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bstract

La0.8Sr0.2Ga0.8Mg0.2O3−δ (LSGM8282), La0.8Sr0.2Ga0.8Mg0.15Co0.05O3−δ (LSGMC5) and La0.8Sr0.2Ga0.8Mg0.115Co0.085O3−δ (LSGMC8.5) were
repared using a conventional solid-state reaction. Electrical conductivities and electronic conductivities of the samples were measured using
our-probe impedance spectrometry, four-probe dc polarization and Hebb–Wagner polarization within the temperature range of 973–1173 K. The
lectrical conductivities in LSGMC5 and LSGMC8.5 increased with decreasing oxygen partial pressures especially in the high (>10−5 atm) and
ow oxygen partial pressure regions (<10−15 atm). However, the electrical conductivity in LSGM8282 had no dependency on the oxygen partial
ressure. At temperatures higher than 1073 K, PO2 dependencies of the free electron conductivities in LSGM8282, LSGMC5 and LSGMC8.5 were
bout −1/4, and PO2 dependencies of the electron hole conductivities were about 0.25, 0.12 and 0.07, respectively. Oxygen ion conductivities in
SGMC5 and LSGMC8.5 increased with decreasing oxygen partial pressures especially in the high and low oxygen partial pressure regions, which
as due to the increase in the concentration of oxygen vacancies. The change in the concentration of oxygen vacancies and the valence of cobalt

ith oxygen partial pressure were determined using a thermo-gravimetric technique. Both the electronic conductivity and oxygen ion conductivity

n cobalt doped lanthanum gallate samples increased with increasing concentration of cobalt, suggesting that the concentration of cobalt should be
ptimized carefully to maintain a high electrical conductivity and close to 1 oxygen ion transference number.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Oxygen ion conductors with high electrical conductivity
re important candidates for electrolytes in solid oxide fuel
ells (SOFCs) [1–8]. Cobalt doped La0.8Sr0.2Ga0.8Mg0.2O3−δ

LSGM8282) perovskites show superior oxygen ion conduc-
ivity and good chemical stability [3,6–8], and are regarded as
romising candidates for the electrolyte of intermediate temper-
ture solid oxide fuel cells (ITSOFCs).

Efficiency of SOFCs is closely related to the electronic con-
uctivity of the electrolyte, since the minor charge carriers in
he electrolyte, i.e., free electrons and electron holes, could lead
o a short circuit current [2,9]. The studies of the conductivity
f LSGM8282 with a low concentration of cobalt (<8.5 mol%)

re still very limited [6–8]. Ishihara et al. [7] investigated the
lectronic conductivity in cobalt doped LSGM8282 with the
on blocking method. Electronic conductivities at various tem-
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eratures in La0.8Sr0.2Ga0.8Mg0.15Co0.05O3−δ (LSGMC5) and
lectronic conductivities at 1073 K in LSGM8282 doped with
arious amount of cobalt were reported. It was considered that
he extrinsic free electron and electron hole conductivity caused
y the redox reactions involving doped cobalt became dominant
ith decreasing temperatures [8].
Despite the limitations in the number of studies of the

onductivity of lanthanum gallate, there are obvious discrep-
ncies among the results reported [6–8,10]. The accuracy of
he Hebb–Wagner polarization measurement depends strongly
n the operational conditions. It is essential to maintain good
ealing of the blocking electrode compartment. Further, special
are should be taken to prevent the diffusion of oxygen from
he reversible electrode compartment to the blocking electrode
ompartment [7]. It would be helpful to verify the operating
ystems by checking some well-studied samples.

The properties of the electrolyte have a strong effect on the

olarization resistance of the electrode supported on the elec-
rolyte beside the dominant effect on the ohmic resistance of the
ell [11,12]. The cells based on cobalt doped lanthanum gal-
ate exhibited a superior low ohmic resistance and electrode

mailto:shizwang@sohu.com
dx.doi.org/10.1016/j.jpowsour.2006.12.090
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olarization resistance compared with the cells supported
n La0.9Sr0.1Ga0.8Mg0.2O3−δ. La0.8Sr0.2Ga0.8Mg0.115Co0.085

3−δ exhibited the highest performance among the cobalt doped
SGM8282 electrolytes [12]. It was assumed that the properties
f the charge carriers in the electrolyte could play a major role
n determining the cell performance. The study of the defects in
obalt doped lanthanum gallate is an important topic, which is
losely related to the conductivity of the materials. The decrease
n the valence of Co and the increase in the concentration of oxy-
en vacancies with decreasing oxygen partial pressures of Co
oped lanthanum gallate have been characterized using redox
itration [8], and a significant oxygen partial pressure depen-
ency of the concentration of oxygen vacancies was observed.
owever, no effect of oxygen partial pressure on the oxygen

on conductivity in cobalt doped LSGM8282 was reported. This
s quite questionable considering that the oxygen ion conduc-
ivity should be closely related to the concentration of oxygen
acancies. It would be interesting to further study the electrical
onductivity and defect equilibrium in cobalt doped lanthanum
allate in detail.

In this study, three typical lanthanum gallate electrolytes, i.e.,
SGM8282, LSGMC5 and LSGMC8.5, were prepared using the
onventional solid-state reaction. Electrical conductivities and
lectronic conductivities of the samples were measured using
our-probe impedance spectrometry, four-probe dc polarization
nd Hebb–Wagner polarization within the temperature range
f 973–1173 K. The re-examination of LSGM8282, which is a
ell-studied material, was to verify the experimental conditions.
he change in the concentration of oxygen vacancies and the
alence of cobalt with decreasing oxygen partial pressures were
etermined using thermo-gravimetric technique.

. Experimental

La0.8Sr0.2Ga0.8Mg0.2O3−δ (LSGM8282), La0.8Sr0.2Ga0.8
g0.15Co0.05O3−δ (LSGMC5) and La0.8Sr0.2Ga0.8Mg0.115
o0.085O3−δ (LSGMC8.5) were prepared using the conventional

olid-state reaction. The precursors of the samples were La2O3
99.99%), SrCO3 (99.5%), MgO (99.5%), Ga2O3 (99.99%) and
oO (99.99%). Powders of the precursors in stoichiometric ratio
ere ball-milled for 24 h. The mixture was then pre-calcined

t 1273 K for 6 h, after which the pre-calcined mixture was
so-statically pressed into a disk at 274.6 MPa for 10 min. The
iameter of the green disk was 2.0 cm. The disks were then sin-
ered at 1773 K for 6 h in air. The sintered disks were polished
o a thickness of 1 mm. The phase compositions of the materials
ere identified using XRD (Panalytical X’pert).
The densities of the sintered disks were measured using

he Archimedes technique, and the densities of LSGM8282,
SGMC5 and LSGMC8.5 were 6.39, 6.53 and 6.59 g cm−3,

espectively, showing relative densities higher than 98%.
The sintered disks were cut into a rectangular shape for

lectrical conductivity measurements. The dimension of the

amples was typically 2 mm × 1 mm × 15 mm. Platinum paste
as applied to both end of the bar and calcined at 1173 K for
0 min as working and counter electrode. Two platinum wires
ere attached to the bar close to the working and counter elec-
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rode, respectively, as two reference electrodes. The electrical
onductivities were measured as a function of temperature in
mixture of N2 (99.99%) and water saturated H2 (99.99%),

r oxygen (99.99%) and N2 (99.99%) by using a VMP2/Z-40
lectrochemical testing station (AMETECH). The oxygen par-
ial pressure was determined using a zirconia oxygen sensor.
he flow rate of the gas mixture was about 100 ml min−1. The
lectrical conductivities were measured by using both the four-
robe impedance spectrometry and four-probe dc polarization,
he results of which agreed with each other well.

Electronic conductivity was measured using the Hebb–
agner polarization method [13–15]. Ion-blocking polarization

ells of the configuration.
Dense Al2O3 plate, Pt (blocking electrode)/sample/Pt

reversible electrode), air were constructed [7–8,10]. Pt paste
as painted on both faces of the samples symmetrically with a
iameter about 10 mm and sintered at 1173 K for 30 min. The
lank surface of the sample was covered with powders of Pyrex
lass to prevent the diffusion of oxygen from the reversible
lectrode compartment to the blocking electrode compartment.
yrex glass powder as well as Pyrex glass ring was used for

he sealing between the dense alumina plate and the sample,
nd between the sample and an alumina tube. The mixture of
igh purity (99.99%) N2 and O2 with an oxygen partial pres-
ure about 0.21 atm was used as the reference gas passing over
he reversible electrode. The feeding rate of the gas was about
00 ml min−1. A constant dc voltage was applied on the sample
y using a VMP2/Z-40 electrochemical testing station (AME-
ECH), and the residual current was measured using the same
quipment.

The weight losses in nitrogen of LSGM8282, LSGMC5 and
SGMC8.5 were measured using thermo-gravimetric analyses

echnique (Netzsh STA409) as a function of temperature. The
amples were prepared as follows. Powders of the samples were
intered at 1773 K for 6 h, and then ground into fine powders.
efore the measurements, the powders were calcined in air or
xygen for 2 h at 1073 K and then quenched to room temperature
uickly. Six samples were tested, which were abbreviated as
SGM8282-air, LSGM8282-oxygen, LSGMC5-air, LSGMC5-
xygen, LSGMC8.5-air and LSGMC8.5-oxygen. The weight
osses of the samples were measured in 50 ml min−1 flowing
igh purity nitrogen. Oxygen partial pressure of the high purity
itrogen was about 1 × 10−5 atm as determined by the zirconium
xygen sensor. Three heating rates were tested, i.e., 10, 5 and
K min−1. The weight loss measured using a heating rate of
K min−1 was the same as that of 2 K min−1, which exhibited
relative error within 1–2% compared with that using a heating

ate of 10 K min−1. Therefore, the weight losses under a heating
ate of 5 K min−1 were reported in this study.

. Results

.1. Phase composition
The XRD patterns of LSGM8282, LSGMC5 and LSGMC8.5
re shown in Fig. 1. The results show that the samples exhibit the
ame single phase resembling that of La0.9Sr0.1Ga0.8Mg0.2O2.87.
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Fig. 1. XRD patterns of LSGM8282, LSGMC5 and LSGMC8.5.

o apparent impurities can be identified in Fig. 1. With the
ncrease in the concentration of cobalt in the samples, the peaks
hift towards higher 2θ. This suggests that a part of the Mg2+

ons are replaced by the small Co3+ ions [8].

.2. Electrical conductivity

Shown in Fig. 2 are the impedance spectra of LSGM8282 and
SGMC5 cells for electrical conductivity measurements under
arious oxygen partial pressures at 1073 K. It can be seen from

ig. 2 that the impedances of the two cells do not change with

he frequency of the ac signal within the frequency range of
kHz–10 Hz. Further, the real part of the impedance spectra is
xactly the same as that measured using four-probe dc polar-

ig. 2. Impedance spectra under various oxygen partial pressures at 1073 K of
SGM8282 and LSGMC5 cells used for electrical conductivity measurements.
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ig. 3. Electrical conductivities in LSGM8282, LSGMC5 and LSGMC8.5 as a
unction of oxygen partial pressure at various temperatures.

zation method. Therefore, the resistances of the electrolyte are
etermined using the real part of the impedance at 100 Hz, from
hich the electrical conductivities can be estimated. Fig. 2 shows

learly that the electrical conductivity of LSGMC5 is strongly
ependent on the partial pressure of oxygen especially under
igh and low oxygen partial pressures, while the conductivity of
SGM8282 is independent of oxygen partial pressure.

The electrical conductivities in LSGM8282, LSGMC5 and
SGMC8.5 at 973, 1073 and 1123 K under various oxygen
artial pressures are shown in Fig. 3. It is obvious that the
lectrical conductivities of LSGMC5 and LSGMC8.5 increase
ith decreasing oxygen partial pressures at various tempera-

ures especially in low (<10−15 atm) and high oxygen partial
ressure regions (>10−5 atm). For an example, the electrical
onductivity in LSGMC5 is about 0.16 S cm−1 in oxygen at
073 K, and increases to about 0.17 S cm−1 at 10−5 atm oxygen
artial pressure and 0.18 S cm−1 at 10−19 atm oxygen partial
ressure. To our knowledge, this is the first report on the signifi-
ant PO2 dependency of the electrical conductivity in LSGMC5
nd LSGMC8.5. Electrical conductivity in LSGM8282 shows
o dependency on oxygen partial pressure within the oxygen
artial pressure range studied.

The electrical conductivities of the samples are in the order of
SGM8282 < LSGMC5 < LSGMC8.5 at various temperatures,
hich is the same as that reported in the literature [7]. It is

lear that the substitution of magnesium with cobalt can increase
he conductivity in LSGM8282 significantly. Further, the addi-
ion of cobalt has a strong effect on the oxygen partial pressure
ependency of the electrical conductivity.

.3. Electronic conductivity

Electronic conductivities in LSGM8282, LSGMC5 and
SGMC8.5 were measured using Hebb–Wagner polarization
ithin the temperature range of 973–1173 K. As a typical exam-
le, the residual current I against the voltage U of various

amples at 1073 K are shown in Fig. 4. U is defined as the poten-
ial of the reversible electrode relative to the blocking electrode.
or LSGM8282, the I–U curves are typical S shape, which can
e well fitted using the traditional Hebb–Wagner polarization
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ig. 4. I–U curves of the ion-blocking cell involving LSGM8282, LSGMC5 and
SGMC8.5 at 1073 K. Point-experimental and line-simulated.

quation (Eq. (1)) as shown in Fig. 4.

e = RT

F

A

d

(
σ′

p

(
1 − exp

(
−UF

RT

))

+ σ′
n

(
exp

(
UF

RT

)
− 1

))
(1)

ere, Ie, R, T and F are the residual current measured, gas con-
tant, temperature and Faraday constant, respectively. A and d
enote the cross sectional area and thickness of the specimen,
espectively. σ′

p and σ′
n are the p-type and n-type conductivity,

espectively, at the reference oxygen activity at the reversible
lectrode.

Eq. (1) can be obtained easily taking into account of the
harge equilibrium in LSGM8282 (Eq. (2)), the redox reaction
Eq. (3)), and the electronic excitation reaction equilibrium (Eq.
4)) [10]

[VO
••] ≈ [Sr′La] + [Mg′

Ga] (2)

X
O = 1

2 O2 + VO
•• + 2e′ (3)

= e′ + h• (4)

Electron hole conductivity (σp) and free electron conductivity
σn) of the samples can be written as [10]

p = σ′
p

(
aO2

a′
O2

)1/4

(5)

n = σ′
n

(
aO2

a′
O2

)−1/4

(6)

O2 and a′
O2

are oxygen activity at the blocking electrode and
he reversible electrode, respectively. aO2 , which is close to
he oxygen partial pressure at the blocking electrode at high
emperatures, can be estimated using Nernst equation (Eq. (7))
onsidering that the oxygen partial pressure of the reference gas

s 0.21 atm [10].

O2 = 0.21 exp

(
−4UF

RT

)
(7)

a
h
d
1

ig. 5. Electronic conductivities in LSGM8282, LSGMC5 and LSGMC8.5 as
function of oxygen partial pressure at 1073 K.

Since the I–U curves of LSGMC5 and LSGMC8.5 do not
gree with Eq. (1) as shown in Fig. 4, the electronic conductiv-
ties are calculated using Eq. (8) [7,8].

e = d

A

(
∂I

∂U

)
(8)

Shown in Fig. 5 are the electronic conductivities of LSGM-
282, LSGMC5 and LSGMC8.5 extracted from Fig. 4 using
qs. (2), (5) and (6) or Eq. (8). The electronic conductivities in

he samples decrease with decreasing oxygen partial pressures
n high oxygen partial pressure region while increase in low
xygen partial pressure region, which correspond to electron
ole conduction and free electron conduction, respectively. PO2

ependencies of the free electron conduction show no obvious
ependency on the amount of cobalt in the sample, which are
bout −1/4. However, the PO2 dependencies of electron hole
onduction decrease with increasing concentration of cobalt in
he sample, which are about 0.25, 0.12 and 0.07 for LSGM8282,
SGMC5 and LSGMC8.5, respectively. It can also be observed

rom Fig. 5 that both the free electron conductivity and elec-
ron hole conductivity in cobalt doped LSGM8282 increase with
ncreasing concentration of cobalt as reported in the literature
7].

Shown in Fig. 6 are the electronic conductivities of LSGM-
282 at various temperatures calculated using Eqs. (2), (5) and
6). PO2 dependencies of the free electron and electron hole
onductivity in LSGM8282 are −1/4 and 1/4, respectively, at
arious temperatures. It can also be observed from Fig. 6 that the
lectronic conductivity in LSGM8282 increases with increasing
emperatures.

Shown in Fig. 7 are the electronic conductivities in LSGMC5
t various temperatures calculated using Eq. (8). PO2 dependen-
ies of the electronic conductivities in LSGMC5 depend strongly
n working temperatures. At 973 K, the PO2 dependencies of
ree electron conductivity and electron hole conductivity are

bout −0.16 and 0.084, respectively. However, at temperatures
igher than 1073 K, the PO2 dependencies of free electron con-
uctivity and electron hole conductivity are all about −1/4 and
/8, respectively.
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ig. 6. Electronic conductivities in LSGM8282 as a function of oxygen partial
ressure at various temperatures.

Shown in Fig. 8 are the electronic conductivities in
SGMC8.5 at various temperatures. PO2 dependencies of the
lectronic conductivities in LSGMC8.5 also depend strongly
n working temperatures. At temperatures higher than 1073 K,
he PO2 dependencies of free electron conductivity and electron
ole conductivity are about −1/4 and 0.07, respectively. How-
ver, the PO2 dependency of free electron conductivity is only
bout −0.13 at 973 K. Further, the PO2 dependency of electron
ole conductivity at 973 K is significantly different from that at
igher temperatures, and it even shows no PO2 dependency at

elatively high oxygen partial pressures.

Temperature dependencies of the electronic conductivities of
arious samples are shown in Fig. 9. Because the characteris-
ics of electronic conductivities at 973 K are different from those

ig. 7. Electronic conductivities in LSGMC5 as a function of oxygen partial
ressure at various temperatures.

b
s
d
1
d
e

F
8
s

ig. 8. Electronic conductivities in LSGMC8.5 as a function of oxygen partial
ressure at various temperatures.

t higher temperatures for LSGMC5 and LSGMC8.5, the tem-
erature range analyzed in Fig. 9 is 1073–1173 K. Moreover,
ecause the electronic conductivities in various samples have
trong dependency on oxygen partial pressure, electronic con-

uctivities at two typical oxygen partial pressures, i.e., 1 atm and
0−25 atm are analyzed, which correspond to electron hole con-
uction and free electron conduction, respectively. Activation
nergies of the electronic conductivities of various samples can

ig. 9. Temperature dependencies of the electronic conductivities in LSGM-
282, LSGMC5 and LSGMC8.5 at 1 atm and 10−25 atm oxygen partial pres-
ures, respectively.
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Fig. 11. Weight losses of LSGM8282, LSGMC5 and LSGMC8.5 as a function
of temperature in flowing high purity nitrogen.

Table 1
The change in sample weight (�m%), valance of Co (�VCo), and oxygen stoi-
chiometry (�δ in 3 − δ) of different samples in nitrogen assuming that the initial
valence of Co is +3

Electrolyte �m% �VCo �δ

LSGM8282-air 0 0 0
LSGM8282-oxygen 0 0 0
LSGMC5-air −0.10 −0.60 0.015
LSGMC5-oxygen −0.13 −0.76 0.019
L
L
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ig. 10. Oxygen ion conductivities in LSGM8282, LSGMC5 and LSGMC8.5
s a function of oxygen partial pressure at various temperatures.

e calculated from the slope of the curves in Fig. 9. It is clear
hat both the activation energies of electron hole conductivity
nd free electron conductivity decrease with increasing concen-
ration of cobalt. Further, the activation energies of the electron
ole conductivity are much lower than those of free electron
onductivity, agreeing with the results in the literatures [7,8,16].

.4. Oxygen ion conductivity

Oxygen ion conductivity can be calculated from the
ifference between the electrical conductivity and elec-
ronic conductivity. Oxygen ion conductivities in LSGM8282,
SGMC5 and LSGMC8.5 at 973, 1073, and 1123 K at var-

ous oxygen partial pressures are shown in Fig. 10. Oxygen
on conductivities of various samples are in the order of
SGM8282 < LSGMC5 < LSGMC8.5. It is clear that cobalt

s effective in improving the oxygen ion conductivity of
SGM8282. It can be further seen from Fig. 10 that the oxygen

on conductivity in LSGM8282 has no dependency on oxy-
en partial pressure. However, the oxygen ion conductivities of
SGMC5 and LSGMC8.5 increase obviously with the decrease

n oxygen partial pressure especially in high and low oxygen
artial pressure region. It is clear that the dependency of elec-
rical conductivity on oxygen partial pressure shown in Section
.2 is caused by the dependency of oxygen ion conductivity on
xygen partial pressure.

.5. Thermo-gravimetric analyses

The weight losses of LSGM8282, LSGMC5 and LSGMC8.5
s a function of temperature were measured using thermo-
ravimetric analyses to determine the change in oxygen vacancy
oncentration of the samples, which could illuminate the reason
eading to the dependency of oxygen ion conductivity on oxygen
artial pressure.

Shown in Fig. 11 is the relative weight of various samples

s a function of temperature in flowing high purity nitrogen.
he weight of LSGM8282 does not change with temperature,
emonstrating that the composition of LSGM8282 is rather
table and there is no change in the concentration of oxygen

4

t

SGMC8.5-air −0.19 −0.66 0.028
SGMC8.5-oxygen −0.21 −0.73 0.031

acancy. On the other side, obvious weight losses of LSGMC5
nd LSGMC8.5 are observed with the increase in temperature.
oreover, the weight losses of LSGMC5 and LSGMC8.5 pre-

reated in oxygen are higher than those pre-treated in air, and the
eight loss of LSGMC8.5 is higher than that of LSGMC5. These

esults demonstrate that the concentration of oxygen vacancy in
SGMC5 and LSGMC8.5 increases with the decrease in oxygen
artial pressure [8].

The change in the valance of cobalt and the oxygen stoichiom-
try are calculated and shown in Table 1 assuming that the initial
alences of La, Sr, Ga, Mg, Co and O are +3, +2, +3, +2, +3 and
2, respectively [8]. Cobalt in the electrolyte could exhibit vari-

ble valence, therefore the calculation is also carried out assum-
ng that the initial valence of cobalt is +4. The results show that
he variation of the initial valence of cobalt has no obvious effect
n the results, and the maximum relative error is less than 1%.

Table 1 shows that the change in the valence of cobalt and
xygen stoichiometry in LSGMC5 and LSGMC8.5 pre-treated
n air are lower than those pre-treated in oxygen. For the sam-
les treated in the same atmosphere, the change in the valence
f cobalt is similar for LSGMC5 and LSGMC8.5, while the
hange in oxygen stoichiometry of LSGMC5 is lower than that
f LSGMC8.5.
. Discussion

The results in this study demonstrate that both the tempera-
ure dependency and oxygen partial pressure dependency of the
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lectronic conductivity of cobalt doped lanthanum gallate are
ifferent from those of LSGM8282. The addition of cobalt into
SGM8282 also leads to a change in the oxygen partial pressure
ependency of oxygen ion conductivity.

Oxygen partial pressure dependencies of free electron and
lectron hole conductivity in LSGM8282 are −1/4 and 1/4,
espectively, suggesting that the generation of free electron and
lectron hole charge carriers can be described as Eqs. (9) and
10), respectively [10].

1
2 O2 + VO

•• = OX
O + 2h• for electron hole conduction (9)

X
O = VO

•• + 1
2 O2 + 2e′ for free electron conduction (10)

Oxygen partial pressure dependencies of the free electron
nd electron hole conductivity of LSGMC5 are about −1/4 and
/8, respectively, within the temperature range of 1073–1173 K.
O2 dependency of the electron hole conductivity of LSGMC8.5

s even lower than that of LSGMC5. These results illustrate
hat the mechanism of the generation of electron hole in cobalt
oped LSGM8282 could be different from that of Eq. (9). Ishi-
ara et al. [8] proposed Eq. (11) to explain the PO2 dependency
f the electron hole conduction in LSGMC5 based on the fact
hat the average valence number of Co in LSGMC5 decreased
rom about +3 to +2 with decreasing oxygen partial pressures in
igh oxygen partial pressure region. However, they did not ana-
yze the characteristics of the electron hole generation process
escribed by Eq. (11).

o′
Ga + VO

•• + 1
2 O2 = CoX

Ga + OX
O + h• (11)

Eq. (11) cannot be analyzed straightforward, because the con-
entrations of VO

••, Co′
Ga, CoX

Ga and h• change with oxygen
artial pressure. Further, the initial values of all the defects in
q. (11) are also not available. Here, the electron hole generation
rocess controlled by Eq. (11) is discussed under some limiting
onditions.

Assuming that (1) the average valance number of cobalt in
SGMC5 is +2 at low oxygen partial pressures within the tem-
erature range of 1073–1173 K, (2) there is no strong interaction
mong the defects in LSGMC5, and (3) the amount of electron
ole generated by Eq. (11) is much larger than that by Eq. (9) at
igh oxygen partial pressures. Then, the concentrations of Co′

Ga,
O

••, CoX
Ga and h• in LSGMC5 could be estimated as 0.05, 0.2,

, and 0 M, respectively, at low oxygen partial pressures. The
rst assumption is justified by the results reported by Ishihara
t al. [8]. The second assumption is acceptable considering the
igh temperature investigated. The third assumption is also rea-
onable if assuming that the large difference in electron hole
onductivity between LSGM8282 and LSGMC5 is mainly due
o the difference in the number of charge carriers, i.e., electron
oles. Further, a significant change in the valence number of Co
s observed with decreasing oxygen partial pressures as shown
n Table 1, suggesting that the extrinsic electron holes generated
ould be the dominant electron hole charge carriers at an oxygen

artial pressure higher than 1 × 10−5 atm.

With the increase in oxygen partial pressure, the concentra-
ions of Co′

Ga and VO
•• decrease, and the concentrations of CoX

Ga
nd h• increase. Assuming that the change in the concentration of

L
t
r
a

Sources 166 (2007) 22–29

o′
Ga is x at some fixed oxygen partial pressure, the equilibrium

f Eq. (11) can be described using Eq. (12).

x2

(0.05 − x)(0.2 − x)P1/2
O2

= K (12)

ere, K is the equilibrium constant of Eq. (11). The solution of
q. (12) is

=
−0.25KP

1/2
O2

±
√

0.0225K2PO2 + 0.04KP
1/2
O2

2(1 − KP
1/2
O2

)
(13)

Oxygen partial pressure dependency of x cannot be obtained
traightforward from Eq. (13). However, Eq. (13) can be simpli-
ed as Eqs. (14) and (15) under limiting conditions.

= 0.2 or 0.05, KP
1/2
O2

� 1 (14)

= 1

10
K1/2P

1/4
O2

, KP
1/2
O2

� 1 (15)

Because the concentration of CoX
Ga should be less than or

qual to 0.05 according to the stoichiometry of LSGMC5, x
hould be 0.05 under the condition that KP

1/2
O2

� 1. Eq. (14)
emonstrates that the concentration of electron hole should be
ndependent of oxygen partial pressure under the condition that
P

1/2
O2

� 1, i.e., at high oxygen partial pressures. On the other

and, the concentration of electron hole is proportional to P
1/4
O2

nder the condition that KP
1/2
O2

� 1, i.e., at relatively low oxy-
en partial pressures. Assuming that the mobility of electron
ole has no obvious dependency on its concentration, the oxy-
en partial pressure dependency of the electron hole conductivity
hould be within the range of 0–1/4. Therefore, it is reasonable
o observe a about 1/8 PO2 dependency of the electron hole
onductivity in this study.

A PO2 related PO2 dependency of electron hole conductivity
s expected if Eq. (11) is the dominant process for the generation
f electron holes. The PO2 dependency of electron hole conduc-
ivity would be 0 at high oxygen partial pressures, and increase to
/4 at low oxygen partial pressures. The results in Figs. 7 and 8
how clearly that the PO2 dependencies of electron hole con-
uctivity in LSGMC5 and LSGMC8.5 decrease with increasing
xygen partial pressures at 973 K. The activation energies of
he electron hole conductivity of LSGMC5 and LSGMC8.5 are

uch lower than that of LSGM8282, suggesting that the elec-
ron holes generated by Eq. (11) could play an important role at
ow temperatures [8]. Therefore it is reasonable to observe the
O2 dependent PO2 dependency of electron hole conductivity at

ow temperatures. Eq. (11) also suggests that the concentration
f oxygen vacancy should increase with decreasing oxygen par-
ial pressures especially in high oxygen partial pressure region
7,8], which is verified by the thermo-gravimetric analyses.

The concentrations of oxygen vacancy in LSGMC5 and

SGMC8.5 in oxygen are estimated from the stoichiometry of

he materials by assuming that the valence of Co is +2, +3 and +4,
espectively. The concentrations of oxygen vacancy in LSGMC5
nd LSGMC8.5 in air or high purity nitrogen are estimated using
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Table 2
Oxygen ion conductivity (σi (S cm−1)) and the estimated molar concentration of oxygen vacancy in LSGMC5 and LSGMC8.5 pretreated under various atmospheres
at 1073 Ka

Electrolyte [VO
••](Co2+) [VO

••](Co3+) [VO
••](Co4+) σi (S cm−1)

LSGMC5-oxygen 0.200 0.175 0.150 0.160
LSGMC5-air 0.204 0.179 0.154 0.163
LSGMC5-nitrogen 0.219 0.194 0.169 0.172
LSGMC8.5-oxygen 0.200 0.157 0.115 0.159
LSGMC8.5-air 0.203 0.160 0.118 0.162
L 0.178
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[
[

SGMC8.5-nitrogen 0.221

a [VO
••](Co2+), [VO

••](Co3+) and [VO
••](Co4+) are the estimated molar con

2, +3 and +4, respectively.

he results of thermo-gravimetric analyses [17] shown in Table 1.
s shown in Table 2, both the concentration of oxygen vacancy

nd oxygen ion conductivity increase with the decrease in oxy-
en partial pressure, suggesting a strong dependency of oxygen
on conductivity on the concentration of oxygen vacancy.

The increase in the concentration of oxygen vacancy should
ead to an increase in oxygen ion conductivity assuming that the

obility of oxygen vacancy does not change dramatically under
he experimental conditions. However, the ratio of the oxygen
on conductivity in oxygen or air to that in nitrogen is lower
han the corresponding value of the concentration of oxygen
acancy for both LSGMC5 and LSGMC8.5. For an example,
he ratio of the oxygen ion conductivity of LSGMC5 in high
urity nitrogen to that in oxygen and air is 1.075 and 1.055,
espectively. However, the ratio of the concentration of oxygen
acancy of LSGMC5 in high purity nitrogen to that in oxygen
nd air is 1.095 and 1.074, respectively, even assuming that the
nitial valence of Co in oxygen is +2. The discrepancy between
he increase in oxygen ion conductivity and the increase in the
oncentration of oxygen vacancy illustrates that part of the oxy-
en vacancies could aggregate with each other or with other
pecies, which decreases the mobility. However, it is clear that
he increase in the number of oxygen vacancy could be responsi-
le for the increase in oxygen ion conductivity with decreasing
xygen partial pressures.

. Conclusions

Electrical conductivities in La0.8Sr0.2Ga0.8Mg0.15Co0.05

3−δ (LSGMC5) and La0.8Sr0.2Ga0.8Mg0.115Co0.085O3−δ

LSGMC8.5) increased with decrease in oxygen partial pressure
specially in the high (>10−5 atm) and low oxygen par-
ial pressure regions (<10−15 atm). However, the conductivity
n La0.8Sr0.2Ga0.8Mg0.2O3−δ(LSGM8282) showed no depen-

ency on oxygen partial pressure. At temperatures higher than
073 K, PO2 dependencies of the free electron conductivities in
SGM8282, LSGMC5 and LSGMC8.5 were about −1/4, and

he PO2 dependencies of the electron hole conductivities were

[
[
[
[

0.136 0.172

ations of oxygen vacancy assuming that the initial valence of Co in oxygen is

bout 0.25, 0.12, and 0.07, respectively. The decrease in the
alance of cobalt and the increase in the concentration of oxygen
acancy with decreasing oxygen partial pressures were the main
eason leading to the abnormal oxygen partial pressure depen-
ency of oxygen ion conductivity and electron hole conductivity.
oth the electronic conductivity and oxygen ion conductivity in
obalt doped lanthanum gallate samples increased with increas-
ng concentration of cobalt, suggesting that the concentration of
obalt should be optimized carefully to maintain a high electri-
al conductivity and close to a oxygen ion transference number
f 1.
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