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ABSTRACT: Mixed conducting perovskite oxides are promising
catalysts for high-temperature oxygen reduction reaction. Pristine
SrCoO3−δ is a widely used parent oxide for the development of
highly active mixed conductors. Doping a small amount of redox-
inactive cation into the B site (Co site) of SrCoO3−δ has been
applied as an effective way to improve physicochemical properties
and electrochemical performance. Most findings however are
obtained only from experimental observations, and no universal
guidelines have been proposed. In this article, combined
experimental and theoretical studies are conducted to obtain
fundamental understanding of the effect of B-site doping
concentration with redox-inactive cation (Sc) on the properties
and performance of the perovskite oxides. The phase structure,
electronic conductivity, defect chemistry, oxygen reduction
kinetics, oxygen ion transport, and electrochemical reactivity are experimentally characterized. In-depth analysis of doping
level effect is also undertaken by first-principles calculations. Among the compositions, SrCo0.95Sc0.05O3−δ shows the best oxygen
kinetics and corresponds to the minimum fraction of Sc for stabilization of the oxygen-vacancy-disordered structure. The results
strongly support that B-site doping of SrCoO3−δ with a small amount of redox-inactive cation is an effective strategy toward the
development of highly active mixed conducting perovskites for efficient solid oxide fuel cells and oxygen transport membranes.
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■ INTRODUCTION

Mixed ionic and electronic conducting (MIEC) perovskite
oxides have been developed to possess good catalytic activity,
structural flexibility, and chemical stability. These properties
position the materials at the forefront of high-temperature
energy technologies, including gas sensors, solid oxide fuel cells
(SOFCs), oxygen transport membranes (OTMs), and
membrane reactors.1−5 The composition and doping flexibility
of perovskite materials enables vast property tailoring to meet
specific requirements for various applications.6−8 Among the
numerous MIEC perovskites, the SrCoO3−δ series have shown
a notably high oxygen nonstoichiometry and structural
flexibility, resulting from both the extrinsic dopants and the
outstanding redox capabilities of the transition-metal ion Co.
It has been previously shown that pristine SrCoO3−δ tends to

form an oxygen-vacancy-ordered perovskite structure. This type
of structure deactivates the long-range oxygen transport and
results in a relatively high area-specific resistance when adopted
as cathodes for SOFCs, and low oxygen permeation fluxes
when applied as materials for OTMs.9−11 Simultaneous A- and

B-site substituting of SrCoO3 has led to the development of
barium strontium cobalt iron oxide (BSCF), one of the most
widely studied cathode materials for SOFCs.12−14 Although
promising catalytic activities have been demonstrated, wide-
spread applications of BSCF are hampered by the relatively low
structural and chemical stability at low temperature and low
oxygen partial pressure.15−17 It is therefore imperative to
investigate the factors that govern the stability and activity so as
to improve the material’s design in oxygen reduction
catalysts.18,19

Recently, it was experimentally shown that substituting the
reducible Co site (B site) with a modest amount of cation with
a fixed valence state, such as Nb5+, Ta5+, Ti4+, and Sc3+, can
stabilize the oxygen-disordered perovskite structure of
SrCoO3−δ.

10,20−29 Aguadero et al. systematically investigated
the SrCo1−xSbxO3−δ and SrCo1−xMoxO3−δ series and found that
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B-site doping of Sb and Mo elements resulted in either a
tetragonal P4/mmm or cubic Pm3̅m structure, depending on
the substitution fraction.20,21 These stabilized materials showed
outstanding performance as SOFC cathodes and OTMs. In
particular, the Shao group demonstrated a peak power density
as high as 902 mW cm−2 at 600 °C for SrSc0.2Co0.8O3−δ
cathodes in SOFCs.30 The same group obtained an oxygen flux
as high as 3.1 mL cm−2 min−1 at 900 °C with the
SrSc0 . 05Co0 . 9 5O3−δ membrane among a ser ies of
SrM0.05Co0.95O3−δ (M = Bi, Zr, Ce, Sc, La, Y, Al, and Zn).24

The excellent oxygen ion transport and electrochemical
activities were attributed to the stabilization of a vacancy-
disordered structure, which enables 3D transport pathways for
oxygen ions. Interestingly, the authors found that structure
could be effectively stabilized for doping as low as 5%.
Up to now, the effect of the doping element and the

determination of the optimal substitution level has been
obtained experimentally, while a fundamental understanding of
the structural stabilization and improved performance from the
B-site doping is still missing. Theoretical studies based on first-
principles calculations of the SrMO3 (M = Sc, Ti, V, Cr, Mn,
Fe, Co, Ni, Zn, Ga, Ge, As, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Cd, In,
Sn, and Sb) series elucidated a general correlation for the B-site
cation and oxygen migration energy barrier.31 This demon-
strates that the theoretical tools may also be employed for a
comprehensive analysis of B-site doped SrCoO3‑δ. Furthermore,
a fundamental understanding of this behavior may reveal new
trends and more universal rules for better material design of
MIEC perovskites.
This work aims to provide insight into the general effects of

doping level of redox-inactive cation (Sc) at the B site on
SrCoO3−δ. Sc has been adopted as a model material due to its
promising effectiveness in SrCoO3−δ-based compositions.24

Employing both systematic experimental studies and first-
principles calculations based on density functional theory
(DFT), this work identifies the effects of doping level of B-site
dopant on the structure, defect chemistry, electrical and
electrochemical properties, and oxygen exchange kinetics of
the Sc doped SrCoO3−δ. The results are further analyzed in
relation to the material performance as cathodes in SOFCs and
materials for OTMs. The relation of concentration of B-site
dopant (Sc) on the above properties and the electrochemical
performance as obtained in this study is considered to be
universal and therefore transferable for high-temperature
oxygen catalyst design.

■ EXPERIMENTAL SECTION
Powder Synthesis. The SrCo1−xScxO3−δ (x = 0, 0.05, 0.1, and 0.2)

oxides were synthesized via solid-state reaction instead of the sol−gel
process.9,32 This method was undertaken to both simplify the
procedure and to gain further information in respect to the effect of
preparation method on materials’ properties and performance.
Stoichiometric amounts of SrCO3, Sc2O3, and Co2O3 (analytical
grade, Sinopharm Chemical Reagent Co., Ltd.) were mixed by
grinding. This was carried out using a high-energy ball miller
(Pulverisette, 6 Fritsch) in a liquid ethanol medium at 400 rpm for
1 h. After drying, the powders were pressed and calcined at 1000 °C
for 10 h. The milling, pressing, and calcination processes were
repeated twice.
Membrane Fabrication. Dense membranes with relative densities

of higher than 95% were prepared for the oxygen permeation test by
dry pressing as-synthesized powders and high-temperature sintering at
1100 °C for 5 h. After sintering and polishing, the dimensions of
membranes were ∼12 mm in diameter and ∼1 mm in thickness.

Symmetrical Cell Fabrication. Symmetrical cells with
SrCo1−xScxO3−δ electrodes (∼200 nm) on both sides of the
Sm0.2Ce0.8O1.9 (SDC) electrolyte, i.e. an electrode|SDC|electrode
configuration, were prepared using pulsed laser deposition (PLD,
Neocera JP-788). The SrCo1−xScxO3−δ targets for the PLD were also
prepared by dry pressing the as-synthesized powders and then high-
temperature sintering. Before deposition, the surface of the target was
polished and ablated. The deposition parameters are identical to those
reported in the previous publications.33,34 After deposition and
annealing at 700 °C for 45 min in the PLD chamber, the electrode|
SDC|electrode symmetrical cells were further annealed at 1000 °C for
2 h in air. Silver paste (DAD-87, Shanghai Research Institute of
Synthetic Resins, Shanghai, China) was printed on the electrode
surfaces as a current collector.

Characterizations. The crystal structures of the SrCo1−xScxO3−δ
powders were characterized at room temperature by X-ray diffraction
(XRD, D8 Advance, Bruker) using Cu Kα radiation at 40 kV and 40
mA. The diffraction patterns were collected at the scan rate of 0.02°
per step. Rietveld refinement on the tested XRD patterns was
conducted using the Fullprof Suite program. General parameters such
as the scale factor, zero point, background parameters with six-
coefficients polynomial function, lattice parameters, and peak shapes
with the description by Thompson−Cox−Hastings profiles were
optimized.

The cation stoichiometries of the prepared SrCo1−xScxO3−δ
powders were measured by inductively coupled plasma emission
spectroscopy (ICP; PerkinElmer OPTIMA 2000). The compositions
at the surface were analyzed by X-ray photoelectron spectroscopy
(XPS, PHI 5600) with Al monochromatic X-rays at a power of 150 W.
The depth profiling XPS was carried out to provide the composition
information on SrCo1−xScxO3−δ thin films from the surface to the bulk
with the reference sputtering rate of 0.35 Å s−1 for SiO2.

The iodometric titration method was used to quantify the oxygen
content at room temperature in the SrCo1−xScxO3−δ oxides.
Approximately 100 mg of the powder was dissolved in dilute HCl
with the presence of KI in excess as a reductant to reduce high-valence
reducible metal ions (Co3+, Co4+). To avoid the oxidation of I− by air,
the solution was put under the protection of a nitrogen atmosphere. I2
was finally titrated by a standard S2O3

2− solution using starch as
indicator to determine the average valence state of the Co ion.

The electronic conductivity was measured using the four-probe
direct current technique. Sintered (at 1100 °C for 5 h) 2 mm × 5 mm
× 10 mm bar samples were mechanically polished and cleaned in
ethanol prior to the conductivity test. Currents and voltages were
applied and recorded by a source meter (Keithley 2420), which was
controlled by the LabVIEW (National Instrument) program.

The electrode polarization resistances based on symmetrical cells
were measured between 500 and 750 °C in an ambient air atmosphere
using electrochemical impedance spectroscopy (EIS) recorded by the
VSP (Bio-Logic) electrochemical workstation. The frequency range for
the EIS was 0.01−100 kHz and the signal amplitude was 10 mV under
open cell potential (OCP) conditions. The EIS data were analyzed by
the ZView 2.9 (Scribner Associates) program.

The oxygen permeability experiments were carried out in a vertical
high-temperature gas permeation setup equipped with a gas
chromatograph (Varian, CP-3800) to analyze the effluents, as
described elsewhere.35 The gas flowed as the sweep gas at a volumetric
rate of 100 mL min−1 [STP], and the oxygen-rich side was exposed to
ambient atmosphere. The oxygen permeation flux was calculated as
described elsewhere.16,36

The electrical conductivity relaxation (ECR) method was used to
determine the oxygen bulk diffusion coefficient (Dchem) and surface
exchange coefficient (kchem) of SrCo1−xScxO3−δ, the description of
which can be found elsewhere.37 The configuration and sample
characteristics were identical to those used for the electronic
conductivity testing. ECRTOOLS was used to estimate both Dchem
(cm2 s−1) and kchem (cm s−1) coefficients, check the sensitivity, and
quantify the uncertainty in the experiments.38

Computation Details. Spin-polarized DFT calculations were
performed using the Vienna ab initio simulation package (VASP)39,40
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with the projector-augmented wave (PAW) method41 and plane wave
basis. The exchange correlation functional was considered under the
generalized-gradient approximation (GGA) of the Perdew−Burke−
Ernzehof (PBE) type.42 The 4s24p65s2 of Sr, 3d84s1 of Co, 2s22p4 of O,
and 3s23p64s23d1 of Sc were treated as valence electrons. The DFT+U
approach was applied in all the calculations. The Hubbard U
parameter for the transition metal Co was set to be 3.3 eV.43,44 In
addition, the O_s pseudopotential was used for oxygen in the VASP
potential library. For the tetragonal structure, 2 × 2 × 2 supercells
were used, with 40 atoms for each supercell. The initial structure of the
tetragonal phase was obtained by elongating the cubic structure in the
c axis, changing the Pm3̅m cubic symmetry to P4/mmm. The
hexagonal phase, adopting a 2H-BaNiO3-type structure with space
group P63/mmc, was studied using 2 × 2 × 1 supercells, also with 40
atoms in each supercell. The tolerance for the self-consistent electronic
steps and the force convergence during relaxation calculations were
10−5 eV and 0.02 eV/Å respectively. The kinetic energy cutoff of the
plane wave basis was set to 480 eV, and a 4 × 4 × 4 Monkhorst−Pack
k-point mesh was adopted for the tetragonal supercell. For the
hexagonal supercell, a 3 × 3 × 6 γ-centered k-point mesh was used. We
considered only the ferromagnetism (FM) state since the FM state
was found to be the ground state for SrCoO3

45 and, besides, the
energetic properties of the FM state and antiferromagnetic (AFM)
state are typically small.46,47 In the calculation procedure, all structures
were first fully relaxed with changing cell shape and volume; then the
defect calculations were conducted with fixed lattice parameters and

freely adjustable atom positions. This is because the defect energies do
not differ much (0.05 eV) from the calculations with variable lattice
parameters.48 The density of states (DOS) was calculated by doubling
the k-point mesh density in each direction and with a tetrahedron
smearing method.49

The temperature effect was taken into account by considering
vibrational energy and entropy. The vibrational frequencies were
computed in VASP by the supercell approach, and the free energy was
computed using the PHONOPY code.50 The free energy was then
used to investigate the phase transition temperature.51 The purpose of
this result is to illustrate the structural stabilization induced by Sc
addition.

■ RESULTS AND DISCUSSION

Phase Structure and Composition. The phase structures
of the as-synthesized SrCo1−xScxO3−δ powders were deter-
mined by XRD with a more detailed analysis undertaken using
Rietveld refinement. For the undoped SrCoO3−δ parent oxide,
mainly a 2H-BaNiO3-type hexagonal structure with ordered
oxygen vacancies was formed (Figure 1a). While for the doped
SrCo0.8Sc0.2O3−δ, the formed structure was characterized as an
oxygen-vacancy-disordered cubic crystal structure with the
Pm3 ̅m space group and lattice parameters of a = b = c = 3.9151
Å (Figure 1d). These results agree well with that of the

Figure 1. XRD patterns of SrCoO3−δ (a). XRD patterns and Rietveld refinement data of SrCo0.95Sc0.05O3−δ (b) and SrCo0.9Sc0.1O3−δ (c) with the
tetragonal structure and P4/mmm space group, and SrCo0.8Sc0.2O3−δ (d) with the cubic structure and Pm3 ̅m space group; magnified XRD patterns of
SrCo0.95Sc0.05O3−δ, SrCo0.9Sc0.1O3−δ, and SrCo0.8Sc0.2O3−δ between 67.0 and 70.0° (2θ) (e).
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previous work for samples prepared by the sol−gel process.9
Analysis of the diffraction peaks shows an increase in splitting
with a decrease in the Sc content up to x = 0.05 and 0.1 (Figure
1e). This suggests the appearance of a phase transition. These
structures, for the description of SrCo1−xScxO3−δ (x = 0.05 and
0.1), may be more precisely described as a tetragonal structure
with the P4/mmm space group and with lattice parameters of a
= b = 3.8756 Å and c = 3.8808 Å for SrCo0.95Sc0.05O3−δ, and a =
b = 3.8912 Å and c = 3.8954 Å for SrCo0.9Sc0.1O3−δ. The
refinement converged to final reliability R-factors (not
corrected for background) of Rp = 1.23% and Rwp = 1.59%
for SrCo0.8Sc0.2O3−δ, Rp = 1.30% and Rwp = 1.66% for
SrCo0.9Sc0.1O3−δ, and Rp = 1.54% and Rwp = 2.20% for
SrCo0.95Sc0.05O3−δ. It should be noted that the phase structures
of the x = 0.05 and x = 0.1 obtained in this work are slightly
different from a previous study, in which materials were
prepared via sol−gel synthesis and took the cubic perovskite
structure.9 This finding suggests that the preparation method
influences the final phase structure of the oxide. The difference
in phase structures may largely be due to the distribution of
elements during the synthesis. For the solid-state reaction
method, partial Sc may be unevenly distributed inside the
SrCoO3−δ lattice, due to the microsized raw materials. Whereas,
for the sol−gel process of fabrication, the reactants are
homogeneously mixed at the molecular level. It should be
pointed out that the preparation method has a negligible effect
on the material stoichiometries, since the concentrations of
cations in SrCo1−xScxO3−δ are comparable to the nominal
compositions according to the ICP results, where the Sr/Co/Sc
ratios are 1.02:1:0, 1.02:0.94:0.05, 1.01:0.89:0.1, and 1:0.79:0.2
for the nominal SrCoO3−δ, SrCo0.95Sc0.05O3−δ, SrCo0.9Sc0.1O3−δ,
and SrCo0.8Sc0.2O3−δ, respectively. However, the uneven
distribution of the dopant (Sc) may cause the appearance of
a negligible secondary phase in SrCo1−xScxO3−δ when the
concentration of dopant is lower than x = 0.2. For
SrCo0.95Sc0.05O3−δ and SrCo0.9Sc0.1O3−δ, a negligible peak at
∼29° (2θ) may indicate the existence of a secondary phase
related to the hexagonal structure, while for SrCo0.8Sc0.2O3−δ,
no additional peaks are detected. In addition, the small
difference in the fitted a/b and c parameters for the tetragonal
structure of SrCo0.95Sc0.05O3−δ and SrCo0.90Sc0.10O3−δ suggests
that the transition between the two structures is possible. Since
both tetragonal and cubic structures are characterized by
disordered oxygen vacancies, it can be concluded that a small
amount of Sc3+ doping efficiently stabilizes the oxygen-
disordered phase.
To obtain a fundamental understanding of the structure

evolution of the Sc-doped SrCoO3−δ, the free energy difference
between the two phases (ΔF = Ftet − Fhex) was determined as
shown in Figure 2. A positive ΔF value corresponds to a more
stable hexagonal phase compared to the tetragonal one. For
SrCoO3−δ, the free energy difference between the tetragonal
phase and the hexagonal phase was calculated as 3.25 eV/
supercell at 0 K, suggesting a more stable hexagonal phase than
the tetragonal phase. At room temperature, the free energy
difference is also positive, indicating a more stable hexagonal
phase as well. This is supported by the experimental XRD
results as shown in Figure 1, where the diffraction pattern for
SrCoO3−δ revealed a complicated structure consisting predom-
inately of the hexagonal phase. With increasing temperature,
the free energy of the tetragonal phase decreased quicker, and a
phase transition is predicted to occur at around 1500 K.
Interestingly, after Sc B-site doping of only 1/8 in SrCoO3−δ,

the calculated phase energy difference dropped significantly to
only 0.53 eV/supercell, and the transition temperature
decreased to around 350 K. Our calculations support that
doping Sc into SrCoO3−δ is an effective approach to stabilize
the oxygen-vacancy-disordered tetragonal structure.
In addition to the compositional elements, oxygen vacancies

act as positive charge carriers in the SrCo1−xScxO3−δ lattice. The
oxygen vacancies can have a significant effect on the lattice
structure as well as the oxygen kinetics of the oxide. The
iodometric titration method was employed to determine the
room-temperature oxygen nonstoichiometry of the various
oxides. Nonstoichiometries δ of 0.313, 0.311, and 0.310 were
found for SrCo0.95Sc0.05O3−δ , SrCo0.9Sc0.1O3−δ , and
SrCo0.8Sc0.2O3−δ, respectively. A lower nonstoichiometry δ of
0.234 was found for the undoped SrCoO3−δ oxide. This finding
suggests a correlation between the Sc doping fraction and the
resultant oxygen nonstoichiometry for the SrCoO3−δ oxide. A
similar trend was observed for Sb doping in SrCo1−xSbxO3−δ
compounds, where the oxygen nonstoichiometry was deter-
mined by thermogravimetric analysis under 10% H2 + 90% N2
reducing conditions.11

For oxides, the surface composition (elements and oxygen
vacancies) is usually different from the bulk. For example,
strontium segregation is a common phenomenon for Sr-
containing perovskite oxides.52,53 Such segregation may have a
significant impact on the ORR activity by blocking the oxygen
surface exchange processes. To elucidate the Sc doping effect
on the oxide surface, the surface compositions of the
SrCo1−xScxO3−δ series were analyzed by XPS. Figure 3a
shows the survey spectra for SrCo1−xScxO3−δ, where the
characteristic peaks of Sr, Co, Sc, and O are present. The
atomic ratios of 0, 0.059, 0.092, and 0.218 for [Sc]/
([Co]+[Sc]) were found respectively for the SrCoO3−δ,
SrCo0.95Sc0.05O3−δ, SrCo0.9Sc0.1O3−δ, and SrCo0.8Sc0.2O3−δ
samples. These are reasonably close to the theoretical values.
For all samples, a slightly higher atomic ratio for Sr was
observed on the surface. This may be attributed to the
segregation of Sr to the surface, a common feature of Sr-
containing perovskites.52,53 Interestingly, the degree of Sr
surface segregation decreased with an increase in Sc doping
content, where the [Sr]/([Sr] + [Co] + [Sc]) ratio decreased
from 0.570 for SrCo0.95Sc0.05O3−δ to 0.518 for SrCo0.8Sc0.2O3−δ,
with a theoretical value of 0.5. This suggests that the Sc doping
likely suppresses the strontium segregation. Other possible
approaches to suppress the Sr surface segregation have also
been theoretically proposed.54 Figure 3b shows the Co 2p core-
level spectra of the various SrCo1−xScxO3−δ samples. The
observed doublet peaks located at binding energies of ∼780

Figure 2. Free energy difference between the tetragonal phase and the
hexagonal phase for undoped and Sc-doped SrCoO3.
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and ∼795 eV were distinguishable and were associated with the
Co 2p3/2 and Co 2p1/2, respectively. Satellites at ∼790 eV were
also observed in the Co core-level spectra. In addition, Co 2p3/2
spectra contained shoulder peaks at ∼783 eV for both
SrCo0.9Sc0.1O3−δ and SrCo0.8Sc0.2O3−δ, suggesting that Sc
doping lowered the valence of the surface Co cations.
Charge Transport/Diffusion Properties. The ORR over

an MIEC electrode involves both oxygen ion and electron
transport/diffusion in the bulk and oxygen exchange at the
surface. Sufficient electronic conductivity is required to
minimize the ohmic resistance of the electrode. The phase
structure and oxidation state of the B-site cations may also
impact the electronic conductivity. To understand the effect of
Sc doping on the electronic conductivity of SrCoO3−δ, the
temperature and oxygen partial pressure dependence on the
total electrical conductivities were measured with the results
shown in Figure 4. For the undoped SrCoO3−δ (x = 0), an
increase in conductivity with temperature was observed,
indicating a semiconducting conducting behavior. While for
Sc doping with x ≥ 0.05, a transition from semiconducting to
metallic conductivity was observed at intermediate temper-
atures, with an improved conductivity as compared to undoped
SrCoO3−δ. The change in conductivity behavior after doping
may originate from the change in the crystal structure. The
semiconducting behavior of the undoped SrCoO3−δ may be
related to the hexagonal crystal phase. As previously discussed,
a small amount of Sc doping results in the stabilization of the
more symmetric tetragonal or cubic phase and therefore a more
metallic conductivity. This feature may be attributed to the M−
O−M chain (where M is the transition metal). For the cubic
and tetragonal structure, the M−O−M angle is close to 180°,
and therefore a larger overlap exists between the M 3d
electrons and the O 2p electrons, enabling a better electronic
conduction. This supports the dramatic increase in conductivity
observed by doping 5% Sc into the SrCoO3−δ lattice.

Surprisingly, an increase in doping beyond x = 0.05 results in
a decrease in the conductivity. This effect can be elucidated by
the following DFT analysis.
To obtain a fundamental understanding of the electrical

conducting behavior, both the tetragonal SrCoO3 and Sc-doped
SrCoO3 phases were investigated by DFT. Projected density of
states (PDOS) for the tetragonal undoped and Sc-doped
SrCoO3 were calculated and are shown in Figure 5. Both
materials exhibited metallic characteristics, as revealed by the
nonzero DOS at the Fermi level. Further inspection at the
Fermi level indicates that the metallic conductivity is a result of
the hybridization between Co and O, which spans the entire
valence band. In both plots, Sr does not contribute to the DOS
around the Fermi level, suggesting that the A-site cation does
not directly influence the conductivity. Comparisons of Figure
5a,b show that the hybridization between Co and O around the
Fermi level decreases with the introduction of B-site Sc doping
by x = 0.125. Furthermore, the Sc cation does not contribute to
the valence band maximum. Therefore, it can be expected that
with the increase of Sc content, the electronic conductivity of
the material decreases. This is in agreement with the
experimental results.
Following the DFT study, a defect chemistry model further

analyzed the dependence of conductivity on temperature and
oxygen partial pressure. We considered a parent ABO3
perovskite structure where the oxidation states of both A-site
and B-site cations are reference at +3.56 In this model, Co was
considered to be in the +3 charge state, Sr in the +2 charge
state, Sc in the +3 charge state, and O in the −2 charge state.
The Sr site is noted as SrA′ and an oxygen vacancy as VO

••,
where the Krönig−Vink notation is used. As experimentally
observed, at a specific temperature the conductivity increased
with oxygen partial pressure, which suggests a p-type
conductivity. As in the case of a delocalized electron model, a
hole is written as h•. The active charges within the material are
assumed to be h•, VO

••, and SrA′. The charge balance can be
written as

+ = ′••p 2[V ] [Sr ]O A (1)

where p denotes the concentration of holes.
The relation between h• and VO

•• can be described by the
reaction

+ = +• × ••h2 O V
1
2

OO O 2 (2)

whose equilibrium constant is

=
••

×K
pO

p
[V ]

[O ]eq
O 2

1/2

2
O (3)

Combining eqs 1 and 3 gives

+ = ′× −p K p p(1 2 [O ] O ) [Sr ]eq O 2
1/2

A (4)

Under the condition of 1 ≫ 2Keq[OO
×]pO2

−1/2p, we have p ≈
[SrA′], suggesting that the conductivity is insensitive to the
oxygen pressure. For localized holes and vacancy-ordered
structures, as in the case of SrCoO3−δ, the charge equilibrium
can be recast as [CoCo

• ] + 2[VO
••] = [SrA′].56 In this case, oxygen

vacancy ordering is detrimental to the oxygen incorporation,
and thus the concentration of VO

•• tends to be insensitive to
oxygen partial pressure. This occurs for the undoped material
with x = 0. If instead 1 ≪ 2Keq[OO

×]pO2
−1/2p, we derive p ∝

Keq
−1/2pO2

1/4. If the equilibrium constant Keq increases with

Figure 3. Survey spectra of the SrCo1−xScxO3−δ series (a) and high-
resolution spectra of the Co 2p core level within SrCo1−xScxO3−δ (b).
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temperature ([VO
••] increases with temperature), the hole

concentration p and conductivity decrease with temperature.56

On the other hand, the conductivity will also show exponential
dependence on oxygen partial pressure, which is more
pronounced at low temperature because of the larger factor
Keq
−1/2. Such conclusions are consistent with our experimental

results, as shown in Figure 4e for corresponding to x = 0.05.
Further work on the oxygen defect formation energy in

relation to the Sc doping effect was undertaken. The oxygen
vacancy formation energy was computed using the formula
proposed in the work by Lee et al.,44 where the DFT-computed
O2 overbinding was offset using a correction term. The oxygen
vacancy formation energy is found by

= + Δ + −E E h E E
1
2

( )Vo def cor
0

O
triplet

per2 (5)

where Edef is lattice energy with one oxygen vacancy, EO2

triplet is
the computed energy for triplet O2, Eper is the energy for a
perfect lattice, and Δhcor0 is the energy correction term.

Figure 4. Temperature dependence of electronic conductivities of SrCoO3−δ (a), SrCo0.95Sc0.05O3−δ (b), SrCo0.9Sc0.1O3−δ (c), and SrCo0.8Sc0.2O3−δ
(d) at various oxygen partial pressures. The electronic conductivity map with temperature reciprocal and oxygen partial pressure for
SrCo0.95Sc0.05O3−δ (e). The contour line with fraction number indicates regularized numerical55 n in the exponential relation σ ∝ pO2

n.

Figure 5. PDOS for undoped tetragonal SrCoO3 (a) and Sc-doped
tetragonal SrCoO3 (b).
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We employed the same strategy as in the work by Lee et al.44

and obtained 0.72 eV for the O2 overbinding correction. Using
this method, we computed the oxygen vacancy formation
energy of LaMnO3 to be 3.79 eV, which is consistent with the
value reported by Lee et al.44 Oxygen vacancy formation
energies in the tetragonal, undoped SrCoO3 were computed to
be −0.69 and −0.70 eV (two different O sites). The negative
energies indicate that the formation of oxygen vacancy in the
tetragonal SrCoO3 is a spontaneous process. This finding
consequently implies that the stoichiometric tetragonal SrCoO3
is unstable. The minimum defect energies of corresponding
oxygen sites are listed in Table 1.

The above calculation results reveal that oxygen vacancies are
less favorable to form for the tetragonal B-site Sc doped
SrCoO3−δ oxide. Furthermore, oxygen vacancies are even less
favorable for Sc neighboring sites. The increased vacancy
formation energy in the Sc−O−Co chain, however, can be
explained in relation to the bonding strength between Sc and
O. As shown in Figure 6, the charge density difference was

obtained by subtracting the atomic charge density from that
obtained from a self-consistent calculation. From this charge
density difference plot, the bonding strength and covalence
bond preference can be qualitatively analyzed by inspecting the
charge accumulation, shown in yellow and red, or depletion,
shown in blue.57 Analysis of this shows that the bonding
strength between Sc and O is higher than that between Co and
O, although the interaction does not contribute to the
electronic conductivity, as indicated by the increased charge
accumulation zone between Sc and O. Therefore, this suggests
that the defect formation energy around Sc should be higher.
This finding also implies that the oxygen anion may be trapped
around the Sc atom. This will result in a reduced oxygen
diffusion coefficient with increasing Sc content, as the
formation of oxygen vacancies is the first step in oxygen
migration based on a vacancy hopping mechanism. For

applications as cathodes of SOFCs or membrane materials
for oxygen separation, the performance of the SrCo1−xScxO3−δ
series is directly related to the oxygen kinetics. Therefore, the
above finding suggests that the Sc doping content should be
minimized in order to achieve the highest oxygen kinetics,
under the condition that the oxygen-vacancy-disordered
structure is effectively stabilized.
The ORR kinetic parameters Dchem and kchem of the

SrCo1−xScxO3−δ series were derived from ECR curves. These
were analyzed to identify the effect of Sc doping on the material
activity as cathodes for SOFC and oxygen permeation rate as
materials of OTMs. Figure 7a shows the typical ECR curves of

the SrCo1−xScxO3−δ series, obtained by a sudden change of
oxygen partial pressure from 0.21 to 0.1 atm at 700 °C. The
derived Dchem and kchem values were plotted in the Arrhenius
form in Figure 7b,c. Both parameters, Dchem and kchem,
improved after the doping of Sc into the lattice of SrCoO3−δ,
as expected from theoretical calculation. It is promising that the
calculated Dchem and kchem values of the SrCo1−xScxO3−δ

Table 1. Lowest Oxygen Vacancy Formation Energy at
Different Locations

vacancy location undoped SrCoO3 1/8 Sc-doped SrCoO3

Co−O−Co −0.70 eV 0.02 eV
Sc−O−Co 0.63 eV

Figure 6. Charge density difference between a self-consistent
calculation and the atomic charge.

Figure 7. Typical ECR curves of SrCo1−xScxO3−δ at 700 °C after a
sudden change of oxygen partial pressure from 0.21 to 0.1 atm (a).
Temperature dependence of the Dchem (b) and kchem (c) of
SrCo1−xScxO3−δ.
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composites (x > 0) are comparable to those of several advanced
perovskite cathodes, such as Ba0.5Sr0.5Co0.8Fe0.2O3−δ and
Ba0.95La0.05FeO3−δ.

37,58,59 For example, the calculated Dchem
and kchem values of SrCo0.95Sc0.05O3−δ at 700 °C are 1.82 ×
10−4 cm2 s−1 and 1.67 × 10−3 cm s−1, respectively. As expected,
SrCo0.95Sc0.05O3−δ showed the highest Dchem value among the
others. However, kchem values showed a monotonic increase
with the Sc doping content and Dchem values decreased for x >
0.05. As previously outlined, an increase in Sc concentration
results in a decrease in oxygen vacancy concentration and
electronic conductivity as suggested from the DFT calculation.
This may explain the decreased Dchem with doping once the
stabilization of oxygen-vacancy-disordered structure is reached
(x = 0.05). The unusual trend of kchem may be related to the
degree of Sr segregation (Figure 3b), since the increase of Sr
segregation with the decrease of Sc content on the surface may
hinder the oxygen surface exchange rate.52

ORR Activity. The activities of SrCo1−xScxO3−δ oxides for
ORR at elevated temperatures were first quantified by EIS using
symmetrical cells with thin-film SrCo1−xScxO3−δ electrodes
fabricated by PLD. The PLD technique is adopted to alleviate
the morphological complexities of the cathode layer and to gain
intrinsic properties of materials. To determine the thin-film
electrode compositions, the atomic ratio change with sputtering
time in depth profiling XPS is shown in Figure 8. Although the

Sr segregation at the surface of the thin films prepared by PLD
is also observed, it affects only the region up to a few
nanometers. Figure 9 shows the Arrhenius representation of the
electrode polarization resistance in the temperature range of

500−750 °C. Electrode polarization resistances as low as 0.11,
0.16, and 0.17 Ω cm2 were obtained at 750 °C for
SrCo0.95Sc0.05O3−δ, SrCo0.9Sc0.1O3−δ, and SrCo0.8Sc0.2O3−δ,
respectively. Furthermore, a resistance of 0.22 Ω cm2 was
observed for the Sc - f ree SrCoO3− δ . S rCoO3− δ ,
SrCo0.95Sc0.05O3‑δ, SrCo0.9Sc0.1O3−δ, and SrCo0.8Sc0.2O3−δ ex-
hibited an activation energy (Ea) of 129.4, 103.6, 108.4, and
112.2 kJ mol−1, respectively. As previously discussed, it is
suggested that the enhanced ORR activity after doping with Sc
results from the stabilization of the oxygen-vacancy-disordered
structure. After the stabilization of the oxygen-vacancy-
disordered structure, both the polarization resistance and
activation energy were found to increase with Sc doping
amount. These trends are consistent with previous findings in
this work and can be attributed to the decreased oxygen
vacancy concentration and electronic conductivity and the
increased defect association, with the increase in Sc doping in
SrCo1−xScxO3−δ. Very similar trends were also observed in
other doped SrCo1−xMxO3−δ systems.

11,21,22,26,27 It should be
noted that the electrochemical behavior could also be partially
affected by the preparation and sintering processes (e.g.,
microstructural and interfacial differences), current collectors,
and electrolyte.15,32,33,60,61 One must take caution when
comparing detailed values from different authors. It is
promising here that the electrode polarization resistances of
the doped SrCo1−xScxO3−δ compositions are quite low even in
the thin-film (dense) configuration. This suggests potentially
high performance when applied as the porous cathode in
intermediate-temperature SOFCs.30

The ORR activity of SrCo1−xScxO3−δ was also analyzed by
OTM. The temperature dependence of oxygen permeation
fluxes through the SrCo1−xScxO3−δ membranes with fixed
thickness (∼1 mm) are shown in the temperature range of
700−900 °C in Figure 10. Similar to previous trends, after Sc B-

site substitution by 5% in SrCoO3−δ, the oxygen flux increased
dramatically. However, for doping beyond this (x > 0.05), the
oxygen fluxes of SrCo1−xScxO3−δ membranes decreased with
the further increase of the Sc content in the oxide lattice. Very
similar trends were also observed in other doped
SrCo1−xMxO3−δ and BaFe1−yMyO3−δ.

23,62,63 Our results support
that SrCo0.95Sc0.05O3−δ has the highest oxygen fluxes at all
investigated temperatures (2.16, 1.57, 1.15, 0.919, and 0.615
mL cm−2 min−1 at 900, 850, 800, 750, and 700 °C), which are
much higher than those of undoped SrCoO3−δ and slightly
higher than SrCo0.9Sc0.1O3−δ and SrCo0.8Sc0.2O3−δ. The oxygen

Figure 8. Atomic ratio change of SrCo1−xScxO3−δ thin films with
sputtering time in depth profiling XPS.

Figure 9. Temperature dependence of the electrode polarization
resistances of SrCo1−xScxO3−δ electrodes.

Figure 10. Temperature dependence of oxygen permeation fluxes
through SrCo1−xScxO3−δ membranes.
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fluxes of SrCo0.95Sc0.05O3−δ are similar to those of BSCF as
reported by Shao et al.64

■ CONCLUSIONS
The SrCo1−xScxO3−δ (x = 0, 0.05, 0.1, and 0.2) series was
synthesized by solid-state reaction method and was charac-
terized as possible OTMs and cathodes for SOFCs. Sc doping
and doping level at the B site produced pronounced effects on
the phase structure, electronic conductivity, defect chemistry,
oxygen reduction kinetics, electrode polarization resistance, and
oxygen permeability, as revealed by combined experimental
study and theoretical calculations. It was found that a
stabilization of an oxygen-vacancy-disordered lattice structure
was achieved by doping redox-inactive cation, e.g., Sc, into the
B site of SrCoO3−δ. In addition, SrCo1−xScxO3−δ with x = 0.05
showed the highest oxygen fluxes and the lowest electrode
polarization resistances. More importantly, these results suggest
a universal approach to design efficient and novel MIEC
perovskites for SOFCs and OTMs; it is recommend that the
optimal dopant amount of the redox-inactive cation should be
as slight as possible (typically 5%) for SrCoO3−δ-based
materials. That is to stabilize the oxygen-vacancy-disordered
phase and ensure high oxygen reduction kinetics.
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