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This study reports on oxygen nonstoichiometry, electronic conductivity and lattice expansion of three

compositions as function of T and PO2
in the ðLa1�xSrxÞsCo1�yNiyO3�d (x¼0.1, y¼0.4; x¼0.1, y¼0.3;

x¼0.2, y¼0.2) materials system. The nonstoichiometry data were successfully fitted using the itinerant

electron model which indicates the existence of delocalized electronic states. This was also reflected in

the high electronic conductivities, above 1000 S cm�1, measured for all three compositions. The

electronic conductivity was shown to decrease linearly with the oxygen nonstoichiometry parameter, d,

supporting that the conductivity is dependent on p-type charge carriers. Comparing calculated p-type

mobilities with data reported in literature on La1�xSrxCoO3 indicated that Ni-substitution into

ðLa1�xSrxÞsCoO3�d increases the p-type mobility. The electronic conductivity was also found to be

dependent on intrinsic charge related to spin excitations and Ni substitution rather than the p-type

charge. A conductivity mechanism is hypothesized including a metallic like conductivity of the p-type

charge and a small polaron conductivity of the intrinsic charge. Lattice expansion as function of T and d
was successfully described using first and second order thermal and chemical expansion coefficients.

Substituting 10% Co with Ni in ðLa0:6Sr0:4Þ0:99CoO3�d was found to decrease the apparent thermal

expansion with about 25%.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Sr substituted LaCoO3 has attracted broad attention due to
interesting properties, such as electronic spin transitions, metallic
like conductivity and its the ability to host vacancies in the
oxygen sublattice [1–12]. The Sr2 + oxidizes the Co3 + ion partially
which in turn introduces delocalized electronic states. The
electronic structure in ðLa1�xSrxÞsCoO3�d is also dependent on
electronic spin on the Co3, which influences both magnetic,
conductive and expansion properties. Additionally, partial sub-
stitution of Co with Ni on B-site introduces further change in the
electronic structure of the perovskite [13,14].

The degree of the Co oxidation is not fixed but a function of T

and PO2
and is related to oxygen vacancy formation via the electro

neutrality principle. Also the degree spin transition on the Co3 +

ion is a function of T and PO2
and this allows us to study the

electronic and defect structure in more detail. The electronic
structure and the oxygen vacancies have been correlated in
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various defect models [8,10,15]. The itinerant electron model

developed by Lankhorst and coworkers is the one receiving the
broadest acceptance and appears to describe the defect chemistry
of ðLa1�xSrxÞsCoO3�d and related compounds well [16].

A number of papers have measured and analyzed the
electronic conductivity ðsÞ of these materials with respect to T,
PO2

, d and lattice parameters in an attempt to describe the
conduction mechanisms but no clear consensus has emerged so
far. Literature indicate instead that several materials properties
might affect the electronic conductivity of ðLa1�xSrxÞsCoO3�d as s
has been correlated with both Sr substitution levels, oxygen
nonstoichiometry and bond angles [1,6,17].

Expansion of the lattice is not only dependent on the
temperature dependency of its atomic vibrations but also on its
the electronic and defect structure. Reduction of the Co4 + to Co3 +

at increasing temperatures or decreasing PO2
expands its Shannon

radii and thus also the lattice. Additionally, the spin transitions
have been argued to add an extra dimension to the lattice
expansion as transitions from electronic low spin to inter-
mediate or high spin states increase the Shannon radii of the
Co ions [18]. The strain of ðLa1�xSrxÞsCoO3�d as function of T, PO2

and x has been reported in several studies in which the total
apparent thermal expansion is often separated into a thermal
and chemical expansion contribution [6,19–22]. The chemical
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Fig. 1. Powder X-ray diffraction pattern of the studied compositions.
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expansion coefficient is related to the oxygen nonstoichiometry,
which in turn is associated with the Co4þ =Co3þ ratio through the
electro neutrality principle [23].

Partial substitution of Co with Ni in ðLa1�xSrxÞsCoO3�d has
earlier been shown to increase electronic conductivity [24,25] and
decrease lattice expansion [26], properties which are of techno-
logical interest for instance in solid oxide fuel cells (SOFCs). We
have studied the electronic and expansion properties of the
compositions ðLa0:8Sr0:2Þ0:99Co0:8Ni0:2O3�d, ðLa0:7Sr0:3Þ0:99Co0:9Ni0:1

O3�d and ðLa0:6Sr0:4Þ0:99Co0:9Ni0:1O3�d in more detail in an attempt
to clarify the effect of Ni substitution in ðLa1�xSrxÞsCoO3�d. We
have also studied the concentration oxygen vacancies ðdÞ in these
compositions as function of T and PO2

in order to test whether
their defect structure can be described by the itinerant electron

model [16]. The results are discussed with respect to results in
recent literature.
Fig. 2. Weight equilibration upon sudden changes in oxygen partial pressure at

750 1C for LSCN4010. DðlogPO2
) is approximately 0.15.

Fig. 3. Expansion equilibrations upon changes in PO2
at 800 1C for LSCN4010;

DðlogPO2
Þ.
2. Experimental

Powder and dense sintered bars of ðLa0:6Sr0:4Þ0:99CoO3�d
(LSC40), ðLa0:7Sr0:3Þ0:99Co0:9Ni0:1O3�d (LSCN3010), ðLa0:6Sr0:4Þ0:99

Co0:9Ni0:1O3�d (LSCN4010) and ðLa0:8Sr0:2Þ0:99Co0:8Ni0:2O3�d
(LSCN2020) were fabricated as described in [27]. The abbreviated
notations in brackets will be used throughout the paper. An exact
stoichiometric A/B ratio of one is practically impossible to
synthesize as it is impossible to weigh the starting compounds
in such an exact manner. We have for this reason deliberately
chosen an A/B-ratio of 0.99 in order to know which type of
secondary phases to expect. The stoichiometric accuracy is such
that we can assume the composition to be A-site substoichio-
metric. Bars used for electronic conductivity measurements were
cut to dimensions of approximately 2 �2 �25 mm3 whereas
bars used in the dilatometry measurements were of the dimen-
sions 4 �4 �20 mm3. Geometrically measured densities of the
sintered samples were above 95% of theoretical density calculated
from XRD data. A STOE Theta-Theta diffractometer (40kV, 30 mA)
was used for X-ray diffraction measurements (Fig. 1). Powder
samples were analyzed thermograviometrically with a NETZSCH
STA 409C/CD in order to estimate oxygen nonstoichiometry as a
function of temperature. 300 mg of powder sample was heated
and cooled in 50 ml min�1 airflow to 1300 1C with a heating rate
of 10 1C min�1. Cooling rate was set to 1 1C min�1 down to 600 1C
followed by a rapid cooling of 10 1C min�1 to room temperature.
Data was taken from the cooling ramp of the measurement
(oxidation). A differential NETZSCH TG 439 was used to measure
oxygen nonstoichiometry as function of PO2

at 4–5 different
temperatures in the range 600–1000 1C. About 40 mg of powder
was used in the experiments. Powder samples equilibrated within
less than one minute as seen in Fig. 2. The weight of the sample
was measured for 2 h after each change in PO2

to assure that the
stoichiometric change was fully equilibrated. In some cases long
term transients were observed. Data from these transients (T, PO2

)
were not used in the fitting of measured stoichiometry changes to
theoretical defect chemistry models. Data from oxidative
(increasing) steps in PO2

were used in the defect chemistry
analysis.

Expansion measurements were carried out on sintered bars
with a NETZSCH DIL 402C. The temperature was scanned from
room temperature to 1300 1C with 2 ml min�1 and in airflow of
50 ml min�1. Data were taken from the cooling ramp of the
measurement (oxidation). Expansion measurements as function
of PO2

were carried out at 700–1000 1C from PO2
� 0:21 20:005 atm.

The samples relaxed for 2–4 h after each step change in PO2
to

assure that equilibrium had been reached. Equilibrated expansion
data were taken from the oxidative (increasing) PO2

�steps. Fig. 3
shows the results of a typical expansion measurement.

The electrical conductivity was measured with a four point
probe DC-technique. Sintered bars were wired with platinum
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threads and painted with platinum paste at both ends. The
resistance was measured with a Keithley 2700 multimeter.
Voltage probes were separated 0.5 cm apart and measurements
were performed at temperatures ranging from 700 to 1000 1C
and PO2

from 0.21–0.001 atm. In all experiments the PO2
was

controlled by mixing of N2 and O2.
Equilibrium was considered reached in all experiments if the

relative change was less than about one percentage within
30 min. The measurement under this specific condition has not
been reported in this paper if equilibrium was not reached.
3. Results

3.1. Electronic and defect structure

Thermograviometric (TG) analysis as function of both tem-
perature and PO2

was conducted on powder samples in order to
study the oxygen nonstoichiometry parameter, d. This parameter
corresponds the fraction of missing oxide ions per perovskite
formula unit. Fig. 4 plots changes in d for LSC40, LSCN4010,
LSCN3010 and LSCN2020 as function of temperature. The onset
temperature of lattice oxygen loss is seen to increased with
decreasing Sr content. This has been discussed in more detail for
ðLa1�xSrxÞsCo1�yNiyO3�d in a previous study to which the reader is
referred for further details [27]. Comparing LSC40 and LSCN4010
allows us to study the effect of Ni substitution on B-site in LSC40.
Both compositions were shown to have approximately the same
the onset temperature of oxygen loss. However, a different
behavior is observed above the onset temperature where d
increases more strongly with T for LSCN4010 as compared to
LSC40. Above 800 1C the increase in d is approximately linear with
respect to temperature with coefficients of 4.3�10�4 K�1 for
LSCN4010 and 3.1�10�4 K�1 for LSC40. Included in Fig. 4 is also
the predicted d calculated using the itinerant electron model as
describe further below. The results show good agreement
between calculated oxygen nonstoichiometry and measured
data for LSCN2020 and reasonable agreements for LSCN4010
and LSCN3010.

The itinerant electron model [10] is today the most widely used
defect model for mixed ionic and electronic conductors (MIECs)
such as ðLa1�xSrxÞsCoO3�d. This particular materials shows high
Fig. 4. 3�d as function of temperature for LSCN4010, LSC40, LSCN3010 and

LSCN2020. Rings denote predicted oxygen nonstoichiometry calculated for the

three Ni containing samples using the itinerant electron model. Substituting 10% Co

with Ni in LSC40 increases the linear trend with which oxygen vacancies are

formed upon heating whereas increasing [Sr] in LSCN3010 to 40% lowers the onset

temperature of lattice oxygen loss.
electronic, ‘‘metallic-like’’ conductivity, which is indicative of
substantial levels of delocalized electronic charge. In this model
electrons from the oxidation of oxide ions are transferred
into a conduction band which raises the Fermi level. This means
that the positive charge introduced by Sr substitution in
ðLa1�xSrxÞsCo1�yNiyO3�d is not associated with the Co ion but is
free to move as a delocalized charge carrier. It means further that
the entropy of the electrons and defect–defect interactions can be
neglected. The relationship between the oxygen nonstoichiometry
in an oxide and the chemical potential of oxygen is expressed in

mO2
¼DEox�

4ð2½V��O ��½SrLau�Þ

gðEF Þ
�TDSox�2RTln

½V��O �

ð3�½V��O �Þ

� �
ð1Þ

DEox and DSox are the energy and entropy associated with filling
two vacancies with an oxygen molecule from vacuum and
simultaneously adding four electrons at the fermi level. g(EF) is
the density of states at the Fermi level, which is the number of
states available for occupation at this specific energy level. ½V��O � is
the concentration of oxygen vacancies and related to the
oxygen nonstoichiometry parameter as d¼ 3½V��O �. mO2

is a
function of T and PO2

calculated using the empirical expression
according to [28]

mgas
O2
¼ m0,gas

O2
þRTlnðPO2

Þ ð2Þ

m0,gas
O2
¼ RT n1þ

n2

T
þn3 lnðTÞþn4 lnð1�e�n5=T Þ

� �
ð3Þ

where T and PO2
are found in K and in atm n1¼�1.225,

n2¼�1045 K, n3¼�3.5, n4 ¼ 1.013, n5¼2242 K [28].
The change in oxygen nonstoichiometry was measured

isothermally as function of PO2
at various temperatures between

600 and 1000 1C for the compositions LSCN2020, LSCN3010 and
LSCN4010. These data are reported in Figs. 5–7, where the solid
lines represent the best linear least square fit to the itinerant

electron model. Our experimental data shows reasonably good
agreement to the model. The parameters DEox, DSox and gðeF Þ

are reported in Table 1 together with data for LSC40 reported in
[6] and La0:8Sr0:2CoO3�d [10]. Table 1 also shows the sum of
square deviations, wd which is defined as (Sðlog PO2 ,measuredðiÞ�

logO2 ,calculatedðiÞÞ
2
Þ=ðN�3Þ, where N is the total number of

measurements (N¼32–50) and PO2 ,measuredðiÞ is the measured PO2

of the i’th measurement.
Fig. 5. d as function of PO2
for LSCN4010 at various temperatures. Lines represent

best fit to the itinerant electron model (see Eq. (1)).
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3.2. Electronic conductivity

The electrical conductivity of LSCN2020, LSCN3010 and
LSCN4010 was measured as function of temperature and PO2

. In
the temperature range (100–1000 1C) and PO2

range (0.001–1 atm)
the electrical conductivity was 1000–2000 S cm�1 for all compo-
sitions. The ionic conductivity of these materials is lower than
1 S cm�1 [29], and consequently the transference number is
approximately unity. Thus the measured electrical conductivity
can be approximated as the electronic conductivity of the
Fig. 6. d as function of PO2
for LSCN3010 at various temperatures. Lines represent

best fit to the itinerant electron model (see Eq. (1)).

Fig. 7. d as function of PO2
for LSCN2020 at various temperatures. Lines represent

best fit to the itinerant electron model. (see Eq. (1)).

Table 1
Least square fitting parameters to the itinerant electron model for LSCN2020, LSCN3010

DEox (kJ mol�1) Dox (

LSCN2020 �320.5 76.

LSCN3010 �299.0 88.

LSCN4010 �261.3 98.

LSC40 [6] �217.2 141.

La0:8Sr0:2CoO3�d [10] �334.1 69.

DEox and DSox are the enthalpy and entropy of molecular oxygen in the oxide. gðeF Þ is
materials. Substituting SrO into LaCoO3 is effectively a p-type
doping as positive holes are introduced when Co is oxidized. This
explains the substantial increase in the measured electronic
conductivity with increasing x in ðLa1�xSrxÞsCoO3�d [1].

The oxygen nonstoichiometry was calculated using the
itinerant electron model and the fitting parameters listed in Table 1
for each composition and at each condition (T, PO2

) the
conductivity was measured. The conductivity as function of d is
plotted in Figs. 8–10 for the three compositions, LSCN2020,
LSCN3010 and LSCN4010. At increasing T or decreasing PO2

Co
undergoes reduction, which increases d at the expense of p-type
charge carriers, cp. This occurs as a consequence of the
, LSCN4010 and LSC40 [6,10].

J mol�1 K�1) gðeF Þ (kJ�1 mol) wd

4 0.0168 0.0037

9 0.0148 0.0149

1 0.0192 0.0011

2 0.0188

5 0.0159

the density of states at the Fermi level.

Fig. 8. Electronic conductivity as function of d for LSCN2020. Lines represent best

fit to Eq. (5).

Fig. 9. Electronic conductivity as function of d for LSCN3010. Lines represent best

fit to Eq. (5). The lowest temperature could not be fitted to the conductivity model

and have instead been regressed linearly to calculated the p-type mobility.



Fig. 10. Electronic conductivity as function of d LSCN4010. Lines represent best fit

to Eq. (5). The lowest temperatures could not be fitted to the conductivity model

and have instead been regressed linearly to calculated the p-type mobility.

Table 2
Least square fitting parameters to the Eq. (5) for LSCN2020, LSCN3010, LSCN4010.

C (C cm�3) mcp

(cm2 V�1 s�1 K)

s1

(S cm�1 K�1)

s2 (S cm�1) ws

LSCN2020 2860 1734 3.15�105 724 24

LSCN3010 2844 1630 – 809 22

LSCN4010 2850 1079 8.37�105 168 26

LSC40 [6] 2835 1023 – – –

The extrinsic mobility of LSC40 is included from Refs. [6] for comparison.

C is coulomb.
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electro-neutrality principle expressed in Reaction (4).
Consequently, cp is expected to be a function of T and PO2

and
should in theory equal zero at the conditions where 2d¼ ½Sr

0

La�.
Figs. 8–10 shows clearly that s decreases linearly with d which
strongly supports a p-type conductivity in these compositions.

However, the results also show a substantial conductivity at the
conditions where cp is zero, which indicate that the p-type
conductivity cannot fully describe the conductive behavior alone.
Nominal LaCoO3 is known to conduct charge at high temperatures
due to transitions from low to intermediate or high spin state on the
Co ions which excites electrons to a narrow itinerant band [30].
LaNiO3 is a reasonable electronic conductor already at room
temperature due to one delocalized electron in the d-orbitals of
the Ni-ions (the electronic structure, t2g

6 eg
1, is discussed in [31,27] to

which the reader is referred for further details). It is therefore a fair
assumption that there is also an intrinsic contribution to the total
electronic conductivity, which is independent on p-type charge
carriers introduced by Sr substitution. This has led us to discriminate
between two different contributions to the total conductivity.
(1)
 The p-type conductivity which is related to the Sr content and
the concentration of oxygen vacancies.
(2)
 The intrinsic conductivity which is not dependent on the
degree of Co reduction and Sr content. This conductivity is
believe to arise mainly from spin transitions on the Co ions
and from the extra electron introduced by the Ni substitution:

2Co�CoþOX
O-

1
2O2ðgÞþV��O þ2CoX

Co ð4Þ

an attempt to describe our measured electronic conductiv-
In
ities using these two types of conductivity we hypothesized on a
simple conductivity mechanism. The mobility of charge carriers in
a metal is known to decrease with increasing temperature [32].
ðLa1�xSrxÞsCoO3�d is known to have a metallic-like temperature
dependence [6] and Ni substitution is known to increase the
metallic character further [24], thus all our compositions can be
considered metallic-like. As a starting point we have therefore
used an approximate ‘‘mechanism’’ expressed in Eq. (5), which
assumes that both the p-type and the intrinsic conductivity has a
‘‘metallic like’’, reciprocal temperature dependence:

s¼ Cð½Sr
0

La��2dÞ
mext

T
þ

sint:

T
þsconst:

� �
2d ¼ ½Sr

0

La�
ð5Þ

Cð½SruLa��2dÞ is the concentration of charge carriers (cp).
C¼ rNAe=M, where M is the molar mass of the perovskite,
r is the density, NA is the Avogadro number and e is the
elementary charge. mcp

is the mobility of the p-type charge
carriers, s1 and s2 are the temperature dependent and tempera-
ture independent contributions to the intrinsic conductivity.

The dashed lines in Figs. 9 and 10 represent the best linear
least square fit to Eq. (5). The solid lines are linear regressions of
the conductivity of the lowest temperature as these data could
not be satisfactorily included in the model. The conductivity data
for LSCN3010 at 800 1C and LSCN4010 at 700 1C still showed very
linear correlation with d but measured higher p-type mobilities
(approximately 2900 and 2000 cm2 V�1 s�1 for LSCN3010 and
LSCN4010, respectively). Measured conductivities at all other
temperatures could be fitted with good accuracy to Eq. (5) and
the resulting parameters listed in Table 2. Table 2 also shows the
sum of square deviations, ws which is defined as (Sðsmeasured,ðiÞ�

scalculated,ðiÞÞ
2
Þ=ðN�3Þ, where N is the total number of measure-

ments (N¼43) and smeasured,ðiÞ is the conductivity of the i’th
measurement.

As seen in Fig. 9 the fitted conductivities of LSCN3010
intercepts almost exactly at d¼ ½Sr�=2 implicating that the intrinsic
conductivity of this composition is independent on temperature
within this T-range. It should be stressed that the data points are
lying relatively close to each other and that the conductivity model
includes as many as three fitting parameters. Especially s1 and s2

are associated with great uncertainty as they are fitted based on
only 3 (LSCN3010 and LSCN4010) and 5 (LSCN2020) data points all
lying within a narrow temperature range.
3.3. Thermal and chemical expansion

Fig. 11 plots the apparent thermal expansion coefficient (TEC),
calculated by differentiating the strain, e, with respect to
temperature. The expansion measurement for LSC40 was
reported in an earlier paper [27] in which the sharp drop in TEC
at around 800 1C was attributed to the reduction Co3O4-CoO of
the inevitable traces of secondary Co oxide phases. Two sharp
peaks were found in the expansion measurement of LSCN4010.
These peaks were not observed in any of the Ni containing
compositions in the previous paper nor in the repetitive
measurement to only 1100 1C instead of 1300 1C.

Adler et al. [21] have developed a expansion model for
nonstoichiometric mixed conducting perovskites such as
ðLa1�xSrxÞsCoO3�d, which takes into account first and second order
expansion with respect to both the temperature and oxygen
stoichiometry. The expansion model is expressed in Eq. (6).

eðT,dÞ�eðT0,d¼ 0Þ ¼ ða1þa2ðT�T0ÞÞðT�T0Þþðb1þb2dÞDd ð6Þ

where e¼DL=L0 is the uniaxial strain, a1 and a2 are the first and
second order thermal expansion coefficients and b1 and b2 are the
first and second order chemical expansion coefficients [21].

The lattice expansion of LSCN3010, LSCN4010 and LSC40 was
measured as function of PO2

at 700, 800, 900 and 1000 1C. The
oxygen nonstoichiometry was calculated using the itinerant



P. Hjalmarsson et al. / Journal of Solid State Chemistry 183 (2010) 1853–18621858
electron model and the fitting parameters listed in Table 1 for at
each condition (T, PO2

) at which the expansion was measured. The
lattice expansion has been plotted as function of d in Figs. 12–14.
Fig. 11. The apparent TEC as function of temperature for LSCN4010 and LSC40.

Substituting 10% Co with Ni in LSC40 appears to decrease the TEC substantially.

Peaks in the TEC of LSCN4010 are possibly associated with phase transitions of

secondary phases.

Fig. 12. Strain as function of d and T for LSC40. Lines represent best fit to Eq. (6).

Fig. 13. Strain as function of d and T for LSCN4010. Lines represent best fit

to Eq. (6).

Fig. 14. Strain as function of d and T for LSCN3010. Lines represent best fit to Eq. (6).

Table 3
First and second order thermal and chemical expansion coefficients extracted as

the best least square fitting parameters to the expansion model expressed in

Eq. (6) [21].

a1þa2ðT�T0Þ (K�1) b1þb2d we

LSCN3010 14.4 �10�6+4.65 �10�9(T�T0) 0:0163þ0:101d 5.0 �10�6

LSCN4010 11.4 �10�6+6.54 �10�9(T�T0) 0:0197þ0:0251d 3.0 �10�6

LSC40 15.5 �10�6+4.93 �10�9(T�T0) 0:0193þ0:0803d 2.3 �10�6

LSC40 [21] 14.20 �10�6+4.84 �10�9(T�T0) 0:0183þ0:270d
The model was applied to our expansion data and the best linear
least square fits to Eq. (6) is shown as the solid lines. The least
square fitting parameters are listed as the first and second order
thermal and chemical expansion coefficients in Table 3. Table 3
also shows the sum of square deviations, we which is defined as
ðSðemeasured,ðiÞ�ecalculated,ðiÞÞ

2
Þ=ðN�3Þ, where N is the total number of

measurements (N¼25–28) and emeasured,ðiÞ is the expansion of the
i’th measurement.

The lower TEC of LSCN4010 as compared to LSC40 seen in
Fig. 11 is also reflected in the expansion coefficients listed in
Table 3.
4. Discussion

4.1. Electronic and defect structure

It is evident from Fig. 4 that substitution of La with Sr increases
the concentration of vacancies in the oxygen sublattice above an
onset temperature of approximately 500 1C. The oxygen non-
stoichiometry parameter of LSCN4010 is more than twice as large
as that of LSCN3010 between 500 and 800 1C. This can be
understood as LSCN4010 having a higher degree Co in its reduced
form, Co4 +, at room temperature which can undergo thermal
reduction upon heating and consequently form oxygen vacancies.
This effect is well known and will therefore not be discussed in
detail here [2,27] but it is interesting to note that this trend also
holds when Ni is present on the B-site of the perovskite.

Increasing the Ni content appears also to increase the oxygen
nonstoichiometry at high T as substituting 10% Co with Ni in
LSC40 increases the linear tendency with which oxygen vacancies
are created upon heating. This stand in sharp contrast to results of
Teraoka et al., who have found that substituting 20% Co with
Ni in ðLa0:6Sr0:4ÞCoO3�d decreases the oxygen nonstoichiometry



Fig. 15. Electric conductivity as function of temperature for LSCN2020. Lines

represent best fit to Eq. (5), extrapolated down to room temperature with

d- values taken from Fig. 4. The fits shows reasonable agreement in temperature

trend but deviates substantially in absolute values at low T.

P. Hjalmarsson et al. / Journal of Solid State Chemistry 183 (2010) 1853–1862 1859
parameter [33]. It is not relevant to ascribe a valency to the Co ion
in this configuration as the charge on Co ions are delocalized.
Instead it is probably more correct to refer to an average oxidation
state, which will be somewhat higher in LSCN4010 than in LSC40
at room temperature. This fact could possibly results in a higher
tendency to undergo thermal reduction, in analogy with the
above discussed comparison between LSCN3010 and LSCN4010.

The relatively good agreements of the measured nonstoichio-
metry in LSCN2020, LSCN3010 and LSCN4010 to the itinerant

electron model indicates that these compositions incorporates
delocalizes electronic charge. This is also in agreement with the
high electronic conductivities measured for these compositions.
However, its difficult to make further interpretations of the
parameters gðeF Þ, DEox and DSox.

The itinerant electron model does not take into account charge
disproportionation of the kind 2Cox

Co-Co�CoþCo0Co and thus
assumes that the concentration of charge arising as a consequence
of such as reaction is negligible compared to the p-type charge
introduced by Sr substitution. The reasonably good fit of the
stoichiometry data to the model indicate that this holds also in
the case when Ni is present on B-site. We have in a previous study
presented XANES measurements supporting that the reaction
Coiii
þNiIII-CoIV

þNi2þ does not occur to any notable degree [27].
The XANES data in this study showed that Ni remained its valency
state irrespective of the degree of Sr or Co in the crystal whereas
Co was under strong influence of only [Sr] and not [Ni]. It was also
shown support that it is exclusively Co that is reduced at
increasing temperatures.

The clear linear correlation between s and d, calculated
using the itinerant electron model indicates that the change in
charge concentration as a result of PO2

shifts is only associated
with changes in the p-type charge described by the itinerant

electron model. If charge disproportionation had occurred in
ðLa1�xSrxÞsCo1�yNiyO3�d upon PO2

shifts then the concentration
of available charge and thus the conductivity would have been
higher than predicted by the itinerant electron model.
4.2. Electronic conductivity

The conductivity as function of oxygen nonstoichiometry was
shown to decrease linearly with increasing d (see Figs. 8–10),
which indicates that these compositions incorporates p-type
charge carriers. It shows further that changes in its concentration
as function of PO2

has a much stronger impact on the conductivity
as compared to any possible changes in the intrinsic charge carrier
concentration. The intrinsic contribution to the conductivity is,
however, substantial within the measured T-range, being
approximately 800–1000 S cm�1 for all three compositions.
Fitting the conductivity data as function of both T and d with
the model expressed in Eq. (5) showed good agreement for
LSCN2020. Also LSCN3010 and LSCN4010 were found to agree
well with the conductivity model at all temperatures but the
lowest. The results presented in Table 2 indicates that the
mobility of the p-type charge carriers mcp

increases with
decreasing Sr content. At 1000 1C the mobility of the p-type
charge is about 1.1–1.6 cm2 V�1 s�1 for LSCN4010 and LSCN3010,
respectively. This trend is also in agreement with the p-type
mobility reported for ðLa1�x SrxÞ0:99CoO3�d by Søgaard et al. [6].
For ðLa0:85Sr0:15Þ0:99CoO3�d the aforementioned study reports
mobilities of 1.2–1.4 cm2 V�1 s�1 in the range from 850 to
1000 1C. This can be compared with our calculated mobilities of
1.4–1.5 cm2 V�1 s�1 for LSCN2020 in the same temperature range.
Also the p-type mobility of LSCN4010 was found to be about 5%
higher than that of LSC40. These comparisons indicate that Ni
substitution in ðLa1�xSrxÞsCoO3�d increases the mobility of the
p-type charge carriers.

Fig. 15 shows the intrinsic and p-type conductivity as well as
the total conductivity from room temperature to 1000 1C,
predicted using the results in Table 2 together with measured d
as function of temperature (see Fig. 4). Fig. 15 also shows the
conductivity of the same composition as function of temperature
but measured on a different sample with a different experimental
setup. The predicted total conductivity, extrapolated on basis of
the mechanism expressed in Eq. (5), was shown to correlate well
with the measured data only above 700 1C. At lower temperatures
it deviates substantially and overestimates the room temperature
conductivity with almost 2000 S cm�1 and hence the suggested
equation does not seem to satisfactorily describe the conductivity
mechanism. The temperature dependence of the p-type
conductivity was determined based 43 data points. The
delocalized p-type conductivity arises from the fact that the Co
ions in LaCoO3 have been partially oxidized upon Sr substitution
thus the presence of the p-type charge is not dependent on
thermal excitations like for example charge associated with spin
transitions. We therefore believe it is fair to assume that the
p-type conductivity is of metallic character. A reciprocal
temperature dependence has also been suggested previously for
ðLa1�xSrxÞsCoO3�d [6].

We postulate instead that the discrepancy between measured
and predicted conductivity of LSCN2020 is related to the intrinsic

conductivity mechanism. The predicted intrinsic conductivity, i.e.
the conductivity at ½Sr� ¼ d=2, at 750–950 1C can be considered
accurate within the precision of the experiments. However, the
reliability when projected to lower T is more questionable. The
intrinsic conductivity, as defined in this particular paper, is
independent on the p-type charge carriers and any change in
the intrinsic conductivity is instead assumed to be related to spin
transitions on the Co ions. This is believed to have substantial
effect on the conductivity and this correlation has been discussed
in a previous paper for ðLa1�xSrxÞ0:99Co0:6þxNi0:4�xO3�d [27,2]. It
can be understood in the light of ligand field theory. When
positioned in a octahedral geometry of a crystal, d-orbitals of a
transition metal ion split into two e- and three t-orbitals,
separated by a small band gap. The e-orbitals are oriented
towards the p-orbitals of the oxygen ions to form overlap (bonds)
that make up the conductive path ways. The overlap comes at the
expense of a slightly higher energy than the t-orbitals, in the case
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of LaCoO3 of approximately 0.05 eV [34,30,35]. The thermody-
namic consequence is that all six d-electrons of the Co3+ ion are
preferably found in the three t-orbitals with no net electron spin.
However, the band gap is sufficiently low for thermal energy to
excite electrons. The electron will simultaneously change its spin
following Hund’s rule and transition from low spin Co(III), t2g

6 , to
intermediate spin Co(iii) t2g

5 eg
1 or high spin Co3+ t2g

4 eg
2 occur at

elevated temperatures. This increases the degree of the Co3d–O2p
overlap that in turn allow charge transport through the crystal
[36–42]. Octahedral Ni in LaNiO3 has the low spin configuration,
t2g
6 eg

1 and thus one electron is already found in the conductive e-
orbitals. This explains why LaNiO3 shows metallic conductivity at
room temperature while LaCoO3 is only a reasonable conductor at
much higher temperatures. This property, typical of LaCoO3, gives
also rise to interesting expansion properties discussed further
below as well as in a previous study on ðLa1�xSrxÞsCo1�yNiyO3�d:

s¼ A

T
exp

�EA

kT

� �
ð7Þ

The electronic conductivity of LasCo1�xNixO3�d with xo0:4 has
been argued by Huang et al. [24] to follow the small polaron
conduction as expressed in Eq. (7). Fitting the intrinsic conductivity
data of LSCN2020 to this equation yields an activation energy of
0.07 eV. Huang et al. have determined the small polaron activation
energy to range from 0.05 to 0.07 eV for related compositions [24]. An
intrinsic conductivity predicted on basis of the small polaron
conductivity has been included in Fig. 15 as well as the conductivity
of LaCo0.8Ni0.2O3 measured from room temperature to 175 1C by
Hrovat et al. [25]. This composition corresponds, in theory, to the
LSCN2020 but without p-type charge as there is no Sr2+ that have
oxidized the Co ions. Hence the intrinsic conductivity of LSCN2020
should roughly correspond to that of LaCo0.8Ni0.2O3. As seen in Fig. 15
the predicted intrinsic small polaronic conductivity of LSCN2020
agrees reasonably well with that of LaCo0.8Ni0.2O3. Adding the
predicted intrinsic small polaron conductivity to the p-type con-
ductivity of LSCN2020 results in a total ‘‘predicted’’ conductivity
(plotted as the thick dashed line in Fig. 15) that agrees well the ‘‘true’’
measured electronic conductivity of LSCN2020. Most interesting is
the fact that the ‘‘S-shaped’’ trend with respect to temperature seen in
the measured conductivity of LSCN2020 is also predicted by a
mechanism including both metallic-like p-type charge carrier and
small polarons. The S-shaped trend was also found for all other
compositions of ðLa1�xSrxÞsCo1�yNiyO3�d reported previously.

This could possibly indicate that electronic conduction of
LSCN2020 can be described by a dual mechanism where the
p-type charge carrier as a result of Sr-substitution follows a
metallic-like conductivity and where the intrinsic charge carrier
from e.g. spin transitions on Co ions follows a small polaron
conduction mechanism.

There are uncertainties associated with such a simple
explanation to the conductive behavior of ðLa1�xSrxÞsCo1�y

NiyO3�d. The data presented covers only a temperature span of
roughly RT to 1000 1C. Moreover, both crystal and electronic band
structure is often more complicated in oxides as compared to
metals. For instance Mineshige et al. [5] have studied the
conductivity of ðLa1�xSrxÞsCoO3�d and found a metal–insulator
transition at a critical Co–O–Co angle of 1651 irrespective of x, T

and PO2
. Figs. 9 and 10 found a slightly higher mobility for

LSCN3010 and LSCN4010 at the lowest measured temperature
indicating that the p-type mobility might not be independent on
temperature over the entire temperature span RT-1000 1C.

4.3. Expansion behavior

The measured apparent thermal expansion coefficients (TEC)
shown in Fig. 11 for LSCN4010 and LSC40 illustrate that
substituting 10% Co with Ni in LSC40 decreases the TEC across
the entire temperature range. The difference is remarkable, about
20–25%, making LSCN4010 an interesting composition for
technological use in SOFC-cathodes as it could possibly reduce
the large expansion mismatch between the highly electro-
catalytic ðLa0:6Sr0:4ÞCoO3�d and the other components of an SOFC.

Substitution of Co with Ni in ðLa1�xSrxÞsCo1�yNiyO3�d decreases
the thermodynamic stability of the perovskite which could result
in partial decomposition of LSCN4010 into secondary phases of
the type K2NiF4-type and CoO/NiO when reaching temperature as
high as 1300 1C [43,44,15]. We have previously shown support
that secondary phases of transition metal oxides in
ðLa1�xSrxÞsCo1�yNiyO3�d are of NiO. The origin of the sharp peaks
in the differential expansion curve of LSCN4010 at 630 and
1050 1C will not be fully explained in this paper. However, a
possible explanation could be a reaction between the NiO and a
K2NiF4-type oxide to regain the perovskite structure upon cooling.
Such a reaction would involve an uptake of gaseous oxygen
expanding the lattice momentarily. The fact that these artifacts
were not seen in the repetitive experiment to 1100 1C indicates
that this temperature and time (1 h) is not sufficient to adequate
amounts of secondary phases.

To describe the thermal expansion behavior of oxides only in
terms of a coefficient is somewhat misleading and certainly not
sufficient in the case of ðLa1�xSrxÞsCo1�yNiyO3�d. The apparent TEC
is seen to increase continuously above approximately 500 1C for
both LSC40 and LSCN4010, a temperature that correlates well
with the onset temperature of oxygen loss seen in Fig. 4. The
increase in the apparent TEC at higher temperatures has in
previous papers been argued to be related to the thermal
reduction of Co(IV) to Co(III) which expands the Shannon radius
from 0.53 Å for Co4 +(VI) (HS) to 0.61 Å for Co3 +(VI) (HS) [6]. This
expansion is often referred to as the chemical expansion and
relates to the oxygen nonstoichiometry change with the chemical
expansion coefficient (CEC). However, also the CEC should not be
regarded as a simple coefficient, which the following paragraph
attempts to justify.

Fig. 4, shows clearly that d increases linearly with T above a
certain threshold temperature (expressed in Eq. (8)). In the case of
LSC40 and LSCN4010 this temperature is approximately 700 1C.
Now if the lattice expansion was found to be dependent on T and
d only to a first order then the apparent TEC would be expressed as
the sum of two constants, TEC500 and TEC700, where the later is
valid only above approximately 700 1C. This is expressed in
Eqs. (9)–(11) where a is the expansion coefficients with respect to
temperature, b is the expansion coefficients with respect to d and
g is the linear coefficient with which d increases with temperature
above 700 1C:

d¼ ðg � TÞT Z700 3C ð8Þ

e¼ a � Tþb � d¼ a � Tþb � ðg � TÞT 4700 3C ð9Þ

TEC500 ¼
@e
@T

� �
T r500 3C

¼ a ð10Þ

TEC700 ¼
@e
@T

� �
T Z7003C

¼ aþb � g ð11Þ

This would result in an apparent TEC having an s-shaped curve
with a constant value of a below 500 1C and another constant
value of aþb � g above 700 1C. However, the apparent TEC,
shown in Fig. 11, continues to increase in the high temperature
region for both LSC40 and LSCN4010. This suggests that the CEC is
not a single order coefficient but depends on d and/or T to a
second order degree. Additionally, the apparent TEC of LSC40
appears to increase below 500 1C where d is approximately zero.



Fig. 16. Expansion as function of temperature for LSC40 reported in Fig. 11 where

it is differentiated with respect to temperature. Lines represent the predicted

expansion according to 6, where d was taken from Fig. 4 and the expansion

coefficients from Table 3.

P. Hjalmarsson et al. / Journal of Solid State Chemistry 183 (2010) 1853–1862 1861
This indicates that also the true TEC is dependent on T to a second
order degree. This motivated us to characterize the expansion
behavior of ðLa1�xSrxÞsCo1�yNiyO3�d using the mechanism
expressed in Eq. (6). This model was first tested by Adler and
coworkers in a study on lattice expansion behavior of ðLa1�xSrxÞs

CoO3�d [21].
As seen in Figs. 12–14 this expansion model was found to fit

the measurements on LSC40, LSCN3010 and LSCN4010 well.
Comparing LSCN4010 and LSC40 using the results in Table 3
shows that substituting 10% Co with Ni in LSC40 decreases the
first order TEC ða1Þ substantially. The second order TEC ða2Þ is
slightly higher for LSCN4010 but calculating the strain up to
850 1C, caused only by heating and not stoichiometric changes
ðea,850CÞ, shows that the strain in LSCN4010 is about 15% lower.
This could be explained by the Ni containing composition having
less trivalent Co ions which undergoes the electronic spin
transition that gives rise to the unusually large apparent TEC of
these cobaltites. The first order CEC ðb1Þ of LSC and LSCN4010 was
found to be approximately the same, whereas the second order
CEC ðb2Þ is three times larger for LSC40. This is compensated by
the higher d of LSCN4010 as the strains induced exclusively by the
chemical expansion when heated to 850 1C ðeb,850 1CÞ are almost
identical.

Comparing a1 and a2 of LSCN3010 and LSCN4010 shows that
increasing the Sr content will decrease the true TEC. The
‘‘thermal’’ strain, ðea,850 3CÞ, induced when heated to 850 1C is
about 8% lower in LSCN4010. This can again be explained by the
lower concentration of trivalent Co ions that can undergo spin
transitions upon heating. b1 appears to increase with Sr substitu-
tion whereas b2 is about four times lower. Calculating the eb,850 3C-
values of LSCN4010 and LSCN3010 shows a 15% lower strain for
LSCN3010. This is mainly due to the much lower d of LSCN3010
within this temperature range.

For LSCN4010 the strain induced by a2 was found to be about
50% of that induced by a1 when heated to 850 1C whereas the
strain induced by b2 was about 10% of that induced by b1. This
indicates further that the second order terms are necessary to
fully describe the expansion behavior.

The strain in LSC40 as function of temperatures was calculated
from the fitting parameters in Table 3 and the oxygen non-
stoichiometry shown in Fig. 4 and compared with the strain
measured continuously as function of temperature in air
(see Fig. 11). The result is reported in Fig. 16 in which we have
also include a fit of the strain of ðLa0:6Sr0:4ÞCoO3�d calculated
based on expansion coefficients from the study by Chen et al. [21].
The figure shows that the strain calculated from using the
coefficients in Table 3 agrees reasonably well with the
measured strain. The strain calculated from expansion
coefficients of [21] overestimated the expansion above 1000 1C
if compared to the measured strain of our sample. Comparing the
thermal and chemical expansion coefficients from these two
studies shows that the b2 reported by [21] is more than three
times higher than ours which results in a much large expansion
increase at high d (ie high T). It is noteworthy that the major
contribution to the strain in LSC40 arises from thermal and not
chemical expansion.
5. Conclusions

We have found that the itinerant electron model [10], describes
the defect chemistry of LSCN2020, LSCN3010 and LSCN4010 well.
This indicates that our investigated compositions are of metallic-
like character with delocalized electronic states. This is also
reflected in the high electronic conductivities measured. The
conductivities were shown to be linearly dependent on the p-type
charge carrier concentration. The measured conductivities were
suggested to consist of an p-type contribution together with an
intrinsic contribution arising from electronic spin transitions and
Ni substitution. The p-type conductivity was found to have a
metallic-like reciprocal temperature dependence above approxi-
mately 800 1C. The thermal behavior and conduction mechanism
of intrinsic contribution was hypothesized to be of the small
polaron type. This contribution to the conductivity was more
difficult to describe and further analysis is needed to fully
understand the conductivity of these complicated oxides.

Expansion measurements as function of T and PO2
showed that

substituting 10% Co with Ni in LSC40 decreased the apparent

thermal expansion coefficient with 20–25% in the entire mea-
sured temperature range (25–1300 1C). The expansion behavior
could successfully be described using a model incorporating first
and second order thermal and chemical expansion coefficients.
Separating the apparent TEC showed that Ni substitution into
LSC40 appears to decrease both the thermal and chemical
expansion coefficients.
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