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Abstract

Ceramic samples of CaTi0.8Fe0.2O3−δ were obtained from mechanically activated mixtures of TiO2, Fe2O3 and CaCO3 sintered at 1150◦C for
2 h. The ceramics are dense with submicrometric grains with sizes in the order of 100–200 nm and 400–600 nm. X-ray diffraction analysis
revealed a single perovskite phase structure indicating a high level of homogeneity, which was confirmed by transmission electron microscopy.
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he oxygen permeability through these samples, measured in the range 700–950◦C, is about 50% lower than for ceramics with consider
arger grains, close to 10�m. The permeability increases linearly with the increase of the grain size in the range from≈200 nm to≈10�m.
bservations by results suggest that the grain boundaries have a negative impact on the high temperature ionic transport p
aTi0.8Fe0.2O3−δ ceramics.
2005 Elsevier Ltd. All rights reserved.

eywords:Milling; Grain boundaries; Electrical properties; Titanates; Oxygen permeability

. Introduction

Iron substituted calcium titanate is a candidate for applica-
ion as a ceramic membrane for oxygen separation due to an
ttractive combination of properties, including ionic and elec-

ronic conductivities, thermal expansion, thermo and chemi-
al stability and low cost.1–6 The substitution of Ti4+ by Fe
p to approximately 20 mol.% is compensated by oxygen va-
ancies; on the other hand, electrons are injected at low oxy-
en partial pressure, and electron holes (coupled to the exis-

ence of Fe4+ in oxidising conditions) in both cases leading to
ncreased electronic conductivity.1–8 The oxygen vacancies
end to order around tetracoordinated Fe3+ for x≥ ≈0.29–11

nd a marked decrease in the oxygen conductivity, and thus
n oxygen permeability, is observed.5,6,8,10

The material is usually obtained by conventional ceramic
oute which have a tendency to yield agglomerated powders
ith compositional inhomogeneities and demands for rel-
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atively high sintering temperatures (≥1320◦C) in order to
obtain an impervious ceramic body.1,2,7,12Moreover, core
shell grains tend to develop in CaTi0.8Fe0.2O3−δ, with grain
interiors consisting of pure CaTiO3 and the periphery o
an iron-substituted phase, representing an additional u
trolled factor.12

On the other hand, the interest for nanosized ceramic
been increasing as they may present properties different
those of normal ceramics with grain sizes in the micron ra
The mechanochemical synthesis is certainly an attractiv
ternative to obtain nano-, or submicrometric, ceramics.
CaTiO3 was obtained by grinding TiO2 and CaO or CaCO3.13

Alternatively, the simple mechanical activation may suf
to bring the precursor initial thermodynamic state to a
from equilibrium state, usually amorphous, which can t
be heat treated to obtain the desired phase at a tempe
lower than that needed in a conventional ceramic route.

This article reports on the synthesis of CaTi0.8Fe0.2O3−δ

from mechanically activated TiO2, Fe2O3 and CaCO3 precur-
sors aiming to obtain dense, homogeneous CaTi0.8Fe0.2O3−δ

submicrometric ceramics and on subsequent oxygen pe
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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ation studies. Results are presented in comparison to those
obtained for ceramics with larger grains obtained via the
conventional ceramic route.5,8

2. Experimental

The appropriate amounts of high purity powders of anatase
TiO2, CaCO3 (Merck) and Fe2O3 (Riedel-de-Häen) were
mixed in ethanol using a ball mill during 2 h at 20 rpm and
dried in air at 60◦C. These mixtures were then mechanically
activated at room temperature by dry grinding in a Philips PW
4018 planetary ball mill at 500 rpm. The reactants were milled
in a 45 cm3 tetragonal stabilised zirconia (TZP) container us-
ing TZP balls (8 mm in diameter) with a ball to powder weight
ratio of 10:1. The grinding was interrupted every 20 min to
remove the powder from the wall of the container. Ceramic
samples were obtained from powders isostatically pressed
at 200 MPa and subsequent sintering in air at a maximum
temperature of 1150◦C for two hours with two additional
temperature dwells of 1 h at 300 and 700◦C; the heating rate
was 2 K/min. The density, measured by immersion in Hg, was
higher than 93% of the theoretical density. The microstructure
was analysed by SEM scanning electron microscopy (Hitachi
S4100). The structure and phase purity was monitored in situ
at various temperatures by powder X-ray diffraction (X’Pert
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Fig. 1. Powder X-ray diffraction pattern collected in situ at 1000◦C (the *
peaks correspond to the platinum).

be seen that the perovskite phase is formed and no secondary
phases are apparent. Note that for non-activated precursors
the desired single perovskite material can only be obtained
at temperatures higher than 1250◦C and over considerably
large periods of time (>20 h).1,4,10

However, the density of the activated ceramics sintered at
1000◦C is rather low. Slightly higher temperatures were thus
used to avoid oxygen leaks through the membrane during
the permeability measurements. The SEM microstructures
presented inFig. 2 show that, indeed, the density of ceram-
ics obtained at 1150◦C for 2 h is rather high and that the
few existing pores are not percolated. This result indicates
that the activated powders are thus clearly more reactive and
represents a decrease in the densification temperature, when
compared to the conventionally prepared samples, of about
PD Philips diffractometer with Cu K� X-radiation). A de
ailed description of the processing procedures is pres
lsewhere.14

The oxygen permeability was measured with the u
ystem consisting of an oxygen sensor and an oxygen
rochemical pump, both of stabilised zirconia, sealed
he membrane under analysis.4–6The oxygen gradient acro
he sample membrane is established between atmosphe
Po2 = 21 kPa), at the feed side (P2), and a lower value (typ
cally from 15 down to 1.3 kPa), at the permeate side (P1),
btained by pumping oxygen out of the chamber. The
onia sensor is used to monitorP1 according to the Nern

aw. In a steady state condition, the current in the zirc
ump (Ipump) equals the ionic current entering the cham

hrough the sample and, thus, the molecular oxygen
o2 = Ipump/(4FS), whereS is the surface area of the me
rane available for transport andF the faraday constan
he measurements were carried out at temperatures
ange 700–950◦C. The gas tightness of the ceramic sam
as verified by forcing a flow of compressed air (≈250 kPa

hrough the membrane under water and checking that no
les form on the permeate side. The existence of leaks th

he seals was assessed by examining the transient res
f the cell, as described in refs.14–16

. Results

Fig. 1 shows a powder XRD pattern of the mechanic
ctivated precursor mixture collected in situ at 1000◦C. It can
e

Fig. 2. Microstructure of ceramics sintered at 1150◦C for 2 h.
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200◦C.1,4-7,12Moreover, it shows that at such low sintering
temperature, the ceramics retain a grain size in the submicro-
metric range. A more detailed analysis revealed that the size
of the majority of the grains falls in the 150–200 nm range,
while some larger grains (about 500 nm) are also observed,
probably as a result of agglomerates in the initial powders.

It may be concluded that the mechanical activation of the
precursor is indeed suitable to obtain ceramics with improved
sinterability while retaining the possibility of designing the
microstructure by appropriate manipulation of the sintering
conditions and/or the activation procedures.

Fig. 3 shows oxygen permeability data obtained at dif-
ferent temperatures for the 1mm thick membrane, which mi-
crostructure is shown inFig. 2. The flux of molecular oxygen,
measured between air and 2.1 kPa of oxygen at the perme-
ate side, is≈7.33× 10−9 mol−1 cm−2 at 900◦C and about
one order of magnitude lower at 700◦C. These values are
considerably lower than those obtained for ceramics with
larger grains. For example, the flux is about 30% higher at
900◦C for ceramics with an average grain size of 9�m.1–6,12

Such trend is observed in a relatively broad temperature
range, and follow an Arrhenius-like behaviour with appar-
ent activation energy of 117 kJ mol−1 (Fig. 4). This value
is closer to that found for the ionic conduction in coarse-
grained (≈10�m) CaTi0.8Fe0.2O3−δ and12, thus, the oxygen
p
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Fig. 4. Temperature dependence of the oxygen permeability flux measured
for ceramics with different grain size (results for the samples with largerGav

were taken from ref.12

whereσgb andδgb are, respectively, the effective conductivity
and thickness of an individual grain boundary andGav is the
average equivalent grain diameter. On the other hand, if the
reactions at the surface of the membrane are fast enough,
jo2 is determined by the ambipolar transport properties of
the material (σamb) and the external temperature (T) and Po2
conditions:

jo2 = RT

16F2L

∫ P2

P1

σambd ln Po2. (2)

whereR is the gas constant andL the membrane thickness. It
follows from the combination of Eqs.(1) and(2), and under
the assumption of grain boundary controlled transport, that
the ratio of the ambipolar grain boundary conductivity and
grain boundary thickness (σamb,gb/δgb) is proportional to the
slope (β) of the linear plots inFig. 5:

σamb,gb

δgb
= 16βF2

RT ln(P2/P1)
(3)

Fig. 6 shows estimates ofσamb,gb/δgb (for P2/P1 ≈ 10)
in Arrhenius coordinates with an apparent activation en-
ergy, ca. 97 kJ/mol, which is similar to the value found for
the total ionic conductivity measured for CaTi0.8Fe0.2O3−δ

ceramics.1,8,12 Taking a further step on the interpretation

F
(

ermeability through the CaTi0.8Fe0.2O3−δ submicrometric
embranes should be mainly determined by the oxyge
iffusion.

A linear relation is revealed when plotting the flux, fo
iven oxygen gradient, as a function of the average grain
f the ceramics (Fig. 5). Moreover, the slope increases w

ncreasing temperature.
According to the brick-layer model (the simplest) for

onductivity of a polycrystalline material, the apparent c
uctance of the grain boundariesσ

app
gb is given by

app
gb = σgb

Gav

δgb
(1)

ig. 3. Oxygen electrochemical permeability measured at different te
tures.
ig. 5. Oxygen permeability flux as function of the average grain sizeGav

results for the samples with largerGav were taken from ref.12
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Fig. 6. Temperature dependence of the ratioσamb,gb/δgb estimated for
P2/P1 ≈ 10.

of the results, one may consider previously obtained esti-
mates ofδgb, ca. 20 nm17 to obtain values forσamb,gb of
8.1× 10−6 S/cm at 850◦C or 1.7× 10−5 S/cm at 950◦C.
These values, although affected by the uncertainty inδgb,
seem reasonable when compared to values, extrapolated to
the same temperatures from impedance spectroscopy data, for
Fe-doped SrTiO3 (2.5× 10−10 and 6.9× 10−10 S/cm)18 and
Ga-substituted CeO2 (2.0× 10−3 and 4.4× 10−3 S/cm).19

Therefore, and assuming thatσamb is determined mainly
by the ionic conductivity1,12 and that the conductivity of
the grain interior is not influenced by the grain size, the
results now reported show that the oxygen transport in
CaTi0.8Fe0.2O3−δ is considerably constrained at the grain
boundaries.
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