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For perovskites with the general formula ACoO3−δ (A = La, Pr, Nd, Sm, and Gd) the influence of the A-site
cation on the electrical conductivity, electronic structure, thermodynamic stability, and oxygen stoichiometry was
studied. The perovskite oxide powders were produced by a combined citric acid and ethylenediaminetetraacetic
acid complexing method. Ceramic specimens sintered at 1100 ◦C in air were single-phase perovskites. With
increasing temperature, the electrical conductivity shows three discrete regimes. All compositions show
semiconductivity up to a transition temperature of ∼300 ◦C–450 ◦C and then behave like metallic conductors. The
activation energies for the semiconductivity, as well as the transition temperatures to the metallic-like conduction,
decrease monotonically with increasing pseudocubic lattice parameters, i.e., with increasing ionic radii of the
A cation. This behavior correlates with decreasing oxygen nonstoichiometry and increased thermodynamic
stability. The highest conductivity and the lowest activation energy of 0.66 eV were found for LaCoO3−δ , which
also had the lowest semiconductor–metal transition temperature at 269 ◦C, the lowest oxygen nonstoichiometry of
δ = 0.008, and the highest Gibbs free energy change for the decomposition reaction of 42.37 kJ/mol at 850 ◦C.
GdCoO3−δ had the highest oxygen nonstoichiometry with δ = 0.032, a high activation energy of 1.19 eV for
the semiconductivity with a high transition temperature at 452 ◦C, and the lowest Gibbs free energy change of
26.54 kJ/mol at 850 ◦C. X-ray absorption spectroscopy data imply an increasing Co low-spin character with
decreasing cation radius from La to Gd, while an increase in temperature increases the number of holes or Co 3d
bandwidth. This correlates well with the electrical conductivity data.
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I. INTRODUCTION

Perovskite oxides are important electroceramics and cata-
lysts for electrodes in solid oxide fuel cells (SOFCs),1 chem-
ical sensors,2 oxygen separation membranes, heterogeneous
catalysts,3 reading heads in computer hard disks showing giant
magnetoresistivity,4 and high-temperature superconductors.5

In addition, large parts of Earth’s mantle crust consist of
the perovskite CaSiO3, making this a diverse family of
materials.6–8

Perovskites form a prominent family of phases among
the mixed metal oxides with the general formula ABO3.
The possibility to synthesize multicomponent perovskites
with the general formula A1−xA′

xB1−yB′
yO3 greatly increases

opportunities for tuning their electrical and thermodynamic
properties. A denotes the rare earth element, and B denotes the
transition metal. The occurrence of the perovskite structure
was characterized by Goldschmidt,9 who introduced a toler-
ance factor t correlating the radii rA and rB of the A and B
cations, with rO as the oxygen anion radius:

t = rA + rO√
2(rB + rO)

(1)

The tolerance factor equation describes the fit of the
A-site cation in the corner sharing BO6 octahedra. The ideal
cubic perovskite structure is found to be stable at room
temperature in cases where the t value is very close to 1.
Generally, perovskites occur for 0.75 � t � 1.0, including the
distorted perovskites. The distortion not only affects the crystal

structure but also has a profound influence on a number of
physical properties, such as electrical conductivity, magnetic
superexchange interactions, and certain dielectric properties.
Another method based on the crystal structure to compare
perovskites with different symmetry is to calculate, from the
cell volume, the pseudocubic lattice constant per formula,
which gives an idea of the distortion and the bond length in the
CoO6 octahedra.10 Muller and Roy11 established a structural
field map to outline the stability of different ternary oxide
families, among them perovskites, using ionic radii of two
cations. An empirical structure map was proposed also by Li
et al.12 and recently by Zhang et al.13 for >300 perovskites
using the bond-valence model. Despite these structural field
maps becoming increasingly elaborate, it is difficult to predict
the occurrence and stability of perovskite structures and even
more difficult to predict their functional properties.

The ACoO3−δ perovskites show a unique behavior of
electrical conductivity and therefore electronic structure.14–17

All cobalt-containing perovskites are intrinsic semiconductors
at room temperature.18–22 The spin state of Co in LaCoO3−δ has
been discussed widely in the literature.14,18,23–44 At tempera-
tures up to around −180 ◦C, Co is in the low-spin state (t2g

6eg
0,

S = 0). At higher temperatures the spin state changes, but so far
no agreement on its exact state has been reached. This spin state
transition at low temperature causes an increase in the energy
gap, as well as in the electrical conductivity, as shown later in
this paper. For ACoO3−δ perovskites, the spin state transition
temperature depends on the size of the rare earth cation. With a
further increase in temperature to between 270 ◦C and 450 ◦C,
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the perovskites undergo a transition from a semiconductor
to a metal-like conductor. Kamata et al.45 correlated for
simple ABO3 compounds the state of the electrons and thereby
the character of the electrical conductivity—“localized” or
“itinerant” electrons—with the field strengths of the A- and
B-site cations, which is the ratio of their charge or radius. With
increasing radii of A, the Co–O bond length and Co-O-Co
bond angle increase. Therefore, orbital overlap decreases at
room temperature; correspondingly, the semiconductor–metal
transition occurs at lower temperature.

In this paper, the influence of the size and 4f occupancy of
the lanthanide A cation in the ACoO3−δ perovskites on their
oxygen nonstoichiometry, thermodynamic stability, electrical
conductivity, and electronic structure is examined, as are the
orbital interactions. As such, the A cation was varied from
lanthanum over praseodymium, neodymium, and samarium
to gadolinium with cobalt as the B cation. All of these
compositions lie on a line in Kamata et al.’s structural field
map.45 LaCoO3−δ is positioned closer to the line dividing
the perovskites with localized and itinerant electrons than
GdCoO3−δ . We propose that the separation line shifts with
increasing temperature to higher field strengths—i.e., to the
upper right area in this structural field map for the complex
perovskite compositions.

II. EXPERIMENTAL METHODS

A. Preparation

For powder preparation, the combined citric acid and
ethylenediaminetetraacetic acid (EDTA) complexing method
was used.46,47 For the preparation of ACoO3−δ , EDTA (Acros
Organics, ACS reagent) was dissolved in a 25% aqueous
ammonia solution (Merck, p.a.). The lanthanide nitrates—
La(NO3)3, Pr(NO3)3, Nd(NO3)3, and Sm(NO3)3 (Sigma-
Aldrich, 99.9%) and Gd(NO3)3 (ABCR, 99.9%)—and cobalt
nitrate or Co(NO3)2 (Fluka, �98%) were dissolved in water
after determining the exact water content of the starting
materials with differential thermal analysis/thermogravimetry
(DTA/TG) (Netzsch STA 449C). After obtaining a clear
solution, the nitrate solution and citric acid monohydrate
(Fluka, �99.5%) were added to the EDTA solution while
stirring. The desired molar ratio of metal ions to EDTA to
citric acid was 1:1:1.5. The purple solution was heated in an
oil bath to 80 ◦C. After 5 h, the temperature was increased to
140 ◦C and held overnight. The resulting dark brown foam was
then calcined in a furnace (Nabertherm L3). For calcination,
the furnace was heated at 3 ◦C/min to 1100 ◦C for 2 h in
ambient air. Around 600 ◦C, the release of gases during the
decomposition of the precursor led to an expansion of the
foam. After calcination, the resulting powder was dry milled
in an agate mortar. For electrical conductivity measurements,
the powders were pressed in bars with the dimension 55 ×
5 × 3 mm in an axial press at a pressure of 45 kN. For one bar,
3.0 g of perovskite powder was used. The bars were sintered
at 1100 ◦C for 48 h at a 3 ◦C/min heating and cooling rate.

B. Characterization

The phase purity was determined by x-ray diffraction
(XRD, STOE STADI P2) with Cu Kα radiation. For data
processing and generating XRD patterns, WinXPOW from Stoe

was used. XRD patterns were analyzed with COMPARIS48

and matched to known patterns from the International Centre
for Diffraction Data. The microstructure was determined by
field emission gun scanning electron microscopy (LEO Gemini
1530) with secondary electron detection.

The porosities of the sintered bars were measured using
Archimedes’ principle. The linear shrinkage was determined
by measuring the geometry of the bar before and after sintering.
Electrical conductivity was measured in four-point direct
current mode in air with a multimeter 2001 from Keithley.
The conductivity was measured as a function of temperature
� 1000 ◦C at heating and cooling ramp of 3 ◦C/min. For the
soft x-ray absorption spectroscopy (XAS) measurements, the
bars were used as sintered; these samples are noted as “25 ◦C”
in the XAS measurements. One half of each bar was heated
to 800 ◦C for 300 h in air and was air quenched to room
temperature. These samples are noted as “800 ◦C” for the
XAS. XRD patterns were taken of LaCoO3−δ , PrCoO3−δ , and
GdCoO3−δ air quenched from 800 ◦C to determine whether any
phase change occurred as a result of the temperature treatment.
The XAS measurements were made at the Daresbury Labora-
tory Synchrotron Radiation Source on beamline 1.1, equipped
with a high-energy spherical grating monochromator. The
ring energy was 2.0 GeV, producing a current range of
∼150–200 mA. The oxygen K edge at 530 eV and cobalt
LII,III edge at 780 eV were examined for ACoO3−δ with
A = La, Pr, Nd, Sm, and Gd. The MIV,V edges were also
recorded at energies of ∼830–1070 eV for La, Pr, Nd, Sm, and
Gd. The energy resolution of the beamline with a 0.1 mm
exit slit was ∼0.25 eV and 0.45 eV at a x-ray energy of
530 eV and 780 eV, respectively. The XAS was measured in
total electron yield mode in a vacuum better than 10−5 Pa, with
five samples held in the vacuum chamber at once. The samples
were measured at room temperature. Just before measuring,
the samples were crushed into a loose powder, spread thinly
on a piece of carbon tape, mounted to the sample holder,
and put into the vacuum chamber. For analysis, the spectra
were background subtracted and normalized to the intensity
40–80 eV above the edge. The first peak in the O K spectra
was fitted with two Gaussian curves after the edge step was
fitted with an arctangent function, and the contribution from
the carbon tape or residual CO2 was fitted with one Gaussian.

The weight change during reduction of the samples was
measured with simultaneous DTA/TG using a Netzsch STA
449 C Jupiter equipped with a rhodium–platinum furnace in a
dynamic atmosphere. The gas flow during reduction reaction
measurements was a mixture of helium with a flow of 30 sccm
and 10 vol.% hydrogen in helium with a flow of 30 sccm.
For measurements and corrections, identical conditions were
set. For data processing and analyses, the Proteus Analysis
program from Netzsch was used. Before these measurements,
the perovskite powders were dried in an inert He atmosphere at
300 ◦C. The measurements were done in reducing atmosphere
at a heating rate of 5 ◦C/min to 850 ◦C, followed by 30 min of
dwell at the highest temperature.

The solid-oxide electrolyte galvanic cells method was em-
ployed to obtain the thermodynamic properties of the samples.
As shown in previous papers,49–52 the thermodynamic stability
limits of the ABO3−δ perovskite-type oxides are conveniently
situated within the range of oxygen chemical potentials that
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can be measured using galvanic cells containing 12.84 wt.%
yttria-stabilized zirconia solid electrolyte and an iron–wüstite
reference electrode. The design of the apparatus, as well as
the theoretical and experimental considerations related to the
applied method, was previously described.49,50 Measurements
were performed in vacuum at a residual gas pressure of
10−5 Pa. The electromotive force (EMF) was measured with
a Keithley 2000 multimeter at 50 ◦C intervals between 600 ◦C
and 1000 ◦C, each time waiting until equilibrium conditions
were obtained. Equilibrium conditions were achieved when
values for increasing and decreasing temperatures agreed
within 1 or 2 mV in the EMF. Three independent series of
measurements were carried out for each composition. By
using the experimental values of the EMF of the cell and
knowing the partial pressures associated with the iron–wüstite
equilibrium,53–55 the oxygen dissociation pressures of
ACoO3−δ ternary oxides, as well as the Gibbs free energy
of decomposition, were determined according to known
relationships.51

III. RESULTS AND DISCUSSION

A. Microstructure

Figure 1 shows the XRD patterns of the calcined ACoO3−δ

powders, which were all single phase. In the series from La
to Gd, we observe a symmetry change from rhombohedral to
orthorhombic because of the decreasing cation size on the A
site, in accordance with the literature.20,21,25,56–58 The pattern
for LaCoO3−δ shows peak splitting because of the lower
symmetry of the rhombohedral structure versus the cubic.
SmCoO3−δ and GdCoO3−δ show an orthorhombic crystal
structure in good agreement with the literature data.20,56,58

(a)

(b)

orthorohmbic

orthorohmbic

cubic

rhombohedral

rhombohedral

orthorohmbic

cubic

cubic

FIG. 1. (a) XRD powder pattern of the calcined (1100 ◦C in air)
single-phase perovskites ACoO3−δ (A = La, Pr, Nd, Sm and Gd).
(b) Bragg positions of the different phase symmetries.

TABLE I. Porosity of the ACoO3−δ perovskites calculated from
the theoretical crystallographic (Ref. 59) and Archimedes density
after sintering for 2 h at 1100◦ C (at 3 ◦C/min heating and cooling
rate). Linear shrinkage over the width of the bars during sintering is
also shown.

ACoO3−δ Porosity (wt.%) Linear shrinkage (%)

LaCoO3−δ 27 1.6
PrCoO3−δ 18 8.4
NdCoO3−δ 24 5.4
SmCoO3−δ 22 8.6
GdCoO3−δ 27 7.8

PrCoO3−δ and NdCoO3−δ show cubic symmetry with broad
peaks, which indicate a change to the orthorhombic symmetry.
In the literature, orthorhombic and cubic crystal symmetries
are reported for these perovskites.21,25,56–58

B. Electrical conductivity

For the calculation of the electrical conductivity of the
perovskites ACoO3−δ , the porosity had to be considered. The
porosity of the sintered perovskite bars calculated from the
theoretical crystallographic59 and the Archimedes density was
between 18 and 27 vol.%, and the linear shrinkage of the
width of the bars during sintering was between 1.6% and
8.6%. The values for each composition are shown in Table I.
The low degree of compaction and the occurrence of porosity
were confirmed in all cases via scanning electron micrographs
(SEM). A typical micrograph is shown in Fig. 2 for LaCoO3−δ .

In a two-phase material, consisting of an electrically
conductive (perovskite) and a nonconductive phase (porosity),
the effective conductivity is given by60

σeff = 3

2
σPerovskite

(
1 − por − 1

dim

)
, (2)

where σ eff is the measured conductivity of the two-phase ma-
terial, σ Perovskite is the electrical conductivity of the perovskite,
por is the fraction of porosity, and for a three-dimensional
sample, dim is equal to 3.

4 μm δ

FIG. 2. SEM of an unpolished fracture surface of a sintered
LaCoO3−δ perovskite bar.
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(a) (b)

FIG. 3. (Color online) (a) Electrical conductivity and (b) derivative of ln σ T with respect to T −1 of ACoO3−δ (A = La, Pr, Nd, Sm, and
Gd) measured in air. The regions A, B, and C; transition temperature Telectrical transition; and peak temperature Tpeak, at which the activation energy
was calculated, are denoted for LaCoO3−δ .

The Arrhenius plot of the conductivity—as ln σT (SK/m)
versus 1000/T (1/K)—for the ACoO3−δ perovskites is plotted
with respect to the A cation in Fig. 3(a). All samples showed
an electrical conductivity that increases with increasing tem-
perature. Two intrinsic regions around 100 ◦C–200 ◦C (A)
and 150 ◦C–450 ◦C (B) in the plot can be distinguished, as
shown in Fig. 3(a) for LaCoO3−δ . All investigated perovskites
exhibit semiconductor properties at temperatures <500 ◦C
with two different activation energies. According to the
literature,18–22 these two regimes can be attributed to changes
in the spin state (Sec. III C). At higher temperatures, denoted
as region C (>400 ◦C), the perovskites behave like a metallic
conductor, showing nonlinearity and a slope that becomes less
temperature dependent. This behavior and the absolute values
of the electrical conductivities are in good agreement with
previous results.18–22

The transition temperatures T electrical transition and the ac-
tivation energies Ea are listed in Table II. To analyze the
transition from semiconduction to metallic conduction in a
more detailed way, the derivative of the conductivity was
plotted as a function of 1/T and is shown in Fig. 3(b).
With decreasing radius of cation A (from La to Gd), larger

activation energies were found for the semiconductivity and
the transition to metallic-like conductance occurs at higher
temperatures. The peak minima, denoted as Tpeak and where
d ln σT
dT −1 = constant, were used to calculate the activation

energies with the Arrhenius correlation in the intermediate
temperature range. The transition temperature from metallic
to semiconducting behavior was ascertained in a similar way,
with the slope of Fig. 3(b) plotted against 1/T (not shown here).
The peak minima appear where the transition from metallic
to semiconducting behavior takes place, listed in Table II as
Telectrical transition and where d2 ln σT

d(T −1)2 = constant. Table II also
shows that with increasing ionic radius of the A cation (from Gd
to La) and increasing pseudocubic lattice constant calculated
from the cell volume, the activation energy and the transition
temperature decrease. This implies that the activation energy
and the transition temperature increase with lower symmetry.

The metallic conductivity mechanism of these perovskites
results from the formation of interatomic bands caused by
the overlap of the Co 3d t2g and O 2p orbitals.61,62 In the
case of ACoO3−δ materials, this means that decreasing the
A ionic radius (increasing the A atomic number) leads to
a smaller B–O–B bond angle, which is also reflected in a

TABLE II. Comparison of the different properties of the perovskite ACoO3−δ (A = La, Pr, Nd, Sm and Gd), where the radius of the A cation
is rA, the bond angle Co-O-Co is α, the pseudocubic lattice constant is plc, the Goldschmidt tolerance factor is t, the Gibbs free energy change
of decomposition at 850 ◦C is �dG

0 at 850 ◦C, the spin transition temperature is Tspin transition, the peak temperature is Tpeak, the activation
energy is Ea , the transition temperature is Telectrical transition, and the oxygen nonstoichiometry is δ.

ACoO3−δ rA
76 α plca tb �dG0 at 850 ◦C Tspin transition Tpeak

c Ea
c (this study) Ea (Ref.) Telectrical transition

d δ

(Å) (deg) (Å) (kJ/mol) (◦C) (◦C) (eV) (eV) (◦C)

LaCoO3−δ 1.36 16414 3.83 0.971 42.37 -17357 212 0.66 0.4618, 0.5619 269 0.008
PrCoO3−δ 1.32 15863 3.79 0.958 35.71 -7357 243 0.73 - 314 0.010
NdCoO3−δ 1.27 - 3.77 0.939 35.07 2757,75 293 0.86 0.7419 360 0.015
SmCoO3−δ 1.24 - 3.76 0.929 27.76 - 322 0.97 0.8922, 0.8920 406 0.018
GdCoO3−δ 1.22 15016 3.74 0.920 26.54 277 374 1.20 0.9319, 1.1821 452 0.032

aPseudo-cubic lattice constant, plc, was calculated from the cell volume.
bGoldschmidt tolerance factors, t, for lanthanide-cobalt-based perovskites calculated using the effective ionic radii based on Ref. 76.
cWhere d ln σT

dT −1 = constant.
dWhere d2 ln σT

d(T −1)2 = constant.
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FIG. 4. (a) Co LII,III XAS of LaCoO3−δ , PrCoO3−δ , and GdCoO3−δ at 25 ◦C (as-made, solid line) and quenched from 800 ◦C (dashed line),
showing the splitting of the peaks into the 2p1/2 and 2p3/2 components. The shape is like that of other samples with Co3+. (b) O K XAS of
LaCoO3−δ , PrCoO3−δ , and GdCoO3−δ at 25 ◦C (as-made, solid line) and quenched from 800 ◦C (dashed line).

change in structural symmetry (Table II).36 The average B–O
bond length is basically constant, with a changing A ionic
radius.63 Such a trend was also observed in perovskites with
the formula ABO3−δ and Ti and Fe as B cations.64,65 The
deviation of the B–O–B bond angle from 180◦ decreases
the conduction bandwidth and tends toward more insulating
behavior, which corresponds to a higher transition temperature
with decreasing rA. Heating the material expands the overall
structure and allows the relaxation of the bond angles toward
180◦, where maximal Co 3d – O 2p – Co 3d overlap occurs
and the conduction pathways are maximal. Decreasing the A
ionic radius corresponds to increasing semiconductor–metal
transition temperatures and activation energies, as was also
shown in the ANiO3−δ series of perovskites.66 Nevertheless,
no crystallographic change in symmetry was observed in the
XRD pattern at 800 ◦C compared to 25 ◦C, which is in contrast
to YNiO3−δ .

C. Electronic structure

Figure 4(a) shows a Co LII,III XAS spectrum representative
for the ACoO3−δ samples, which yields two peaks arising from
transitions from 2p63dn to 2p53dn+1 split by the spin-orbit
coupling of the core hole. As such, the shape and relative
intensity of the two peaks give information about the oxidation
and spin states of the probed element. The change in the
oxidation state, e.g., from Co3+ to Co2+, would lead to a
shift of ∼5 eV.67 Here, the spectra show that the Co ions
remain in an average or formal 3+ state in both the semi-
conducting and the metallic regimes of temperature (25 ◦C vs
800 ◦C), as expected and in agreement with previous studies.28

The samples denoted as “as-made 25 ◦C” were sintered for
48 h at 1100 ◦C and slowly cooled at a rate of 3 ◦C/min. The
samples denoted “quenched 800 ◦C” were quenched in air from
800 ◦C to freeze the high-temperature state. It has been debated
whether ACoO3−δ materials exhibit charge disproportionation

with increasing temperature,18,43,68 but Abbate et al. similarly
did not see evidence for this in the Co LII,III XAS.28 The energy
resolution of 0.45 eV in the present spectra is not high enough
to probe the spin state and partial change in the oxidation
state of the Co ions via the LII,III x-ray absorption. The shape
of the white lines did not change with the rare earth ion or
the quenching from 800 ◦C employed here. The lanthanide
MIV,V white lines (spectra not shown) also did not change as
a result of the quenching. Regarding the variation of the A site
in ABO3−δ , the smaller the ion and larger the atomic number,
the more the room-temperature ground state is dominated by
the low-spin Co3+ configuration; for A = Nd the low spin
predominates, and when A = La the intermediate spin is in
the majority.25,57 The higher-Z lanthanides, from Tb onward,
show the low-spin Co3+ at room temperature,63 so it is likely
that GdCoO3−δ also is entirely low spin. Fig. 4(b) shows the
O K XAS from LaCoO3−δ , PrCoO3−δ , and GdCoO3−δ both at
25 ◦C and as quenched from 800 ◦C. Spectra from NdCoO3−δ

and SmCoO3−δ were recorded but are not shown here, because
they were overlapped by harmonics of the lanthanide MIV,V

peaks. The major features are labeled from lowest to highest
energy as a, b, c, and d. The general shape is in agreement
with previous studies.28,37,69,70 Peak a (∼528.5 eV) is a result
of the hybridization of the Co 3d with the O 2p orbitals, while
peaks c and d show the contribution of the rare earth 5d and
Co 4sp orbitals, respectively. Peak b is not typically seen in the
O K spectra of similar perovskite samples and is here attributed
to surface contamination from the carbon tape adhesive or
species adsorbed on the samples, such as CO2.

The Co 3d component increases in overall intensity and
becomes less symmetrical by varying the rare earth ion from La
over Pr to Gd. This correlates with the Goldschmidt tolerance
factor and the pseudocubic lattice constant (Table II). For the
rare earth 5d peak, its intensity relative to the Co 4sp peaks
decreases as La > Gd > Pr, and the higher-energy peak of the
Co 4sp pair moves to slightly lower energies as La > Pr >
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Gd. In addition, a shoulder on the low-energy side of the rare
earth 5d peak grows in intensity relative to the main peak for
PrCoO3−δ and GdCoO3−δ . These changes occur similarly in
both the 25 ◦C and the 800 ◦C samples.

Looking at the LaCoO3−δ O K XAS, the sample quenched
from 800 ◦C has a larger contribution from the Co 3d orbitals
than in the nonquenched, 25 ◦C sample. This is also true, but
to a lesser extent, for PrCoO3−δ , but this is not observed for
GdCoO3−δ . The rare earth 5d peaks do not change much with
regard to temperature, but the Co 4sp peaks appear sharper at
800 ◦C than at 25 ◦C, with the effect greatest for LaCoO3−δ and
least for GdCoO3−δ , in contradiction to soft XAS of LaCoO3−δ

with in situ heating.28 XRD of some quenched samples
(A = La, Pr, and Gd) showed that no phase changes were
associated with the high-temperature treatment.

In examining the O K XAS, we can gain some insight into
the interaction of the Co 3d–O 2p hybridization and hole states,
because the spectra reflect the interaction of the unoccupied O
2p states with the Co and A bands. Looking at the contribution
of the Co 3d levels to the O K spectra (peak a), it is clear
that the total 3d bandwidth is largest for LaCoO3−δ . Abbate
et al.28 showed that from −193 ◦C to 25 ◦C the 3d peak solely
results from the unoccupied eg sub-band, but temperatures of
277 ◦C–357 ◦C resulted in the development of holes in the t2g

sub-band, indicating a higher spin state. In the ongoing debate
about the spin transitions in LaCoO3−δ , others have suggested
that at room temperature an intermediate spin is present.31–34

In another XAS study, Saitoh et al. were not able to resolve the
splitting of the eg–t2g levels in the O K spectra of LaCoO3−δ

at 25 ◦C.39 The spectrum of LaCoO3−δ at 25 ◦C shown in the
present study is much like that of Saitoh et al. and could be
interpreted as resulting from either a primarily low-spin Co3+,
fitted with one Gaussian, or a mixed/intermediate spin with
poorly resolved features. Comparing the different perovskites,
a sharpening of the peak a from La to Gd is present, which
indicates a smaller bandwidth because of a higher localization
and therefore less hybridization. The peak area does not change
significantly, because the oxidation state, and therefore the
number of unoccupied states, stays the same.

If in the data presented here the first peak of the LaCoO3−δ

O K spectrum at 25 ◦C is taken to represent only the unoccupied
eg states, it can be fitted with a single Gaussian curve.

Then the difference in intensity, energy, and width between
the 25 ◦C spectrum and the 800 ◦C spectrum represents the
addition of holes or change in the bandwidth that accompanies
the semiconductor-to-metal transition. The same idea can be
applied to the spectra of PrCoO3−δ and GdCoO3−δ , where
at 25 ◦C the former has more low-spin Co3+ character than
LaCoO3−δ and the latter is entirely low spin. In comparing the
25 ◦C spectra to the 800 ◦C quenched spectra, the amount of
unoccupied states added by the quenching process is largest
for LaCoO3−δ and nearly zero for GdCoO3−δ . This agrees with
the conductivity data, which show the lowest temperature for
the semiconductor to p-type metal transition for LaCoO3−δ

and highest for GdCoO3−δ . It is possible that the number of
holes added to each material via high-temperature quenching
is the same but is not reflected in the O K spectra because
of the decreasing B–O–B bond angle. As discussed earlier,
the more this angle deviates from 180◦, the less overlap and
hybridization occur between Co and O. However, if the number
of holes added was ion independent, the “extra” not observed
in the O XAS would be primarily of a Co 3d character, and
this should induce some change in the Co LII,III spectra, which
was not observed. So, for the samples quenched from 800 ◦C,
the holes created belong to hybridized O 2p–Co 3d (t2g) states,
with the number of holes created decreasing with an increasing
lanthanide atomic number, resulting in lower total conductivity
and higher transition temperatures.

D. Thermodynamic stability

The mass loss in a reducing atmosphere was measured as a
function of time to ascertain the oxygen nonstoichiometry δ of
the perovskites ACoO3−δ . The thermogravimetry (TG) mass
loss curves of ACoO3−δ perovskites with respect to tempera-
ture are displayed in Fig. 5(a). The mass loss was between 8.5
and 9.5 wt.% at 800 ◦C. The experiments were carried out with
the calcined powders in a reducing atmosphere made up by
5 vol.% H2 in He. The oxygen partial pressure calculated from
the gas ratio was lower than 10−18 bar at all temperatures.
Up to 350 ◦C, all perovskites remained stable and no mass
loss could be detected. All perovskites started to decompose
at roughly the same rather low temperature of ∼350 ◦C
in this reducing atmosphere. Presumably, decomposition
does not take place <350 ◦C for kinetic reasons. At higher

(a) (b)

FIG. 5. (Color online) (a) ACoO3−δ (A = La, Pr, Nd, Sm, and Gd) mass loss over temperature as measured by TG in helium with 5 vol.%
hydrogen. (b) Nonstoichiometry δ and oxygen partial pressure at 850 ◦C of ACoO3−δ (A = La, Pr, Nd, Sm, and Gd) vs pseudocubic lattice
constant.
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temperatures (>350 ◦C), pronounced mass losses occurred
until a stable mass of roughly 91 wt.% is reached around

650 ± 50 ◦C. The mass losses occur in two steps according to
the reaction:

ACoO3−δ � 1

2
A2O3 + CoO + 0.5 − δ

2
O2 � 1

2
A2O3 + Co + 1.5 − δ

2
O2. (3)

In the first step, the samples decompose into the
corresponding lanthanide oxide and cobalt(II) oxides; in
the second step, the latter is reduced to metallic cobalt.
For PrCoO3−δ and NdCoO3−δ , the two steps are poorly
resolved in the TG signal. From previous reports on
LaCoO3−δ , it is known that a stable mass is reached
once decomposition into the lanthanum oxide and metal-
lic cobalt is achieved, which was proved by XRD.71–74

The calculation of oxygen nonstoichiometry of the original
perovskites is based on the total decomposition reaction
(Eq. (3)) and the masses measured at 200 ◦C and 800 ◦C.

In order to obtain further insight into the physical mech-
anisms explaining the behavior of the ACoO3−δ perovskites,
the thermodynamic data represented by the oxygen dissoci-
ation pressure, as well as the Gibbs free energy change of
decomposition, �dG

0, were determined from the experimental
equilibrium EMF values (Table II). The oxygen dissociation
pressures pO2 of the samples were calculated by the Nernst
equation:

E = RT

4F
ln

pO2

pO2(ref )
, (4)

where pO2 and pO2(ref ) are the oxygen partial pressures of
the sample and the reference electrode, respectively. R is the
universal gas constant, F is the Faraday constant, and T is the
absolute temperature in Kelvin. The measurements refer to
the temperature ranges of 700 ◦C–900 ◦C for A = La, Pr, and
Nd; 800 ◦C–950 ◦C for A = Sm; and 800 ◦C–900 ◦C for A =
Gd. In the temperature ranges investigated, the decomposition
reaction of ACoO3−δ is represented by the first reaction
step of Eq. (3). The standard Gibbs free energy change of
decomposition is obtained from Eq. (5):

�dG
0 = −0.5 − δ

2
RT ln pO2 . (5)

In the investigated temperature ranges, the logarithms of
the dissociation pressure increase with increasing temperature
for all systems. The experimental values of the oxygen
dissociation pressure at 850 ◦C and the calculated oxygen
nonstoichiometry δ as a function of the pseudocubic lattice
constant are plotted in Fig. 5(b). The nonstoichiometry δ and
log pO2 are higher, and the thermodynamic stability is therefore
lower, for the compounds with smaller radii of the A cation. We
conclude that the thermodynamic stability as well as the oxy-
gen nonstoichiometry and the electrical properties, depend on
the crystal structure, which is specified through the pseudocu-
bic lattice constant and the Co–O–Co bond angle (Table II).

IV. CONCLUSIONS

Structural, electrical, and thermodynamic properties are
summarized in Table II. We conclude that the electrical
behavior and the thermodynamic properties of perovskites
with the formula ACoO3−δ (A = La, Pr, Nd, Sm, and Gd)
are linked to the amount of distortion of the crystal lattice in
the materials. Because of a higher distortion from La to Gd,
the Co–O–Co bond angle and the pseudocubic lattice constant
decrease and lower the overlap of the cobalt 3d and oxygen 2p
orbitals. Therefore, a lower hybridization of the 3d orbitals of
the cobalt cation with the 2p orbitals of the oxygen anion is
present. A lower overlap causes lower electrical conductivity
and higher activation energy of the semiconductivity. As the
radius of the A cation decreases from La to Gd, the volume
of the unit cell also decreases. In parallel to the unit cell
volume change, the distortion in the orthorhombic structures
increases through the tilting of the BO6 octahedra. Both facts
lead to a higher oxygen nonstoichiometry and a lower standard
Gibbs free energy of the decomposition of perovskites from
LaCoO3−δ to GdCoO3−δ .

In order to be a good cathode material for SOFCs, high
electrical conductivity and high catalytic activity are favorable.
LaCoO3−δ has the highest electrical conductivity; therefore,
it should be the best cathode material among those studied
in this paper. However, the oxygen nonstoichiometry is
highest for GdCoO3−δ , which could lead to better oxygen-ion
conductivity and catalytic activity.
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