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bstract

ixed oxygen-ion electronic conductors were prepared starting from the well-established solid electrolyte La0.95Sr0.05Ga0.90Mg0.10O3−δ (LSGM).
he adopted strategy involved selective grain boundary doping with iron to form a grain boundary region with high electronic conductivity.
canning electron microscopy coupled with energy dispersive spectroscopy (SEM/EDS), impedance spectroscopy in air (around 300 ◦C) and
igh temperature (700–800 ◦C) ac conductivity measurements as a function of pO2 all suggest that this doping strategy was successful. In fact,
n increasing the Fe-dopant level, Fe always concentrated along the grain boundary region (as confirmed by SEM/EDS), the total conductivity

ncreased and each individual impedance arc decreased, in agreement with predictions based on the presence of a parallel pathway for electronic
ransport. Furthermore, the increase in total conductivity (σ) with dopant level showed a positive log σ versus log pO2 dependence, typical of hole
onductivity.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Mixed oxygen-ion electronic conductors have been known
or many years but the envisaged applications were mostly as
lectrode materials for solid oxide fuel cells and similar elec-
rochemical devices. The basic idea was that mixed conduction
ould favor delocalized electrochemical reactions occurring at

he electrodes, with positive consequences in terms of low-
ring polarization losses.1 Recent enthusiasm for permeating
embranes, for methane partial oxidation reactors, justified an

nhanced search for optimized mixed conductors.
Strategies to enhance mixed conduction starting from

olid electrolytes included, predominantly, doping with mixed
alence cations2–9 and processing of composites with one domi-
ant ionic and one dominant electronic conductor.10–21 All these
olutions proved to be of limited effectiveness. The levels of elec-
ronic conduction obtained by doping are usually modest while
hase interaction and development of ion-blocking interfaces is

lmost unavoidable in the case of composites.

As an alternative to these strategies, the idea of heterogeneous
icrostructures is exploited in this work. Accordingly, starting

∗ Corresponding author. Tel.: +351 234 370269; fax: +351 234 425300.
E-mail address: fmarques@cv.ua.pt (F.M.B. Marques).
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rom a well-known solid electrolyte, the possible formation of
lectronically conducting grain boundaries was addressed. A
uccessful development of this kind of material should ensure
hat such grain boundaries are not ion-blocking and also that
percolation level is reached throughout the grain boundaries
ith this “heterogeneous” doping. Minimum disturbance of the
ulk grain composition is envisaged to ensure preservation of
igh ionic conductivity.

Additional complex effects on the transport properties due to
he presence of a new type of interface between the grain bulk and
eriphery may occur. For example, an enhancement in ionic con-
uctivity was observed for core-shell CaTiO3–CaTi0.8Fe0.2O3−δ

eramics with respect to homogeneous CaTi0.8Fe0.2O3−δ.22

his is probably due to new features created in the shell such as
dditional oxygen pathways induced by microdomain bound-
ries, space charge areas adjacent to the domain and/or the
ore–shell boundaries or even strain resulting from lattice mis-
atch between the core and the shell.
While the concept seems reasonably simple, selection of

ppropriate materials is not so easy and identification of ideal
rocessing conditions is also time consuming. Previous work on

everal electrolytes and mixed conductors suggested the adop-
ion of LSGM as a base material. The high ionic conductivity of
his type of perovskite, discovered about 10 years ago, together
ith the tolerance of the perovskite structure to different types

mailto:fmarques@cv.ua.pt
dx.doi.org/10.1016/j.jeurceramsoc.2006.02.017
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f doping in the A- and B-sites,23–30 suggested the possibility
f smooth changes from isolated secondary phases along the
rain boundaries to the formation of external layers within the
rains, with progressive depletion of the foreign dopant while
oving to the grain interior. Processing conditions, kinetic and

hermodynamic parameters (e.g. diffusion via grain boundaries
nd the bulk, solubility of foreign dopants in the host lattice) are
f major relevance in determining the final result.

Considering all these aspects and existing knowledge on
hese systems, Fe was selected as dopant to try to change the
rain boundary performance of these materials while preserv-
ng the bulk behavior. Small amounts of Fe-additions to these
erovskites are known to have even a moderate positive influence
n the ionic conductivity of LSGM. Also, ferrites in general, are
ood electronic conductors that also possess significant ionic
onductivity (e.g. SrFeO3-based materials).31,32 Furthermore,
e diffusion via grain boundaries of LSGM is known to occur
uch faster than through the bulk, with orders of magnitude

ifference in the corresponding diffusion coefficients.33

Details of the experimental solution adopted and obtained
esults are presented in the following sections. However, the rel-
vance of electronic transport properties on the dc and ac electri-
al performance of mixed conductors will firstly be addressed, to
nhance the rationale of this strategy and introduce the expected
erformance of this type of materials.

. Basic relations

The simplest description of a mixed conductor using a dc
quivalent circuit can be found in Fig. 1.34 This equivalent circuit

hows two separate branches related to the ionic and electronic
ransport. The ideal cell open circuit voltage (Vo), due to the
ifferent oxygen potentials in contact with the cell surfaces, can

ig. 1. Schematic description of a mixed conductor using: (A) one dc equivalent
ircuit; (B) one ac equivalent circuit. The meaning of all symbols can be found
n the text.

c

V

a

I

E
b
t
t
c
o
t
t
R
o
h
“
t
c

p
p

eramic Society 26 (2006) 2991–2997

e obtained from the Nernst law:

o =
(

RT

4F

)
ln

(
pO2,I

pO2,II

)
(1)

ith R, T and F having their usual meanings, and pO2,I and
O2,II being the oxygen partial pressures (pO2 ) in contact with

he cell surfaces. The cell effective voltage (V) might deviate
ignificantly from the ideal value. Simple circuit analysis shows
hat:

= Vo + IoRo (2)

r

= IeRe (3)

here Ro and Re are the ionic and electronic resistances of the
ell, and Io and Ie represent the ionic and electronic currents
rossing the cell. Under open circuit conditions, Io and Ie are
qual in magnitude but opposite in sign and direction. This can
e expressed as:

o + Ie = 0 (4)

q. (4) simply states that, under open circuit conditions, there is
o net charge flowing through the external circuit but two internal
urrents (partly) short circuit the cell. This ionic current is known
s the electrochemical permeability of the mixed conductor.

In the present treatment, for the sake of simplicity, the ionic
nd electronic conductivities are assumed constant, irrespective
f the oxygen activity, which allows for this simple description
f the cell. For a more accurate analysis of the problem, the
onductivity dependence on the oxygen partial pressure must be
onsidered. This type of treatment can be found elsewhere.35

The combination of Eqs. (2)–(4) yields:

= Vo
Re

Re + Ro
(5)

nd

o = Vo

Re + Ro
(6)

q. (5) shows that V equals Vo when the electronic resistance
ecomes infinite; it is the case of a solid electrolyte. The smaller
he value of Re, the larger the deviation of V from Vo then
he better mixed conducting properties. Eq. (6) shows that the
urrent crossing the cell under open circuit depends mostly
n Re, as the ionic resistance is expected to be much smaller
han the electronic one, if the starting material is a solid elec-
rolyte, as considered in the present work. If the starting point is
o � Re, any abatement in electronic resistance will have a seri-
us impact on the cell electrochemical permeability. Therefore,
igh electronic conductivity, either intrinsic or extrinsic (either
engineered” grain boundary or “core-shell” type microstruc-
ure), has positive consequences in terms of enhanced mixed

onduction and oxygen permeability.

The simple dc equivalent circuit (Fig. 1A) comprising two
arallel branches corresponding to the ionic and electronic trans-
ort is no longer valid when considering the ac response of such
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ells. While the electronic branch usually can still be represented
s a simple resistor, the ionic branch should include at least
wo resistance–capacitance (RC) elements, connected in series,
elated to the bulk and grain boundary contributions. This kind
f description is the result of the so-called brick-layer model,
hich is, again, simplified but adequate in most cases. A more

ccurate description of actual materials, to take into account the
ommon identification of depressed arcs in the usually called
mpedance spectra, should consider two RQ elements in series
instead of RC elements), with Q being a constant phase angle
lement.

The electrode response is by far more complex, requiring a
ariety of solutions depending on the exact cell under consider-
tion. For the sake of simplicity, one additional RC circuit will
e used for the present stage of discussion.

The impedance spectra corresponding to this type of simpli-
ed equivalent circuit with three RC elements (Fig. 1B) consists
f three arcs, as shown in Fig. 2. The intermediate- and high-
requency intercepts of the real axis provide estimates for the
rain-bulk and total (bulk + boundary) resistances of a solid elec-
rolyte, Ro,b and Ro,t. The grain boundary resistance, Ro,gb, can
e obtained from the difference between total and bulk resis-
ances.

Fig. 2A and B try to emphasize the role of the relative mag-
itude of a parallel electronic pathway on the cell impedance
pectra. Fig. 2A includes a series of examples starting from a
olid electrolyte where the bulk resistance is much larger than
he grain boundary resistance. Fig. 2B addresses the opposite
ase. Obviously, increasing electronic conductivity of this ideal

aterial leads to an apparent decrease in Ro,b and Ro,t values.
he word apparent here should be emphasized as we are now

ooking at arcs which are the combined result of ionic and elec-

ig. 2. Impedance spectra simulated for the circuit presented in Fig. 1B, for
everal values of Re/Ro, where Ro is the total ionic conductivity: (A) dominant
rain boundary resistance; (B) dominant bulk grain resistance. SE applies to
olid electrolyte.
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ronic resistances. In fact, the intercepts no longer represent the
riginal ionic resistance, nor do they correspond to a simple
elation between the original ionic and the total electronic con-
ributions. In fact, the new intercepts include combined effects
f all resistances present in the circuit. Furthermore, without a
eeper knowledge of the exact changes faced by the ionic bulk
nd grain boundary resistances, attempts to estimate anything
ut the total electronic conductivity (even so, assuming preser-
ation of the initial ionic contributions) are hardly sustainable.
ll these comments are required to emphasize that although we

re able to predict a general trend for the impedance spectra
f a given material, where heterogeneous doping might estab-
ish a parallel electronic pathway without disturbing the original
onic transport characteristics, without a deeper microstructural
haracterization and even exact determination of local trans-
ort properties (namely across grain boundaries, using micro-
lectrodes if feasible), estimates of additional parameters from
imple (comparative) analysis of impedance spectra has no real
oundation.

. Experimental

Dense samples with nominal La0.95Sr0.05Ga0.90Mg0.10O3−δ

omposition were prepared via the conventional ceramic route
tarting from high purity lanthanum (Merck), gallium (Aldrich)
nd magnesium (Panreac) oxides, and SrCO3 (Merck). The pre-
ursors were mixed in ethanol in a planetary ball-mill, dried and
alcined at 1100 ◦C for 12 h and again ball-milled and dried. The
esultant powder was pressed into disk-shaped pellets and sub-
equently sintered at 1550 ◦C for 4 h with heating and cooling
ates of 5 K/min. The X-ray diffraction (XRD) pattern, collected
t room temperature from a powdered sample, could be indexed
n the Pnma orthorhombic space group. A small amount of a
econdary unidentified phase was suggested by a very small
iffraction peak. Scanning electron microscopy combined with
hemical analysis (SEM/EDS) confirmed the presence of a small
umber of Sr-enriched grains dispersed in the ceramic matrix.
he grain size was found to vary in a broad range from about
to 15 �m. Finally, these samples have a density greater than

3% of the theoretical value (determined from XRD data).
The LSGM pellets, having both surfaces polished with

�m grained diamond paste, were sandwiched between two
aFeO3−δ dense pellets and annealed in air at 1550 ◦C to pro-
ote the diffusion of Fe along the LSGM grain boundaries. The

ellets were submitted to various annealing cycles of 1 h each.
he heating and cooling rates were 5 K/min.

The electrical properties of the ceramic samples were stud-
ed by impedance spectroscopy in air between 300 and 500 ◦C.
he spectra were collected in the frequency range 20–106 Hz
ith Vac = 100 mV using a Hewlett Packard 4284A impedance

nalyser. Results were fitted to equivalent circuits using dedi-
ated codes, either Equivalent Circuit (Version 3.97, 1989, B.
oukamp) or ZView (Version 2.6b, 1990–2002, Scribner Asso-

iates).

Fresh platinum electrodes were applied before every mea-
urement and gently removed before the subsequent annealing.
he same equipment was used to assess the oxygen partial
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Fig. 4. EDS spectra collected at the spots showed in Fig. 3: bottom spectrum
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the expected ionic polarisation associated to grain and grain
boundary contributions in a polycrystalline ionic conductor.
ig. 3. SEM micrograph of Fe-doped LSGM after three impregnation cycles.

ressure (pO2 ) dependence of the total conductivity in order
o identify the envisaged onset of p-type electronic conduction.
hese measurements were carried out at 700–750 ◦C and with
O2 varying from air down to about 10 Pa, by flowing nitro-
en + oxygen gas mixtures.

Several samples were specially prepared for SEM and EDS
nalyses following the normal procedure: polishing down to
.25 �m diamond paste and by thermal etching at 1450 ◦C. Frac-
ured, non-polished surfaces were also observed.

. Results and discussion

.1. Microstructure

The SEM microstructure shown in Fig. 3 was obtained for an
SGM pellet after three impregnation cycles at 1550 ◦C of 1 h
ach. The grain size remains nearly unchanged throughout the
mpregnation cycles and is fairly large (in the range 5–15 �m),
s usually reported for LSGM ceramics obtained by the ceramic
oute and sintered at temperatures higher than 1500 ◦C. The
hite spots are the marks left by the electron beam during EDS

nalysis.
Typical EDS spectra collected at the centre and periphery of

he grain are shown in Fig. 4. It can be seen that Fe is present only
t the grain periphery. The analyses of several grains indicate that
he thickness of the doped region is in the range 1–2 �m.

The observation of the pellet cross-section revealed that the
e peaks were absent from the spectra obtained at about 100 �m
way of each surface. However, the fact that the pellets were dark
ll over suggests that the impregnation was effective beyond

he surfaces. It should be noticed that, given the geometric
onfiguration of the LSGM/LaFeO3 diffusion couple, an iron
oncentration gradient is expected to form from the outer sur-
aces to the bulk of the LSGM pellet.

F
a
e

ollected at the centre of the grain; top spectrum collected at the periphery, in
hich the Fe peak is apparent.

.2. Impedance spectroscopy

The impedance spectra collected in air at 300 ◦C for the fresh
SGM and impregnated ceramics are shown in Fig. 5. The
SGM sample spectrum consists of high and low frequency
ontributions, usually ascribed to the bulk and grain boundary
olarisations, respectively. The spectra were thus fitted to an
quivalent circuit comprising two resistors in parallel with con-
tant phase elements, for the reason previously discussed. In this
ircuit, represented as (Ro,bQb)(Ro,gbQgb), the subscripts b and
b denote bulk and grain boundary. The relevant fitting parame-
ers are the bulk and grain boundary resistances (Ro,b, Ro,gb), the
seudocapacitances (Qo,b, Qo,gb) and the indexes that account
or the depression of the semicircles (nb, ngb). The fitting results
re listed in Table 1. The true capacitance values associated with
ach semicircle, determined by C = R(1−n)/nQ1/n, are 15 pF and
6 nF, respectively, for the high and low frequency contribu-
ions. The magnitude of these values is in close agreement with
ig. 5. Impedance spectra obtained in air at 300 ◦C for a fresh LSGM sample
nd after the first and second impregnation cycles. Lines are fits to the adopted
quivalent circuit (see text for details).
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Table 1
Fitting parameters obtained for fresh LSGM ceramics and used to obtain esti-
mates of Re for the impregnated samples

Parameter Temperature (◦C)

300 325 350 375

Grain bulk
Rb (�) 14778 7187 3380 1711
Qb × 1011 8.9 7.9 5.2 2.2
nb 0.89 0.90 0.93 0.98

Grain boundary
Rgb (�) 2810 1317 604 309
Qgb × 108 8.3 7.9 10.5 13.0
ngb 0.84 0.85 0.82 0.81

Re (�)a 13836 7121 3940 2546

Note: fitting errors are in the range 1–3% for Ri and ni parameters and between
1
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n
93.6 kJ/mol for x = 0. Such a difference may be related to the
5 and 20% for Qi.
a Fit of the cycle #2 spectra.

The effect of the impregnation with iron is apparent in the
rogressive decrease of the amplitude of both semicircles as the
ample is submitted to an increasing number of impregnation
ycles. Moreover, the effect is greater for the grain boundary
ontribution. Data obtained for several samples show that the
rend is reproducible. This result strongly suggests that the over-
ll increase in conductivity mainly results from the formation of
parallel electronic pathway with low resistance, as previously
iscussed.

In order to confirm that the nature of the additional charge car-
iers is electronic, the electrical conductivity of the samples was
easured as function of pO2 in moderately oxidising conditions.
hese results, presented in Fig. 6, show that the conductivity has
slight positive tendency with increasing pO2 . Although almost
egligible for the fresh sample, the inclination of the log σ ver-

us log pO2 slope is more pronounced for the Fe-impregnated
amples. This means that the increase in conductivity should be
ue to an increase of the concentration of electron holes.

ig. 6. Total electrical conductivity as a function of pO2 at 750 ◦C for pure
SGM and Fe-impregnated samples.
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The samples microstructure and impedance spectroscopy
esults support a fairly simple model consisting of a bulk ionic
onductor with grains surrounded by mixed ionic–electronic
onducting grain boundaries. This corresponds to the equivalent
ircuit already presented while introducing Fig. 1B. This circuit
as thus used to fit the spectra for the impregnated samples in
rder to obtain estimates of Re while keeping the other param-
ters fixed and set equal to those of the fresh sample (Table 1).
he lines in Fig. 5 reveal the best fit for the 300 ◦C spectra for
ne and two impregnation cycles. The quality of the fit is fairly
ood, considering that the model has one single variable. The
esulting Re values are given in Table 1 for several temperatures.

According to the present hypothesis, the Re values could
e used to obtain estimates of the p-type electronic conduc-
ivity by σp = L/SR−1

e , where L and S are the length and
ross section area geometric parameters defining the volume
vailable for transport. Assuming the thickness Lp (0.146 cm)
f the pellet and the surface area Sp (0.238 cm2) of the plat-
num electrode, the value of σp after the second impregnation
ycle is 1.76 × 10−5 S/cm. As mentioned above, these esti-
ates, obtained by simple comparative analysis, lack real sup-

ort mostly due to the uncertainty in the dopant distribution. A
eeper knowledge of the microstructure or the determination of
ocal transport properties (e.g. using micro-electrodes) are key
ssues for a more precise evaluation of the electrical properties
f such heterogeneous materials. However, they still allow for
ome comparison with homogeneous La0.9Sr0.1Ga1−xFexO3−δ.
s found for the latter compound, the electronic conductiv-

ty estimates obtained for the heterogeneous samples follows
n Arrhenius-type behaviour with activation energy of about
5 kJ/mol (Fig. 7). This value, obtained at low temperature
300–375 ◦C), is lower than that obtained for the homoge-
ous samples at 700–1000 ◦C, ca. 88.8 kJ/mol for x = 0.2 and

36
raction of tetravalent iron, which is expected to be higher at
ow temperature thus facilitating the hopping of small polarons
etween Fe4+ and Fe3+, but also be representative of a highly

ig. 7. Arrhenius representation of the electronic conduction parameter Re in
ir for one Fe-doped LSGM sample after the second impregnation cycle.
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ocalized concentration of Fe, probably in excess of the nominal
ompositions used for comparison.

. Conclusions

Mixed conductors with one heterogeneous microstructure
ncluding grains with dominant ionic conduction and grain
oundary regions with high electronic conductivity were pre-
ared by localized grain boundary doping. The magnitude of
he high frequency and intermediate frequency arcs observed in
mpedance spectra decreased with increasing amount of Fe along
he grain boundaries, as predicted for the formation of a con-
uctive electronic pathway. Also, the total conductivity showed
meaningful increasing dependence on oxygen partial pres-

ure, typical of electron hole conduction. The potential of grain
oundary engineering in developing new types of heterogeneous
aterials with enhanced performance was demonstrated. This

oute deserves further attention in order to overcome the con-
traints usually faced when dealing with common composite
aterials.
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