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Abstract

The thermal behavior in oxygen of Fe; .V,O, spinels (0 <x <1) prepared by the
ceramic method has been investigated over the temperature range 150-650°C by ther-
mogravimetry and infrared spectroscopy. Below 500°C, iron vanadium spinels are partly
oxidized in cation-deficient spinels with a large content of vacancies. A quantitative analysis
based on the difference in the reactivity of iron and vanadium in relation to the site occupied
(octahedral B site or tetrahedral A site) permits a cation distribution between the sub-lattices
to be proposed. Kinetic studies of the oxidation process of V?* ions at the B sites show that
the oxidation reaction is controlled by cation diffusion in a cation-deficient spinel phase of
variable composition, with a chemical diffusion coeflicient dependent on the vacancy content
§ and written: D = K, exp( — E,/RT) exp( —b&). The b constant depends on the temperature.
The energy of defect dissociation has been determined.
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1. Introduction

The cation distribution and the valence state of vanadium in transition metal
oxides of formulae Fe;_,V,0, (0<x <2) have been investigated by several
workers employing various measurement techniques [1-11]. However, there has
been little agreement on the distribution of iron and vanadium ions among the
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octahedral (B) and tetrahedral (A) sites of the spinel structure. For example, in the
spinel Fe,VOQ,, the cation distribution has been variously to assume to be

(Fe)a(Fe V4503~ [1.2] (1
(Fe)o(Fe* V?*)503 [56,11] )
(Fei*; Fe} " )a(Fe}* Fel*, V2 ), 03" 3)

with A=0[3],A=1[4-6]and 0<Ai <1 [79]
For the range of solid solutions from Fe;0, to Fe,VO,, the cation distribution

(Fe**)o(Fe’*Felt | V3t )p05~ (4)

has been suggested [5]; this is consistent with the observation of Fe** and V** ions
coexisting on equivalent B sites and with the high electrical conductivity resulting from
electronic exchange between the Fe?* and Fe** ions on these sites [9]. The good elec-
trical conductivity in a spinel associated with a mixed cation valence on energetically
equivalent neighbouring lattice sites makes it possible to eliminate distributions (1)
and (2). Although transport properties and Mdssbauer measurements 8] support
distribution (4), the data are also consistent with the valency distribution

(Fei® o5 Fegt)a(Fed®  Vit)p 05~ (5)

when the introduction of trivalent solutes has been seen to introduce a transfer of
Fe?* ions from B to A sites. Moreover, the possibility of a mixed V>*/V3* valence
coinciding with a mixed Fe?*/Fe®* valence must also be entertained, as the energy
difference between the two couples appears to be small [10]. For x =1, a 10% V?*
concentration is consistent with the observed paramagnetic Curie constant [11]. A
mean valence of Fe?>* indicates that the Fermi energy of the stable spinel intersects
three overlapping redox couples: the Fe**/Fe?* couple at both the A and B sites, and
the V3+/V2* couple at the B sites.

This paper reports the results of such a study by quantitative analysis from
derivative thermogravimetry (DTG). This analysis is based on the discrepancy of
reactivity between oxidizable cations located at both the A and B sites of the spinel
structure [12] when it has been previously established that the oxidation temperature
at B-site M"* ions is lower than that at A-site M"* ions. Moreover, the possible
occupation of B sites by several oxidizable cations (Fe?*, V2¥, V3*) requires a careful
consideration of the relative availability for oxidation of these different cations located
in the same sub-lattice. Because it is possible for each cation in a spinel structure to
be oxidized separately [13], the oxidation kinetics of vanadium ions has also been
performed. The interest in this study lies in the possibility of testing the influence of
vacancy content on the chemical diffusion coefficient when the oxidation leads to the
formation of cation-deficient spinels.

2. Experimental procedure

The iron—vanadium oxides, Fe,_,V,0,, were prepared by mixing in an agate
mortar powders of Fe, Fe,O; and V,0; of spectroscopic grade in adequate molar
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Fig. 1. Compositional dependence of lattice parameter for spinels Fe; _,V,O,: O, this work; @, from
ref. 5; A, from ref. 14; W, from ref. 15; ——, calculated from the Poix method with cation distribution

(6).

ratios with various values of x (0 < x < 1). The well-homogenized powder was put
inside a silica ampoule. This was then degassed under vacuum in order to avoid
oxidation at high temperature, sealed, heated at 850°C for 24 h, and finally the
samples were left to cool down in the furnace at a rate of about 5 K min~'. All the
samples were shown to be single-phase spinel and stoichiometric by X-ray diffrac-
tometry and thermogravimetric analysis, respectively. The lattice parameter in-
creased from 0.8396 nm (x = 0) to 0.8417 nm (x = 1). If we compare our results to
previous investigations, the values are in good agreement with earlier values
reported in refs. 5, 14 and 15 (Fig. 1).

The samples were also characterized by infrared spectroscopy. In the region
investigated (1100-100 cm™"'), the spectra reveal two strong absorption bands (Fig.
2) v, and v, which, for x =0.10, occur at 570 and 370 cm~', and for x =1, at 575
and 425 ecm~!. The position of the band v, which is an M—O stretching mode of the
octahedral sites [16] changes strongly with x, due to the variation in the Fe’*-0?~
complexes with increasing vanadium content. In addition to the Fe** ions at the B
sites, V>* ions are also present [11]. With an increase in the V3*-0?" octahedral
complexes, an increase in the intensity of the shoulder at about 420 cm~' is
expected [17,18]. This implies that with the increase in the V3*—0O?~ complexes, the
band at 370 cm~! should disappear at higher vanadium content, indicating a
stronger ionic bonding for V3*-0?~ complexes.

The average particle size of these loose powders measured from enlarged SEM
images was only 0.3 um, which is due to the low preparation temperature; this
allows their oxidation to cation-deficient spinels [19]. After a prolonged strong
grinding, the grain size was maintained but the samples were slightly oxidized
during the grinding.
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Fig. 2. IR spectra of initial samples.

The oxidations were performed under isothermal conditions or with the temper-
ature increasing at a linear rate (2.5°C min~!) in a Setaram MTB 10-8 microbalance
using 6 mg of powder. The oxidation degree of the samples at various levels of
reaction was calculated from the gravimetric data.

The IR spectra were recorded with a Perkin-Elmer 1725X FTIR spectrometer
over the range 4000-400 cm~' and with a Perkin-Elmer 1700 FTIR spectro-
meter over the range 500—-50 cm~!. About 1 mg of sample was mixed with 200 mg
of spectroscopically pure dry Csl or with 50 mg of polyethylene and pressed into
disks before recording the spectra.

3. Results and discussion
3.1. Cationic distribution

The determination of the cationic distribution was performed directly using
derivative thermogravimetry. As a matter of fact, previous studies have demon-
strated that if a compound oxidizes in cation-deficient spinel, DTG curves can be
used to separate the oxidation peaks of the different oxidizable cations, the area of
each peak being indicative of the quantities of each oxidizable cation within the
spinel [20]. As the samples can be partly oxidized in cation-deficient spinels under
various expeirmental conditions, the DTG technique can be employed.

When the samples are heated in air at a constant rate (Fig. 3), two regions
corresponding to distinct oxidation reactions can be distinguished. In the first
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Fig. 3. DTG curves dAm/dt = f(T) (——) and deconvolution of curves (---) for Fe, __V, O, ferrites
versus vanadium content: (a) x = 0.10; (b) x =0.25; (c) x = 0.50; (d) x = 0.75; () x = 1.

region after deconvolution, two separated oxidation peaks can be observed. The
first peak at 265°C represents the oxidation of Fe?* ions at B sites; this temperature
has been determined previously [12] during the oxidation of spinels containing only
Fe?* ions on octahedral sites. Concerning region II, the oxidation proceeds through
some distinguishable steps with a variation in intensity of the main peak. The large
rise in intensity in the temperature range 350—550°C with the vanadium content
corresponds to the oxidation of V** to V°* jons. Indeed, the IR spectra of oxidized
samples at various temperatures (Fig. 4) exhibit above 320°C (curves e and f) two
absorption bands at 920 and 830 cm™' assigned to the V°* ions [21-23]. In
addition, X-ray diffraction analysis revealed that above 450°C the oxidation takes
place sequentially [24,25]. In the first stage of oxidation, the cation-deficient spinel
is progressively converted into «-Fe,O; (or a solid solution of V,0; in Fe, O, for
high x values), whereas in the next stage of oxidation, above 600°C, the formation
of iron(IIT) orthovanadate, FeVO,, is also observed. The formation of this phase
can be correlated with the oxidation of Fe?* ions on A sites: in comparison with
other mixed valency ferrites, it provides strong evidence for the presence of Fe ions
in the divalent state [13].

As stated previously, in region I two peaks can be seen after deconvolution. The
second peak centered at about 300°C represents the oxidation of vanadium ions
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Fig. 4. V-0 stretching frequencies for a sample with x = 0.50 oxidized at different temperatures. Each
curve corresponds to an oxidation with the temperature increasing at a linear rate of 2.5°C min~' and
then stopping at the indicated temperature. (a) 250°C; (b) 285°C; (c) 270°C; (d) 315°C; (e) 322°C; (f)
350°C.

located at B sites. However, as the infrared spectra of samples oxidized below
320°C (Fig. 4, curves a, b, ¢ and d) do not show the absorption bands at 920 and
830 cm~! characteristic of V°* ions, this peak can be attributed to vanadium
oxidation, according to the charge equilibrium V2* 4 0.50,4,— V>* +0.50%", on
migration of V into an absorbed oxygen layer. In order to propose a cation
distribution, a quantitative analysis of cations from the determination of oxidation
peak areas has been investigated. For the determination of oxidation peak areas,
where the peaks exhibit a tendency to overlap, the profile of each peak has been
confirmed by DTG after selective oxidation in isothermal conditions. For example
the profile of the peak attributed to the oxidation of V2* ions has been defined after
selective oxidation at 200°C for 24 h of Fe?* ions at B sites (Fig. 5, curve b). A
similar experimental procedure was adopted for the oxidation of V3+ ions on B sites
after elimination by selective oxidation of Fe** and V2" ions at 270°C for 24 h (Fig.
5, curve ¢). Consequently, the ascending portion of curve c represents only the
oxidation of V3 ions. These results suggest an ionic configuration for Fe, ,V, O,
of the type ’

(Fe2*Feit Ja(Feit, pFet* , ., Vit Vit )05~ (6)

From the area of the Fei* and V3* peaks, the « and B coefficients of configura-
tion (6) can be determined and the evolution of these coefficients with vanadium
content is shown in Fig. 6. Using these values, the coefficients for V** ions at B sites
and Fe** ions at A sites may be obtained. Because of the weaker ionic bonding of
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Fig. 5. DTG curves dAm/dt = f(T) showing the disappearance of the first (Fe3*, curve b), second (V3*,
curve c), and third (V3*, curve d) peaks after selective oxidation.
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Fig. 6. Evolution of « and f§ ratios versus vanadium content.

and Fe3* ions at A sites may be obtained. Because of the weaker ionic bonding of
the B sites as compared with the stronger A-site covalent bonds, the fourth peak at
about 600°C showing one defined oxidation state (Fig. 5, curve d) can be attributed
to Fe?* ions located at A sites. Indeed, from preliminary experiment, it has been
established that this oxidation temperature closely corresponds to the temperature
obtained for FeCr,0,, with Fe?* ions at the A sites being the sole oxidizable
cation [12].

There are also V>* ions in this distribution, i.e. about 50% of all vanadium in
Fe,VO,. Up to now, only one report has been made of the appearance of V2* ions
at the B sites [11]. The V2T —0O?~ distance of 0.2055 nm, shorter than the Fe?* -0~
distance of 0.2130 nm [26] appears convincingly to explain the difference in
reactivity of these cations located on the B sites.
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Fig. 7. Kinetic curves ag, = f(#) for the oxidation of octahedral Fe?* ions of the pure magnetite. (a)
235°C; (b) 244°C; (c¢) 252°C.

We can calculate the lattice parameter for iron—vanadium spinels for a given
cation distribution using the invariant character of the “cation—anion” distance
established by Poix [27] from large numbers of crystal structure determinations.
Fig. 1 shows a comparison of the experimentai lattice parameters with vaiues
calculated from formula (6), taking the metal-oxygen distances from ref. 26.
Neither our data, nor any of the data given in refs. 5, 14 and 15, fit the lattice
constant data satisfactorily, particularly for x in the composition range 0.25-0.75.
The basic assumption that the cation—anion distances in the A and B complexes are
invariant, appears invalid here.

3.2. Mechanism of the oxidation of the V3% ions

The possibility of every cation being oxidized independently enables us to study
the oxidation kinetics of the various ions, particularly V5*, that of Fe3" having
been previously investigated [19] and the concentration of V3* being too low. In the
case of the oxidation of sub-micron spinel ferrites, the reaction kinetics can be
interpreted acceptably by considering diffusion, under variable working conditions,
of the vacancies generated at the solid—gas interface. For example, in the case of
the Fe3* oxidation of pure magnetite (Fig. 7), the kinetic law can be described by
the expression [28]

1-6 & ) .
Y =3 Y. (1/h?) exp(—n’kt) (7

n=1

where k = n?D/a?, and D, a and ay, are the chemical diffusion coefficient, the mean
grain radius and the degree of conversion, respectively. D can be expressed by

D = Dyexp(—E|RT) (8)

where D, is the frequency factor and E the activation energy for FeZ™ oxidation. In
this case, D is independent of vacancy content § (Fig. 8).
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Fig. 8. Vacancy content dependence of the chemical diffusion coefficient for various oxidation tempera-
tures of Fe3* ions. (a) 235°C; (b) 244°C; (c) 252°C.
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Fig. 9. Kinetic curves ay, = f(¢) for oxidation of octahedral V3* ions. (a) 370°C; (b) 380°C; (c) 390°C;
(d) 400°C.

After total oxidation of the Fei* and V3* ions at 270°C for 24 h, oxidation of the
Vi ions occurs; this can be studied at different isothermal temperatures. This
reaction is characterized by an extremely rapid initial stage, declining regularily,
and roughly obeying a parabolic law (Fig. 9). However, total analogy with the
kinetic curves found for the Fei* oxidation is not observed because, at low
temperatures, the reaction slows markedly after only a few hours and cannot be
completed. This is assumed to be due to the decrease in the chemical diffusion
coefficient with increasing vacancy content and is corroborated by studying the V§*
oxidation kinetics after total oxidation of the Fe3" and V3* ions, i.. when a large
number of vacancies is present in the crystal lattice. For example, in the case of a
substituted magnetite with x = 0.50, the oxidation of V3* ions is carried out from
the defect spinel

(FedisFedbig)a(Feis7, Vitss o272)s 05~ &)

where [J denotes the cation vacancies.
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Fig. 10. Vacancy content dependence of the chemical diffusion coefficient for various oxidation
temperatures of V3* ions. (a) 370°C; (b) 380°C; (c) 390°C; (d) 400°C.

Moreover, the oxidation reaction
5 1
EFeFeA(m) + Veegan + 50,
.. 1y/... 1y7.. s
VFeA(III) + Oy + 3 Viepam + EVFeB(II) + §FeFeB(III) (10

generates an important amount of additional vacancies.

The decrease in the chemical diffusion coefficient with increasing vacancy concen-
tration (Fig. 10) can be partly explained by introducing vacancy association and/or
interaction between cation vacancies and electron holes. Thus, the chemical diffu-
sion coeflicient is given by the expression [13]

D =K, exp(—E,|RT) exp(—bd) (11)
where K, and b are constants and E, is the activation energy for the oxidation of
V3" ions.

Under these conditions, for an isothermal reaction, the vacancy content §, and
consequently D, depend on the reaction time only. A diffusion-controlied reaction

involving a composition gradient through spherical particles, can be described by
the Fick equation

aCc 190 oC
=D —-— 2~
o = P05 (’ ar> (12

With a change in variable, u = rC, and by introducing the variable Z such that
z = [ D(¢) dt, Eq. (12) can be written

ou__ o
Dot~ or2

which leads to

| 2t N
ay=1—6/n> ) PexP<‘”2§7J D(r) dt) (14)
V]

n=1

(13)

From the variation of In D versus 1/7T for various ay values, an activation energy
of 180 kJ mol~! is obtained for x = 0.50. This value is lower than that relative to
the oxidation of Mo** ions in molybdenum spinels with the same substitution
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content (E = 226 kJ mol~'). Moreover, the constant b depends on the temperature
and obeys the equation [29]

b = by exp( — Eg;ss/RT) (15)

According to this equation, Ey is defined as the dissociation energy of vacancies
and electron holes which leads to an exponent of P(O,) greater than the value
calculated considering a total association [30]. A value of 89 kJ mol~' was
obtained, whereas for Mo-substituted magnetites, the constant b was temperature
independent [29].

If we consider an association reaction of the type Vi; + h = Viy,, the mass
action law gives

(Vi JIA 1 . AGy\ AH,
—[VM"] = Cte —exp( kT)—Kexp( kT) (16)

where AG, is the free enthalpy of the association reaction. This reaction being
exothermic, AH, is negative and, in neglecting the entropy term, the concentration
in free defects increases with temperature.

4. Conclusions

These results show that vanadium-substituted magnetites Fe,_,V,0, with
0 < x <1 prepared at relatively low temperature by a ceramic route and having a
crystallite size close to 0.3 pm, are highly reactive with oxygen. Consequently, they
could be partly oxidized below 500°C to form cation-deficient spinels with a larger
vacancy content than in y-Fe,0,;. The DTG curves exhibit four stages in the
oxidation process, the oxidation temperatures of which are related to the distribu-
tion of Fe?*, V2* and V3 ions at the B sites and of Fe?* ions at the A sites.
The temperatures of each peak, being associated with the oxidation process provide
the following trend in stability towards oxidation: (Fe?*—0?7)y < (V2>*-0?" )y <
(V3 -0%")g < (Fe**—-0%7),.

A quantitative analysis on the cation distribution from the determination of
oxidation peak areas based on this discrepancy of reactivity enables the calculation
of the o and B coefficients relative to the ionic configuration

2
(FCZ+ Fe?t az)A(Fe%tzz -8 Fe?tx+a+ﬂvlz?+vit ﬂ)BO4

The oxidation kinetics under isothermal conditions of V** ions after selective
oxidation of Fe3* and V%" ions has established that the kinetics, as for Mo** ions
in molybdenum spinels, is controlled by a diffusion process involving a composition
gradient through particles of a non-stoichiometric spinel, with the diffusion co-
efficient being dependent on the vacancy content. It is believed that the association
phenomena are partly responsible for the decrease in the chemical diffusion
coefficient and that this, in turn, determines its effect with temperature.

In this respect, we consider that, in addition of the formation of a high
concentration in vacancies, the lattice parameter sharply decreases with oxidation
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content. Because of a concentration gradient, the oxidation produces inhomoge-
neous grains when the outside is more oxidized than the interior [31] and generates
stresses in the ferrite particles. These stresses can also be responsible for the
variation in the chemical diffusion coefficient.
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