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ABSTRACT

Cathodes with high catalytic activities are usually required for the preparation of high performance
intermediate temperature (600-800 °C) solid oxide fuel cells (IT-SOFCs). In the present study, a new kind
of cathode material for IT-SOFCs based on Ba(Zrp1Cep7Y02)03 (BZCY) electrolytes is prepared through
solid state reduction of the K;NiF, structured LaSrCoO,_s with CaH,. Structural analysis by XRD reveals
that the cell parameters of LaSrCoO,_s become larger after the reduction. And oxygen stoichiometry of
3.57 is determined by iodometric titration for the CaH; reduced phase (marked as H-LaSrCoOy,_s). The
electrochemical properties of both the H-LaSrCoO4_s—BZCY and the LaSrCoO,4_s-BZCY composite cath-
odes are investigated through ac impedance spectroscopy and dc polarization measurements. At 750°C,
the H-LaSrCoO,4_s—BZCY cathode exhibits a polarization resistance of 0.229 Q2 cm?, which is about one
third smaller than that of the LaSrCoO4_s—BZCY cathode. Meanwhile, cathodic overpotential of 25 mV
is obtained for the H-LaSrCoO,4_s-BZCY cathode under a current density of 100 mA cm~2 at 750°C. This
value is much lower than 70 mV of the LaSrCoO,4_s-BZCY cathode obtained at the same condition. Sub-
sequent study on the cathodic reaction process implies that the better electrochemical properties of
the H-LaSrCoO,4_s—BZCY cathode can be attributed to the higher oxygen vacancy concentration in the

H-LaSrCoO,_s lattice that enhances some key steps of the oxygen reduction reaction (ORR).

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) are considered as promising power
generating devices for their obvious advantages like high energy
efficiency, low environmental impact and excellent fuel flexibility.
However, on their way to broad commercialization there are still
some problems to be solved. For example, the high operating tem-
perature (800-1000 °C) has limited the application of SOFCs for the
high fabrication cost of expensive thermostable interconnectors
and the compatibility problems between electrode and electrolyte
materials. So the current trend is to develop SOFCs that operate
in the intermediate temperature range (600-800°C) [1]. However,
both the electrolyte ionic conductivity and the cathode kinetics will
inevitably decrease in this temperature range, resulting in dramatic
degradation of the cell performance. For these reasons, consider-
able efforts have been made to find new electrolytes with higher
ionic conductivity and suitable cathodes with better electrochem-
ical properties [2-8].

Despite the widespread use of oxygen-ion conducting elec-
trolytes like yttria stabilized zirconia (YSZ) and gadolinia doped
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ceria (GDC), proton conductors with higher conductivity at lower
temperature have attracted more attention as new SOFC elec-
trolytes in recent years. In 2006, Liu et al. successfully developed a
novel proton conductor, Ba(Zrg1Ceg7Yo2)O03 (BZCY), which can be
used as the electrolyte material of low temperature SOFCs. Accord-
ing to their study, BZCY shows both high proton conductivity and
sufficient chemical and thermal stabilities at low temperatures [9].
And researches on cathode materials for BZCY based SOFCs are still
under way.

Nowadays, K;NiF4-type oxides arouse intense interests for their
potential application in SOFC cathodes. As compared with tradi-
tional perovskite structured materials, these oxides possess better
thermal stability, higher surface oxygen exchange coefficients as
well as closer thermal expansion coefficients to those of the com-
monly used SOFC electrolytes [10-12]. For oxides used as SOFC
cathode materials, the presence of sufficient lattice oxygen vacan-
cies is generally of positive influence on the oxygen reduction
process [13,14]. Recently, some researchers reported a solid state
reduction method utilizing metal hydrides as the reducing agents to
achieve topologic oxide deintercalation and forming novel oxygen-
deficient phases[15-17]. Although the magnetic properties of these
phases were paid close attention, their electrochemical proper-
ties related to the use as SOFC cathode materials have not been
studied.
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In this paper, we first synthesized a highly oxygen-deficient
phase through solid state reduction of the K;NiF4-type LaSrCoO,_g
with CaH,. Electrochemical properties of the reduced phase were
then investigated to explore its potential use as cathode material
for BZCY based IT-SOFCs.

2. Experimental
2.1. Preparation of cathode and electrolyte powders

LaSrCo0O4_s powder was synthesized through the Pechini
method [18]. Stoichiometric amounts of analytically pure
La(NO3)3-6H,0, Sr(NOs3), and Co(NOs3)3-6H,O0 were dissolved
in a certain amount of deionized water. Citric acid, in a molar
ratio of 4.5:1 to the total metallic ions, was subsequently added
to obtain a homogeneous solution. Then, the solution was heated
at 110°C to form a porous gel. And LaSrCoO,4_s black powder
was finally obtained by calcining the gel at 1000 °C in air for 4 h.
To get H-LaSrCoO,_s, a mixture of LaSrCoO4_s and CaH,, with a
molar ratio of 2:1, was sealed in an evacuated silica tube under
dynamic vacuum (P <2 x 102 Pa) and heated at 450°C for 24 h.
The reaction products were filtrated with 0.1 M NH4Cl solution in
methanol to remove the CaO byproduct and any unreacted CaH,
and then dried at 60°C in an oven.

BZCY powder was prepared through the solid state reaction
method. Appropriate amounts of high-purity BaCOs, ZrO,, CeO,,
and Y503 were uniformly mixed by ball milling in ethanol for 2 h.
The mixture was then calcined at 1200 °C for 12 h to produce single
phase BZCY.

2.2. Fabrication of cathodes

Three-electrode system was fabricated to test the electrochem-
ical properties. First, electrolyte substrates were prepared by die
pressing BZCY powder, followed by sintering at 1600 °C in air for
6 h. The electrolyte substrates were 17 mm in diameter and 1 mm
in thickness. Then, the cathode slurry containing H-LaSrCoO,4_; (or
LaSrCo0O,4_s) and BZCY (in a weight ratio of 7:3) was screen-printed
onto one side of the BZCY electrolyte and calcined at 1100°Cfor3 h
to form a 0.28 cm? working electrode. A Pt mesh counter electrode
was placed symmetrically on the opposite side and a Pt mesh ref-
erence electrode was laid 3 mm away from the counter electrode,
ensuring that this distance was at least three times the thickness
of the electrolyte [19].

2.3. Characterization

For phase identification and chemical compatibility confirma-
tion, powder X-ray diffraction (XRD) was performed on a Rigaku
D/Max-2400 diffractometer (Cu Ka radiation, 40kV, 100mA,
A=0.154178 nm) at a step of 0.02° and in a 26 range of 20-70°.
Rietveld refinements were performed to get information about
the lattice structure. The average oxidation state of the cobalt ion
and hence the oxygen stoichiometry of the original and reduced
LaSrCo0O4_s was determined by the iodometric titration tech-
nique [20]. And the microstructures of the composite cathodes
were inspected by scanning electron microscopy (SEM) (JEOL
JSM-6390).

Cathode polarization resistance (R,) as a function of temper-
ature and oxygen partial pressure (Pp,) was characterized by
ac impedance spectroscopy using Solartron 1287 potentiostat
and 1260 frequency-response analyzer over a frequency range
of 1072-10° Hz. Cathodic overpotential was obtained through dc
polarization experiments which were taken at various potential
steps by recording the current density as a function of time [21].
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Fig. 1. XRD patterns of LaSrCoQO,4_s and H-LaSrCoO,_;.

3. Results and discussions
3.1. Phase identification

Shown in Fig. 1 is a comparison of XRD patterns between
LaSrCoO,4_s and H-LaSrCoO,4_s. It can be confirmed that all the
diffraction peaks of the two phases are characteristic of K;NiFy
structure with tetragonal symmetry. No obvious impurities are
detected in H-LaSrCoO,4_g, indicating a complete remove of the
unwanted phases through filtration by NH4Cl solution. Further-
more, compared with the diffraction peaks of LaSrCoO,4_s, the
corresponding peaks of H-LaSrCoO,4_s shifted to the position of the
smaller 26 angles. This reflects the difference of cell parameters
between the two phases. According to Hayward'’s report, during the
reaction between LaSrCoO,4_s and CaH,, oxide ions were extracted
from the LaSrCo0O,4_; lattice and reacted with CaH, to form CaO.
And oxygen vacancies were simultaneously produced with the con-
sumption of oxide ions [17]. The formation of oxygen vacancies led
to the increase of Co-O bond length and caused changes in the unit
cell parameters [22-25]. Table 1 lists the unit cell parameters of
the two phases derived from Rietveld refinements. It is clear that
the cell parameters became larger after LaSrCoO,4_s was reduced.
The oxygen stoichiometry of both LaSrCoO,4_s and H-LaSrCoO4_;
was later calculated with the iodometric titration results as 3.81
and 3.57, respectively. These data show that the reduced phase,
H-LaSrCoO4_g, has more oxygen vacancies.

3.2. Chemical compatibility

Reactions between cathodes and electrolytes generally intro-
duce undesirable phases that may degrade the SOFC performance.
To check the bulk chemical compatibility between H-LaSrCoO,4_g
and BZCY, a mixture of the two powders (in a 1:1 weight ratio)
was calcined at 1100°C for 3 h. Fig. 2 shows the XRD patterns
of H-LaSrCoO4_s5 BZCY and their mixture after calcination. It is
clear that both H-LaSrCoO,4_s and BZCY remain their structures
unchanged, implying no observable chemical reactions occurred
between the two materials during the high temperature treatment.

Table 1

Comparison of unit cell parameters between H-LaSrCoO4_s and LaSrCoO,_s.
Phase Structure a(A) c(A) V(A3)
H-LaSrCoOy4_s Tetragonal 3.833 12.566 184.618
LaSrCo0y_s Tetragonal 3.807 12.452 180.470
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Fig. 2. XRD patterns of H-LaSrCoQ,4_s, BZCY and H-LaSrCoO,4_;-BZCY mixture cal-
cined at 1100°C for 3 h.

So a preliminary conclusion can be drawn that H-LaSrCoO,4_g is
chemically compatible with the BZCY electrolyte.

3.3. Electrochemical properties of cathodes

Fig. 3 shows the polarization resistances of the H-
LaSrCo0,4_s-BZCY and the LaSrCoO,4_s-BZCY cathodes at different
temperatures. In addition to the smaller activation energy for the
ORR, the H-LaSrCoO,4_s-BZCY cathode has the smaller polarization
resistances at all temperatures. For example, the Ry, value of the H-
LaSrCo0,_s—BZCY cathode is 0.229 2 cm? at 750°C, which is about
one third decrease from 0.341 Q2cm? of the LaSrCoO,_s—BZCY
cathode.

To investigate the microstructure of the two cathodes, SEM
images were taken from both their surfaces and cross-sections.
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Fig. 3. Temperature dependence of the polarization resistance of the H-
LaSrCoO,_;-BZCY and the LaSrCo0O,4_s—BZCY cathodes.

As can be seen in Fig. 4, both the H-LaSrCoO,4_s—BZCY and the
LaSrCo0,4_s-BZCY cathodes exhibit good inter-particle connectiv-
ity and moderate pore structure. As the two cathodes have the
similar microstructure, the difference between their electrochem-
ical properties should be analyzed from the specific process of the
oxygen reduction reaction. On the basis of other related researches
[13], we can reasonably figure out the route of the ORR that
occurs on the composite cathodes. The reduction process includes:
(1) diffusion of gaseous oxygen through the porous cathode; (2)
adsorption of oxygen molecules on H-LaSrCoO,_gs (or LaSrCoOy4_s)

X5,000 S5um

Fig. 4. Microstructures (SEM images) of cathodes fired at 1100 °C for 3 h: (a and b) surface and cross-section views of the H-LaSrCoO,_s—BZCY cathode; (c and d) surface and

cross-section views of the LaSrCo0,4_s—BZCY cathode.
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Fig.5. Impedance spectra of the H-LaSrCoO,_s—BZCY cathode under various oxygen
partial pressures at 750 °C and the equivalent circuit for fitting the data.

surface; (3) dissociation of the adsorbed oxygen molecules into
atoms; (4) reduction of oxygen atoms to oxide ions; (5) sur-
face diffusion of oxide ions to the sites where H-LaSrCoO4_s (or
LaSrCo04_s) and BZCY particles meet to combine with protons to
form water molecules.

To confirm the rate-determining steps, Po, dependence of Ry, for
the two cathodes were investigated at different temperatures. Fig. 5
shows the typical impedance spectra of the H-LaSrCoO,4_s-BZCY
cathode under various oxygen partial pressures at 750 °C. Two char-
acteristics of the impedance spectra are readily noticeable. First,
the impedance spectrum becomes larger with the decrease of Po, ,
indicating a gradually increasing polarization resistance and the
great influence of oxygen concentration on the ORR process. Sec-
ond, all the impedance spectra are composed of two overlapping
arcs, implying the polarization resistance mainly comes from two
rate-determining steps.

Here the equivalent circuit shown in Fig. 5 was employed
to fit the impedance spectra. And the polarization resistances of
the H-LaSrCoO,4_s—BZCY cathode were calculated from the fitting
results. To make a comparison, the polarization resistances of the
LaSrCo0,_s-BZCY cathode were also calculated. The Pp, depen-
dence of Ry, for the two cathodes is shown in Fig. 6. As we know,
the relation between the polarization resistance and the oxygen
partial pressure can be expressed as: Ry = k(Po, )", where k is the
oxygen partial pressure independent constant. Different n values
are attributed to different rate-determining steps [26]:

n=1, diffusion of oxygen and adsorption of oxygen molecules on
the cathode surface;

n=1/2, dissociation of adsorbed oxygen molecules into atoms;
n=1/4, charge transfer of oxygen atoms to become lattice oxide
ions.

On one hand, the H-LaSrCoO,_s-BZCY cathode shows n values
between 1/4 and 1/2, implying dissociation and charge transfer
are the rate-determining steps. On the other hand, the n value
gets closer to 1/2 as the temperature increases, indicating the
dissociation step makes the greater contribution to R, at higher
temperatures. Similar characteristics of n values were also found
for the LaSrCoO4_s-BZCY cathode. This suggests that there is no
significant difference between the ORR mechanisms for the two
cathodes. So, the smaller R, value of the H-LaSrCoO,4_s-BZCY cath-
ode shown in Fig. 3 can be explained from the perspective of the
lattice structure. For the H-LaSrCoO,_s-BZCY cathode, the higher
oxygen vacancy concentration of the H-LaSrCoO,_s phase made
the dissociation and the charge transfer steps easier to proceed
than the corresponding steps of the ORR on the LaSrCoO,4_s-BZCY
cathode [13]. This led to the smaller polarization resistance of the
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Fig. 6. Oxygen partial pressure dependence of the polarization resistance of (a) the
H-LaSrCo0,4_s—-BZCY and (b) the LaSrCo0O,_;-BZCY cathodes.

H-LaSrCoO4_s—BZCY cathode than that of the LaSrCoO4_s-BZCY
cathode under the same condition.

Cathodic overpotential, defined as the deviation from reversible
potential as electric current passes through a cathode, is attributed
to the slowness of ORR and is an important factor to evaluate
cathode performance. It can be calculated with the equation:
nwe = AUwr — iRe;, where AUwg is the applied voltage between
the working and reference electrodes, i is the dc current flowing
through the cell and R, is the electrolyte resistance derived from
the impedance spectrum. Fig. 7 shows the overpotential of the H-
LaSrCoO,4_s-BZCY and the LaSrCoO,_s-BZCY cathodes as a function
of current density at different temperatures. At a given current den-
sity, the overpotential of the cathodes decrease with the increase
of temperature, reflecting enhanced ORR process at higher temper-
atures. Meanwhile, the overpotential of the H-LaSrCoO,4_s-BZCY
cathode is much lower than that of the LaSrCoO,4_s-BZCY cathode.
For instance, the overpotential of the H-LaSrCoO,4_s-BZCY cathode
is about 25mV under a current density of 100 mA cm~2 at 750°C.
This value is lower than 70 mV of the LaSrCoO,4_s-BZCY cathode
and also much lower than that of some other reported cathodes
under the same testing condition [27-29]. Such good performance
of the H-LaSrCoO4_s—BZCY cathode is mainly based on the large
amount of oxygen vacancies in the H-LaSrCoO,_s lattice, which
facilitate the ORR process. Here, the inspection of cathodic over-
potential also verifies good properties of H-LaSrCoO4_s when
used as the cathode material for BZCY based IT-SOFCs. And it is
expected that the electrochemical properties of H-LaSrCo0O,4_g will
be further improved through changing the Sr doping amount or
doping with other transition metals on the B-site [27,30].
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Fig. 7. Overpotential-current density curves of (a) the H-LaSrCo0O,_s-BZCY and (b)
the LaSrCo04_s—BZCY cathodes.

4. Conclusions

In this study, we synthesized a highly oxygen-deficient phase, H-
LaSrCo0y,_g, through solid state reduction of LaSrCoO,_g5 with CaH,.
To evaluate its application in cathodes of BZCY based IT-SOFCs,
electrochemical properties of the H-LaSrCoO,_s-BZCY compos-
ite cathode were investigated. At 750 °C, the H-LaSrCoO,4_s-BZCY
cathode shows a polarization resistance of 0.229 Q2cm?. And a
cathodic overpotential of 25 mV is obtained under a current den-
sity of 100mAcm~2. Such good properties can be attributed to
the large amount of oxygen vacancies in the H-LaSrCoO,_g lat-
tice, which enhance the rate-determining steps of dissociation and
charge transfer in the cathodic ORR process. It is verified that H-
LaSrCo0O,4_s can be used as potential cathode material for BZCY
based IT-SOFCs.
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