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Abstract The results of oxygen nonstoichiometry are
presented for the perovskite-type undoped cobaltite
LaCoOs_s, doped with strontium Lag 7Sy 3C00;5_s5, and
doped with copper LaCoy7Cup303.s as a function of
oxygen partial pressure po, and temperature. The
modeling of the defect structure of these oxygen
deficient perovskites is carried out. Two different
defect structure models are evolved. Within the
framework of the first model electrons are treated as
quasi-free in LaCoOs5_s, partly trapped in Lag;Srgs.
Co003s and LaCog7Cuy305.5, whereas holes are
assumed to be itinerant in all oxides studied. The
intrinsic electronic disordering process is taken into
account as well. According to the second model
electrons and holes are assumed to be localized.
Thermal excited charge disproportionation of cobalt
is considered as well. The corresponding equations for
the law of mass action, electroneutrality condition, and
mass balance give a set of nonlinear equations in the
both cases. The analytical solutions of these sets yield
general expressions which are used for the verification
of the defect models proposed by nonlinear curve
fitting. The latter showed that both models of the
defect structure of all lanthanum cobaltites studied fit
the experimental data about equally good. It is,
therefore, difficult to rule out either of defect structure
models on the basis of equilibrium data on oxygen
nonstoichiometry solely.
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Introduction

The perovskite-type doped lanthanum cobaltites have
already attracted great attention as cathode materials
for high temperature solid oxide fuel cells (SOFC) due
to their high melting point, large electronic conductiv-
ity, relatively large oxygen ionic conductivity, and high
chemical stability in oxidizing environments at high
temperature (700-1000 °C). They are also known as
the-state-of-the-art materials for oxidation catalysts,
gas separation membranes, CO2 laser cathodes, and
sensors. The properties required for such application
are generally adjusted by doping LaCoO; with hetero-
valent cations on La and Co sites. The substitution of
Sr for lanthanum increases both the electronic and
oxide ion conductivity of lanthanum cobaltite by
introducing of hole carriers and oxygen vacancies,
respectively [1]. The substitution of transition metal
such as Cu for cobalt has been found to lead to increase
of oxygen nonstoichiometry and improve substantially
the electrocatalytic activity of the cathodes on the basis
of LaCoOs [2, 3]. It is known that important properties
of doped lanthanum cobaltites such as oxide ion and
electrical conductivity in ambient atmosphere are
directly related to their defect structure. Sr-doped
lanthanum cobaltite received most attention in this
respect. The oxygen nonstoichiometry and defect
structure of La;_,Sr,CoOs3_s were studied by Mizusaki
et al. [4], Petrov et al. [5, 6], Lankhorst et al. [7-9], and
Kozhevnikov et al. [10, 11]. Lankhorst et al. [7-9]
described the defect structure of La; ., Sr,CoOs.s
(x =02, 04, 0.7) in the framework of the electron
gas rigid band model by assumption that electrons
created during vacancy formation are placed in broad
electron band [8]. Contrary to the conclusions of
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Lankhorst et al. [7-9] La;_,Sr,CoOs5_s (x = 0.3, 0.6) was
shown by Kozhevnikov et al. [10, 11] to be a typical
narrow band conductor at elevated temperatures.
Mizusaki et al. [4] emphasized that La; ,Sr,CoOs5_s is
not a wide-band gap semiconductor since there is no
plateau on po, dependences of its oxygen nonstoichi-
ometry at J = x/2. The electrons were, therefore,
concluded to be not strongly localized on Co ions.

The oxygen nonstoichiometry of Cu-doped lantha-
num cobaltite was measured and some preliminary
results on its defect structure were reported by us
earlier [2, 12, 13].

The oxygen nonstoichiometry of undoped LaCoO;
was studied only in few works to date. First Seppaenen
et al. [14] measured it as a function of po, by use of
coulometric titration technique in temperature range
between 900 and 1038 °C. Randomly distributed oxy-
gen vacancies with different charges were assumed to
be anionic defects in LaCoOj;. Later Petrov et al. [15]
studied oxygen nonstoichiometry of LaCoO;; as a
function of po, using TGA method in high temper-
ature range 1000 < T,° C < 1300. The oxygen
nonstoichiometry of LaCoO;; was also studied by
Mizusaki et al. [4] on single crystal sample at moderate
temperatures between 900 and 1000 °C. The defect
structure of this oxide was discussed by them in terms
of partial molar enthalpy and entropy of oxygen. It is
necessary to note that values of oxygen nonstoichiom-
etry of LaCoOj;; reported by Mizusaki et al. [4]
exceed those measured by Seppaenen et al. [14] by
about an order of magnitude at low po, and the same
temperature. There are no data concerning the quan-
titative modeling of the defect structure of undoped
lanthanum cobaltite to date.

All mentioned above gives rise to draw a conclusion
that despite intense interest over the past decades, the
defect structure of undoped and doped lanthanum
cobaltites remains a controversial topic of discussion.
The elucidation of this defect structure by the quan-
titative modeling on the basis of precise measurement
of oxygen nonstoichiometry is, therefore, the priority
aim of the present study.

Experimental

Powder of selected undoped, Sr- and Cu-doped
lanthanum cobaltites was synthesized by solid state
chemical reaction from the corresponding component
oxides and carbonates according to technique de-
scribed elsewhere [2, 5, 15] The phase composition
and the crystal structure of a sample was determined
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by means of X-ray diffraction, XRD, with a Dron-6
diffractometer using Cu K, radiation. XRD showed no
indication for the presence of a second phase. The
single phase powders were used further for oxygen
nonstoichiometry measurement. Changes in oxygen
stoichiometry of Cu-doped lanthanum cobaltite were
investigated using TGA technique as a function of the
oxygen partial pressure and temperature. The exper-
imental setup developed by us for the thermogravi-
metric measurement at different oxygen partial
pressures is described elsewhere [2]. Oxygen nonstoi-
chiometry of undoped and Sr-doped [11] lanthanum
cobaltites was measured as a function of the oxygen
partial pressure and temperature by use of coulometric
titration technique described elsewhere [2, 11]. After
the oxygen nonstoichiometry measurements the sam-
ples of doped cobaltites investigated were reduced in
pure hydrogen gas at temperature of 900 °C directly
into the thermogravimetric device in order to deter-
mine the absolute values of the oxygen nonstoichiom-
etry. The sample of undoped LaCoO3_s was reduced at
900 °C in the same way. After reduction by H, gas,
XRD analysis was performed as fast as possible to
confirm that the samples had been reduced to the

mixture of appropriate oxides (La,;O3, SrO) and metals
(Cu, Co).

Theory

Models of the defect structure of undoped and Sr-
doped LaCoOs_s

Since the oxygen nonstoichiometry seems to have
relatively low values, let us consider only randomly
distributed point defects. Let us assume also that Sr as
a dopant on A site traps electron and can be, therefore,
written as Sry, using the Kroger-Vink notation.
Strontium is believed to keep its oxidation state of 2+
as a constant irrespective of po, and temperature. The
concentration of Srj, may be, therefore, simply
replaced by total concentration of the dopant x.
Moreover, it is not clear so far whether electrons
which are not trapped on Sr sites and holes are
delocalized or localized on cobalt sites in cobaltite
lattice. Two different models should be, therefore,
considered here and hereafter.

If within the framework of model I the approach of
itinerant electronic species is accepted, then the con-
dition of charge neutrality is given as:

p+2[Vol=n+x (1)
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Let us accept the approach of electrons and holes
localized on Co sites in the model 2 of the defect
structure of La;_Sr,CoO5_s. In that case the condition
of charge neutrality is written as:

[Cogo] +2[V] = [Cop,) +x, (1a)
where Cop, and Cog, are electron and hole,

respectively, localized on Co site and expressed using
the Kroger—Vink notation. Intrinsic disordering

nil=¢ +n (2)
with equilibrium constant
Ky =np (3)

should be taken into account for La;_Sr,CoOs5_s within
the framework of the model I. The reaction of charge
disproportionation involving the transfer of an electron
between adjacent Cog, sites

2Co¢, = Co, + Cop, (4)
with equilibrium constant

[Cogl[Coc,]

K =
ol

)

should be considered in model 2 accordingly.
Furthermore, the process of oxygen release from the
cobaltite lattice under reducing conditions is
accompanied by the holes consumption (model 1)

1
05+ 2k :502+V5 (6)

or by reduction of Co*" to Co**
following reaction (model 2)

according to the

1
0% +2Cog, = 502+ Vg +2Cog, (7)

The equilibrium constants of the reactions Eqs. 6 and 7
can be given as

_ [Volps;
= o ®
. 2
K, — YollCocl Po; (9)

[05][Coc,J*

Combination of aforementioned reactions allows to
derive other defects reactions. Subtraction of Eq. 4

from Eq. 7, for instance, yields the following reaction
of the defect formation

1
O +2Co¢, = 502+ Vo + 2Cox, (10)

with equilibrium constant

 [VollCo PP
“ T 10g][Cog, t

It is evident that only two reactions from Egs. 4, 7, and
10 are independent from each other and, therefore,
may be used for modeling.

By taking into account the balance mass condition
and obvious definitions [Vg] = 6 the following sets of
nonlinear equation can be given for the models
described above:

Model 1.

K, =np =K§ exp( AH")
AH") . (12)

op
Ko = 2% = Kgexp(-

p+20=n+x

The analytical solutions of this set with physical
meaning are the concentration of holes

2 2
X, V4P —dor+x +4K2 5 b 7.5) and
2 2
(13)
log(po, /atm) =
VK3 =0 (25 —x— /40" —dox+ 22+ 41<2)
4log
-2V
(14)
Model 2.
_ [Co(g][Co'CU] o AH]
K, = 7[&&)]2 K3 exp( )
[COCO]ZP?)Z _ o
107375 Cop )2 =Kj exp( ) (15)
[COCO] + 25 - [COCO] X
[Cog,] + [Cog,] + [Cog,] =

The analytical solutions of this set with physical
meaning are the concentration of localized electrons

4K4 —4K4x +x+8K40 —26+ C

[CO’CO] = 2(4K4 — 1)

= f(ljo’c0 (T’ 5)
(16)
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and Cu’
Ky = [[Cli‘;h]” and (21)
log(po, /atm) Co
2v/Ki10y/(3 = 0)(—1 - C) Cuf, + Co¢, = Cug, + Cog, (22)

=4lo ,
g{(41<4 ~4Kyx+x + 8K4d— 20+ C) VS}
(17)

where C =— /4K, +45—4x0-+22 — 4K —16K40°+16K,40%.

The equations Eq. 14 and Eq. 17 can be used further
for the fitting of defect model I and model 2,
respectively, by experimental data on the oxygen
nonstoichiometry of La; ,Sr,CoO5; All symbol
manipulations in this work were carried out by the
use of the advanced mathematics software Maple 9.5
(Waterloo Maple Inc., Waterloo, Canada).

Models of the defect structure of Cu-doped
lanthanum cobaltite

It was found by us earlier [2, 12, 13] that partial
replacement of cobalt by copper caused a substantial
increase of oxygen deficiency in the LaCo; Cu,Os.;
oxides. This is evident that copper introduced into the
cobalt sublattice becomes an electron acceptor ( Cug,),
since copper is more electronegative as compared to
cobalt. The negative charge excess of acceptor defects
in the oxide structure is balanced by the corresponding
amount of positive charges, which can be oxygen
vacancies and/or electron holes. The formation of
equilibrium electronic point defects can be described
again within the framework of either quasi-free (#') or
localized holes ( Co,) models. Then the charge
neutrality condition in the case of itinerant nature of
electrons and holes in the Co-doped lanthanum cobal-
tite (model 1A) is given as

p+2[Vo] =n+[Cug,| (18)

Within the framework of localized nature of electronic
species in LaCo,Cu, O35 (model 2A) the charge
neutrality condition requires that

[Coco] +2[Vo] = [Cug,] + [Cog,] (19)
Copper can change its oxidation state depending on
po, and temperature unlike strontium. The

concentration of Cug, cannot be, therefore, simply
replaced by total concentration of the dopant x in Eq.
18 and Eq. 19 and the following reactions

Cu, = Cug, + 1 (20)

with the equilibrium constant
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with the equilibrium constant

 [Culy,J[Cogy)
K22 = (g JiCocd

(23)
should be taken into account in model 1A and model
2A, respectively. Assuming further that defects
reactions Egs. 2 and 6 or Egs. 4 and 7 are valid for
LaCo;.,Cu,0O5_s5 depending on a model. Then addition
of reactions Eq. 6 and Eq. 20 or Eq. 7 and Eq. 22
gives us reaction describing uptake or release of
oxygen by oxide with participation of copper in cobalt
sublattice

1
0§ +2Cug, = 3 Oz + V{§ + 2Cug, (24)

the equilibrium constants of which is given as

 VallCun el
= T oglcusy 2

Reactions Egs. 2, 20, and 24 or Egs. 4, 22, and 24 are
independent from each other and, therefore, may be
used for modeling. By taking into account the balance
mass condition and obvious definitions [V{] = the
following sets of nonlinear equation can be given for
the models described above:

Model 1A.

K, =np =Kj3 exp(— ARI?)
(Cu__Jp AH?
Ky = [Cu&“] = K3 exp(— R72"O)
Co
- VollCuc ey, AHE,
Ko = et = Ko (=)
p +25 =n+[Cug,)
[Cu/Co] + [Cuéo} =X

These combined equations can be solved analyti-
cally to obtain necessary model equation. By successive
substitution the following cubic equation with respect
to concentration of quasi-free holes can be derived

ap® +bp* +cp —d =0. (27)

The analytical solutions of this equation with physical
meaning is the concentration of itinerant holes
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gr 6(5-5) b
p:T_W_ngh(T’é)’ (28)

where a = 1,b = (25 + Kzo),C = (—Kzo X + 2(SK20 - Kz),
d= K2 K20 and

B = 36¢b — 108d — 8b°
+12/12¢3 — 3¢2b2 — 54chd + 81d2 + 12db3

Substitution of Eq. 28 in Eq. 25 using the charge
neutrality and mass balance conditions yields a neces-
sary model equation

K933 — ) (x — X2 p
log(po,/atm) = 4log< 24 ( ) (x D ) ,

K20X50'5
(29)
where D :K20+§—2(3§—;3b2)_§

Model 2A.

The set of nonlinear equations now consists of
expressions for equilibrium constant Eqgs. 5, 23, 25 and
charge neutrality condition Eq. 19 along with mass
balance conditions [Cu{,] + [Cug,] =x , and [Co(,]
+[Co¢,] + [Cop,) =1 —x . Appropriate substitutions
lead to the cubic equation with respect to concentra-
tion of divalent copper Cug,

a[Cul, ) + b[Cup,)* + c[Cul, ] +d =0, (30)

where LIZK4+K§2—K22 s b =K4(1 —X—25) +K22
()C — K4x — K4 — 2K45 + 25) , and ¢ = K4(2K4x — K4X2
+4K46x — 26x) , d = K4(—Kax?* + Kyx® — 2K46x?) . The
solution of the cubic equation with a physical meaning
allowed to express po, explicitly from Eq. 25 as a
function of oxygen nonstoichiometry to verify whether
the model 2A fits the experimental data. This expression
is similar to that discussed for the previous model and,
therefore, it is omitted here.

Results and discussion

All cobaltite compositions La;_,Sr,CoO3.5 (x = 0, 0.3)
and LaCo(;Cuy305.; have a hexagonal structure
according to XRD analysis. The structural parameters
of these compounds were refined based on R-3c¢ space
group using Rietveld analysis and are given in Table 1.

Absolute value of oxygen nonstoichiometry in
LaCoOj;s determined by reduction in hydrogen
amounted to 0.003 = 0.002 at 1000 °C in air. Value of
the oxygen nonstoichiometry obtained in that way for

Table 1 Structure parameters for La; ,Sr,CoOs;s (x =0, 0.3)
and LaC00_7Cu0_3O3_5

LaCoO; a=54440(3) A, ¢ =13.092(1)A, V =335.85(5)A,
Lag;Sros a = 5.4406(3)A, ¢ =13.1950(8)A, V = 33825(4)A
COO3

LaCO()_7
Cu303

a=54723)A, c¢=13135(1)A, V =340.57(5)A

LaCoOs;.s cannot be regarded as satisfactory unlike
other lanthanum cobaltite compositions studied in this
work. It is worth to note that the experimental
determination of an absolute value of oxygen nonsto-
ichiometry is a known problem in the case of oxides
with narrow nonstoichiometry field with regard to
oxygen. As a rule, the exact composition with respect
to oxygen is postulated in the certain ambient condi-
tions [4] or it is computed on the basis of some model
assumptions [14, 15]. Therefore, in order to determine
the initial value of oxygen nonstoichiometry Jy in a
reference state experimental data were treated as
0= A+ dy , where A J is relative change of oxygen
nonstoichiometry measured directly in the coulometric
cell from a reference state, according to models 1 and
2. The model equations Egs. 14 and 17 were fitted to
experimental data at all temperatures studied for
LaCoOs_. Fitting results were coincident with each
other and the value of 0.001 was accepted for J, in
undoped lanthanum cobaltite at 1000 °C in air. This
value is in good agreement with that determined using
reduction method within the error range. The oxygen
nonstoichiometry measured as a function of pgp, and
temperature for undoped LaCoOs5.; and adjusted as
mentioned above is shown in Fig. 1.

Since the changes in oxygen stoichiometry were
measured in relatively narrow temperature range for
all oxide compositions studied in the present work,
defect formation enthalpies can be regarded as con-
stants over complete temperature range investigated.
This assumption allows to substitute equilibrium con-
stants in fit equations by their temperature dependenc-
es (see Egs. 12, 15, and 26) and treat data on oxygen
nonstoichiometry obtained at different temperatures
simultaneously as 6 = f ( pO,, T) according to the
proposed models of the defect structure.

The results of the least squares fits for LaCoOs_s
using model 1 described by Eq. 14 and model 2
described by Eq. 17 are shown in Figs. 1a and b. It is
evident that there is good agreement between the
experimental data and the fitting using both model
land model 2 over the complete po, and temperature
ranges investigated. The fitting results are also sum-
marized in Table 2. As follows from this table, the
correlation parameters R* are virtually indistinguish-
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Fig. 1 Oxygen
nonstoichiometry of LaCoO3.
s measured as a function of
po, and temperature. Fitted
surfaces are plotted on the
basis of defect model 1 (a)
and defect model 2 (b)

Iog(Pm!atm}

Table 2 The fitting results

according to the defect Compound Model
structure models proposed LaCoOs.s 1
2

Lag 7S103C003.5 1

LaCoy7Cug303.5 1A

2A

Reaction, Eq. AH; (£A), kJ/mol In(Ko)(xA) r

?2) 468 (+38) 39.67 (3.51) 0.979
(6) 638 (= 35) 47.26 (£3.76)

(4) 691 (+46) 52.82 (+4.63) 0.979
(10) 518 (+48) 44.96 (+4.87)

?2) 195 (£34) 79.27 (£2.74) 0.973
(6) 116.8 (+2.9) 119.23 (+28.52)

(4) 140 (+14) 231.4 (£11.9) 0.987
(10) 397 (28) 782 (£23.6)

) 16138 () 53.83 (1) 0.989
(20) 107.95 (-) 4352 (-)

(24) 112.28 () 51.86 (-)

(4) 175.96 (-) 68.3 (-) 0.99
(22) 100.32 (-) 334 (0)

(24 101.82 (-) 41.76 (5

able for the two suggested models. The oxygen
nonstoichiometry of Sr-doped Lag;Srg3Co03.s mea-
sured as 6 = f(po,, T) and surfaces fitted according to
the model expressions Eqs. 14 and 17 are shown in
Figs. 2a and b, respectively. The appropriate fitting
results are given in Table 2. These results obviously
indicate that both models of the defect structure
suggested for Sr-doped lanthanum cobaltites fit the
experimental data about equally good like it was for
undoped LaCoOj3_ 5. The data on oxygen nonstoichi-
ometry of LaCo,;Cu303.s and surfaces fitted on the
basis of the models 1A and 2A are shown in Figs. 3a
and b, respectively. Comparison of these figures reveals

Fig. 2 Oxygen
nonstoichiometry of
Lag7Sry3Co005_s measured as
a function of po, and
temperature [11]. Fitted
surfaces are plotted on the
basis of defect model 1 (a)
and defect model 2 (b)

log(Pa,fatm)
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0.6 0.825

that the question of whether holes are localized on
cobalt sites in the Cu-doped lanthanum cobaltite or not
remains open as well. The latter is also confirmed by
about equal correlation parameters for both models
given in Table 2.

The equilibrium constants of defects reactions
obtained in this work by nonlinear curve fitting allow
to calculate the isothermal dependencies of point
defect concentration on oxygen nonstoichiometry or
oxygen partial pressure. Such dependences, for in-
stance, are shown in Figs. 4-6 for LaCoOs_s5, Lag7Srg3
CoO3_s, and LaCog7Cug30s3_s, respectively, at selected
temperatures. As can be seen in these figures, the

log(Pajatm)

0.825



J Mater Sci (2007) 42:1901-1908

1907

Fig. 3 Oxygen
nonstoichiometry of
LaCog7Cug303.s measured as
a function of po, and
temperature. Fitted surfaces
are plotted on the basis of
defect model 1A (a) and
defect model 2A (b)

Fig. 4 Changes of (@) g a0 ' ' (b, 6.1 ' '
concentration of different ’ e ’ AAAAAA
. . VAS VA
defect species in LaCoOs_s 0.28+ AAAAAA 0.24 AAAAAA -
. AL Y
computed on the basis of 0.26 N bt AAAAAAA
.26 W 1 &
defect model 1 (a) and defect ] st 0.221 st s oo ]
N AN
model 2 (b) at 1050 °C 0.244 po2 o 100 ap 7
DDDDDD / 0.204 DDDDD A Cog A
0.22+ DDDDDDDD 1 DDDDDDD
“0000g,, 0.184 “000g, 4
0.20 P00, fong,,
oo 0.161 “onng,,
0184 . . ;
0.000 0.025 0.050 0.000 0.025 0.050
3 5
Fig. 5 Changes of (a) 030
concentration of different ’
0.25

defect species in
Lay7Srg3Co003_s computed on 0.20
the basis of defect model 1 (a)
and defect model 2 (b) at

015

i
[i] A C°/co

e
900 °C 0.034 1 0.03 ]
0.02- M 1 0.024 M ]
0.01 i 0.01 }
0,001~ r . ‘ 0.001 r y .
0.000 0.025 0.050 0.075 0.000 0.025 0.050 0.075
S 3
Fig. 6 Changes of (@) 0025 ' "] (b)oss— ' ' '
concentration of different
defect species in 0.020 1
LaCog7Cug303.5 computed 0101 1
on the basis of defect model [i] 00151 1
1A (a) and defect model 2A 0.0104 1
(b) at 950 °C 0.05+ 1
0.0054 4
0.000 0.00 L : : .
0.000 0.025 0.050 0.075
5 5

trends in changes of concentration of electrons and
holes with oxygen nonstoichiometry are similar irre-
spective of the nature of electronic defects. The second
particularity following from these figures is that the
holes concentration in copper doped cobaltite LaCoy 7.
Cup303, is less than that in strontium doped
Lag;S193C003.s by about a factor of order of magni-
tude under the same conditions. This obviously indi-
cates that formation of negative charged defects Cuy,

is accompanied rather by oxygen vacancies formation
according to reaction Eq. 24 than that of holes. It is of
interest to note that similar trend was recently reported
for copper doped lanthanum chromite LaCrg79.
Cug05Alp1603.5 with the same crystal structure [16].
Addition of copper in chromite was found to result in
oxygen vacancies formation and does not change the
chromium oxidation state of 3+ over the complete
oxygen partial pressure range investigated. In contrast
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to this, copper was shown to change its oxidation state
continuously from 3+ via 2+ to 1+ if the oxygen partial
pressure decreases.

Conclusions

The modeling of the defect structure of the oxygen
deficient lanthanum cobaltites undoped and doped
with acceptor dopants Sr and Cu on A and B site,
respectively, was evolved. Noteworthy features of this
modeling are the following: (i) The models on the basis
of itinerant and localized electronic defects were
considered for both undoped and doped lanthanum
cobaltites. (ii) Thermal excited charge disproportion-
ation of cobalt and intrinsic electronic disordering
process (creation/annihilation of quasi-free holes and
electrons) were taken into account as well. (iii) The
analytical solution of a set of independent equations
yielded a general expression which allowed to establish
agreement between the measured properties (oxygen
nonstoichiometry and oxygen partial pressure) and the
proposed models by nonlinear curve fitting. (iv) Equi-
librium constants were determined which yielded the
equilibrium concentration of all defect species for a
given oxygen partial pressure and temperature.

Two particularities have to be highlighted: (1) The
models of the defect structure based on the itinerant
and localized nature of electronic defects fit the
experimental data on oxygen nonstoichiometry of
undoped and doped with Sr and Cu lanthanum
cobaltites about equally good. It is, therefore, difficult
to rule out either of defect structure models on the
basis of equilibrium data on oxygen nonstoichiometry
solely. (2) Addition of copper in LaCoO; s seems to
lead to appearance of the negative charged defects
Cug, and oxygen vacancies formation according to

@ Springer

reaction Eq. 24 rather than that of holes unlike the case
of doping with strontium.

Acknowledgements This work was supported by the Russian
Foundation for Basic Research (grants Nos. 04-03-32142 and 06-
08-08120) and the US Civilian Research & Development
Foundation (project REC-005).

References

—_

. Jonker GH (1969) Philips Res Rep 24:1
2. Zuev AYu, Petrov AN, Pankov DV (1999) In: Singhal SC,
Dokia M (eds) Solid oxide fuel cells VI, The Electrochemical
Society Proceedings Series, PV 99-19, 424, Pennington, NJ
3. Yasumoto K, Inagaki Y, Shiono M, Dokiya M (2002) Solid
State Ionics 148:545
4. Mizusaki J, Mima Y, Yamauchi S, Fueki K, Tagawa H (1989)
J Solid State Chem 80:102
5. Petrov AN, Cherepanov VA, Kononchuk OF, Gavrilova
LYa (1990) J Solid State Chem 87:69
6. Petrov AN, Kononchuk OF, Andreev AV, Cherepanov VA,
Kofstad P (1995) Solid State Ionic 80:189
7. Lankhorst MHR, Bouwmeester HIM, Verweij H (1996)
Physical Rev Lett 77:2989
8. Lankhorst MHR, Bouwmeester HIM, Verweij H (1997) J
Solid State Chem 133:555
9. Lankhorst MHR, Bouwmeester HIM, Verweij H (1997)
Solid State Ionics 96:21
10. Patrakeev MV, Leonidov IA, Mitberg EB, Lakhtin AA,
Vasiliev VG, Kozhevnicov VL, Poeppelmeier KR (1999)
Ionics 5:444
11. Kozhevnikov VL, Leonidov IA, Mitberg EB, Patrakeev MV,
Petrov AN, Poeppelmeier KR (2003) J Solid State Chem
172:296
12. Petrov AN, Zuev AYu, Pankov DV, Bujanova EC (2004)
Russian J Phys Chem 78:220
13. Petrov AN, Zuev AYu, Pankov DV (2004) Russian J Phys
Chem 78:1616
14. Seppaenen M, Kytoe M, Taskinen P (1980) Scand J Met 9:3
15. Petrov AN, Cherepanov VA, Zuev AYu (1987) Russian J
Phys Chem 61:630
16. Zuev A, Singheiser L, Hilpert K (2005) Solid State Ionics
176:417




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


