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Abstract

The electrolyte/anode interface in solid oxide fuel cells with
LaoSr1GagsMgp20s5 electrolytes and composite anodes
containing Lao.gsro'Zcro_nguO'lgo:;_(; and CEQ'QGdO_loz_(;
(GDC) was studied using transmission electron microscope
Z-contrast imaging and energy dispersive X-ray spectro-
scopy. The anode/electrolyte interface of an operated cell
had numerous defective regions in the electrolyte, immedi-
ately adjacent to anode GDC particles. These areas had a dif-
ferent chemical composition than other electrolyte regions
and were crystallographically inhomogeneous. These

1 Introduction

Ni cermet anodes are commonly used in solid oxide fuel
cells (SOFCs) [1-4], but there has been considerable interest
in alternative oxide-based anodes [5]. The motivation for the
alternative materials is to avoid problems with the Ni-based
anodes, including susceptibility to coking in hydrocarbon
and CO-rich fuels [6], poisoning by sulfur [7] and other
fuel impurities [8], and degradation due to redox cycling [9].
A number of oxide materials have been identified that
address these problems [10]. One recent example is
Lag gSrg2Cro g2Rug.1803-5 (LSCrRu). This material has yielded
good electrochemical performance that appears to be related
to the formation of Ru nanoparticles on the chromite surfaces,
although this has only been verified in powders, not in the
anodes themselves [11].

One of the problems with oxide anode materials is their
incompatibility with the electrolyte. For example, there are

regions were not observed in a cell reduced in hydrogen that
was not operated, suggesting that they were the result of
combined electrical and chemical potential gradients present
during cell operation. Ru nanoparticles were observed on
the chromite surfaces of the operated.

Keywords: Catalyst, Chromite Anode, Degradation, Interface,
LSGM Electrolyte, Microstructure, Nano, Ruthenium, SOFC,
TEM

well-known problems with reactions between perovskite
electrodes and yttrium-stabilized zirconia (YSZ) electrolytes
that form resistive zirconate phases [12]. However, relatively
little is known about the compatibility of oxide anodes with
Lag¢Sr91GagsMgp205 (LSGM) electrolytes. A number of
SOFCs with oxide anodes on LSGM-electrolyte supports have
been reported [10, 11], and in some cases it was found that a
La-doped ceria (LDC) interlayer was required to obtain good
cell performance. The ceria interlayer presumably prevented
deleterious anode/electrolyte interactions. However, little
structural /chemical information is available for these mate-
rial combinations [11].

Here we describe a transmission electron microscopy
(TEM), scanning transmission electron microscopy (STEM),
and energy dispersive X-ray spectroscopy (EDX) study of
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oxide-anode SOFCs, specifically the region near the interfaces
between the LSCrRu anode and LSGM electrolyte. The as-
prepared cell showed no unusual features. After exposure to
fuel, the anode surfaces were decorated with Ru nanopar-
ticles. In addition, SOFCs, operated with a current, exhibited
new “defective” regions in the LSGM electrolyte near the
anode-electrolyte interface; by defective, we mean here and
throughout the paper, areas which have a different chemical
composition than other electrolyte regions and were crystallo-
graphically inhomogeneous.

2 Experimental

Electrolyte supported SOFCs were fabricated similar to the
devices previously described [11, 13]. LSGM was prepared by
a solid state reaction: appropriate quantities of La,O3, SrCO;,
and Ga,O; and MgO were mixed in ethanol, dried, and cal-
cined at 1,250 °C. The resulting material was pulverized, wet
ball-milled with poly vinyl buteral (PVB), dried, sieved, and
uniaxially pressed into 19 mm diameter pellets that were sin-
tered for 6 h at 1,450 °C.

The composite anodes were prepared with 50 wt.-%
LSCrRu and 50 wt.-% Ceo9Gdg10,_s (GDC, Fuel Cell Materi-
als) as described previously [11] and summarized briefly
here. The ionic conductor GDC was added to the LSCrRu as
it was previously shown to improve electrochemical perfor-
mance [11]. The LSCrRu was prepared by ball-milling La,O3,
SrCO;, Cr;0;, and RuO, in water. The slurry was then dried
and calcined at 1,200 °C for 3 h. The phase purity of the pow-
der was confirmed by X-ray diffraction. The resulting powder
was mixed with GDC (50 wt.-%) via ball-milling, dried,
sieved, and suspended in a vehicle (Heraeus, V-737) to form
an ink. In a similar fashion LaggSrg,CrOs;s (LSCr) was
synthesized by a solid state reaction and prepared as an ink.
The LSCrRu-GDC ink was then applied by screen printing to
the LSGM pellets. After this layer was dried, a layer of LSCr
was applied using screen printing as a current collector. The
layers were then co-fired at 1,200 °C for 3 h.

Thick film cathodes consisting of 50 wt.-% Lag ¢St 4Co0g2
Fep 5055 ( LSCF Praxair)-50 wt.-% GDC and a pure LSCF
current collector were prepared and applied to the electrolyte
in a similar fashion as the anode. The cathode layers were co-
fired at 1,000 °C for 3 h. The cathode and anode areas were both
0.5 cm® and defined the active area of the cells. The resulting
structure had the form: ~30 um LSCF/~30 um
LSCE-GDC/~300 pm LSGM/15 pm LSCrRu-
GDC/10 pm LSCr.

curves were periodically recorded with a Zahner IM-6 elec-
trochemical workstation to monitor the break-in behavior of
the cell. The cell polarization resistance (Rp) was estimated as
the difference between the low frequency and high frequency
real-axis intercepts on a Nyquist plot. During operation, the
cell voltage was maintained near 0.5 V, except while record-
ing impedance spectra and current-voltage characteristics.
TEM samples were prepared by mounting the fuel cells in
epoxy. Three cells with different histories were studied. One
cell was operated in dry H, for 117 h at 800 °C (the cell was
briefly cooled to 600 °C during electrical testing). The open
circuit potential of this cell varied between 1.06 and 1.10 V
at 800 °C, corresponding to oxygen partial pressures of
3 x 1075 x 10 atm. A second cell was reduced for
120 h in 3% H;O/97% H, at 800 °C. This composition gave
an oxygen partial pressure of 4.5 x 1072 atm, similar to the
calculated p(O,) in the anode of the operated cell. A baseline
cell was kept in the as-prepared state. The history of these
cells is summarized in Table 1. A thin section was milled and
lifted from each cell in an FEI Helios NanoLab 600i dual beam
focused ion beam (FIB) system. Figure 1 shows a typical cell
section-the dense electrolyte is on the left and the porous
anode is on the right. In order to minimize Ga deposition and

HV WD | det | curr | tilt | HFW
0.00kV| 4.4 mm |ETD|22 52

—10 pm ——

Fig. 1 Scanning electron micrograph of a typical TEM sample.

Table 1 Summary of the sample history for the as-prepared, reduced, and operated cell.

. . S 1 Fuel PO T tu Durati Not
For electrical testing, Au (Heraeus C5756) cur- e ue /(atrzr)l /ecrgpera e /Era on ores
rent collector grids were applied to both elec- Asprepared N/A N/A N/A N/A Coll was not
trodes. Electrical contacts were made with Ag operated
wire and Ag paste (DAD-87 Shanghai Research ~ Reduced 3%H,0/97%H, 45 x 102 800 120
® 2l
Institute of Synthetic Resins) and the cell was Operated 100%H; (dry) 3 x 10722‘ 800 117 Cell operated
5 x 10 near 0.5V,

mounted for testing in an alumina tube. The
cathode was open to stagnant lab air. Impedance
spectra and potential versus current density

except during
measure-
ments
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contamination, the ion beam was aligned parallel to the sur-
face being milled. During the final milling step, the beam was
maintained at a high voltage (30 keV) and a low current
(16 pA) [14]. The samples were studied using Z-contrast and
EDX in a JEOL 2100 system, operating at 200 kV. The spot
size of the electron beam used for EDX measurements was
~1 nm. Both EDX imaging and line-scan compositional pro-
files were used to examine the nature of the interfaces before
and after cell operation.

3 Results

3.1 Cell Performance

The cell break-in behavior was captured by periodically
measuring the cell impedance. Figure 2 shows the Bode and
Nyquist plots of impedance spectra recorded after 26, 47, 75,
and 117 h of operation in dry H, at 800 °C. Rp decreased dur-
ing the first 75 h of testing, and then stabilized at ~0.3 Q cm”
In a separate test the cathode Rp was measured in an LSCF/
LSCF-GDC/LSGM/LSCE-GDC/LSCF symmetric cell and
was 0.02 Q cm? at 800 °C, indicating that Rp was primarily
due to the anode. The ohmic resistance of the cell did not
change appreciably during testing. Prior studies reported a
slight increase in the ohmic resistance and a stable cathode
resistance during operation [11, 13]. Figure 3 shows the cur-
rent voltage characteristics at 26 h. For comparison, the stabi-
lized performance is shown after 117 h of operation the peak
power density was 400 mW cm™. The above results are con-
sistent with prior reports for LSCrRu-GDC anodes [11, 13].

3.2 LSCrRu-GDC Anode

Anode cross-sections prepared by the FIB lift-out tech-
nique were studied. High-resolution images and electron dif-
fraction patterns (not shown) indicated that the anode oxide
phases showed the expected crystal structures in both the as-
prepared and operated cells. While the as-prepared cell did
not show any evidence of Ru particle formation, Ru nanopar-
ticles were observed on LSCrRu grains at the anode/electro-
lyte interface in the operated anode as shown in Figure 4. It
was confirmed using EDX that the nanoparticles were Ru.
The mean diameter of Ru nanoparticles near the electrolyte

break-in 800C
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Current Density / A cm’

Fig. 3 Cell potential and power density vs. current density after operation
for 26 and 117 h.

Fig. 4 TEM images in (a) and (b) show Ru nanoparticles formed in the

operated cell. The high-resolution TEM image (b) reveals the crystalline
phase of Ru particles, marked by the white arrows.

was ~2.9 nm. While this is the first observation of nanoparti-
cle formation in operated SOFCs, the results are quite similar
to observations on LSCrRu powders that had been exposed to
H, fuel [11].

3.3 Anode—Electrolyte Inferface

Figure 5 shows a TEM image taken from the reduced cell.
The anode/electrolyte interface was relatively flat, with the
anode grains typically 300-800 nm in diameter. Low-magnifi-
cation survey TEM images were also taken to ensure that the
smaller region shown in Fig-
ure 5 was representative. As

T T
0.40 [~ IS at 600mV, dry H2, 800C

P SO N —0.40 shown in Figure 6a, the as-
prepared cell showed results
very similar to those in Fig-

ure 5. The operated cells

26 hrs \\ —0.30
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(Figure 6c) were found to
have numerous inhomogene-
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Fig. 2 Impedance Bode (left) and Nyquist (right) for the cell operated at 800 °C after 26, 47, 75, and 117 h of

operation.
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ities in the LSGM electrolyte
at the LSGM/anode inter-
face. These defects usually
occurred directly adjacent to
locations where anode GDC

2
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2mm

®

Fig. 5 Typical Z-contrast image taken from the as-prepared fuel cell,
showing morphology of inferface between GDC/LSCrRu anode (right)
and electrolyte (left).

particles were in contact with the LSGM. In Section 3.3.1, two
such interfacial locations are examined in detail. Section 3.3.2
shows, for comparison, a region where an anode LSCrRu par-
ticle was in contact with LSGM.

3.3.1 GDC in Contact with LSGM

Figure 6 shows Z-contrast images of typical LSGM/GDC
interfacial regions, along with EDX line-scan profiles, from
the as-prepared and operated fuel cells. The electrolyte of the
as-prepared fuel cell (Figure 6a) has variations in contrast
near the anode that indicate some minor porosity. Figure 6b
shows the elemental concentrations versus position relative to
the interface; the scan was recorded along the line marked in
the TEM images. The cation concentrations in the electrolyte
were reasonably consistent with the expected elemental con-
centrations of the LSGM. However, the concentration of La in
the ceria particle was elevated, although the high-La baseline
concentration far from the interface may have been an artifact
due to the close overlap between the La and Ce EDX peaks.
The concentration of Ce decreased approaching the interface.

Some segregation of Sr and Cr at the interface was evident,
but there was no significant accumulation of Ce, Gd, Ga, or
Mg (not shown). There was a significant interfacial broaden-
ing over a range of 200-300 nm. Similar compositional varia-
tions were also seen in a few other areas tested, confirming
that they were general and not just effects associated with a
specific local structure.

Figure 6¢c shows a typical Z-contrast image taken from the
operated fuel cell. Near the LSGM-GDC contact point, a
~500 nm x 1,000 nm trapezoidal-shaped region in the
LSGM electrolyte appeared darker than the surrounding elec-
trolyte material. This feature was not unique to the image in
Figure 6¢, but was seen at every GDC-LSGM contact point.
Furthermore, the size of the dark regions scaled with the adja-
cent GDC particle, suggesting a direct connection with the
size of each particle. The contrast can be attributed (to first
order) to a lower atomic mass density in the “defect” region
than in the surrounding electrolyte. The darker region in Fig-
ure 6¢ also shows noticeable strain/diffraction contrast indi-
cating that it contains crystallographic defects and is not a
single crystal region. Figure 6d shows the corresponding
EDX line scan. Outside of the dark region, the La/Sr and Ga/
Mg ratios, along with the A/B site ratio, matched the
expected ratio for LSGM. Within the dark region, the concen-
trations of La and Ga were lower than expected, while the
concentrations of Cr and Sr were elevated.

Another region observed from the operated cell is shown
in Figure 7a. EDX element maps in Figures 7b—f shows the
distribution of La, Sr, Ga, Cr, and Ce at the anode/electrolyte
interface. This portion of the anode contains both LSCrRu
and GDC in close proximity to the electrolyte. A triangular-
shaped region is present in the LSGM electrolyte (Figure 7a)
that shows a mottled morphology with strain/diffraction
contrast associated with crystallographic inhomogeneities
that is similar to the trapezoidal defect observed in Figure 6c.

As shown in Figure 6, this region con-
tains higher than expected concentra-

Atomic Percentage / %

tions of Sr and Cr and no detectable Ga.
Note that some of the Ce signal in Fig-
ure 7f is an artifact due to peak overlap
between Ce La and La La.

3.3.2 LSCrRu in Contact with LSGM

-200 a0 (b

© 70% Position /nm (b) For the as-prepared fuel cell, the ele-
E, 60% . . e mental profiles at the electrolyte surface
£ 50% e o s in contact with an LSCrRu particle
S ;g:ﬁ" ‘_‘_’_‘".m_'_'-' U xxx){::.ixx . ——cr|  matched the expected stoichiometries for
% 20.,/: T "au .':_:_* ) i: LSCrRu and LSGM. Figure 8a shows an
e - T T 3 :

g 1 g !'::ﬁﬁ:ir_“ image centered at the interface of an

(C) <1000 -800 600 400 -200

200 nm Position / nm

Fig. 6 Z-contrast image (a) and EDX compositional profile (b) from the electrolyte—anode interface
regions of the as-prepared cell. Z-contrast image (c) and EDX compositional profile (d) are also
shown for the operated cell. The lines in (a) and (c) indicate the locations of the line scans, which

both went through a point where a GDC particle contacted the LSGM.

LSCrRu particle with the LSGM electro-
lyte. While there were small defects pres-
ent in the LSGM electrolyte that were
similar to those in the as-prepared cell
(Figure 6a), there was nothing like the
large defect adjacent to GDC particles

0 200

400 (d)
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(d) : Ga "(e)

(Figure 6c). The expected La/Sr ratio was observed every-
where except near the anode/electrolyte interface due to Sr
enrichment (Figure 8 b). The Ga/Mg ratio was lower than
expected, perhaps indicating more out-diffusion of Ga. The
A /B cation site ratios remained near 50:50 within experimen-
tal error.

4 Discussion

The above results show defective regions that formed near
the LSGM/anode interface adjacent to anode GDC particles,
after SOFC operation. The defects did not form during the
anode firing/processing in air at 1,200 °C (as indicated by the
as-prepared sample), nor after exposing the anode to fuel (as
seen in the reduced sample), but rather when the anodes
were exposed to fuel and the cell operated at a substantial
current density at 800 °C. A few possible mechanisms of
defect formation are suggested below.

The observation of defects in LSGM adjacent to GDC parti-
cles suggests that the interaction between LSGM and GDC
must play an important role. Indeed, La diffused from LSGM
into GDC during firing and the loss of La from LSGM likely
contributes to de-stabilization of the perovskite phase, which
exists over a relatively narrow composition range. Note that
La loss occurs because GDC does not provide the high-La
activity of LDC, which is sometimes used as a protective bar-
rier layer with LSGM to avoid La loss and reactions with

.

Fig. 7 Z-contrast image (a) and EDX maps for La (b), Sr (c), Ga (d), Cr (e), and Ce (f) at the anode/electrolyte interface of the operated SOFC. The diago-
nal line in the images indicates the approximate anode/electrolyte interface, with the electrolyte located above and fo the left.

anode materials [15-17]. The present case where GDC,
LSCrRu, and pores were in contact with the LSGM is also dif-
ferent than prior work where LDC was a continuous layer
separating the LSGM and anode. This is probably important
given that the defect areas were enriched in Sr and Cr, which
must have come from the adjacent LSCrRu phase.

As shown in Figure 4, LSCrRu is unstable under reducing
conditions when Ru precipitates out in the form of nanopar-
ticles on the oxide surface. While changes in the LSCrRu per-
ovskite structure have not been observed during Ru precipi-
tation [11], the perovskite structure is likely become unstable
if enough Ru is lost to significantly change the A-to-B-site
ratio. Such changes in LSCrRu might indirectly affect the
interaction between LSGM and GDC. For example, it may
make it easier for the chromite to supply the Sr and Cr that
accumulates in the defect regions.

While the above effects probably play a role in producing
the observed defects, they are alone not sufficient to explain
them. It was only after cell operation with a current and with
the anode under reducing conditions that the defects were
observed. The present changes appear to result from a combi-
nation of the above-noted materials de-stabilization effects
with gradients in oxygen chemical potential and electrical
potential that are present during cell operation. It is known
that morphological instabilities, kinetic decomposition, and
kinetic demixing can occur in oxide materials under such gra-
dients [18]. Gradients in the oxygen chemical potential, no,
are present at the anode/electrolyte interface since the elec-
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[23-25], substantial cation migration may still occur.
Note that the migration of the different cations are
not identical; certain elements migrate faster, others
slower [26]. We can expect the appropriate gradient
terms and concentration changes to be appreciable
over a region of about 1 um from the interface [27],
consistent with the experimental results.

The location of defects adjacent to GDC particles
is probably due in part to the above-mentioned La
loss from LSGM to GDC, which presumably helps
to de-stabilize LSGM directly adjacent to GDC par-

3m ‘ () ticles. Furthermore, the GDC network provides
< 50% = . Egh;ggl;/[ c_(glggctivity path.s for current lﬂow, suc.h
- oo ©La at contact points presumably experi-
% 40% ROOOOOCOOCTICO000000, 00 % oo osr ence substantially higher oxygen ion current densi-
‘g 30% P A A AAAAAL AA o 0 o8 Ga ties than the average cell value (-1 A cm™). Locally
8 909, | xxxx % 48 i s R e utt « x4 Mg high-current densities produce locally high-poten-
g 10% - i N " “a tial gradients, such that the above-mentioned elec-
E ° ©5000500099000005,0000° EELIN & @ 28 5 % = tric-field effects will be exacerbated in the LSGM-
s 0% ' ' : ' GDC contact region. Detailed modeling, using
<+ 200 400 600 (P

-1200 -1000 -800 -600 -400 -200 O

Position / nm

<
2

structures similar to the experimentally observed
morphologies rather than simplified model struc-

f 2 «*t, e or tures, would be required to verify the above
g 20% | . R e ¢ Ru| hypothesis.

‘E 15% F . 3RS 4 4 Ce The LSGM electrolyte defects should cause an
§ 10% - v . . x Gd| increase in cell ohmic resistance, although the

(] *
8 . ., o* aA g a increase may be quite small based on the small
* .

E 3% ";;":: ‘::::‘ QQQ;; ¢*Xl:l'§.”* Y defect volume fraction compared to the ~500 pm
8 % T TERRARC NN . AU S A thick electrolyte. The ohmic resistance of the oper-
<

-1200 -1000 -800 -600 -400 -200 O

Position / nm

Fig. 8 Z-contrast micrograph from the operated fuel cell at the interface between the
LSGM electrolyte (left) and the anode (right) centered at a location where a LSCrRu

particle contacted the LSGM (a); The line in (a) represents the location of the
profiles shown in (b) and (c).

trolyte is supplying oxygen to an anode that is immersed in
hydrogen fuel. The oxygen chemical potential (uo) gradient
gives rise to gradients of the cation chemical potentials (u;) as
described by the Gibbs—-Duhem equation [18]

indui+xodu0:0 O
i

where the x’s are mole fractions. Strong electrical potential
gradients are also present near the anode/electrolyte inter-
face. The net gradient Vy; driving motion of charged cations i
includes both the chemical and electrical gradients [19, 20], as
given by

Vij = Vp; + 2, FVO )

where z; is the cation charge, F the Faraday’s constant, and ®
is the electric potential.

Although, cation diffusivities are normally several orders
of magnitude lower than that of oxygen ions [21], at suffi-
ciently long times, high temperatures [22], and electric fields

200 400 600

ated cell (Figure 2) did not change appreciably dur-
ing operation. However, similar cells with LSCrRu/
GDC anodes showed an increase in ohmic resis-
tance during testing [13] that might be explained by
defect formation.

(c)

EDX line

5 Summary and Conclusion

The anode/electrolyte interface regions were studied in
LSGM electrolyte supported cells containing LSCrRu/GDC
anodes with STEM using Z-contrast and EDX techniques. For
an as-prepared cell, there was some interdiffusion of La into
GDC along with slight segregation of Sr and Cr to the anode/
electrolyte interface. Exposure of the anode to fuel resulted in
nucleation of Ru nanoparticles on anode chromite surfaces,
but no apparent changes at the interface. Cell operation with
a current resulted in the appearance of extended defects in
the LSGM electrolyte directly adjacent to anode GDC parti-
cles. These defects were depleted of Ga and La and enriched
with Sr and Cr. The defects were also crystallographically
inhomogeneous and were explained by the combined effects
of electrical and chemical potential gradients present at the
anode—electrolyte interface during cell operation. Localized
changes in the anode composition that occurred during firing
may have also contributed to defect formation. The defect
regions had little apparent impact on cell performance.

640  ©2011 WILEY:VCH Verlag GmbH & Co. KGaA, Weinheim
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Rather, the performance appeared to be dominated by the
formation of Ru nanoparticles that decreased the LSCrRu
anode polarization resistance..
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