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Highly divided iron manganese oxide powders,
Fe;_ . Mn,[135404+5, were prepared at low temperature
(T <560°C) by the thermal decomposition of mixed oxalate
precursors Fe,_,Mn,C,0,4, 2H,0 (x=x/3). The manganese-
rich compounds (x > 1.5) have a complex structure that can be
cubic, tetragonal, or a mixture of both tetragonal and cubic
spinel phases that indicates a lack of miscibility existing in the
Fe;0,~Mn;0, phase diagram at low temperature. The structure
strongly depends on the chemical composition but also on the
nonstoichiometric coefficient (9). It has been identified as one of
the mineral “vredenburgite” and has never been reported before
for powders prepared by chimie douce. The oxygen excess,
determined by thermogravimetric analyses, is the highest
(0 = 0.4) when the oxide is prepared at 410°C. Theses oxides are
defect spinel phases containing cationic vacancies. © 1999 Academic

Press

INTRODUCTION

Manganese iron oxides have been the subject of many
research works due to their potential applications to mag-
netic recording media and electronic devices. In these sys-
tems, the cation distribution, the oxygen content, and
therefore their specific properties are largely influenced by
the preparation conditions.

The phase diagram of the Fe/Mn/O system is well known
at high temperature (1-7). The spinel phase is obtained in air
at temperatures above 950°C. The structure can be cubic or
tetragonal, depending on the composition. In fact, if the
quantity of Mn3* cations is higher than 1.8 per 4 oxygen
cations (1, 8), then the spinel structure transforms from
cubic to tetragonal, due to the cooperative Jahn-Teller
effect on Mn3* cations. The few structural studies realized
on this system calcined at temperatures below 500°C did not
allow the identification of the phases because of the poor
crystallinity of the samples (9, 10).
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The cubic-to-tetragonal phase transition has mainly been
described as a diffusionless reaction. However, Cerkinka et
al. (11) have pointed out a tetragonal microdomain struc-
ture in a cubic matrix. In general, the coexistence of cubic
and tetragonal spinel phases have been rarely been men-
tioned in the literatue, especially at low temperature. Muan
and Somiya (4) have shown the existence of a phase mixture
for temperatures higher than 950°C. In a similar way, the
phase diagram of Mason (1) shows that two phases coexist
at high temperature for a composition ranging from
Fep.1sMn, 5504 to FegasMn, 550,. Annealing experi-
ments (12) performed on the Fe;_,Mn,O, s system at
940°C have permitted the determination of the equilibrium
miscibility limits. However, the same authors (12) indicate
that, at temperatures below 700°C, the very low reaction
rate makes reaching equilibria under laboratory conditions
difficult. Then, the only limits which can be taken as corres-
ponding to equilibrium are those deduced from natural
“vredenburgite.” Mason (1) has reported a complete de-
scription of vredenburgite. This mineral naturally contains
a mixture of cubic and tetragonal spinel phases. It corres-
ponds to the immiscibility gap at low temperature in the
Fe;04/Mn;0, diagram for the compositions comprised
between Fe, 35Mn; 450, and Fe, ,-Mn, 530,4. The min-
eral was described as an intergrowth of the minerals jacob-
site (MnFe,0,) and hausmannite (Mn;O,). The structure is
typical of an exsolution appearing during the cooling pro-
cedure of a mixed crystal elaborated at high temperature.

In the past 10 years, highly divided particles of different
substituted ferrites have been prepared by “chimie douce” at
low temperature. They are mixed valence defect oxides
(13-15) and are described as a “new family” of ferrites,
having specific characteristics and properties. In the
Fe/Mn/O system, the structure of the phases that have been
prepared at low temperature has been studied for iron-rich
compounds, the manganese ferrites (16-21). Only one work
(19) describes some structural characteristics of Mn/Fe
spinel oxides prepared by thermal decomposition of mixed
carbonates. However, the present work will show that the
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structure of this system is even more complex than the one
described in (19).

The aim of this study is to prepare and characterize highly
divided iron manganese oxide powders having the spinel
structure. The oxides are obtained by the thermal decompo-
sition of the mixed oxalate precursors. The characteriza-
tions will be done by XRD, TGA, and TEM.

EXPERIMENTAL

The oxalate precursors are obtained by the co-precipita-
tion of iron and manganese chlorides with oxalic acid,
according to Eq. [1]:

(1 — a) Feclz, 4H20 + OCMnclz, 4H20 + H2C204, HzO
Fel_aMnaC204, tzO + 2C1™ + 2,H+ + (5 — X)Hzo.
[1]

The oxalic acid is dissolved in an ethanol solution of
concentration 0.4 M, which corresponds to the solubility
limit at ambient temperature. The dissolution has to be
made just before the coprecipitation reaction is started to
avoid the formation of an ester. The metallic salts are
dissolved in a water/alcohol medium (concentration 2 M).
The salts are introduced quickly in the acid solution so as to
favor the germination phenomenon in comparison with the
growth. The precipitates are filtered, washed with distilled
water, and dried at 80°C overnight. The thermal decomposi-
tion of the precursors is realized under a controlled atmo-
sphere of flowing gas (a mixture of nitrogen and air). The
flow rate of each gas has to be optimized to get the pure
spinel phase at low temperature: the flow rate of air is 6 L/h
and that of nitrogen is 250 L/h. The heating rate is first fixed
at 150°C/h up to (T — 30)°C and then decreased to 60°C/h
up to the dwell temperature T (3 h). The cooling rate is
150°C/h.

TEM observations were performed using a HITACHI
300. The chemical analyses are determined using atomic
absorption spectroscopy. Additional local analyses were
done using a microprobe, associated to a JEOL 2010 TEM.
The smallest diameter of the probe is 1.5nm. The
granulometric distribution is determined using a HORIBA
CAPA 700 granulometer. X-ray powder diffraction patterns
were collected on a SIEMENS D501 diffractometer, equp-
ped with a Peltier effect counter using either the CoKu
radiation (4 =0.17902 nm) or the CuKo radiation (1 =
0.15418 nm). TGAs were performed using a SETARAM
TAG24 apparatus, in flowing air. Before the TG experi-
ments, the powders are carefully degassed (0.5 Pa) at 100°C
for 5 h to eliminate all the species that are absorbed at the
surface of the samples. To make sure that no species remain
adsorbed after the degassing procedure, the gas eliminated
during the heating ramp was analyzed both by gas
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chromatography (SHIMADZU GC-81 chromatograph fit-
ted with a molecular sieve 13 x column and a thermal con-
ductivity detector) and by transmission IR Fourier
transform spectrometry (Nicolet 510P IF-IR). These experi-
ments show that no water molecules remain. Only the IR
spectra indicate a very small signal of CO, gas (less than
0.005%) appearing between 150 and 300°C.

RESULTS AND DISCUSSION

The precursor powders have an octahedral-like shape
and their size is approximately 0.1-0.5 pm. The granulo-
metric analyses show that the distribution size of the pow-
ders is narrow. The size of the particles tends to increase
with the manganese content. The oxalates, whatever their
composition, are single phase and crystallize in an ortho-
rhombic structure (Fig. 1), which is a metastable f phase,
described by Lagier (22). It has been shown previously that
this form generally appears when the coprecipitation is
made in an alcoholic medium (23). The thermal behavior of
the precursors was followed by TGA under air flow. Two
reactions are observed during the heating ramp. At 110°C,
the mass change is attributed to the loss of two water
molecules, according to

F61 _“MnaC204, 2H20 i Fel _“MHMCZO4 + 2H20 [2]

The second reaction, observed at 220°C, is due to the
decomposition of the oxalate group:

3Fel _aMnuC204 - Fe3_anxO4 +4CO + 2C02

(with x = 3a). [3]
The decomposition reaction is over at 290°C.

The composition of the oxides is reported in Table 1,
Together with the corresponding oxalates. The local ana-
lyses of iron and manganese elements, determined using the
microprobe, indicate that the different grains are homogene-
ous in composition. The oxide particles have the same
octahedral shape (Fig. 2) as the one of the precursors. The
average size of the crystallites, evaluated from XRD line
broadening using Scherrer’s equation, varies between 10
and 50 nm for a temperature of calcination ranging from
410 to 530°C.

The structure of the oxides strongly depends on the com-
position. The iron-rich compounds Fe; . Mn,O, (x < 1.5)
are single phase and crystallize in the cubic spinel phase, for
a temperature of calcination up to 560°C. At this temper-
ature, two additional phases are observed in addition to the
spinel phase, the cubic «-Mn,O; and the rhombohedral
hematite «-Fe,O;. The manganese-rich compounds
(x > 1.5) are polyphased too at the same temperature
(560°C). But only the cubic «-Mn,0O3 phase is identified,
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besides the spinel phase, indicating that the iron cations
form a solid solution with the manganese cations. This
phase can be written as o-(Fe;_ ,Mn,),03. In the case of
manganites, the structure of the low-temperature spinel
phase can be cubic, tetragonal, or a mixture of both cubic
and tetragonal phases (Table 2). The ratio of the tetragonal
phase increases as the manganese content increases. In fact,
the distortion of the spinel phase which undergoes the
cubic-to-tetragonal phase transition is due to the
cooperative Jahn-Teller effect of the Mn3* cations located
on the octahedral sites. For the two oxides (Fe; 3,Mn; 504

TABLE 1
Composition of the Oxalate Precursors and of the
Corresponding Iron Manganese Oxides

Oxides
(Fe3 - anxO4)a

Oxalates
(Fe;-,Mn,C,04, 2H,0)

Feg.03Mng.07C,04, 2H,0
Feo.57Mng 13C504, 2H,0
Feg.73Mny ,,C,04, 2H,0
Feo.56Mng 44C,04, 2H,0
Feg.44Mng 56C,04, 2H,0
Feo.36Mng.64C,04, 2H,0
Feq.22Mng.75C,04, 2H,0

Fe; s0Mng 2004
Fez.60Mng 4004
Fe;.18Mng 5,04
Fey 67Mny 3304
Fey 3,Mny 6504
Feq.0sMny 0,04
Feg.66Mn; 3404

“x = 3o

X-ray diffraction pattern of mixed iron manganese oxalate precursors (a) Fe, g7Mng 13C,04, 2H,0 and (b) Fey ,3Mn, ,,C,0,4, 2H,0.

and Fe; sMn; 4,0,) that are composed of a mixture of
phases, the ratio of each phase is different at each temper-
ature, which indicates that the oxidation state varies with
temperature. The X-ray diffraction pattern of a manganite
of composition Fe; ;,Mn 30,4 prepared at 410, 430, 470,
and 1050°C is reported in Fig. 3. For the same chemical

Qoo

90 nm

rq)

FIG. 2. TEM micrograph of an iron manganese oxide of composition
Fe, 1sMng 5,04.
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TABLE 2
Structure of Iron Manganites, Fe; _ .Mn.O4, Prepared
at Different Temperatures

Composition*
)

Temperature

(°C) 1.33 1.68 1.92 2.34
410 C C+T T+C T
430 C C+T T+C T
450 C C+T T+C T
470 C C+T T+C T
500 C C+T T+C T
530 C C+T T+C T
1050 C T T+C T

“C: cubic spinel. T: tetragonal spinel.

composition, the oxide has a cubic spinel structure (Fig. 3a),
when it has been prepared undere precise conditions of
temperature and of partial pressure of oxygen (the de-
composition was done at 410°C under the mixture N,/air,
followed by annealing at 500°C under pure N,). In contrast,
the structure of the high-temperature phase (prepared in air
at 1050°C and the reaction quenched) is tetragonal (Fig. 3b).
Furthermore, the same manganite prepared respectively at
430 and 470°C is constituted of a mixture of cubic and
tetragonal spinel phases. The relative intensity of the ratio of
each phase changes with temperature. In fact, when the
temperature was increased from 430 to 470°C, the ratio of
the tetragonal phase increased (Fig. 3¢ and 3d).
Thermogravimetric analyses were performed (Fig. 4) to
determine the oxygen content of the oxides. For different
compositions and temperatures of thermal treatment, iden-
tical oxidation and reduction reactions are observed, but the
mass change associated with the reaction varies. Four reac-
tions are noticed during the heating ramp. The first pic
appears at about 400°C, which is above the temperature of
oxidation of Fe? " in Fe3* (200°C) (24), indicating that there
is no Fe?" cations in the structure. Since the oxides have
been elaborated at a temperature equal or higher than
410°C in a mixture of N,/air, it is not surprising that all the
Fe cations are in the 3+ oxidation state. The gain of mass
observed between 290 and approximately 425°C varies as
a function of composition and calculation temperature.
Earlier studies (24, 25) have shown that this reaction corres-
ponds to the oxidation of the octahedral Mn® ™ cations into
Mn** cations. Gillot and Rousset (24) have pointed out, by
studying the kinetics of the reaction, that the curve has
a parabolic shape, i.e., that the structure did not transform.
This oxidation leads to a nonstoichiometric spinel phase
(with oxygen excess) Fe;_ .Mn,O,.; J being the non-
stoichiometric coefficient. Above 425°C, the loss of mass
observed is due to the reduction of the Mn** cations that
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were created at low temperature. The next reaction appears
at 550°C and corresponds to the oxidation of the tetrahed-
ral Mn? " cations (26), and the spinel phase transforms into
the cubic phase, a-(Fe,Mn; _,),03 (or into a mixture of
a-Mn,O3 and a-Fe, O3 for iron-rich compounds). This ob-
servation is in agreement with the X-ray data, showing the
appearance of the oxidized phase when the powders are
obtained at a temperature higher than 560°C. In a few cases,
a small drift of the TG signal is observed between 600 and
900°C. It probably corresponds to a shift of the baseline
since no residual carbon or adsorbed water was detected by
chromatography or by IR spectrometry (see the Experi-
mental section). The last loss of mass noticed at high tem-
perature (1000°C and above, as the iron content increases)
is constant, approximately 3.1 + 0.2%, whatever the com-
position. The reaction is attributed to the reduction of the
Mn3* cations and leads to a phase transformation of
(Fe,Mn, _,),0; into the stoichiometric spinel, as anticip-
ated by the phase diagram, in agreement with Eq. [4]:

(FeyMnl—y)203 —>% Fe3_anxo4 + % 02

(with y = 2/3x). [4]

The theoretical mass loss associated with this reduction
(3.3%) is close to the experimental one.

Finally, the difference of mass between the dwell at high
temperature (7 > 1100°C) corresponding to the stoi-
chiometric phase and the dwell at low temperature (T ~
300°C) corresponding to the initial defect spinel represents
the oxygen excess and gives the coefficient of non-
stoichiometry (d) according to Eq. [5]:

0
Fe3,anxO4+5 - Fe3,anxO4 + Z 02 . [5]

The value of 6 and the temperature of stability of the
stoichiometric spinel phase are reported in Table 3, as
a function of iron content. The spinel phase is obtained at
higher temperatures as the iron content increases, as pre-
dicted (4). The highest value of the nonstoichiometric coef-
ficient 0, 0.4 per unit formula, was obtained for the oxides
calcined at 410°C, and indicates a high ratio of cationic
vacancies. The oxygen content is a little lower than the one
corresponding to a defect spinel phase like y-Mn,O;
or y-Fe,O3 (0 =0.5). The manganese-rich compound
Feq.66Mn, 3,0, is single phase (tetragonal spinel) at this
temperature (410°C) and can be described as a solid solution
between y-Mn,O3 and y-Fe,O5, of the chemical formula
y-Feg 4aMny 560, 93. A similar phase has been mentioned
in the literature by Kolk et al. (27) and by Le Roux (28) in
manganese ferrite prepared by continuous coprecipitation
and calcined at temperatures below 600°C. The authors
pointed out, in a powder of initial composition of
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FIG. 3. X-ray diffraction pattern of an iron manganite of composition Fe; 3,Mn; 50, prepared at different temperatures: (a) 410°C (N,/air) and
annealed at 500°C (N,); (b) 1050°C (air) and reaction quenched; (c) 430°C (N,/air); (d) 470°C (N,/air). *Note that (a) and (b) were obtained using CoKo

wavelength while (c) and (d) were obtained using CuKo wavelength.
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FIG. 4. Thermogravimetric analysis, under air flow, of iron manganites of composition: (a) FegesMn, 3404, (b) Fey 3.Mng 4504, and

(c) Feq ¢7Mn; 330, prepared at low temperature (T = 410°C).

Fe; oMn, ;O,4, the presence of two different magnetic
phases. The paramagnetic component was described as
a defect spinel phase of composition y-FeMnO; while
the magnetic phase is a Mn-substituted magnetite of

TABLE 3
Temperature of Crystallization of the Stoichiometric Spinel
Phase at High Temperature and Nonstoichiometric Coefficient
d, as a Function of the Composition and the Calcination Temper-
ature, Determined by TGA

Temperature of
crystallization of Non-
Calcination temperature the stoichiometric stoichiometry

Composition (°C) spinel phase coefficient ¢
Fe; ¢-Mn; 350, 410 1080 0.40
410+ annealing (N,) 500 0.20
450 0.21
Fe, 3,Mn; 50, 410 1060 0.43
410+ annealing (N,) 500 0.17
420 0.21
430 0.09
1050 0.05
Fe, gsMn, 4,0, 410 1050 0.30
410+ annealing (N,) 500 0.16
470 0.01
Fey.66Mn, 3,0, 410 1030 0.40
410+ annealing (N,) 500 0.17
430 0.20
450 0.10
470 0.09

composition Mng ¢Fe, 4O,. Jimenez Mateos et al. (19) ob-
tained a mixed iron manganese oxide with an oxygen-to-
metal ratio ranging from 1.5 to 1.6. In this case, their
samples would be more oxidized than y-Fe,O5, which is
arguable. We did not evidence, by X-ray diffraction ana-
lyses, a superstructure that could have been an indication of
vacancies arrangements. However, the superstructure is
generally only seen for iron-rich compounds of composi-
tions ranging from Fe;O,4 to Fe, 34Mng 40,4 (19).

There is no regular evolution of the nonstoichiometric
coefficient with iron content. However, ¢ strongly depends
on the temperature of the thermal treatment. For example,
the value of ¢ is divided by a factor of 2 when the temper-
ature is increased 10°C only, for the composition
Fe; 5,Mn; 4304. In the same manner the oxide
Fe; ggMn; 4,0, has an oxygen excess of 0.30 at 410°C while
it is stoichiometric (6 = 0.01) at 470°C. Whatever the com-
position, the maximum value of ¢ is obtained for a calcina-
tion temperature of 410°C. For lower temperatures, the
crystallinity of the oxides is too poor for structural analysis,
and no TG experiments were performed. The temperature
of 410°C corresponds to the one of oxidation of Mn3™
cations into Mn** which leads to the formation of va-
cancies as described by

4Mn3** - 3Mn** + . [6]

Some powders, after being calcined at 410°C under a mix-
ture of air/N,, were annealed under pure nitrogen to
increase the crystallinity of the oxide. The increase of the
temperature, even realized under flowing neutral gas, causes
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FIG. 5. Variation of the lattice parameters of the cubic phase (a) and of the tetragonal phase (b) and (c) as a function of temperature for the oxide of

global composition, Fe; 3,Mn; 6504

a decrease of ¢ (Table 3). The modification of the oxygen
content leads to a structural evolution, particularly the ratio
of the cubic phase and the tetragonal phase. The oxides
synthesized in this work contain no Fe?*. So the change in
oxygen content (without structural change) is related to the
amount of Mn3* that has been oxidized into Mn**, accord-
ing to Eq. [6]. The X-ray data have shown that the amount
of the tetragonal phase increases (Fig. 4) when the calcina-
tion is increased from 430 to 470°C, i.e., during the reduc-
tion of Mn** in Mn3*. Thus, the amount of the tetragonal

phase increases as the number of distorted Mn** increases,
due to the Jahn-Teller effect. The oxide Fe; 3,Mn{ ;04
obtained at 410°C and annealed at 500°C under N, has an
oxygen excess of 0.17 per unit formula. In this case the
structure is cubic, which indicates that the number of Mn3*
is not high enough to cause the cooperative John-Teller
effect.

The structure of the oxides synthesized in this work
corresponds to the one of the mineral vredenburgite. The
mineral is formed at high temperature and at high pressure
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(1). We show here that the same structure can be elaborated
at low temperature (T < 500°C) and at ambient pressure, by
thermal decomposition of a mixed precursor. The mineral is
a mixture of tetragonal and cubic phases and corresponds to
an equilibrium state. So the composition of each phase is
fixed, and a variation of the global composition should be
balanced by the amount of those phases. It seemed difficult
to determine directly the chemical composition of the cubic
and tetragonal phases. Rather, we calculate the lattice para-
meter of the cubic and the tetragonal phases for different
calcination temperatures. The variation of the lattice para-
meters for the oxide of global composition Fe; 3,Mn; 3O,
is shown in Fig. 5. The parameter (a) of the cubic phase (Fig.
5a) does not vary in the whole temperature range, i.e., the
composition of the phase is constant. The average value of
the lattice parameter, 0.851 nm, is similar to the one given
by Mason (1) (0.850 nm). In this case, the limit composition
of the cubic phase is very close to Fe; 3;5Mn; 450,, corres-
ponding to the iron-rich side of the solubility limit of
vredenburgite. For the tetragonal phase, the parameter (a)
(Fig. 5b) increases slowly from 0.818 to 0.820 nm, that is,
a little higher than the literature data, 0.817 nm (1). The
higher value of (a) may indicate that the composition of the
tetragonal phase is poorer in manganese than the one re-
ported in (1). It means that the limit composition of the
tetragonal phase determined in this work would be shifted
toward FeO,. The parameter (c) (Fig. 5c) shows a nonregu-
lar evolution, which is difficult to explain at this point.
However, it oscillates around 0.935 nm (the same value as
the one determined by Mason). According to these data, the
limit composition of the tetragonal spinel phase is close to
Feq.,7Mn, ,30,, corresponding to the “right” side
(Mn30,) of the solubility limit. The evolution of the para-
meters probably has to do with the oxygen excess of the
synthesized phases, contrary to the mineral, described as
stoichiometric. Thus, the oxygen content of the oxides has
to be considered as an additional parameter for the immisci-
bility gap, in the low-temperature range of the Mn;O,4-
Fe;O,4 phase diagram.

CONCLUSION

Manganese iron oxides Fe;_ ,Mn,[135404+; were ob-
tained at low temperature (410 < T < 530°C) by the de-
composition of mixed oxalate precursors. The structure of
the oxides depends on the iron content. On the manganese-
rich side, for the compositions ranging from Fe, 3,
Mn, 450, to Fe; osMn; 4,0,, the oxides are constituted of
a mixture of cubic and tetragonal phases. The ratio of each
phase depends on the temperature and on the oxygen par-
tial pressure. The structure of these iron manganites pre-
pared at low temperature is the same as the one of the
mineral vredenburgite. The values of the lattice parameters
of the cubic and tetragonal phases determined in this work
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confirm that the composition of each phase is fixed and
corresponds to the solubility limits of the Fe;O,/Mn;0,
mixture. These low-temperature phases are defect spinel
structure. The nonstoichiometry coefficient determined by
TGA is approximately 0.4 per limit formula for the phases
prepared at 410°C. Because of the small crystallite size, the
oxidation of iron and manganese cations occurs at low
temperature without structural changes and the non-
stoichiometric coefficient is high.
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