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bstract

In an attempt to achieve desirable cell performance, the effects of La0.7Sr0.3MnO3 (LSM)-based cathodes on the anode-supported solid oxide
uel cells (SOFCs) were investigated in the present study. Three types of cathodes were fabricated on the anode-supported yttria-stabilized zirconia
YSZ) thin films to constitute several single cells, i.e., pure LSM cathode, LSM/YSZ composite by solid mixing, LSM/Sm0.2Ce0.8O1.9 (SDC)
omposite by the ion-impregnation process. Among the three single cells, the highest cell output performance 1.25 W cm−2 at 800 ◦C, was achieved
y the cell using LSM/SDC cathode when the cathode was exposed to the stationary air. Whereas, the most considerable cell performance of

.32 W cm−2 was derived from the cell with LSM/YSZ cathode, using 100 ml min−1 oxygen flow as the oxidant. At reduced temperatures down
o 700 ◦C, the LSM/SDC cathode was the most suitable cathode for zirconia-based electrolyte SOFC in the present study. The variation in the cell
erformances was attributed to the mutual effects between the gas diffusing rate and three-phase boundary length of the cathode.

2007 Elsevier B.V. All rights reserved.
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. Introduction

At present, the most common materials for solid oxide fuel
ells (SOFCs) are oxide ion-conducting yttria-stabilized zir-
onia (YSZ) for the electrolyte, strontium-doped lanthanum
anganite (LSM) for the cathode and nickel/YSZ for the anode

1]. The development of anode-supported YSZ thin film fabrica-
ion processes has largely lowered the ohmic resistance [2–4].
t results in the reduction of the operating temperature from
1000 ◦C to intermediate temperature range (600–800 ◦C). Fur-

her reduction in the operating temperature is dependant on the

ecrease in the electrode polarization resistances. It is known
hat the polarization resistance of the anode is much lower than
hat of the cathode [5,6], due to much faster electrochemical
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E-mail addresses: explorer 081@163.com (K. Chen),

vzhe@hit.edu.cn (Z. Lü).
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xidation reaction of the hydrogen at the anode side. Eventu-
lly, the high cathode polarization loss turns to be the dominant
actor limiting the promotion of the cell performance at reduced
emperatures.

LSM cathode is regarded as one of the most promising
athode materials for high temperature SOFCs because of its
xcellent electrochemical performance, thermal and chemical
tability and relatively good compatibility with YSZ [7]. Unfor-
unately, LSM is limited at reduced temperatures as result of
ts low oxygen ion conductivity and high activation energy
or oxygen dissociation [8]. It is found that the addition of
n electrolyte component to the LSM in the formation of the
omposite cathodes dramatically enhances the cathode electro-
hemical performance [5,9]. It is attributed to the extension of the
hree-phase boundary (TPB) areas from the electrolyte/cathode

nterface deep into the bulk cathode.

In the literatures [9–12], the electrolyte phase in the compos-
te cathodes was YSZ or doped-ceria (DCO). They have their
wn advantages and disadvantages. For instance, YSZ compo-
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Table 1
Cathode characteristics of the cells

Sample Composition LSM ratio (wt%) Fabrication method

Cell-1 Pure LSM 100 Solid mixing
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The pores and gaps in the interface have been filled up by
K. Chen et al. / Journal of Po

ent matches well with the electrolyte material, but the ionic
onductivity is relatively low; DCO possesses much higher ionic
onductivity than YSZ, but the thermal expansion coefficient
TEC) is mismatched with the YSZ electrolyte. In addition, the
omparisons of the LSM/DCO and LSM/YSZ cathodes were
sually performed using a three-electrode method at open-circuit
onditions. Few reports have focused on the applications of the
wo cathodes in practical fuel cells in one paper. This, to some
xtent, can directly show the evidence of the usefulness of the
athodes.

In the present study, LSM, LSM/YSZ and LSM/Sm0.2Ce0.8

1.9 (SDC) cathodes were fabricated onto the anode-supported
SZ films, respectively. The effects of the three cathodes on the

ell performance are presented and discussed.

. Experimental

NiO was synthesized by the precipitation method, using
i(NO3)2·6H2O (Analytical reagent, A.R.) and ammonia (A.R.)

s the raw materials. In the green anode powder, NiO, YSZ (TZ-
Y) and flour were mixed in the weight ratio of 5:5:2.2. The
ompacted anode pellets were calcined at 1000 ◦C for 2 h. Thir-
een micrometer thick dense YSZ thin films were deposited onto
he NiO–YSZ substrates by slurry spin coating, as reported pre-
iously [3]. The anode/YSZ film bi-layers were then co-fired at
400 ◦C for 2 h.

LSM (La0.7Sr0.3MnO3) powder was synthesized by the
echini method, using La(NO3)3·6H2O (A.R.), Sr(NO3)2
A.R.), Mn(NO3)2 (A.R.) and citric acid monohydrate (A.R.)
s the raw materials. The resultant powder was calcined at
000 ◦C and ball-milled. Three types of LSM-based cath-
des were fabricated: pure LSM cathode, LSM/YSZ composite
athode and Sm0.2Ce0.8O1.9 (SDC)/LSM composite cathodes.
he LSM and solid-mixed LSM/YSZ composite were mixed
ith a binder to form pastes and coated onto the sintered
SZ films, respectively. The sintered temperatures were 1100

nd 1200 ◦C, respectively. LSM/SDC cathodes were fabricated
pon the Sm0.2Ce0.8(NO3)x solution impregnation of the sin-
ered pure LSM cathode (1100 ◦C), and heat-treated at 850 ◦C.
he impregnation–calcination process was repeated for sev-
ral cycles to obtain a desirable LSM/SDC composition. In
ur previous work, the cell with LSM/SDC composite made
y solid mixing achieved relatively poor performance. It is
ikely caused by the poor contact at the electrolyte/cathode
nterface due to the mismatched thermal expansion coeffi-
ient between the two electrolyte materials and the smooth
urface of the YSZ film [13]. On the other hand, the impreg-
ation process is an effective way to fabricate LSM/SDC
omposite [14]. That is the reason why LSM/SDC cath-
de is fabricated by impregnation method instead of solid
ixing process. The details of the samples were listed in
able 1.

The cell was measured with a four-probe method indi-

idually under the similar conditions. The cell was heating
p gradually in a furnace, and the anode was reduced in
itu at 800 ◦C for 15 min, followed by the measurement of
he initial I–V characteristic. Then the stable testing of the

t
t
a
a

ell-2 LSM/YSZ 50 Solid mixing
ell-3 LSM/SDC 58 Ion-impregnation

ewly fabricated cell was conducted under a constant cur-
ent at around maximum power density and the cell voltage
as recorded. When the recorded cell voltage was stable, the

emperature was lowered to 600 ◦C. And the measurement
f the cell performance was subsequently carried out from
00 to 800 ◦C at an interval of 100 ◦C. Hydrogen was used
s fuel and stationary air as oxidant. In some cases, oxy-
en flow supplied with an alumina tube was introduced at
he cathode side in the ambient air as an additional oxidant.
lectrochemical characteristics were performed with an elec-

rochemical interface SI 1287 and impedance/gain analyzer SI
260 (Solartron Instruments, Hampshire, UK). The impedance
pectra were measured in the frequency range from 0.1 to 91 kHz
nder open-circuit conditions with an AC signal amplitude of
0 mV.

. Results and discussion

.1. Cell microstructures

Fig. 1 shows the microstructures of the fractured cells with
ifferent cathodes after electrochemical testing, i.e., pure LSM,
SM/YSZ and LSM/SDC cathodes, respectively. All of the
athodes bond well with the electrolyte films. The particles in
he respective cathode contact well with each other. The cath-
de particle sizes in Fig. 1a are smaller than those in Fig. 1b
nd the porosity of the cathode in Fig. 1a seems larger than
hat in Fig. 1b, due to 100 ◦C lower sintering temperature. As
eported by Murray [9], for a given electrode composition, the
mpedance measured showed no detectable difference between
amples sintered at different temperatures. So the performance
f LSM/YSZ sintered 1200 ◦C is comparable with that sintered
t 1100 ◦C, which can be used to compare with the pure LSM
athode sintered at 1100 ◦C. In addition, the relatively high sin-
ering temperature can result in well-bonded particles so that
he LSM electronic and YSZ ionic conducting paths can be
uccessfully formed, respectively. The LSM/SDC cathode in
ig. 1c was fabricated upon the impregnation of fine SDC parti-
les into the LSM structures (see Fig. 1a), so the microstructure
ppears somewhat dense and lack of porosity. One the other
and, the dense morphology also demonstrates the formation
f a continuous network of SDC conducting path. The con-
act of the cathode and YSZ film at the interface is intimate.
he SDC particles, which be beneficial to fast charge transport
hrough the interface. The YSZ film (∼13 �m thick) in Fig. 1d
ppears uniform and dense, bonding well to the porous Ni/YSZ
node.
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F Cell-1, (b) Cell-2, (c) and (d) Cell-3 (The scale bars are 6.0, 6.0, 5.0 and 10 �m in
F

3

t
o
t
s
t
t
a
C
b
t
a
s
s
o
I

ig. 1. Microstructures of the fractured cells after electrochemical testing: (a)
ig. 1a, b, c and d, respectively.).

.2. Cell performance with the stationary air as oxidant

Shown in Fig. 2 are the electrochemical characteristics of the
hree single cells at 800 ◦C. Maximum power densities (MPDs)
f Cell-1, Cell-2 and Cell-3 are 0.82, 1.10, 1.25 W cm−2, respec-
ively. The anodes and the YSZ films were fabricated with the
ame processes and the cells were tested with the same condi-
ions, so the difference among the cells should be attributed to
he contribution of the different cathodes. It is surprising that rel-
tively desirable cell output performance has been achieved by
ell-1 with the pure LSM at intermediate temperature. It should
e due to the extension of TPB from the LSM cathode/YSZ elec-
rolyte interface to the LSM surface as a result of the formation
nd propagation of oxygen ion vacancies when LSM is under

ufficient cathodic polarization [15]. The result in the present
tudy is superior to the literatures with the same pure LSM cath-
de [16], LSM/YSZ cathode [4] and even LSM/Pt cathode [17].
t is likely due to the optimized cathode microstructure as well

F
t

ig. 2. Electrochemical characteristics of the cells with the cathode exposed to
he stationary air at 800 ◦C.
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Fig. 3. Cell impedance spectra under open-circuit conditions at 800 ◦C.

s the optimized fabrication process of the anode/YSZ film bi-
ayer. With the addition of the YSZ ionic conducting phase in
he LSM structure, the cell performance of Cell-2 is largely pro-

oted by 34% compared with that of Cell-1. It is due to the
mproved cathode performance, resulting from the extension of
he TPB areas from the electrolyte/cathode interface deep into
he bulk cathode. As can be observed, no detectable electrode
oncentration polarization phenomenon usually related to the
egative curvature of the I–V characteristics can be observed in
ell-1 and Cell-2. It indicates that the difference in the sinter-

ng temperature of the two cathodes has no obvious influence
n affecting the cathode gas transport property. By substituting
SZ (0.04 S cm−1 at 800 ◦C [6]) with the high ionic conduct-

ng SDC phase (0.1 S cm−1 at 800 ◦C [18]) in the LSM/SDC
athode, the MPD of the single cell is further enhanced, e.g.,
PD of Cell-3 is 53 and 14% higher than that of Cell-1 and
ell-2, respectively. Similarly, the promotion in Cell-3 relative

o Cell-1 arises from the extended TPB sites in the cathode.
lso, the higher ionic conductivity and higher oxygen surface

xchange coefficient of SDC than those of YSZ are suggested
s the two main factors aiding electrode processes [9]. Fur-
hermore, the special redox properties of Ce4+ and Ce3+ can
acilitate the surface diffusion and charge transfer processes
19]. These are the reasons why the Cell-3 performance is higher
han Cell-2. Note that the Cell-3 performance is practically lim-
ted by the serious cathode concentration polarization at high
urrent density region, which is corresponded to limited gas
ransport rate through the relatively dense cathode (see Fig. 1c
nd d).

Fig. 3 illustrates cell impedance spectra under open-circuit
onditions when the cathodes were exposed to the station-
ry air. As can be observed, the high frequency intercept
f the impedance spectra, namely, the ohmic resistances are
pproximately similar. Due to the negligible anode polariza-
ion resistance (Ra) at low current density [5,6], the difference
etween the high and low frequency intercepts, i.e., electrode
nterfacial resistance can be regarded as the cathode polariza-

ion resistance (Rc). And the decreased Rc value demonstrates the
ontinuously improved cathode electrochemical performance of
he LSM, LSM/YSZ and LSM/SDC cathodes, in good accor-
ance with the cell output performance in Fig. 2.

a
a
f
t

ig. 4. The ratio of electrode polarization loss in the total cell polarization loss
s a function of current density at 800 ◦C, using air as the oxidant: (a) Cell-1,
b) Cell-2 and (c) Cell-3.

It is noted that the impedance spectra at open-circuit can
nly reflect the cell performance in the case of very low current
ensity. The total polarization resistance under current load-
ng correlates well with the power density of the cell under
hat loading [20]. So the distribution of the ratio of the elec-
rode polarization loss (ηe), i.e., cathode polarization loss in the
otal polarization loss (ηt = ηe + iRohm, set ηe% = ηe/ηt) with the
urrent density can be used to evaluate the cell performance,

s illustrated in Fig. 4. The ηe% values of Cell-1 and Cell-2
re gradually decreased with the current density. What is dif-
erent is that the ηe% value of Cell-3 decreases rapidly with
he current density at the initial stage, and begins to increase
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fter it reaches a minimum at 1.60 A cm−2. The minimum point
n the ηe% curve indicates that when the current density is
igher than 1.60 A cm−2, mass transfer process (rds) mainly
imits the promotion of the cell performance. As also marked
n Fig. 4, the ηe% values at MPD are 87, 83 and 78% for
he three cells, respectively, demonstrating that the high cath-
de electrode polarization loss at intermediate temperature is
till the predominant factor limiting the cell performance. So
t is predicted that any decrease in the cathode overpotential
ill bring forth a pronounced increase in the cell performance.
he MPD of Cell-3 occurs at the point where the contribu-

ion of concentration polarization is increasing. As expected,
higher cell output with the LSM/SDC cathode at 800 ◦C can
e achieved probably if the cathode porosity is increased while
he cathode composition of LSM and SDC is maintained. Or
he stationary air could be altered by the flowing air, which
ould effectively suppress the limitation of the gases move-
ent in and out of the active reaction sites through the fine

ores.

.3. Cell performance with oxygen as an additional oxidant

In an attempt to further improve the cell performance,
00 ml min−1 oxygen flow was introduced at the cathode side
s an additional oxidant, and the cell performances are shown
n Fig. 5. The cell outputs are substantially promoted with the
xygen oxidant, e.g., the MPDs are 1.56, 2.32 and 1.71 W cm−2

or Cell-1, Cell-2 and Cell-3 at 800 ◦C, respectively. The MPDs
re 90, 110 and 37% higher than those with the air oxi-
ant for Cell-1, Cell-2 and Cell-3, respectively. The MPD of
ell-2 is better than the high cell performance (2.24 W cm−2

t 800 ◦C) with LSM/Sc2O3-stabilized ZrO2 co-doped CeO2
ScSZ) cathode [19]. The dramatic promotion in the cell per-
ormance, typically Cell-2 well implies that gas conditions at
he cathode side as well as the cathode microstructure and
orosity play a significant role in determining the cell perfor-

ance.
Open-circuit voltages (OCVs) of the cells with the oxygen

xidant are slightly increased compared with those with air oxi-
ant, e.g., from 1.12 to 1.13 V for Cell-1. According to the Nernst

ig. 5. I–V characteristics of the cells at 800 ◦C when 100 ml min−1 O2 flow
as supplied at the cathode side.
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quation, the slight increase in the OCV means the increase of
he oxygen partial pressure and, therefore, the increased oxygen
oncentration. Obviously, the increase in the OCV is beneficial
o boost the cell performance. Furthermore, the increased oxy-
en concentration facilitates more oxygen molecules to contact
he cathode surfaces. And the flowing oxygen can speed up the
as circulation rate within the cathode and expel the nitrogen
as trapped in the inner cathode timely after the exhaustion of
he oxygen at high current densities. These factors are helpful
or the oxygen dissociative adsorption process in the cathode,
hich is usually regarded as the rds [21]. Hence, the cell perfor-
ance is considerably improved due to the increased cathode

xchange current density when the oxygen flow is used as the
dditional oxidant.

At the same time, it is still surprising that such a high increase
atio and such a high cell performance can be obtained by Cell-

with the pure LSM cathode. The sufficient porosity of the
athode might be the main cause for the fast oxygen circulation
ate, resulting in the largely enhanced cathode performance. As
entioned above, the pure LSM in Cell-1 has a larger poros-

ty than the LSM/YSZ in Cell-2, indicating the porosity of the
ure LSM cathode is able to supply more sufficient gas flow to
upport higher current densities for Cell-1 than the LSM/YSZ
athode for Cell-2. However, note that the short-circuit cur-
ent density of Cell-2 is far larger than that of Cell-1. So the
bserved negative curvature in the I–V characteristic of Cell-
should be caused by lack of TPBs for supporting the fast

lectrochemical reduction reaction at large current densities.
he deduction in the present study is in good agreement with
nother work in our laboratory [22]. By the impregnation of
he sufficient SDC loading in the LSM structure, a continuous
ano-sized high ion-conducting phase was formed in the sur-
ace of LSM network, and the TPBs in the LSM/SDC cathode
ere far more increased compared with the pure LSM cathode.
owever, the Cell-3 performance is only 9.6% higher than that
f Cell-1, due to the low porosity preventing the fast oxygen
ransport to and the residual nitrogen out of the active reaction
one. When the oxygen consumption rate is higher than the
as transport rate at a critical current density, the oxygen con-
entration and, therefore, the oxygen partial pressure is rapidly
iminished. It thus leads to the limitation of further promotion
f the cell performance mainly due to the serious concentration
olarization. Although the porosity of the LSM/YSZ cathode
f Cell-2 is somewhat lower than that of the LSM cathode of
ell-1 and the number of cathodic TPB sites of Cell-2 is less

han that of Cell-3, the best MPD is still obtained by Cell-2.
he pronounced Cell-2 performance is resulted from the com-
ined effects of a rational porosity and a suitable amount of
PBs.

In conclusion, using oxygen as oxidant, a reasonable porosity
f the cathode is a most significant factor to achieve a high cell
erformance. Moreover, possession of another important factor
f sufficient amount of TPBs will further promote the cell output

onsiderably.

The relationships between ηe% and current density with the
xygen oxidant are illustrated in Fig. 6. Each curve shows a
eak, where the ηe% value is the minimum. The ηe% value of
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Fig. 6. The ratio of electrode polarization loss in the total cell polarization loss as
a function of current density at 800 ◦C when 100 ml min−1 O flow was supplied
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of TPB number on the cathode performance is predominant.
As mentioned above, SDC possesses higher ionic conductiv-
ity and higher oxygen surface exchange coefficient than YSZ.
These advantages in addition to the sufficient TPB sites result

Table 2
MPDs and ηe% values at MPD at varied temperatures

Sample 700 ◦C 600 ◦C

MPD
(W cm−2)

ηe% at
MPD (%)

MPD
(W cm−2)

ηe% at
MPD (%)

Cell-1 0.50 83 0.09 90
2

t the cathode side: (a) Cell-1, (b) Cell-2 and (c) Cell-3.

ell-3 begins to be bigger than that of Cell-2 when the current
ensity is higher than 2.4 A cm−2, which is due to the dominant
athode concentration polarization. The ηe% values at MPD are
4, 64 and 72% for Cell-1, Cell-2 and Cell-3, respectively. The
ecrease of the cathode electrode polarization loss results in a
ignificant promotion in the cell performance. As can be seen,
long with the decrease in the ηe%, the effect of the ohmic resis-
ance is gradually amplified, which should not be neglected any

ore. Other than further lowering the YSZ film thickness by
ecreasing the system reliability, using other ZrO2-based elec-

rolyte materials with higher conductivities can be an alternative
ay [23,24].

C
C

ig. 7. I–V characteristics of the cells when 100 ml min−1 O2 flow was supplied
t the cathode side: (a) at 700 ◦C and (b) at 600 ◦C.

.4. Cell performance at reduced temperatures

Shown in Fig. 7 are the electrochemical characteristics of the
ells at 700 and 600 ◦C with the oxygen oxidant, respectively.
he MPD values and the ηe% values at MPD of the three cells at
ifferent temperatures are listed in Table 2. As can be seen, the
ell performances are all temperature-dependent and decreased
apidly with the reduced temperature, typically for Cell-1. Along
ith the decrease in the temperature, the output performance of
ell-3 is gradually close to and eventually surpasses that of the
ell-2. The cell performance is eventually dependant on the
ffect of the amount of TPB length rather than the porosity at
educed temperatures. The concentration polarization due to the
ow porosity of the LSM/SDC cathode at 800 ◦C is no longer
redominant, since the gas consumption rate is lowered due to
elatively low cell output. Under this circumstance, the effect
ell-2 1.10 68 0.21 83
ell-3 1.09 63 0.40 63
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Power Sources, submitted for publication.
[23] Z.W. Wang, M.J. Cheng, Y.L. Dong, M. Zhang, H.M. Zhang, J. Power

Sources 156 (2006) 306–310.
[24] K. Yamahara, C.P. Jacobson, S.J. Visco, X.F. Zhang, L.C. De Jonghe, Solid
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n the enhanced cathode performance, which is responsible for
he high output of Cell-3. As can be seen in Table 2, the ηe%
alues at MPD for both Cell-1 and Cell-2 are increased with
he decreased temperature. It means that the cell performance
s mainly governed by the electrode polarization loss. In con-
rast, the ηe% value at MPD for Cell-3 is gradually diminished
ith the decreased temperature. At the same time, the increasing
hmic polarization loss plays an ever important role in affecting
he cell performance with the effective LSM/SDC cathode at
educed temperatures.

So an effective route can be proposed that when a consider-
ble cell output is required at relatively high temperature, e.g.,
t 800 ◦C, LSM/YSZ cathode fabricated by the solid mixing
ethod can be adopted, using the oxygen flow as oxidant. On the

ther hand, LSM/SDC cathode with high SDC weight ratio fab-
icated by the impregnation process should be employed when a
elatively high cell performance is needed at low-to-intermediate
emperatures down to 700 ◦C.

. Conclusions

The effects of LSM-based cathodes on the cell performance
ere investigated under various operating conditions. The con-

lusions were drawn as follows:

. The cell output was determined by the mutual effects between
the gas diffusion rate and TPB length.

. With the air oxidant, the cell with the LSM/SDC cathode
yielded the best MPD at 800 ◦C.

. With the oxygen oxidant, the cell with the LSM/YSZ cathode
yielded the considerably best MPD at 800 ◦C.

. At reduced temperatures down to 700 ◦C, LSM/SDC cath-
ode was the suitable cathode for zirconia-based electrolyte
SOFC.

. For an excellent cell output, the ohmic polarization loss
accounted for a comparable percentage with the cathode
polarization loss.
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