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Three techniques have been coupled with an original device, based on H2/H2O equilibrium, controlling

oxygen partial pressure: XRD, TGA and DC conductivity in order to characterize very reactive

compounds such as nanometric powders. From XRD, both the structure and the oxygen stoichiometry

(thanks to their lattice parameter) were investigated in situ. From TGA, it was the oxygen stoichiometry

(thanks to mass gain or loss) which was determined. From DC conductivity, it was both the structure

and the oxygen stoichiometry (thanks to the activation energy) which were obtained. The advantages

were to determine very rapidly and with a small amount of powder the equilibrium conditions (T, pO2)

necessary to obtain the desired phase and stoichiometry. These methods have been evaluated for

nanometric titanium ferrites. Two phenomena have been observed during the reducing process: the

precipitation of a rhombohedral phase and a significant grain growth linked together.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

The field of nanoparticles in materials research sparks intense
interest due to their drastic size-dependent properties. In parti-
cular, these materials are very reactive with their outside envir-
onment due to high surface/volume ratio. For example, at the
nanometric scale, to avoid the oxidation of metals, it is necessary
to study them under reductive atmosphere [1,2]. Such constraints
are also required for nanometric metal oxides containing unstable
cations under ambient conditions (such as Fe2þ [3]; U4þ [4,5];
Mn2þ [6]; Cu2þ [7]). It is then necessary to develop synthesis
routes under appropriate atmosphere (low pO2, without water,
etc.) coupled with in situ characterization tools.

‘‘Post mortem’’ characterizations are usually used to determine
both the structure and the oxygen stoichiometry of inorganic
metallic oxides. Nevertheless, this methodology presents two
major drawbacks. First, in order to obtain appropriate oxygen
stoichiometry and structure, several time taking (usually days)
thermal treatments and subsequent characterizations of a com-
pound are necessary. Second, homogeneous samples are difficult
to obtain. Indeed, as some cations (for example Fe2þ) are not
thermodynamically stable in air, a significant amount of them can
be oxidized when powders are studied under air atmosphere. This
ll rights reserved.
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phenomenon leads to chemical heterogeneities in nanometric
particles [8,9]. The purpose of this study was then to develop
three in situ techniques: XRD, TGA and DC conductivity measure-
ments to solve these problems and to determine precisely and
rapidly the (T, pO2) required for a desired nanomaterial
–
 From XRD experiments, it was both the structure and the
oxygen stoichiometry (thanks to the lattice parameter) which
can be investigated.
–
 From TGA measurements, it was the oxygen stoichiometry
(thanks to mass gain or loss) which can be determined.
–
 From DC conductivity experiments, it was both the structure
and the oxygen stoichiometry (thanks to the activation energy
which was related to Mnþ/Mnþ1 cations pairs numbers) which
could be investigated.

To valid these methods, ferrites, key materials in several
important processes due to their magnetic and catalytic proper-
ties [10], in particular for biomedical applications [11], have been
chosen, especially titanium ferrites (Fe3�xTix)1�dO4, with x the Ti
content in the spinel structure (between 0 and 1), and d the
deviation from oxygen stoichiometry. Very recently, titanium
ferrites were used as magnetically separable sorbent for elemen-
tal mercury capture from the flue gas of coal-fired power plants
[12]; it has also been shown that the introduction of Ti into
magnetite structures has a remarkable effect on promoting the
decolorization of synthetic dyes, proving that titanomagnetite
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could be useful for environmental remediation [13]. Titanomag-
netites were also studied due to their paleomagnetic interest,
since they were found in the earth crust as nanometer-scaled
clusters [14,15]. Apart the evidence of a Verwey transition
temperature shift in nanostructured Ti-ferrites [16], the choice
of this material was also motivated by the fact that their cationic
distribution has been extensively studied using several methods.
Among the two types of sites occupied by the cations in the spinel
structure [17], tetrahedral (A) or octahedral (B), the Ti4þ cations
reside only on the octahedral sites whatever the scale, micro-
meter [18,19] or nanometer-sized [20]. Only when the Fe cations
are not completely oxidized, the location of the Fe2þ cations is
still subjected to controversial discussions [21,22].
Fig. 1. (a) Scheme of the double encapsulation system developed in order to

obtain cylindrical samples of nanopowders, with four platinum electrodes, by

isostatic pressing. (b) Micrograph of such a cylindrical sample with four platinum

electrodes used for DC conductivity measurements (scale: 5 mm�5 mm).

1 In-house software taking into account the effect of sample gap.
2 Available in the PC software package DIFFRACT AT supplied by SIEMENS.
2. Experimental procedure

Five compositions of titanium ferrites ðFe3�xTixÞ1�dO4 corre-
sponding to: x¼0, 0.25, 0.5, 0.75 and 1 have been synthesized
according to a classical soft chemistry procedure. Such synthesis
has already been reported elsewhere [23,24]. It is well known that
the presence of divalent and trivalent cations is required in the
formation of the spinel structure [25]. Briefly, after dissolution of
suitable amounts of ferrous, ferric and titanium chloride (cations
concentration 0.3 mol L�1, pHo1, T¼20 1C) this mixture was
added to an ammonia solution continuously stirred at 800 rpm
at 20 1C, leading to instantaneous precipitation of nanometric
particles. The equation of the reaction is the following:

(1þx)Fe2þ
þ(2�2x)Fe3þ

þxTi4þ
þ8OH�-Fe3�xTixO4þ4H2O (1)

In accordance with the Ti and Fe solubility constants, the
precipitate composition was the same as in the liquid phase
(proven in Ref. [26] thanks to EDS, EELS, ICP and XPS analyses).
The particles were then separated by centrifugation at 3500 rpm
for 5 min and washed with deionized water under ultrasonifica-
tion for 5 min followed by another centrifugation. After four
successive washings, a sol was formed without surfactant nor
dispersant addition. The sol was freeze-dried leading to a dry
spinel precipitate. Calcination under optimized conditions was
carried out to eliminate remaining impurities and to oxidize all
the Fe2þ cations while limiting crystallite growth. It consisted of a
thermal treatment for 10 h under air at 380 1C for titanium
amount 0:25rxr1 and 330 1C for x¼0 after a temperature ramp
of 10 1C/h.

In order to reach the desired cation/oxygen ratio leading to d¼0,
powders were then annealed under N2/H2/H2O gas mixture [27].
Indeed, these gases were more appropriate than CO/CO2 gas
mixtures classically used at higher temperature (1000 1C). H2/H2O
mixtures ensured reducing atmosphere (10–15opO2o10–25 Pa) at
the low temperatures required to limit grain growth (400–700 1C).

Each powder was studied by thermogravimetry using a sym-
metric thermobalance SETARAM TAG 24 capable of measuring
weight variations of about 0.001%. The deviation from oxygen
stoichiometry, d, was deduced from the mass changes observed
during the oxidation and reduction treatments.

For infra-red spectroscopy (IR), nanoparticles (2 mg) were
supported on 100 mg potassium bromide (KBr). Samples were
mixed and ground using an agate morter and pestel. After
grinding, samples were pressed into a disk of 13 mm diameter,
using a pressure of 150 kg/cm3. All spectra were recorded on a
Perkin-Elmer 1725X FTIR spectrophotometer.

In situ X-ray diffraction (XRD) experiments were carried out
using an INEL diffractometer equipped with a curved position-
sensitive detector (CPS 120 INEL). Monochromatic Co-Ka1 X-rays
(l¼0.17889 nm) were obtained with a primary focusing Ge
monochromator. The diffraction pattern was scanned over the 2y
range 20–1301 in steps of 0.031 and a counting time of 3600 s/step.
In situ XRD experiments, using the XRK900 reaction chamber from
Anton Parr, were carried out in the same oxido-reduction scheme as
that performed in the thermobalance. Ex situ XRD patterns at
room temperature were collected on a Siemens D5000 automatic
powder diffractometer, operating at 35 mA and 50 kV. Fluores-
cence effects were minimized by using Cu Kb radiation and
correction for instrumental broadening was determined from a
standard reference material, annealed BaF2. The lattice para-
meters of the powders were deduced from XRD line positions
using a least-squares refinement method.1 XRD line profile
analysis2 was performed in order to determine the average
crystallite size (size of a region over which the diffraction is
coherent) and the degree of crystallographic imperfections
(microdistorsions, stacking faults, planar defects, etc.) [28,29].

The DC conductivity measurements were carried out under
controlled atmosphere (air or reducing N2/H2/H2O mixtures) on
compressed cylindrical samples using four-probe technique. The
compact must satisfy the following compromises: to be suffi-
ciently dense to have a good mechanical behavior but to be
sufficiently porous to facilitate oxygen transport in its bulk. Also,
by isostatic compaction under 250 MPa and thanks to a system of
double encapsulation, cylindrical samples with four platinum
electrodes were obtained (Fig. 1). Measurements were carried
out with a Keitley 236 using the conventional four-probe techni-
que. A current was applied through the outer probes inducing a
voltage in the inner probes. Thus, the conductivity of the material
was given by the formula sferrite¼1/Rferrite¼ I/Uint.

Preparative furnace, in which DC conductivity measurements
were realized, and TGA apparatus both contain an in situ ZrO2 emf
cell to measure pO2.

Particle sizes were determined thanks to scanning electron
microscopy (SEM) using a JEOL 6400F microscope.

Surface area measurements have been performed using an
AUTOSORB apparatus and 150–200 mg of powder. Samples were
outgassed in situ at 200 1C and the measurements were performed
at liquid N2 temperature with N2 adsorbing gas. The generalized
equation of BET has been used in calculation of surface area
values from the isotherm of nitrogen adsorption. The mean
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apparent particle diameter was inferred from surface area, sup-
posing that nanometric crystallites have a smooth and spherical
shape with a narrow size distribution, using the equation |BET

(nm)¼6000/(r� S) where S was the surface area (m2/g) and r the
mass per volume unit calculated for the titanomagnetite, for
example 5.06 g/cm3 for Fe2.5Ti0.5O4 (calculated thanks to the
lattice parameter of Table 3).
3. Results and discussion

3.1. Research of the equilibrium conditions (T, pO2) necessary to

obtain in situ stoichiometric particles with the spinel structure,

thanks to in situ X-ray diffraction

In order to obtain (T, pO2) conditions leading to a stoichio-
metric material (d¼0) crystallized with the spinel structure,
X-ray Diffraction experiments have been carried out in situ.
According to the literature concerning coarse grains ferrites
submitted to a reducing treatment, the temperature range in
which the spinel structure is obtained is very narrow and
corresponds to a material close to the stoichiometric state dE0
[15]. Thus, the XRD follow-up of phase transformation should
permit to determine with precision the conditions for which the
α
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Fig. 2. XRD patterns of (Fe3�xTix)1�dO4 powders obtained in situ under dN2¼0.15 L mi

monochromatic Ka1 Co radiation (l¼0.17889 nm): (a) x¼0, (b) x¼0.25, (c) x¼0.5, (d) x

the lattice parameters given in literature see references [14,21–22,30]. The experime

coefficient of magnetite a¼1.25�10–5
1C�1.
oxygen stoichiometry (dE0) should be obtained. In addition, the
comparison between the experimental cell parameter and that
given in literature for d¼0, may enable us to again define the
conditions for obtaining a sample with dE0 [14,21–22,30].
Indeed, the calculation of the cell parameter of the spinel phase
during the reducing treatment, corrected by the thermal dilata-
tion coefficient calculated for magnetite (a¼1.25�10�5

1C�1),
renders possible to stop the treatment precisely when the
experimental cell parameter is close to that corresponding to
stoichiometry. The XRD patterns obtained under reducing atmo-
sphere, during a linear rise in temperature, are shown in Fig. 2.
First, they allowed the description of a rhombohedral phase
precipitation for the titanium compositions x¼0, 0.75 and 1.
The quantity of this phase was evaluated to be less than 10%
and it was necessary to continue the treatment at higher tem-
perature to make it disappear. The precipitation of the rhombo-
hedral phase was always accompanied by an enlargement of the
grains visible by the width reduction of the diffraction peaks (for
instance the 311 reflection in Fig. 2) already highlighted and
explained elsewhere by the exclusive presence of octahedral sites
in this phase [26]. The temperatures necessary to obtain a pure
spinel phase are gathered in Table 1. As expected, the measured
cell parameter corresponded, for each composition, to the stoi-
chiometric desired titanomagnetite Fe3�xTixO4.
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¼0.75, (e) x¼1. The variations of the background level were due to the furnace. For

ntal lattice parameter given at 25 1C has been corrected thanks to the dilatation



Table 1

Temperature and oxygen partial pressure determined thanks to TGA experiments and necessary to obtain the spinel phase with dE0. Atmosphere: dN2¼0.15 L min�1 and

dH2/H2O¼0.01 L min�1. Tstart a was the temperature of appearance and Tend a that of disappearance of the rhombohedral phase. These temperatures were obtained by XRD

analyses.

Fe3�dO4 (Fe2.75Ti0.25)1�dO4 (Fe2.5Ti0.5)1�dO4 (Fe2.25Ti0.75)1�dO4 (Fe2Ti)1�dO4

Tred (1C) 460 460 460 650 700

pO2 (Pa) (371).10�26 (271).10�26 (871).10�27 (671).10�19 (171).10�17

Tstart a (1C) 290 – – 400 420

Tend a (1C) 320 – – 590 680

ddynamic �0.00570.005 �0.00370.005 �0.00670.005 0.02270.005 0.02570.005

dstatic 0.00570.005 0.00870.005 0.00370.005 0.02070.005 0.02770.005

d, deviation from oxygen stoichiometry of titanium ferrites (Fe3�xTix)1�dO4 was deduced from thermogravimetric analyses. ddynamic was determined in situ during the

reducing treatment, thanks to mass loss during a linear ramp of 2 1C min�1 (this value was corrected by subtraction of the loss due to both water and hydroxides adsorbed

on cristallite surface). dstatic was obtained after the reducing treatment: 2 h at Tred. The gas flow was changed, first with N2, then with O2; dstatic was then determined

thanks to the powder mass gain during the iron oxidation at this temperature.
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3.2. Research of the equilibrium conditions (T, pO2) necessary to

obtain in situ stoichiometric particles with the spinel structure,

thanks to thermogravimetric analysis

The particles obtained after the oxidizing heat treatment had
size of about ten nanometers [26] and according to the broad
absorption band around 1600 cm�1 in their infra-red spectra,
they possessed many OH� groups physically absorbed on their
surface [31]. This is the reason why the mass loss due to the
physically absorbed species (about 5%) was of the same order of
magnitude as that due to the reduction of the Fe3þ in Fe2þ

cations. Thus, a protocol allowing the separation of these two
phenomena has been set up. The methodology employed con-
sisted in systematically doubling all the thermogravimetric
experiments by an experiment under the same conditions of
temperature but under oxidizing conditions where only the water
vapor loss was awaited. By difference of the two curves, it was
then possible to make the share between the respective mass
losses due to the adsorption of water and those due to the
reduction of the Fe3þ cations. Using this procedure, linear rises
of temperature were carried out under N2/H2/H2O gas flows on
titanium maghemite (Fe3�xTix)1�dmaxO4. The evolution of the
oxidation state of powders was presented in Fig. 3. Only titanium
compositions 0.25 and 0.5 show a one step reduction phenom-
enon. For the other compositions the differential curves presented
several accidents due to the precipitation of the rhombohedral
phase already highlighted by XRD. This precipitation slowed
down the kinetics of reduction of the Fe3þ cations in the case of
the compositions x¼0.75 and 1. This is due to the higher valence
of the cations in the rhombohedral phase than they had in the
spinel structure (Fe3þ instead of Fe2þ).

When d was calculated during a linear rise of temperature, it
was named ddynamic. The evolution of ddynamic with temperature
was shown in inset of Fig. 3. The lowest reduction temperature,
Tred, allowing the synthesis of the spinel structure with dE0 were
gathered in Table 1. At these temperatures, the deviation from
oxygen stoichiometry of the powders have been determined by
applying other thermal conditions: after the linear rise of tem-
perature under N2/H2/H2O mixtures until Tred, a two hours
treatment was maintained under this atmosphere. After nitrogen
purging, air was introduced in the TGA. From the mass gain then
observed, dstatic was deduced and presented in Table 1. In all the
cases, d was close to 0, except for the large titanium contents
samples for which a treatment at slightly higher temperature
would have been desirable. However, a compromise between
possible grain growth and deviation from oxygen stoichiometry
(nearest to zero) was sought to avoid a significant enlargement of
the grains.
3.3. Research of the equilibrium conditions (T, pO2) necessary to

obtain in situ stoichiometric particles with the spinel structure,

thanks to conductivity measurements

The electrical conduction in ferrites is mainly due to electron
hopping between ions of the same element, in the same sublattice
(octahedral or tetrahedral sites) and with valence differing by one
unit [32]. The activation energy of this phenomenon depends
both on the concentration of the pairs responsible for conduction
(for example Fe2þ/Fe3þ pairs) and on the cation - cation distance:
it is consequently the signature of the cationic distribution and of
the crystalline structure of a product. Thus, by following-up the
conductivity of the (Fe3�xTix)1�dO4 materials during the reducing
treatment, the (T, pO2) conditions necessary to obtain the stoi-
chiometric spinel phase can be again determined.

The activation energy of the titanomaghemites (Fe3�x-

Tix)1�dmaxO4 obtained after oxidizing heat treatment were calcu-
lated from the slope of the log s¼ f(1/T) curves which were
recorded under air atmosphere, in a linear decrease of tempera-
ture, and shown in gray in Fig. 4. For these powders, the
composition is not modified when varying the temperature, the
Fe3þ cations being thermodynamically stable. The conductivity
increase corresponds then entirely to the thermal activation
of the intrinsic semiconductivity of the titanomaghemites.
The activation energies so obtained are gathered in Table 2. All are
approximately equal to 0.40 eV regardless of the titanium content, x.
These experimental values were similar to those given by Creer [33]
and Casalot [34] which found 0.5 eV for titanomaghemites rich in
titanium and other substituted magnetites where any electronic
exchanges between cations were also impossible.

The method employed to synthesize material with d¼0 was
similar to that carried out by XRD. The conductivity that was
recorded during a linear rise of temperature under reducing
atmosphere is presented in black in Fig. 4. At the beginning of
the experiment, the material was characterized by a maximal
state of oxidation: d¼dmax. The heating was then maintained
until the slope of the log s¼ f(1/T) curves coincided with the
literatures values of activation energies characteristic of stoichio-
metry, i.e. 0.01 eV in the case of magnetite and 0.1 eV for other
titanium compositions [35]. Activation energies were gathered in
Table 2. For xa0, they are independent of the Ti content and are
approximately equal to 0.07 eV.

The conductivity recordings during the linear rise of tempera-
ture are shown Fig. 4, they provide information about the
reduction kinetics of titanium ferrites. The complete interpreta-
tion of these curves is certainly complex because many phenom-
ena occurred simultaneously, in particular for the materials
x¼0.25 and 0.5 which had the smallest grains (Fig. 6). The large
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amount of water adsorbed on the surface of these grains (due to
high specific surface, see Table 3) lead to electrical bridges which
generated a constant conductivity equal to 10–4 O�1 (Fig. 4b and
c). It was then necessary to reach 200 1C to desorb water and then
record the intrinsic conductivity of the material. After this
first step, the general shape of the curves can be explained: during
the linear rise in temperature under N2/H2/H2O atmosphere,
the Fe2þ/Fe3þ pairs number increased and conductivity conse-
quently too. In the case of the x¼0.75 and 1 titanium composi-
tions, the precipitation of a a-phase (conventional notation for the
rhombohedral structure) was enlightened during the reducing
heat treatment by the sharp variation of the conductivity that
was generated. However, the conductivity which was measured
remained that of the g phase (conventional notation for the
cubic structure) only since the small quantity of the rhombohe-
dral phase that precipitated (lower than 10% according
to XRD patterns in Fig. 2) made any percolation impossible. The
a-phase precipitation was thus easily detectable by the conduc-
tivity jump induced in the g phase as one can see in Fig. 4d and e
(this phenomenon was used as a principle for an oxygen
sensor developed by Nakatani [36]). Indeed, for x¼0.75 and
1 compositions, the conductivity decrease in the log(s)¼ f(1/T)
curve can be explained by the reduced number of Fe2þ/Fe3þ pairs
available in the g phase. It was then necessary to await the
retransformation of a in g to observe again some conductivity
increase. This phenomenon indicated that a significant proportion
of the Fe3þ cations initially present in the spinel phase were
transferred into the rhombohedral phase during the precipitation
of this latter. This implies that the titanium composition of
the rhombohedral phase is less rich in titanium than in the
well-known FeTiO3 compounds (this latter composition contain-
ing only Fe2þ should not consume any Fe3þ cations of the spinel
phase).

3.4. Characterization of the stoichiometric titanomagnetites

obtained for various titanium rates

Thanks to the results of previous paragraphs, a series of
stoichiometric titanomagnetites Fe3�xTixO4 with different tita-
nium contents have been synthesized (d¼0). The temperature
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Fig. 4. In gray, the conductivity of (Fe3�xTix)1�dmaxO4 compounds during a linear temperature cooling (2 1C min�1) under air atmosphere. In black, the conductivity of the

(Fe3�xTix)O4 compounds during a linear temperature cooling (2 1C min�1) under dN2¼0.15 L min�1 and dH2/H2O¼0.01 L min�1: (a) x¼0, (b) x¼0.25, (c) x¼0.5, (d)

x¼0.75, (e) x¼1. a indicated the appearance of the rhombohedral phase.

Table 2
Activation energies of the reduced Fe3–xTixO4 powders and of the (Fe3–xTix)1�dmaxO4

powders whose iron cations were totally oxidized in Fe3þ .

Fe3O4 Fe2.75Ti0.25O4 Fe2.5Ti0.5O4 Fe2.25Ti0.75O4 Fe2TiO4

Eared dE0 (eV) 0.01 0.07 0.07 0.08 0.07

Eaox d¼dmax (eV) 0.38 0.42 0.37 0.42 0.40
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and oxygen pressure required to elaborate such materials are
summarized in Table 1, knowing that a two hours treatment was
applied regardless of the composition.

The diffraction patterns recorded ex situ and shown Fig. 5
allow the precise analysis of line profile broadening (the presence
of a furnace in case of in situ measurements made difficult the
precise determination of these parameters). The average crystal-
lite sizes of each titanium ferrite were calculated thanks to the
Halder and Wagner method after Rietveld refinements [29]. These
values are gathered in Table 3 and compared to the sizes deduced
from surface area measurements. In the case of the titanium
compositions x¼0.25 and 0.5, the grains sizes determined by
specific surface measurement are identical to those determined
by the line profile analysis of the XRD reflections and are
unchanged compared to powder size before the reducing treat-
ment [26]. For these compositions, absolutely no grain growth
occurred during the reducing treatment.

Scanning Electronic Microscopy (SEM) observations of the
Fe3�xTixO4 titanomagnetites confirmed in Fig. 6 that the
Fe2.75Ti0.25O4 and Fe2.5Ti0.5O4 compounds are the only samples
with nanometer sized particles and a homogeneous size distribu-
tion. On the contrary, the x¼0, 0.75 and 1 compounds have grains
sizes of a hundred nanometers due to the intragranular sintering
that has accompanied the phase transformation. These results
were confirmed by both surface area measurements and XRD line
profile analysis ( (Table 3).

Infra-red spectra of the samples are shown in Fig. 7. Although
the complete interpretation of the spectra is difficult due to the
presence of cations of different valences (II, III, IV) in the two
types of sites of the spinel structure, the spectra obtained are
indicative of a pure spinel phase by means of the absorption



Fig. 6. Scanning Electron Micrograph of Fe3�xTixO4 powders obtained after the reducing
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Fig. 5. X-ray diffraction patterns of Fe3�xTixO4 powders obtained under air

atmosphere and Kb Cu radiation (l¼0.154222 nm). All the peaks of the spinel

phase were indexed.
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bands n1 and n2 whose positions are given in Table 4. Moreover,
these spectra are similar to those of titanomagnetites of neighbor
compositions [37,38]. The creation of new vibration frequencies
in the octahedral sites of the spinel structure, in particular Ti–O
frequencies, lead to a widening of these bands for increasing
titanium substitution. Moreover, a displacement towards high
frequencies of the n2 band was observed when x increased
(Table 4). This band can be attributed to the octahedral vibrations.
During the iron substitution by titanium, the frequency of the
FeO6 group was gradually disturbed by the frequency of the TiO6

group. This conclusion is in agreement with the theories of
Waldron [39], White and DeAngelis [40] and with the experi-
mental results of Gillot [37]. The small displacement of the n1

band observed by B. Gillot is not visible in our spectra, perhaps
because the substitution of Fe3þ by Fe2þ in tetrahedral sites did
not disturb the vibrations frequencies of the n1 band. Never-
theless, it should be noticed that the widening of the n1 and n2

bands made the precise bands positioning difficult. Absorption
bands of weak intensity are also present in the spectra. A first one
around 750 cm�1 is characteristic of Ti4þ cations: it is more and
more marked and moves towards high frequencies when the
titanium content increases, in agreement with previous observa-
tions in literature [30]. A second absorption band, characteristic of
a direct spinel structure [41], appears around 310 cm�1 in the
spectrum of Fe2TiO4 ferrite (Fig. 7). It is consistent with the fact
thermal treatment under N2/H2/H2O gas mixtures (a) x¼0; (b) x¼0.25; (c) x¼0.5;



Table 3
Specific area measurements, particle size and lattice parameter of the Fe3–xTixO4 powders. The particle size was deduced from X-ray diffraction analyses thanks to the

Halder and Wagner method [29]. Lattice parameters were deduced in situ under controlled pO2 atmosphere. Error in lattice parameter is over-estimated for the biggest

particles in order to be comparable with those of the smallest.

Fe3O4 Fe2.75Ti0.25O4 Fe2.5Ti0.5O4 Fe2.25Ti0.75O4 Fe2TiO4

S (m2/g) 272 8172 6872 772 772

|BET (nm) 6007300 14.470.3 17.570.3 175740 180740

|DRX (nm) 10075 1572 1872 8575 10575

a (Å) 8.39670.001 8.40870.001 8.42470.001 8.49370.001 8.52770.001
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Fig. 7. Infra-red spectra in structure band area of the titanium ferrites Fe3�xTixO4

obtained after reducing treatment under N2/H2/H2O gas mixtures.

Table 4
Positions of the IR absorption bands of the titanium ferrites Fe3�xTixO4 obtained

after the reducing treatment.

xTi¼0 xTi¼0.25 xTi¼0.5 xTi¼0.75 xTi¼1

na – 74572 74872 75572 76074

m1 57071 57471 56871 57472 57472
m2 35871 36571 37573 38372 39372
m3 – – – – 31075
nb 25775 – – – –
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that the tetrahedral sites of this compound contain only Fe2þ

while the average valence in the octahedral sites is three.
4. Conclusion

Thanks to in situ characterizations (thermogravimetry, XRD
and conductivity), two phenomena have been observed
during the reducing thermal processing of certain nanostructured
titanium ferrites: the precipitation of a rhombohedral phase and
a concomitant significant grain growth. The origin of these
phenomena, which depend on the titanium ratio, has been
explained by taking into account kinetics and thermodynamics
considerations:
–
 For xTio0.25, the origin of the a-precipitation was of kinetic
nature. There was not enough titanium in the structure to
stabilize the spinel phase and impede the g-a transformation
observed in pure iron oxide. Indeed, Ti4þ is significantly less
mobile than Fe2þ and Fe3þ cations are and should severely
limit both intergranular sintering and grain growth provided
that it is in sufficient quantity. Thus, diffusion processes for
low titanium contents are not sufficiently limited leading then
to a g-a phase transition responsible for crystalline growth
(the surface energy of the a phase being lower than that of the
g one) [42].
–
 For xTi40.5, the origin of the a-precipitation is rather thermo-
dynamic. Indeed, if one refers to the phase equilibrium
diagram of the Fe–Ti–O system existing for coarse grains
[43], one can note the coexistence of a rhombohedral phase
and of a spinel phase for large titanium contents in the
temperature range explored in this paper. It is consequently
necessary to treat the powder at higher temperature to obtain
a pure spinel phase.

Finally, the x¼0.5 titanium composition gives the best com-
promise between thermodynamic and kinetic constraints and
renders possible the stabilization of the spinel phase with particle
sizes of about 15 nm on all the range of its deviation from oxygen
stoichiometry: 0rdrdmax.

More practically, the development of in situ investigations
such as XRD, TGA and DC conductivity measurements, opens the
door to fast and precise studies concerning the evolution of
nanometric materials during different processes such as thermal
treatments.
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