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Abstract The performance of Ca,Fe; 4Co0y605—Ceg.o
Gdy.10;.95 (CFC-CGO) composite cathode has been
investigated for potential application in intermediate-
temperature solid oxide fuel cells (IT-SOFCs). The com-
posite cathodes are prepared and characterized by XRD and
SEM, respectively. The electrochemical properties of the
composite cathodes are investigated using AC impedance
and DC polarization methods from 500 to 700 °C under
different oxygen partial pressures. The polarization resis-
tance (R,) decreases with the increase of CGO content in
the composite electrode. The addition of 40 wt.% CGO in
CFC results in the lowest R, of 0.48 €2 cm? at 700 °C in air.
Oxygen partial pressure dependence study indicates that the
charge-transfer process is the rate limiting step for oxygen
reduction reaction. CFC-40CGO composite cathode exhibits
the lowest overpotential of about 67 mV at a current density of
85 mA cm ~ at 700 °C in air.

Keywords Intermediate-temperature solid oxide fuel cells -
Composite cathode - Oxygen reduction reaction
Introduction

Solid oxide fuel cells (SOFCs) are considered as promising
next generation electric power source because of their high
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efficiency, environmental friendliness, and fuel flexibility.
Nowadays, one of the most important research goals is to
develop intermediate-temperature solid oxide fuel cells
(IT-SOFCs) [1]. IT-SOFCs will solve problems associated
with the high operation temperature, such as sealing and
thermal degradation. However, the reduced operation temper-
ature leads to decrease in the catalytic activity of the cathode
materials for the oxygen reduction reaction [2]. Therefore, the
improvement of cathode performance is one of the most
important issues for the development of IT-SOFCs.

In the study of alternative cathode materials with
nominal formula A,B,0s, much attention was focused on
their structure and electrochemical properties. As we know,
A5B,0s5.5 compounds can crystallize in either layered
perovskite-type or brownmillerite structures, depending on
the value of 6. Layered perovskite-type oxides, LnBaCo0,0s..5
(LnBCO) (Ln = rare earth) have received increasing attention
due to their possible application as cathode materials for
IT-SOFCs [3-6]. These materials exhibit promising ionic—
electronic mixed conductivity and electrocatalytic activity for
the oxygen reduction reaction. However, it is reported that the
thermal expansion coefficients (TECs) of LnBCO materials
vary from 15.8x107° to 24.3x10°° K™ in the temperature
range of 100-900 °C in air [7]. The large TECs are not
compatible with these well-known solid electrolyte materials.
In addition, the relatively high cost of cobalt element is
another drawback that retards the wide application of
LnBCO materials [8].

Recently, a number of oxides with the brownmillerite-
type structure have been re-visited, in terms of their high-
temperature electrochemical properties. These compounds
exhibit relatively high oxygen diffusion ability and suitable
TECs [9, 10]. For example, the average TECs of Ca,Fe,Os5
ceramic is in the range of (11.3-13.6)x10 ® K™, which is
compatible with many solid electrolyte materials [11].
Another study indicated that brownmillerite oxides have
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potential applications in separating oxygen from air and
partial oxidation of light hydrocarbons, due to their high
oxygen permeability [12, 13]. The electrochemical prop-
erties of Ca,Fe, ,Co, 05 (CFC) cathode materials for IT-
SOFCs were recently studied in our group [14]. These
materials exhibited reduced polarization resistance and
compatible chemical stability with CGO electrolyte, which
implies that Ca,Fe, .Co,0Os is likely to be new cathode
material for IT-SOFCs.

It is generally agreed that composite electrodes, which
typically consist electronic conducting materials and
ionic conducting materials, exhibit improved -electro-
chemical performance than those single-phase ones. This
is due to the enlargement of the electrochemical active
area, i.e., the triple phase boundary (TPB) in the
composite electrode [15]. Several composite materials,
such as Lao'gsro'zMnO:;*CCO'ngo'10]'95 (LSM*CGO),
Lag.6S19.4C0¢ 2Fe.803-Ce.9Gdg.101.95 (LSCF-CGO),
and Smg sSry5C003—Smg,Cer 09 (SSC-SDC) [16-18],
have been extensively studied and show attractive
electrochemical properties.

In order to further optimize the electrochemical performance
of CFC rnaterial, Ca2F61.4C00_605—Ceo.9Gd0_101_95 (CFC—
CGO) composite cathode was prepared. Ca,Fe; 4Cog 605
exhibits the highest electrical conductivity (80 s cm ! at
800 °C in air) among the series Ca,Fe, ,Co,0s material
which is benefit to extend the active oxygen reduction site
from the TPB to the whole exposed cathode surface. The
chemical compatibility, cathode properties, and kinetics of
oxygen reduction reaction were investigated and analyzed in
detail.

Experimental

CayFe; 4Co 605 (CFC) powder was prepared via the solid-
state reaction. Stoichiometric amount of CaCO3 (99.99%),
Fe;03 (99.99%), and Co304 (99.99%) were mixed and
grounded in an agate mortar, then calcined in air at 1,100 °C
for 24 h. Cey9Gdy10;95 (CGO) powder was prepared
according to ref. [19]. The CGO powders were uniaxially
pressed at 220 MPa and then sintered at 1,400 °C for 10 h to
form a dense electrolyte pellet. The pellet was about 1 mm in
thickness and 15 mm in diameter.

The CFC powders were mixed with different amount of
CGO powders (0-50 wt.%) to form composite material
(denoted here by “CFC-xCGO” x=0-50). The CFC—xCGO
powders were first mixed with terpineol to form the slurry,
and subsequently painted on one side of the CGO
electrolyte to form a working electrode (WE) with area of
0.5 cm?. Platinum paste was painted on the other side of the
CGO pellet in symmetric configuration, as the counter
electrode (CE). A Pt wire with diameter of 0.1 mm was
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used as reference electrode (RE). This Pt wire was welded
on the working-electrode side of the CGO electrolyte with
Pt paste, to form a point contact (less than 0.5 mm in
diameter) on the edge of CGO electrolyte. The RE was
normally placed 5 mm away from the WE, ensuring that
this distance was more than three times the thickness of the
electrolyte.

The structure and phase purity of the materials were
investigated by X-ray powder diffraction on a Bruker D§-
Advance diffractometer Cu K, radiation. The morphology
and microstructure of the sintering electrodes were
examined with Hitachi S-4700 FEG-SEM (field emission
gun-scanning electron microscope). The electrochemical
impedance spectra (EIS) were recorded in the frequency
range 0.1 Hz—1 MH using Autolab PGStat30, and EIS
fitting analysis was performed with the Zview software.
The measurements were performed at equilibrium potential
as a function of temperature (500-700 °C) and oxygen
partial pressure.

The DC polarization experiments were performed by the
chronoampermetry method [20], which involved a potential
step followed by recording the current density as a function
of time. The cathode overpotential was calculated according
to the following equation:

nwe = AUwr — iR

where nwg represents the cathode overpotential, AUwg is
the applied voltage between working electrode and reference
electrode, i is the current flowing through the test cell, and
R, is the resistance of the electrolyte obtained from the
impedance spectrum.

Results and discussions
Chemical stability of the cathode material

It is known that the interfacial reaction between cathode
and electrolyte materials has dramatic effect on the
performance of SOFCs [21]. It is necessary to study the
chemical stability of CFC with CGO at high temperature.
The sample was prepared by mixing thoroughly CFC with
CGO powers in a 1:1 weigh ratio, and then heat-treated at
1,200 °C for 12 h in air. The phase evolution and possible
reaction was checked by XRD. Figure 1 shows the XRD
pattern of heat-treated mixture. For comparison, the XRD
patterns of CFC and CGO were also presented. It was
observed that CGO and CFC remained their structure
unchanged; no new diffraction patterns were detected except
those of CFC and CGO. This result indicates that CFC has no
reaction with CGO electrolyte. Compared to the reported
perovskite cobaltic oxide (such as Bay sSry sFe,Co,,05) [22],
the brownmillerite Ca,Fe, Co0,0Os oxide exhibits much
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Fig. 1 XRD patterns of CFC, CGO, and CFC-CGO mixture after
1,200 °C for 12 h in air

higher thermal and chemical stability, which is advantageous
when the SOFCs system has to work for a long time.

Electrochemical measurements of the cathode material

Figure 2 shows the typical impedance spectra of the CFC-
40CGO composite cathode on CGO electrolyte after
sintered at different temperatures for 4 h and then measured
at 700 °C in air. There are at least two consecutive arcs
presented when the sintering temperature is 900 and 1,100 °C.
However, only one arc presents when the sintering tempera-
ture is 1,000 °C. Here, the intercepts of the impedance arc with
the real axis at high frequencies correspond to the resistance of
the electrolyte and lead wires, whereas the overall size of the
arcs is attributed to cathode polarization resistance (Rp,) of the
CFC-40CGO composite electrode. It is observed that R, was
relatively high when the sintering temperature was low
(900 °C). When the sintering temperature was 1,000 °C, R,
reduced to the lowest value. R, increased again when the
sintering temperature was 1,100 °C. As we know, the
sintering temperature has dramatic effect on the electrode
microstructure, which in turn will influence the electrode
properties. Therefore, the microstructure evolution of the
CFC-40CGO composite cathode under different sintering
temperatures was further studied by SEM. Clearly from
Fig. 3a, it is observed that electrode particles formed poor
contact with each other when the sintering temperature was
900 °C. After being sintered at 1,000 °C, a microstructure
with moderate porosity and well-necked particles was
formed. The average particle size is about 200 nm, and the
thickness of the electrode is about 40 um (Fig. 3b, d). When
the electrode was sintered at 1,100 °C for 4 h, the diameter
of CFC particles increases dramatically, and the particles are
partially aggregated, as that shown in Fig. 3c. In this case,

the increase of polarization resistance might be due to further
growth and agglomeration of the particles, which decreases
the cathode porosity and retards the gas diffusion. The
activated reaction sites in the CFC-CGO cathode also
decrease. Consequently, the electrode performance is weak-
ened, and the cathode exhibits high polarization resistance.
The similar over-sintering effect has been observed before in
the other cathode materials [23]. Therefore, 1,000 °C for 4 h
is the best sintering condition for CFC-CGO electrode to
obtain optimum microstructure.

The effects of CGO content on the polarization resis-
tance were further studied. Figure 4 shows the polarization
resistance (R;,) versus measurement temperature for com-
posite cathodes. The R, of pure CFC cathode is 1.05 € cm?
at 700 °C in air. R, decreases steadily as the CGO content
increases from 0 to 40 wt.%. The lowest R, of 0.48 () cm?
is obtained at 700 °C when CGO content is 40 wt.%.
However, when CGO content increases to 50 wt.%, cathode
polarization resistance increases again. This phenomenon
can be explained by ambipolar resistivity model of porous
composite cathode developed by Dusastre et al. [24]. The
decrease in R, with the addition of CGO could be attributed
to the high ionic conductivity of CeO,-based oxides [25],
which functions effectively as an oxygen conduction path,
and greatly extends the electrochemical-activated reaction
sites from the electrode/electrolyte interface to the bulk of
the CFC electrode, which results in a decrease in the
polarization resistance. At very high CGO content, the
electron-conducting path within CFC particles may be
interrupted, which results in the increase of polarization
resistance. In addition, the presence of non-continuous
electron-conducting phase in CFC-CGO composite cathode
leads to high-ohmic resistance and contact resistance
between the cathode and electrolyte substrate. Therefore,
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Fig. 2 Impedance spectra of the CFC-40CGO composite cathode
sintering at different temperatures and then measured at 700 °C in air
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Fig. 3 SEM micrographs of the
CFC-40CGO composite cathode
sintered at 900 (a); 1,000
(b); 1,100 °C (c¢); and the
cross-section micrograph of the
test cell sintered at 1,000 °C (d)

the optimal CGO content to achieve the lowest cathode
polarization resistance was 40 wt.% in this study. This
result is quite similar to the reported composite cathodes,
such as LSM—CGO and LSCF-CGO [16, 26]. Therefore, in
the below experiments, only the optimum composite
electrodes (with 40 wt.% CGO and sintered at 1,000 °C
for 4 h) are investigated.

The temperature dependence of polarization resistances
R, with various CGO compositions is presented in Fig. 5.
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Fig. 4 Polarization resistance R, of CFC-CGO composite cathodes

(sintered at 1,000 °C) as a function of CGO content, measured at
500-700 °C in air
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From the slope of the curves, the activation energy can be
calculated. The slopes of log R, vs. 1/T are nearly the same
for all CFC—CGO compositions, yielding activation energy
from 1.14 to 1.28 eV. These values are close to that of pure
CFC cathode (1.39 eV) [14]. This indicates that the CGO
addition does not change the rate limiting mechanism of the
cathode reaction process.

To clarify the oxygen reduction reaction mechanism of
the composite electrode, impedance measurements were
performed as a function of oxygen partial pressure. Figure 6
shows the dependence of polarization resistance (R,,) of the
CFC-40CGO/CGO test cell on oxygen partial pressure
(Po,) at different temperatures. It is observed that the
polarization resistance decreases dramatically with the
increase of oxygen partial pressure. Generally, R, varies
with the oxygen partial pressure according to the following
equation:

R, =R'(Po,)™"
n=1, 0O, (g):OZ,ads
(molecular oxygen is absorbed on the electrode surface)
n= 1/27 OZ,ads.:zoads.
(oxygen surface adsorption, dissociation and surface diffusion)
n=1/4, O +2¢ + V5205
(charge — transfer process)

It is known that the value of n could give useful
information about the type of species involved in the
electrode reactions [27, 28]. The Pé)/z ¢ relationship was
considered as the contribution of the charge-transfer process
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Fig. 5 Temperature dependence of the R, for CFC and CFC-CGO
composite cathodes

on the electrode, which was observed before for
Nd,NiO4 cathode [29]. Our results indicated that the n value
is 0.23+0.02 at 700 °C, 0.24+0.02 at 600 °C, and 0.24+0.01
at 500 °C, respectively, which is quite near the value of 0.25
(n=1/4). This result indicates that the charge-transfer process
is the major rate limiting step for CFC-40CGO composite
cathode in the whole range of measurement oxygen partial
pressure. The same conclusion has been drawn in our
previous study of pure Ca,Fe, Co,05 cathode material
[14]. This implies that the addition of CGO does not change
the reaction limiting step of the composite electrode.
Cathode overpotential is an important factor representing
the electrode performance. Figure 7 shows the cathodic
polarization curve of CFC-40CGO composite cathode
measured at various temperatures in air. At low overpotential
(less than 20 mV), we can expect a linear expression
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Fig. 6 Dependence of R, on oxygen partial pressure for CFC-40CGO
composite cathode at 500, 600, and 700 °C
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Fig. 7 Cathodic polarization curves for CFC-40CGO composite
cathode obtained at various temperatures in air

[30], i=ipZFn/RT, where i is the current density, iy the
exchange current density, 7 the overpotential, F' is the
Faraday's constant, and R is the universal gas constant. From
the inverse of the derivative of i against 7, we can obtain the
polarization resistance. The value obtained at 700 °C in air
was 0.50 Q cm?, which was in agreement with the result
obtained from impedance measurement. It is also observed
from Fig. 7 that the current density (for a fixed overpotential
value) increases with temperature. The lowest polarization
overpotential, 67 mV, was measured for CFC-40CGO
composite cathode at a current density of 85 mA cm > at
700 °C in air. This value is lower than that of the reported
LSM-CGO composite cathode [16]. As we expected, the
polarization overpotential can be reduced dramatically by
forming a composite cathode with high electronic and ionic-
conducting materials, and that CFC—CGO composite materi-
als can be considered as possible cathodes for IT-SOFCs.
Further work will be done to optimize the microstructure and
to improve the catalytic properties of the electrode.

Conclusions

1. The CFC-CGO composite cathode forms good contact
with CGO electrolyte after sintering at 1,000 °C for 4 h.

2. Impedance analysis and oxygen partial pressure depen-
dence study indicate that charge-transfer process is the
rate limiting step for oxygen reduction reaction. The
reaction rate limiting step does not change with the
addition of CGO.

3. The lowest polarization resistance obtained at 700 °C in
air is 0.48 Q cm?® for the CFC-40CGO composite
cathode, and the lowest overpotential is 67 mV under a
current density of 85 mA cm 2.
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