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Abstract Lao'gsro'zGao'gs_ngo' 1 5COXO3 +5 materials
(further cobalt-doped LSGM), where x varied from 0 to
0.20, were synthesized by means of the conventional
powder route. The total conductivity of the LaggSrq,.
Gagg5.\Mgo15C0, O35 samples was measured as a
function of temperature (400-900 °C) and oxygen par-
tial pressure (1 x 107! < po,[Pa] < 1 x 10°) by means
of the impedance technique. The values of the oxygen
ionic and the hole conductivities were determined from
non-linear regression of the oxygen partial pressure
dependence of the total conductivity. It was shown that
the substitution of gallium by cobalt in the LSGM re-
sults in increasing either the oxygen ionic or the hole
conductivity, although the increase of the hole conduc-
tivity due to the doping by cobalt is more significant
than the increase of the oxygen ionic conductivity. The
hole conductivity of the selected compositions was
studied by oxygen permeation- and Hebb-Wagner-
polarization measurements.

Keywords Lanthanum gallate - Cobalt doping -
Electrical conductivity - Ionic conductivity - Hole
conductivity

Introduction

La,.,Sr,Ga,.,..Mg,Co.03 .5 (LSGM), doped by cobalt
is reported to be a mixed conductor with a relatively high
electrical conductivity [1-5]. Ishihara [6] has claimed that
such materials could also be used as possible electrolytes
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for solid oxide fuel cells (SOFC). The application of co-
balt-doped LSGM, as a promising material for gas sep-
aration membranes is conceivable [7]. These two
proposed application areas of cobalt-doped LSGM are
based on two contradictory tendencies: possible electro-
lytes for SOFC request a predominant ionic conductiv-
ity, whereas materials for gas separation membrane
should have a considerable part of the electronic con-
duction. The knowledge about the relationship between
the ionic and the electronic conductivities of cobalt-
doped LSGM is still contradictory. This might be due to
the difficulty of experimentally determining and clearly
separating the oxygen ionic and electronic conductivities
of such a mixed conductor. In the present work, a con-
tribution towards this problem is to be made by char-
acterizing the conduction properties of cobalt-doped
LSGM using impedance measurements under varying
oxygen atmospheres. The influence of the cobalt doping
concentration on the relationship between the ionic and
the electronic conductivities was of particular interest.
The selected specimens were also investigated by means
of oxygen permeation and Hebb—Wagner-polarization
measurements to allow comparison of results obtained
by different measuring techniques.

Theoretical consideration

Defect chemistry of cobalt-doped LSGM. Oxygen-ionic
and electronic conductivity

In LSGM, the oxygen vacancies are formed as a con-
sequence of the charge balance due to the substitution of
lower valent cations (i.e. Sr> " and Mg? ") into La*" and
Ga®" positions, respectively:

V' + V& + 3V + MgO + SrO = )
Sri, + Mgg, +205 + Vg

which leads to considerable increase of the electrical
conductivity [8]. The additional substitution of Co-ions
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into Ga®" sites can lead to a further increase of the
concentration of oxygen vacancies if cobalt exists in the
Co”™ state:

1 (1]
Cog, + O35 +=Vy

: )
Cobalt, however, may adopt different valence states. If
cobalt exists as three-valent cation, there is no effect on the
oxygen vacancy concentration. Although the oxidation of
three-valent cobalt cations to a four-valent form can cause
a decrease in the oxygen vacancy concentration:

Gy + 1.5V 4+ CoO =

1
2Cog, + Vg + 502 = 0Og +2Cog, (3)
The valence state of cobalt is mainly determined by the
electron concentration in the solid and, thus, by the
equilibrium of the solid with the oxygen containing gas
phase. At high PO, it holds that:

(4)

At low oxygen activities, oxygen is removed from the
crystalline lattice and electrons are generated for elec-
troneutrality reasons:

1
502 +Vy = Of +2n°,

1
o5 = V& +2+ 502, (5)
For LaggSrg,Gaggs..Mgg15C0,03.4, the following
electroneutrality condition has to be taken into account:

2[0]] + [¢] + [Sry,] + [Mgg,] + [Cog,]

= (1] +2[V5] + [Cog,]- (6)

If it is assumed that the concentration of vacancies is
constant under the experimental conditions:

([Srra] + Mg, ] + [Cog,]) 2= 2[VE] = const. (7)

Thus, the concentration of the oxygen vacancies should
be independent on oxygen partial pressure and con-
trolled only by the doping concentrations of Sr**, Mg? "
and Co”" ions and the ionic conductivity is expected to
be constant. It follows from Eq. 4 that:

_ 0 /4
Op =0, " Po, -

(8)

Here, o g is the p-type electronic conductivity at oxygen
partial pressure of 1 bar.

In the limiting case (7) of the electroneutrality con-
dition (6), the concentration of the electrons is negligibly
small in comparison with that of the holes. In view of
this fact, the total conductivity ¢ (o, can be expressed as:

Otot = Oion + O'g 'Pl/24~ (9)

Eq. 9 allows separately determining o¢j,, and o, by
making use of the different oxygen partial pressure
dependence.

It should be mentioned that the model, discussed
above, could have limitations for LSGM highly doped

by cobalt, as the oxygen ions mobility in such materials
can be po,-dependent [9, 10].

Oxygen permeation measurements
and Hebb—Wagner-polarization technique

The hole conductivity of the selected specimens was
additionally studied by the oxygen permeation and
Hebb—Wagner-polarization technique in order to verify
the model used for determination of the ionic and the
hole conductivities from po,-dependence of the total
conductivity.

In a mixed oxide ionic-electronic conductor the dif-
ference in oxygen chemical potential at the two surfaces
results in an oxygen permeation flux. This oxygen cur-
rent can be expressed by the following equation:

(1 + O'Gi-(‘,fn) ’ (1 + D_Oi’i)n) .

where pg, and pg, are the oxygen partial pressures at
the oxygen-rich and oxygen-lean side of the permeation
disc, respectively, ", and ¢”, are the p- and n-electronic
conductivities at po, = p) , ¢’ and ¢, the p- and n-
electronic conductivities at po, = p’oz, R, T and F are,
respectively, the gas constant, the absolute temperature
and the Faraday constant; L is the pellet thickness and S
stands for the area of the electrolyte the oxygen ion
current is flowing through. If the oxygen partial pressure
fulﬁ}s the. following condition: . Po, >> po;i pbz, P06, =~
Pw, iImplying that the n-electronic conductivity is negli-
gibly small, the Eq. 10) can be simplified to:

RTS RTSa? , )
1= (=) == (pol* ~pol’) (1
The principle of Hebb—Wagner-polarization method
consists of using a galvanic cell with one electrode en-
tirely blocking to the passage of oxygen ions and the
other electrode being reversible. If an external voltage is
applied, the steady state current flowing through the
electrolyte is of electronic nature. The electronic current
I. under the blocking condition is related with the
polarization voltage U by the Hebb—Wagner equation:

)

(12)

RTS
1= E(Tion In

(10)

In Eq. (12), ¢ 3 means the n-type electronic conductivity
at PO, of 18a.

Materials and methods

LaoAgsroAzGaoAg}ngo.15COXO3i& (0 <x< 020) WEre
synthesized by the conventional powder route. La,O;
(99.99%, STREM Chemicals), SrCOj3; (99.999%, Alfa),



Ga,03; (99.99%, Alfa), (MgCO3);Mg(OH),'5SH,O
(99.999%, Sigma) and Co3;04 (99.9985%, Alfa) were
used as the starting materials. The solid-state reaction
was carried out in two stages. A homogeneous mixture
of the starting oxides was heated up to 1150 °C at
heating rate of 5 K/min and then pre-calcined at this
temperature for 2 h. This pre-calcination step was re-
quired to bind Ga into the intermediate compound;
otherwise unbounded Ga,O; can be reduced to Ga,O at
temperatures higher than 1200 °C and evaporates from
the ceramic that leads to decreasing of the ceramic
density [11, 12]. After pressing the calcined powders into
the pellets (625 MPa for 1 min), the samples were sin-
tered at 1500 °C in air for 12 h (heating rate: 5 K/min;
cooling rate: 2 K/min). Such time—temperature program
of preparation helps to avoid the formation of pores
[13]. Calcination and sintering procedures were carried
out in a closed alumina crucible.

The phase composition of the sintered samples was
identified by means of room temperature powder X-ray
diffraction (D5000 Diffractometer, Siemens) using CuK,
radiation and by scanning electron microscopy (SEM)
with additional energy-dispersive X-ray microanalysis
(Stereoscan 200, Cambridge Instruments and EDAX;
Model DSM 982 Gemini, Karl Zeiss, Inc., Oberkochen,
Germany). For that purpose, on gold-coated and ther-
mally etched samples were used. In addition, optical
microscopy served for estimating the porosity of the
ceramics.

Pellets of essential thickness and diameter were cut
out from cylindrical sample. The parallel surfaces of the
pellets were ground and polished with diamond paste.
Platinum was applied on the flat surface of the pellets by
painting. Then, the electrodes were heated at 1000 °C for
1 h. The cooling and heating rates were 5 K/min. A two
electrode symmetrical cell was build by pressing of plat-
inum meshes with platinum current leads onto the plat-
inum electrodes. The total electrical conductivity was
measured by means of impedance spectroscopy. The
impedance measurements were carried out using the
frequency response analyzer SI 1260 (Solartron Instru-
ments) in combination with the potentiostat 273 A
(EG&G Princeton Applied Research). Usually, the fre-
quency range between 100 yuHz and 100 kHz was cov-
ered. The AC voltage amplitude was equal to 10 mV. The
experiments were carried out in the temperature interval
from 400 to 900 °C. The temperature was measured by
means of an EUROTHERM 902-S temperature con-
troller and kept constant within 0.5 K. During the
measurements, the oxygen partial pressure of the gas
mixtures in the ambience of the samples was varied in the
range 1 x 107! (pure argon) < po, [Pa] < 1 x 10° (oxy-
gen). The oxygen concentration between these two values
was adjusted by pre-mixing pure argon with pure oxygen
using Tylan General RO-28 mass-flow controllers.

The oxygen permeation measurements were carried
out using a potentiometric/coulometric device (OXY-
LYT, SensoTech, Germany) within the temperature
interval from 400 to 900 °C. The densified polished
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samples of LSGM with known dimensions were her-
metically fixed by a gold ring sealing between two gas
spaces having different oxygen partial pressures con-
trolled by the “OXYLYT”. The permeation current in
the LSGM pellets was measured from the surface, ex-
posed by air, to the opposite side exposed by argon.

Hebb—Wagner-polarization measurements were con-
ducted on the sample Lag gSry,Gag75sMgo 15C00.1003+ 5.
For this purpose, the following cell was employed: -Pt-
foil (blocking)/Lag §Sto2Gag.7sMgo.15C00.1003 + 5/porous
Pt, air (reversible) &

The sintered sample was ground down to 1 mm
thickness and placed on a Pt-foil as an ion-blocking
electrode. The specimen was inserted into a heated
quartz tube and the ceramic pellet was sealed onto the
Pt-foil with a glass [14] in an argon atmosphere at about
740 °C. The sealing was to ensure the ion-blocking of
the Pt-foil electrode. A high impedance multimeter
(Keithley 6571, Keithley Instruments Inc., USA) was
used to apply a constant voltage and to measure the
steady-state current through the cell.

Results and discussion

Figure 1 shows the XRD diffraction patterns of
Lag gSrg-,Gag gs..\Mgg 15C0,03.5 with cobalt concen-
tration varying from x=0 to 0.20. All the synthesized
LSGM compositions exhibited a cubic phase consistent
with the literature [13, 15, 16]. The splitting of the cubic
(110) peak into the (110) and (104) reflections of the
hexagonal cell for the composition with 20 mol% Co
reported in [15] was not observed here. The lattice
parameters are given in Table 1. These data are in a
good agreement with values reported in [13, 15-17].

It can be seen that the sample without cobalt reveals
the presence of two different secondary phases, namely,
LaSrGa;0; and LaSrGaQ,. Cobalt seems to change the
solubility limits of Sr and Mg in the LaGaO; lattice,
since the XRD plot of the sample doped with 5 mol%
Co does not show a presence of any secondary phases.

350 p
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Fig. 1 Powder X-ray diffraction patterns for LaggSrg.Gaggs.
+Mgo.15C0,03.5 (0 < x <0.25)
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Table 1 Calculated cell —
parameters from XRD data for ~Composition

the compositions investigated

a (A) Unit cell volume (A3)
Lag gSro2Gag.ssMgo.1503+ 5 3.924(0) 60.44
Lag gSro2Gag.80Mgo.15C00.0503 + 5 3.909(5) 59.75
Lag gSrg 2Gag 7sMgo.15C00.1003 5 3.986(5) 63.35
Lag gSro2Gag.6sMgo.15C00.2003 + 5 3.885(1) 58.64

Secondly, cobalt improves the sinterability of LSGM-
ceramics and, thus, accelerates the solid-state reaction
causing more complete chemical interaction [17, 18]. The
peaks of LaSrGa;0; again appear in the diffraction
patterns for LaggSry,Gag75sMgp.15C00.1003+5, their
intensities, however, are significantly smaller. The sam-
ple with the highest Co content, i.e. 20 mol% Co shows
additional peaks of low intensity that indicate the pres-
ence of LaSrGaO,.

The average density determined by means of the
Archimedes method was about 96% of the theoretical
one, which was calculated on basis of XRD data.

The SEM images of Lag gSry,Gag gs5..Mgg 15C0, O34 5
are shown in Fig. 2a—c. It is discernible from Fig. 2a
that the samples generally exhibit a high density and
negligible degree of porosity. Some of the samples con-
tain a small amount of secondary phase(s), i.e.
LaSrGa;0; that appears in the form of dark spots and
LaSrGaOQ, that looks light-coloured (Fig. 2b, c).

LaSrGa;0; and LaSrGaO, are reported to be the
common minor phases accompanying the synthesis of
LSGM [13, 19, 20]. These two phases were investigated
in [20] regarded their electrical conduction properties.
LaSrGaO,; was found to be a low-conductive phase,
while LaSrGa;0O; exhibited a relatively high electrical
conductivity of about 107" S em™' of mainly p-type. As
the intensity of the largest impurity peaks did not exceed
2-5% of most LSGM-phase reflections, the composi-
tional changes in the perovskite phases due to the sec-
ondary phases segregation and the effect of minor
phases on the properties of investigated LSGM ceramics
were regarded to be negligible.

Figure 3 illustrates an example of characteristic Ny-
quist plot of the impedance data measured on
LaOAgSI'QQGansMgOA15C00A1003i(s at 900 °C in argon
Rg. and Ry on this plot have the meaning of the direct-
current and the high frequency resistances, respectively,
corresponding to the intercepts of low frequency and
high frequency parts of the impedance spectra with the
real (Z’-) axis of Nyquist plot. Ry values, which are
usually assumed to be the ohmic resistance of the elec-
trolyte and the current leads [21], were found by
extrapolation of the impedance data. The total electrical
conductivity was determined from the value of Ryy.

Figure 4 shows the Arrhenius plot of total electrical
conductivity in air of the LaggSrg,Gaggs..Mgp 15Co,.
O, , (x=0; 0.05; 0.10; 0.20). The results were indepen-
dent of whether the samples were measured during
heating or cooling. It becomes obvious that the con-
ductivity increases with increasing cobalt concentration;

the substitution by 5 mol% of Co in the Ga-positions
leads to an enhancement of the total conductivity of
about one order of magnitude. On further increasing the
dopant concentration, the activation energy even de-
creases. It is interesting to note that the difference in the
total conductivity values between the samples of different
cobalt content is reduced with increase of temperature.

Figure 5 demonstrates the effect of the oxygen partial
pressure on the total conductivity at 700 °C. It is pos-
sible to see that the slope of the plots increases with
cobalt concentration.

According to [9, 10, 15, 22], cobalt remains trivalent
under the conditions taken for this investigation. Hence,
the vacancy concentration is expected to be independent
on po,-

Figure 6 shows fitting the experimental data to Eq. 9
for the compositions with 0; 5 and 10 mol% Co. Sta-
tistical parameters (correlation coefficients and disper-
sions) showing the fit quality using the model mentioned
at 700 and 900 °C are cited in Table 2. The satisfactory
fitting parameters confirm the adequacy of the fitting
model applied.

The oxygen ionic conductivity, calculated by least
square method from oxygen partial pressure dependence
of total conductivity, is presented in Fig. 7 as a function
of temperature. The figure shows that the substitution
by cobalt seems to cause the increase in the ionic con-
ductivity: the values of the ionic conductivity of all the
cobalt substituted LSGM are higher than that for the
sample without cobalt. The enhancement amounts to
about one order of magnitude. The highest value of the
oxygen-ionic conductivity is observed for the sample
with x=0.10. This means that the ionic conductivity of
the composition with the highest investigated cobalt
doping concentration is lower than that of the samples
x=0.05 and 0.10. This can be explained by a too high
number of the oxygen vacancies, which can be created
due to such high concentration of cobalt ions (x=0.20)
with a lower valence. This can lead to the oxygen
vacancies association, which can result in decreasing the
ionic conductivity. The suppressed ionic transport at the
highest investigated cobalt concentration can be also
explained by the enhanced Coulombic attraction be-
tween cobalt cations and oxygen ions causing a local
ordering in the oxygen-sublattice.

The activation energy for ionic conductivity varies
from 0.51 to 0.69 eV, which in good agreement with the
literature data [9, 23].

The temperature dependences of the hole conductiv-
ity at po, of 1 bar, calculated from the regression
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Fig. 3 An example of Nyquist plot measured on LaggSrg,.
Ga0475Mg0_15C00.|003i(5 at 900 °C and pPo, = 1 x107%Pa
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Fig. 4 Arrhenius plots of total electrical conductivity of Lag gSrg ».
Gao_gs_ng()_wCOij,i(si 1 x= O, 2 x= 005, 3 x= 010, 4 x=0.20

according to Eq. 9, are shown in Fig. 8. It can be seen
that the doping by cobalt results in an increase of ¢, the
higher the cobalt concentration, the higher the hole
conductivity. The maximum activation energy for the
hole conductivity is observed for the composition with-
out cobalt (0.53 eV), whereas LaggSrg,GagesMgo 5.
Co0¢.2005 1 5 has the lowest value of the activation energy
for the hole conductivity (0.15 eV). The activation en-
ergy E, for the oxygen-ionic conductivity and the hole
COIldUCtiVity of LaOAgsroAzGaolgs_ngo_15COXO3i(j are
given in Table 3. From analysis of these data, it can be
noticed that the activation energy for the hole conduc-
tivity of the sample without Co is essentially lower with
respect to the data determined from the Hebb—Wagner-
polarization measurements by [23, 24] for a similar
compositions, but more comparable to the value
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Fig. 5 Oxygen partial pressure dependence of the total conductiv-
lty for La0>8sr0_2Ga0>g5_v\~Mg()_|5CO(\»O3i(s (XZO, 0.05; 0.10; 020) at
700 °C

obtained by Weitkamp et al. (0.66 eV) [25]. These dif-
ferences can be explained by the possible limitations of
the model used in this work for LSGM undoped by Co,
as for this case the value of the hole conductivity is quite
low. For this reason, it can be difficult to define ag within
a high accuracy, since the total conductivity of the
undoped material shows a quite weak po,-dependence.

It is obvious that the E, value of the hole conductivity
for the composition with x=0.10 falls out from the
common sequence. Furthermore, this composition re-
veals the lowest value of the activation energy for the
ionic conductivity. This behaviour can be explained by
the fact that the lattice parameter and the cell volume of
the ceramic with x=0.10 are larger than those of the
other investigated compositions, which is visible from
Fig. 1 and also from Table 1. This can influence the
charge transport mechanism. According to [15, 26], in-
crease of the lattice volume and of the free volume
causes faster ionic transport. This suggestion is con-
firmed by the fact that LSGM doped with 10 mol% Co
exhibits the highest oxygen-ionic conductivity. The
activation energy for the hole conductivity of this com-
position exceeds those values for the other investigated
Co-doped LSGM, as the hole mobility reveals the
opposite dependence on the lattice volume than the
oxygen ions mobility due to the small-polar on mecha-
nism of the p-type electronic conduction [27]. Generally,
both activation energies with the exception of the values
for Lao_gsr0_2G30.75Mg0.15C00.1003its decrease with
increasing cobalt concentration.

Comparing Figs. 7 and 8, it is possible to see that
both of the partial conductivities, i.e. oxygen ion and
hole conductivities are increased due to the cobalt
doping. Nevertheless, the increase of the hole conduc-
tivity due to the cobalt substitution is more significant
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Fig. 6 The result of fitting oxygen partial pressure dependence of
oot for LaggSrg-Gaggs..Mgo 15C0,03.5 according to Eq. 9: a
x=0; b x=0.05; ¢ x=0.10

than that of the oxygen ionic conductivity. The oxygen
ion and the hole conductivities are presented in Fig. 9 as
a function of the cobalt concentration at 900 °C. These
values, determined in present work, are compared in
Fig. 9 with the values of the hole and ionic conductivi-
ties of Lag gSrg,GaggMgp»..Co, O35 from the work of
Ishihara et al. [9]. The substitution of 5 mol% of
Co into the Ga sites causes the increase of the ion
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Table 2 Statistical parameters of the fitting using the model Eq. 9 for 700 and 900 °C

Composition T (°C) —lg oion (Scm ™) —lg o g (Sem™) R, correlation coefficient
Lao_gsro'zGaO'g5Mg0'1503i(s 900 2.05+ 1X1074 2.86+£0.05 0.9804
700 2.33+0.00(2) 3.29+0.08 0.9502
La()_xsro_zGao_goMgQ_15CO()_0503 45 900 .15+ 000(3) 2.38+0.10 0.9292
700 1.69+£0.01 2.624+0.10 0.9342
Lao_8Sr0_2Ga0_75Mg0_15C00_1003 +o 900 1.16£0.01 1.84 £0.09 0.9425
700 1.61£0.02 2.294+0.14 0.8870
Laolgsro‘zGao‘65Mg0.15C00.200315 900 1.36 +0.04 1.28 +0.09 0.9525
700 1.87+0.11 1.31£0.09 0.9477
T [°C] Table 3 The activation energy for the oxygen-ionic and electronic
. 900 800 700 600 500 conductivities of LaggSrg,Gaggs.xMgp.15C0,0345
’ ! ' ! ! ! x in Lag gSrg»Gag gs.x E, of the ionic E, of the hole
2p0 L i Mgp.15C0. 035 conductivity (eV) conductivity (eV)
@ 0 0.69+0.02 0.53+0.01
%o 1S 1 005 0.68+0.02 0.29+0,01
& 0.10 0.50+0.01 0.51+0.02
z' 10 1 0.20 0.60+0.01 0.15+0.01
B,
5 050 | -
o 00 X in Loy 551 .G g8y 2.,C0,03.4
T 7 (results of [9])
0 005 0.1 0.15 0.2 0.25
-0.50 | -1 30 T T T T T
-10 1 1 1 1 1 25 } 4
8 9 10 11 12 13 _ e
104T [1/K] ? 20 | 1g6,T A
o
Fig. 7 Temperature dependence of the oxygen-ion conductivity of 15 | 1ig6,0T T
Lag sSr02Gag.85.xMgo.15C0,03 + 5 2 1
B 10 | i
3 o
2p
T [°C] 0S5 | ' i
900 800 700 600 500
25 T T T T 00 | z T
—0—x=0
- —o—x=005 05 . . : . .
20 | x=p20 ] 0 0.0s5 0.1 0.15 02 025
Q 15 L x in Lag g5% ;G 55189 15C0,05.4
- (present work)
g 10
n, T T Fig. 9 Oxygen ion conductivity (oj,,) and hole conductivity at
I_.'p. Po, = 1 bar and at 7=900 °C in La()_gsr()_zGa()_g5,ng0_15COXO3i(i
6 050 1 as the functions of the doping concentration of cobalt in
Ly comparison with the results of [9]: 7 Ig ¢ on (this work); 2 lg o
oo | 1 9 (this work); 3 1g & ion [9]; 4 1g o O [9]
-0.50 71 above 5 mol% of Co. On the other hand, the hole
conductivity enhances continuously with rising the co-
1 1 1 1 1 o . . .
-10 8 9 10 11 12 13 balt content. The hole conductivity was determined in [9]
by means of the Hebb—Wagner-polarization technique.
104T [1/K]

Fig. 8 Hole conductivity at po, = 1bar
Mg 15C0,05 .5 as a function of temperature

of Lao_gsro_zGaQ_85_

conductivity of about one order of magnitude, but no its
further significant enhancement is observed at this
temperature on increasing cobalt doping concentration

The values of the oxygen ionic conductivity were cal-
culated there by the subtraction of the value of hole
conductivity from the total conductivity. The authors of
[9] observed also similar tendency of the influence of the
cobalt doping on the correlation between the ionic and
the hole conductivities; the increase of the hole
conductivity is more significant as that of the ionic
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Fig. 10 Temperature dependence of the oxygen permeation current
through La()_gSr()_zGao_gS,A\-Mgo_15C0x03i(i (XZOIO, 020) from air
(p5, = 2.1 x 10*Pa) to argon pj, = I bar
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Fig. 11 Current [ versus polarization voltage applied at the
reversible electrode of the ion-blocking cell involving LaggSrg .
Gag75sMgp 15C09.1003+s at different temperatures. The oxygen
partial pressure at the reversible electrode is 0.21 bar

conductivity. The comparison between the present val-
ues of the hole conductivity at po, of 1 bar and by
Ishihara et al. [9], reveal good agreement, while the
difference in values of the ionic conductivities is much
more significant.

The permeation current in the samples with 10 and
20 mol% Co from air to argon is illustrated in Fig. 10 as
a function of temperature. The investigated samples re-
veal a considerable value of the permeation current
which means a high hole conductivity. The values of the
permeation rate are in a good agreement with literature
data for perovskite phases doped by cations of transition
metals [6, 28, 29].

The electronic current-applied polarization voltage
dependence obtained by Hebb-Wagner-measurements
on Lao_gsr0_2G30.75Mg0.15C00. 1003 15 is shown in
Fig. 11. The values of ¢, were determined from the
nonlinear least-square fitting of the experimental data
shown in Fig. 11. The latter results and the values of ¢ )

25
20 4
& 1s |
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®, T
%U.SO 4
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——3: x = 0,10; Hebb-Wagner-measuremerts
—0—4: x = 0.20; from 6, =fp,,)

—¢—5: x = 0.20; oxygen penmeation
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Fig. 12 The hole conductivity at po, = 1 bar of LagsSrg.Gaggs.
Mg 15Co, 03155 1 Lag gSro2Gag.7sMgo.15C00.1003 1 5 (PO;
-dependence of total conductivity); 2  LaggSrg,Gag75Mgo. 5.
C04.1003+ 5 (0xygen permeation method); 3 Lag gSro2Gag.7sMgo.15.
Cog.1003+ 5, Hebb-Wagner-measurements; 4 Lag gSrg-,Gag sMgo.15
C002003+5 (po,-dependence of total conductivity); 5 LaggSrgo-
Gag 6sMgo.15C00 2003+ s (0xygen permeation method)

calculated from the data of the oxygen permeation
measurements using Eq. 11 are compared in Fig. 12
with the hole conductivity values determined in the
present work (see also Fig. 8). It shows the satisfactory
agreement between the results, measured by different
experimental methods. This fact confirms indirectly the
assumptions used for the fitting of the oxygen partial
pressure dependences of g, and concerning the oxygen
partial pressure dependence of the hole and the oxygen-
ion conductivities.

Conclusions

Depending on the cobalt content, LaggSry,Gaggs.
+Mgo.15C0,O5. 5 ceramics (0 < x < 0.20) produced by
solid-state reaction exhibit LaSrGa;0,; and LaSrGaO,
as secondary phases. The total electrical conductivity
investigated by means of the impedance spectroscopy
increases upon substituting Ga by Co. Based on these
data, the oxygen ionic and the hole conductivities were
determined by assuming a non-linear regression of the
oxygen partial pressure dependence of the total con-
ductivity under the assumption that the oxygen-ionic
conductivity remains independent on the oxygen partial
pressure within the investigated oxygen partial pressure
range. The results indicate that the both: ionic and hole
conductivities are increased upon doping by cobalt.
However, in case of the hole conductivity, this increase is
more significant than in case of the ionic conductivity.
The value of the hole conductivity enhances with the
increase of cobalt content with simultaneous decrease of



its activation energy. The ionic conductivities of all the
cobalt-doped samples are higher than that of the LSGM
sample without cobalt. However, the increase of cobalt
concentration does not mean the enhancement of the
ionic conductivity: it was found that the ionic conduc-
tivity of the samples LaggSrg,GaggMgp,.,Co,05.5
with x=0.05 and 0.10 exceeds its of the sample with
x=0.20.

The values of the hole conductivity determined in the
present work are in good agreement with the results of
oxygen permeation measurements and Hebb—Wagner-
polarization technique.
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