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electrolyte at 1350°C. Results show that LSM without CeO, addition is unstable at 1350°C, whereas
the thermal stability of LSM is drastically improved after addition of CeO,. In addition, results show
a correlation between CeO; addition and the maximum power density obtained in 300 wm thick
Keywords: electrolyte-supported single cells in which the anode and modified cathode have been co-sintered at
SOFC Ce"' 1350°C. Single cells with cathodes not containing CeO, produce only 7 mW cm~2 at 800 °C, whereas the
LSM power density increases to 117 mW cm~2 for a CeO, addition of 12 mol%. Preliminary results suggest that
CeO, could increase the power density by at least two mechanisms: (1) incorporation of cerium into the
Co-sintering LSM crystal structure, and (2) by modification or reduction of La,Zr,0; formation at high temperature.
LayZr,07 This approach permits the highest LSM-YSZ co-sintering temperature so far reported, providing power
CeO; densities of hundreds of mW cm~2 without the need for a buffer layer between the LSM cathode and
YSZ electrolyte. Therefore, this method simplifies the co-sintering of SOFC cells at high temperature and

High temperature

improves their electrochemical performance.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Strontium-doped lanthanum manganite (LSM) is commonly
used in the fabrication of solid oxide fuel cells (SOFCs) as the
cathode material, because it displays good electrical conductivity,
electrocatalytic activity and high thermal and chemical stability
between 800°C and 1000°C [1-4]. However, at higher tempera-
tures (>1100°C) LSM reacts with yttria-stabilized zirconia (YSZ)
to form either lanthanum zirconate, La;Zr,07 (LZO), or strontium
zirconate, SrZrOs; (SZO), at the contact zone, thereby decreas-
ing both the cathode and single cell electrochemical performance
[4-6]. Several approaches, with different technical complexities,
have been attempted in order to reduce the reaction between
LSM and YSZ at high temperature, for example, introducing a
gadolinia-doped-ceria-based interlayer [7], using a cathode com-
posed of a certain mixture of LSM and YSZ [8], or optimizing the
Sr content [9]. However, even using these approaches the high-
est sintering temperature for LSM remains below the minimum
sintering temperature for YSZ (~1350 °C). Hence, LSM and YSZ cur-
rently cannot be co-sintered at temperatures as high as 1350°C
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without obtaining SOFC cells with extremely poor electrochemical
performance.

Recently, Konysheva et al. reported the crystal structures
and electrical and magnetic properties of phases in the
Lag gSrg2Mn0O3-CeO, system [10]. They characterized the crystal
structures of different phases formed between Lag gSrp,MnO3 and
CeO, at 1350°C and additionally established the solubility limit of
CeO, into LSM at about 2 mol% [10]. In addition, they showed that
for CeO, contents between 2 and 10 mol% a slight increase in elec-
trical conductivity is induced. Their work thus demonstrated that
CeO, addition can change the electrical properties of LSM. However,
up to now there have been no more reports of the effect of CeO,
addition on the thermal stability or electrochemical performance
of LSM cathodes.

In this paper we examine the use of different CeO, additions
into LSM cathode materials in an attempt to increase the ther-
mal stability of LSM at 1350°C, modify or reduce the formation
of high electrical resistant secondary phases (LZO or SZO) during
co-sintering with YSZ, and thereby increase the power density of
YSZ-based single cells using LSM as the cathode. After describing
the experimental methods used, we present results showing that
CeO, addition has a beneficial effect on LSM cathode materials, and
conclude that it may be a very simple and effective strategy for
enabling the use of LSM-cathode and YSZ-electrolyte in SOFC cells
produced by co-sintered at 1350°C.
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2. Experimental procedures
2.1. Preparation of LSM powders with CeO, addition

10mol% CeO,-added LaggSrgoMnO3; powders were prepared
by mixing commercial powders of LaggSrg>,MnO3 (dsg=0.3 wm;
AGC Seimi Chemical Co., Japan) and CeO, (Mitsuwa Pure Chemical,
Japan) in ethanol overnight and then drying them at 60°C under
vacuum.

Several pellets of CeOy-added LaggSrgoMnO3; (Ce-LSM) were
fabricated by cold isostatic pressing (CIP) powders at 2.5 tonnes
for 5min and then sintering at 1350°C for 5h in air. Pel-
lets of LaggSrgoMnO3 (LSM) without CeO, were also prepared
for comparison in order to evaluate their thermal stabili-
ties at high temperature. Another set of pellets was prepared
by mixing either LSM or Ce-LSM powders with 50wt% YSZ
(TZ8Y, Tosoh Corporation, Japan), in order to evaluate the ther-
mal stability of LSM during co-sintering with YSZ at high
temperature.

X-ray diffraction (XRD) in a 6/26 configuration (Rigaku RINT,
CuKa, with a graphite monochromator) was used for identify-
ing crystallographic phases in all samples. The diffractometer was
mechanically aligned and the recorded XRD patterns normalized
in order to ensure a consistent comparison. X-ray photoelectron
spectroscopy (XPS), with monochromatic AlKa source, was used
for characterizing the oxidation state in LSM and Ce-LSM samples
after sintering at 1350°C. Signals O1s and C1s were used as ref-
erence in order to ensure the curve fit analysis. Scanning electron
microscopy (SEM) was used to observe the microstructure after
sintering at high temperature.
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Fig. 1. XRD patterns of LSM and Ce-LSM pellets after sintering at 1350°C for 5 h.

2.2. Evaluation of cathode and single cell performance after
sintering

YSZ-electrolyte-supported single cells were fabricated by screen
printing. Both porous anode (Ni-YSZ) and cathode pastes were
screen-printed on a 300 pm thick electrolyte and then co-sintered
at 1350°C for 5h in air using heating and cooling rates of
200°Ch~1. Several Ce-LSM cathode compositions were prepared
in the manner described in section 2.1 using different amounts
of CeO,, namely 0, 4, 8, 12 and 15mol%. Electrochemical eval-
uation was carried out at 800°C with H, +3% H,0 and dry air
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Fig. 2. (a), (b) and (c) XPS spectra of La3d, Sr3d and Mn3s from LSM and Ce-LSM pellets sintered at 1350 °C, respectively. (d) XPS spectra of Ce3d from Ce and Ce-LSM pellets

sintered at 1350°C.
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at the anode and cathode sides, respectively, using flow rates of
50mlmin~1.

3. Results and discussion

3.1. Enhancement of Lag gSrg>MnQOj3 cathode stability at high
temperature

Fig. 1 shows the XRD patterns of LSM and Ce-LSM pellets
sintered at 1350°C for 5h in air. Both XRD patterns indicate
Lag gSrp2MnOjs is the main phase. However, in LSM pellets without
Ce0,, the formation of one or more minor phases is also apparent,
consistent with the thermal instability of LSM at 1350°C. In con-
trast, in Ce-LSM pellets the amount of minor phases was drastically
reduced, suggesting that Ce-LSM pellets exhibit enhanced thermal
stability with respect to LSM pellets at 1350°C.

Fig. 2a-c show the XPS spectra of La3d, Sr3d and Mn3s from
LSM and Ce-LSM pellets sintered at 1350°C, respectively. Man-
ganese oxidation state was estimated by using the binding energy
gap (ABEwnp3s) indicated in Fig. 2¢, thus when ABEyn3s = {4.5, 5.5
or 6.5eV} the manganese oxidation state corresponds to Mn (IV),
Mn (IIT) or Mn (II), respectively [11].

Fig. 2a shows no difference between the La3d signals from LSM
and Ce-LSM pellets. Both spectra show a quadruplet instead of the
characteristic La3dsj, and La3s, duplet caused by the spin-orbit
interaction. This quadruplet effect has been reported in similar LSM
perovskite cathodes and it is caused by electron transference from
the oxygen ligands to the initially unfilled La4f orbital [12].

Fig. 2b shows a significant difference between Sr3d signals from
LSM and Ce-LSM sintered pellets: an additional peak at 138eV,
assigned as SrO, is observed only in the LSM pellets, whereas in the
Ce-LSM it is completely avoided. This effect is in agreement with
Fig. 1 supporting that CeO, addition could increases the thermal
stability of LSM.

Fig. 2cindicates the binding energy gap (ABEpn35) used for esti-
mating the oxidation state of manganese. Inset shows the ABEyn3s
observed in (i) LSM raw powder and (ii) LSM pellet at 1350 °C and
(iii) Ce-LSM pellet at 1350°C, suggesting that in raw powders the
manganese is mainly present as Mn (III), whereas in the LSM pellet
the oxidation state tends to slightly increases because the thermal
instability observed in Fig. 2b, and contrarily, in the Ce-LSM pel-
let the oxidation state tends to slightly decrease due to a charge
compensation mechanism caused by the CeO, addition.

Fig. 2d shows the XPS spectrum of Ce3d from CeO, and Ce-LSM
pellets sintered at 1350 °C. Ce3d signal from CeO, shows the char-
acteristic Ce3dsj, and Ce3gs), duplet with wide peaks because the
electrical charge during the XPS analysis. However, the Ce3d sig-
nal from Ce-LSM shows a quadruplet as well as it is observed for
La3d (Fig. 2a), suggesting that Ce could react with LSM and probably
plays a role in the thermal stability enhancement of LSM cathode
at high temperature.

Fig. 3a and b show the microstructure of LSM and Ce-LSM pel-
lets, respectively, after sintering at 1350°C for 5h in air. Some
differences between the microstructures are noticeable: (i) The
grain size is smaller in Ce-LSM pellets than LSM pellets; (ii) LSM
pellets show some step- and bubble-like features on the surface,
whereas these are not observed on Ce-LSM pellet surfaces; and
(iii) the insets show that in LSM pellets some manganese oxide
crystals are formed on the surface, whereas in Ce-LSM pellets they
are not. The first effect can be explained in terms of the low solubil-
ity of CeO, in Lag gSrg>MnO3 [10], with excess CeO, accumulating
at LSM grain boundaries, thus restricting the grain growth. The sec-
ond observation suggests the LSM sample contains partially melted
grain boundaries, since these can give rise to both step- and bubble-
like structures. The third observation is in agreement with previous
work, in which some manganese oxide crystals were formed on the

Fig. 3. Microstructures of (a) LSM and (b) Ce-LSM after sintering at 1350°C for 5h,
respectively. Insets show magnified regions.

surface of LSM under similar heat treatment conditions [13]. The
SEM observations are thus consistent with the conclusion that CeO,
addition enhances the thermal stability of LSM at 1350°C.

The improved thermal stability of Ce-LSM powders makes
them attractive for preparing SOFC single cells by co-sintering
with an YSZ electrolyte at high temperature. This should affect
the formation of LZO or SZO, thereby leading to improvements
in the electrochemical performance of the cathode. The stability
of Ce-LSM powders co-sintered with YSZ was evaluated firstly by
XRD.

Fig. 4 shows the XRD patterns of LSM-YSZ and Ce-LSM-YSZ pel-
lets after sintering at 1350°C compared with Ce-LSM-YSZ mixed
powder at room temperature (RT). Regardless of sample composi-
tion or heat treatment temperature, no formation of SZO phase was
observed.

The main diffraction peaks of the Ce-LSM-YSZ powder at room
temperature correspond to YSZ (26 =29.98°) and CeO, (20 =28.54°)
phases. The pattern for LSM-YSZ at 1350°C shows an additional
peak at 20 =28.66° in agreement with the formation of LZO (JCPDS
#73-0444) [14,15]. The XRD pattern for Ce-LSM-YSZ at 1350°C
reveals at least three fascinating effects. First, no CeO, peaks are
observed. The CeO, must therefore have reacted with YSZ because
the XRD pattern in Fig. 1 showed that, for the most part, CeO,
is thermally stable in contact with LSM at 1350°C. Second, the
LZO peak appears to have slightly shifted to 20=28.73° (LZO-like),
consistent with a probably formation of crystalline Ce;Zr,07.x Or
Ce-doped LZO phases with better electrical conduction compared
with LZO [16-19]. Third, the secondary phase formation, whatever
LZO or LZO-like, tends to reduce in comparison with non added
LSM-YSZ at 1350°C.



J.P. Wiff et al. / Journal of Power Sources 196 (2011) 6196-6200

1 sz

1 CeO

Ce-LSM-YSZ @ 1350°C

Intensity, /a.u.

LSM-YSZ @ 1350°C

Ce-LSM-YSZ @ RT

28 30 32
20, /degree

Fig. 4. XRD patterns of Ce-LSM-YSZ at room temperature (RT), LSM-YSZ and
Ce-LSM-YSZ pellets sintered at 1350°C.

Although XRD and XPS analyses suggest CeO, reacts with YSZ
at 1350°C, further experiments will be necessary to characterize
the CeO, reaction fully and identify any new phase(s) which may
have formed at the LSM-YSZ interface. Nevertheless, the results
suggest that CeO, addition can stabilize the LSM crystal structure
and reduce the formation of LZO at high temperature. These are
expected to have a beneficial effect on cathode performance after
co-sintering with YSZ at high temperature, which we discuss in the
next section.
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Fig. 5. Power density as a function of CeO, addition to Lag gSro>MnO3 at 800 °C. The
inset shows the I-V plot for 12 mol% Ce-LSM single cell at 800°C.

3.2. Cathode and single cell performance after high-temperature
sintering

YSZ-electrolyte supported single cells containing Ni-YSZ anode
and Ce-LSM cathodes were co-sintered at 1350 °C and then electro-
chemically evaluated at 800 °C. Fig. 5 shows the power density as a
function of CeO, addition into LSM. The power density plot shows a
significantincrease from 7 mW cm~2 at x =0 mol% up to a maximum
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of 117mWcm~2 at x=12mol%. In other words, a relationship
exists between the increase in power density and amount of CeO,
addition. Furthermore, all samples exhibited 1.1V of open circuit
voltage (OCV) as shown in the inset of Fig. 5, indicating negligible
gas leakage and electron conduction through the YSZ electrolyte.

Fig. 6a-d show the ohmic losses (IR) and overpotential (1) at
the anode and cathode sides, respectively, for different Ce-LSM
cathodes. Fig. 6a and b show that, on the anode side, both ohmic
losses and overpotential are almost independent of CeO, addition,
suggesting no Ce diffusion from cathode to anode. Additionally,
both ohmic losses and overpotentials on the anode side are low,
indicating the anode is of acceptable quality.

On the other hand, Fig. 6¢c and d show the ohmic losses and over-
potential, respectively, on the cathode side. Fig. 6¢ shows similar
behavior to that in Fig. 6a. However, in Ce-LSM cathodes the ohmic
losses are of the same order of magnitude as that observed on the
anode side at high current density, whereas ohmic losses of LSM
cathodes (without CeO; addition) are an order of magnitude higher.
Additionally, Fig. 6d shows a clear relationship between overpo-
tential reduction and CeO, addition, providing evidence that CeO,
addition has a large effect on the reduction of overpotential on the
cathode side. Furthermore, Ce-LSM cathodes produce overpoten-
tial of the same order of magnitude as on the anode side, but for
single cells using LSM without CeO,, as the cathode, in which a large
amount of LZO is formed, the overpotential deteriorated drastically.
Figs. 5 and 6d thus indicate that the power density enhancement
is predominantly a result of the reduction of overpotential on the
cathode side.

CeO, addition into LaggSrg>MnO3 cathode induces a remark-
able increase in power density in YSZ-electrolyte supported single
cells sintered at 1350°C. To the best of our knowledge, this is the
highest co-sintering temperature reported for systems exhibiting
a reasonable power density without using a buffer layer between
the cathode and electrolyte materials, thus simplifying and enhanc-
ing the LSM and YSZ co-sintering at high temperature compared
with current approaches using buffer layers or similar. Further-
more, because the single cell performance is highly sensitive to
the electrolyte thickness, if the electrode thickness is reduced from
300 wm to justa few tens of microns (in an electrode-supported sin-
gle cell configuration), we expect the power density of single cells
sintered at high temperature to exhibit even greater improvement.

4. Conclusions

The thermal stability and electrochemical performance of CeO-,-
added LSM cathodes sintered at 1350 °C for 5 h in air were assessed.

The results indicate that adding CeO, to LSM increases the cath-
ode thermal stability at high temperature. Furthermore, CeO,
addition to the LSM increases the power density of YSZ-based
electrolyte-supported single cells when used as the cathode. The
maximum power density obtained in such single cells rose to
117 mW cm~2, compared to a few mW cm~2 generated using LSM
cathodes without CeO,. Analysis of the cathode material sug-
gests that cerium could be partially substituted into the LSM
crystal lattice, and that CeO, addition can modify or reduce the
secondary phase formation between the LSM cathode and YSZ
electrolyte. Finally, CeO, addition seems to be a very simple, con-
venient and effective strategy for enabling the LSM and YSZ to
be co-sintered at 1350°C during fabrication of SOFC cells. This
permits the highest co-sintering temperature reported to date,
and results in cells with good power densities without requir-
ing a buffer layer to be introduced between the LSM cathode and
YSZ electrolyte.
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