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ABSTRACT

Solid-oxide fuel cells (SOFCs) convert chemical energy directly into electric power in a highly efficient
way. Lowering the operating temperature of SOFCs to around 500-800°C is one of the main goals in
current SOFC research. The associated benefits include reducing the difficulties associated with seal-
ing and thermal degradation, allowing the use of low-cost metallic interconnectors and suppressing
reactions between the cell components. However, the electrochemical activity of the cathode deteri-
orates dramatically with decreasing temperature for the typical LaggSro2MnOs-based electrodes. The
cathode becomes the limiting factor in determining the overall cell performance. Therefore, the devel-
opment of new electrodes with high electrocatalytic activity for oxygen reduction becomes a critical
issue for intermediate-temperature (IT)-SOFCs. Bag 5Sro5C0oggFep203_5 (BSCF) perovskite oxide was first

Cathode reported as a potential IT-SOFC cathode material in 2004 by Shao and Haile. After that, the BSCF cathode
Oxygen reduction reaction has attracted considerable attention. This paper reviews the current research activities on BSCF-based
Perovskite cathodes for IT-SOFCs. Emphasis will be placed on the understanding and optimization of BSCF-based
materials. The issues raised by the BSCF cathode are also presented and analyzed to provide some
guidelines in the search for the new generation of cathode materials for IT-SOFCs.

© 2009 Elsevier B.V. All rights reserved.
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1. A general introduction

Fuel cells efficiently convert chemical energy to electricity in
a silent and environmentally friendly way. They are a promising
alternative to traditional mobile and stationary power sources,
such as the internal combustion engine and coal burning power
plants. Among the various kinds of fuel cells, solid-oxide fuel cells
(SOFCs) have the advantages of the highest energy conversion effi-
ciency and excellent fuel flexibility because of their high operating
temperature [1-5]. Although the concept of SOFCs was developed
more than a century ago [6-8], they have never received such con-
siderable attention as in the past decades, due to the increasing
attention paid by the public for a sustainable development of the
world.

Fig. 1 illustrates the operating principles for an SOFC. The typ-
ical SOFC single cell consists of three main components, i.e., a
porous cathode (or air electrode) and a porous anode (or fuel elec-
trode), sandwiching a dense electrolyte. The distinguishing feature
of SOFCs is that the electrolyte is an electronic insulating ion-
conducting ceramic that allows only the proton or oxygen ion
to pass through. The cathode functions as the electrocatalyst for
reduction of oxygen into oxide ions. When an oxygen ionic con-
ducting oxide is adopted as the electrolyte, these ions then diffuse
through the solid-oxide electrolyte to the anode, where they elec-
trochemically oxidize the fuel. The released electrons flow through
an external circuit to the cathode to complete the circuit and to do
work [9]. The efficiency of reversible work converted to electrical
work depends on the internal losses in the fuel cell, including the
ohmic loss from the electrolyte and the interfacial resistances of the
anode and cathode.

Typical SOFCs are based on yttria-stabilized zirconia (YSZ)
electrolyte and operated at ~1000°C [10]. Such a high operat-
ing temperature is beneficial for improving the electrode reaction
kinetics and reducing the electrolyte ohmic drop. However, it
also introduces several serious problems or drawbacks, such as a
high possibility of interfacial reaction between the electrode and
electrolyte to form insulating phase(s), the densification of the
electrode layer due to high-temperature sintering, possible crack
formation due to the mismatch of thermal expansion coefficient
(TEC) of the cell components, and the requirement of high-cost
LaCrOs as the interconnect material [11].

By contrast, reducing the operating temperature of the SOFCs to
an intermediate range, especially less than 650 °C, would have the
following advantages:
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Fig. 1. Schematic of the working principle of a solid-oxide fuel cell.

(a) Offering the choice of low-cost metallic materials, such as stain-
less steels for the interconnection and construction materials,
which makes both the stack and balance-of-plant cheaper and
more robust.

(b) Offering the possibility for more rapid start-up and shut-down
procedures.

(c) Simplifying the design and material requirements of the
balance-of-plant.

(d) Reducing the solid-state reaction between the cell components.

However, it also leads to a significant increase in electrochem-
ical resistance of key cell components, including electrolyte and
electrodes. One way to reduce ohmic drop of the cell is to adopt
a thin-film electrolyte. With the decrease of membrane thickness,
the poor mechanical strength of the thin-film electrolyte suggests
that it should be supported on some substrate. Recently, anode
or cathode-supported SOFCs have been extensively tested, and
some excellent electrochemical performances have been reported
[12-23]. Many techniques have been developed for the fabrication
of thin-film electrolytes. Will et al. reviewed different thin-film
deposition methods for oxides, especially for stabilized zirconia
[24]. Recently, Beckel et al. reviewed thin-film (thickness <1 pm)
deposition techniques and components related to SOFCs, including
current research on nanocrystalline thin-film electrolytes and thin-
film-based model electrodes [25]. As an alternative way to reduce
the ohmic resistance, some materials with higher ionic conductiv-
ity have been exploited as the electrolytes for lower temperature
SOFCs [26-33]. Kharton et al. reviewed the oxygen ionic conduc-
tors reported during the last 10-15 years, including derivatives
OfC-Bi4V2011 (BIMEVOX), La;Mo,0qg (LAMOX), Ll‘lm,XSiGOzs—based
apatites, (Gd,Ca);Ti,0,_s pyrochlores, doped CeO, fluorites, and
perovskite-related phases based on LaGaO3 and Ba,In;0s, in order
to identify their specific features determining possible applications
[34]. Among these materials, the ionic conductivities of ceria-based
electrolytes, such as gadolinia-doped ceria (GDC) or lanthanum
gallate-based electrolytes, such as Lag gSrg > GaggMgp203_5 (LSGM)
are much higher than that of YSZ, so considerable attention had
been focused on these two kinds of materials in the past decades
[35-38].

Another large contribution to the significant increase in cell
resistance with reducing operating temperature is the increase
of electrode polarization resistance, especially from the cathode
side [39-42]. The conventional SOFC cathode, strontium-doped
lanthanum manganite (LSM), was found to be unsuitable for
intermediate-temperature (IT)-SOFCs below 800 °C. Jiang reviewed
and updated the development, understanding, and achievements
of the LSM-based cathodes for SOFCs [43]. Their structure, non-
stoichiometry, defect model, and, in particular, the relation between
the microstructure, their properties (electrical, thermal, mechan-
ical, chemical, and interfacial), and electrochemical performance
and long-term stability have been critically reviewed. The poor
electrochemical activity of LSM cathode was found to be mainly
due to its negligible ionic conductivity; therefore, the electrochem-
ical reaction is strictly limited to the triple phase boundary (TPB)
[44,45].

To fulfill the intermediate temperature operation of SOFCs,
the development of new cathode materials that perform well in
this temperature range is then of significant importance. Today,
great efforts are being made in the development of novel cathode
materials or cathode architecture with improved performance at
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reduced temperatures [46-62]. Promising candidates are normally
based on mixed oxygen ionic and electronic conducting oxides,
such as Smo_55r0,5CoO3_5 (SSC) and Lao.ssro_4C00'2F60_go3_5 (LSCF)
[63-66]. The mixed conductivity extends the active oxygen reduc-
tion site from the typical TPB to the entire exposed cathode surface,
thus greatly reducing the cathode polarization at low operating
temperatures. Polarization mechanisms and modeling of the elec-
trochemical performance on an SOFC cathode have been reviewed
by Fleig [67]. The experimental results, particularly measurements
using geometrically well-defined LSM cathodes, are discussed. In
regard to simulations, the different levels of sophistication used in
SOFC electrode modeling studies are summarized and compared.
Adler summarized the advances made in understanding of SOFC
cathodes since approximately the early 1980s [68]. The review
focuses on how new approaches have been used by researchers
to better understand cathode mechanisms and how these mech-
anisms relate to material properties and microstructure. It also
attempts to identify ongoing critical questions that will likely be
the focus of cathode research and development over the next 10-15
years.

Very recently, Shao and Haile reported a mixed conducting
Bag 5Srg.5CoggFeg203_5 (BSCF) oxide as a potential cathode mate-
rial for Smg,Cepg019 (SDC)-electrolyte-based IT-SOFCs [69,70],
which has been extensively applied as the material of ceramic
oxygen separation membranes and membrane reactors for partial
oxidation of high hydrocarbons to value-added products [71-79].
Very high and promising performance was reported at 600 °C. After
that, the application of BSCF as an IT-SOFC cathode material has
been attracting considerable attention. Now, it has become one
of the hottest cathode materials for IT-SOFCs. This review aims
to provide an overview of present research activities in BSCF-
based cathodes for IT-SOFCs from applications to oxygen reduction
reaction (ORR) mechanisms. Emphasis will be placed on the under-
standing and development of BSCF-based materials. The problems
of the BSCF cathode are also presented and analyzed to provide
some guidelines in search for a new generation of cathode materials
for IT-SOFCs.

2. Perovskite oxides

Regarding optimization of the cathode materials, there is a gen-
eral agreement that a fast oxygen exchange reaction between the
gaseous oxygen and the lattice oxygen, as well as ionic conductivity
in the bulk of the cathode, would be advantageous. These features
may be found in some types of oxides, including superconductor
materials [80], Ky NiF4-type oxides [81-83], pyrochlore oxides [84],
perovskite oxides [63-66], and perovskite-related oxides, such as
A-site ordered double perovskite [85-89], perovskite cuprate struc-
ture [90], and perovskite-related intergrowth oxides [91]. Among
these types of oxides, perovskite-structured ceramics are the most
promising materials of SOFC cathodes due to their high catalytic
activity on ORR.

The perovskite oxides have the general formula of ABO3. The
ideal perovskite-type structure has cubic symmetry with space
group Pm3m. In this structure, the B cation is 6-fold coordinated,
and the A cation is 12-fold coordinated, with the oxygen anions.
Fig. 2 depicts the corner sharing octahedra that form the skeleton
of the structure, in which the center position is occupied by the A
cation. Alternatively, this structure can be viewed with the B cation
placed in the center of the octahedron and the A cation in the center
of the cube. The perovskite structure is thus a superstructure with
a ReO3-type framework built up by the incorporation of A cations
into the BOg octahedra [92].

In the ideal structure, where the atoms are connecting one
another, the B-0 distance is equal to a/2 (a is the cubic unit cell

Oxygen Vacancy

Fig. 2. ABOj; ideal perovskite structure.

parameter), while the A-O distance is (a/+/2) and the following
relationship between the ionic radii holds: ra +ro = v2(rg + o).
Actually, although the equation is not exactly obeyed, some oxides
cansstill retain the cubic structure in ABO3 compounds. Goldschmidt
[93] introduced a tolerance factor (t) to evaluate the deviation from
the ideal situation, which is defined by the following equation:

_ (ra+r10)
~ V2(rg +710) W

The value of t is applicable at room temperature to the empirical
ionic radii. Although for an ideal perovskite, t is unity, this structure
is also found for lower t-values (0.75 <t<1.0). The ideal cubic per-
ovskite structure appears in a few cases for t-values very close to 1
and at high temperatures. In most cases, different distortions of the
perovskite structure appear.

Deviations from the ideal structure with orthorhombic, rhombo-
hedral, tetragonal, monoclinic, and triclinic symmetry are known,
although the latter three are scarcely and poorly characterized
[94-96]. The distorted structure may exist at room temperature,
but it can transform to the cubic structure at high temperature.
This transition may occur in several steps through intermediate
distorted phases. These deviations from the cubic perovskite struc-
ture may proceed from a simple distortion of the cubic unit cell,
an enlargement of the cubic unit cell, or a combination of both. The
deviations are sometimes detrimental to the ionic or electronic con-
duction, so maintaining the cubic structure of the perovskite oxides
is of great importance. Koster and Mertins investigated the crystal
structure of BSCF by the X-ray diffraction (XRD). The XRD data could
be fitted with a primitive cubic unit cell in space group Pm3m (No.
221), which indicates that BSCF is isomorphous with other cubic
perovskites [97].

3. Origination of BSCF

The origination of BSCF can be traced back to SrCoOs_g
perovskite. SrCoO5_g is an important perovskite-type parent com-
pound for the development of a series of functional materials.
Depending on the operating temperature, oxygen partial pres-
sure of the environment, thermal history, and synthesis methods,
strontium cobaltite may display 2-H type hexagonal perovskite,
oxygen vacancy-ordered brownmillerite, rhombohedral perovskite,
or cubic perovskite structure [98-102]. Further studies revealed
that the phase structure and electrical conductivity of SrCoO3_g
oxide was closely related to the oxygen content in the composite,
which could exhibit a wide range of variation [103]. Among the var-
ious phase structures of SrCoO3_g, the oxide with the cubic phase
shows the highest electronic and oxygen ionic conductivity, with
a maximum reported total electrical conductivity of ~160Scm™!
at ~950°C [98]. The derived oxygen ionic conductivity of the cubic
phase SrCoO;_; based on the permeation flux reached as high as
2.5Scm~! at 900°C [98], which is several orders of magnitude



234 W. Zhou et al. / Journal of Power Sources 192 (2009) 231-246

higher than the typical high oxygen ionic conducting electrolyte of
YSZ [104]. For the other phases of SrCo0O3_g, the conductivity was
substantially lower. The strategy of substitution, either via the A- or
B-site, has therefore been extensively applied in order to stabilize
the cubic lattice structure of SrCoO3_gz [105-107].

About two decades ago, Teraoka et al. systematically investi-
gated the general trend of oxygen permeation through ceramic
membranes based on doped SrCo0O;_g oxides with the composi-
tion of Lny_xAxCoq_,ByO3_s (Ln-La, Pr, Nd, Sm, Gd; A=Sr, Ca, Ba;
B=Mn, Cr, Fe, Co, Ni, Cu) [108-110], which is closely related to
the oxygen ionic and electronic conductivities of the oxides. The
highest oxygen permeation flux was found in the SrCog gFep03_s
perovskite, in which the La3* ion was totally substituted by the Sr2*
ion. Unfortunately, later examination found that SrCoggFep203_s
has only limited mechanical and phase stability [111-113]. Although
the doping of metal ion(s) with high valence state (such as La3*)
in the A-site of SrCoggFep;03_s can lead to the improvement in
phase stability of the oxide, the permeability was lowered due to
a decrease in oxygen vacancy concentration. Partial substitution of
iron in the B-site of SrCo(Fe)O3_g by other metal ion(s) has also been
attempted [114]; the results showed that the best constitution was
still cobaltite ferrites doped with alkaline-earth elements.

As mentioned previously, the phase structure of perovskite is
closely related with the Goldschmidt tolerance factor. Since cobalt
and iron have multiple oxidation states in perovskite oxide, the
tolerance factor can be tuned by varying temperature and oxygen
partial pressure. Assuming the most stable oxidation state of 3+ for
both cobaltand ironions, it was found that the A-site cation (Sr2*) of
SrCopgFep205_s is too small to sustain a perovskite structure with
a cubic symmetry, which was believed to be the most stable lattice
symmetry for perovskite [115]. Consequently, Shao adopted a larger
sized cation Ba2* to partially substitute Sr2* in order to increase the
tolerance factor of the perovskite. Based on Shao’s calculation, it was
found that substitution of 50% of Sr2* by Ba2* may be the best com-
position [72]. Thereby, BSCF (Bag 5Srg 5Cog gFep203) was proposed
as anew material for oxygen separation membranes for oxygen sep-
aration from air. Experimental results demonstrated that, indeed,
BSCF had better stability than SCF. One significant advantage of
applying BaZ* over Ln3* is that the Ba-doped Sr(Cog gFeg »)05_s per-
ovskite was thought to possess high oxygen vacancy concentration.
As expected, the BSCF membrane showed high oxygen permeation
flux and favorable phase stability [71-73].

Later, McIntosh et al. used high temperature XRD (HT-XRD),
temperature programmed desorption (TPD), thermogravimetric
analysis—differential thermal analysis (TGA/DTA), and neutron
diffraction to determine the structure and oxygen stoichiometry
of SCF and BSCF up to 1273K in the Py, range of 1 to 10> atm
[116]. They found that formation of the vacancy-ordered brown-
millerite phase, SrCoggFep 205 5, led to zero oxygen release, while
no such ordering was observed in the BSCF system by any of the
techniques utilized in that work. The oxygen vacancy concentra-
tion of BSCF was found to be considerably higher than that of SCF
and always higher than that of the ordered brownmillerite phase.
The combination of a high vacancy concentration and the absence
of the ordering phase may partially account for the higher oxygen
permeation fluxes through BSCF membranes in comparison to SCF.

Recently, some studies have proven both experimentally and
theoretically that BSCF was also the optimal material in the family
of BayxSry_xCoyFe;_,03_s as a cathode of IT-SOFCs. Wei et al. sys-
tematically experimentally characterized BaxSri_xCoggFeg203_s
(0.3 <x<0.7) composite oxides [117]. For x <0.6 compositions, a
cubic perovskite structure was obtained, and the lattice constant
increased with increasing Ba content. Large amounts of lattice
oxygen were lost below 550°C, which had a significant impact
on thermal and electrical properties. All the dilatometric curves
had an inflection between 350 and 500°C, and thermal expansion

coefficients were very high between 50 and 1000 °C, with values
larger than 20 x 10~6 K-1. The conductivity was slightly larger than
30Scm~! above 500°C, except for x> 0.5 compositions. They con-
cluded that Bag 4Srg 6Cog gFep203_s and BSCF are potential cathode
materials.

Chen et al. investigated the influence of iron doping level in
Bag 5519 5Co1_yFe,05_s5(y=0.0-1.0) oxides on their phase structure,
oxygen non-stoichiometry, electrical conductivity, and electrode
performance based on symmetrical cell configuration [118]. The
increase of the iron doping level resulted in the decrease of
the room-temperature oxygen non-stoichiometry and total elec-
trical conductivity and the increase of area specific resistance
(ASR) as a cathode on SDC electrolyte. ASR values of 0.085,
0.13, 0.166, 0.3612, and 0.613 2 cm? were observed at 600°C for
Bag 5Sro5Co1_yFe,05_s with y=0.2, 0.4, 0.6, 0.8, and 1.0, respec-
tively. A corresponding increase of the activation energy was
also observed, with the values of 106.0, 120.2, 121.7, 123.8, and
139.5k]mol~! for y=0.2, 0.4, 0.6, 0.8, and 1.0, respectively. The
Bag 5Sro5Co1_yFe,05_s cathodes at y = 0.2 showed the highest elec-
trocatalytic activity for ORR.

Fisher et al. used molecular dynamics simulations to
examine the relationship between oxygen ionic conductivity
and dopant content in systems with the general formula of
Ba;_,SrxCo;_yFey0, 5, where x and y are varied between 0 and 1
[119]. Results showed that the substitution of Sr by Ba resulted
in an increase of the ionic conductivity of the material, with the
highest ionic conductivity obtained for SrFeO, 5, which agreed well
with experimental findings. Calculation of oxygen coordination
numbers for each cation species showed that oxygen vacancies
tend to cluster around Sr and Co ions, although increased Sr
content decreases the tendency towards trapping by drawing
vacancies away from the Co ions. The largest amount of trapping
(as measured by the deviation from the ideal average coordination
numbers of B-site cations) was found to correspond to a minimum
in the ionic conductivities at around 50% Fe. The results help
to explain why Ba;_,SrxCoi_,Fe,0,_s has the high oxide ionic
conductivity at x=0.5 and y=0.2.

4. Applications of BSCF as the cathode of IT-SOFCs
4.1. BSCF cathodes on various electrolytes

Shao and Haile were the first to adopt and investigate BSCF as
a cathode of SOFCs based on fluorite-type SDC electrolyte [69].
Outstanding performance has been obtained at low temperatures
from a single cell based on a 20-p.m-thick SDC electrolyte film with
humidified (3% water vapor) hydrogen as the fuel and air as the oxi-
dant. Maximum power densities of 1010 and 402 mW cm~2 were
achieved at 600 and 500 °C, respectively. Subsequently, a consider-
able interest in BSCF as the cathode material of IT-SOFCs has been
received from the research community. Liu et al. [120] reported that
by further reducing the thickness of a doped ceria Gdg1Cep 90195
(GDC) electrolyte to around 10 um, an anode-supported single cell
with the BSCF cathode and a Ni-GDC cermet anode achieved the
peak power densities of 1329, 863, 454, 208, and 83 mW cm~2 at
600, 550,500,450, and 400 °C, respectively. Phase reaction between
cathode and electrolyte may become a practical problem for high
temperature fuel cells. Wang et al. [121] studied the solid-state
reaction between BSCF and SDC by XRD, scanning electron micro-
scope (SEM), and O,-TPD. Results demonstrated that the phase
reaction between BSCF and SDC was negligible, constricted only
at the BSCF and SDC interface and throughout the entire cathode
with the formation of a new (Ba,Sr,Sm,Ce)(Co,Fe)O3_gs perovskite
phase at firing temperatures of 900, 1000, and >1050°C. It sug-
gests that a firing temperature of ~900°C is preferred in order to
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avoid the interfacial reaction between the BSCF cathode and SDC
electrolyte.

LSGM perovskite-type oxide is another electrolyte material
with high ionic conductivity at reduced temperatures. Pefia-
Martinez et al. showed that the BSCF also gives a favorable
cathodic performance on an LSGM electrolyte. A single cell with
a Lag 75519.25Crp5Mng 503_s (LSCM) anode, a BSCF cathode, and a
1.5-mm-thick LSGM electrolyte delivered a maximum power den-
sity of 160 mW cm~2 at 800°C operating on moistened H, in the
presence of N, diluents as fuel and air as oxidant [122].

Protons typically have much lower diffusion activation energy
than oxygen ions. Therefore, protonic SOFCs are more promis-
ing for lower temperature operation than oxygen ionic SOFCs.
Indeed, selected protonic electrolytes, such as doped barium ceria
demonstrated very high protonic conductivity at low temperature.
However, currently, the poor cathodic performance is the main
obstacle for protonic SOFCs to achieve high power output. Lin et
al. [123] evaluated the potential application of BSCF as a cathode
for a proton-conducting SOFC based on BaCeygYg102.95 (BCY) elec-
trolyte. Cation diffusion from BCY to BSCF with the formation of a
perovskite-type Ba2*-enriched BSCF and a Ba%*-deficient BCY at a
firing temperature as low as 900 °C was observed, with higher firing
temperatures leading to larger deviations of the A to B ratio from
unity for the perovskites. It was found that the impurity phases
did not induce a significant change of the cathodic polarization
resistance based on symmetric cell tests; however, the ohmic resis-
tance of the cell obviously increased. Under optimized conditions,
a maximum peak power density of ~550 and 100 mW cm~2 was
reported at 700 and 400 °C, respectively, for the cell with the BSCF
cathode fired at 950°C and a 50 pm BCY electrolyte. The results
obtained by Lin et al. were much better than those reported by Peng
et al. [124], who applied a BSCF +BaCeg 9Smg 10595 (BCS) compos-
ite oxide as the cathode for a proton-conducting BCS electrolyte
and a firing temperature of ~1100°C for fixing the cathode layer
to the electrolyte surface. They observed an area-specific polariza-
tion resistance of ~2.25 £ cm? at 600 °C; for comparison, Lin et al.
reported a value of only 0.5 cm? under similar operating con-
ditions. Lin et al. explained that the poor performance reported
by Peng et al. could be related to the high firing temperature
(1100 °C) and the composite cathode applied. They believed that in
the composite cathode, the A-site cation-deficient BCS was formed
throughout the electrode layer, which could cover the BSCF surface
and considerably block the oxygen reduction over the cathode. In
the case of the pure BSCF applied as the cathode layer, the phase
reaction occurred only at the interface between the BSCF cathode
and the BCY electrolyte; therefore, the oxygen reduction properties
of the cathode layer were not seriously affected.

BSCF has also been tried as a cathode on YSZ electrolyte. A strong
reaction between BSCF and YSZ was observed at firing tempera-
tures above 900°C [125,126]. However, a temperature of >900°C
was necessary to obtain the compact attachment of BSCF on the
electrolyte. This conflict suggests that the BSCF is hardly applicable
directly onto the YSZ electrolyte. Duan et al. studied the chemical
compatibility of the BSCF with the GDC electrolyte, as well as that
of the GDC with the YSZ electrolyte [126]. BSCF had good compati-
bility with the GDC electrolyte. The BSCF cathode was adopted for
anode-supported YSZ electrolyte cells with and without the appli-
cation of a 1-pm-thick GDC buffering layer between the cathode
and the YSZ electrolyte. The single cells were evaluated by using [-V
curve measurements and AC impedance spectroscopy. The results
showed that a great improvement in cell performance and a signif-
icant decrease in polarization resistance were achieved by adding
the GDC buffer layer. The optimum firing temperature of the GDC
film onto the YSZ film was found to be around 1250 °C, which deliv-
ered the maximum power density of 1.56 W cm~2 at 800 °C using
hydrogen as fuel and air as oxidant. The GDC interlayer was also

applied between the BSCF cathode and Sc-stabilized ZrO, (ScSZ)
electrolyte [127], which resulted in low polarization resistance. It is
worth noting that Wang et al. reported that BSCF reacted with GDC
at a temperature as low as 850 °C [128]. This may be ascribed to the
different fabrication process for the BSCF cathode.

4.2. Synthesis of BSCF powder

The cathode layer in SOFCs is usually fabricated from pre-
crystallized powders by any of the methods of spray deposition,
screen-printing, or painting, followed by high temperature sin-
tering. Many powder synthesis methods have been applied for
the synthesis of cathode materials, such as solid-state reaction,
sol-gel, co-precipitation, hydrothermal synthesis, etc. [129-133].
Many studies have shown that the synthesis methods may affect the
morphology, conductivity, crystallite size, and surface microstruc-
ture of the derived powders [134-138]. Such distinctions could have
an evident influence on their properties in application as cathodes
for SOFCs. Establishing the relationship between the powder syn-
thesis route and the cathode properties is therefore important for
optimizing the cathode performance.

Shao and Haile employed a combined EDTA-citrate (EC) com-
plexing process for the synthesis of BSCF powders [69]. The process
was proven to be insensitive to environmental parameters, such
as pH and humidity, and capable of large-scale synthesis of pow-
der [139]. Lee et al. synthesized BSCF by the EDTA-citrate method
originating from the precursor solutions with different pH values.
The BSCF electrode prepared from the precursor solution with a pH
value of 8 showed the lowest polarization resistance [140].

Liu and Zhang used a glycine—nitrate process (GNP) to synthe-
size compositionally uniform BSCF in short firing time [141]. In
the GNP process, a saturated aqueous solution containing required
amounts of nitrates and glycine was combusted to form ceramic
powders. Such a method has the advantages of relatively low-cost,
high energy efficiency, fast heating rates, short reaction times, and
high compositional homogeneity. The process is also homogeneous
because all the reactants are mixed in the solution at the molecular
level, resulting in homogeneous reaction products and faster reac-
tion rates. Results showed that the microstructure of as-prepared
powders was porous, and their size was less than 20 nm. Pure per-
ovskite phase was completely formed after heat treatment at 850 °C
for 2hin air.

Nano-crystalline BSCF powder has also been successfully
synthesized by a novel sol-gel thermolysis method using a com-
bination of PVA and urea by Subramania et al. [142]. It was found
that a cubic perovskite BSCF was formed by calcining the precursor
at a temperature as low as 450 °C for 5 h. The well-crystalline cubic
perovskite BSCF was obtained by calcining the precursor at 650 °C,
which was still much lower than that of conventional solid-state
reaction methods. In addition, electrical conductivity measure-
ment revealed that the maximum conductivity of 32Scm~! was
obtained in air at 500°C, comparable to that prepared by other
techniques.

In order to demonstrate the significant effect of powder synthe-
sis route on cathodic performance, Zhou et al. synthesized BSCF
perovskite by the sol-gel process based on an EC complexing
method, nitric acid modified EC route (NEC), and nitric acid-aided
EDTA-citrate combustion process (NECC) [143]. Crystallite sizes of
27, 38, and 42 nm were observed for the powders of NECC-BSCF,
NEC-BSCF, and EC-BSCF, respectively, calcined at 1000 °C, suggest-
ing a suppressing effect of nitric acid on the crystallite size growth
of BSCF [144]. The smaller crystallite size of the powders resulted in
a higher degree of sintering of the cathode. An oxygen permeation
study of the corresponding membranes demonstrated that nitric
acid applied during the powder synthesis had a noticeable detri-
mental effect on both the oxygen surface exchange kinetics and on
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the oxygen bulk diffusion rate of the BSCF oxides. The effect of pow-
der synthesis route on the bulk properties of the oxide was validated
by the O,-TPD technique. Since the oxygen bulk diffusion rate is
closely related to the oxygen vacancy concentration, whichin turnis
closely related to the oxidation state of metal ions in the perovskite
structure, a difference in the oxygen bulk diffusion behavior of the
various BSCF oxides can be anticipated. On the whole, a decreasing
cathodic performance in the sequence of EC-BSCF, NEC-BSCF, and
NECC-BSCF was observed. A peak power density of 693 mW cm~2
was reported for an anode-supported cell with an EC-BSCF cathode
at 600 °C, significantly higher than that with an NEC-BSCF cathode
(571 mW cm~2) or an NECC-BSCF cathode (543 mW cm~2) under
similar operation conditions.

Recently, the formation process of BSCF synthesized by EDTA-
citrate was investigated in detail by Martynczuk et al. using
advanced modern techniques [145], such as transmission elec-
tron microscopy (TEM), energy-filtered transmission electron
microscopy (EFTEM), and energy-loss near-edge structures (EELS).
Their results indicated that the perovskite structure is formed
in a nanometer-scale solid-state reaction between a spinel-
(Fep.6C0p.4)C0,04 and carbonate-(BagsSrg5)CO3 in the aragonite
polymorph,

3(Bag,55r0.5)CO3(5) + (Fep.6C00.4)C02 045

o
—%3(Bag 55r0.5)(Fep.2C00.8)03_s(s) + 3C0xg) (2)

Grains obtained in different perovskite synthesis steps showed
that the primarily formed perovskite crystals are of the same size
as the intermediates and coarsen afterwards during the thermal
treatment. The common calcination temperature of 950°C can be
decreased to 750°C to avoid over-sintering and therefore to facil-
itate the firing of BSCF to electrolyte. This profound knowledge of
the BSCF perovskite formation process opens new ways to engage
the microstructure of the underlying ceramic material, for example,
to fine-tune both grain stoichiometry and grain boundaries in the
ceramic material.

4.3. Morphology of the cathode

Another key issue related to the cathodic performance is the
electrode microstructure. The pore size, morphology, and electrode
porosity of the cathode govern the transport of gaseous species
through the electrodes, affecting the electrode performance [146].
Today, the electrodes are commonly deposited by screen-printing
on the electrolyte, and the porosity is controlled using pore formers,
which are generally organic compounds and/or graphite [147,148].
However, it is difficult to control the pore distribution using this
method, giving rise to microstructures with non-uniform geome-
try and low specific surface areas. A precise control of the porosity
and a larger specific surface area of the electrode may improve the
cell performance as a result of an increase in the concentration of
active sites for ORR.

Mamak et al. synthesized mesoporous (nickel/platinum) YSZ
materials by a soft chemistry self-assembly strategy [149]. The
approach was based on the co-assembly of a supramolecular
cationic surfactant template: YSZ glycolate and nickel (II) or
platinum (IV) complexes. This synthetic strategy yielded com-
positionally homogeneous mesoporous YSZ, where nanoscale
nickel oxide or platinum metal clusters were uniformly dispersed
throughout the material. Upon calcination of the as-synthesized
material, the surfactant template was removed, and a reconstruc-
tive structural transformation occurred and led to a porous material
with nanocrystalline YSZ channel walls, a narrow pore size dis-
tribution, and high surface areas, which could lead to significant
improvements in fuel/oxidant mass transport, oxide ion mobility,

electronic conductivity, and charge transfer at the TPB region of
SOFC electrodes.

Porous materials with high relative surface area can also be
obtained by using a colloidal crystal templating method [150-157].
In this case, a colloidal crystal template was prepared via a regular
arrangement of organic microspheres (e.g., polymethyl methacry-
late, PMMA). Chi et al. synthesized a porous Lag 7Cap 3sMnO3 (LCMO)
material using PMMA spheres as a template [150]. This porous net-
work is composed of nanometer-sized LCMO wires with highly
ordered spherical voids. Sadakane et al. presented a facile procedure
to produce three-dimensionally ordered macroporous (3DOM)
perovskite-type La;_,SrxFeO3 mixed metal oxide using PMMA as
the template, which did not need any pre-synthesis of the alkox-
ide precursors [151]. The 3DOM perovskite-type materials showed
higher catalytic activity for combustion of nanosized carbon.

Recently, PMMA was also used as the template to fabricate the
3DOM cathode for SOFCs. Ruiz-Morales et al. [152] have recently
reported that the performance of a cell with YSZ electrolyte,
LSM-YSZ composite as the cathode, and NiO-YSZ as the anode
was improved by up to 30% by using a combination of nanomet-
ric oxide powders and PMMA as a pore former to control the
porosity of the electrodes. Zhang et al. prepared dual-scale porous
electrodes for SOFCs using PMMA foam as the template [153].
After removing the template at 800°C, the porous cathode was
obtained. The electrode consisted of regularly distributed cellular
pores with 1 wm diameters. The interconnected walls were approx-
imately 0.5-1-pm-thick. The primary particles of the composite
were about 100 nm in diameter. The Smg 5Srg5C003_s-GDC cath-
ode showed an ASR of 0.39 Q cm? at 750 °C. However, this method
was only applicable when the starting oxide powders had a particle
size in the nanometer range. Furthermore, the high firing temper-
atures required to ensure good contact between particles caused
a significant decrease in the specific surface area of the starting
nanoparticles due to particle agglomeration and sintering.

Ruiz-Morales et al. successfully prepared 3DOM BSCF and BSCF-
YSZ cathodes using PMMA as the template [152]. Moreover, the
particle size of BSCF was ~200nm versus ~2 wm prepared by
the traditional method. However, the electrochemical performance
of these 3DOM BSCF-based cathodes has not been reported. This
opens a new direction for the optimization of the BSCF cathode. It
is worth noting that the porosity should be deliberately controlled.
Excessive high porosity may decrease the electrocatalytic activity
of the BSCF cathode because of the low electronic conductivity of
BSCF.

4.4. In the application of single-chamber SOFCs

One difficulty associated with high-temperature fuel cells is
the sealing. Failure to obtain a gas-tight seal between chambers is
very serious, causing gas leakage and eventual destruction of the
stacked cells. One approach towards addressing the above chal-
lenge is to design SOFCs with only one gas chamber. This type of
SOFCs is called a single-chamber SOFC (SC-SOFC), in which both
the anode and cathode are exposed to the same mixture of fuel and
oxidant gas. As a result, the gas-sealing problem can be inherently
avoided, since no separation between fuel and air is required. In
addition, carbon deposition is less of a problem due to the presence
of a large amount of oxygen in the mixture [158]. The operating
principle of a SC-SOFC is based on the different catalytic activity
and selectivity of the anode and cathode towards the fuel-air mix-
ture. The BSCF cathode also showed very promising performance
in the SC-SOFC application for its high electrochemical catalytic
activity for oxygen reduction and poor activity for fuel oxidation
[69,70,159-161]. It was reported that a peak power density of
358 mW cm~2 was observed at a furnace temperature of 525°C
when the BSCF cathode was operated in a single-chamber mode
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using a propane/oxygen/He mixture at a 4:9:36 volumetric ratio
as the feed gas [69]. Significant further improvement in the power
density was observed by incorporating 30 wt% SDC into the BSCF
cathode; a peak power density of 440 mW cm~2 was reached at a
furnace temperature of 500°C [69]. After that, Shao et al. reported
that, under optimized conditions, a peak power density as high as
760 mW cm~2 was obtained for a thin-film electrolyte fuel cell with
a Ni/SDC anode and a BSCF/SDC (70:30 wt%) cathode operated on
a methane-oxygen-helium stream, comparable to what typically
can be obtained in a dual-chamber fuel cell by applying methane
fuel [159,160].

Zhang et al. investigated the initialization process of a NiO/SDC
anode-supported single-chamber SOFC with a BSCF/SDC cathode
[161]. In situ initialization by hydrogen led to simultaneous reduc-
tion of both the anode and cathode; however, the cell still delivered
a maximum power density of ~350 mW cm~2, attributed to the
partial re-formation of the BSCF phase under the methane-air
atmosphere at high temperatures. It is worth noting that the oxy-
gen ion conductivity of BSCF is, in fact, higher than that of SDC.
It is for this reason that the introduction of a small amount of
the electrolyte material could decrease cathode performance in a
dual-chamber configuration, rather than increasing it [69]. How-
ever, incorporation of electrolyte material into the BSCF cathode
under the single-chamber fuel-cell configuration improved perfor-
mance, and it is likely that the electrolyte is beneficial for limiting
the detrimental influence of in situ generated CO, on the oxygen
surface exchange kinetics of BSCF. The significant impact of CO,
on the electrochemical performance of the BSCF cathode will be
discussed later.

5. Fundamental understanding of BSCF
5.1. Mass and charge transport in mixed conducting oxides

To get a better understanding of the extremely high elec-
trochemical performance of the BSCF cathode at intermediate
temperatures, the basic knowledge of oxygen reduction processes
on the cathode should first be understood [162]. When a gradient
of the electrochemical potential is unequal to zero, a net particle
flux, J, can be given by

aj ~
Ji= —Ziz?v,ui- (3)

Here, o is the electrical conductivity. Eq. (3) is the fundamental
transport equation, which can be derived within the framework of
linear irreversible thermodynamics. Well-known special cases of
Eq. (3) are Ohm’s law (for v =0) and Fick’s law of diffusion (for
v@=0 and g; =¢;). These relationships have a wide validity range,
showing that the linear approximation is often a good description
for transport phenomena in ionic solids. The electrical conductivity,
o, is proportional to the concentration, ¢;, and the mobility, u;, of
particles i:

o; = |z;leu;¢; (4)

When transport processes in solid compounds are considered,
one particular type of particle is frequently much more mobile than
the other(s). In such cases, the partial lattice of the virtually immo-
bile type of particle is chosen as the reference system. For a mixed
conducting material, the total conductivity, o, can be written
as the sum over the partial conductivities of all electronic (eon)
and ionic (ion) defects, provided that the charge carriers are trans-
ported independently of each other. In most cases, this is a good
approximation.

O'tot:UEOn"‘Uion:E |Zi,eon|eui,eonci,eon+g 1Zj ion |€Y;,ionCj,ion (5)
i j

Table 1
Elementary step in the cathodic oxygen reduction reaction on a mixed conducting
electrode material [162].

Rank Reaction step

1 Diffusion of O, molecules in the gas phase to the electrode

2 Adsorption of O, on the surface of the electrode

3 Dissociation of molecular into atomic oxygen species

4 Charge transfer from the electrode to oxygen species before or after
dissociation

5 Incorporation of oxide ions into vacancies in the crystal lattice of the
electrode

6 Bulk transport of 02~ ions through the electrode to the
electrode/electrolyte interface

7 Transfer of 0%~ ions across the electrode/electrolyte interface

The total conductivity is typically determined by either the elec-
tronic or the ionic term. A material that exhibits both electronic and
ionic conductivity is referred to as mixed ionic electronic conductor
(MIEC), although this term is not strictly defined in the literature.
A general way to obtain materials with high ionic conductivity is to
increase their vacancy concentration. A combined in situ neutron
diffraction and thermogravimetric study [163] yielded unusually
high values for the oxygen non-stoichiometry in BSCF of § =0.7-0.8
between 600 and 900 °C in the P, range of 10°-102 Pa, as shown in
Fig. 3. Exceptionally high concentrations of mobile oxygen vacan-
cies accompanied by excellent phase stability are accountable for
the large oxygen transport rates of BSCF.

5.2. Electrochemical processes at solid-oxide fuel cell (SOFC)
cathodes

The sum reaction at the cathode can be expressed by the follow-
ing formula:

0, +4e” — 20% (6)

However, this reaction is actually quite complex and comprises a
number of elemental steps, such as diffusion, adsorption, dissocia-
tion, ionization, and finally, incorporation of oxygen into the crystal
lattice of the electrolyte. In general, there are two reaction mech-
anisms: the surface and the bulk path. If the electrode material is
a pure electronic conductor (e.g., Pt), the surface path is the only
possible mechanism [164]. In this case, oxygen molecules from the
gas phase adsorb onto the surface and diffuse to TPB, where 02~
incorporates into the vacancies of the electrolyte. In another case, if
the electrode material itself is an oxygen ionic conductor, an alter-
native reaction path becomes possible. By introducing bulk ionic
transport, oxygen can be reduced to O2~ over a significant portion
of the electrode surface, thereby extending the size of the active
region and improving the kinetics at reduced temperatures.

5.3. Oxygen surface exchange and bulk diffusion in BSCF

In multistep chemical reactions, the reaction rate of one particu-
lar step is often much lower than those of all other serial processes
involved. The kinetics is then determined by this “slow” process
only, while all others are “fast”, i.e., in equilibrium. Table 1 lists reac-
tion steps to be considered as potentially rate limiting for the case
of amixed conducting electrode material [162]. Quantitatively, oxy-
gen surface exchange and bulk diffusion are frequently expressed by
effective rate constants: k (for oxygen surface exchange) and D (for
oxygen bulk diffusion); k essentially comprises the four surface-
related steps in Table 1 (steps 2-5), while D (step 6) is related to
the ionic conductivity of the material. Both high k and D values are
generally considered necessary for an appreciable performance of
a cathode material.

Shao and Haile calculated the oxygen diffusion and surface
exchange coefficients at different temperatures from the depen-
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Fig. 3. Oxygen stoichiometry versus temperature as a function of oxygen partial pressure for BSCF measured by neutron diffraction (open symbols) and thermogravimetric
analysis (closed symbols). Dashed lines are linear fits to the neutron diffraction data [163].

dence of oxygen permeation flux on the oxygen partial pressure
term based on the surface current exchange model [69]. The oxy-
gen flux across a mixed oxygen ion and electron conductor, in
which electronic conductivity dominates the total conductivity and
in which the Nernst-Einstein relationship accurately describes the
relationship between ionic conductivity and ion diffusivity, is given
by

Jo, = 2UC — ) 7)
where Dy is the oxygen diffusion coefficient, L is the thickness of
the membrane, and C, is the oxygen vacancy concentration at the
surface, with ” indicating the oxygen-lean side and ' indicating the
oxygen-rich side. For materials in which both surface exchange
kinetics and bulk ion diffusion contribute to limiting the overall
mass flux process, the surface vacancy concentration is not known
a priori. It can be shown, however, under the reasonable assump-
tion that the concentration of electronic species is constant across
the membrane (i.e., no voltage is generated) that the flux under the
conditions of mixed control is given by

Dy 1

—_— 8
2L | 14 (Dy/2Lka)(P ®

Jo, = (- i)

70 5 Py —0. 5)
where kj is the surface exchange coefficient, Po, is the oxygen par-
tial pressure, (3, is the oxygen vacancy concentration at the surface
under equilibrium conditions, and” and " again indicate the oxygen-
lean and oxygen-rich sides of the membrane. This second equation

can be rewritten as
(C//Ve _ C/i;) _ g
Jo, Dy

and thus, a plot of (C";} — C'y/)/Jo, versus l/P”éJZ'5 + l/P”’C?Z‘5 yields
2L/Dy as the intercept and 1/k, as the slope. The surface exchange
coefficient of 3 x 10~2cm?s~! atm~%> and oxygen vacancy diffu-
sion rate of 7.3 x 107> cm?s~! at 775°C and 1.3 x 1074 cm?2s~! at
900 °C were derived, which are 2-200 times greater than those of
comparable cathode perovskites.

Baumann et al. investigated the electrochemical properties of
geometrically well-defined BSCF microelectrodes by impedance
spectroscopy [165]. The microelectrodes of 20-100 um diameter
and 100 nm thickness were prepared by pulsed laser deposition
(PLD), photolithography, and argon ion beam etching. The ORR
at these model electrodes is limited by interfacial processes, i.e.,
by the oxygen surface exchange and/or by the transfer of oxide
ions across the electrode/electrolyte boundary, whereas the resis-
tance associated with the transport of oxide ions through the bulk
of the thin-film electrode is negligible. The experiments revealed
an extremely low absolute value of the electrochemical surface
exchange resistance of only 0.09 (+0.03) Q2 cm? at 750°C in air,
which is more than a factor of 50 lower than the corresponding
value measured for LaggSrg4CoggFeg203_5 microelectrodes with
the same geometry [166]. The quantity Rs can be converted into an
effective surface exchange rate constant, k9, according to [167]

kT

kKl = ——, 10
‘ 4e2Rsco (10)

1 /! /1y —YU.
k:(P ,020.5 +P”020 5 9)
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where k is Boltzmann’s constant, T is the absolute temperature, e is
the elementary charge, R is the area-specific surface resistance,
and cg is the concentration of lattice oxygen. The superscript q
denotes the determination via an experiment in which an electri-
cal driving force is applied to the sample. Using crystallographic
and non-stoichiometry data from Ref. [163] to calculate cg, one
obtains for BSCF an effective surface exchange rate constant of
kq=5x 107> cms~! at 750°C in air.

Bucher et al. studied the oxygen exchange kinetics of BSCF
by electrical conductivity relaxation as a function of tempera-
ture in the range 550-725°C with chemical diffusion coefficients
Dehem =1 x 1076 to 3 x 107> cm? s~! and surface exchange coeffi-
cients kepem =2 x 107# t0 3 x 10~3 cms~! [168]. The activation ener-
gies of the kinetic parameters amount to E;(D¢per ) = 86 4 8 k] mol !
and E;(kchem) =64 & 12 k] mol~1. Furthermore, the ionic conductiv-
ity was obtained according to the Nernst-Einstein relation [169]:

4F2(3 — §)Dg

e (n
where Vi, =38.3+0.3 cm3 mol~! was used as the mean molar vol-
ume. The calculated ionic conductivities amount to oo, =0.006
+0.002Scm~! (600°C) and oo, =0.018 +0.008 Scm~! (700°C).

Both the high oxygen ionic conductivity and surface exchange
coefficient allow the oxygen incorporation to occur over the whole
surface of BSCF, which dramatically improves the effective zone for
ORR.

5.4. Rate-determining step in ORR on BSCF cathode operated
below 600°C

The BSCF cathode has shown favorable performance at 600 °C.
However, ASRs of ~0.17 and ~0.6 2 cm? were obtained for a BSCF
cathode at 550 and 500 °C, respectively [69], which are still higher
than the target value of 0.15 2 cm? for a cathode, as pointed out
by Steele [170]. To further reduce the polarization resistance at
temperatures <600 °C, the rate-determining step should be deter-
mined.

Fleig and Maier studied the effects of the ionic conductivity
and the surface reaction coefficient on the polarization of mixed
conducting cathodes by multi-dimensional finite element simula-
tions [171]. Depending on the ratio of k9/D? of a mixed conducting
cathode, four regimes can be distinguished (shown in Fig. 4):
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Fig. 4. Area-related polarization resistance for different R, (resistance of surface
reaction)-values and two geometries; L, = 1.6 um, 0o, = 103 Scm~". Four different
regimes (I-1V) can be distinguished. Increasing Ry leads to a decreasing density of
equipotential lines [171].

Regime I: For k9/D9 values much larger than the inverse particle
size Lp, only small regions close to the three phase boundaries are
relevant with respect to oxygen reduction.

Regime II: A decreasing k9/DY ratio “activates” progressively more
ofthe cathode; i.e., the area of the MIEC surface involved in the ORR
monotonically increases; in regime II (Lyk?/D? values between 1
and 1000), it is still mainly the first particle layer that contributes
to the oxygen reduction.

Regime III: k9L,/D? values <1 lead to a penetration of the ionic
current into the cathode network.

Regime IV: The entire cathode surface is of importance (k9L,/D9
values « 1).

For the BSCF cathode, the average size of BSCF particles is
~2pm [172], k9 is 2 x 1074 cms~1, and D7 is 1 x 106 cm?s~1 at
550°C[168]; thus, the value of Lyk/D? is ~0.04. This indicates that
the oxygen reduction can occur on the overall surface of BSCF at
this temperature (Regime IV). In such a regime, the polarization
resistance of the cathode is dramatically influenced by the oxy-
gen surface reaction. Therefore, the optimization of the surface is
expected to further reduce the polarization resistance of the BSCF
cathode.

6. Optimization of the BSCF cathode

To properly function as a cathode in an SOFC, the material should
have a high electrocatalytic activity towards oxygen reduction as
well as a high chemical stability in an oxidizing environment with-
out the formation of highly resistive reaction products with the
electrolyte and current collector. Furthermore, the material should
exhibit similar thermo-mechanical properties as the electrolyte to
prevent stresses from developing upon heating and cooling, and it
should have high electrical conductivity [173]. The progress of the
optimization of the BSCF cathode has been made by Shao et al., as
summarized in Table 2.

6.1. Enhancement of ORR on the BSCF

6.1.1. BSCF-electrolyte composite cathode

It has been generally considered that composite electrodes,
which typically consist of a mixed oxygen ionic, an electronic
conducting material, and an ionic conductor, exhibit higher per-
formance than pure-phase electrodes. Several composite cathodes,
like LSM-YSZ [44,174],SSC-SDC[175], and LSCF-GDC [66,176], have
been extensively studied with proven improvement of electro-
chemical properties. For that reason, the BSCF-SDC [121,177,178],
BSCF-LSGM [179], and BSCF-BaZrg;Ce7Y0203 (BZCY) [180] com-
posite cathodes have been studied by some groups.

Wang et al. [121] examined the properties and performance of
BSCF/SDC (70:30 in weight ratio) composite cathode prepared by
mechanical mixing for IT-SOFC. The BSCF/SDC composite demon-
strated modestly better performance than the pure BSCF cathode
at a firing temperature of 1000 °C. However, it showed worse per-
formance than BSCF at other temperatures. Even when fired at
1000°C, the increase in cathode performance with the SDC addi-
tion was very limited for the BSCF/SDC cathode. An ASR of about
0.099 2 cm? was observed for a pure BSCF cathode, while it was
about 0.064 2 cm? for a BSCF/SDC composite cathode, an improve-
ment of only ~36%. For SSC, LSM, and LSCF, the formation of a
composite cathode by the introduction of ionic conducting phase
resulted in the improvement of the cathode performance by more
than one order of magnitude [174,175,66,176]. Such improvement
was due to the extension of the active oxygen reduction sites from
the traditional TPB to the entire cathode layer. Since the BSCF by
itself is a mixed conducting oxide with the oxygen ionic conductiv-
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Table 2
The progress on the electrochemical performance of the BSCF-based cathodes reported by Shao et al.
Cathode Electrolyte Firing temperature (°C) Operating temperature (°C) ASR (22 cm?) Ref.
BSCF SDC 1000 600 0.07 (69]
550 0.19
BSCF +SDC SDC 1000 600 0.064 (121]
550 0.17
BSCF+SDC/BSCF+SDC +Ag SDC 1000/800% 600 0.07 [196]
BSCF+LC (50 vol.%) SDC 950 600 0.43 [189]
BSCF+LC (30 vol.%) SDC 950 600 0.21
Bag5Sr0,5(Cop sFen2)09703_s SDC 1000 600 0.069
550 0.181 [187]
Bag5Sro5(CoosFeo2)os303-5 SDC 1000 600 2.08
550 5.73
(Bao5Sro5)o.97C00.5Fe0203_5 SDC 1000 600 0.138
550 0.396 (202]
(Bao5Sr0.5)0.80C005Fe0203_s SDC 1000 600 0.270
550 0.838
BSCF +Ag(reduced by NyHy) SDC 1000/850? 600 0.038
550 0.070 (193,213]
BSCF +Ag(reduced by HCHO) SDC 1000/850% 600 0.171 !
550 0.661
BSCF BCY 900 750 0.04
600 0.5
1000 750 0.058 (124]
600 0.62

2 The firing temperature of Ag.

ity even higher than SDC [69], only slightly better performance for
the BSCF/SDC cathode as compared with the pure BSCF was unlikely
to have been contributed by the oxygen ionic conductivity of SDC.
It was ascribed to the enlarged cathode surface area contributed by
the fine SDC particles [121].

6.1.2. Surface modification

Even though a high oxygen surface exchange coefficient can be
obtained for BSCF as compared with other MIEC cathodes, such
as LSCF and SSC [181], the oxygen surface processes are still the
RDS of ORR compared to its even higher oxygen bulk diffusion
rate. The oxygen permeation study of the BSCF demonstrated that
the permeation rate was mainly rate-determined by the relatively
slow surface exchange kinetics at the oxygen lean side (or reac-
tion side) membrane surface [182]. In general, improving oxygen
vacancy concentration and/or electronic conductivity can promote
the oxygen surface exchange. Both aspects were studied to improve
the cathode performance.

Typically in perovskite oxides ABOs, the ratio of A-site cation
to B-site cation is unity. However, it was found that the per-
ovskite lattice structure could still be sustained when the A/B ratio
is different from unity for some perovskite oxides, such as LSCF
oxide [183-186]. In order to introduce additional oxygen vacancy
into BSCF lattice, Zhou et al. synthesized and investigated cation
non-stoichiometric Bag 5Srg5(Cog gFep2)1_x03_s (BS(CF);_x) oxides
as cathodes for IT-SOFCs [187]. The B-site cation deficiency in
BS(CF);_x resulted in lattice expansion and the creation of more
active sites for ORR due to the lowered valence states of the B-
site ions and the increased oxygen vacancy concentration, which
improved the oxygen adsorption process. It is interesting that the
B-site deficiency does not promote charge compensation by elevat-
ing the valence state of the B-site cations [188]. These phenomena
can be explained by the defect chemical incorporation reactions as
follows:

BaO — Bap + V' + 03 +2Vo* (12)

The increase in lattice constant would result, in part, from the
fact that Ba2* has a larger ionic radius than Sr2*. On the other hand,
since the initial oxidation state on the B-site is not actually 4+, one
cation vacancy on the B-site would not exactly provide charge bal-
ance for the two oxygen vacancies. Therefore, a complete charge
balance would require that some of the B-site cations lower their
valences. On the other hand, the B-site cation deficiency could
also result in higher resistances for oxygen adsorption (due to the
formation of BaO and/or SrO impurities), and oxygen-ion transfer
(by facilitating the solid-phase reaction between the cathode and
the electrolyte). By taking all these factors into account, BS(CF)g.97
was the optimal composition, which leads to a peak power den-
sity of 1026.2 4+ 12.7 mW cm~2 at 650 °C for a single cell. The ORR
mechanism on the A-site excessive barium strontium cobalt ferrites
cathode is proposed and shown in Fig. 5.

It is generally accepted that an ideal SOFC cathode should
possess high electronic conductivity (100Scm~!) at the desired
operating temperatures. The relatively low electronic conductiv-
ity of BSCF (~40 S cm~" in air) seems to be one of the key problems
with respect to the relatively low electrochemical performance at
low temperature. In order to increase the electronic conductivity of
the electrode, we can introduce a high electrical conducting phase,
such as an oxide or a metal phase. A novel BSCF+ LaCoO3 (LC) com-
posite oxide was first developed for the potential application as
a cathode for IT-SOFC by Zhou et al. [189]. LC oxide was reported
to have a maximum electrical conductivity of ~1000S cm~1 [190],
about 20 times that of BSCF. X-ray diffraction examination demon-
strated that the solid-state reaction between LC and BSCF phases
occurred at temperatures above 950 °C and formed the final prod-
uct with the composition of Lag 316Bag.342S5r0.342C00863F€013703_5
at 1100 °C. The inter-diffusion between BSCF and LC was identified
by the environmental scanning electron microscopy and energy
dispersive X-ray examination. The electrical conductivity of the
BSCF/LC composite oxide increased with increasing calcination
temperature and reached a maximum value of ~300Scm~! ata cal-
cination temperature of 1050 °C, while the electrical conductivity
of the pure BSCF was only ~40Scm~!. The improved conductiv-
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Fig. 5. Mechanism for A-site excess barium strontium cobalt ferrites as the cathode [187].

ity resulted in an attractive cathodic performance of the BSCF/LC
composite. An area-specific resistance as low as 0.21 Qcm? was
achieved at 600 °C for the BSCF (70 vol.%) + LC (30 vol.%) composite
cathode calcined at 950°C for 5h. Peak power densities as high
as ~700mW cm—2 at 650°C and ~525mW cm~2 at 600°C were
reached for the thin-film fuel cells with the optimized cathode com-
position and calcination temperatures. Similar results were also
observed by using SSC or LSM as a promoter [191,192].

To avoid the solid-state reaction between BSCF and the sec-
ond oxide phase in the composite cathode, Ag was applied as
the electronic conducting phase to replace the oxide conductor.
Silver-modified BSCF cathodes were first prepared by an electroless
deposition process using N>H, as the reducing agent at room tem-
perature by Zhou et al. [193]. This fabrication technique, together
with tailored electrode porosity, modified the BSCF electrodes with
silver content that varied from 0.3 to 30 wt% without damaging the
electrode microstructure. Both the Ag loading and firing temper-
atures were found to have a significant impact on the electrode
performance, which could facilitate or block the electrochemi-
cal processes of the BSCF-based cathodes, processes that include
charge-transfer, oxygen adsorption, and oxygen electrochemical
reduction. At an optimal Ag loading of 3.0 wt% and firing temper-
ature of 850°C, an area specific resistance of only 0.070  cm? at
550°C was achieved for a modified BSCF cathode. The reaction
mechanism for oxygen reduction over the silver-modified BSCF
cathodes was proposed:

(a) Diffusion of O, (gas) in gas phase through the porous layer; (1)
(b) Dissociative adsorption of O, to form 0,4 on the silver-modified
BSCF cathode:
(2) 05 (gas) — 20,4 (BSCF)
(2) 02 (gas) — 20,4 (Ag)
(2") Oz (gas) — 20,4 (BSCF/Ag)
(c) Surface diffusion of O, to the effective reaction zone (ERZ):
(3) Oaq (BSCF) — Oaq (ERZ)
(3') 024 (Ag) — 0,4 (ERZ)
(3) Oad (BSCF/Ag) — O, (ERZ)
(d) Charge transfer at ERZ:
(4) 0,4 (ERZ)+Vg** (BSCF) +2e~ — 0%~ (BSCF)
(e) Tonic transfer of 02~ from BSCF into SDC:
(5) 02~ (BSCF) - 02~ (SDC)

where 0,4 stands for the adsorbed oxygen atom and Vp°** is the
oxygen vacancies in BSCF. Since the porosity is sufficiently high,

the activation polarization resistance of step 1 can be reasonably
ignored. ORR processes over the silver-modified BSCF cathode are
schematically shown in Fig. 6. For the pure BSCF cathode, the oxy-
gen exchange was controlled by the adsorption of O, (step 2) and
surface diffusion of O,q (step 3). By using silver as a promoter, the
adsorption of O, is improved because the effective zone for O,
adsorption is extended from the pure BSCF surface (step 2) to Ag
particles (step 2’) or the BSCF/Ag boundary (step 2”). The optimal
activation energy for the diffusion process (including steps 2 and 3)
of BSCF-3Ag is only 86 k] mol~!, while itincreased to 112 k] mol~1 as
the Ag loading increased to 30 wt%. Meanwhile, the oxygen surface
diffusion resistance (Rgy) of BSCF-3Ag is the lowest compared to
those of BSCF-0.3Ag and BSCF-30Ag. This suggests that the surface
diffusion of 0,4 on Ag particles (step 3') may be slower than on pure
BSCF (step 3), so the excessive Ag loading allows for the diffusion
process to be controlled by the surface diffusion. For the enhance-
ment of electrical conductivity by Ag, oxygen chemical reduction
reaction involving a charge transfer process (step 4) can also be
dramatically improved. On the other hand, some of the surface
oxygen vacancies could also be covered by the Ag particles, which
would reduce active sites for ORR. Therefore, the initial improve-
ment in the electrochemical performance with Ag incorporation
(up to ~3.0wt%) is due to the increase in the electronic conductiv-
ity and catalytic activity, while adequate numbers of reaction sites
are maintained. However, when the silver content reached 30 wt%
of BSCF, a considerable number of the reaction sites for the oxygen
reduction process were occupied by the Ag particles, which blocked
the oxide ion conduction [194], consequently resulting in a decrease
of electrochemical performance. Due to the excellent performance
of Ag, the improved electrochemical performance was also obtained
by using BSCF-GDC-Ag or BSCF-SDC/BSCF-SDC-Ag double layers as
the cathode [195,196].

The current collector on the top of the cathode also dra-
matically influences the electrochemical performance. Jiang et
al. investigated the effect of contact area between the electrode
and current collector (i.e., the interconnect) on the performance
of anode-supported SOFCs using a current collector with vari-
ous contact areas on the (Pr,Sr)MnO3 (PSM) cathode side [197].
The cell resistance decreased significantly with increasing con-
tact area between the PSM cathode and the current collector
. The cell resistance decreased from 1.43 to 0.19 2 cm? at 800°C
by increasing the contact area from 4.6 to 27.2%. The results indi-
cated that the contact area of the current collector may affect
the cell performance. This shows that the constriction effect fre-
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quently observed in solid electrolyte cells occurs not only at the
electrode/electrolyte interface but also at the interface of the elec-
trode/current collector. The current collection may have an even
more pronounced effect on the BSCF cathode due to its lower elec-
tronic conductivity. The results of the ASRs of the BSCF cathodes
reported by different groups greatly varied from each other despite
similar operating conditions. Except for the differences from the
powder synthesis and cathode preparation, the current collector
could also be contributing to the distinction. Zhou et al. studied the
effect of contact between the BSCF cathode and current collector on
the performance of SOFCs. The LaCoO3/Ag double layers improved
cathode performance dramatically over that with the current col-
lector [198].

6.2. Thermal expansion behavior

TECs of both the electrolyte and electrode layers should be well
matched to ensure long-term operational stability of the SOFCs. One
distinguishing feature of cobalt-based cathode materials, includ-
ing BSCEF, is their high TECs. The TEC of BSCF is much larger than
most of the electrolytes [199]. Due to this mismatch, in some
cases, the high TEC even resulted in the BSCF cathode’s peeling
off from the GDC/ScSZ electrolyte [127]. The chemical and ther-
mal expansion of BSCF between 873 and 1173 K and oxygen partial
pressures of 1x 1073 to 1atm were determined by in situ neu-
tron diffraction by McIntosh et al. [163]. In the range covered by
the experiments, the thermal and chemical expansion coefficients
are 19.0(5)-20.8(6) x 10~ K- and 0.016(2)-0.026(4), respectively.
The thermal expansion was attributed to crystal expansion from

harmonic atomic vibrations, which depend on the electrostatic
attraction forces within the lattice [200], while the chemical expan-
sion was induced by both the cobalt ion spin transition and the
thermal/chemical reduction of cobalt ions to lower oxidation states
[201].

Zhou et al. reported that the TEC of BSCF could be
reduced by introducing A-site cation deficiency into BSCF, i.e.
(Bag.5Srp5)1-xCop.8Fep203_s ((BS);_xCF) oxides [202]. They found
that the TEC was highly dependent upon both the A-site cation
deficiency fraction (x) and the selected temperature range. The
TECs decreased with increasing A-site cation deficiency, espe-
cially in the 450-750°C temperature range. Both Kostogloudis
and Ftikos, and Hansen and Vels Hansen reported similar trends
for (LaggSro.4)1-xCoo2FepgO3_5 (x=0.00-0.15) oxides [183,184].
Increased electrostatic attraction resulting from the decrease of
the lattice parameter may be responsible for this phenomenon.
The TEC of the (BS);_xCF perovskites was also closely correlated
with the chemical expansion effects resulting from changes in
the point defect concentration and the spin state of cobalt ions
[202]. Ge et al. also found that the A-site deficient BSCF also had
higher oxygen permeability due to the improved oxygen ionic con-
ductivity [203]. However, the increase in A-site cation deficiency
resulted in a steady increase in cathode polarization resistance
because of formation of impurities at the cathode/electrolyte inter-
face and reduced electronic conductivity. A single SOFC equipped
with a BSg g7CF cathode exhibited peak power densities of 694 and
893 mW cm~2 at 600 and 650 °C, respectively, and these results
were comparable with those obtained with a BSCF cathode. Con-
sidering the fact that low TEC may improve long-term stability of
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the electrode, slightly A-site cation-deficient (BS);_xCF oxides were
still highly promising cathodes for IT-SOFCs.

6.3. A- or B-site doping of BSCF

Li et al. reported that by doping a rare earth metal into A-
sites of BSCF with the formation of (Bag 55r¢ 5)1_xSmxCog gFep203_s
(BSSCF; x=0.05-0.15), the conductivity was improved, e.g., about
21.2% improvement as compared to pristine BSCF at 500°C for the
x=0.15 compound [204,205]. Electrochemical impedance spectra at
intermediate temperatures also revealed a better electrochemical
performance of BSSCF than BSCF; e.g., the total resistance values of
BSSCF electrode is nearly 50% lower than that of BSCF. However, the
TEC of these doped compounds is 19.1-20.3 x 10~ K- from 30 to
800 °C, which is even higher than the values of BSCF. The doping of
La or Nd had a similar effect on the cathode performance [206,207].

Serra et al. studied several elements as potential A-site sub-
stituents in the perovskite AgggSro3sFepgCog203_5 system [172],
including La, Pr, Sm, Nd, Er, Eu, Gd, Dy, and Ba. With respect to the
electrochemical behavior when operating as an SOFC cathode, two
different situations have been found depending on the operating
temperature. At high temperatures (850-900°C), La- and Pr-based
materials are by far the best performing materials, achieving values
of 1.4 and 1.25 Acm~2, respectively, at 0.8 V and 900 °C. However, at
lower temperatures (650 °C), other materials, based on Ba and Sm,
appear to perform at least similarly to the Pr-based cathode. Indeed,
Ba- and Sm-based cathodes show the lowest activation energies.
This fact is interpreted as a result of the catalytic activity of the sur-
face species involved in oxygen reduction and incorporation into
the perovskite lattice. On the other hand, it was found that Pd incor-
poration into the Pr-based cathode resulted in strong reduction of
the area-specific resistance.

The substitution of cobalt ion by more chemically stable ions,
such as Ti, is expected to decrease the TEC of the compounds
and improve the chemical stability with CeO,-based materials
[208]. Bag 6Srp4Co1_,TiyO3_s (BSCT) oxides showed a TEC of about
14 x 10~ K1 aty =0.2, which results in a good physical compatibil-
ity of BSCT with GDC electrolyte. BSCT also shows excellent thermal
cyclic stability of electrical conductivity and good chemical stability
with GDC. These properties make BSCT a promising cathode candi-
date for intermediate temperature solid-oxide fuel cells (IT-SOFCs).

Ovenstone et al. used in situ X-ray diffraction to investigate
the phase stability of Bag5SrgsCoyFe;_,03_5 (y=0-1) [209]. The
thermal decomposition processes both in low partial pressures of
oxygen (0.21 to 10~ atm Po,) and in reducing conditions have
been studied in detail. BSCF manifested excellent stability down to
10-2 atm Po,; however, it decomposed through a complex series of
oxides under more reducing conditions. Increasing the cobalt con-
tent resulted in a decrease in the temperature range of stability
of the material under 4% H, in N, with the initial decompo-
sition taking place at 375, 425, 550, 600, 650, and 675°C, for
y=1, 0.8, 0.6, 0.4, 0.2, and O, respectively. Wang et al. reported
that by replacing Co with Zn, developing Bag 5Srg5Zng,Feqg03_s
(BSZF) perovskite oxide, the corresponding membrane fabricated
from BSZF exhibited higher oxygen permeation flux (1.45 mm in
thickness, 0.35 mlmin~! cm~2) [210]. Furthermore, it showed good
chemical stability even under a low oxygen partial pressure of
10-12 atm, which is also preferred for SOFC cathodes. Wei et al.
synthesized and examined BSZF as a new cobalt-free cathode for
IT-SOFCs [211]. The electrical conductivity was relatively low, with
a maximum value of 9.4Scm~! at about 590 °C, mainly caused by
the high concentration of oxygen vacancy and the doping of biva-
lent zinc in B-sites. At 650°C and under open circuit condition,
symmetrical BSZF cathode on an SDC electrolyte showed polar-
ization resistances (Rp) of 0.48 and 0.35 2 cm? in air and oxygen,
respectively. The dependence of R, on oxygen partial pressure indi-

cated that the rate-limiting step for oxygen reduction was oxygen
adsorption/desorption kinetics. Using BSZF as the cathode, the wet
hydrogen fueled Ni/SDC anode-supported single cell exhibited peak
power densities of 392 and 626 mW cm~2 at 650 °C when stationary
air and oxygen flux were used as oxidants, respectively.

7. New issues raised by BSCF

The instability of the perovskite oxides containing alkaline-earth
elements in the presence of CO, and H,O emerges as one of the lim-
iting factors for the practical application in reduced temperature
SOFCs, since the ambient air typically contains a minor amount of
CO,. Arnold et al. [212] published results concerning the influence
of CO; on the oxygen permeation performance and the microstruc-
ture of perovskite-type BSCF oxides. They found that pure CO, as
the sweep gas at 875°C caused an immediate stop of the oxygen
permeation flux, which, however, could be recovered by sweeping
with pure helium. Examination of the microstructure clearly indi-
cated the decomposition of the perovskite structure up to a depth
of 40-50 wm when it was exposed to CO, for more than 4300 min.

Some studies proved that the presence of carbonates is very
detrimental to electrocatalysis by the BSCF cathode. Zhou et al.
found that when the Ag/BSCF composite cathodes were prepared
by electroless deposition using N,H4 and HCHO as reducing agents,
the results were very different [213]. As compared to a pristine
BSCF electrode, the electrochemical performance of the compos-
ite cathode was improved by using N,Hy4 as the reducing agent.
The ASR of NyHy-reduced Ag/BSCF was as low as 0.038 Q cm? at
600 °C. However, when the HCHO was used as the reducing agent,
the carbonates in the family of Ba,Sr;_,CO3; were formed during the
preparation, which blocked the active sites for oxygen adsorption
and reduction reactions and led to an increase in the polarization
resistances of both the charge-transfer process and the diffusion
process. Bucher et al. suggested that oxygen exchange at 300-700°C
can be significantly impaired by CO,-containing atmospheres [214].
Therefore, reducing agents that could lead to the formation of car-
bonates are not recommended in the preparation of silver-modified
perovskite electrodes that contain Ba and/or Sr alkaline-earth metal
ions.

The effect of CO, on the performance of BSCF cathode was sys-
tematically studied by Yan et al. [215-218]. They pointed out that
the BSCF cathode was susceptible to CO, attack at 450-750°C. A
decrease of the cell performance and increase of the polarization
resistance were observed when CO, was supplied to the cathode
gas line [215]. A detailed surface analysis of the BSCF cathode after
exposure to 1% CO,/0, at 450°C for 24 h revealed that the cath-
ode surface was destroyed and the carbonates of Sr and Ba were
formed on the top of the cathode layer [216]. The adsorption of CO,
on BSCF perovskite oxides in the absence and presence of O, and
H,O0 at various temperatures was investigated by temperature pro-
grammed desorption (TPD). XRD was used to characterize the phase
of the samples before and after adsorption. No CO, desorption peak
was observed when CO, was adsorbed on BSCF at room temper-
ature. A CO, desorption peak from the decomposition of surface
Bag 4SrgCO3 appeared after CO, was adsorbed at 400-700 °C. The
reactivity of CO, with BSCF increased with increasing temperature,
and the resulting carbonates became more stable. When CO, and
0O, were co-adsorbed, the CO, desorption peak shifted to a lower
temperature, and the peak area decreased compared to when pure
CO, was adsorbed, which was due to the competitive adsorption
of CO, and O,. The adsorption of CO, on BSCF was promoted in
the presence of H,O. A CO, desorption peak ranging from ~250
to 500°C, assigned to the decomposition of the bicarbonate, was
observed when H,0 was added. It was proposed that the presence
of both H,0 and CO; could inhibit the adsorption of O,, resulting
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in the increase of oxygen vacancies and a more serious poisoning
effect. It was found that the desorption area decreased following
the order: CO;, > CO,-0,-H50 > CO,-05. This result confirmed that
H,O0 can aggravate the poisoning effect of CO,, while the presence
of O, helped to stabilize the perovskite structure. The amount of
CO, adsorbed on BSCF increased when the barium doping level
increased from 0.3 to 1, which should be ascribed to the higher
thermodynamic stability of BaCO3 compared to SrCO3 [218].

The structural instability of cubic BSCF phase at low temperature
in air is another particular issue of concern. Svarcova et al. reported
that the cubic BSCF becomes unstable in air at intermediate tem-
peratures and gradually transforms to a hexagonal perovskite on
cooling, which may cause the questions regarding the long-term
stability of such a highly defective material under the operating
conditions of an IT-SOFC [219]. Fortunately, they showed that the
transformation of the cubic to hexagonal polymorph of BSCF can be
rationalized by the Goldschmidt tolerance factor and accordingly
suppressed by appropriate substitutions.

8. Summary and outlook

In summary, BSCF is a very promising cathode for IT-SOFCs due
to its excellent electrocatalytic activity for oxygen reduction at tem-
peratures below 650 °C. The high electrochemical performance of
BSCF is ascribed to its high oxygen vacancy concentration, which
increases not only the oxygen bulk diffusion rate but also the surface
exchange kinetics. To further promote the electrocatalytic activ-
ity of BSCF, the relatively slow oxygen surface processes should be
optimized by introducing additional oxygen vacancies or by modi-
fication with electronic conducting materials, such as LaCoO3 and
Ag. The high thermal expansion coefficient of BSCF can be modestly
reduced by using A-site deficient BSCF, which is beneficial for the
long-term stability of the cell.

Severe degradation of the surface oxygen exchange coefficient is
observed for the BSCF cathode exposed to a CO,-containing atmo-
sphere. Accordingly, extremely pure air feed is required as the
oxidant at the cathode when employing BSCF as the cathode at low
operating temperatures, which would increase the operation cost
of the fuel cell. Such an open question constitutes challenging and
essential topics for future investigations.
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