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After a review of the distribution of vacancies in defect phases resulting from yFe;03, the authors give
several examples drawn from oxidation kinetics and electrical properties, where the vacancies play a
basic part due to their concentration as well as their location. The decrease in chemical diffusion
coefficient with increase in vacancy extent and the variation of the exponent from the pressure law
with the extent of association are dependent on concentration, while the nature of the electron hopping
between Fe?* and Fe?* ions is governed by the location of vacancies in the two types of sites in the

spinel lattice.

Introduction

Over the last few years our laboratory
has investigated mixed oxides of spinel
structure containing iron II. The phases,
prepared at relatively low temperatures
(from 300°C), are very finely divided and
thus are highly reactive with oxygen. If
total oxidation of Fe?* ions can be achieved
below 400°C, which requires crystallites of
less than 3000 A, as we have shown with
Dupré and Rousset (/), the oxidation reac-
tion is topotactic and the oxygen lattice is
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preserved. In such cases it leads to defect
spinels (2-5), most of which are new com-
binations. These phases are derived from
yFe,0; either through the substitution of
Fe3* ions by trivalent ions such as Al** or
Cr* or through the simultaneous substitu-
tion of Fe®* jons and vacancies by divalent
ions such as Zn2*, Ni?*, Co?*, etc. In the
former case the oxidation reactions of the
type:

2(Fe**Fe3t M3)0% +4 O, —
3y(Feft,M3*), 057, 0 < x < 2, x = 3y,
0 < y<%, M = AP, Cr?;
0022-4596/81/080219-10$02.00/0
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and
2(Fe?*Al3*,.Cri"03 +4 0, —
3y(Feih ARS_,Crit), 05~

result in defect phases whose structural
formulas may be written as

2‘
(Fed synM s O 1904
and

(FedhAljde—s/s,Crifhy O 15905,

In the latter case the oxidation reaction is
written:

(M%Fe}t,FeshO03 + (1 — x)/4 0, —

x(M*Fe}'07), K1 - x)Fe}'0%,

and the defect phase may be written as
(MEFed 2230 a-and 0%

After reviewing the different methods used
to express the location of vacancies and
their possible ordering on the octahedral
and tetrahedral sites of the spinel lattice,
we show how they affect, through oxida-
tion, the kinetic and electrical behavior.

Samples and Experimental Methods

The techniques of preparation and char-
acterization (DTA, X-ray analysis, specific
area, chemical analysis, morphology) have
already been published in Refs. (6-8). The
particle size of samples prepared at 700°C is
less than 1000 A (500-700 A). Moreover,
the particle mean diameter deduced from
specific surface area measurement (be-
tween 23 and 35 m2/g) is in a good accord-
ance with that obtained by means of elec-
tron microscopy and X-ray diffraction.

X-Ray analysis and magnetic measure-
ments (3) were used to determine the distri-
bution of vacancies vs substitution extent x
and vs oxidation extent a. The effect of
substitution and conversion ratio on the
formation of vacancy-ordered superstruc-
ture has been investigated using ir spec-
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trometry (measurements in situ) and X-ray
diffraction (9). Partial oxidations were
achieved using a thermobalance and by
halting the reaction by cooling and pump-
ing. « is then determined by the ratio of the
weight gains corresponding to desirable
partial oxidation to total oxidation of all the
Fe?* jons.

Although oxidations in lacunar y phases
occur at relatively low temperatures and
pressures (less than 250°C and 0.016 atm,
respectively, for slightly substituted
magnetites), these must still be lowered to
obtain a better low-intensity-ray resolution
in X-ray diffraction (9). Indeed, the longer
the reaction, the better resolved the low-
intensity rays, which may be explained by a
better crystallization of the material and a
better homogenization of vacancy distribu-
tion throughout the grain. Thus for each
conversion rate «, reaction times of 24 hr
and more were used, effecting oxidations at
temperatures of about 150°C and oxygen
pressures of about 1077 atm. Under low
oxygen pressure, the oxidation kinetic was
found to be governed by the surface reac-
tion and it is possible to obtain partially
oxidized phases of uniform composition
(10).

The dc conductivity was measured by
means of four-probe and two-probe
methods on compressed, sintered pellets of
about 0.8 cm diameter and 0.2 cm thick-
ness; both techniques gave identical results
(1/1). For this study the influence of grain
size on electrical conductivity has not been
considered but such an influence has been
reported in Ref. (/7).

Position of Vacancies in y Metastables
Phases Totally Oxidized and during
Oxidation

1. Position of Vacancies in Totally
Oxidized 7y Phases

The evolution of the lattice parameter of
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¥(Fe,_,Cr,): 05 cubic phases 0 < y < 0.625
vs their composition (Fig. 1) is explained
assuming a progressive substitution of iron
by chromium on the octahedral sites of
yFe.0s, which requires the vacancies to be
on those sites where they were generated
(3). Thus we can deduce the structural
formula of the defect spinel of composition
v = 0.625 from that of yFe,Os; through
substitution of Fe®* ions by Cr®" ions,
which gives:

(Fe*M(Cris 0 12,05
and

(Fed*)(Felf O 13),0f.

This distribution is confirmed by calculat-
ing the dimensions of such crystal lattices
using the Poix method (/2) (Fig. 1), which
considers that the parameter of a crystal
cell in an ionic oxide depends on the cat-
ion-oxygen distances.

Another proof of the fact that vacancies
remain on octahedral sites is given by the
magnetic study of these compounds (3)
comparing the experimental value of the
magnetic moment at saturation measured at
4.2°K with the value theoretically calcu-
lated following the ferrimagnetism model
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FiG. 1. Variation in the lattice parameter and

magnetic moments at saturation of solid solutions
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with two sublattices of Néel. Figure 1
shows that the agreement is satisfactory.

One should mention that in the case of
nonstoichiometric magnetite at high tem-
perature this distribution changes, vacan-
cies would be distributed on both kinds of
cationic sites (/3). Moreover, the effect of
particle size on distribution and ordering of
vacancies in the sesquioxyde yFe,O3 is
discussed in Ref. (9). It has thus been
shown that vacancies are only partially
ordered for fully oxidized magnetite sam-
ples whose crystallite size is about 100 A.

For higher substitution extents, such as
the defect compound resulting from the
oxidation of (Fe**Fei* M 3")Of~ with x >
1.87 or defect compounds of type
(FedjsAlige-sCriny 0 1903 obtained
by oxidation of iron II chromialuminates
we must expect the existence of vacancies
on tetrahedral sites. Using the data de-
duced from the lattice parameter utilizing
the invariant method of Poix (/4) we find a
distribution of vacancies in the amount of §
on tetrahedral sites and % on octahedral
sites, which may be written as (Fed}, O
19) (Al e85, Crafsy T 210),07.

Another case where the determination of
the lattice parameter and magnetic mea-
surements allowed the location of vacan-
cies is given by the oxidation of magnetites
substituted by divalent ions. The replace-
ment of Fe?* ions and of vacancies by
cobalt in yFe;03 occurs only on octahedral
sites (2), whereas replacement by zinc oc-
curs on tetrahedral sites (5) yielding the
two following formulas:

(Fe* (Fedh_opr O 1—nnCo3),05™
and
(Fe{r.Zn3)(Fed om0 a-me05 .

By analogy with yFe,O3, we may also ex-
pect, at least for compounds with vacancies
only on octahedral sites, some ordering of
the vacancies. In a recent study using ir
spectrometry and X-ray diffraction we have
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actually shown (9) that the vacancies were
ordered on octahedral sites in the defect
phases derived from vyFe,Oj, provided,
however, that these phases were either
slightly substituted by trivalent ions or
slightly substituted by divalent ions. How-
ever, besides the characterization of vy
phases, the determination, during oxida-
tion, of the location and ordering of vacan-
cies is also of interest as it allows one to
define the spinel during its formation, i.e.,
its usual conditions of kinetic study and
electrical behavior.

2. Location of Vacancies during
Oxidation

The lattice parameter vs transformation
extent a was found to decrease linearly for
all the samples (Fig. 2). In addition, the
experimental values obtained are in good
agreement with the theoretical values cal-
culated considering that during oxidation
the vacancies are distributed in the same
way as for totally oxidized products (Fig.
2). The ir spectra recorded for various
transformation extents confirm these
results (Fig. 3). They evolve continuously
with o whether the vacancies are ordered
or not. In the former case, occurring solely
for low substitution extents (x < 0.25), the
ir spectrum for a > 0.76 shows a relatively
large number of absorption bands in the
region 200-700 cm™' (Fig. 3), while the X-
ray diffraction shows superstructure rays.

. -
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FiG. 2. Variation in the lattice parameter with the
oxidation extent a.
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Fi1G. 3. Evolution of infrared spectra of chromium-

substituted magnetite (x = 0.27) with oxidation extent
[+ 2

For a < 0.70 the number of absorption
bands decreases progressively, and for a =
0 only two specific diffuse bands of inverse
spinels remain. For higher substitution ex-
tents (x > 0.80) the small number of ab-
sorption bands and the absence of super-
structure rays in the X-ray diffraction
patterns whatever a excludes any vacancy
ordering on octahedral sites.

These few examples which enabled us to
define the location and the ordering of
vacancies in y phases, whatever the substi-
tution extent of the spinel, show that the
oxidation reaction may be considered as
perfectly homogeneous with as a mere con-
sequence a change in stoichiometry.

However, contrary to most nonstoi-
chiometric oxides such as Ni, 0, Co, 0,
Fe,_;O (15, 16), or even Fe;_;0O, at high
temperature (/7, /8), the deviation from
stoichiometry is large since for totally oxi-
dized v phases written as (FeM,),_;0,, 8 is
equal to 0.33 (6 = a/3), whereas in binaries
it is usually only a few percent. Let us note,
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however, that for partially oxidized
magnetites or for magnetites substituted by
divalent ions & may be lower since in the
latter case it is for instance equal to (1 —

x)/3.

Influence of Defects on Oxidation Kinetics

/. Decrease in Chemical Diffusion
Coefficient with Vacancy Extent

The oxidation Kinetics investigated over
the temperature range 150-450°C and for
pressures between 107* to 10~' atm have
been interpreted by the diffusion law, in
variable working conditions, of the vacan-
cies generated at the solid-gas interface
(/9). Indeed the experimental curves a =
f(t) are identified with a theoretical diffu-
sion curve whose expression for a sphere is
written as:

a=1-6/m2> 1/n? e ™k,
n=1

withk = 72D /r?

where r is the grain mean radius and D the
chemical  diffusion  coefficient. For
sufficiently long oxidation times (« > 0.30),
this equation, for D constant, may be writ-
ten:

log (1 — a) = log 6/7* — kt = f(1)

and D can be determined directly from the
slope of log (1 — «) = f(+). Figure 4 shows
the transforms for some spinels substituted
by trivalent ions and Fig. 5 relates to zinc-
substituted magnetites. For all these
spinels, apart from the spinel strongly sub-
stituted by zinc (x = 0.76), the chemical
diffusion coefficient is no longer constant.
From a transformation extent o > 0.70, it
decreases with a, i.e., with increase of the
vacancy number. But for the spinel substi-
tuted by zinc of composition x = 0.76, D is
constant for any «; in this case the number
of vacancies is not large since it is directly
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FiG. 4. Transformed curves log (1 — a) = f{(1) for
spinels substituted by trivalent ions.

related to the number of Fe** ions initially
present.

The decrease of D when deviation from
stoichiometry rises, also observed by Gal-
lagher et al. (20) in the oxidation of pure
magnetite and by other authors (2/, 22)
during the reduction of some simple oxides
such as FeO and MnO, has been attributed
to an increase in the energetic interactions
of vacancies—electron holes (or in other
words, to vacancy-Fe?' interactions),
which generate complexes consisting of di-
polar pairs. It should also be noted that
given the relatively low temperature where
these defects occur, the phenomena of as-
sociation are more important than at higher
temperatures when usually the defects are
generated in oxides (between 900 and
1300°C). This association phenomenon is
confirmed by the exponent of the pressure
law.
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FiG. 5. Transformed curves log (1 —
zinc-substituted magnetites.

a) = f(¢t) for
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2. Variation of the Pressure Law
Exponent with the Extent of Association

Using Kroger and Ving’s notation (23)
we have already shown (24) that the ele-
mentary steps in the oxidation of a direct
spinel to the y phase, including both the
interfacial and diffusion steps will be ex-
pressed as follows:

(1) 3 02(1%) + Fefemsuro 2 FeFell(surDO; 1
(2 FeFen(sumO +2 Fepey,, 2

1
FeFen(st T3 VFen(u o
_1_ " . -
+ 2 VMm(o) + 2 FeFeum + 00’ 2
(3) diffusion;

and for an inverse spinel where all vacan-
cies are on octahedral sites, Step (2) is
written:

FeFell(surnO + 2 FeFeu(o) &
1
FeFell(surD + 3

1y
+ 2 VF?m(o)

"
Feoy * *

+ 2 Fejey,, + 0o 3

When diffusion is the only controlling
process, interfacial steps(1) and (2) are in
quasi-equilibrium. In the case of a total
ionization of defects, applying the mass
action law to equilibria 2 and 3, and from
the relation expressing the concentration
and electroneutrality, we could relate the
concentration in Fe;,, to the gas pressure
(24). Calculation gives [Feg, ] = k PEM
whether the spinel is normal or inverse. In
contrast, if we consider that the defects do
not remain isolated without association, but
that electrostatic interactions exist between
charged species, equilibria 2 and 3 can be
largely displaced by this association. For
example, for a total association of vacan-
cies and positive holes trapped on Feg,,,, or
Feg,,,,, sites, the step of the neutral diffus-
ing defect, for equilibrium 2, is written:

Ve, + Vi

: =
Feqit) M T 2FeFeum <

mn .
(3 H?nm"f M) ? 2FeFenm]'
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Neglecting the concentration in free vacan-
cies vs associated vacancies the mass
action law gives:

1/2 — " )
K P [4 Feum %VMm(o)’ ZFeFeum]'

Assuming such an association, we have
shown (/9) that, considering an isotropic
medium in thermal equilibrium, it is possi-
ble to relate the expression of the oxidation
rate to that of the concentration of associ-
ated vacancies from the rate equation of the
various elementary steps. We obtain v = A
C, where k is the rate constant and C the
concentration in associated defects. The
assumption of a strong association if fairly
well verified by experiments since the study
of the oxidation rate variation vs oxygen
pressure given a law P} (Fig. 6). How-
ever, for zinc highly aubatltuted magnetites
where the defect concentration is far less
and where association phenomena are less
liable to occur, we actually find for the
pressure law a far lower exponent (Fig. 6)
since it is close to 2.

These kinetic results suggest that the
decrease in the chemical diffusion
coefficient with the increase in vacancy
extent and the exponent of the pressure law

P42 for defect phases substituted by triva-
Ient ions or slightly substituted by divalent
ions are explained by a vacancy-positive-
charge association. Alternatively, the vy
phases, whose substitution extent in diva-
lent ions is high and which thus have few

|
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e 0 . S50h user
*3- .l . 550RcFez13a10270, |
Y
600K 500Kk FeAl;04

3 i H : [
log P atm

FIG. 6. Pressure law in the oxidation of different
spinels.
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vacancies, have a constant chemical diffu-
sion coefficient for any « and may be con-
sidered as deprived of electrostatic interac-
tions between defects.

Influence of Defects on Electrical
Conductivity

The results obtained during the study of
electrical properties (25) all confirmed Ver-
wey’s theory (26) interpreting the high con-
ductivity of pure magnetite by the possible
electron ‘‘hopping’’ between Fe?* and Fe?*
ions present both on equivalent sites, here
octahedral sites. Indeed, we have ob-
served, for magnetites slightly substituted
by trivalent ions and for magnetites substi-
tuted by divalent ions a high conductivity
due to the presence of Fe®** and Fe®* ions
on octahedral sites. This possibility of
“‘hopping’’ has also been observed on tetra-
hedral sites during the oxidation of direct
spinels (27) which, initially, only contain
Fe** ions on these sites but which have
both Fe?* and Fe®* ions during oxidation.
Figure 7 shows these different possibilities
of “"hopping’’ according to the nature of the
spinel and as a function of oxidation extent.
It is noticed that only direct and totally
oxidized spinels no longer show this ‘‘hop-
ping’’ possibility and hence have a low
conductivity. It thus appears that the va-
cancies generated during oxidation affect
largely the electrical properties of these
compounds. Let us give several examples
where the electrical behavior during oxida-
tion is related to the presence of vacancies.

. Evolution of Conductivity with Time
during the Oxidation of Inverse Spinels

Inverse spinels like magnetites substi-
tuted by trivalent 1ons ( x < 0.80) or spinels
substituted by divalent ions show a large
decrease in conductivity during oxidation
due to the occurrence of vacancies on octa-
hedral sites which upset the electron ‘‘hop-
ping”’ Fe’*-Fe®*. We have, for a given
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FiG. 7. Scheme of the various Fe?"-Fe®* **hopping’’
possibilities (1}). O: vacancies.

composition, recorded this conductivity de-
crease vs time. From these data we have
plotted the a = f(t) curve, « being the
transformation extent defined by a = (o —
o,/(ay — a;), where

oy is the conductivity in vacuum at the
given temperature;

o, is the conductivity at time /; and

o is the conductivity of the y phase (totally
oxidized product).

The curves are reported in Fig. 8. They are
practically similar to the a = f(t) curves
obtained in thermogravimetry by recording
the weight gain corresponding to oxygen
fixation. In particular, they are practically
superposable whatever the composition.
Thus we can deduce that the weight change
recorded in the thermobalance is equivalent
to the conductivity change resulting from
the introduction of vacancies on octahedral
sites.

2. Case of Direct Spinels

Such an analogy between the kinetic
curves is not found for magnetites highly
substituted by trivalent ions or for chro-
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FiG. 8. Analogy between the a = f(¢) curves ob-
tained by thermogravimetry and by electrical conduc-
tivity.

mialuminates of iron II for, in this case, an
initial conductivity increase is observed
due to the formation through oxidation of
Fe?* ions on tetrahedral sites which favors
electron ‘‘hopping’’ on these sites (Fig. 9).
Thus, when the amount of Fe3' ions is
large, the ‘‘hopping’’ is upset by the vacan-
cies which, as shown, are also present on
tetrahedral sites and conductivity de-
creases as for inverse spinels.

Maximum conductivity increases ap-
proximately when a = 0.5, i.e., when the
amount of Fe?* and Fe®* ions on tetrahedral
sites is equivalent. To verify this we have
studied oxidation vs time for various, al-
ready partially oxidized spinels and whose
oxidation extent is known. As can be no-
ticed in Fig. 10 conductivity increases ini-
tially vs time if @ < 0.5 and it decreases
from the very beginning if « > 0.5. In the
latter case, the behavior is similar to that of
inverse spinels, where a sharp conductivity
decrease is observed from the beginning of
oxidation.

3. Electrical Conductivity of Magnetites
Slightly Oxidized near the Verwey
Transition Temperature

At low temperature, magnetites slightly
Al or Cr substituted (x < 0.27) and slightly
oxidized (8 < 0.040) show a break and also
a change in the slope of the log o = f(t)
curves. This phenomenon, observed by
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FiG. 9. Evolution of conductivity vs time for differ-
ent oxidation temperatures of direct spinels.
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Fi16. 10. Evolution of conductivity vs time
different oxidation extents a.
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Verwey for pure magnetite (26), is attrib-
uted to the crystallographic transition of
magnetite at 119°K and is explained by the
creation of an order between Fe®" and Fe®*
ions in the layers perpendicular to the (001)
axis. Figure 11 shows that temperature and
the magnitude of the Verwey transition
decrease with x and 8. In addition, conduc-
tivity changes differently depending on
whether we are in a temperature range

hioh
higher or lower than the transition tempera-

ture T;. For temperature above 7, conduc-
tivity decreases either with the substitution
extent in trivalent ions or with the vacancy
extent. Alternatively, for temperatures be-

Pt a

lUW lt bllglllly U)(lUiLCU 1114511culc bllUWD a
higher conductivity than pure magnetite,
but only if & is less than 0.040.

The model of double exchange recently
developed (28) explains the conductivity
decrease with x and & for temperatures
above T, considering that the introduction
of foreign cations or of vacancies on octa-
hedral sites disturb electron ‘‘hopping.”
Below T, the crystallographic change of the
cubic symmetry into a symmetry lower
than orthorhombic is reported in Figure 12a
with the octahedral cations Fe?* and Fe?*
on alternate (001) planes. This arrangement
shows that double ‘“hopping’’ is less liable
here than in magnetite above T, since
electron ‘‘hopping’’ is only possible be-

tween the (001) planes and no longer occurs

inside these planes given that they contain
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FiG. 11. Variation in the electrical conductivity
logarithm with inverse temperature with x and &.

M7
L

iron ions of the same valence. This de-
crease will still be greater during substitu-
tion since electron “‘hopping’’ between the
(001) pianes wiii be more difficuit because
of the presence of M3* ions (Fig. 12b).
Now if we consider slightly substituted
magnetite we see that conductivity is higher
than that of pure magnetite. Following the
oxidation reaction, 3Fe*" — 2Fe’" + [ we
see that if 3Fe>" is replaced by 2Fe®" and a

vacancy in the scheme of Fro 12a, we come

to the case reported in Fig. 120. We then
observe that, inside the (001) planes, elec-
tron ‘‘hopping’’ can still occur, which
results in a conductivity increase as ob-

| = hioh 1
r'Oof nign vaiucs of

cAaryua Avimari~antally

hie] Vcd CAPClllllblllally
nonstoichiometry (8 > 0.040) or for slightly
substituted and oxidized magnetites (Fig.
12d), conductivity is lower than for
magnetite oxidized up to 6 = 0.025 and, at
the same tlme I.llC [)lCdl\ lll I.llC Lransllioﬁ
temperature disappears. In these condi-
tions a too large number of unequivalent

sites inside the (001) planes cancels the
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electron ‘‘hopping’ process. In addition, as
the transition temperature is related to the
occurrence of an ordering between Fe?*
and Fe®* ions (29) we observe in all cases a
decrease in this transition temperature with
ordering collapse by introduction of an for-
eign element (atom or vacancy).

Conclusion

These results show that in the system
considered here, which are all of type S, +
G = [S; + d], where [S; + d] is the
metastable phase of spinel structure en-
riched in defects, the knowledge of the
concentration and location of vacancies
generated during oxidation allows us to
interpret most of the kinetic and electrical
conductivity results. The various discus-
sions reported in this study show that elab-
orate experimental studies are required
with well-defined products, as well as inter-
mediate states of known composition, the
vacancy distribution of which is compatible
with the lattice parameters so as to enable
us to decide between the different hypoth-
eses put forward and validate or invalidate
the criteria obtained by comparison with
vFe, Os.

Finally, it should be recalled, still by
analogy with vyFe O3, that these defect
phases must be considered as an intermedi-
ate monophase state with an extended
homogeneity domain from which a solid
phase of different structure can precipitate.
In this case, the process of structural rear-
rangement still involves the elimination and
migration of vacancies under cooperative
movements (30, 37).
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