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ABSTRACT

Over the temperature range 250-600°C, the oxidation of submicrometre-sized manga-
nese-substituted magnetites depends on oxygen pressure because the presence of manganese
ions leads to redox phenomena. Below 400°C, within the single-phase region of the
cation-deficient spinel, a quantitative analysis by DTG of oxidizable cations allows the defect
concentration associated with partial oxidation of manganese ions in tetrahedral sites to be
related to oxygen pressure. Above 550°C, the oxidation of manganese ions not oxidized
previously is accompanied by a structural change, but the nature of the inversion products
again depends markedly on oxygen pressure.

INTRODUCTION

In a previous paper [1], the authors showed that the reactivity in air of
submicrometre-sized manganese-substituted magnetites, Fe,_ Mn O, (0 < x
< 1), leads to complex phenomena associated with the charge and position
of manganese ions in the spinel structure. Below 450° C, where the spinel
structure was preserved, the differential thermogravimetric (DTG) curves,
dAm/dt = f(t), show a three-stage oxidation process (region I) related to
the distribution of Fe?* and Mn*" ions on octahedral sites and Mn?* ions
on tetrahedral sites. A quantitative analysis of cations from the determina-
tion of oxidation peak areas, based on this discrepancy in reactivity, indi-
cates that octahedrally sited Fe?* and Mn*" ions are totally oxidized (at ca.
190°C and 270°C, respectively) whereas tetrahedrally sited Mn®* ions
exhibit only partial oxidation (at ca. 350°C). At higher temperatures
(> 450° C), quantitative analysis has established that the Mn** ions formed
at ca. 270°C are reduced to Mn** ions (region II). It was also found that
the proportion of Mn®>"* ions not oxidized at low temperatures reacted with
air at ca. 550°C to produce Mn** ions (region III). This reaction is
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accompanied by a phase change from a cation-deficient spinel structure to a
corundum structure.

In the present paper we focus on the influence of oxygen pressure on the
oxidation and reduction behaviour of manganese-substituted magnetites
with crystallite sizes less than 100 nm. The observed complex oxidation—re-
duction phenomena were correlated with the degree of oxidation of iron and
manganese in the spinel structure and with the nature of phases formed
during the decomposition of the spinel phase at high temperature.

SAMPLES AND EXPERIMENTAL METHOD
Samples

Submicrometre-sized manganese-substituted magnetites, Fe,_,Mn O,
with 0 < x < 1, were prepared from oxalate precursor mixtures as described
previously [2]. For these initial spinels, many investigations employing
radiocrystallographic analysis and the saturation magnetic moment [3] have
shown that the Mn** and Fe** ions are associated with tetrahedral sites (A
sites) and that the Mn’*, Fe?* and Fe®* ions are found on octahedral sites
(B sites). Only the Fe’* ions are distributed among sites of both types. From
these investigations, the ion distribution in the spinel lattice at room
temperature can be formulated as

2+ 3+ 3+ 2+ 3+ 2-
(Mn0.8x FeiZoax )A(Fel +oexFeilo 8, Mnyh, )304

A quantitative analysis in regions I, II and III of samples oxidized in air [4],
achieved from the measurement of oxidation peak areas obtained by DTG,
confirms this distribution. In this analysis the variation of the S,/S; ratio,
where S, represents the area of each peak and S, the area of the peak
corresponding to pure magnetite (x = 0), is indicative of the quantities of
Fe?*, Mn’* and Mn?” ions within the initial spinel.

Measurements

The samples were oxidized in a Setaram MT-B 10-8 microbalance oper-
ated at a constant rate of 2.5°C min~! from 20-700° C at different oxygen
pressures. The material weighed 6 mg and the powder was spread out so that
it would be oxidized in the same way as N independent particles of equal
mean radius. Before every reaction, great care had to be taken while
degassing to ensure that the powder was not even partially oxidized. This
necessitated a vacuum of < 107* Pa and a very slow temperature rise, so
that no mass change occurred during the heating period. Phases were
analysed by X-ray diffraction of samples cooled from various temperatures
in the TG apparatus.
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RESULTS AND DISCUSSION

Influence of oxygen pressure on oxidation characteristics

The effect of oxygen pressure on oxidation-reduction phenomena is
shown in Figs. 1 and 2 for the compositions x =0.37 and x =0.97. As
already reported for oxidation in air (P, =2 X 10° Pa), in region I the
original spinel is oxidized to a cation-deficient spinel and the mass gain is
due to total oxidation of Fe?* ions (to Fe** ions) and Mn** ions (to Mn**
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Fig. 1. Thermogravimetric curves for manganese-substituted magnetites heated at 2.5°C
min~! at different oxygen pressures for x = 0.37.
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Fig. 2. Thermogravimetric curves for manganese-substituted magnetites heated at 2.5°C

min~! at different oxygen pressures for x = 0.97.
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ions) on B sites and incomplete oxidation of Mn?* ions (to Mn*™ ions) on A
sites. Above 400°C, the compound starts to lose mass (region II), which
corresponds to the reduction of Mn** to Mn** ions. For the two regions,
X-ray diffraction shows a single phase of spinel structure. Above 550°C
(region III) there is again a mass gain due to the oxidation of Mn** ions that
were incompletely oxidized at lower temperatures.

When the oxygen pressure is decreased, especially when the oxygen
pressure in the environment during the oxidation is much lower than that in
air, the maximum at point A is diminished as a result of the decrease in the
amount of oxidized ions in region I. From point A, a further loss in mass
occurs at higher temperature according to the reduction of manganese ions
as shown in Figs. 1 and 2. However, the amount of reduced Mn** ions for
the composition x = 0.97 seems more affected by the oxygen pressure, as the
portion AB greatly increases with decreasing oxygen pressure (Fig. 2).
Moreover, point B moves towards higher temperatures when the oxygen
pressure is diminished. Above ca. 550° C (region III), there is again a mass
gain according to the oxidation of Mn®>* ions, but the magnitude of portion
BC is found to decrease sharply, for x = 0.97, as the oxygen pressure
decreases.

In order to make a systematic study of the oxidation process relative to
oxygen pressure, quantitative analysis of cations from the determination of
oxidation peak areas has been undertaken in each region.

Oxidation—reduction in region I

Quantitative analysis from DTG curves

An example of the effect of the distribution of Fe’*, Mn’* and Mn**
ions between B and A sites and the effect of oxygen pressure were demon-
strated directly for the composition x = 0.37 from DTG curves (Fig. 3). The
oxidation proceeded through three distinct steps with a shift of the peak
towards higher temperatures with decrease of oxygen pressure. From com-
puter fitting, it appeared that the S,/S, ratios of the first and second peaks
(Table 1, columns 3 and 6) agree very well with the concentrations of Fe?™*
and Mn*" ions calculated from the structural formula (values in parenthe-
ses) for oxygen pressures above 100 Pa. It is only for oxygen pressures below
100 Pa that the area ratio has diminished to an appreciable degree, suggest-
ing incomplete oxidation for these cations. On the other hand, whatever the
oxygen pressure, the S,/S, value corresponding to the third peak does not
agree with the concentration of Mn?* ions and is always lower than that
calculated (Table 1, column 9), indicating a partial oxidation of Mn?* ions.

From these results it appears that, for oxygen pressures above ca. 100 Pa,
the variation of percentage oxidation at point A (Table 1, column 10) could
be correlated with the amount of Mn*”* ions on A sites, which depends on
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Fig. 3. Differential TG curves dm /dt¢ = f(T) in region I ( ) and deconvolution spectra
(-~ -) of oxidation processes (Fe2* and Mn’* on B sites and Mn** jons on A sites) for
sample with x =0.37.

the extent of substitution and the oxygen pressure as shown in Fig. 4 (curves
a and b).

Expression of the defect concentration

The cation-deficient manganese-substituted magnetites formed during the
oxidation of the initial phases may be represented by the following reaction
chain in the ionic notation of Kroger [5] by considering, as for Zn-Mn
ferrites [6], that the predominant structural defects associated with devia-
tions from stoichiometry are cation vacancies, V [2]:
7(1-0.8x)0, + 2(1 — 0.8x)Fer,

-4 - 0.8x)VF’;”(B) +i(1- 0.8x)Fe'Fe"(B) +3(1- 0.8x)VF’;:mB)

+(1-0.8x)0, (1)

3(0.2x)0, + 2(0.2x)MnMnm(B)

= 4(0.2x)Vigs, o, + 2(02x)Vigr 2(0.2x)Mny,, . +0.2x0, (2)

1(0.8bx)0, + 2(0.8bx)Mn .
— 5(0.8bx)Vy[, 4+ 0.8bxVyy 4+ 2(0.8bx)Mny,,, +0.85x0,  (3)
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Fig. 4. Variation of the oxidation and reduction percentage in regions I, IT and I1II determined

from S, /S, ratios as a function of oxygen pressure. B, x = 0.37; 0, x = 0.97. a and b, region
I; ¢ and d, region II; e and f, region III.

As was recalled previously, oxidation of Mn?* ions in region I is only
partial, and therefore a coefficient b is introduced into eqn. (3). The
developed formula of the cation-deficient spinels can be written as

3(1 - 0.6x +0.85x)0, + 2(1 ~ 0.8x)Feg,,, +0.4xMnyy,,
+1.6bxMny, = 5(1—08x)Ve, +3(0.2x)Vy

Feyyg) TyA)

+ %(O.be)Vﬁn“m +3(1-0.8x)Vyr

L 1175: )}

+3(0.2x)Vyrs, ... + 3(0.8bx) V.

Mnyyym)

+2(1 - 0.8x)Fep, . +2(0.2x)Mny, .,
+2(0.8bx)Mn), +3(1-0.6x+0.8bx)0,  (4)

Under the assumptions that all point defects behave as ideal solutes in the
crystal, the mass action law for eqn. (4) may be written as

K (P )0/2 _ IV,, %(1—0.8x)| " 5(0.2x+0.8bx)| I 3(0.2x)
N0, Fe) Mnyya, Mn )
V. 1(1-0.8x+0.8bx) 2(1-0.8x) 0.4x
x | Fepm, l Feyyg, | nMﬂ 11(B)

. 2(0.8bx)
x | Mn Mnyya) I )

(5)
with # =1 — 0.6x + 0.8bx. In addition, the relations expressing electroneu-
trality and concentration of vacancies, such as

. -1 174 I l| e | 6
2|MM]](B)| 4|VM11(B) +3 VMlll(B) ( )
277 144
| Mm(s)| - 2! Mpay

(7)

’” _ VII \
l Mll(A)| I Myn)
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allow the defect concentration to be related to the oxygen pressure. For eqn.
(5), calculation gives
o.4xi . 20.85x)

0,2 3 .
KZ(POZ) =|Vm l40[ FeFemB) MnM“mA) (8)

Assuming that the oxidation of Fe?* and Mn** ions is total at point A for
oxygen pressures above ca. 100 Pa, the defect concentration corresponding
to these two cations is a constant, and eqn. (8) can be written as

/2 29 . 1.6bx
Ky(Po,)” " =|Vi||Mn 9

Mnyya,

I2(1 ~0.8x) [ M’

Mn i

For each composition x, the coefficient b corresponding to oxidized Mn?*
ions can be determined from the experimental values (Table 1, column 10),
which shows also that the percentage of oxidized Mn®>* ions varies with the
OXygen pressure.

Oxidation—reduction in regions II and I1]

Quantitative analysis

For these two regions, the S,/S, ratio and the top temperature of the
fourth (region II) and fifth peak (region III) versus oxygen pressure are
listed in Table 2. It is only for oxygen pressures below 90 Pa that the S;/S,
values of the fourth peak, attributed to the reduction of Mn** to Mn** ions
(Table 2, column 3), is not in agreement with the S,/S, values of the second
peak (Table 1, column 6), which is associated with oxidation of Mn** ions
on octahedral sites. The reason for this is that the area of the fourth peak of
reduction is probably caused also by a partial reduction of Mn®* to Mn**
ions. Figure 4 (curves ¢ and d) shows the variation of the percentage of
reduction corresponding to the portion AB. As the figure indicates, the
effect of oxygen pressure on the reduction is more pronounced for low
oxygen pressures, particularly for high extents of manganese substitution.

The reoxidized amount in region III is explained for oxygen pressures
above 100 Pa by examining the §,/S, ratio of the fifth peak (Table 2,
column 6) and that of the third peak (Table 1, column 9). The total amount
of oxidized Mn?* ions can be determined from the sum of the S,/S, ratios
of column 6 (Table 2) and column 9 (Table 1). From these calculated values
it can be seen that the total amount of oxidized Mn®>"* ions is comparable
with the concentration of Mn?* ions calculated from the structural formula,
which implies that the tetrahedral Mn** ions not completely oxidized in
region I could be totally oxidized in region III. However, at low oxygen
pressure, the percentage of oxidized ions in region III is diminished (Fig. 4,
curves e and f) as a result of the decrease in the amount of oxidized Mn?*
ions.

Phase transformation of cation-deficient spinels
In region III, the oxidation of Mn** ions is accompanied by a phase
transformation of the cation-deficient spinels, but the nature of the oxides
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TABLE 2

Dependence of S, /S, ratio, oxidation (or reduction) percentage, oxidation (or reduction)
temperature on the oxygen pressure in regions II and III. The values in parentheses are those
calculated from structural formulae

Oxygen x Region 11 Region II1
pressure Fourth peak Fifth peak
(Pa) Si/ S() Ml’l4+ ]:)x Si / SO Ml’l2+ ]:)x
reduced (°0O oxidized (G )
(%) %)
2x103 0.37 0.07 100 480 0.11 36 574
©.07 0.30)
0.97 0.19 100 540 0.40 52 656
(0.19) 0.77)
2104 0.37 0.07 100 485 0.11 36 575
0.97 0.19 100 550 0.40 52 658
2x10° 0.37 0.07 100 485 0.11 36 590
0.97 0.20 105 570 0.40 52 670
90 0.37 0.065 95 487 0.11 36 605
0.97 0.21 110 590 0.40 52 680
40 0.37 0.07 100 490 0.10 33 620
0.97 0.25 131 610 0.30 39 700
7 0.37 0.08 114 490 0.08 27 630
0.97 0.30 158 630 0.25 32 715
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Fig. 5. X-ray diffraction patterns of phases formed at 600°C as a function of oxygen
pressure. a, 1"02>103 Pa; b, 10° > Py, >2Paj ¢, Py, <2 Pa.
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resulting from this transformation is highly dependent on the oxygen pres-
sure and the composition factor x. On examination of powder diffraction
patterns for the angular range from 10°-45° of the compounds heated at
600 ° C (Fig. 5), a large number of lines was observed in comparison with the
spinel phase.

For oxygen pressures above 10° Pa and for x > 0.70, the cation-deficient
spinels were decomposed into the rhombohedral phase a-Fe,O, and the
orthorhombic phase Mn,0, (Fig. 5, curve a). For the pressure range 10°-2
Pa, the X-ray diagram exhibits the lines of a-Fe,O, with only a slight shift
(Fig. 5, curve b). Hence at this temperature, instead of decomposing into the
respective oxides a-Fe,O; and Mn,0,, the cation-deficient spinel is con-
verted into the thombohedral phase a-(Fe,_,Mn, ), ;0; by reason of the
solubility of Mn,O; in a-Fe,0,. At lower oxygen pressures (below 2 Pa), the
X-ray diffraction lines correspond to those of the spinel phase MnFe,O, and
a-Fe,0,. The formation of manganese ferrite at this temperature can be
explained by the presence of Mn?* ions that have not been oxidized. On the
other hand, if the substitution extent x is low the rhombohedral phase
a-(Fe;_,Mn ), ;0; is observed for the pressure range 2 X 10°-1 Pa.

CONCLUSIONS

This study reveals that the oxidation of submicrometre-sized manganese-
substituted magnetites occurs in several steps, depending highly on oxygen
pressure. For the pressure range 2 X 10°-90 Pa, and below 450°C, a
quantitative analysis of oxidizable cations such as Fe?*, Mn** and Mn?",
determined by DTG indicates that within the single-phase region of the
spinel the octahedrally sited Fe?* and Mn’* ions are totally oxidized,
whereas tetrahedrally sited Mn?"* ions exhibit only partial oxidation. From
this analysis, the expression relating the defect concentration associated with
manganese ions and the oxygen partial pressure has been given. Below 90 Pa
the deviation from stoichiometry is also due to Fe?* and Mn?* ions which
are partially oxidized or reduced. At higher temperatures (> 550°C), it was
established that the percentage of oxidized manganese ions depends also on
oxygen pressure, and for low oxygen pressure (<2 Pa) the formation of
MnFe,O, competes with the formation of a-Fe,0,. With increasing oxygen
pressure, further oxidation of Mn’* ions results in appearance of the
rhombohedral a-(Fe,_,Mn,), 0, phase for 2 < P, <10’ Pa and a mix-
ture of the two phases a-Fe,0, and Mn,O, for P, > "10° Pa.
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