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The thermal behaviour in oxygen and the cation distribution of manganese iron spinels Mn3−xFexO4 (0∏x∏3) obtained by a soft
chemistry method have been determined by thermogravimetry and IR spectroscopy . The existence of two di�erent cation
distributions as function of composition x is established from a quantitative analysis by derivative thermogravimetry. For x>1.50,
the IR spectroscopy clearly distinguished the presence of Fe2+ and Mn2+ ions located in octahedral and tetrahedral sites,
respectively. For x<1.50, this method is also e�cient for the di�erentiation of the Mn2+ ions located in both types of site of the
spinel structure. Kinetic studies on the oxidation process of Mn2+ ions show that the oxidation proceeds by way of a di�usion-
controlled reaction or by a nucleation–growth mechanism. The di�erence in the kinetic behaviour is interpreted with regard to a
structural change from the cation-deficient spinel to multi-phase oxides initiated by the oxidation temperature.

Manganese–iron oxides Mn3−xFexO4 with spinel structures mately by three single formulae:
(0∏x∏3) have been studied extensively. Manganese ferrites (Mn2+2.4−0.8xFe3+0.8x−1.4)A(Fe3+2.8−0.6xFe2+0.8x−1.4Mn3+0.6−0.2x)BO2−4(x>1.50) are used widely in electronics, and their magnetic (1)and electrical properties1–3 are a�ected strongly by the method

if x is between three and two,15–17 and for x<2 the distributionof preparation. For iron manganites (x<1.50), most studies
of cations has been assumed to be6,10,17have concentrated on the determination of crystallographic

properties, i.e. distortion of the normally cubic symmetry due (Mn2+ )A(Fe3+3−xMn3+x−1)BO2−4 (2)
to the Jahn–Teller e�ect.4 In recent years high-performance

andnegative temperature coe�cient thermistors, based on Mn
spinels with a high manganese content have been developed.5,6 (Mn2+1−yFe3+y )A(Fe3+z Mn3+2−xMn2+y )BO2−4 (x=y+z) (3)
More recently, additional interest in Mn–Fe–O systems has In these conditions, as x decreases from three to two, we candeveloped because of their reportedly improved performance consider that the manganese atom enters the structure asas catalysts in Fischer–Tropsh synthesis.7,8 Mn2+ ions on tetrahedral sites replacing Fe2+ ions located onHowever, for the interpretation of the magnetic, electrical, B sites. For x<1.50, the substitution of iron ions by manganesestructural and catalytic properties, knowledge of the distri- ions leads to the replacement of Fe3+ ions by Mn2+ and Mn3+bution and valencies of various cations like Mn2+ , Mn3+ , ions on B sites, although Mn2+ ions, however, prefer tetra-Mn4+ , Fe2+ , Fe3+ between the available octahedral (B) and hedral cocoordination. In this latter distribution and usingtetrahedral (A) sites is of great importance. In connection quantitative Mössbauer results,6 the values of the coe�cientswith this, the non-stoichiometry of oxygen9 described as

x, y and z have been calculated.Mn3−xFexO4+d with d>0 (while an equivalent number of In this paper, we report an investigation by derivativecation vacancies is present) is influenced markedly by the thermogravimetry (DTG) of the cation distribution in finepreparation conditions, such as ceramic or soft chemistry powders of the whole system Mn3O4–Fe3O4 where the tworoutes. Thus in determining the solid phases present in the cations manganese and iron can be oxidized successively atsystem Fe2O3–Mn2O3–O2 at equilibrium in air above 900 °C, low temperature. This method, which is based on the di�erenceWickham10 described the chemical composition of the mixed in reactivity towards oxygen of iron and manganese ions in
spinels of iron and manganese and proposed the formula relation to occupied sites, is especially suited to this purpose
Mn3−xFexO4+d with 0<d<0.04. For samples prepared via the due to the fact that it is possible to carry out a systematic
usual ceramic route, Krupicka and Zaveta11 studied the mag- study of the oxidation process in regard to the nature, charge
netic and electrical properties of MnFe2O4+d ferrites with a and position of cations in the spinel lattice.18 The results are
graduated oxygen content, d, varying from 0 to 0.23. However, compared and evaluated with the previous cation distribu-
their oxidation requires such a high temperature that the spinel tions established for the systems Fe3O4–MnFe2O412 and
structure is usually transformed to a rhombohedral structure. Mn3O4–Mn2FeO4 .19 IR spectroscopic measurements were also

We have shown in previous papers12,13 that it is possible to investigated for stoichiometric and oxidative non-stoichio-
obtain cation-deficient spinels without the formation of other metric samples in order to obtain information about the
phases and with a larger number of vacancies (d=0.6) by the presence of an ordered distribution between cations and
oxidation at low temperature of fine-grained stoichiometric vacancies.
Mn ferrites prepared by soft chemistry. More recently, Jimenez
et al.14 have also obtained highly dispersed spinel oxides in Samples and Experimental procedure
the Mn–Fe–O system with a high content of vacancies from

Samplesthe decomposition at low temperature of mixed carbonates. It
appears that for stoichiometric spinels the distribution of For x�2, the samples were prepared from the thermal

decomposition of mixed iron and manganese oxalatescations in Mn3−xFexO4 (0∏x∏3) can be described approxi-
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(FexMn3−x )C2O4 ·2H2O (3∏x∏2) and treated at low tempera-
ture in an H2–H2O atmosphere in accordance with the con-
ditions stated in ref. 20. Powders of Mn3−xFexO4were obtained
for the following values of iron concentrations: x=2.86, 2.73,
2.63, 2.50, 2.28 and 2. X-Ray di�raction studies showed that
the samples had a very pure cubic spinel structure and did not
contain manganese oxide, MnO. The particles were roughly
spherical with diameters of ca. 70 nm.

For x<2 iron manganite spinel powders of di�erent com-
positions were prepared by the continuous coprecipitation
of formate precursors (FeyMn1−y)(CHO2)2 ·2H2O (x=3y,
0<x<2) following the method described in detail in ref. 6.
After thermal decomposition of the formate precursors for 4 h
at 1000 °C and quenching to room temperature, some particu-
lar compositions, x=1.80, 1.50, 1.30, 1.05, 0.78, 0.58, 0.39, 0.12
and 0, with the desired spinel structure were obtained.
According to a scanning electron microscopy study, the particle
size was found to be consistent, with grain sizes of ca. 7 mm.
For samples ground for 10 min, the grain size was ca. 300 nm;
this allows their partial oxidation to cation-deficient spinels.21

Experimental procedure

The oxidations were performed with the temperature increasing
linearly (2.5 °C min−1 ) or under isothermal conditions in a
Setaram MTB 10-8 microbalance (symmetrical set-up, reso-
lution and noise level 0.1 mg) using 20 mg of powder. The
degree of oxidation at various levels of reaction was calculated
from the gravimetry data. FTIR spectra were recorded in air
at room temperature with a Perkin-Elmer 1725X instrument
over the range 4000–450 cm−1 and with a Perkin-Elmer 1700
instrument over the range 450–50 cm−1. Transmittance spectra
were realized on 1 mg of powdered sample dispersed in 200 mg

Fig. 1 FTIR spectra for the spinel series Mn3−xFexO4of CsI pellets pressed under vacuum at 10 Pa. X-Ray di�raction
(XRD) was used to determine the phase purity and crystallo-
graphic lattice constants of the samples. All materials were
found to be single phase. XRD analyses were performed using
a Rigaku 18 kW rotating anode di�raction system equipped
with a Cu-target anode. a-Quartz was used as an external
calibration standard. For the precise determination of the
lattice parameters the X-ray reflections in the range h=20–50°
were recorded by step scanning, using increments of 0.01° h
and a fixed counting time of 60 s step−1 . The error in the
measured lattice parameter resulting from sample positioning
and instrument precision is estimated to be ±0.0003 nm.

Results and Discussion

Unoxidized samples

In the investigated region (900–100 cm−1 ) the spectra of
samples with x=2.86–2.28 (Fig. 1) reveal two absorption bands
n1 and n2 in good agreement with the spectrum of Fe3O4 which
also shows two bands at 575 and 360 cm−1 .22 The lower
frequency bands observed in the region from 500 to 300 cm−1
in these specimens split into two or more components in those
of the x=2–0.58 samples (Fig. 1 ). In addition, in the spectra
of x=1.30–0.39 samples, another weak absorption band at ca.
170 cm−1 was observed. Of these observed bands, the highest
one (n1) shifts by 23 cm−1 to the lower-frequency side from
x=2 to 0.58 (Fig. 2). The n2 absorption band shows little
change from x=2.86 to x=1.50. The measurements of the
lattice parameter, a, show that the lattice parameter increases

Fig. 2 Compositional dependence of lattice parameter and IR absorp-from x=2.86 to 2 and then vary little from x=2 to 1.30 tion bands for the spinel series Mn3−xFexO4(Fig. 2). It has been reported that on moving from x=3 to 2,
the (MMO) bond lengths of the A site increase by 0.012 nm,
while those of B sites remain nearly constant at ca. 0.205 nm.23 structural investigation by XRD analysis and FTIR spec-

troscopy (Fig. 2 ) reveals a single phase with a distorted tetra-This indicates that the lower-frequency shifts of the n1 band in
this composition range are associated with the decrease in the gonal structure. The observed bands are a premonitory

representation of the spectra of tetragonal Mn3O424 and arebond-stretching force constant of the A sites, which is exhibited
in the increase of bond length of the A sites. For x<1.05, the due to the nearly localized vibrations of the tetragonally
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distorted regions. However, for the intermediary region, x= oxidation of Fe2+ , Mn3+ and Mn2+ ions, the di�erence in the
oxidation temperature being due to the di�erence in the cation–2–1, although the measurements of the lattice constant indi-

cated that the spinels still exhibited the cubic lattice (Fig. 2), oxygen distances for iron and manganese ions.18 At higher
temperatures, Mn4+ ions formed below 500 °C were reducedsome weak absorption bands or shoulders observed in this

composition range predicted a transition region. We can to Mn3+ ions and the unoxidized Mn2+ ions were finally
completely oxidized to Mn3+ ions. This further oxidation ispostulate that the locally distorted octahedra are distributed

randomly in the lattice of cubic Mn3−xFexO4 prior to the followed by a lattice transformation from a spinel structure to
a rhombohedral one in which all the cations are trivalent. Atransition of the tetragonal phase due to the cooperative

interaction of these distorted octahedra.24 quantitative analysis from the DTG peak areas suggests a
cation distribution identical to eqn. (1), which is for x=2,
similar to the distribution proposed by Hastings and Corliss.15Oxidized samples
This distribution predicts that the Fe2+ content is cancelled

Non-isothermal oxidation. Cation distribution. The curves of out for x=1.75 which agrees with the low conductivitythe derivative mass gain–temperature (DTG curves) show that observed for x=1.50.the reaction consists, except for the x=0 and x=3 samples, of In contrast, for x∏1.50, only two oxidation peaks aresome distinct oxido-reduction processes (Fig. 3). For x>1.50, present in the DTG curves (Fig. 3 ) with a total mass gainfour oxidation peaks and one reduction peak can be seen nearly equal for all samples. It has been demonstrated25 thatclearly after desummation. As already stated, for x�2 and for for an Mn3O4 spinel (x=0) of cation distributionfine powders, the three oxidation peaks below ca. 500 °C where (Mn2+ )A(Mn3+Mn3+)BO42− , oxidative transformation in airthe spinel structure was maintained12 can be attributed to the is detectable by a mass gain of 3.48% according to:
Mn3O4+1/2O2�3/2a-Mn2O3 . This seems to be evidence, in
opposition to results obtained for samples with x>1.50, for
the non-oxidation of Mn3+ ions. This di�erence in the behav-
iour of Mn3+ ions may be related to the crystallite size that
di�ers with the preparation method, as mentioned above. For
fine-grained samples, the instability of Mn4+ ion containing
oxide systems has been proved, e.g. MnO2 is completely
decomposed in a-Mn2O3 at 450 °C in air.26 In this case the
reduction step was thus suppressed. Also, following the absence
of Fe2+ ions6 and for the imposed conditions here, the oxi-
dation is solely due to Mn2+ ions. Since the sum of the two
peak areas nearly corresponds to the peak area measured for
the oxidation of Mn3O4 , we can postulate that for Fe-
containing spinels the number of Mn2+ ions is almost constant
and may be associated with the presence of one Mn2+ ion per
formula unit. It has been established previously18 that the
oxidation temperature for B-site Mn+ ions is lower than that
for A-site Mn+ ions because of the weaker ionic bonding of
the B sites as compared with the stronger A-site covalent
bonds. From this consideration, the two stages of oxidation
revealed by the DTG curves would be associated with the
oxidation of Mn2+ ions from predominantly B and A sites,
respectively. A comparison may be made with Mn3O4 spinel,
where the Mn2+ ions originate exclusively on one site. The
amount of divalent manganese present on each site can be
calculated from the area of the DTG peaks. The cation
distribution for this composition range can be described by
the formula:

(Mn2+1−yFe3+y )A(Fe3+z Mn3+2−xMn2+y )BO2−4 (x=y+z) (4)

The results obtained make it possible to estimate, with some
certainty, the cation distribution in the system Mn3−xFexO4 .This distribution is shown in Fig. 4

FT IR study. In Fig. 5, FTIR spectra recorded for samples
heated at 450 °C for 1 h (and therefore oxidized) for cation-
deficient spinels are shown. For x�2 and in contrast to
unoxidized samples (Fig. 1 ), the spectra exhibit a large number
of absorption bands, those for x>2.50 being well resolved.
The similarity to the FTIR spectrum of ordered c-Fe2O3 ,22both in the position and the number (at least 20 ) of absorption
bands allows us to postulate the same type of order between
vacancies and cations on B sites, i.e. a %5cation ratio of 155.
With decreasing x (2.50>x>2) and although the number of
vacancies per mole increases slightly,27 numerous absorption
bands remain visible as shoulders of vanishing bands. For
these defect phases, the vacancies are located on the B sites
and result not only from the oxidation of iron ions but also
from the oxidation of manganese ones, as indicated in Fig. 3.Fig. 3 DTG curves showing the di�erent oxidation stages for

Mn3−xFexO4 spinels Spectra recorded for x∏1.50 samples and resulting from the
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oxidation of Mn2+B are similar to that presented for c-Mn2O3 ,although the number of vacancies must be lower because of
an incomplete oxidation of manganese ions. For x∏1, in
comparison with an initial sample (Fig. 1), the principal intense
bands, characteristic of a spinel phase with a distorted tetra-
gonal structure, are better resolved. This results in a greater
amount of Mn3+ ions in B sites, and consequently in Mn2+Boxidation which increases the tetragonal distortion. Above
500 °C, the X-ray di�raction pattern and FTIR spectrum
indicate that the defect phase tends to transform, as a conse-
quence of the oxidation of Mn2+A , into a mixture of two phases
identified as a-Fe2O3 and a-Mn2O3 to the corundum structure
for x∏1.50 and as a-Mn2O3 and cubic FeMnO3 for x>1.50.

Isothermal oxidation: kinetic study. Since the heat-treatment
in oxygen leads to a structural change, it is useful to investigate
the kinetic behaviour when the oxidation is achieved on the

Fig. 4 Compositional dependence of site occupancy fraction for the one hand below 450 °C through the formation of the defectMn3−xFexO4 spinels
spinel phase, and on the other hand above 550 °C with a phase
transformation. For this purpose, we considered only the
oxidation of Mn2+ ions that imply for the compositional range
3>x>1.50 the preliminary oxidation of Fe2+ and Mn3+ ions.
The selected treatment consists of heating under air at 160 °C
for 10 h. Note that oxidation without any phase change is due
to Mn2+B ions for x�1.50 and to Mn2+A ions for lower iron
contents, whereas the oxidation with a phase transformation
solely concerned the Mn2+A ions.

The oxidation kinetics curves, determined as a function of
temperature, have a roughly parabolic shape for the oxidation
without phase change (Fig. 6 and 7) and a sigmoı̈dal shape for

Fig. 6 Kinetic curves aA=f (t) for tetrahedral Mn2+ ions oxidation for
a spinel with x=2 (T<450 °C)

Fig. 5 FTIR spectra of oxidized samples at 450 °C in cation-deficient Fig. 7 Kinetic curves aB=f (t) for octahedral Mn2+ ions oxidation for
a spinel with x=0.78 (T<450 °C)spinels Mn3−xFexO4+d
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For the second oxidation process with phase transformation,
the sigmoı̈dal shape of the reaction is clearly visible and no
initial period can be found at the main process. The isotherms
were best fitted with the equation:

F(a)=1−(1−aA)1/3=kt (7)

Such curves are usually explained on the basis of rapid
nucleation but no uniform probability ‘contracting envelope’
with isotropic growth.30 An Arrhenius plot of the constant k
vs. 1/T gives for x=2 an activation energy of 230 kJ mol−1
and for x=0.78 an energy of only 108 kJ mol−1 . For Mn3O4oxidation, an activation energy of 110 kJ mol−1 has been
reported.

In summary, thermogravimetry and FTIR spectroscopy
studies have demonstrated that a change in the cation distri-

Fig. 8 Kinetic curves aA=f ( t) for tetrahedral Mn2+ ions oxidation for bution takes place at x#1.50. Also, it appears that the com-
a spinel with x=2 (T>600 °C) posite nature of the oxidation kinetics can be explained on the

basis of the possibility for the same oxidizable cation (Mn2+ )
to be oxidized in two stages in a large temperature range.
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