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ABSTRACT

Due to high ionic conductivity and favorable oxygen electrocatalysis, doped Bi,O, systems are promising candidates as solid
oxide fuel cell cathode materials. Recently, several researchers reported reasonably low cathode polarization resistance by adding
electronically conducting materials such as (La,Sr)MnO, (LSM) or Ag to doped Bi,O, compositions. Despite extensive research
efforts toward maximizing cathode performance, however, the inherent catalytic activity and electrochemical reaction pathways of
these promising materials remain largely unknown. Here, we prepare a symmetrical structure with identically sized Y, ,Bi, ;0,/
LSM composite electrodes on both sides of a YSZ electrolyte substrate. AC impedance spectroscopy (ACIS) measurements of elec-
trochemical cells with varied cathode compositions reveal the important role of bismuth oxide phase for oxygen electrocatalysis.
These observations aid in directing future research into the reaction pathways and the site-specific electrocatalytic activity as
well as giving improved guidance for optimizing SOFC cathode structures with doped Bi,O, compositions.
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1. Introduction

T he ionic conductivity of certain doped Bi,O, materials is
reported to be one or two orders of magnitude higher than
that of the doped ZrO, materials conventionally used as
electrolytes in solid oxide fuel cells.” Moreover, doped Bi,O,
compositions are reported to have a favorable effect on the
rate of oxygen electrocatalysis, making them promising can-
didates for cathode materials.>® For example, the Liu group
recently reported a reasonably low cathode polarization
resistance of 0.3 Q cm? at 600°C using a composite cathode
consisting of silver and Y,,Bi, ,0,,” and the Wachsman
group has reported a cathode polarization resistance of 0.43
Q cm”® at 600°C using a composite cathode consisting of La,_
SrMnO,; (LSM) and Er, Bi, ,0,.* However, the catalytic
activity and mechanism of these promising materials are
unknown, and thus it is also unknown how to design the
material's microstructure so as to maximize cathode perfor-
mance. Phase stability is also an important consideration;
for example, upon long-term annealing at 600°C, Y Bi, O,
and Er Bi, O, both exhibit a partial phase transition that
leads to significant reduction in ionic conductivity.”

In this work, as a first step for optimizing the chemical
composition and the microstructure of the Bi,O, based com-
posite cathode systems, we investigated the electrochemical
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activity of the doped Bi,O, toward oxygen reduction reac-
tion. Symmetrical structures with Y, .Bi, ,O,/LSM compos-
ite electrodes on both sides of a YSZ electrolyte substrate
were prepared. AC impedance spectroscopy (ACIS) mea-
surements of electrochemical cells with varied cathode com-
positions reveal the important role of bismuth oxide phase
for oxygen electrocatalysis.

2. Experimental Procedure

Y,;Bi, ,0, (YB) powder was synthesized using a conven-
tional solid state method, wherein the appropriate precur-
sor oxides were mixed, calcined at 800°C for 5 h, and ball-
milled for ~24 h followed by sieving through 200 mesh
screen (particle sizes < ~ 600 nm). X-ray diffraction results
obtained from the YB powder indicate that a single-phase
fluorite was obtained.

Three composite YB-La,Sr,,MnO, (LSM) cathode inks
were prepared by mixing this in-house YB with commercial
LSM (Fuelcellmaterials, 121101, 5 - 8 m*/g specific surface
area and 0.7-1.1 mm particle size) in different weight
ratios (YB : LSM =50 : 50 wt%, 35 : 65 wt%, and 0 : 100 wt%).
These compositions are hereafter referred to as YB50,
YB35, and LSM. The powders were combined with a terpin-
eol based organic vehicle (Fuel Cell Materials, 311006) at a
powder loading of 70 wt% to obtain viscosities appropriate
for brushing. Inks were applied by brush coating to each
side of a Y ,;Zr,4,0, 4, (YSZ) ceramic substrate (MTI, poly-
crystalline, YSZ101005SN) and dried at 80°C for 20 min.
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After evaluating different firing conditions, a firing tem-
perature of 850°C (5 h in air) was identified as suitable for
the composite cathodes. In the case of neat L.SM, the elec-
trode slurry was sintered at 1200°C for 2 h in air. This
higher temperature was chosen due to low sinterability and
poor adhesion with a YSZ substrate at lower sintering tem-
peratures. Gold paste (Fuelcellmaterials, AU-I-10) — a metal
considered catalytically inert — was painted on the porous
composite electrode surfaces to serve as a current collector.

The resulting symmetric cells were placed inside a contin-
uous-flow alumina tube into which O, - Ar gas mixtures
were delivered via digital mass flow controllers. The total
flow rate was kept constant at 100 cm® min™' (standard tem-
perature and pressure), implying a gas velocity of 35.1 cm
min" and both sides of the cell were exposed to the same gas
environment. The electrochemical characteristics of the
composite cathodes were measured by A.C. impedance spec-
troscopy (ACIS, Solartron 1260, perturbation voltage of
50 mV), carried out under controlled temperatures (500°C to
700°C) and atmospheres (pO, of 0.05 to 1 atm) under zero
bias. Data were analyzed using ZView software (Scribner
Associates, version 2.9b).

The microstructure and chemical composition were exam-
ined using a Carl Zeiss LEO 1550 VP scanning electron
microscope (SEM), equipped with EDAX energy dispersive
spectrometers (EDS).

3. Results and Discussion

3.1. Morphology characterization

SEM micrographs of the starting oxide powder are shown
in Fig. 1. Both powders have particle sizes ranging from less
than one micron to a few microns. The Y Bi, ,0, particles
appear smaller and rounder than the LSM particles.
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According to the LSM vendor, the LSM powder has a spe-
cific surface area of 5-8 m*/g and a particle size (d50) of 0.7-
1.1 mm.

Figure 2 shows SEM images of three YB-LSM composite
layers (weight ratio of 1: 1) fired at different temperatures
for 2 h. Although the view of the composite electrode is
slightly obscured by the Au current collector, it appears the
LSM particles are not fully interconnected after firing at
850°C for 2 h. At a somewhat higher firing temperature
(1050°C) the YB particles appear to become isolated. Upon
firing at 1200°C the YB particles adopt a rod-like form,
indicative of melting and recrystallization (Fig. 2(c)). To
obtain high porosity and small grains, and prevent the YB
particles from melting, in this initial study a firing tempera-
ture of 850°C and duration of 5 h were chosen for fabricating
composite cathodes.

Cross-sectional SEM images of the three samples, col-
lected after the ACIS measurements, are shown in Fig. 3.
Highly porous, 10 mm thick composite layers were obtained
for both YB50 and YB35; the pure LSM electrode was
slightly more compact (7 mm thickness) and appeared to
have larger feature sizes, consistent with the higher firing
temperature used for that electrode. EDS mapping was
used to identify which particles are YB and which are LSM,

j‘\' o 3 < me ' : \
Fig. 1. SEM micrographs of oxide powder. (a) Y,,Bi, ,O0, and
(b) La, Sr,,MnO,.

Fig. 3. Cross-sectional SEM images of the three composite electrodes with different compositions used for the ACIS mea-
surements. (a) YB:LSM = 50:50 wt% (YB50), (b) YB:LSM = 35:65 wt% (YB35), and (¢) YB:LSM = 0:100 wt%
(LSM).
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and the results indicated that the LSM particles in the com-
posite compositions are not well-connected. This lack of
LSM interconnectivity and the poor electronic conductivity
of YB suggest that catalysis will be limited to regions near
the Au current collector. Note that no evidence of reaction
between the YSZ electrolyte and the LSM cathode was
observed, as expected from relatively low firing temperature
used in this work.'”

3.2. Electrochemical impedance analysis

Selected results from the electrochemical impedance mea-
surements are presented in Fig. 4. The raw impedance spec-
tra exhibit an offset resistance (R, evident as a
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displacement of the data along the real axis) and two adja-
cent semicircles, one a nearly ideal arc at high frequencies
and the other a somewhat distorted arc at low frequencies
(Fig. 4(a)). The offset resistance is attributed to the YSZ
bulk largely because it had, in all cases, an overall magni-
tude typical of ionic conductivity in YSZ. For the example
shown (700°C), the implied conductivity is 4 x 10® S/cm,
which is similar to the reported value of 1x 10® S/cm at
650°C."” Furthermore, the offset resistance was indepen-
dent of electrode composition and pO, (Fig. 4(d)), as would
be expected for the electrolyte. The activation energy of R,
of ~ 0.7 eV and a slight curvature in the Arrhenius plot
(Fig. 4(c)) imply a minor contribution from sheet resistance
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Fig. 4. (a) Typical impedance spectra obtained from Au | YB-LSM or LSM | YSZ | YB-LSM or LSM | Au symmetric cells at
T = 700°C, pO, = 0.21 atm. (b) Impedanc spectra obtained from YB35 vs. pO, at 700°C (c) Arrhenius plot of the R , and

R, vs. temperature measured under pO, of 0.21 atm. (d) Double-logarithmic plots of

700°C. (e) Arrhenius plot of R
arithmic plots of R

electrode

electrode

R, and Ry, vs. pO, measured at

(normalized by area) vs. temperature measured under pO, of 0.21 atm. (f) Double-log-
(normalized by area) vs. pO, measured at 700°C.
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Table 1. Values, Activation Energies and pO, Dependences of R
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for Three Samples. R Values were Obtained at 600 and

electrode

700°C under pO, of 0.21 atm. The pO, Dependences were Obatined by R, .. b PO, ™ (Where m defines the power law

dependence of log R, on pO,).

Samples R porose | €2 e’ (600°C) R e | © e’ (700°C) E,/eV m
YB50 31 3.8 1.50+0.01 0.08-0.10
YB35 24 3.3 1.560+0.01 0.13-0.14
LSM 2500 410 1.17+0.04 0.39-0.65

in the Au current collector. The high frequency arc resis-
tance R, was also observed to be independent of electrode
composition and pO,, and its activation energy was mea-
sured as ~ 1.3 eV, which matches the grain boundary resis-
tance typically observed in YSZ (Fig. 4(c) - (d)). Thus, it is
only the distorted low frequency (LF) arc that is attributed
to the YB-LSM electrode. Indeed, this arc exhibits substan-
tial dependence on electrode composition and pO,. More-
over, it exhibits relatively large capacitance values (e.g.,
2.4 x10” Flem® for YB35 at 700°C, pO, of 0.21 atm), as
expected for electrode behaviour.

Overall, the the area specific electrode polarization resis-
tance R, .. = B;zA/2 (where A is the projected electrode
area) of the YB-LSM composites is quite low and substan-
tially smaller than that of neat LSM. For example, under
air the composite polarization resistance is nearly 120 times
smaller than it is in the neat LSM electrode. Furthermore,
the two composite electrodes compositions exhibit nearly
identical impedance behaviour and electrochemical activity.
Table 1 summarizes the values and the activation energy of
R, ..o and the dependences of R, on pO,™ (where m
defines the power law dependence of log R, ... on p0O,) for
all three samples. The different activation energy and pO,
dependence of R, ;. between the composite and the pure
LSM electrode suggest that the reduced electrode resistance
is due not just to a difference in the number of catalytic
sites, but also a difference in the activity of those sites, i.e.,
in the activity of YB. Further work, including a more quan-
titative approach to enable identification of reaction path-
ways and facilitate measurement of the site-specific electro-
catalytic activity, is being initiated by the authors to
address this interesting observation.

electrode

4. Conclusions

Exploratory measurements have been performed on bis-
muth oxide based composite cathodes consisting of
Y,:Bi,;0, and La, Sr,,MnO,. Processing conditions for
obtaining a porous, interconnected composite cathode struc-
ture onto a YSZ ceramic substrate were investigated in
terms of composition and firing temperature. We demon-
strated that YB is electrochemically active towards oxygen
reduction by fabricating a symmetrical structure with YB/
LSM composite electrodes on both sides of a YSZ electrolyte
substrate and subsequently measuring AC Impedance
Spectroscopy with varied cathode compositions. Surpris-
ingly, the lowest electrode polarization resistance was

obtained from a sample with the smallest amount of LSM
phase, a state-of-the-art cathode catalyst, revealing the
important role of bismuth oxide phase for oxygen electroca-
talysis. The observation should aid in directing future
research into the reaction pathways and the site-specific
electrocatalytic activity as well as providing improved
guidelines towards the development of composite cathodes
with improved performance.
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