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Abstract

The material Lag.oSry.;GaO; and four B-site substi-
tuted variants with 5 or 20% Fe or Cr for Ga sub-
stitution were prepared by solid state reaction
starting from oxide and carbonate precursors. The
materials were characterised by scanning electron
microscopy (SEM ), X-ray diffraction (XRD) and
impedance spectroscopy (IS) in air. The sintered
samples appeared to have orthorhombic symmetry,
had densities higher than 90% of theoretical and had
average grain sizes of approx. 1-2-5um. However,
second phases were detected by XRD and SEM
images showed evidence of a liquid, Sr-rich second
phase in all samples. The high grain boundary impe-
dances measured were attributed to concentration of
this second phase at the grain boundaries. Generally,
conductivity increased and activation energy of con-
duction decreased with increasing degree of substi-
tution. Increasing p-type electronic conductivity
involving Cr’* |Cr** or Fe’* [Fe** couples is sug-
gested. Raising the sintering temperature of these
materials was shown to increase both their average
grain size and their total conductivity. © 1997
Elsevier Science Limited.

1 Introduction

LaGaOg;-based perovskite materials are of interest
because certain compositions exhibit high O?-
conductivity at high temperatures. Ishihara er al.'
found that Lag.9Xg.;GaO; (X= Sr, Ca or Ba) had
a higher conductivity than the undoped material,
the maximum being for Sr substitution although Sr
solubility was limited to 10%. O~ conductivity
was further improved on substitution at the B-site.
A maximum value higher than that of yttria stabi-
lised zirconia (YSZ) was reported for the composi-
tion Lag.oSrg.1Gag.sMgp.o05, although some p-type
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conductivity was found at high O, partial pres-
sures.? This was much reduced by the substitution
of 10% of the La by Nd. However, this substitu-
tion also gave rise to a small decrease in ionic con-
ductivity.> These materials may be suitable for
application as solid oxide fuel cell (SOFC) electro-
lytes. However, this would require that the materi-
als had very low electronic conductivity.

The structure of these materials is very tolerant
to the incorporation of foreign cations and a large
number of cations can be used to partially substi-
tute for either La or Ga. Certain such substitutions
may result in modifications to electrical and elec-
trochemical properties which may allow other
applications. For example, significant mixed elec-
tronic and ionic conductivity may make such
materials attractive for use in SOFC electrodes.

In this work, the effect of Fe- and Cr- for Ga
substitution on electrical behaviour was inves-
tigated. These cations were chosen because Fe3*
and Cr*>* have similar ionic radii to Ga*>* which
should allow their successful incorporation into
the perovskite matrix. They also have several
accessible oxidation states which may lead to the
Fe- and Cr-substituted gallates having interesting
catalytic properties and/or some electronic con-
ductivity. Lag.9Srp.,GaO; (to be referred to as
LSG) and the partially B-site substituted materials
La0.9Sr0.1Ga0.95Feo.0503 (SFCLSG), La0.98r0.1
Ga0.95Cr0.0503 (SCTLSG), Lao.gsro.lGao.gFeo.203
(20Fel.SG) and Lag.9S1¢.1Gag.5Crg.003 (20CrLSG)
were studied. The influence of sintering tempera-
ture on the morphology and electrical conductivity
of these materials was also investigated.

2 Materials Preparation and Experimental Methods

The five sample compositions used in this work
were prepared from the La;O3, SrCO;, Ga,0O3 and
Fe,03 or Cry0O5; powders (Merck). These were wet
mixed with ethanol in a ball-mill, calcined at
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1100°C for 12h, ball-milled again, dried and
screened to <30um. The resulting powder was
uniaxially pressed into disks and sintered at 1500°C
for 4 h.

Sintered disks of LSG and SFeLSG were also
prepared following the same procedure, but with
the sintering step carried out at 1500, 1550 or
1600°C, also for 4 h. SEM images and conductivity
measurements were used to study the effect of sin-
tering temperature on morphology and electrical
properties.

Characterisation was by XRD (Rigaku diffract-
ometer with Cu source) and SEM (Hitachi S-4100).
The sample disks for use in the SEM studies were
polished using 7, 3 and 1 um diamond paste and
thermally etched. This was done by heating the
disks at 10°C min~! to a set point 50°C lower than
the sintering temperature of the material. This
temperature was maintained for 15min before
cooling to room temperature at 20°C min~!,

Platinum paste electrodes were painted on each
face of the sintered disks and fired at 1000°C.
Conductivity measurements were carried out in air
between 250 and 1000°C using a four-probe IS
technique and a Hewlett Packard 4284A impe-
dance analyser operating over the frequency range
20-10° Hz.

3 Results and Discussion

3.1 Structure and microstructure

The XRD spectra of the five materials studied are
presented in Fig. 1. All matched with that' of
orthorhombic LaGaO; (JCPDS card 24-1102).
Table 1 contains the orthorhombic lattice parame-
ters. Cubic structures have been observed for the A-
and B-site doped materials, La; xSryGa; ,MgyO,.g5
(x=0-1-0-2, y=0-15-0-25)>* although orthorhom-
bic symmetry was found for Lag.oSry.;GaO3.1*
Other, small peaks (marked in Fig. 1) were present
in positions very similar to those seen by Ishihara
et al.;? one of which they attributed to La,SrO-.
However, most of these might also be explained by
the presence of SrO and possibly Ga,0s.

The unit cell volumes and theoretical densities of
the five compositions were calculated from the
XRD lattice parameters and the molecular masses.
Experimental densities were estimated from the
dimensions and masses of the sintered pellets and
are presented in Table 1. Values were all above
90% of theoretical density, suggesting that the
samples were well sintered. Unit cell volume
increased slightly with increasing Fe content and
decreased with increasing Cr content.

SEM micrographs of samples of all five compo-
sitions after polishing and thermal etching showed
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Fig. 1. X-ray diffraction spectra of (a) LSG, (b) 5LSG, (c)
5CrLSG, (d) 20FeLSG and (¢) 20CrLSG with unknown peaks
marked.

the materials to be dense and to have average grain
diameters of around Ium when sintered at
1500°C. Examples are given in Fig. 2(a). In all
cases, two other phases lying on top of the matrix
surface were identified. These were vitreous plates,
which had the appearance of a solidified liquid.
and needle-shaped crystals [seen in Fig. 2(c)] which
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Table 1. Orthorhombic lattice parameters calculated from
X-ray data

Material LSG 5FeLSG 20FeLSG 5CrLSG 20CrLSG

a (1071%m) 5-515  5.543 5:519 5-515 5-494
+0-015 £0-020 +0-026 =+0.001 =0.-017
b (107°m) 5-554  5.542 5-574 5-546 5:507
+0.015 £0-020 =*0-027 +0-001 0017
¢ (107 ""m) 7-841  7-829 7-844 7-798 7-832

+0-021 +0-028 0-037 0-001 +0-024

Unit cell

volume

(1073°m3) 240-17 240-50 24130 238-51 23696
Density 6-39 6-42 6-37 6-64 6-67

(gem™)
Density 92 93 93 95 96

(% of

theoretical)

appeared to have crystallised from this liquid
phase. This attribution was supported by chemical
analysis, which revealed their compositions to be
practically identical for a given sample. Figure 3(a)
shows a plate of the vitreous phase (L) surrounding
a pore from which it seems to have emerged.
Associated with L are a needle-shaped crystal (N)
and what appears to be a crystal (C) partly crys-
tallised from L. The highest surface coverage of the
needle shaped crystals and the vitreous plates
added together was estimated to be 23%, in the
case of a SFeLSG sample. This estimate was made
by superimposing a grid on a low magnification
micrograph of one of the samples and calculating
the percentage of intersections of the grid which
coincided with an example of one of these second-
ary phases. As it appears that the Sr-rich liquid
leaves the bulk of the material at high temperature
and concentrates on the surface, the concentration
of secondary phases is certain to be much lower
within the bulk of the material. Taking into con-
sideration also the small size of XRD peaks attrib-
uted to secondary phases, the concentration of
secondary phases in the bulk is unlikely to be
higher than 5%. These phases contained La, Sr
and Ga in all cases and were much richer in Sr than
the parent materials matrices, having between 16
and 27 cation% Sr. The averages for the matrices
ranged from 2.5 to 4.2 cation%. That is slightly
less than the 5 cation% expected for the target
composition calculated on the basis of 10% occu-
pancy of the A-site in the perovskite composition
ABOQO;, where both A and B are cation sites. This
implies that Sr diffused out of the grains. Away
from the surface, the Sr-rich material probably
concentrated at the grain boundaries forming what
is likely to be a resistive or poorly-conducting
layer.

In the case of 20CrLSG, a further Sr-rich La—Sr—
Ga phase, with a different quantitative composi-
tion, was found [see Fig. 3(b)], in addition to those

already mentioned. This was present as small
groups of larger (approx. 3-6 um) grains (G) dis-
persed at low concentration within the matrix (M).
The concentration of this phase at the surface was
estimated as already described and was found to be
4%.

The sintering/reaction mechanism of these mate-
rials requires further attention because of the role
of microstructure and phase distribution on the
electrical properties of these electrolyte materials.

In Fig. 2 SEM images are presented of three
samples with the composition LSG and three sam-
ples with the composition SFeLSG which had been
sintered at three different temperatures—1500,
1550 and 1600°C—as shown in the figure. All
samples were polished and thermally etched. These
micrographs were used to calculate the average
grain size of the particles in each case. This was
done using a digitising pad and pen connected to a
computer equipped with appropriate software. A
transparency with many straight lines drawn on it
was laid over the image. Where a grain on the
micrograph was cut by one of these lines, the two
points of intersection of the grain boundary with
the line were input into the computer using the pen
and pad. Between 150 and 450 ‘grain widths’ were
entered in this way per micrograph. The straight
lines were drawn in such a way as to reduce the
effect of any anisotropy in the sample. The results
demonstrate the effect on grain size of different
sintering temperatures. Mean grain diameters cal-
culated in this way show an increase for both LSG
and 5FeLLSG compositions as sintering tempera-
ture was increased. Mean grain size increased from
1-2to 1-3to 1-8 um for LSG and from 1-2 to 1-3 to
2-5 um for 5FeLSG@G, for sintering temperatures of
1500, 1550 and 1600°C, respectively. The grain sizes
have a bimodal distribution. This is most clearly
seen in the samples sintered at 1600°C where a
large number of grains have diameters of around
3 um and most of the remaining grains have dia-
meters of approx. 1 um or less. As the sintering
temperature decreases, there is a clear decrease in
the number of large grains. These changes in mean
grain size have a measurable effect on the electrical
conductivity of the samples, as described in the
next section.

3.2 Electrical characterisation

The impedance spectra taken in air at 300°C of
LSG, 5FeLSG and 5CrLSG samples are compared
in Fig. 4(a). The traditional designations of bulk
and grain boundary arcs will be adopted for sim-
plicity. For these materials and at this temperature,
the bulk and grain boundary impedance arcs can
be seen clearly. The unusually large grain bound-
ary impedance when compared to the impedance



108 R. T. Baker et al.

of the bulk for all materials should be noted. This purity sintered disks of common electrolytes such

implies that, although the grains, or bulk, of the as yttria-stabilised zirconia (YSZ) the grain

material have relatively high conductivities, the boundary impedance can be reduced to less than

boundaries between the grains present unusually 10-20% of the bulk impedance, even at low tem-

high resistance to the flow of ionic current. In high perature. This suggests that the total conductivity
(a) 1500°C

ImMmn

(b) 1550°C

LA aom

(c) 1600°C

Fig. 2. SEM micrographs of LSG and 5FeLSG prepared at sintering temperatures of (a) 1500°C, (b) 1550°C and 1600°C, as
shown.
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(b)

Fig. 3. SEM micrographs after polishing and thermal etching

showing Sr-rich secondary phases. (a) Vitreous, ex-liquid

phase (L), needle-shaped crystal (C) and needle (N) partly

crystallised from the vitreous phase. Liquid phase appears to

have emerged from pore in surface. (b) 20CrLSG matrix (M)
with group of Sr-rich grains (G).

of these materials may be improved by changing
the processing conditions in order to increase the
average grain size and/or decrease the resistive
nature of the grain boundaries themselves. In the
existing literature, no information is available on
the microstructures or impedance spectra of the
material compositions studied in the present con-
tribution. However, Feng and Goodenough® pre-
sent several impedance spectra for the material
Lag.Sry.1Gag.gMgo.,03. The grain boundary arc in
these spectra is indeed very small compared to the
bulk arc. It is possible that this was due to the
extremely high density obtained (99-7% of theore-
tical), either as a result of the long sintering stage
(30h) or of the presence of Mg. However, the
much higher grain boundary impedance measured
in this work is likely to be due to the formation of
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Fig. 4. Impedance spectra in air at 300°C of (a) LSG,
5FeLSG and 5CrLSG and (b) 20FeL.SG and 20CrLSG.

a poorly conducting secondary phase at the grain
boundary by diffusion of Sr out of the grains, as
discussed in the previous section. This process may
be suppressed by the presence of Mg at the B-site,
giving rise to more conductive grain boundaries.

Figure 4(b) contains the IS spectra, taken under
the same conditions, of the more highly substituted
samples, 20FeLSG and 20CrLSG. These samples
exhibited much higher conductivities (lower impe-
dances) than LSG, 5FeLLSG or 5CrLSG, or indeed
than YSZ, particularly at such low temperatures.
This strongly suggests that these materials gain
significant electronic conductivity with Cr or Fe
doping, which is dominant at dopant concentra-
tions of 20%. As the conductivity of the materials
increases so does the relaxation frequency of the
processes related to the semicircular arcs in the IS
spectra. In the spectra discussed here (20FeLSG
and 20CrLSG), the bulk arc falls outside of the
range of the IS spectrometer and for this reason the
impedance arcs attributed to bulk and grain
boundary impedances are not clearly distinguish-
able and only the total conductivity values were
used for these materials.

Arrhenius plots of the log of total, bulk and
grain boundary conductivity for LSG, 5FeLSG
and 5CrLSG materials in air are presented in Fig. 5.
For 20FeLSG and 20CrLSG only the total con-
ductivity values are given because the individual
arcs in these spectra could not be identified, as
mentioned above. For the Fe-substituted materials,
the total conductivity and the bulk and grain
boundary conductivities (at the temperatures
where they could be measured, 250-500°C) were
superior to those of the undoped material and total
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Fig. 5. Arrhenius plots of total conductivity (top) and grain
and grain boundary conductivities (bottom) for LSG, 5FeLSG
and SCrLSG.

conductivity increased with increasing degree of
substitution. The 5CrLSG material exhibited gen-
erally lower total conductivity than the LSG, but
was slightly more conductive at the lowest tem-
peratures because of the lower activation energies
for both its bulk and grain boundary conductivity.
On increasing the extent of substitution, in
20CrLSG, the overall conductivity rose signifi-
cantly. It could be argued that electronic conduc-
tivity increased with Cr content but that there was
a competing decrease in ionic conductivity, possi-
bly linked to the decreasing volume of the crystal
lattice (Table 1). That is, below the critical Cr
concentration required for small polaron hopping,
the dominant effect is a decrease in ionic conduc-
tivity caused by the reduction in lattice volume.
This would explain the conductivity changes on
going from 0 to 5 to 20% Cr substitution. Substi-
tution of Fe, on the contrary, caused a modest
increase in the lattice volume and total conductiv-
ity showed a continuous increase with Fe content.
Table 2 contains activation energy (E,) values
for bulk, grain boundary and overall conductivity

in air. All three clearly decrease with increasing B-
site substitution. This is further evidence of the
increase in electronic conductivity with increasing
substitution. Whereas ionic conduction in
Lag.oSry.1Gag.sMgg.203 has been found to have an
activation energy of around 1 eV,> the activation
energy of electronic conductivity in p-type con-
ducting perovskite materials is much lower, typi-
cally between 0-5 and 0-1 eV.% Therefore, as the
electronic contribution to the total conductivity of
the material rises, the activation energy would be
expected to fall, as is the case here. This is con-
firmed in other work carried out in this laboratory.
By combining data for the n- and p-type conduc-
tivity of these materials obtained from ion blocking
experiments with ionic conductivities estimated
from IS spectra, the estimated ionic transport
number could be plotted against partial pressure of
O,. In air, it was seen to decrease with increasing
B-site substitution as p-type conductivity
increased.” Therefore, the decrease in E, values can
be attributed to the increasing influence of p-type
electronic (low E,) conduction.

The origin of this p-type conductivity can be
found on considering the electroneutrality of these
materials. In oxidising atmospheres, such as was
used in this work, the substitution of La3* by Sr2™*
is compensated by the promotion of one of the
other cations to a higher oxidation state and/or by
the formation of oxygen ion vacancies. La, Sr and
Ga have stable oxidation states, so the promotion
must be from Fe?* to Fe** and Cr3* to Cr#* for
5FeLSG and 5CrLSG, respectively. Provided that
some of the cations remain in the 3+ state,
these 3+ /4+ couples provide a mechanism for
the p-type conductivity observed. This behaviour is
known for (La,Sr)CrO; & and for (La,Sr)FeO,.°

As the influence of the grain boundary conduc-
tivity (with a relatively high E,) decreases with
temperature, the slopes of the total conductivity
Arrhenius curves change gradually with tempera-
ture. Therefore, E, values for total conductivity at
both high and low temperature are included in
Table 2.

The variation in average grain size seen in Fig. 2
and discussed above is clearly reflected in the
conductivity plots of Figs 6 and 7. Over the

Table 2. Activation energies of conduction (eV)

Material
Conduction contribution LSG 5FelLSG 20FeLSG SCrLSG 20CrLSG
Bulk (250-500°C) 0-69 0-60 — 0-49 —
Grain boundary (250-500°C) 0-94 0-87 — 077 —
Overall (high temperature) 057 0-69 033 053 0-38
Overall (250-1000°C) 076 0-75 048 0-64 042
Overall (low temperature) 0-93 0-82 053 0-68 0-42
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Fig. 6. Arrhenius plots of total conductivity (top) and grain
and grain boundary conductivities (bottom) for LSG samples
sintered at the temperatures shown.
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Fig. 7. Arrhenius plots of total conductivity (top) and grain
and grain boundary conductivities (bottom) for 5SLSG samples
sintered at the temperatures shown.

temperature range at which they could be deter-
mined, the grain boundary conductivities for both
compositions increased with increasing sintering
temperature causing the overall conductivities to
increase according to the same trend. This effect
can be attributed to the reduction in the number of
grain boundaries crossed by the ionic current. It is
unlikely to be an effect of reduction of porosity
with increasing sintering temperature as the mate-
rials already had little porosity (see density values
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Fig. 8. Impedance spectra taken at 300°C in air of LSG
samples sintered at 1500, 1550 or 1600°C.
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Fig. 9. Impedance spectra taken at 300°C in air of 5FeLSG
samples sintered at 1500, 1550 or 1600°C.

in Table 1) after sintering at the lowest temperature
used here, 1500°C. The only exception to this trend
was for LSG (Fig. 6) sintered at 1500°C whose
conductivity was slightly higher than for that sin-
tered at 1550°C. However, the difference in grain
size distribution in these two cases is small.

The grain (or bulk) conductivities also increased
with sintering temperature although the values
were very close together, confirming that the chan-
ges are due essentially to changes in grain size dis-
tribution rather than in the chemical composition
of the material itself.

Both the change in grain boundary impedance
and the relative constancy of the bulk impedance
can be seen in Figs 8 and 9, where the IS spectra
taken at 300°C in air are compared for LSG and
SFeLSG, respectively. Although the spectra are not
corrected with respect to the geometries of the dif-
ferent samples, these geometries were very similar.

4 Conclusions

In all of the material compositions studied, second
phases similar to those reported? were detected by
XRD and SEM images showed evidence of a
vitreous, Sr-rich second phase in all samples. The
grain boundary arc in IS spectra was very large
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compared to those of other electrolyte materials,
such as YSZ, and Laj.gSry.1Gag.sMgo.2O03 as
reported by Feng and Goodenough.’ It is sugges-
ted that this resulted from the presence of a poorly
conducting layer of this Sr-rich phase at the grain
boundaries.

Compositional modifications in the B-site are
likely to give rise to a series of materials with
properties ranging from pure electrolyte behaviour
to dominant electronic conductivity. Activation
energies of conduction decreased, and conductivity
values showed a general increase, with increasing
degree of substitution, in air. This suggests
increasing electronic (p-type) conductivity with
increasing Fe or Cr for Ga substitution. In air, the
conduction mechanism is likely to involve the
redox couples Fe** /Fe** and Cr®*/Cr#™.

In the samples containing Cr, some evidence
exists for a competing increase in electronic con-
ductivity and decrease in ionic conductivity, possi-
bly linked to decreasing unit cell volume, with
increasing Cr content.

Improved processing routes are required to pro-
duce single phase materials and/or optimised
microstructures. Increasing sintering temperature
caused an increase in average grain size and in con-
ductivity for the compositions LSG and 5FeL.SG.
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