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During oxidation in air of finely-grained manganese-substituted magnetites (M n2+ ~_3+ , ' 10.8x " ~ 1 ~ ) . 8 x  ) A  - 
3 +  2 +  MR3+ - 2 (Fel+06xFel-0.8x o.2x)B04- (A = tetrahedral, B = octahedral) the temperature dependence of 

the electrical conductivity over a temperature range of 100 to 700~ was investigated. Below 
500~ the evolution of electrical conductivity might be closely associated with the position 
and nature of cations in the spinel lattice. The profile of the a = f ( t )  curves show that the 
mechanism of electrical conduction in the temperature range 1 50 to 300 ~ C can be explained 
in terms of the oxidation of Fe 2+ to Fe 3+ ions at octahedral sites. For the temperature range 
300 to 400~ the conductivity involves the hopping of electrons from tetrahedral-site Mn 2+ 
ions to tetrahedral-site Mn 3+ ions. Above 500~ the oxidation of Mn 2+ ions leads to an increase 
in conductivity with the generation of new phases of c~-Fe203, Mn203 and ~-(MnFe)203, 

1. I n t r o d u c t i o n  
Recent studies have been devoted to the electrical 
properties of several fine-grained magnetites of  type 
(Fe3 xM~)O4 substituted by trivalent (M = A13+, 
Cr 3+) or divalent (M = Co 2+, Zn 2+) ions and to the 
evolution of this conductivity in the presence of oxygen 
during the formation of  metastable y defect phases 
[1, 2] and their transformation to rhombohedral 
phases [3]. These phases are obtained only by the 
oxidation of Fe z+ ions where the degree of  oxidation 
z is defined by the relation 

Fe 2+ + �89 ~ zFe 3+ + (1 - z)Fe 2+ + �89 

in the process of low-temperature oxidation (T < 
400 ~ C) with maintainance of  the spinel structure, the 
conduction mechanism can be envisaged as an electron 
hopping between Fe 2+ and Fe 3+ ions, Fe3+~-- 
(Fe z+ + e), and this valence transfer may occur at 
octahedral sites (B sites) as well as tetrahedral sites 
(A sites). Inverse spinels such as magnetite, with a high 
initial conductivity and which are n-type semicon- 
ductors, undergo a large conductivity decrease during 
oxidation related to the generation of  Fe 3+ ions and 
vacancies at B sites upsetting the electron exchange 
between the Fe 2§ and Fe 3+ ions initially present in 
equal amounts at B sites. This possibility of "hopping" 
between Fe 2+ and Fe 3§ ions has also been observed 
at tetrahedral sites during the oxidation of  normal 
spinels, which initially only contain Fe 2§ ions at these 
sites. Thus, when Fe 3+ ions prevail, the conductivity 
decreases as for inverse spinel until the 7 compound is 
obtained. Moreover, above about 400 ~ C, these meta- 
stable 7 defect phases gradually transform into 
rhombohedral c~ phases of  the same bulk composition, 

and the electrical conductivity yields discontinuities 
and a change in plots of log a against f (1/T)  [3]. 

The situation is different for manganese-substituted 
magnetites in which two cations are likely to be 
oxidized (Fe 2+ and Mn 2+) at relatively low tempera- 
ture, and where the transformation mechanism is more 
complicated than in the case of the 7 ~ c~-Fe203 + 
MFe204 or 7 ~ ~-Fe6-yMrO9 transformation [4] 
because of the presence of  manganese ions leading to 
oxidation-reduction phenomena. During a study of 
the oxidation of these spinels by thermogravimetry [5] 
it was found that the availability for oxidation of  
Mn 2§ ions in A sites is much less than for Fe 2+ and 
Mn 3+ ions in B sites, and that above about 550 ~ C the 

defect phases are oxidized with a phase change from 
the spinel structure into the corundum structure. 

In this paper an attempt has been made to use 
another structurally sensitive physical parameter, 
electrical conductivity, to characterize the process of 
oxidation at temperatures up to 700 ~ C, and provide 
an interpretation of the thermogravimetric data in 
terms of  the distribution of  ions of manganese and 
iron. In addition, during the treatment in oxygen some 
of these ions promote a partial oxidation or reduction. 
As a consequence of this action, they may introduce a 
certain number of ions of  different valency in the 
lattice, and quite small quantities of such ions can 
result in a relatively large change in conductivity. 

2. Samples and experimental methods 
2.1. Samples 
The preparation conditions of finely-grained man- 
ganese-substituted magnetites do not differ from the 
method previously used to prepare M 3+- or M 2+- 
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T A B L E  I Sample characteristics 

Sample Lattice Specific area 
Fe3-x Mnx 04 parameter (m 2 g -  i ) 
x (nm) 

Particle size 
(nm) 

0.14 0.8412 22 54 
0.27 0.8428 23 51 
0.37 0.8437 25 45 
0.50 0.8457 21 59 
0.72 0.8473 20 63 
0.93 0.8490 24 48 
0.97 0.8494 17 71 

substituted magnetites [6]. The thermal decompo- 
sition of  mixed oxalates of  iron and manganese such 
as (Fel xMnx)C204"2H20 (0 < x < 1/3) leads, 
through adequate thermal treatments at low tempera- 
ture (<500~  to the solid solutions (Fe304) l x- 
(MnFe204)x, which are extremely divided solids and 
hence largely reactive. 

Radiocrystallographic analysis at room temperature 
performed with diagrams obtained in vacuum with 
monochromatized CrKc~ radiation shows that the 
samples contain only the spinel phase with the totality 
of  Mn 2+ ions on A sites and a small amount  of  Mn 3+ 
ions on B sites, resulting in the structural formula 

2+ 3+ 3+ 2+ 3+ 2- (Mn0.sxFet_0.Sx)A(Fel+0.6xFel_0.sxMn0.2x)BO4 

The lattice parameter increasing approximately linearly 
with the extent of  substitution, x (Table I) and the 
distribution agrees reasonably well with the neutron 
diffraction work of  Hastings and Corliss [7] indicating 
that MnF%O4 is a normal spinel. 

The particle size of samples prepared at 500~ is 
less than 100nm (Table 1). Moreover, the particle 
mean diameter deduced from specific surface area 
measurement is in a good accordance with that 
obtained by means of  electron microscopy and X-ray 
line broadening. 

2.2. Measurements 
The d.c. conductivity was measured by means of a 
two-probe method on compressed sintered pellets of 
about 0.8 cm diameter and 0.2 cm thickness as reported 
by Gillot and Ferriot [8]. Care was taken to minimize 
contact resistance. In this study no attempt was made 
to determine accurately the absolute value of  the con- 
ductivity, since it was the temperature variation of 
conductivity that was of  interest. The samples were 
oxidized isothermally in the conductivity apparatus, 
or the temperature was increased at a linear rate from 
room temperature to 700 ~ C. Before each experiment 
great care had to be taken during heat treatment in the 
cell (850 ~ C for 1 h in a vacuum of  < 10 4pa) to ensure 
that the powder was not even partially oxidized. The 
intermediate phases present after oxidation were 
determined by X-ray powder diffraction from samples 
rapidly cooled from various temperature in the cell. 

3. Results and discussion 
3.1. Behaviour of manganese-substituted 

magnetites in air 
The effect of  temperautre on the oxidation charac- 
teristics was demonstrated directly by observing the 

different thermal analysis (DTA) curve and the plots 
of log o- when samples of different composition were 
heated in air (Fig. 1). In Region I, the electrical con- 
ductivity decreases with increase in temperature and is 
accompanied by an exothermic DTA peak. This 
decrease is due to the oxidation of  Fe 2+ ions and 
consequently to a decrease of  Fe 2 +-Fe  3 + pairs because 
the vacancies created do not contribute to the conduc- 
tivity. Such decreases of conductivity and DTA peak 
have also been found in other substituted magnetites 
having initially Fe 2+ on B sites [2]. The decrease in 
is then followed by an increase in o- corresponding to 
complete oxidation to 7 (hatched Region II). What- 
ever the value of  x, this evolution is not roughly linear 
as in the case of  cobalt-substituted magnetite in which 
only one cation is oxidized. In addition, a second 
exothermic DTA peak is also seen in Region II (Fig. 1) 
and the thermogravimetric (TG) curves indicate a 
continuous weight gain. In addition, the maximum in 
Region II (Point A) is shifted toward lower tempera- 
tures with increased manganese substitution. The 
presence of  Mn 2+ ions is probably responsible for this 
behaviour, and the deviation from linearity in log a = 
f(T) curves could be due to the oxidation of  Mn 2+ 
ions in A sites. After oxidation of  the compound 
heated to about 450 ~ C, X-ray analysis should show a 
single phase of spinel structure with only a decrease of  
lattice parameter. Thus conduction is likely to take 
place by the hopping of  electrons between Mn 2+ and 
Mn 3+ ions at A sites, which is however less favourable 
than for B sites since the distances A-A in the spinels 
are longer than the distances B-B. 

At higher temperatures the log cr = f(T) curves 
show a non-linear conductivity in which two or three 
breaks can be distinguished (Regions III, IV and V, 
Fig. 1). IN Region III, DTA gives a small endothermic 
peak at about 470~ corresponding to a partial 
reduction of  manganese ions, but the spinel structure 
was always maintained. Between 480 and 600 ~ C, a 
steep increase in ~ is observed (represented by dashed 
lines in Region IV) and there is also in this temperature 
range an exothermic DTA peak. During an examin- 
ation of the powder diffraction pattern of  the sample 
heated to 600 ~ C a large number of  lines was observed 
in contrast to the few lines of  the spinel structure. 
Some of  the lines can be identified with those of  
orthorhombic Mn203 and ~-Fe203. Thus in the tem- 
perature range corresponding to Region IV, the steep 
increase in a can be regarded as being caused by a 
phase change from a spinel structure to a corundum 
structure. It should be noted here that the oxidation of  
Mn 2+ ions which are not totally oxidized at lower 
temperatures (as indicated by the weight gain from 
thermogravimetric analysis [5]) can contribute to this 
increase in ~r. If  we represent the starting and finishing 
temperatures of  the transformation by T D and irE, 
respectively, it was found that a significant shift of  TD 
and TE toward higher temperatures was observed with 
an increase in substitution (Fig. 1). The relationships 
between TD, TE, T~A = (TD + TE)/2 and the extent of 
substitution are given in Table II. 

Since all the information on temperature dependence 
is essentially divided into regions, it is convenient for 
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Figure 1 Behaviour of electrical conduc- 
tivity in air of manganese-substituted 
magnetites, and DTA peaks (upper dashed 
curve). 

the purpose of  this study to examine it separately from 
the F e - M n  compositional dependence, which can be 
adequately represented under isothermal conditions. 

3.2. Evolution of electrical conductivity with 
time during the oxidation process 

3.2.1. Oxidation kinetics in Region I 
Oxygen at a pressure of 3.3 x l 0  3 Pa was introduced 
into the cell and the conductivity a~ at different intervals 
of  time was noted. From the results presented in Fig. 2 
for two selected compositions, it can be seen that the 
conductivity a t decreases and that this conductivity 
depends on the amount of  Fe 2+ ions. The decrease Aa 
(Fig. 2) is larger at lower substitutions than that for 

T A B L E I I Evolution of the transformation temperature 

Sample T D (~ T E (~ (rid + TE)/2 = TM 
x (~ 

0.14 482 498 490 
0.27 491 509 500 
0.37 492 528 510 
0.50 504 536 520 
0.72 504 548 526 
0.93 514 558 536 
0.97 508 562 540 

higher values of  x, acording to the amount of Fe 2§ 
ions initially present. According to the model of 
valence transfer, the decrease in at sensitively reflects 
the effect of  the degree of  oxidation z, i.e. with increas- 
ing non-stoichiometry the electrical conductivity 
decreases markedly. This can be explained by a 
decrease of Fe 2§ ions with increasing value of  the 
number of vacancies, and consequently a decrease of 
Fe 2+-Fe 3+ pairs, because the vacancies created do not 
contribute to the conductivity. At  this stage, when 
all the octahedral Fe ~§ ions have been oxidized, 
the distribution in the partial oxidation product 
will be governed by the initial cation distribution and 
the vacancies will occur largely on octahedral sites 
according to the formula 

2 +  3 +  3 +  3 +  2 -  
(MN0.sxFel O.Sx)A(Fels+O.2x)/3[]VeZ+ll- 0.8~)/3 Mno 2x)BO4 

where [] denotes vacancies. The presence of  a small 
amount of  Mn 3 § ions which prefer octahedral positions 
does not appear to play a role in the mechanism of 
conduction, although in the temperature range 250 to 
350~ some Mn 3§ ions will be partially oxidized to 
Mn 4+ ions as indicated from the DTG curves [5]. 
Therefore, if all the Mn 3+ ions initially in the sample 
are converted to Mn 4+ ions (probably above 300 ~ C) 
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the structural formula  can be written as 

2+ 3+ 3+ 4+ 
( M n o . s x F e ,  0.8x)A(Fe(5+O.Zx)/3V1Fe2+(1 0.sx~/3Mn(0.3x)/2 �9 . . 

r']Mn3+ (0.2x)/4)B O 2 -  

For  the composi t ion  x = 0.50, we have also plot ted 
the a = f ( t )  curves, ~ being the degree o f  t ransform- 
ation defined by ~ = (a 0 - a , ) / ( a 0 -  at), where 
a 0 = initial conductivity in vacuum, a, = conductivity 
in oxygen at time t and o-f = final conductivity.  Such 
curves are reported in Fig. 3. The reaction was charac-  
terized by a rapid initial stage, declining regularly 
according to a parabol ic  law, suggestive o f  a typical 
diffusion-controlled process [9] with the p roduc t ion  o f  
cation-deficient spinel. This behaviour  in the presence 
o f  oxygen is similar to that  already observed for 
magneti tes slightly substituted with aluminium or 
chromium in which all Fe 2§ ions are also on octahedral  
sites. 

3.2.2. Oxidation kinetics in Region II 
After oxidation of samples in air at about 320 ~ C, the 
gas was pumped  out  at the end of  a run, the tempera- 
ture was raised to Region II  and oxygen was admit ted 
at a known pressure. In  all cases, the conduct ivi ty  
decreases initially against time, then increases and 
finally remains practically constant  until the ,/ com- 
pound  is obtained (Fig. 4). For  compar ison  we have 
reported the conductivi ty variat ion for a cobalt-  
substituted magneti te previously oxidized at 320 ~ C. 
In contras t  to manganese-subst i tuted magnetites, ~ is 
independent  o f  time and the relatively long plateau o f  
nearly constant  conductivi ty indicates the stability o f  
the 7 phase in the presence o f  oxygen. 

The discrepancy of  reactivity between Fe 2+ ions 
located at B sites and Mn  2+ ions located at A sites can 
explain the time dependence o f  electrical conductivity.  
A decrease in the conduct ivi ty  at the onset seems 
to point  to the fact that  some Fe 2+ ions remains 
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Figure 3 c~ = f ( t )  curves for composition 
x = 0.50. 
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unoxidized at the lower temperature, becoming oxi- 
dized in the higher temperature range. Moreover, 
some Fe 3+ ions must be reduced to lower valency 
before the admittance of  oxygen in the cell, and this 
would suffice to give primarily a semiconducting 
behaviour. When all the octahedral Fe z+ and Mn 3+ 
ions have been oxidized, the reaction can only proceed 
by the oxidation of  tetrahedral Mn 2+ ions. 

After the minimum, the presence of  Mn 3+ ions at A 
sites appears to provide an explanation for the fact that 
the conductivity increases, since this can be associated 
with mixed valencies at A sites. The conductivity is 
then a result of the transfer of  electrons from A-site 
Mn 2+ ions to A-site Mn 3+ ions. It can be observed 
that, as can be expected, higher Mn 2+ concentration 
leads to a more important increase of  conductivity. 
Comparison may be made with the result for 
chromium- or aluminium-substituted magnetites [1] 
where all Fe z+ ions are at tetrahedral sites and whose 
increase of conductivity during oxidation can also be 
explained by the existence of  a transfer of  electron 
from A-site Fe 2+ ions to A-site Fe 3+ ions. In this case 
a maximum of conductivity occurs approximately 
when the amounts of Fe 2+ and Fe 3+ ions at A sites are 
equivalent. Then, when the amount of Fe3+ions 
becomes large, the electronic exchange is upset and the 
conductivity decreases. In manganese-substituted 
magnetites, the time-dependence of the electrical con- 
ductivity can be explained on the basis .of this 
mechanism. 

However, as confirmed by thermogravimetric inves- 
tigation, Mn 2§ ions were not completely oxidized. The 
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results show that the degree of oxidation ~ of  Mn 2+ 
ions reaches the value of  0.8x [5] at T = 400~ 
and Po2 = 2 x 104Pa. The number of  vacancies 
produced in this way in Position A will therefore be 
limited as a result of  the partial oxidation of  Mn 2+ 
ions. A calculation of the cation distribution in A sites 
using the 6 value of 0.8x reveals that the presence of  
Mn 2+ ions can contribute to a higher conductivity 
according to the ionic distribution at tetrahedral sites: 

2+ 3+ 3+ [] 
[(1 -- 6)Mno.8xrMn(l.6x)/3Fel_o.gx Mn2+(O.8xr)/3] A 

If we consider this possibility and the fact that 
6 = 0.8x, for x = 0.97 the formula becomes 

2+ 3+ 3+ 
(MnoA74 Mno.403 Fe0.224 ["1Mn2 + 0.2)A 

In Region II, the conduction can then take place by 
electron exchange between the manganese ions during 
a long oxidation time. Another point to notice is that 
probably, as in some similar cases [10], all vacancies 
massively migrate from the tetrahedral into the octa- 
hedral sublattice, favouring the electron exchange 
process. 

3.2.3. Influence of oxygen pressure on 
oxidation-reduction phenomena in 
Region I l l  

In Region III, the effect of oxygen pressure on the 
oxidation-reduction phenomena has been demon- 
strated directly by observing the weight loss when the 
oxygen pressure is decreasing, especially when it is 
much lower than in air. Based on this loss in weight 
and from X-ray analysis, the reaction corresponds to 
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the reduction of Mn 4+ to Mn 3+ ions at octahedral sites 
[5]. These Mn 4+ ions have been created during the 
oxidation process in Region II. 

In order to analyse the effect of  this reduction, 
conductivity measurements were carried out on 
samples previously heated in air at 455~ and then 
exposed to low oxygen pressure (13.3 Pa). The change 
in conductivity is given by Aa = ~, - ~0 where er 0 = 
initial conductivity in air and o 5 = conductivity at 
time t. It can be seen from Fig. 5 that after an initial 
period of short duration the conductivity increases, 
according with an electron exchange between Mn 3+ 
and Mn 4+ ions at octahedral sites. A~ also reflects the 
compositional dependence. I f  the extent of  manganese 
substitution x is slight or zero (cobalt-substituted 
magnetite) Air is independent of  time and, if the extent 
of  manganese-substitution is high, the oxidation effect 
is important .  

3.2.4. Oxidation process in Region IV 
As mentioned above, the t ransformation from 7 defect 
phases to corundum structure can be directly investi- 
gated by evaluating the behaviour of  the electrical 
conductivity in Region IV. However, this phase 
change is accomplished by oxidation of  Mn 2+ ions. 
The kinetics of  t ransformation were studied for Po2 = 
2 x 104pa by heating at constant temperature and 
observing the change in conductivity with time. Fig. 6 
shows the kinetic curves during oxidation against 
composition, x. These curves display a two-stage 
oxidation process. The initial pattern is a smooth 
parabolic curve where the oxidized amount  (shown by 
an arrow in Fig. 6) is due to the experimental 
procedure and increases with the extent of  substitution 
x. Briefly, the procedure was as follows: after oxidation 
of the sample at about  400 ~ C, the gas was pumped out 
at the end of a run, the temperature was raised to the 
transformation temperature (600 ~ C) and oxygen was 
admitted at a known pressure but lower than its partial 

pressure in air. Thus, samples heated in this cycle and 
brought to the final temperature of  600 ~ C were par- 
tially reduced in vacuum or at a low oxygen pressure. 
As a result of  this thermal treatment, a certain part  of  
the manganese ions must be reduced with lower 
valency, i.e. as Mn 2+ ions. We have also before oxi- 
dation two different Mn 2+ ions: Mn 2+ ions created by 
reduction whose amount  depends on the thermal 
treatment, and Mn 2+ ions not completely oxidized at 
400 ~ C. The parabolic curves corresponds to oxidation 
of  Mn 2+ ions generate by reduction, and the phase 
may be considered as having a spinel structure as 
confirmed by X-ray diffraction. This reduction can be 
eliminated (as can the parabolic stage) if the tem- 
perature is raised to the transformation temperature 
while the oxygen pressure is maintained at 102pa or 
higher. 

For  the second stage corresponding to Mn 2+ ions 
not totally oxidized, the a - t  plots are linear and then 
reach a steady state which represents the state of  
complete oxidation. For  the linear portion correspond- 
ing to a phase change this method is not reliable as a 
measure of  the weight change [5] because in this region 
the electrical conductivity at the oxidation temperature 
is not related to the chemical composition in a simple 
manner. It  might be expected that the reaction rate 
will be firstly dependent on the amount  of  Mn 2+ ions 
oxidized and secondly on the nature of  the inversion 
products. This is particularly important  with those 
samples which are not completely oxidized, and there 
is a higher extent of  maganese substitution in which 
the remaining Mn z+ ions form a manganese-rich spinel 
coexisting with a rhombohedral  phase c~-(MnFe)203, 
with rhombohedral  ~-Fe203 and with orthorhombic- 
phase Mn203 . 

4 .  C o n c l u s i o n  
The electrical conductivity data for the Fe3_xMnxO4 

sys tem are in agreement with the relative availability 
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for oxidation of Fe 2+ and Mn 2+ ions, and with the 
distribution of cations between octahedral and tetra- 
hedral sites in unoxidized substituted magnetites. In 
the temperature range 150 to 300 ~ C, the Fe z+ ions at 
octahedral sites are oxidized preferentially, producing 
a large conductivity decrease due to the introduction 
of vacancies and Fe 3+ ions at B sites; the electronic 
exchange between the Fe 2+ and Fe 3+ ions is upset. 
Then, in the temperature range 300 to 400 ~ C, the 
Mn 2+ ions at tetrahedral sites are partially oxidized, 
which favours electron exchange between Mn 2+ and 
Mn 3 + ions present at equivalent sites, here tetrahedral 
sites. These results are in agreement with the fact that 
covalent bonding in tetrahedral sites of the spinel 
structure renders tetrahedral Mn 2+ ions less available 
for oxidation than Fe z+ ions ionically bound in octa- 
hedral sites. When the temperature is raised in the 
temperature range 400 to 550 ~ C the ~ = f ( t )  curves 
show an increase of  conductivity, due probably to the 
reduction of Mn 4+ to Mn 3+ ions with maintenance of 
the spinel structure. Finally, above 550 ~ C the log ~ = 
f ( t )  curves yield discontinuities attributed to the trans- 
formation of  a defective spinel into rhombohedral  and 
orthorhombic phases. However, the kinetics of  this 
transformation cannot be directly investigated by 
following the variation of  electrical conductivity in the 

discontinuity region because of the oxidation of Mn 2+ 
ions which accompany the transformation. 
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