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the surface of Sm,0s.

The stability of Smg5Sro5C003 (SSC) under reduction conditions is investigated to determine whether it
can be used as a cathode material in on-planar type, single-chamber, solid oxide fuel cells. The techniques
of X-ray diffraction, X-ray photoelectron spectroscopy and scanning electron microscopy are used to reveal
the reduction mechanism of SSC. Impedance spectroscopy analysis also provides a better understanding
of the influence of decomposed SSC phases on cathode performance. Decomposition of SSC occurs on
the surface by the formation of dot-shaped SrO, Co(OH), and CoO on top of the reduced SSC layer at
250°C in 4% H,0-96% H,. The SSC perovskite structure is destroyed at 350°C in pure hydrogen. There is
a catastrophic microstructural change in which SSC is completely decomposed to SrO and CoO that cover

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Single-chamber solid oxide fuel cells (SC-SOFCs) consist of only
one gas chamber where both the anode and the cathode are exposed
to the same mixture of fuel and air. This unique configuration gives
SC-SOFCs various advantages over conventional SOFCs. First, the
gas sealing problem can be inherently avoided since no separa-
tion between fuel and air is required. Second, hydrocarbon fuels
are directly utilized without carbon deposition due to the presence
of a large amount of oxygen in the gas mixture. The simplified cell
structure associated with SC-SOFCs endows mechanical and ther-
mal stabilities and the operation temperature is self-sustained due
to the exothermic partial oxidation of the fuel [1-5]. In this regard,
SC-SOFCs are suitable for various applications, such as distributed
power generators and portable power sources. Recent research has
focused on the development of low-temperature SC-SOFCs by the
adaptation of novel materials [6,7].

Reducing the operating temperature requires the use of
electrolytes with high ionic conductivity and cathodes with
low polarization resistance. Rare earth-doped cobaltite like
Smyg 5Srp5Co03 (SSC) has attracted much attention as a cathode
because of its high mixed ionic and electronic conductivities at
lower temperatures [8]. Sm doped ceria (SDC) is a good candidate
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for a low-temperature electrolyte and does not form undesir-
able secondary phases when in contact with the SSC cathode
during operation. These materials are selected to fabricate low-
temperature, on-planar type SC-SOFCs in which both the anode
and cathode are located on the same side of the electrolyte. The
ohmic resistance can be reduced by decreasing the gap between
the anode and the cathode instead of using a thin electrolyte film.
Such a cell configuration works well with miniaturization and inte-
gration for micro-/mini-SOFC applications. On the other hand, the
electrolyte surface between the electrodes meets the reducing gas
during the anode reduction step prior to measurement so that he
exposed SDC electrolyte may undergo reduction, thereby losing its
ionic conductivity.

In our previous research, we suggested [9] 250°C, 4% H,0-96%
H, as the optimum reduction conditions for the anode (Ni-SDC)
on top of an SDC electrolyte-based SC-SOFC. Only NiO is reduced
to Ni while suppressing electronic conduction in the SDC elec-
trolyte. In that work, however, only the anode was considered
when selecting these specific conditions. The reduction condi-
tions should also be carefully controlled so as to not damage
the cathode. In fact, it has been reported [10-12] that SSC is
unstable at very low partial pressures of oxygen. In this study,
we have investigated the stability of SSC in Ni-SDC (anode)/SDC
(electrolyte)/SSC (cathode) on-planar type SC-SOFCs. The electri-
cal properties, phase composition and structural variation of SSC
are studied to understand the phase stability and decomposition
behaviour of SSC.
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Fig. 1. XRD patterns for SSC: (a) as-sintered; (b) after reduction at 250°C in 4%
H,0-96% Hy; (c) after reduction at 350°C in pure Hj.

2. Experimental

Commercially available SSC (Seimi Chemical Co., Japan) pow-
ders were mixed with polyvinylpyrrolidone (PVP, Aldrich Chem.,
USA) and di-n-butyl phthalate (DBP, Yakuri Pure Chem. Co., Japan)
as a binder and a plasticizer, respectively. The powder mixture was
uni-axially pressed under hydraulic pressure (70 MPa), followed by
sintering at 1000 °C in air for 4 h. Then, the sintered SSC discs were
reduced at either 250°C in 4% H,0-96% H, (denoted condition I)
or 350°C in pure H; (denoted condition II) for 24 h. Microstructural
and phase analyses of the SSC before and after each reduction were
conducted by means of scanning electron microscopy (SEM, JSM-
6500F, JEOL). Bulk phase and surface compositions were analyzed
by X-ray diffraction (XRD, Rigaku D-max) and X-ray photoelec-
tron spectroscopy (XPS, SIGMA PROBE ThermoVG), respectively.
The degradation in the cathodic performance of SSC before and
after reduction was indirectly determined by measuring the d.c.
conductivity and polarization resistance. The electrical conductiv-
ity of a sintered bar-shaped SSC sample (5mm x 3 mm x 20 mm)
was monitored by the 4-point probe method over during a 12h
exposure to the reduction atmosphere of 4% H,0-96% H, at 250°C.

A SSC/SDC/SSC symmetric half-cell was prepared by the screen
printing method with the paste materials comprised of a mixture
of the SSC powders and additives dispersed in an organic solvent.
The cathode layer was placed on both sides of a 0.5 mm thick SDC
disc for the measurement of interfacial polarization resistance. Plat-
inum mesh connected to a platinum lead wire was attached to
the cathode layers with platinum paste for current-collection. The
area of the applied SSC cathode was 1.5cm? and the thickness
was 15-20 pm. The cathode and current-collection layer were sin-
tered at 1000°C for 4h and at 850°C for 30 min. Electrochemical
impedance measurements were performed under three different
oxygen partial pressures (0.2, 0.1, and 0.01 atm) before and after
reduction under condition I using a Solartron SI 1260/1287. The
impedance spectra were obtained at 700 °C over a frequency range
of 100 kHz to 1 mHz with an applied a.c. voltage amplitude of 20 mV.

3. Results and discussion

The phase stability of the sintered SSC before and after expo-
sure to the reduction atmospheres of condition I and condition II is
shown in Fig. 1. The XRD diffraction patterns of the as-sintered SSC
match well with those of the phase-pure perovskite Smg 5Srg 5C0oOs3,
as shown in Fig. 1a [13]. There is no noticeable difference in the
diffraction peaks between the as-sintered SSC and the SSC reduced

Fig. 2. Cross-sectional SEM images of SSC: (a) as-sintered; (b) after reduction at
250°C in 4% H,0-96% H; (c) after reduction at 350°C in pure H,.
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Fig. 3. XPS wide-scan results of SSC: (a) as-sintered; (b) after reduction at 250°C in
4% H20-96% Hy; (c) after reduction at 350°C in pure Hj.
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Fig. 4. XPS narrow scan results showing elements comprising SSC: Sm spectra (a) as-sintered and (b) reduced under condition I; Sr spectra (c) as-sintered and (d) reduced
under condition I; Co spectra (e) as-sintered and (f) reduced under condition I; Sr spectra (g) as-sintered and (h) reduced under condition II.

under condition I (Fig. 1b). By contrast, the SSC phase disappears
after exposure to reduction condition Il and only the Sm;, 05 (JCPDS,
25-0749) phase is detected (Fig. 1c). This indicates that SSC under-
goes significant decomposition at 350 °C under a highly reducing
atmosphere.

The microstructure of the sintered SSC as a function of the
reduction atmosphere was investigated by SEM. Fig. 2a shows

a cross-sectional view of the as-sintered SSC at 1000°C in
which an interconnected granular structure with smooth sur-
faces is observed. Reduction under condition I causes a change in
microstructure (Fig. 2b), but XRD analysis does not detect any phase
change. The surface becomes rough due to the formation of many
~20nm-sized protrusions that give rise to raspberry-like surface
structure. The change in microstructure is dramatically intensified
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upon exposure to reduction condition I, as shown in Fig. 2c. The
porous granular framework collapses into aggregated particles of
about 100-200nm in size and the reduced sintered SSC sample
becomes fragile. Based on these microstructural observations, it is
reasonable to assume that SSC undergoes complete decomposition
when exposed to the reducing atmosphere.

To gain an in-depth understanding of the SSC phase decom-
position, XPS was used to analyze the surface composition of the
sintered SSC. Wide-scan spectra for the three different samples are
presented in Fig. 3. All of the metallic components, i.e., Sm, Sr and
Co atoms, are detected for both the as-sintered SSC and the SSC
exposed to reduction condition I, as witnessed in Fig. 3a and b. By
contrast, the sample exposed to reduction condition Il shows only Sr
and Co atoms. This implies that the crystalline Sm,03 detected by
XRD is in the interior, whereas the surface is covered by substances
containing only Sr and Co atoms. These phases might be crystalline
if the amount present is sufficiently below the XRD detection limit.

Narrow-scan XPS data for both sintered SSC and SSC reduced
under conditions I and Il are given in Fig. 4. In general, the shift in the
binding energy (BE) of a core level is correlated with the change in
chemical potential, the variation in the number of valence electrons
on the atom considered, or the shift in the extra-atomic relaxation
energy [14]. This means that a change in binding energy can reflect
the surface reduction process of the cathode. The binding energy
of Sm 3ds, is 1083.3 eV for the sintered SSC (Fig. 4a) and 1083.9 eV
for the reduced SSC (Fig. 4b). Thus, it is not possible to distinguish
between Smg5Srg5C003 and Sm,03 based on the BE of Sm 3ds),
since they are almost identical [15].

The Sr peaks interfere with the Sm peak and can be deconvo-
luted into five sub-peaks originating from both Sm 4d and Sr 3ds ;.
This means that the phases containing Sm or Sr atoms co-exist on
the cathode surface. The BE of Sr 3ds), is 133.1 eV for the sintered
SSC (Fig. 4c), which matches with the BE of Srin La;_,SrxMnO3 per-
ovskite and thereby indicates the presence of SSC[14]. The BE shifts
2.3 eV higher (135.4 eV) for the reduced SSC (Fig. 4d), which is iden-
tical to the BE of Sr in SrO [15], and implies that the SSC surfaces
are partially reduced under condition I to form SrO on the surfaces.
The sintered SSC displays Co 2p spin-orbit splitting at 780.2 and
796 eV, corresponding to the Co 2p3j; and Co 2p;; levels, respec-
tively, which are indicative of the presence of Co?* ions (Fig. 4e). For
the reduced SSC, the BE shifts to a higher level (781.1 eV) identical
to the BEs of Co in Co(OH), (Fig. 4f) [15]. Moreover, the shake-up
satellite peak at 785.7 eV implies the presence of Co%* [16,17] in
the form of CoO. The XPS spectra reveal that the SSC surface com-
pletely decomposes into SrO and CoO covering the entire surface
when reduced under condition II (Fig. 4g and h). The binding ener-
gies of Sr 3ds); and Co 2p3p, are 135.2 and 780.4 eV, respectively,
which exactly match the binding energies of Sr2* for SrO and Co2*
for CoO. The CoO phase probably originates from full re-oxidation
of the decomposed Co(OH),. The XPS results, together with SEM
images, support the fact that the SSC surface structure collapses into
SrO and CoO which block the detection of the underlying crystalline
Sm, 03 phase.

Electrical conductivity was measured to verify the surface reduc-
tion of SSC. The variation in conductivity of the SSC bar sample when
reduced under condition I is presented in Fig. 5. The initial conduc-
tivity is 23005~ cm, but decreases with time to about 73S~ cm
after 8 h. SSC is a p-type semiconductor in which the hole is trans-
ported by a hopping mechanism and aliovalent doping of Sr allows
an increase in hole concentration. In fact, the electrical conductiv-
ity of Smy_,SrxCoO3 depends markedly on the Sr content. At 250 °C,
Smj_,SrxCo03 has a conductivity of over 15005~ cm when x=0.5,
but it falls below 1S~! cm when x=0 [18]. In the present reduction
experiment, SSC loses its electrical conductivity due to a decreased
hole concentration as the surface SrO forms out of the perovskite
structure. If the electrical conductivity of the decomposed surface
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Fig. 5. Conductivity variation of SSC bar sample on exposure to a 4% H,0-96% H,
atmosphere at 250°C.

phases is 1000 times less than that of Smgs5Srg5C00s, i.e., like
SmCoO0s3, it can be estimated that the volume (2 vol.%) of decom-
posed SSC accounts for 98% of the reduction in conductivity using
a mixture rule. The XRD technique is suitable for identifying the
major constituent phases, but it often fails to detect the presence
of substances at less than 5vol.% [19]. The degradation in electri-
cal conductivity indicates the formation of less conductive and/or
insulating phases such as SrO-deficient SmCoO3, CoO, Co(OH),, and
SrO on the surface.

The proposed mechanism of SSC decomposition under reduc-
tion conditions is illustrated in Fig. 6. Smg5Srg5Co03 is par-
tially decomposed into dot-shaped SrO, Co(OH), and CoO, as
expressed by Eq. (1), leaving behind Smg5Srg5_xCo1_y_,03_x_y_,
under reduction condition I (Fig. 6a). It is believed that
Smyg5Srg5_xCo1_y_,03_5_y_, retains the perovskite structure so as

(a) SrO
Co(OH),
CoO
Smy 5Srp 5 Cor 03
Sm, 551y 5C00;
(b) SrO

Sm,0;

Fig. 6. Proposed decomposition mechanism of SSC at reduction conditions of (a)
250°C in 4% H,0-96% H; and (b) 350°C in pure H,.
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Fig. 7. (a) Cole-cole plot obtained for cathode (Po, = 0.21atm) and (b) interfa-
cial conductivities as function of oxygen partial pressure. Conductivity calculated
is based on resolved interfacial resistance obtained in part (a).

to maintain a coherent interface with the inner Smg 5Srg 5C00s.
Smg 55rg.5C003 + yH0 — Smg 5510.5_xC01_y_,03_x_y_

+xSrO + yCo(OH), + zCoO (1)

The SSC reduction is accelerated and the material is completely
decomposed into SrO and CoO on top of Sm;03 under reaction
condition II (Fig. 6b). This reaction is represented by:

2Smyg 55r9.5C003 — £SmMy03 + SrO + 2C00 + 30, (2)

Electrochemical impedance measurements were also per-
formed as a function of the oxygen partial pressure (P, ) for both the
as-sintered SSC and the SSC reduced under condition I. Fig. 7a shows
a cole-cole plot of the SSC cathode half-cell measured at 700 °C. The
impedance spectra are separated into a low-frequency resistance
(Ry) and a high-frequency resistance (Ry) using an equivalent circuit
model. Each resolved resistance corresponds to a particular elec-
trode reaction. The interfacial conductivity (o) can be derived from
the interfacial polarization resistance (R) using the Eq. (3) where A
is the electrode area [20]:

1
0= AR (3)

The calculated interfacial conductivity obtained from the
impedance results is presented in Fig. 7b as a function of the oxygen
partial pressure. The low-frequency interfacial conductivities (o)
remain virtually unchanged during the reduction process, whereas

the high-frequency interfacial conductivities (oy) decrease after
reduction regardless of sample type. This also shows that oy is
nearly independent of the oxygen partial pressure, while it is known
that the magnitude of oy reflects the ease of oxygen species trans-
port [21]. The formation of non-ionic conducting phases such as
SrO, Co(OH), and CoO adversely affect the transport of oxide ions
or oxygen intermediates. By contrast, o shows a dependency on
oxygen partial pressure, but remains constant before and after
reduction under condition I. It has been reported that the polariza-
tion resistance at lower frequencies is related to the gas diffusion
ability through the electrode [20]. The invariance of o before and
after the reduction suggests that reduction under condition I does
not bring about a microstructural change, as seen in SEM images
(Fig. 2). This observation indicates that SSC cathodic performance
degrades because the SSC surface decomposition induces a lower-
ing of ionic conductivity.

4. Conclusions

It has been found that SSC cathodes used in on-planar type
SC-SOFC become unstable in reduction atmospheres. The SSC cath-
odes can be decomposed by exposure to reducing atmospheres
during the anode reduction process. Under reduction condition
I (250°C, 4% H,0-96% H,), perovskite SSC transforms to SrO,
Co(OH), and CoO on the surface of the reduced SSC, i.e., the
Smg 55105« C01_g03_y layer. Under reduction condition II (350°C,
H,), SSC completely decomposes into Sm,03, SrO and CoO phases
as the perovskite structure is destroyed and there is an abrupt
change in microstructure. The SSC decomposition is confirmed by
monitoring the variation in both electrical conductivity and interfa-
cial polarization resistance. The SSC loses its electrical conductivity
and the cathodic resistance increases on exposure to the reduction
atmosphere. This indicates that the performance of a SSC cathode
degrades due to the formation of less electronic and ionic conduct-
ing phases on the surface. In this regard, SSC cannot be used in
on-planar type SC-SOFCs and other cathode materials with better
reduction stability should be employed.
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