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Chemical composition and vacancy ditribution are studied in cation-deficient Mn/Fe spinel oxides of
general formula Fe, . Mn, O, , , prepared by the thermal decomposition of mixed carbonates. An oxygen/
metal ratio in the 1.5-1.6 range is found for samples obtained at 400°C in an air atmosphere. In addition,
a significant content of Mn(IV) ions can be derived from chemical and XRD data. The Méssbauer data
of these samples reveal the effects of small particie size as well as isolating effects of the Fe(II]) ions
in B sites by A-site cation vacancies. These effects increase with Mn content. For samples prepared
at 600°C, the XRD data and Mdssbauer data are interpreted in terms of a higher particle size and lower
vacancy content than those found at 400°C. At both temperatures, the cation vacancies found in B-
sites are ordered in a y-Fe,0:-type superstructure when the Mn content is lower than 0.6. © 1991

Academic Press, Inc.

Introduction

Manganese-iron oxides as well as Zn-sub-
stituted derivatives have been the subject of
many research works due to the significance
of their magnetic and electrical properties
(1-3). In these systems, cation distribution
and nonstoichiometry are highly influenced
by the preparation conditions (4, 5). For a
nearly stoichiometric spinel, X-ray diffrac-
tion data showed that all cation vacancies
were located in the octahedral sites (6).

Particular attention has recently been
paid to the oxidation behavior of fine grained
Mn-ferrites previously prepared by thermal
decomposition of mixed oxalates (7-9). In
this process, Mn(III) ions in octahedral sites
oxidize to Mn(IV) while Mn(II) ions in tetra-
hedral sites remain unaltered (7). A certain
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ordering of vacancies was detected by IR
spectroscopy (8).

An alternative procedure to obtain highly
dispersed spinel oxides with high cation oxi-
dation states is the low temperature decom-
position of mixed carbonates (10, 11). For
mixed Co/Mn spinels (10), this method
allows the occurrence of a high content of
vacancies that are ordered in a tetragonal
superstructure. Here we describe the struc-
tural characteristics of Mn/Fe cation-defi-
cient spinels prepared from mixed carbon-
ates on the basis of XRD, electron
microscopy, and Mdssbauer spectroscopy.

Experimental

Mn/Fe carbonates were prepared by mix-
ing a 1.0 M solution of NaHCO, and an 0.5
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M solution of the divalent cations under a
continuous CO, flow (12). Total Fe and Mn
contents of the samples were determined by
atomic absorption spectrometry. The homo-
ceneity of Mn/Fe ratios was checked by
electron microprobe measurements. The
average oxidation state of metal ions in the
samples was determined by a previously de-
scribed method (10). Samples were dis-
solved in an aqueous solution of H,SO, and
HClin the presence of Fe *?under a continu-
ous flow of Ar. The solution was titrated
with standard K,Cr,0, using diphenilamine
as indicator. A blank titration was carried
out under the same conditions. The differ-
ence between the titrations was assigned to
the total content of oxidating species
(Mn(I1I) and Mn(IV)) and was used to calcu-
late the O/M ratios.

Differential Scanning Calorimetry (DSC)
traces were obtained with a Mettler TA 3000
apparatus. Mossbauer spectra were ob-
tained with a constant accelerator spectrom-
eter with a 10 mCi Y’Co/Rh source and were
calibrated against a-Fe. XRD data were col-
lected with a Siemens D300 diffractometer
provided with CuKe radiation and graphite
monochromator. X-ray diffraction line
broadening analysis was carried out by re-
cording the profiles by the step-scan tech-
nique and applying the procedure described
in Ref. (13). Electron micrographs were ob-
tained with a JEOL 200 CX apparatus. N,
adsorption data were used to obtain the spe-
cific surface area by the BET method (/4).

Results and Discussion

Mixed carbonates of general formula
Mn,Fe,_,CO, (0 = x = 1) were obtained as
monophasic solids with a high homogeneity
in composition as shown by XRD and elec-
tron microprobe measurements. The ability
of the preparation method to obtain mixed
carbonate precursors in a wide range of
compositions has been previously stated
(10-12, 15).
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The thermal behavior of the Mn/Fe car-
bonates was followed by the DSC traces
recorded under static air and dynamic N,
atmosphere. These curves are shown in Fig.
1 for selected compositions. The tempera-
ture for endothermal decomposition in-
creased with Mn content, in agreement with
previously reported data on the thermal de-
composition of Fe and Mn carbonates (/6).
The exothermal effect following the endo-
therm can be associated with oxidation pro-
cesses by O,, as these effects were not found
in the DSC traces recorded under dynamic
N, atmosphere. However, the oxidation of
Fe(II) by CO, at the endothermal peak tem-
perature takes place simultaneously (/7).

Due to the complexity of this thermal be-
havior, various phases could be identified
as intermediates. Table I summarizes the
products of thermal decomposition of the
mixed carbonates after 1 hr of isothermal
treatment in air at different temperatures.
These results evidence the complexity of
this system, which is due to the multiple
oxidation states and structural possibilities
of Mn in oxide compounds that are affected
by the nonequilibrium conditions of this pre-
parative route. From these results, it is
shown that monophasic spinel products can
be obtained only at 400°C under these exper-
imental conditions (Fig. 2). In order to ob-
tain higher temperature monophasic spi-
nels, the thermal decomposition of the Mn/
FFe carbonates was carried out by different
procedures. In this way, it was found that
the occurrence of a-sesquioxide phases at
600°C could be avoided by removing gases
generated in the decomposition by passing
an inert gas over the sample. The XRD pat-
terns of these samples are shown in Fig. 2.

The chemical composition and crystallo-
graphic data of the products obtained at 400
and 600°C are collected in Table II. The
average oxidation states of metal ions in
both sets of samples are higher than that
corresponding to an M0, stiochiometry. At
400°C, the O/M (M = total metal content)
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F1G. 1. DSC traces of Mn/Fe carbonates recorded under static air atmosphere.

TABLE 1

DecoMPosITION PrRoDUCTS OF Mn/Fe CARBONATES
IN THE THERMAL TREATMENT UNDER STATIC AIR AT-
MOSPHERE AT DIFFERENT TEMPERATURES

X

T(C) 0.000 0.351 0498  0.671 1.000
400 vy Y Y 7t 7t
500 o« v Y+ (@ v+ ¢ yt+ec
600 a y+@7y+@E y+c c +yt
700 a a+ vy c+ 7y c+@yc+H
900 a at+y) c+yc+ () c
1100 a b% ¥ k% yt

x = Mn/(Mn + Fe). a, corundum structure;y, spinel
structure; ¢, C-type oxide structure; yt, Mn;O, (tetrag-
onal spinel) structure.

ratios are in the 1.5-1.6 range. The presence
of high oxidation states in Mn-containing
spinels has also been reported in other car-
bonate decomposition products (10, 18, 19).
This implies the presence of cation vacan-
cies in the spinel structure that were ordered

in a y-Fe,O;-type superstructure for x <
0.640 as shown by XRD (Fig. 2). The fact
that high Mn contents condition the absence
of superstructure lines in the XRD pattern
may be connected with divergences in crys-
tallinity of the solids or changes in the va-
cancy distribution in octahedral/tetrahedral
sites, as discussed below. On the other
hand, the superstructure lines are more in-
tense for the samples obtained at low tem-
perature. This fact is in agreement with a
high vacancy content, especially in octahe-
dral sites, which is also derived from the
chemical and Mossbauer data, as shown
below.

On the other hand, the spinel oxide phases
found at both temperatures were cubic ex-
cept for high Mn contents (x > 0.64) that
condition the occurrence of tetragonal dis-
tortions due to the Jahn-Teller effect. The
effect occurs for Mn contents higher than
those found in the Co-Mn-O system (/0,
20), indicating a lower Mn(IIl) content, es-
pecially in octahedral oxygen coordination.
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Fic. 2. XRD plots of Mn/Fe spinel oxides of general formula Fe;_,Mn Oy, , obtained by thermal
decomposition of the precursor carbonates at 400 (A) and 600°C (B).

For cubic spinels, the unit cell parameters
at both preparation temperatures are in-
cluded in Table II. This parameter increases
with Mn content, probably due to the higher
ionic radius of Mn(Il) and Mn(III) as com-
pared with Fe(III). However, at 400°C the
increase in a is less marked, probably indi-
cating the higher presence of other smaller
ions as Mn(IV). The a value observed for
x = 0.35 is lower than that reported for
MnFe,0, (21) and this fact is in correspon-
dence with the high cation-vacancy content
in our samples and the higher oxidation state
of metal ions.

Table 111 shows the values of BET surface

area and the results of line-broadening anal-
ysis. At 400°C, a high dispersion of the sam-
ples is evidenced by the low values of crys-
tallite size and moderately high values of
specific surface area. It is commonly found
that the preparation of spinel oxides by the
low temperature decomposition of suitable
precursor compounds leads to fine and ul-
trafine particles (22, 23). The electron mi-
crographs in Fig. 3 are in agreement with
these observations. It should be noted that
the samples are formed by aggregates of pri-
mary particles, thus leading to BET surface
values lower than those corresponding to
the observed crystallite sizes. On the other
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TABLE II
CuEMICAL COMPOSITION AND STRUCTURAL DATA OF MIXED Mn/Fe SPINEL OXIDES

T (°C) 400 600

x 0O/M* at c? Oo/M a ¢
0.000 1.500 8.343 1.500 c
0.144 1.569 8.365 . 1.489 8.419
0.351 1.607 8.378 1.456 8.435
0.423 1.600 8.397 1.477 8.468
0.498 1.593 8.432 1.467 8.472
0.640 1.599 8.442¢ 1.434 8.530
0.671 1.609 8.448¢ 1.441 8.599¢
0.866 1.600 5.855 9.497 1.387 5.843 9.485
1.000 1.582 5.825 9.554 1.336 5.762 9.470

¢ £0.003.

b +0.002 A.

¢ a-Fe203.

4 Pseudocubic phases.

TABLE 1II
BET SURFACE, CRYSTALLITE SIZE AND MICROSTRAINS OF MIXED Mn/Fe SPINEL OXIDES
x Sper(m’g ") Dyn(A) eo % 1073 Dy(A) g % 1073 T/ Ly
400°C
0.144 52.7 215 2.4 167 0 1.22
0.351 71.1 126 5.3 131 0 1.16
0.423 60.1 143 3.7 103 1.7 1.10
0.498 64.4 135 3.9 95 3.1 0.87
0.640 89.8 81 6.3 116 4.2 0.80¢
0.671 40.1 61 6.9 136 79 0.66°
600°C

0.144 4.8 b 5.5 b 1.9 1.73
0.351 10.4 b 5.5 b 3.1 1.23
0.423 22.2 3000 3.4 3000 3.4 1.10
0.498 23.7 281 34 271 2.1 1.16
0.640 21.2 90 6.5 147 9.0 1.02
0.671 12.2 98 7.8 108 9.4 1.54°

4 Pseudocubic phases.
b Values higher than the limits of determination of the method.

hand, there is not a clear tendency of these The primary particles show preferred (110)
parameters with x. At 600°C, the degree of zones, an orientation which is commonly
sample dispersion is lower. found in acicular (ex-a-FeOOH) (24) or lay-

For a sample with x = 0.144, Fig. 3 shows ered (ex-FeOOH,) (25) y-Fe,0,. For a sam-
particle sizes ranging from 500 to 3000 A. ple with x = 0.498, the (001) zone axis elec-
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A o> X=0.498
100A

R [ X=0.351 100A

F1G.3.(A) Electron micrographs of Fe/Mn spineloxides Fe,_ Mn,0,, ,obtained at 400°C. (B) Samples
obtained at 600°C showing (001) and (110) orientations. The drawing of the electron diffraction pattern
with (001) orientation shows smaller spots corresponding to a P cubic lattice.
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tron diffraction pattern shows (110) and
(020) weak spots, corresponding to a P cubic
lattice. Boudeulle et al. (26) showed that
a statistical distribution of vacancies could
occur by reducing the F cubic symmetry of
the spinel to a P lattice. However, one of
the resulting space groups, P4,32, does not
allow (020) spots. From these results and
XRD data, the presence of a primitive te-
tragonal superlattice with ¢ = 3a cannot be
discarded. It should be noted that the pres-
ence of vacancy ordering in superstructure
was pointed out by Gillot et al. (§) from IR
data for compositions with x < 0.5.

Although the preparation at higher tem-
perature generally increases the size of the
coherently diffracting domains, a higher
content of microstrains is simultaneously
observed in these samples. This fact may
probably be in connection with the proxim-
ity of the preparation temperature to the
v — a phase transition, thus being highly
distorted metastable phases. In addition, the
sintering phenomena may lead to distorted
regions in the bulk of the material in spinel
oxides (27).

As a complementary technique in the
analysis of vacancy distribution, Fig. 4
shows the RT Méssbauer spectra of the
samples prepared at 400°C. These patterns
shows a central doublet component that in-
creases its intensity with Mn content rela-
tive to the hyperfine sextet component.
Such a doublet component cannot be as-
cribed to the presence of undecomposed
carbonate as the chemical shift of this phase
is higher (28); besides, no lines of carbonate
are present in XRD patterns. The occur-
rence of this doublet can be explained by
assuming the presence of a variable fraction
of superparamagnetic particles with sizes
sufficiently small to produce a fast relax-
ation of the magnetic moment (29). Alterna-
tively, the presence of isolated ferrimag-
netic regions surrounded by non magnetic
structural components may also lead to a
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similar effect in the MGssbauer spectra. This
explanation was used in the study of Mn-Zn
(2) and Ni-Zn (30) spinel ferrites. In our
case there are no diamagnetic ions as Zn*2,
but this role could be played as well by the
cation vacancies.

The changes in BET surface and crys-
tallite size cannot explain satisfactorily the
increase in the intensity of the doublet signal
with Mn content, although their contribu-
tion to the occurrence of the doublet cannot
be discarded. On the other hand, it should
be noted that the isolation of Fe(IIl) from
magnetic interactions can originate a col-
lapse in the hyperfine splitting. The main
cause for the magnetic cooperative behavior
of the spinels is known to bé the antiferro-
magetic A-B superexchange interactions
(4). Thus, the A-A and B-B interactions
have little effect on the Mossbauer spectra
(31). As the quadrupole splitting is only ob-
served for octahedrally coordinated ions, a
significant amount of vacancies should lie
on tetrahedral positions to produce the iso-
lating effect on the B sites.

The presence of vacancies in octahedral
positions leads to the above-mentioned -
Fe,0; superstructure lines in the XRD pat-
terns for Mn contents lower than x = 0.640.
This fact is in correspondence with the XRD
intensity ratio I,,0/Ly, (Table III). This ratio
decreases with Mn content, and is indicative
of a progressive displacement of the vacanc-
ies from octahedral to tetrahedral positions,
in contrast to previously described data for
MnFe, 04,5 (6 = 0) (6). On the other hand,
the increase in the number of vacancies in
tetrahedral positions with Mn content
agrees with the interpretation of the en-
hancement of the intensity of the doublet
component in the Mossbauer spectra based
on isolating effects. However, the difficulty
of separation of isolating effects from sur-
face effects that are commonly found in
these highly dispersed materials cannot be
avoided, as evidenced in the study of ’Fe-
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F1G. 4. Mdssbauer spectra of three selected samples of Mn/Fe spinel oxides obtained at 400°C. Vertical
bars indicate the standard deviation of each measurement.

enriched samples of micronized +y-Fe,0,
32).

The RT Mossbauer spectra of the spinel
samples prepared at 600°C are included in
Fig. 5. The most relevant aspect of these
spectra is the absence of quadrupole split-
ting signals. This is an expected result, as
crystallite size is higher and BET surface
is lower at this temperature (Table III), si-
multaneous to a decrease in oxidation state,
which leads to a lower vacancy content. For
these samples, the unit cell parameters
pointed to a higher Mn(III)/Mn(IV) ratio

and the observed y values of Fe,_ Mn,O,, ,
are lower than those found at 400°C.

Conclusions

The thermal behavior of Fe/Mn mixed
carbonates is complex, and several phases
can be identified as the products of the ther-
mal decomposition at different tempera-
tures.

The thermal decomposition of Fe/Mn
mixed carbonates at low temperature
(400°C) leads to spinel phases with a high
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Fi1G. 5. Mdssbauer spectra of three selected samples of Fe/Mn spinel oxides obtained at 600°C. Vertical

bars indicate SD.

vacancy content, whereas lower oxidation
states are achieved when the decomposition
is carried out under less oxidizing conditions
at high temperature (600°C).

The vacancies are placed preferentially in
octahedral positions, and they are ordered
in a y-Fe,0,-type superstructure at both
temperatures. However, when the vacancy
content is high (400°C samples), some of
them are displaced to tetrahedral positions.

The vacancies in tetrahedral positions
may produce an intense decrease in the hy-
perfine interactions, which, together with
the particle size effects, originates the oc-

currence of a quadrupole doublet in the
Mossbauer spectra of 400°C samples.
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