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Lap.g4Sro16MnO5_s—Biy4Erg 03 (LSM-ESB) composite cathodes are fabricated by impregnating LSM elec-
tronic conducting matrix with the ion-conducting ESB for intermediate-temperature solid oxide fuel cells
(IT-SOFCs). The performance of LSM-ESB cathodes is investigated at temperatures below 750°C by AC
impedance spectroscopy. The ion-impregnation of ESB significantly enhances the electrocatalytic activity
of the LSM electrodes for the oxygen reduction reactions, and the ion-impregnated LSM-ESB composite
cathodes show excellent performance. At 750°C, the value of the cathode polarization resistance (Rp)
is only 0.11  cm? for an ion-impregnated LSM-ESB cathode, which also shows high stability during a
period of 200 h. For the performance testing of single cells, the maximum power density is 0.74 W cm—2
at 700°C for a cell with the LSM-ESB cathode. The results demonstrate the ion-impregnated LSM-ESB is
one of the promising cathode materials for intermediate-temperature solid oxide fuel cells.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

La;_xSrxMnOs3_g (LSM) is regarded as one of the most promising
cathode materials for use in the production of high-temperature
solid oxide fuel cells (SOFCs) because of its high thermal and
chemical stability, relatively good compatibility with zirconia-
based electrolytes [1,2]. However, the electrochemical activity of
the LSM-based cathodes decreases substantially with decreasing
cell operating temperatures and the cathode polarization resistance
dominates the cell resistance at intermediate temperatures. There-
fore, it is critical to improve the LSM cathode performance in order
to improve the cell performance at intermediate temperatures.
Many researchers have investigated the properties of LSM-based
cathodes [3-6], and it is reported that the rate-determining step
of the oxygen reduction on LSM cathodes is the adsorption and
surface diffusion of oxygen. Some other researchers suggested
that the charge transfer reaction is the rate-determining step for
the oxygen reduction reaction on LSM cathodes. However, all of
them suggested that the performance of cathodes is closely related
to the length of the triple phase boundary (TPB). It is reported
that the composite cathodes can availably increase the length of
TPB and improve their electrochemical performance [7-9], and
the addition of an oxygen ion conductor into LSM to form a
composite cathode is a general method. For instance, cathode
polarization resistances (area specific resistances) were 2.49 and
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0.75 2 cm? at 700°C for a LSM-YSZ cathode and a LSM-GDC cath-
ode, respectively, which were 25 and 7.5% of the value for the
LSM polarization resistance [9]. And the superior performance
of the LSM-GDC composite cathode over that of LSM-YSZ was
attributed to the higher ionic conductivity as well as the higher
oxygen surface exchange coefficient of GDC compared with that of
YSZ.

Doped bismuth oxides have been investigated recently as possi-
ble component of composite cathodes in IT-SOFCs [10-12]. Doped
bismuth oxides have high levels of oxygen ion conductivity [13-15].
For instance, Er,05-stabilized Bi;O3; (ESB) has the highest level
of oxygen ion conductivity (0.37Scm~! at 973 K). In addition, the
oxygen surface exchange coefficient of stabilized bismuth oxide is
comparable to that of other electrolytes [16]. Thus, ESB is expected
to improve the electrode performance by playing the role of GDC
or YSZ in composite cathodes.

Now, a more effective ion-impregnating method has been
proposed to fabricate the composite cathodes [17-20]. It is an
effective way to deposit electrocatalytic oxides into the porous
LSM matrix without diminishing the advantages of stability and
compatibility of LSM materials with zirconia-based electrolytes.
In this work, LSM-ESB composite cathodes for intermediate-
temperature solid oxide fuel cells (IT-SOFCs) based on the SSZ
((Zr02)0.89(Sc203)0.05(Ce03)o.01) electrolytes were fabricated with
a two-step fabricating process including screen-printing and ion-
impregnating, and the electrochemical behavior at the cathode/
electrolyte was investigated by AC impedance analyses. Besides,
the performance of anode-supported single cells using LSM-ESB
as cathode materials was also evaluated.
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2. Experimental

The LaggqSro16MnOs_5 (LSM) powder was synthesized by
autoignition of citrate-nitrate gel as reported previously [21].
La(NO3)3-6H20(>99.0%), Sr(NO3), (>99.5%), and Mn(NOs),-4H,0
(>99.0%) in stoichiometric proportions were mixed together in a
water-bath at 80°C. When they were dissolved completely, a cer-
tain amount of citric acid was introduced to form the LSM precursor
solution. The solution was heated on a hot plate till autoignition
occurred, resulting in a black powder. Then the powder was sintered
in air at 850 °C for 5 h to form the expected perovskite phase.

To prepare the cathode, LSM was mixed with an appropri-
ate amount of graphite (30wt.%) and ball-milled for 24h to
form a uniform electrode powder. Using the screen-printing
method, the LSM electrode precursor was printed to the SSZ
((Zr02)0.89(Sc203)0.05(Ce032)0.01) substrates and then sintered at
1200°C for 2h in air to form porous LSM frames. The ESB parti-
cles were coated onto the inner surface of the porous LSM frames
with an ion-impregnation process. An aqueous solution containing
Er(NO3)3; and Bi(NO3)s (Er3*:Bi3* =3:7) was dropped onto the top
of the LSM frame, dried at room temperature, and heated at 700°C
for 2 h to form Bij4ErggO3 (ESB) particles. The mass of the elec-
trode before and after the impregnation treatment was measured
to determine the impregnated oxide loadings. The procedure was
repeated to increase the ESB loadings. The impregnated ESB load-
ings in LSM-ESB composite cathodes were 30, 40, 50 and 60 wt.%
(named LSM-ESB30, LSM-ESB40, LSM-ESB50 and LSM-ESB60,
respectively).

The polarization resistance was measured by two-electrode
impedance method using symmetric cells, using an AC impedance
spectroscopy (ZAHNER IM6e) with a 20 mV AC signal, over a fre-
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Fig. 1. The schematic configuration of the three-electrode cell.

quency range of 0.05Hz to 1 MHz. The area of every cathode was
1.0cm?. A three-electrode cell configuration was used to measure
the overpotential of the LSM-ESB electrodes as shown in Fig. 1.
A LSM-ESB working electrode was fabricated with the same pro-
cess as forenamed, and the area of the working electrode was
also 1.0cm?. The counter electrode was formed by applying the
Pt paste to the opposite side of the working electrode on the SSZ
electrolyte, and the Pt reference electrode was deposited beyond
the counter electrode. Both counter and reference electrodes were
fired at 800 °C for 2 h. The electrode overpotential was measured at
650 °C by a combination of EIS and DC polarization. The overpoten-
tial, n, was calculated by the following equation:

1 = Uwr — iRophm, (1)

where Uwrg is the voltage between the working electrode and the
reference electrode, obtained when passing a current, i, through
the cell. Ryyy, is the ohmic resistance obtained from the high
frequency real axis intercept of the impedance spectra. A single
cell was prepared with the LSM-ESB50 composite cathode on the
anode-supported SSZ film. The performance of the single cell was
measured from 600 to 700°C with humidified hydrogen (a water

£
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Fig. 2. Typical fracture cross-section SEM images of pure LSM (a), LSM-ESB40 (b), LSM-ESB50 (c) and LSM-ESB60 (d) composite cathodes.



J. Li et al. / Journal of Power Sources 194 (2009) 625-630 627

content of around 3 vol.%) as fuel and air as oxidant. The area of the
cathode was 1 cm2. Ag mesh, attached to the cathode surface with
Ag paste, was used as the current collector. A four-probe configu-
ration was used for electrochemical impedance spectroscopy (EIS)
measurements. Various phases of the powder were identified with
a Rigaku X-ray diffraction (XRD) diffractometer at room tempera-
ture, using monochromatic Cu Ko radiation. The microstructure of
the cathode section was studied by scanning electron microscopy
(SEM).

3. Results and discussion
3.1. Cathode microstructure and composition

Fig. 2 shows typical cross-section SEM images of the LSM elec-
trodes impregnated with different amounts of ESB. The pure LSM
electrode is porous and consisted of LSM particles of irregular
shapes (Fig. 2a), which is of great benefit for ion-impregnation. After
ESB impregnation, fine spherical particles are clearly deposited in
the LSM matrix. However, the distribution of the nano-sized ESB
particles appears to be discrete and does not form a continuous net-
work at low ESB loadings (Fig. 2b), which cannot provide sufficient
ion transferring access. When the ESB loading increases to 50 wt.%,
a continuous and porous structure of ESB is most likely formed as
shown in Fig. 2¢c. The deposition of very fine oxygen conducting ESB
particles in the LSM matrix formed a mutual surrounding structure
of ionic conduction phase and electronic conduction phase, which
is assumed to effectively extend the triple phase boundary (TPB) for
the oxygen reduction reaction. This structure consequently leads to
enhancement of the electrochemical activity and significant reduc-
tion of the cathode polarization resistance. However, when the ESB
loading further increases to 60 wt.%, the ESB particles cover almost
entire LSM surface and form a continuous and relatively dense layer
on the inner surface of the LSM matrix (Fig. 2d), which decreases the
length of TPB because oxygen cannot be transferred to the interface
of ESB and LSM.

Shown in Fig. 3 are the X-ray diffraction (XRD) patterns of the
LSM-ESB50 composite prepared by ion-impregnation process and
finally fired at 800°C for 20 h. XRD pattern shows that ESB was
formed by ion-impregnation process. And the patterns reveal no
evidence of inter-phase reactivity after heat treatment. It is con-
cluded, therefore, that the LSM-ESB composite cathodes are stable
under the experimental conditions.
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A J;}L... A LA
Lao.843r0.1smno3-6 l J I ‘ h

Bi1.4Ero.eo3 JUL .

0 10 20 30 40 50 60 70 80 90
20

Fig. 3. XRD patterns of the LSM, ESB and LSM-ESB50 composite prepared by ion-
impregnation process.
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Fig. 4. Polarization resistances of LSM-ESB composite cathodes with various ESB
loadings (a), and comparison of the resistance for LSM-based cathodes (b).

3.2. Effect of ESB loading

Fig. 4a shows the effect of the impregnated ESB loadings on the
cathode polarization resistances (Rp). In general, higher loadings
resulted in smaller resistances as the ESB loadings were less than
50 wt.%. The value of Ry, however, increased for a further increase
in the ESB loadings to 60 wt.%. This may be due to a decrease in
the length of TPB as forenamed and also a decrease in porosity
of the LSM-ESB60 cathode, which decrease the absorption and
transfer access of oxygen and lead to an increase in cathode polar-
ization resistances. The low value of polarization resistances can
be obtained only when the gas, ionic and electronic transportation
phases are present at an appropriate ratio. The optimal composi-
tion, LSM-ESB50, yielded R, =0.22 and 0.48 at 700°C and 650°C.
Such values are about 35 times lower than those of the cathode
polarization resistance for pure LSM [9]. The high performance that
results from the impregnation of ESB is due to the appropriate dis-
tribution of the ESB particles in the LSM matrix, which provides
the effective ionic and electronic conducting pathways and, at the
same time, promotes the synergistic process involving the injection
of the mobile charged oxygen species into the ionic carriers.

Shown in Fig. 4b is R, comparison for LSM-based cathodes. The
performance of LSM-based electrodes is affected by both the fab-
rication process and the ion-conducting component that is used
to increase their activity. LSM-ESB50 in this study shows rela-
tively low R, among LSM-based cathodes including LSM-YSZ50,
LSM-GDC50 (prepared by mixing) and LSM-SDC50 (prepared by
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Fig. 5. Arrhenius plot of the polarization resistance of LSM-ESB30, LSM-ESB40,
LSM-ESB50 and LSM-ESB60 cathodes.

ion-impregnation) [9,22]. In our previous study, LBSM-ESB50 and
LBSM-ESB40-GDC10 also showed low R, [21,23]. For example,
LBSM-ESB50 yielded R, =0.11, 0.21, 0.39 and 1.00 2 cm? at 750,
700,650 and 600 °C, respectively, and LBSM-ESB40-GDC10 yielded
R,=0.09, 0.18, 0.38 and 1.17 2cm? at 750, 700, 650 and 600°C,
respectively. The high performance of cathodes including ESB can
be explained, at least in part, by the high conductivity of ESB
(1071 to 10~2Scm~! at 700-500°C), and the ionic conductivity is
approximately one or two orders of magnitude greater than that of
stabilized zirconia and ceria [24]. Meanwhile, the high conductiv-
ity of ESB allows the effective TPB to extend more deeply into the
bulk of the cathode, in other words, more effective sites for oxy-
gen reduction reactions are available. It should be also noted that
bismuth oxide is a favorable catalyst for oxygen dissociation [25],
which may also contribute to the high cathode performance.

Fig. 5 shows the relationship of cathode polarization resistances
(Rp) versus temperatures, from which the activation energy can be
calculated. The activation energy was 1.30, 1.33, 1.28 and 1.27eV
for the LSM-ESB30, LSM-ESB40, LSM-ESB50 and LSM-ESB60 elec-
trodes, respectively. The activation energy for the LSM-ESB system
is almost independent of the ESB content, suggesting that intro-
ducing ESB into the LSM cathode does not significantly change the
mechanism of oxygen reduction. It is reported that the activation
energy for the oxygen surface exchange reaction is around 1.25 eV
[26]. The activation energy for the LSM-ESB system is similar to that
of the oxygen surface exchange reaction, thus, we suggest that the
rate-determining step of the electrode reaction may be attributed
to an oxygen surface exchange reaction.

3.3. Impedance spectra for symmetrical cells

Fig. 6a-c shows impedance spectra measured in air at 700, 650,
and 600 for LSM-ESB40, LSM-ESB50, and LSM-ESB60 on the SSZ
electrolyte, respectively. The shape of the impedance spectra of
the LSM-ESB system is similar to each other. It is noted that the
impedance spectra include a high frequency arc and a dominant
low frequency arc, and the arc scale depends on ESB loadings. For
example, the cathode polarization resistance, Ry, which is the dif-
ference between the high and low frequency intercepts at the real
axis, was 0.67 2 cm? for the LSM-ESB40 cathode. It decreased to
0.48 and 0.58 2 cm? at 650 °C for the LSM-ESB50 and LSM-ESB60
cathodes, respectively.

The different arcs in the impedance spectra correspond to dif-
ferent reaction steps. To identify these steps, equivalent circuit
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Fig. 6. AC impedance spectra of LSM-ESB40 (a), LSM-ESB50 (b) and LSM-ESB60 (c)
cathodes measured at 600, 650 and 700 °C in air, and the corresponding equivalent
circuit (d).
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Fig. 7. The overpotential () versus time for the LSM-ESB50 electrode at 650 °C.

(Fig. 6d) was applied to fit the impedance spectra recorded at
different temperatures using Zview program. The inductance L is
attributed to high-frequency artifacts arising from the measure-
ment apparatus. R corresponds to the resistance of the electrolyte
and the lead wires. Ry (corresponds to the relative high-frequency
arc) and R, (corresponds to the relative low-frequency arc) are
the corresponding polarization resistances, and CPE1 and CPE2 are
the corresponding constant phase elements. Values of Ry at 650°C
for LSM-ESB40, LSM-ESB50, and LSM-ESB60 cathodes were 0.1,
0.07, and 0.09 2 cm?, respectively. Whereas values of R, at 650°C
were 0.57, 0.41, and 0.49 Q cm? for LSM-ESB40, LSM-ESB50, and
LSM-ESB60 cathodes, respectively. The total polarization resis-
tance (Rp) of the composite cathodes mainly resulted from R,. It
is reported that the high frequency arc usually corresponds to the
incorporation of 02~ from the TPB into the electrolyte and into the
ionic conduction component in the composite cathodes, and the
low frequency arc is typically attributed to the dissociative adsorp-
tion of O, [4,27]. Therefore R, is very likely to be related with the
dissociative adsorption of oxygen, and we suggest that the rate-
determining step of the oxygen reduction reaction on LSM-ESB
system is dissociative adsorption and oxygen surface exchange
reaction. The values of capacitances were ~10~4 and 10~2F for the
first constant phase element (CPE1) and the second constant phase
element (CPE2), respectively, and varied weakly with temperature
in these composite cathodes.

3.4. Typical cathode stability and single cell performance

According to the investigation in this study, the LSM-ESB50
cathode showed the lowest polarization resistance in LSM-ESB sys-
tem. Three-electrode cell (Fig. 1), therefore, was fabricated to study
the cathode stability using LSM-ESB50 as the work electrode. As
shown in Fig. 7, the overpotential, 1, which was calculated by Eq. (1)
as mentioned in Section 2, was almost invariable at 650 °C within
200h and was in the range of 101 £2 mV at the current density
of 0.3Acm2, and it indicated that the LSM-ESB50 cathode was
relatively stable within testing time.

The performance evaluation of the cell in this study was carried
out by the anode-supported single cell consisting of a 700 pm-thick
Ni-YSZ anode, a 15 pm-thick SSZ electrolyte, and a LSM-ESB50
cathode. The cell was measured at 600, 650 and 700 °C with humid-
ified hydrogen (a water content of around 3 vol.%) as the fuel and
air as the oxidant, and Fig. 8 shows the current voltage character-
istics and the corresponding power densities for the cell. The cell
produced maximum power densities of 0.29, 0.43 and 0.74 W cm—2
at 600, 650 and 700°C, respectively. The cell performance was
higher than that of the similar cell with YSB (Bi;5Yg503) impreg-
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Fig. 8. The cell voltage and power density as a function of current density of the
anode-supported single cell with the LSM-ESB50 composite cathode operating at
various temperatures.

nated LSM cathode, and its maximum power density was 0.20,
0.39 and 0.67Wcm~2 at 600, 650 and 700°C, respectively [9].
Besides, the cell performance in this study was comparable to
that of the cell with the LBSM-ESB50 cathode functional layer and
LBSM cathode layer, and its maximum power density was 0.25,
0.46 and 0.75 W cm~2 at 600, 650 and 700 °C, respectively [28]. The
cell performance is expected to improve by optimizing the cath-
ode microstructure, and the results in this study demonstrate that
LSM-ESB50 is a promising candidate for the cathode of IT-SOFCs.

4. Conclusions

The LSM-ESB cathodes on the SSZ electrolyte were fabricated
using an ion-impregnating method, and their characteristics were
investigated by AC impedance spectroscopy. The presence of ESB
in the LSM cathode dramatically accelerated the cathode reaction
and significantly reduced the cathode polarization resistance. The
value of the cathode polarization resistance (Ry), for example, was
0.22 © cm? at 700°C for LSM-ESB50. Such value is about 35 times
lower than that of R, for pure LSM. And the LSM-ESB50 cathode
was relatively stable within testing time at 650 °C. In addition, the
performance of the cell with LSM-ESB50 cathode was also mea-
sured with humidified hydrogen as the fuel and air as the oxidant.
The maximum power density of the cell was 0.74 W cm~2 at 700°C.
The results indicate that the LSM electrodes impregnated with ESB
are excellent candidates as cathodes for intermediate-temperature
solid oxide fuel cells.
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