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Abstract

From a model for isothermal oxidation kinetics in nanosized ferrite spinels based on a diffu-

sion-induced stress effect, the authors present a modeling of the DTG curves for the oxidation of

Fe2+ and Mo3+ cations on octahedral sites of a molybdenum ferrite. This has been made by consider-

ing that the chemical diffusion coefficient is given by the relation
~

expD D
E pV

RT
= −

′ +

 


o

a a , when Do is

a pre-exponential factor, ′E
a

an activation energy and Va an activation energy induced by the oxida-

tion.

Keywords: derivative thermogravimetry, diffusion-induced stress, modeling, molybdenum ferrite,
oxidation kinetics

Introduction

In previous publications [1, 2], the oxidation and reduction reactions in nanosized

spinels with the formula Fe3–xMxO4 where 0≤x≤1 and M represents, in addition to

iron, an oxidizable cation such Cu+, Mn2+, Mo3+, V3+, have been widely investigated

by derivative thermogravimetry (DTG). We have shown that these nanosized pow-

ders with crystallite size below 100 nm exhibit a reactivity toward oxygen within the

stability range of the spinel leading to the composition Fe3–xMxO4+δ where δ denotes

the oxidation degree. This reactivity is characterized by the appearance of a series of

oxidation phenomena at relatively low temperature (<500°C) whose the oxidation

temperature is governed by the activation energy for the ion jump. For example, the
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octahedral B-site Fe2+ ions are more mobile than the tetrahedral A-site Fe2+ ions, so

that they are oxidized near 200°C, while the A-sites are only oxidized above 350°C.

Such a difference of reactivity is the evidence of a more covalent character of the tet-

rahedral Fe–O bonds [3].

A method of quantitative analysis based on the desummation of the DTG peaks

of different oxidizable cations was developed to obtain a direct measure of the mixed

distribution over both A and B-sites. However, the application of the desummation of

the DTG peaks to quantitative low-temperature measurements of the distribution of

cations in spinels is hampered by the fact that almost all peaks exhibit a tendency to

overlap. Thereby, the peak areas calculated after desummation are not able to be ac-

curately known and the desummation had to be confirmed by selective oxidation un-

der isothermal conditions [4]. Another source of uncertainty is related to the fact that

electron exchanges between cations occur above 400°C with no correlative change in

the deviation from stoichiometry in the spinel [5].

Recently, we have described for isothermal oxidation of nanosized ferrites, a re-

action mechanism based on a chemical and mechanical coupling model [6]. The

model encounters the diffusion-induced stress effect generated in ferrite particles by

chemical and lattice parameter gradients. In this contribution, emphasis is placed on

the modeling of the DTG curves by taking into consideration a reaction mechanism

coupling mechanics and diffusion. This has been made for the two first peaks of a

molybdenum ferrite, Fe2.47Mo0.53O4, when the proposed model from isothermal oxi-

dations involved three parameters, the pre-exponential factor Do, the thermal activa-

tion energy Ea and the activation volume Va.

Experiments

The oxidation of the Fe and Mo cations has been studied in a nanoscaled molybde-

num ferrite of the composition Fe2.47Mo0.53O4. This material was prepared using the

following chemistry route [7]: (i) precipitation of the mixed oxide, by adding a solu-

tion of Fe2+, Fe3+ and Mo5+ chlorides to an alkaline medium, (ii) calcination of the

precipitate up to 600°C, (iii) reduction under a N2 (83.7%)–H2 (7.3%)–H2O (9%)

mixture at 600°C in order to obtain a ferrite with a spinel structure close to stoichio-

metry, (iv) quenching under the same N2–H2–H2O mixture. The shape of the powder

grains determined from transmission electron microscopy (TEM) is spherical and the

particles had a size of about 40 nm. The oxidations were performed in a static atmo-

sphere of pure O2 under isothermal or non isothermal (heating rate of 2°C min–1) con-

ditions in a Setaram TG 24 microbalance (symmetrical setup, resolution and noise

level 0.1 µg) starting with 15 mg of powder.

Under non isothermal conditions, five peaks, corresponding to five distinct oxi-

dation reactions may be revealed after desummation of the differential thermogravi-

metric curve (Fig. 1, curve a). Previous studies [4] allow to assign each peak to the

oxidation of a specific cation: the oxidation of the octahedral and tetrahedral Fe2+ ions

is depicted by the peaks at 210 and 430°C, respectively, the peaks at 290 and 380°C

are assigned to the oxidation of octahedral Mo3+ and Mo4+ ions, respectively, and fi-
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nally the last peak at about 500°C is assigned to the oxidation of tetrahedral Mo4+

ions. However, as the peaks exhibit a tendency to overlap, the desummation has been

confirmed by selective oxidation. Figure 1 (curve b) shows the profile of the peak at-

tributed to MoB

3+ ions after selective oxidation under isothermal conditions (165°C for

30 h) of Fe2+ ions of B-sites. Therefore, the ascending branch corresponding to the

curve b represents only the oxidation of MoB

3+ ions. A similar experimental procedure

was adopted for the oxidation of Mo4+ ions on B-sites after elimination by oxidation

of Fe2+ and Mo3+ ions for 24 h at 330°C (Fig. 1, curve c). Because the surface area of a

given DTG peak is proportional to the quantity of the oxidized cation, by determining

the surface area of each peak after desummation of the DTG curves, the quantity of

each oxidizable cation may be calculated and a cation distribution proposed. For this

composition, the cation distribution is given by the formula:

(Fe Fe Mo ) (Mo Mo Fe0.58

2

0.40

3

0.02

4

A 0.28

3

0.23

4

0.69

+ + + + + 2

0.80

3

B 4

2Fe ) O+ + −

Isothermal oxidation and physical backgrounds

In addition to such straight-forward applications to the cation distribution of the deriva-

tive thermogravimetry, a more sophisticated use can be made of its analytical properties
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Fig. 1 DTG curves dα /dt=f(T) and their desummation peaks for Fe2.47Mo0.53O4 spinel.
a – initial sample; b – oxidized sample at 165oC during 30 h showing the disap-
pearance of the FeB

2+ ions peak; c – oxidized sample at 330oC for 24 h showing
the disappearance of the FeB

2+ and MoB
3+ ions peaks



exploiting the possibility of oxidizing the different cations independently under isother-

mal conditions. In order to determine the kinetics parameters, it has been established that

the study of such isothermal oxidations at low temperature where the δ range of non

stoichiometry is large, involves both thermodynamics and kinetics [8]. Thermodynamics

gives the fraction of the Fe and Mo cations to be oxidized as a function of the temperature

and the oxygen partial pressure while kinetics describes the process for such an oxida-

tion. At relatively high oxygen partial pressure (PO2
>103 Pa), the degree of oxidation cor-

responds to the quasi-complete oxidation of the cations to their highest valence state, Fe3+

for iron and Mo6+ for molybdenum. As a consequence, transport within the grain which

consists of the relaxation of the vacancies is the rate controlling. However, the classical

model related to atomic diffusion via point defects described by the second Fick’s law

with a constant chemical diffusion coefficient is not able to explain completely the kinet-

ics of oxidation.

The oxidation kinetics curves, α
i
= f t( ) determined as a function of temperature

at a given high oxygen pressure (i=Fe, Mo) have a roughly parabolic shape, for both

the oxidation of FeB

2+ and MoB

3+ ions as shown in Figs 2 and 3. The oxidation kinetics

of MoB

3+ has been made after selective oxidation of FeB

2+ ions. The conversion degree,

α
i
, is defined as α

Fe
and α

Mo i i
= ∞∆ ∆m m( ) ( )/t where ∆m

i( )t is the amount of FeB

2+ and

MoB

3+ ions oxidized at B-sites at time t and ∆m
i( )∞ is the corresponding amount after in-

finite time. In a case of isothermal oxidation, the chemical diffusion coefficient
~
D can

be classically written using the Arrhenius law :

~
exp( / )D D E RT= −o a (1)

where Do is the preexponential factor and Ea an activation energy. When the chemical

diffusion coefficient is constant, the solution of Fick’s second law, in the case of a

spherical geometry is given by the equation [9]:
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Fig. 2 Evolution of the degree of reaction αFe with time for isothermal FeB
2+ oxidation

under pure oxygen with a pressure of 4⋅10–3 Pa. a – comparison of experimental
data and a fit of these data obtained from a model based on a constant chemical
diffusion coefficient; b – comparison of experimental data and a fit obtained by
a diffusion model taking into account the effect of the stresses
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where δ( )t is the average value over the particle of the oxidation degree δ( , )r t and r
the radius of the particle. Note that δ, which is the quantity directly derived from the

mass changes measured by TG, is characteristic of the material chemistry, while α i is

characteristic of the considered reaction kinetics between the initial state and the final

state, respectively, defined by the homogeneous degree of oxidation δ( )t=0 and

δ( )t=∞ . The experimental curves were tentatively fitted to Eq. (2). Figures 2a and 3a

show the comparison between the experimental curves and that obtained by fitting.

These figures reveal clearly that the two sets of curves are not in reasonable agree-

ment. Compared with Fick’s second law in the case of a constant chemical diffusion

coefficient, the diffusion is faster at the beginning of the reaction before slowing

down at the end. Thus, it is not possible to model the oxidation kinetics by consider-

ing a constant diffusion coefficient. We have to consider that the oxidation generates

a composition gradient in the bulk of the grain and that within each particle, the devi-

ation from stoichiometry, δ, is higher on the surface than in the bulk. Consequently,

the oxidized cations and the vacancies are located near the surface, while the low va-

lency cations predominate in the bulk of the grain. Thus the lattice parameter has to

vary continuously in the particle, leading to coherency stresses. Note that at the end

of each reaction, when the cations in the particle are completely oxidized, the stresses

must disappear. The effect of the stresses on diffusion kinetics has been described

elsewhere from finite element calculation coupling mechanics and diffusion [6]. This

will be discussed briefly next.

The chemical diffusion coefficient is written:
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Fig. 3 Evolution of the degree of reaction αMo with time for isothermal MoB

3+ oxidation
under pure oxygen with a pressure of 4⋅10–3 Pa. a – comparison of experimental
data and a fit of these data obtained from a model based on a constant chemical
diffusion coefficient; b – comparison of experimental data and a fit obtained by
a diffusion model taking into account the effect of the stresses



~
expD D

E pV

RT
= −

′ +

 


o

a a (3)

where p is the isostatic local pressure, Va an activation volume and ′E
a

a thermal acti-

vation energy. Va can be defined as the local volume change needed for a successful

diffusion jump (Fig. 4). At low temperatures, the mechanical behavior of the material

is purely elastic and a good approximation of the isostatic pressure can be obtained by

the formula p E≈ ε , where E is the Young’s modulus and ε the deformation of the par-

ticle due to the gradient of oxidation degree. Under such conditions,
~
D is a function of

the stress, i.e. when the material is subjected to compressive stresses (p>0), the diffu-

sion slows down, while, when the material experiences tensile stresses (p<0), the dif-

fusion becomes faster.

The isostatic pressure p is obtained from the stress tensor σ:

p Tr=−1

3
(~)σ (4)

after solving the equilibrium mechanical equation:

div(~)σ =0 (5)

under the additional condition of a deformation induced at each point by the diffusion

deformation, ~ε
dif.

This deformation tensor is defined from the local lattice parameter,

a, which depends on the local degree of oxidation δ( , )r t :

~ ( , )
(
~

( , )) (
~

( ))

(
~

( ))

~ε δ δ
δ

dif r t
a r t a t

a t
= − =

=
0

0
1 (6)

where
~
1 is the unity tensor.

Table 1 gives for the two elementary oxidations, the values of the lattice parameter

at the beginning, (a(t=0)) and the end (a(t=∞)) of each reaction. The quantity, a(t=∞)–

a(t=0)/a(t=0), is also given, since this latter is directly related to the magnitude of the

stresses generated during the oxidation considered. The finite element method was used
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Fig. 4 Scheme of a jump of diffusion and visualization of activation volume change
during the diffusion of a cation via vacancies. It should be noted that the values
obtained for the activation volume in ferrites are about 1.1 Ω/diffusing vacancy
where Ω is the atomic volume of the diffusing cations



after writing the problem with the framework of the classical variational method. The al-

gorithm used for the modeling of the DTG curves is presented in Fig. 5.

Table 1 Parameters relative to the two isothermal oxidation kinetics studied in a molybdenum ferrite

Parameters FeB

2+ oxidation MoB

3+ oxidation

a(t=0) (nm) 0.8453 0.8416

a(t=∞) (nm) 0.8416 0.8359

a t a t

a t

( ) ( )

( )

=∞ − =
=

0

0
–4.37⋅103 –6.77⋅103

Do (nm2 min–1) 5⋅1011 2.2⋅1022

′E
a

(kJ mol–1) 100 246

Va (cm3 mol–1) 0.5 2

The model coupling diffusion and mechanics was used to explain the experi-

mental curves of Figs 2 and 3. We have, then, to find the set of parameters: Do, ′E
a

and

Va (Table 1) which describes best the experimental curves. This has been done from

the least-square fit when assuming a value of 1/3 for the Poisson coefficient. Fig-

ures 2b and 3b show the best fit between experiments and the model. Assuming that

the Young’s modulus in substituted ferrites is close to 106 MPa [10, 11], the kinetics

parameters relative to this fit are summarized in Table 1. The effect of stresses upon
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Fig. 5 Algorithm used for the modeling of the DTG curves



diffusion which directly depends on the activation volume is more significant for the

oxidation of the MoB

3+cations than for that of FeB

2+ ones.

Results and discussion

Case of separated oxidations

Earlier, the modeling was made on each oxidation in order to determine the influence

of the activation volume and activation energy. From some studies concerning the

oxidation in finely divided ferrites, it is found that the activation volume lies between

0 and 3 cm3 mol–1 (a value of 2 cm3 mol–1 induces atoms motion of 0.1 nm during a

diffusion jump) and that the activation energy varies between 80 and 300 kJ mol–1. In

order to compare model with experiments (DTG curves), the oxidation rate dα /dt is

plotted as a function of temperature. α is the global conversion degree, it is equal to 1

when all the cations (FeB

2+ and MoB

3+) are oxidized.
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Fig. 6 Influence of the activation volume on DTG curves for FeB

2+oxidation. a – 0;
b – 0.5; c – 1; d – 2 cm3 mol–1

Fig. 7 Influence of the activation volume on DTG curves for MoB

3+ oxidation. a – 0;
b – 1; c – 2; d – 2.5; e – 3 cm3 mol–1



In both cases of iron and molybdenum cations oxidation (Figs 6 and 7), the

influence of the activation volume is identical when an increasing of the activa-

tion volume increases the reaction rate for the ascending branch while the curves

overlap for the descending branch. Around the maxima, we observe a gradual de-

crease of the reaction rate as the activation volume increases. The interpretation

for the observed differences in the DTG curves is explained assuming that at the

beginning of the oxidation reaction, an increase of the activation volume facili-

tates the transfer of diffusing atoms at the surface of the grain which is subjected

to tensile stresses. Then, for further oxidation, when the temperature increases,

there are the cations in the bulk which are oxidized. Because the bulk is subjected

to increasingly greater compressive stresses, the diffusion strongly decreases. At

the end of the oxidation reaction when each oxidized cation and the vacancies pre-

dominate in the bulk of the grain, there are no gradient inside the particle. The

chemical diffusion coefficient becomes constant that explain the overlapping of

the DTG curves. Around the maxima, the decrease of the oxidation rate is more
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Fig. 9 Influence of the activation energy on DTG curves for MoB

3+ ions oxidation. a – 60;
b –200; c – 246; d – 280 kJ mol–1

Fig. 8 Influence of the activation energy on DTG curves for FeB

2+ ions oxidation. a – 60;
b – 80; c – 100; d – 120; e – 140 kJ mol–1



important for high values of Va because the expression (3) shows that increasing

Va leads to a decrease of
~
D.

The activation energy represents the necessary energy that allows for the diffusing

atom to jump from initial to excited state. As shown in Figs 8 and 9, the curves exhibit

virtually the same variation of dα /dt with T, a highest activation energy requiring a higher

temperature for initiate the oxidation reaction. When the temperature gradually increases,

the diffusion coefficient diminishes less quickly when Ea increases and therefore the re-

action is rapidly achieved. For the two oxidations, a high activation energy results in a

sharper oxidation peak. It should be emphasized that in the case of MoB

3+ cations oxida-

tion, the observed difference for the oxidation temperature range, in comparison to FeB

2+

cations oxidation originates in a higher activation energy and Do values for molybdenum

cations.
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Fig. 10 Influence of the coupling on the oxidation peak of MoB

3+ ions

Fig. 11 Modeling of the two first peaks and comparison with experimental curves



Case of coupled reactions

Due to the overlapping of the FeB

2+ and MoB

3+ peaks, when the MoB

3+ ions oxidize, the

oxidation of FeB

2+ ions is already promoted. This imply that the first oxidation influ-

ence the second by the fact that the tensile stresses generated on the grain boundary

during the oxidation of FeB

2+ ions activate the oxidation of MoB

3+ ions. By considering

the expression of chemical diffusion coefficient for the two oxidations :

~
exp

~
pD D

E pV

RT
D D

E
Fe o

a a
Mo o

aand= −
′ +







 =

′ +
1

1 1

2

2ex
pV

RT

a2

 


 (7)

it can be seen that the isostatic pressure p is associated to each oxidation and repre-

sents the coupling through the stress tensor. Figure 10 shows, as an example the influ-

ence of coupling on the MoB

3+ ions oxidation peak. The parameters Do, ′E
a

and Va to

obtain the closest fit with the experimental curve are indicated in Table 2 and the

Fig. 11 shows the modeling of the two first oxidation peaks. The values of Ea, Va, Do

are characteristic of each type of cation. The difference for the parameter values ob-

served can be explained by considering the magnitude of the activation volume which

depends on the order of magnitude of the stresses generated during the oxidation of

each cation. The oxidation of a cation Mn+ to M(n+m)+ involves concentration fluxes of

M(n+m)+ and vacancies, � , from the surface to the bulk of the particle balanced by op-

posite concentration fluxes of Mn+ from the bulk to the surface. Two processes can

contribute to the concentration fluxes of the cations: one involving cation motions,

the other electron motions. Assuming that the vacancies are located in B-sites, the

two elementary diffusion mechanism can be described by the following relations:

Oxidation of FeB

2+: 3FeB

2+ ↔ 2FeB

3++�

Oxidation of MoB

3+: 2MoB

3+ ↔ MoB

6++�

Table 2 Parameters relative to the modeling of the DTG curves for the two first peaks oxidation
in a molybdenum ferrite

Cations Do/nm2 min–1
Ea/kJ mol

–1
Va/cm

3
mol

–1

FeB

2+ 1016 145 0.5

MoB

3+ 1025 260 2

In the case of Fe2+ ions oxidation a fraction of the concentration fluxes of the cat-

ions can be due to electron motions involved by charge exchanges between Fe2+ and

Fe3+ ions present at equivalent crystallographic positions according to the Verwey’s

rule [12]. Such charge exchanges are not possible between Mo3+ and Mo6+ ions

whose the difference of valency is greater than unity. In this case, the cation motions

is only possible. This can explain a higher value for Va in the case of MoB

3+ cations, be-

cause Va is linked to the cations motion.
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Conclusions

A model has been proposed in order to explain the DTG curves for the oxidation in

nanosized molybdenum ferrites. As temperature increases, stresses created during

oxidation have a very strong influence on all following reactions. This implies that

the chemical diffusion coefficient is not constant.

The model involves three parameters to express
~
D=Do, Ea and Va, which are

characteristic of each cation, and which depend on the mechano-chemical coupling.

It has to be noticed that such a model can be used only in case of nanosized ferrites,

i.e. that the oxidation occurs by keeping the spinel lattice. In case of microsized spi-

nels, a phase transformation occurs (γ-Fe2O3 → α -Fe2O3 type) during oxidation.
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