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Abstract

Smy,Ceps0;9 (SDC)-impregnated Lay;Sro3MnO; (LSM) composite cathodes were fabricated on anode-supported yttria-stabilized zirconia
(YSZ) thin films. Electrochemical performances of the solid oxide fuel cells (SOFCs) were investigated in the present study. Four single cells, i.e.,
Cell-1, Cell-2, Cell-3 and Cell-4 were obtained after the fabrication of four different cathodes, i.e., pure LSM and SDC/LSM composites in the
weight ratios of 25/75, 36/64 and 42/58, respectively. Impedance spectra under open-circuit conditions showed that the cathode performance was
gradually improved with the increasing SDC loading. Similarly, the maximum power densities (MPD) of the four cells were increased with the SDC
amount below 700 °C. Whereas, the cell performance of Cell-4 was lower than that of Cell-3 at 800 °C, arising from the increased concentration
polarization at high current densities. This was caused by the lowered porosity with the impregnation cycle. This disadvantage could be suppressed
by lowering the operating temperature or by increasing the oxygen concentration at the cathode side. The ratio of electrode polarization loss in the
total voltage drop versus current density showed that the cell performance was primarily determined by the electrode polarization. The contribution
of the ohmic resistance was increased when the operating temperature was lowered. When a 100 mlmin~! oxygen flow was introduced to the
cathode side, Cell-3 produced MPDs of 1905, 1587 and 1179 mW cm~2 at 800, 750 and 700 °C, respectively. The high cell outputs demonstrated
the merits of the novel and effective SDC-impregnated LSM cathodes.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The solid oxide fuel cell (SOFC) is considered to be one of the
most promising fuel cell systems for generating electricity in an
efficient and environmentally friendly way [1]. To lower the cost
and make commercial applications viable, it is desirable to lower
the operating temperature ~1000 °C to a low-to-intermediate
temperature range of 500-800 °C.

To reduce the ohmic loss mainly attributed to the thick
electrolyte, numerous efforts have been made in fabricating
yttria-stabilized zirconia (YSZ) thin films of a few microns thick
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(5-30 pm) [2-7]. Significant improvements have been achieved
due to the substantially reduced electrolyte ohmic resistance. At
the same time, further reductions in the electrolyte film would
likely result in reliability problems with electrolyte integrity [8].

Eventually, the high cathode polarization resistance becomes
the dominant factor limiting the promotion of cell performance
in further reducing the temperature. In practice, strontium doped
lanthanum manganite (LSM) has been shown to be one of the
best cathodic materials found so far in terms of electrochemical
activity, thermal and chemical stability and compatibility with
YSZ [1]. However, LSM is limited at reduced temperatures due
to its low oxygen ion conductivity and high activation energy
for oxygen dissociation [9]. The addition of an electrolyte
component to the LSM in the formation of composite cathodes
dramatically improves the cathode performance [10,11]. This is
due to the extension of the three-phase boundary (TPB) regions
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from the electrolyte/cathode interface deep into the whole
electrode.

It was reported that doped ceria (DCO)/LSM compos-
ite cathodes had better electrochemical performance than
YSZ/LSM composites and seemed to be particularly attractive
for low-to-intermediate temperature SOFC [11]. The high ionic
conductivity and high oxygen surface exchange coefficient of
DCO are suggested as the two main factors aiding electrode
processes [11]. Recently, a novel ion-impregnation method
[12-15] has been proposed to fabricate the DCO/LSM com-
posites. It is an effective way to deposit electrocatalytic oxide
phase into the porous LSM structure without diminishing the
advantages of stability and compatibility of LSM materials with
YSZ electrolyte [12]. Furthermore, the electrochemical activity
of the DCO-impregnated LSM cathodes for O, reduction is
largely enhanced, e.g., the electrode polarization resistance (Rg)
of the impregnated LSM cathodes has been largely reduced to
around 0.20 Q cm? at 700°C [13,14]. These are considerable
results for the development of LSM-based cathodes at reduced
temperatures.

As a matter of fact, most of the high performance (Rg) was
derived from a half-cell using a three-electrode [12,13,15] or a
symmetric configuration [14]. Few reports have focused on the
application of this cathode in a practical fuel cell. The appli-
cation could reveal the difference of the cathode operating on
the half-cell and single fuel cell and thus present a more direct
proof of the utility. In the present study, Smg2Ce gO1.9 (SDC)-
impregnated Lag7Srg3MnO3 (LSM) cathodes were fabricated
onto the anode-supported YSZ films to form several single cells.
The effect of SDC loading on the cell performance is presented
and discussed.

2. Experimental

YSZ powder (TZ-8Y) was purchased from the Tosoh Corp.
NiO was synthesized by the precipitation method [16], using
Ni(NO3)2-6H,0 (Analytical reagent, A.R.) and ammonia (A.R.)
as the raw materials. The resultant powder was calcined at
1000 °C for 2h to form a pure NiO phase. In the green anode
powder, NiO, YSZ and flour were mixed in the weight ratio
of 5:5:2.2, and ground with a mortar and pestle for 2h. The
compacted anode pellets were calcined at 1000 °C for 2h.
13-pm-thick dense YSZ thin films were deposited onto the NiO-
YSZ substrates by slurry spin coating, as reported previously
[17,18]. The anode/YSZ film bi-layers were then co-fired at
1400 °C for 2 h.

Smp2Ce 8019 (SDC)-impregnated Lag 7Srp 3MnO3 (LSM)
cathodes were fabricated. LSM powder was synthesized by
the Pechini method, using La(NO3)3-6H20 (A.R.), Sr(NO3)>
(A.R.), Mn(NO3)> (A.R.) and citric acid monohydrate (A.R.) as
the raw materials. The resultant powder was calcined at 1000 °C
for 2h. To produce additional porosity, LSM was mixed with
activated carbon powder in a weight ratio of 10:1. The cathode
powder was then mixed with a binder to form a paste and sub-
sequently coated onto the sintered YSZ films. After sintering
at 1100°C for 3 h, the cathodes were then impregnated by a
3mol1~! Smg,Ces(NO3), solution, and treated at 850 °C for

Table 1

Cathode composition of the cells

Sample Weight ratio of SDC/LSM
Cell-1 0

Cell-2 25:75

Cell-3 36:64

Cell-4 42:58

1 h. The impregnation—calcination process was repeated for dif-
ferent cycles to get SDC/LSM compositions with varied weight
ratios. For the purpose of comparison, a cell with pure LSM was
also fabricated. The cathode layer was about 20 wm thick. The
details of the samples are listed in Table 1.

Fuel cells were tested by the four-probe method, and the
schematic of the fuel cell assembly is shown in Fig. 1. Hydro-
gen was used as fuel and stationary air as oxidant. In some
cases, pure oxygen flow was introduced at the cathode side.
Electrochemical characteristics were performed with an electro-
chemical interface SI 1287 and impedance/gain analyzer SI 1260
(Solartron Instruments, Hampshire, UK) from 600 to 800 °C.
The impedance spectra were measured in the frequency range
from 0.1 Hz to 91 kHz with an AC signal amplitude of 10 mV.

3. Results and discussion

Fig. 2 shows impedance spectra of the four cells under open-
circuit conditions at 800 °C. As shown in Table 1, the SDC/LSM
weight ratios in the composite cathodes are increasing with
the label number. There are two depressed semicircles in every
impedance spectroscopy curve, which reflect the electrode polar-
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Fig. 1. Schematic of the fuel cell arrangement.
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Fig. 2. Impedance spectra of the cells under open-circuit conditions at 800 °C.

ization resistances both from the anode and the cathode. It is
known that anode polarization resistance is negligible at low
current density compared with that of the cathode [19-21] due to
much faster electrochemical oxidation of the hydrogen reaction
in the anode. Furthermore, the anode and anode/YSZ bi-layers
were fabricated with the same process in the present study. So
the difference among the cells should be ascribed to the con-
tribution of the difference in the impregnated cathodes. As can
be seen, the curves show similar intercepts at high frequency of
the impedance spectra, namely, the ohmic resistance is approx-
imately the same (0.05 cm?). While the difference between
the high and low frequency intercepts, i.e., cathode interfacial
resistance is gradually lower with the increase in the SDC ratio.
A continuous and porous network of SDC conducting paths
was gradually formed with the impregnation cycle. The depo-
sition of nano-sized oxygen conducting phase on the porous
LSM surface and at the LSM/YSZ interface region would effec-
tively enhance the TPBs for the O; reduction reaction [13]. On
the other hand, the existence of the nano-sized SDC particles
on the LSM surface could also enhance the oxygen exchange
rate [13]. Consequently, the cathode performance is substan-
tially enhanced at low current density. The results are in good
accordance with the literatures [12—-14].

Fig. 3 presents the electrochemical characteristics of the four
single cells at 800 °C. All of the cells produce an open-circuit
voltage (OCV) of around 1.10V, implying that the electrolyte
films are crack-free and gas-tight to prevent gas leakage through
the cells. Maximum power densities (MPD) are 816, 981, 1322
and 1252 mW cm ™2 for Cell-1, Cell-2, Cell-3 and Cell-4, respec-
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Fig. 3. Electrochemical characteristics of the cells at 800 °C.

tively. In general, the cell performance is promoted with the
increase in SDC loading, which is attributed to the enhanced
cathode performance. This is in good agreement with the results
in Fig. 2. On the other hand, the MPD of Cell-4 is slightly lower
than that of Cell-3. As shown in Fig. 3, the I-V characteristics
of Cell-3 and Cell-4 nearly superpose at low current densities,
and separate apparently when the current density is higher than
~1.75 Acm™2. After that critical point, the voltage of Cell-4
drops more rapidly than that of Cell-3.

It should be noted the porosity of the LSM frame is dimin-
ished with the impregnation cycle, since the sequentially added
SDC particles would gradually fill up the pores. The ratio of
SDC loading in Cell-4 is 6 wt% higher than that in Cell-3. This
excessive SDC loading thus further reduce the cathode porosity,
posing more limitation on the reactant diffusion rate. When the
oxygen consumption rate is much higher than the mass diffusion
rate (e.g., when the current density is higher than 1.75 A cm™2),
mass transfer process rather than charge transfer process would
become the rate-determining step (rds). It thus limits the promo-
tion of the cell performance. This explains the faster voltage drop
of Cell-4 due to the higher cathode concentration polarization.
As can be expected, mass transfer process could be improved
by increasing oxygen gas concentration or by increasing the gas
pressure at the cathode side.

Fig. 4 shows the plots of electrode overpotential as a function
of current density for the four cells at 800 °C. The overpoten-
tials were obtained through the /-V characteristics by subtracting
ohmic losses as derived from the impedance spectra (Fig. 2).
For the pure LSM cathode in Cell-1, the slope of the curve, i.e.,
cathode polarization resistance is diminished with the current
density, from 1.60 2 cm? at low current density to 0.26, 0.27 and
0.10Qcm?at 1.0,2.0and 3.0 Acm ™2, respectively. It should be
due to the extension of TPB from the LSM/YSZ interface to
the LSM surface as a result of the formation and propagation
of oxygen ion vacancies when LSM is under sufficient cathodic
polarization [22,23]. This phenomenon can be called as cathode
self-promotion process and should be beneficial to the improve-
ment of the cathode performance at a higher current density.
However, as can be observed, the self-promotion process in the
impregnated LSM cathodes is gradually suppressed, since con-
centration polarization becomes the dominant factor with the
increase of SDC ratio in cathodes. In addition, the ionic con-
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Fig. 4. Electrode polarization vs. current density at 800 °C.
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Fig. 5. Electrochemical characteristics of the cells (a) at 700°C and (b) at
600°C.

ductivity of the continuous SDC phase should be much higher
than that of the self-formed ionic conducting path in the pure
LSM. It could also weaken the effect of the self-promotion on
the cell performance. Anyhow, the cathode performance at rel-
atively low current density is substantially enhanced with the
addition of SDC loading.

Fig. 5a and b shows the /-V and I-P characteristics of the
four cells at 700 and 600 °C, respectively. The MPDs are 220,
315, 719 and 773 mW cm~2 at 700°C and 52, 97, 307 and
334mW cm™2 at 600°C for the cells from Cell-1 to Cell-4,
respectively. Obviously, the cell performance is more dependent
on the amount of SDC in the cathode at reduced tempera-
tures than that at elevated temperatures. From this viewpoint,
the effectiveness of the impregnated cathode can be read-
ily observed. The concentration polarization limiting the cell
performance at 800 °C seems no longer dominant at lower tem-
peratures, due to relatively low short-circuit current densities.
Conversely, the charge transfer process becomes the determining
factor. As mentioned above, the TPB length is largely enlarged
due to the increase of the SDC amount in the LSM structures.
Also, the oxygen exchange rate is enhanced by the nano-sized
SDC particles. This results in an ever-improved charge transfer
process (rds) and a promoted cell performance. As a conse-
quence, the disadvantageous effect of the low porosity has been
effectively restricted through the reduction in the operating
temperature. The output performance of Cell-4 at the reduced
temperature is higher than that of the cell based on YSZ thin
film with LSM-YSZ composite cathode [5,6,24], LSCF cath-
ode [6,25] and YSB-Ag cathode [26], implying the advantage

of the impregnation cathodes in the development of low-to-
intermediate temperature SOFC. Also the impregnation process
opens an effective route for easily controlling the cell perfor-
mance at different operating temperature. For example, when
a relatively high performance is required at intermediate tem-
perature around 800 °C, the content of SDC in the composite
cathode should be controlled less than 36 wt%. On the contrary,
the amount should be increased to more than 42 wt% when a
desirable output performance is needed at lower temperatures
below 700 °C. The details concerning a threshold ratio on the cell
performance at various temperature ranges should be worked out
in the future.

The ratio of electrode polarization loss () in the overall
cell voltage drop (n+iRonm) is quite different at various cur-
rent densities, and the relations at 800, 700 and 600 °C are
plotted in Fig. 6. In general, the ratio becomes gradually lower
with the increase in the SDC content. Exceptionally, the value
of Cell-4 keeps rising after reaching a peak at 800 °C, which
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Fig. 6. The ratio of electrode polarization loss in the total cell voltage loss versus
current at (a) 800 °C, (b) 700 °C and (c) 600 °C, respectively.
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Fig. 7. The effect of oxygen flow rate on the cell performance of Cell-3.

is relevant to the shift of the rds from charge transfer process
to mass transfer process. This phenomenon is gradually sup-
pressed with the decreasing temperature and the effectiveness
of the impregnated LSM cathodes with a high SDC content
is clear at 600 °C. This corresponds with the I-V and I-P
characteristics at reduced temperatures. Furthermore, note that
the ohmic polarization loss around the very current density
at MPD accounts for not a small part as it does in the low
current density region. For a single cell with the high perfor-
mance cathode, the contributions of the electrode polarization
and ohmic polarization are almost identical at low tempera-
ture (see Fig. 6¢). So reduction of the YSZ film thickness from
13 wm in the present study to 5 wm would lead to a consider-
able increase in the cell performance. On the other hand, other
ZrO,-based electrolytes with higher oxygen ionic conductivi-
ties would be the alternative candidates to lower the electrolyte
ohmic resistance, e.g., (Ce03)p.01—(Sc203)0.10—(Zr02)0.89
(1Cel0ScZr) [4], (Sc203)0.10~(Y203)0.01—(ZrO2)0.89 (SYSZ)
[27].

Shown in Fig. 7 are the electrochemical characteristics of
Cell-3 with the cathode exposed to different gas conditions. The
MPD of the cell is 4998 mW cm~2 with the cathode exposed
to stationary air. It increases to 599, 699 and 718 mW cm—2
when 50, 100 and 150 ml min~! oxygen flows are introduced,
respectively. Obviously, compared with the result using air as
the oxidant, the performance is largely promoted by the oxygen
flow, e.g., it is increased by 44% when 150 mlmin~! oxygen
flow is introduced. The OCYV is affected by the oxygen flow,
e.g., the OCV changes from 1.12 to 1.14V when the oxidant
is changed from the air to 50 mImin~—! oxygen. This, to some
extent, would be beneficial to enhance the cell performance.
Introduction of the oxygen in the cathode increases the oxy-
gen concentration and oxygen partial pressure (corresponded to
the increased OCV) and boosts the oxygen transport rate at the
cathode layer, which is an effective means to improve the mass
transfer process. Meanwhile, the added oxygen flow would also
lead to improved charge transfer process by supplying sufficient
reactant to the TPB sites. In a word, the introduced oxygen flow
leads to promoted cathode performance, including the mass and
charge transfer processes. It should be noted that the cell shows
similar performance with 100 and 150 ml min~! oxygen flows.
Any further increase in the oxygen flow would be of negligi-
ble help. Since the gas-phase diffusion is sufficient at relatively

Current density (A/cmz)

Fig. 8. Electrochemical characteristics of Cell-3 when 100 mlmin~! oxygen
was introduced.

low temperature, charge transfer process, typically dissociative
adsorption of oxygen on the electrode surface, turns to be the
rds. Therefore, 100 ml min~! oxygen flow is chosen to introduce
at the cathode side at other temperatures.

Fig. 8 presents the electrochemical characteristics of the
Cell-3 with 100mlmin~' oxygen oxidant. The MPDs are
1905, 1587, 1179, 748 and 400 mW cm~2 at 800, 750, 700,
650 and 600 °C, respectively. With the enhancement in the
cathode performance, a considerable improvement of the cell
performance at low-to-intermediate temperature is successfully
achieved. Comparison of the cell performance with the cathode
under air and oxygen conditions is complied in Table 2.
Compared with the air oxidant, the contribution of oxygen flow
on the cell performance is increased with temperature lower
than 700 °C. After that, the promotion in the cell performance
is decreased with the temperature. This can be regarded as a
shift of the rds from one step to another at the critical point
of 700 °C, namely, from a charge transfer process to a mass
transfer process, which is the primary factor limiting further
promotion of cell performance. On the other hand, the cell
performance above 700°C could be further improved when
oxygen with much higher flow rate was provided.

It should be noted that the cell performance with the
SDC-impregnated LSM cathodes at low temperature is ever
increased along with the optimization of the impregnation
fabrication process in our studies, e.g., MPDs at 650°C are
420 mW cm ™2 in literature [17], 493 mW cm 2 in literature [ 18]
and 545 mW cm™2 derived from Cell-4 in this study. As can be
expected, further optimization of the cathode fabrication pro-
cess, including the LSM fabrication process and the solution
impregnation process, should result in a substantial decrease in
the cathode polarization loss. Meanwhile, use of this high perfor-

Table 2

Cell performance of Cell-3 when the cathode was exposed to varied atmospheres
Temperature MPD in air p MPD in oxygen p’ @ —p)p (%)
0) (mW cm~2) (mW cm~2)

800 1322 1905 44

750 1010 1587 57

700 719 1179 64

650 498 748 50

600 307 400 30
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mance cathode opens an effective route to feasible commercial
realization of low-to-intermediate temperature SOFCs based on
the standard YSZ electrolyte. At the same time, it should be
noted that the anode would pose a limitation on further promo-
tion of the cell performance. It is known that anode polarization
resistance is almost negligible at low current density. However, it
becomes comparable with the cathode polarization resistance at
relatively high current densities [20,28]. Using another anode
substrate by Wang et al. [29], a single cell with the similar
SDC-impregnated cathodes yielded high MPDs of 2005 and
1567 mW cm™2 at 800 and 750 °C, respectively. This means that
there is still large room for cell performance improvement based
on this effective cathode.

4. Conclusion

Anode-supported YSZ thin films with SDC-impregnated
LSM cathodes were fabricated. The electrochemical reduction
reaction rate of the LSM cathodes was significantly enhanced
by the impregnated-SDC particles. Impedance spectra under
open-circuit conditions showed that the cathode performance
was gradually improved with increasing loading in SDC. How-
ever, the cathode with a higher SDC content resulted in a
lower electrode porosity. Mass transfer processes therefore
became the primary factor in limiting further promotion of
cell performance at high current density. This, to some extent,
could be settled by lowering the operating temperature or by
increasing the oxygen concentration. An optimized performance
would be obtained when a threshold relevant to a reasonable
porosity and a sufficient three-phase boundary was achieved.
Meanwhile, a novel and effective method was also proposed
concerning controlling cell performance at varied temperatures
by changing the content of SDC in the LSM structures. A
better cell performance was expected to be achieved through
further optimization of the LSM microstructure, the solution
impregnation process and by choosing a high performance anode
substrate.
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