
gel, it is accepted to assume that the Ag/FexAg2�xO3

system decomposed into two alumina-hematite solid
solutions plus Ag. This agrees with previous work 21

Table III. 57Fe Mössbauer spectra of Ag/FexAl22xO3 at room temperature: isomer shifts IS of subspectra,
quadrupole perturbation es of the magnetic spectrum and quadrupole splitting QS of paramagnetic doublet,
line width C of subspectra, internal magnetic hyperfine fields B, widths of magnetic field distribution DB, and
areas of the subspectra

Sample Subsp. IS (mm/s) e, QS (mm/s) C (mm/s)
B

(T) DB (T) Area (%)

Ag/Fe0.5Al1.5O3 1
2
3
4

0.34
0.32
0.29
0.27

� 0.10
� 0.12
� 0.075

0.59

0.208
0.208
0.208

49.66
46.99
38.51

–

0.61
1.89
1.91

–

31.1
25.3
12.5
31.1

Ag/FeAlO3 1
2
3
4

0.34
0.33
0.31
0.28

� 0.10
� 0.11
� 0.1
0.57

0.099
0.099
0.099
0.141

50.47
48.64
43.72

–

0.65
1.54
3.90

–

37.7
32.0
22.5
7.8

Ag/Fe1.5Al0.5O3 1
2
3
4

0.35
0.34
0.32
0.30

� 0.102
� 0.107
� 0.109

0.68

0.097
0.097
0.097
0.416

50.74
49.38
46.37

–

0.56
1.01
3.16

45
34

18.2
2.7 (8)

Ag/Fe2O3 1 0.35 � 0.099(2) 0.122(3) 51.59(1) 100
a-Fe2O3 0.38 � 0.21 51.5 Ref. 37

The isomer shifts are relative to a-Fe.
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and the present XRD results obtained for the
samples.

Thus, the magnetic sextets in the Mössbauer
spectra are assigned to the hematite-type solid
solution due to the high concentration of Fe3+ ions
and, therefore, prevailing magnetic interactions. On
the other hand, due to the lack of such interactions,
the paramagnetic quadrupole doublet is associated
with the alumina-type solid solution. Ladavos and
Baka42 studied the Mössbauer spectra of the system
Fe2O3-Al2O3. For x< 2, they also observed a Möss-
bauer spectrum that is due to superposition of a
sextet and a doublet (QS = 0.58 mm/s). However,
their sextet for x< 2 is only given by one magnetic
sextet and not—as in the present case—by super-
position of several sextets with significantly differ-
ent local magnetic field. Because the samples of the
latter study prepared at 1150�C by annealing for
extended times it is reasonable to assume that the
product powders do not represent nanomaterials.
Cordier et al.43 in their study of the a-Fe0.2Al1.8O3

solid solution observed a dominating doublet with a
quadrupolar splitting of 0.54 mm/s and concluded
that the sample’s composition is very close to the
solubility limit of ferric cations in the alumina
phase. Mössbauer spectra of considerable complex-
ity have been observed for materials obtained by
mechanical ball milling of a-Fe2O3/a-Al2O3 mix-
tures, see e.g..44 Many of the spectra exhibit line
shape changes evidencing the beginning of super-
paramgnetic behavior of the material because of the
small crystallite sizes reached by the mechanical
processing.

Generally, if the grain size of a magnetic iron
containing solid becomes smaller than acritical
value Dc, sextets will gradually collapse and a so-
called superparamagnetic doublet may appear. The
critical grain size Dc of a-Fe2O3 is known to amount
to about 20 nm at room temperature.45,46 According
to the preceding determination from the XRD data
(Table I), the average crystallite size of about 15 nm
for the a-Fe2O3-type solution phase is smaller than
this critical value. Therefore, the appearance of
superparamagnetic line shape changes is to be
expected. Indeed, the peculiar development of line
shapes of the magnetic spectra with their increas-
ingly asymmetric lines—especially at their
insides—represents a characteristic feature of an
increasing influence of superparamagnetism and
provides evidence for the onset of the underlying
microscopic spin dynamics. An interesting question
arises here as to the influence of the increasing spin
dynamics on catalytic properties when the hema-
tite-type solid solution transfers into the fully
superparamagnetic state. On the other hand, the
crystallite size of the Ag/Fe2O3 hematite sample
(x = 2) is larger than Dc and, therefore, a narrow
Lorentzian line shape is observed.

In further probing into the nature of the two
subspectra of different type and into the distribu-
tion of cations in the two phases, Fig. 5 shows the

area ratio of the doublet (A2) and sextet (A6) for the
three samples (x = 0.5, 1.0, and 1.5) from the two-
phase region of the phase diagram. A2/A6 corre-
sponds to the respective ratio N(Fealu)/N(Fehem) of
the amount of ferric ions in the two phases. On the
other hand, N(Fealu)/N(Fehem) is closely related to
the overall composition x of samples and to that of
the coexisting phases by N(Fealu)/N(Fehem) = x¢(x¢¢
x)/x¢¢(x � x¢). The lines shown in Fig. 5 represent

results obtained from the modified lever-rule for
different solubility limits x¢ and x¢¢. As seen, the
present Mössbauer data are in good agreement with
an almost symmetric solubility gap with x¢ = 0.2
and x¢¢ = 1.8 as has been reported by Muan and
Gee.38 This clearly confirms the identification of
doublet and sextet as being due to iron in the iron-
poor alumina and iron-rich hematite phases. Com-
paring with the data of Ref. 38 it is concluded that
the present samples possess a cation distribution
and composition of product phases which closely
corresponds to those of the equilibrium phase
diagram at about 1250�C—even though crystallite
sizes correspond to the nanoscale. This surprising
result is attributed to the synthesis route employed
in Ref. 21 and in the present study where urea is
used in excess as combustion fuel of a reactive gel.
Obviously, ignition of the gel provides the high
temperatures necessary for cation transport to
achieve the observed phase separation with close
to equilibrium cation concentrations.

The solid state reaction leading to the present
two-phase oxide nanosystem represents a complex
problem of phase change with a moving boundary.
Thus, any further discussion of the reactive pro-
cesses should make numerous assumptions on
idealized conditions for nucleation and growth of
the nanophases. In addition to that, information on
diffusion processes in the system Fe2O3-Al2O3 is
scarce—even for the pure end members. We
observed only a single temperature-dependent
study of Al tracer diffusion in single crystalline a-
Al2O3. For 1250�C, the data of Fielitz et al.47

indicate a 26Al diffusion coefficient of 7.7Æ10�15

cm2s�1. This is much smaller than the tracer

Fig. 5. Distribution of ferric ions in the two coexisting FexAl2�xO3

nanophases (x = 0.5, 1.0, and 1.5). Data point for area ratio A2/A6

according to Table III. Lines drawn for different compositions x¢ and
x¢¢ of alumina-rich and hematite-rich phases, respectively, according
to modified lever-rule.
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diffusion coefficient of 59Fe in a-Fe2O3 of 2.7Æ10�11

cm2s�1 reported, e.g., by Hoshino and Peterson 48

for this temperature. We are not aware of any data
on iron and/or aluminium diffusion in Fe2O3-Al2O3

solid solutions. Nevertheless, anticipating coupled
diffusion of Al and Fe and that DAl > DFe, effective
diffusion coefficients will be determined by slow Al
diffusion which in turn will determine the growth
kinetics of the precipitate particles. It also appears
realistic to expect that Al diffusion will increase
with increasing iron content of the solid solutions.
Thus, the above self-diffusion coefficient of Al can be
considered a lower limit for any effective bulk
diffusion coefficient in the system.

As mentioned, only a simple scenario of diffusion-
controlled particle growth can be considered here.
Such a model for diffusion-controlled growth of
precipitate particles has been reported by Wert and
Zener.49 The model treats the growth of a fixed
number of n identical spherical particles. Further
on, it is assumed that growth controlled by diffusion
in the bulk with a composition-independent effec-
tive diffusion coefficient; also volume changes across
the solid solutions are neglected. In the following,
the Wert-Zener model will be applied to the forma-
tion of the iron-rich precipitate in the sample of
composition x = 0.5. The sample possesses an esti-
mated density of nuclei of the hematite-type phase
of about n = 1Æ1017 cm�3 and, thus, fulfils best the
condition for diluted particles of all our samples.
The latter value has been derived from n ¼ x�x0

x00 � 4
3ð ÞpR3

1

for spherical precipitate particles of radius R1 = 7
nm where R1 has been determined from the
experimental particle size Lw (Table I, x = 0.5) by
setting R1 � Lw/2 and by using solubility limits of
x¢= 0.2 and x¢¢ = 1.8 in accord with our above
findings. According to Wert and Zener, the time-
dependent radius of the precipitate particles is
determined by

RdR ¼ D � x� x0

x00 � x0

� �
� 1 �W tð Þð Þdt ð2Þ

where W represents the fraction of precipitated
material. For large values of W, which is the case of
present interest, an asymptotic solution of W is
given by W tð Þ ¼ 1 � 2exp � 3t

2s

� �
with the parameter s

defined by s�1 ¼ D 48p2 x�x0ð Þ
x00

h i1=3
n2=3.49,50

Figure 6 shows the time-dependent radius of a
precipitate particle according to Eq. (2) for different
effective diffusion coefficients D. As seen, for a
diffusion coefficient (D1 = 8 Æ10�15 cm2/s) of the
magnitude of the tracer diffusion coefficient of 26Al
in Al2O3 at 1250�C,47 the full size of the particles
(R1 = 7 nm) is not reached in any reasonable time.
However, already a diffusion coefficient of only one
order of magnitude larger causes the precipitates to
grow almost to the final radius within about 10 s. It
is highly likely that the rate-determining diffusion

of Al in iron containing solid solutions is signifi-
cantly enhanced in comparison to that in pure
Al2O3. Therefore, it appears quite conceivable that
cation transport in combustion synthesis after igni-
tion is sufficiently rapid at peak-temperatures to
create nanophases which are at equilibrium—or
very close to it. Finally, it also appears worth
mentioning that the temperature of about 1250�C
represents an effective quenching temperature and
that during combustion even higher temperatures
may have been reached.

CONCLUSIONS

X-ray diffraction and Mössbauer spectroscopy
analysis of combustion-synthesized Ag/FexAl2�xO3

materials (0.5 £ x £ 2) revealed the formation of
multi-phase nanocomposites consisting for x< 2 of
silver metal and two corundum-type FexAl2�xO3

phases. One of the latter phases possesses high
alumina content whereas the other represents a
hematite-rich phase. Mössbauer signal intensities of
samples with x = 0.5, 1.0, and 1.5 could consistently
be explained by coexistence of phases of approxi-
mate composition Fe0.2Al1.8O3 and Fe1.8Al0.2O3 ,
which closely corresponds to the thermodynamic
equilibrium phase diagram of Fe2O3-Al2O3 at about
1250�C. Obviously, this resulted from the combus-
tion synthesis using urea as combustion fuel of the
reactive gel prepared from the component nitrates.
In particular, it is considered to be due to the
combined effect of high temperatures reached due to
ignition of the reactive gel and the presence of iron
oxide providing preferred nucleation sites effec-
tively limiting the growth of grains to the nanoscale.
At the same time, it is concluded that cation
transport must have been sufficiently rapid to
achieve phase separation with close to equilibrium
cation concentrations. The latter conclusion is sup-
ported by modeling growth kinetics of the precipi-
tate particles in the framework of the Wert-Zener
model of diffusion-controlled growth. Finally, the
Mössbauer spectra reveal line shape changes for the
samples with x< 2, which are characteristic for the

Fig. 6. Time-dependent growth of spherical precipitate particles for
different effective diffusion coefficients in the framework of the Wert-
Zener theory. Calculations of R(t) for the sample with x = 0.5 and for
effective diffusion coefficients of D1 = 8Æ10�15 cm2/s, D2 = 1Æ10�13

cm2/s, D3 = 5Æ10�13 cm2/s, and D4 = 2.5Æ10�12 cm2/s.
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onset of superparamagnetic behavior. This confirms
that grain growth was effectively controlled and
limited and that the average size of the crystallites
of the iron-rich phase is less than 20 nm which is in
perfect agreement with results deduced from XRD
lines broadening.
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