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A mechanism of valence transfer between Fe 2+ and Fe a+ ions in the octahedral, as well as the 
tetrahedral position of the spinel lattice is suggested to account for the electrical behaviour 
with the number of Fe2+-Fe 3§ pairs in either position for oxidation reactions in finely-grained 
ferrous spinels. From the a = f ( t )  curves which are identified with those obtained in thermo- 
gravimetry, it was established for inverse spinels such as Fe304 or for normal spinels such as 
FeCr204 that the kinetics is governed by a diffusion law under variable working conditions. 
For more complex spinels such as chromium- or titanium-substituted magnetites which exhibit 
both Fe 2+ ions on octahedral and tetrahedral sites, the results are discussed only qualitatively 
although the profile of the o- = f ( t )  curves can also be related to the electronic exchange 
between the Fe 2+ and Fe 3+ ions from the two cation sites. 

1. In troduct ion  
The behaviour in oxygen of finely grained ferrous 
spinels has been studied in this laboratory over the 
past few years. These spinels, whose crystallite size is 
less than about 200 nm, could be oxidized to defect 
phase 7 with the same spinel structure. The oxidation 
performed by electrical conductivity or thermogravi- 
metry [1] indicates that the necessary temperature for 
oxidizing the Fe 2+ to Fe 3+ ions increases from spinel- 
like magnetite where all Fe z+ ions are on octahedral 
sites (most oxidation temperatures are in the range 
150 to 250 ~ C) to spinel-like iron chromite or alumin- 
ate where all Fe 2+ ions are on tetrahedral sites (most 
oxidation temperatures are in the range 400 to 
500 ~ C). This discrepancy of  reactivity between ferrous 
ions has been attributed to the fact that ions in the 
tetrahedral sites are strongly bound by covalent 
bonds, in contrast to the ionic bonding of  octahedrally 
sited ions. 

In thermogravimetry the oxidation process always 
exhibits an increase of  weight gain whatever the 
location of Fe z+ ions because during oxidation, oxygen 
atoms adsorbed on the grain surface become ionized 
by acquiring electrons from Fe z+ ions diffusing 
through the crystal. The process was solely limited by 
bulk ionic diffusion, which must be considered under 
variable working conditions. On the other hand, in 
electrical conductivity the conduction mechanism can 
be envisaged as an electron "hopping" between Fe 2+ 
and Fe 3+ ions as Fe 3+ ~ Fe 2+ + e and this valence 
transfer may exist in octahedral (B sites) as well as in 
tetrahedral sites (A sites). Inverse spinels such as mag- 

4436 

netite or magnetites substituted by divalent cations 
(Co 2+, Zn 2+ ), with a high initial conductivity undergo 
a large conductivity decrease during oxidation, related 
to the generation of  Fe 3+ ions and vacancies on B 
sites, upsetting the electron exchange between the 
Fe 2+ and Fe 3§ ions initially present in equal amounts. 
Alternatively, normal spinels such as iron aluminate, 
iron chromite, solid solution FeCr204 FeA1204 or 
highly chromium-substituted magnetites, exhibit an 
initial increase in conductivity. This is due to the 
simultaneous presence of Fe 2+ and Fe 3+ ions on A 
sites, which allows electron exchange between cations 
on equivalent sites. Then, when Fe 3+ ions prevail, the 
conductivity decreases until the 7 compound is 
obtained. These observations have been confirmed 
recently for more complex spinels such as aluminium- 
or chromium-substituted magnetites [2] whose substi- 
tution ratio x is in the composition range 0.4 < x < 
1.80 or as titanomagnetites which exhibit both Fe 2+ 
ions on B and A sites [3]. 

The purpose of this paper is to develop a theoretical 
model of diffusion which describes for the first time, 
the different possibilities of  electron exchange that the 
location of Fe 2+ ions in spinel structure introduces 
during oxidation at low temperature. If such a model 
is coupled with respect to the diffusion laws established 
by thermogravimetry from isothermal oxidations, then 
such a model may explain the electical behaviour 
according to the nature of the spinel and as a function 
of  oxidation extent. To this end, Section 2 summarizes 
some of  the experimental results obtained from 
electrical and thermogravimetric measurements in 
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Figure 1 Evolution of electrical conduc- 
tivity with temperature during oxidation 
in defect phases 7. (a) Fe304; (b) zinc- 
substituted magnetite with x = 0.69; (c) 
FeCr204 . 

non-isothermal and isothermal conditions for oxi- 
dation of ferrous iron from the two cations sites of the 
spinel structure. Fe 2+ -bearing spinels were selected in 
which the Fe 2+ ion was located principally either on 
one sublattice or the other. 

The preparation of samples and experimental 
procedure concerning the oxidation in defect phases 7 
have already been reported [4 7]. 

2. Study by electrical conductivity and 
thermogravimetry of oxidation of  
ferrous spinels 

2.1. Non-isothermal method 
The behaviour of electrical conductivity during oxi- 
dation of Fe z+ ions!is shown in Fig. 1 for ferrous 
spinels in which the Fe z+ ion is predominantly in 
either the B (Figs la and b) or the A sites (Fig. lc). 
Generally, for temperatures below 500 ~ C, three regions 
can be distinguished. 

(i) In region I, the conductivity of the initial phase 
increases with increase of temperature and in all cases 
the compounds show a semi-conducting behaviour. 

(ii) Region II is due to the oxidation of Fe 2+ ions. 
The zinc-substituted magnetites of structural formula 
(ZnZx + 3§ 3§ 2+ 2 1) with Fe~ x)A(Fe~+xFel_x)~O4 (0 < X < 
Fe 2§ ions on the B sites (Figs la and b) show a large 
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Figure 2 TG curves showing the weight gain. (a) Fe304; (b) zinc- 
substituted magnetite with x = 0.69; (c) FeCr204, 

decrease of conductivity with increase of temperature. 
This can be explained by a decrease of Fe 2§ ions with 
increasing value of the number of vacancies in B sites, 
and consequently a decrease of Fe2+-Fe 3§ pairs, 
because the created vacancies do not contribute to the 
conductivity. 

For iron chromite (Fe2+)A(er~+)~O]- , an initial 
increase of conductivity is observed due to the forma- 
tion through oxidation of Fe 3+ ions on A sites which 
favours electron "hopping" on these sites (Fig. lc). 
Maximum conductivity appears approximately when 
the amount of Fe z+ and Fe 3+ ions on A sites is equal. 
Then, when the amount of Fe 3+ ions is large, the 
conductivity decreases as in the case of zinc- 
substituted magnetites. 

(iii) Finally, in region II! the electrical conductivity 
increases with increase in temperature according to 
the negative temperature coefficient of defect phases ?. 

If  in region II, the electrical conductivity is a struc- 
turally sensitive physical parameter to characterize the 
process of oxidation of Fe z + ions, thermogravimetry is 
not of such interest because, as shown in Fig. 2, oxi- 
dation is always accompanied by a weight gain, Am, in 
direct relation to the Fe 2+ content. For comparison we 
have also reported a weight gain for pure magnetite. 

2.2. Isothermal method 
The oxidations performed under isothermal conditions 
in region II confirm the influence of cation distribu- 
tions on electrical conductivity. From the experimental 
results reported in Figs 3, 4 and 5 for different spinels 
and an initial oxygen pressure of 102Pa, it appears 
that the change in the number of Fe2+-Fe 3+ pairs 
largely affects the electrical behaviour. For zinc- 
substituted magnetites (Fig. 3) the a = f ( t )  curves 
show a rapid decrease in conductivity with time, while 
for chromium-substituted magnetites Fe3_xCrxO 4 
with x >~ 1.80 (Fig. 4) or for FeCr204-FeA1204 solid 
solutions (Fig. 5) the a = f ( t )  curves display very 
different behaviour with a clearcut maximum. 

From a network of a = f ( t )  curves for zinc- 
substituted magnetites with x = 0.69, we have plotted 
the~ '  = f ( t )  curves (Fig. 6), ~' being the transforma- 
tion extent defined by ~" = a(o - a(f)/a(o ) - aft) 
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Figure 3 Evolution of conductivity with time for zinc-substituted 
magnetites with (a) x = 0.18, T = 160~ (b) x = 0.33, T = 
185~ (c) x = 0.69, T = 235~ (d) x = 0.90, T = 290~ 

where: O(o ) is the conduct ivi ty  in vacuum at  the given 
tempera ture ,  a(0 is the conduct ivi ty at t ime t and a~) is 
the conduct ivi ty  o f  the defect phase  7 (totally oxidized 
product) .  These curves can be super imposed  in an 
affinity versus time. On the other  hand,  the curves 
0 = f ( t )  resulting f rom the t r ans fo rmat ion  1 - e('0 
(Fig. 7) are very similar to the e = f ( t )  curves obtained 
in the rmograv imet ry  by recording the weight gain 
corresponding to oxygen fixation (e is determined by 
the rat io o f  part ial  oxidat ion weight gain to complete  
oxidat ion weight gain). In  bo th  the rmograv imet ry  and 
conduct ivi ty the curves are practically super imposable  
whatever  the composi t ion.  Thus  we can deduce tha t  
the weight change recorded in the the rmoba lance  and 
the conduct ivi ty change resulting f rom the number  of  
F e 2 + - F e  3+ pairs reflect the same kinetic laws. How-  
ever, a such similarity does not  exist for  ferrous spinels 
with Fe z+ ions on A sites since, as a l ready ment ioned,  
these spinels exhibit a different electrical behaviour  
a l though no anomaly  appears  in the e = f ( t )  curves 
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Figure 4 Evolution of conductivity with time for chromium- 
substituted magnetites with (a) x = 2, T = 355 ~ C; (b) x = 1.80, 
T = 330~ (e) x = 1.80, T = 354~ 
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Figure 5 Evolution of conductivity with time for spinel (Fe z+ A10~ - 
3+ 2-  

Cr l .  5 ) 0 4  �9 

recorded in the the rmoba lance  where the oxidat ion 
reaction also resulted in an increase of  sample  mass.  
Finally, the kinetics of  weight gain contr ibute  to the 
var ia t ion of  number  of  F e 2 + - F e  3+ pairs  and affects 
the conduct ivi ty of  two different ways. In  the case of  
pure  magnet i te  and magnet i tes  subst i tuted by divalent 
cations (Zn z+, Co2+), the weight gain requires a 
decreasing of  n u m b e r  o f  Fe 2 + - F e  3 + pairs,  whereas  for  
iron chromite,  i ron a luminate  or  FeCr204-FeAI~O4 
solid solutions the initial weight gain is associated with 
an increasing n u m b e r  of  F e Z + - F e  3+ pairs up  to 

= 0.5, then for  e > 0.5 it is associated with a 
decrease of  F d + - F e  3+ pairs. 

To  verify this we have studied oxidat ion as a func- 
tion of  t ime for  various,  a l ready part ial ly oxidized 
spinets (Fe z+ ~+ 3+ 2- )A(A12 xCr x ) 0  4 with x -  1.5 and 
whose oxidat ion extent a is known  (Fig. 8). As might  
be expected, the conduct ivi ty increases initially with 
t ime if ~ < 0.5, and it decreases f rom the very begin- 
ning if a > 0.5. Fo r  each conversion rate, ~, we have  
also determined the act ivat ion energy, E, f rom the 
slope o f  the straight  lines log a = f ( 1 / T )  (Fig. 9). The  
m i n i m u m  of  E for  a close to 0.5 results f rom the fact 
tha t  for tha t  ~ value, the Fe 2+ and Fe 3+ ions are 
equally distr ibuted on A sites and this means  that  the 
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Figure 6 c~'= f(t) curves for zinc-substituted magnetite with 
x = 0.69. 



d, i I I i 

0.9- 

0.7- 

i 0.5" 

�9 1 8 0  ~ 
0.3 x =~ L ...... 212 

.__  200~ 
0.1r x=O.90[~ ..... 283 ~ 

- -  268  ~ 

10 20 30 40 

10 5,0 90 130 

5'0 
TIME (min) 

Figure 7 Analogy between the c~ = f(t)  curves obtained by thermo- 
gravimetry and (1 - cd) = f ( t)  curves obtained by electrical con- 
ductivity for zinc-substituted magnetites. 

electron exchange is maximum. In contrast, in the case 
of pure magnetite, E increases continually with increas- 
ing of c~ (Fig. 9). On the other hand, recent studies by 
the M6ssbauer spectroscopy [8] have shown for iron 
chromite with ~ = 0.5, the possibility at T > 440 K, 
for a part of  iron to display a mixed valence character 
due to a fast electron relaxation between Fe 3+ and 
Fe z+ ions situated at A sites. 

The possible connection between weight gain and 
number of Fe 2+-Fe 3+ pairs is based on the observation 
that both are common to oxidation reactions and were 
observed under similar conditions. From these data, a 
diffusion mechanism was suggested to account for the 
possible relation between conductivity behaviour and 
kinetics laws obtained in thermogravimetry. 

3. Ox ida t ion  m e c h a n i s m  
Using Kr6ger's notation [9] we have already shown 
[10] that the elementary steps in the oxidation of 
ferrous spinels to defect phase 7, including both the 
interfacial (adsorption and electron transfer) and dif- 
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Figure 8 Evolut ion o f  electrical conduct iv i ty with time for  dif ferent 
2+ 3+ 3+  2 -  oxidation extents, cc (Fe A10.s Cq.5)O4 �9 
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Figure 9 Evolution of  activation energy with conversion rate, cc (a) 
Normal spinel (FeA10.sCq.5)O4; (b) inverse spinel Fe304. 

fusion steps will be expressed as follows: 

102(g  ) At- Fevem,u,f) ~ F e ~ O  (1) 

L V "  
FeFen(surf)O + 2 F e F e  n ~ FeFen{surf) 4- 4 'Fevell 

1 V ttr 
+ " " ' - t -  2 *FeFe l i  + 2 FeFe n n t- O 0 (2) 

diffusion: Fick's law (3) 

The rate determining step was shown to be diffusion 
[10] which must be considered under variable working 
conditions (5c/5t  -r 0). No solid solid phase bound- 
aries are present and the process may be considered as 
an interdiffusion within the oxide itself with a conse- 
quent change of stoichiometry. The concentration dis- 
tribution is given by Fick's second law: 

6t - D \6r2  + 2 (4) 

In order to determine the boundary conditions we 
have established a correspondence between the weight 
change (diffusion) and evolution of  Fe 2+ Fe 3+ pairs 
contributing to conductivity for two spinels: Fe304 
(Fe 2+ ions on B sites) and FeCr204 (Fe 2+ ions on A 
sites). 

3.1. Case of magnet i te :  inverse spinel 
(Fe3+)A(Fe 2+ Fe3+)a024- 

At  t = 0 and for a concentration Co of Fe 2+ ions, the 
number of Fe z+-Fe  3+ pairs is maximum and the num- 
ber of Fe 2+ ions is equal to the number of Fe 3+ ions 
(Fig. 10a). 

At t > 0 a fraction of the Fe 2+ cations diffuse at the 
crystal surface, producing new Fe 3+ cations which 
affects the mechanism of electron "hopping" between 
Fe ions on B sites since the number of FeZ+-Fe 3+ 
pairs decreases (Fig. 10b). Thus, the number of  
Fe 2+ - F e  3+ pairs varies with the concentration of  Fe 2+ 
ions remaining in the interior of the grain. With the 
following boundary conditions 

t = 0 C(r) = Co for 0 ~ r ~< a 

t > 0 C = 0  for r = a  
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Figure 10 Schematic illustration of the various Fe2+-Fe 3+ "hop- 
ping" possibilities (T~) on B sites. (n) Vacancies. (a) t = O; (b) 
t > 0 .  

and for spherical particles o f  radius a, the concentra-  
tion, C, o f  cationic vacancies associated with positive 
holes linked to iron cations can be expressed as: 

C(r, t) - 2aCo ~ ( -  1)" sin nr~r e_,2k~ (5) 
~ F  n = l  n a 

~ 2  

with k = ~ D 

Fe2* 1 A sites 

(a) @ ~=0 ~ ~  Bsites 

( b ) @  I ' ~  Fe2* 
0<t<to ~ / , z ~ / f ~  

A sites 

B sites 

Fe 3" A s i t es 

( c ) @  t=to ~/~ Bsites 

~ A sites 

(d) t>to / " ~ + ~  B 
sites 

v / /  / ~  

Figure 11 Schematic illustration of the various Fe2+-Fe 3+ "hop- 
ping" possibilities (T$) on A sites. (n) Vacancies. (a) t = 0; (b) 
0 < t < t0;(c) t = t0;(d) t > t o . 

where a is the mean  grain radius a n d / 5  the chemical 
diffusion coefficient. The above solution o f  the prob-  
lem gives the connect ion in terms o f  time and location 
(r). An  equat ion given the fraction ~' at any time is 
more  suitable and is described by [11]: 

~, _ a ( o - a ~  _ Q ' ( t )  6 ~ 1 e .~k, 
a 0 -  aoo Qg - ~ . = , ~  (6) 

where Q'(t) = amoun t  o f  mat ter  remaining in the 
grain at time t and Qg is the amoun t  at t = oo. Thus 
the reaction kinetics observed in electrical conductivity 
is given by Equat ion  6. 

The comparison of  this expression with that  obtained 
f rom weight change measurements  [12] 

6 00 1 
c~ = 1 - ~-~ Z ~ e  -"2k' (7) 

n = l  

leads to the relation previously determined f rom kin- 
etics curves ~ = 1 - ~'. 

3.2. Case of iron chromite: normal spinel 
(Fe2+)A(Crza+)BO~ - 

At t = 0 and for a concentra t ion Co of  Fe 2+ ions, the 
number  o f  F e 2 + - F e  3+ pairs on A sites exchanging a 
mobile electron is zero (Fig. 1 la). 

Fo r  0 < t < to, the number  o f  F e 2 + - F e  3+ pairs 
contr ibut ing to the conductivi ty is equal to the num- 
ber o f  Fe 3+ cations resulting f rom oxidation o f  an 
amoun t  o f  Fe 2+ ions which have diffused during time 
t, that  is 0 < t < to (Fig. l lb ) .  

For  t = to, equality between Fe 3+ and Fe 2+ ions is 
obtained and electronic exchange is max imum 
(Fig. 1 lc). Thus, for 0 < t < to, it is the diffusion 
outside the grains o f  Fe 2§ cations that  is responsible 
for  the evolution o f  the number  o f  pairs. 

For  t t> to, diffusion towards  the crystal surface o f  
Fe z+ cations reduces the number  o f  pairs, as in the 
case o f  pure magneti te (Fig. 1 ld). 

F r o m  these considerations the initial and bounda ry  
condit ions are: 

t = 0 (7(o = Co for 0 <~r<<.a 

0 < t < t o C = C1 for r = a 

t = t o C(,) = C1 for 0 ~< r < a 

to < t < t~o C(,) = 0 for r = a 

For  t = 0 and 0 < t < to, the concentra t ion C can 
be written as: 

2 a ( C 0 -  Cl) ~, ( - 1 ) "  nnr 
c(r,0 = C1 sin - -  e n2kt Z..a 

7~t" n = l  n a 

(8) 

In considering the amoun t  o f  water diffusing through 
the surface o f  the grain at time t: 

= 4rca 2 fo - D(rc/fr)r=adt (9) Qt 

this expression can be written as: 

Q(0 = 4 /37za3(C0-  Cl) 1 - ~-5,=1n 2 J 

(10) 

Thus, for 0 < t < t 0, the kinetics observed in electri- 
cal conduct ivi ty  or(,) is given by Equat ion  lO. 

For  t o < t < too, these kinetics are described as in 
the case o f  magneti te  by: 

, 8a3C1_ ~ 1 e_,2k, (11) 
if(t) - -  ~ n = 1 ~-~ 
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Figure 12 Schematic illustration of the evolution of electrical con- 
ductivity with oxidation time of spinel (Fe 2+)A(Cr~ + )BO] . 

The kinetics observed in conductivity for iron chromite 
appears to depend on the simultaneous presence of 
Fe2+-Fe 3+ pairs on A sites and undergoes two laws of 
diffusion with a transition for t = to. This transition 
corresponds to equal numbers of  Fe z+ and Fe 3+ ions 
with as a consequence, a maximum of  conductivity. 

The observatons of  i = f ( t )  curves in a variety of  
ferrous spinels with Fe 2+ ions on A sites, suggest that 
these curves could be represented by the scheme 
shown in Fig. 12 with a maximum for t = to. That  
conclusion is supported by observations made for 
solid solutions :+ 3+ 3+ (Fe A12 xCrx )O]- with x = 1.5 
(Fig. 5) and for chromium-substituted magnetites with 
x ~> 1.80 (Fig. 4). In order to achieve this behaviour, 
we may make a comparison between theoretical and 
experimental curves (Fig. 13). The experimental curve 
shows the evolution of transformation rates ~ and ~' 
with oxidation time on both sides of  the maximum 
leading to the expressions: 

O~ = O'( t  ) - -  i ( o ) / i ( m  ) - -  i ( o  ) and 

O( = i ( t  ) - -  i ( f ) / i ( m  ) - -  if(f) 

w h e r e  O'(m ) is the conductivity at time to. The theoretical 
curves were computed for various values o f / )  from 
the diffusion Equations 6 and 7 which are  obeyed in 
the two media. 

The comparison between experimental and theor- 
etical curves suggests that the diffusion coefficient 
varies as the reaction proceeds with the number  of  
Fe 2+-Fe  3+ pairs. The diffusion analysis is somewhat 

I 0.8 ,,,"" 
(d!,; 
7' 

0.2y 

20 40 6b 8'0 
T I M E  (rnin) 

Figure 13 Comparison of theoretical (- -) and experimental (--)  
curves; (a) D = 1.1 x 10-15cm2sec-~; (b) D = 1.5 x 10-1Scm 2 
sec-1; (c) D = 1.9 x 10-1Scm2sec-I; (d) D = 2.2 x 10 15cm2 
sec-l; (e) D = 2 x 10-16cm2sec -1. 
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Figure 14 Evolution of electrical conductivity with time for spinels 
with Fe 2+ ions on both sites. (a) Chromium-substituted magnetite 
with x = 1.20, (b) titanium-substituted magnetite with x = 0.82. 

more intricate but it shows that: 

(a) the diffusion coefficient increases with the concen- 
tration of Fe2+-Fe  3+ pairs, hence a general method 
must be considered including, for example, an 
unsteady-state diffusion with moving boundary [13]; 

(b) the process of  oxidation may cause changes in 
the crystal lattice parameter.  For  iron chromite this 
change is of  the order of  0.012nm which involves 
higher stresses inside the solid. 

3.3. Case of spinels w i th  Fe 2+ ions on both 
sites 

In the study of the oxidation process discussed above, 
the Fe z+ ions are located on B or A sites and these 
spinels were chosen as examples of  those containing, 
after oxidation, iron ions at the B sites (as Fe304) or 
at the A sites only (as FeCr204). In order to extend the 
understanding of  the electron exchange process within 
spinels we have tentatively explained the electrical 
behaviour of  mixed ferrous spinels whose Fe 2+ ions 
are present on both sites but with foreign cations. We 
selected two systems, Fe3 xCrxO4 and Fe3_xTixO4. 
For  x = 1.20, chromium-substituted magnetite has 
the cation distribution: 2+ 3+ 2+ 3+ (Fe0.7 Fe0.3 )A(Fe0.3 Fe0.5 - 
Cr~.-~ )BO]- and for x = 0.82, t i tanomagnetite can be 

2+ 3+ 2+ 3+ structurally formulated as: (Feo.72Feo.28)A(Fel.00Feo.12- 
"4+ 2 -  

T I 0 . 8 2 ) A O  4 . This spinel can be regarded as chromium- 
substituted magnetite in which Cr 3+ has been com- 
pletely replaced by Ti 4+. 

In both cases the plots of  i against time display a 
two-stage oxidation process (Fig. 14). This behaviour 
can be explained as follows: for chromium-substi tuted 
magnetites (Fig. 14a) the F d  + ions on B sites are 
oxidized preferentially, producing a decrease of  con- 
ductivity since initially the Fe 2+ ions are fewer than 
Fe 3+ ions, thus decreasing the number  of  Fe2+-Fe  3+ 
pairs. Then the F d  + ions on A sites, which are 
initially more numerous, are in time oxidized which 
favours electron exchange between Fe 2 + and Fe 3 + ions 
present on equivalent sites, here A sites. Finally, the 
conductivity decreases as for inverse spinels. In the 
case of  titanium-substituted magnetite (Fig. 14b) a 
maximum of conductivity corresponding to a maxi- 
mum of Fe z+-Fe  3+ pairs on A and B sites, respectively, 
can be detected when the Fe 2+ concentration is equal 
to that of  Fe 3+ ions. Such an observation clearly 
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Figure 15 Schematic illustration of  the evolution of  electrical con- 
ductivity with time for different ferrous spinels. 

suggests the important role played by the location of  
Fe 2+ ions in spinel structure during oxidation at low 
temperature. We will not attempt to pursue here these 
examples, but mainly point out that the behaviour of 
electrical conductivity can be predicted from the knowl- 
edge of the content and distribution of Fe z+ cations 
amongst octahedral B and tetrahedral A occupied sites. 
A schematic interpretation of  the evolution of  electri- 
cal conductivity is given in Fig. 15 for different cation 
distributions. Restricting the analysis to the location 
of  Fe 2 + ions in spinel lattice and ignoring the presence 
of  foreign cations, four domains can be distinguished 
in the function of the evolution of the Fe2+/Fe 3+ 
ration in each site. If the number of  Fe 2+-Fe 3+ pairs 
is the only process involved in the change of conduc- 
tivity during oxidation, domains I and II are associ- 
ated with the change in the number of  FeZ+-Fe 3+ 
pairs in the B sites and domains III and IV with 
change of FeZ+-Fe 3+ pairs in the A sites because 
thermogravimetric studies have suggested that oxi- 
dation of  B sites iron will be more rapid than A sites 
iron. It follows that for some ferrous spinels we can 
predict the domains corresponding to the variation 
with time as shown in Fig. 15. 

We will now discuss the change of conductivity with 
time. FeCr204 containing all iron in the A sites under- 
goes a maximum of  conductivity between III and IV 
domains. For  Fe304 only domain II is observed. 
In contrast, for FezTiO4 with structural formula 
(Fe 2+ )A(Fe 2+ Ti 4+)BO~-, the four domains are found. 
Moreover, if our hypothesis is correct, the evolution 
of conductivity of  GeFe204 containing all iron in the 
B sites can be represented by domains I and II. 

4. Conclusion 
To compare with thermogravimetric data, a relation 
between the ionic diffusion of  Fe 2+ ions and evolution 
of the number of Fe 2+-Fe 3+ pairs has been established 
from the two cation sites of  the spinel structure repre- 
sented by Fe304 and FeCr204 where all iron cations 
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are on B or A sites. The mechanism of  bulk oxidation 
of these spinels is now probably the best supported 
model to account for the electrical behaviour with the 
Fe 2+ concentration where these ions are distributed on 
unequal sites. This mechanism, which considers an 
electron exchange between Fe 2+ and Fe 3+ ions on 
both sites, also accounts for observations of discrep- 
ancy in reactivity as a function of  the initial cation 
distribution or diffusion process. In each case the 
electrical behaviour supports the kinetic interpret- 
ation of  structure sensitivity, the only condition being 
the maintenance of spinel structure during oxidation, 
resulting in a change in stoichiometry with conser- 
vation of  the oxygen lattice resulting in defect phases, 
7, without the generation of other phases. Under these 
conditions o- reflects the effect of the degree of oxi- 
dation c~. 

This electron "hopping" behaviour is also observed 
in a variety of other ferrous spinels, varying with the 
distribution of Fe 2+ ions and the ratio of Fe z+ to Fe 3+ 
due to incorporation of  foreign cations. The results, 
however, can be discussed only qualitatively and we 
are currently working to develop a more quantitative 
picture of the possible processes in this and similar 
compounds. For  example, it is possible that Cr 3+ or 
Ti 4+ ions, which distinctly prefer octahedral positions, 
will also play a role in the mechanism of conduction 
because one may assume rearrangements of the type 

nFe 3+ + mTi 3+ = nFe 2+ + mTi 4+, 

i.e. the mechanism of  controlled valence with the aid 
of admixture ions [14]. 
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