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Ceramic composites were prepared by infiltration of Lag7Sro3V03g5 (LSV) into porous scaffolds of yttria-
stabilized zirconia (YSZ) and tested for use as solid oxide fuel cell (SOFC) anodes. There was no evidence
for solid-state reaction between LSV and YSZ at calcination temperatures up to 1273 K. For calcination
at 973K, LSV formed a continuous film over the YSZ. The LSV phase reduced easily upon heating in H;
to 973 K, with the reduction forming pores in the LSV and greatly increasing its surface area. The elec-

IF<ey ;’V"rl‘ljs" trodes showed high electronic conductivity after reduction, with a 10-vol% LSV-YSZ composite exhibiting
uelcells . aconductivity of 2Scm~! at 973 K. In the absence of an added catalyst, the LSV-YSZ electrodes showed rel-
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Catalyst atively poor performance; however, an electrode impedance of approximately 0.1 £2 cm? was achieved at

Strontium vanadate 973 K in humidified H, following addition of 0.5 vol% Pd and 2.8 vol% ceria The LSV-YSZ composites were
Composite anode stable in CH4 but there was evidence for poisoning of the Pd catalyst by V following high-temperature

LSV oxidation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFC) have great potential as energy-
conversion devices. Because the electrolytes are usually oxygen-ion
conductors, SOFC can in principle operate on any combustible fuel
with high efficiency and a low output of pollutants. At present,
state-of-the-art SOFC anodes are composites of Ni and the elec-
trolyte material. These ceramic-metal (cermet) composites exhibit
excellent electrochemical and catalytic performance but are limited
in their ability to operate on hydrocarbon fuels due to the tendency
of Ni to catalyze the formation of carbon filaments [ 1-6]. For exam-
ple, Ni-based anodes are able to operate on syngas (a mixture of CO
and H,) or methane if sufficient steam is co-fed with the Ni [7];
but operation on larger hydrocarbons is not practical under nor-
mal conditions [8]. Furthermore, even the best engineered Ni-based
electrodes have only limited tolerance to oxidation during start-up
and shut-down cycles due to the expansion that occurs when Ni
forms NiO [9].

Electrodes based on electronically conductive oxides could solve
some of the problems associated with Ni-based electrodes. Oxides
do not catalyze the formation of filamentous carbon and the
volumetric changes associated with oxidation and reduction are
expected to be less than that for conversion between Ni and NiO.
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Unfortunately, the performance of ceramic fuel electrodes is usu-
ally very poor because of the following factors. First, it is difficult
to achieve good conductivity with oxides under reducing condi-
tions [10]. Second, the reactivity of most oxides with YSZ prevents
one from using the high-temperature processing methods that give
Ni cermets their nearly ideal interfacial structure with the elec-
trolyte [11]. Third, compared to metals like Ni, oxides are very poor
oxidation catalysts [12,13].

To minimize these problems, our groups have been focusing on
the preparation of composite electrodes using infiltration meth-
ods [14-17]. This fabrication procedure involves first synthesizing
a porous layer of the electrolyte that has been pre-sintered to the
dense electrolyte, then infiltrating the catalytic and electronically
conductive components into the porous scaffold [14]. With com-
posites prepared by infiltration, the sintering temperature for the
electrolyte component of the composite electrode can be much
higher so as to establish better ion-conducting channels from the
electrolyte into the electrode. Furthermore, the composites formed
by infiltration do not have a random structure, so that sufficient
conductivity can be achieved using lower loadings of the electronic
conductor [18]. The non-random structure also causes the coeffi-
cients of thermal expansion (CTE) of the composite to be closer
to that of the electrolyte scaffold than to the weighted average of
the components [19,20]. The effects of expansion due to redox of
the electronic conductor are minimized [17,21]. Finally, catalytic
components can be added separately if required [22-24].

While we have been able to achieve very good performance with
fuel electrodes based on infiltrated LaggSrg,CrgsMngs03 (LSCM)
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[22,23], Lag3Srg;TiO3 (LST) [25] and SrMoOs3 [17] when a sepa-
rate catalyst is added, each of these ceramic conductors has serious
limitations. In the case of LSCM, the conductivity is only marginal;
under reducing conditions at 973 K, the conductivity of bulk LSCM
is less than 2Scm~! and composites formed by infiltration of 45-
wt% LSCM in yttria-stabilized zirconia (YSZ) are a factor of 20 times
lower. Ideally, the composite should have a conductivity of at least
1Scm~'. The conductivity of bulk LST is only marginally better
under normal reduction conditions [26]. While bulk SrMoO3 has
a conductivity of nearly 1000Scm~! [17], StMoOy is difficult to
reduce and SrMoO3-SrMoQ4 equilibrium data suggest that SrMoO4
will be the stable phase under typical SOFC operating conditions
[27].

Sr-doped LaVOs (LSV) is a particularly interesting material
because its conductivity can be very high [28-30]. A thermody-
namic investigation of the equilibrium between LaVO,4 and LaVO3
indicated that the reduced phase will be stable at P(O,) below
10-18 atm at 973K [31], which is similar to the equilibrium con-
ditions for Ni. Although LSV has been used in SOFC fuel electrodes,
conventional methods for preparing electrodes from this oxide
have resulted in electrodes with only modest performance and only
at temperatures well above 973 K [32-35]. Interestingly, this pre-
vious work has shown LSV to have a low reactivity with YSZ and
good tolerance to sulfur [33,34].

In the present study, we set out to investigate the performance
of SOFC anodes prepared by infiltration of LSV into YSZ scaffolds.
We will demonstrate that the LSV-YSZ composites exhibit high
electronic conductivities and good electrode performance when a
separate oxidation catalyst is added to the composite.

2. Experimental

The electrochemical cells used in this study were prepared from
tri-layer, YSZ wafers, in which an 80-p.m dense electrolyte disc was
sandwiched between two 40-pm porous YSZ layers. The diameter
of the dense part of each wafer was 1 cm but the diameter of the
porous regions was only 0.67 cm. The tri-layer wafers were fabri-
cated by laminating three green tapes followed by calcination at
1773 K for 4 h. The tapes used in this study were cast using a slurry
formulation based on organic solvents. The composition of the
slurry and the procedures used to prepare the tapes are described
elsewhere [36]. Porosity in the sintered layers was achieved by
including synthetic graphite (300 mesh, Alfa Aesar) in the tapes
used to prepare the porous YSZ layers. By comparing the apparent
density of the porous YSZ to the bulk density of YSZ, the poros-
ity of the layers made from tapes with graphite pore formers was
determined to be 73 £ 1%.

To prepare composites of LSV and YSZ, we first prepared pre-
cursor solutions consisting of La(NO3)3-6H,0 (99.9%, Alfa Aesar),
Sr(NO3);, (99.9%, Alfa Aesar), NH4VO3 (99%, Alfa Aesar), and citric
acid (one mole per mole of metal cations) dissolved in deionized
water. The solutions were heated to 330K and stirred for approx-
imately 3 h until the solutions stopped bubbling. The precursor
solutions were added to the porous YSZ by multiple infiltration
and drying cycles to a final loading of 10-vol% LSV, then calcined
at either 973 K or 1373 K for 1 h. Unless otherwise noted, the stoi-
chiometry of the oxidized LSV was (Lag 7Srg 3)VOs3 g5. The LSCM-YSZ
composites were prepared by infiltration with an aqueous solu-
tion of La(NO3)3-6H,0, Sr(NO3),, Cr(NO3)3-9H,0 (Acros Organics,
99%), Mn(NO3 ),-6H, 0 (Alfa Aesar, 99.98%), and citric acid to a load-
ing of 20-vol% LSCM, followed by calcination to 1473 K for 4 h, as
described elsewhere [23]. Lag gSrg 2 FeO3 (LSF)-YSZ electrodes used
in this study were fabricated by infiltrating the porous YSZ oppo-
site the anode layer to a loading of 20-vol% LSF, then calcined at
1123 Kfor 4 h. The details of this procedure are described elsewhere

[37,38]. The anode composites were prepared before the LSF-YSZ
cathodes in all cases except for when the LSV-YSZ composites were
calcined to only 973 K.

As a final step in cell preparation, CeO, (added as 1 M Ce(NO3)s,
Alfa Aesar, 99.5%) and Pd (0.45 M tetraammine palladium(II) nitrate
solution, Alfa Aesar, 99.9%) were added to the anode composites to
enhance catalytic activity [22]. Each solution was infiltrated twice
and the volume % of ceria and Pd were calculated based on the
residual pore volumes remaining after adding either LSV or LSCM.
The calculated electrode volume fractions in the LSV-YSZ compos-
ites were 2.8-vol% CeO, and 0.50-vol% Pd, while the corresponding
volume fractions in the LSCM-YSZ composites were 2.4 vol% and
0.42 vol%, respectively. Following the addition of the catalytic com-
ponents, the cells were calcined to 773 K to decompose the nitrate
ions, unless otherwise indicated. Some experiments were con-
ducted on cells that were calcined to 973 K following the addition
of the catalyst.

For fuel-cell testing, cells were attached to alumina tube using
a ceramic adhesive (Ceramabond 552, Aremco). Ag paste (lot no.
1120912, SPI supplies) and Ag wire were used for current collec-
tion at both the anode and cathode. V-i polarization curves and
impedance spectra were measured using a Gamry Instruments
potentiostat with the cathode exposed to air and the anode exposed
to humidified (3% H,0) H, or CHy. Impedance spectra were mea-
sured at —0.1V bias voltage in the frequency range from 100 kHz
to 0.01 Hz, with a 20-mV AC perturbation.

LSV-YSZ and LSCM-YSZ composites were also fabricated
from YSZ porous slabs prepared from the same slurry used in
tape casting the porous layers. The dimensions of the slabs
used in the conductivity and BET-isotherm measurements were
1mm x 1 mm x 10 mm and 0.5 cm x 0.5 cm x 1.8 cm, respectively.
The conductivities were determined using 4-probe, DC measure-
ments in humidified (3% H,0) H,. The BET surface areas were
obtained using a Tristar Il 3020 surface area analyzer (Micromerit-
ics) using Kr adsorption at 78 K.

Thermogravimetric analysis (SDT Q600, TA Instruments) was
used to investigate the reduction of LSV in 4% H,/Ar and oxidation
in air. A temperature ramp of 5Kmin~! from room temperature to
973K and a gas flow rate of 50 mLmin~! was used for both oxida-
tion and reduction experiments. The weight of the powder sample
was ~200 mg. The physical properties of LSV-YSZ composites were
also investigated using X-ray diffraction (XRD) and scanning elec-
tron microscopy (SEM).

3. Results and discussion

In order to demonstrate that infiltration produced the proper
phases, we examined the XRD patterns of various samples. Fig. 1a
shows the pattern for the bulk powder having the stoichiometry
(Lag.7Srg3)V03 g5 after calcination in air at 973 K. The pattern is
consistent with that which would be expected for the monoclinic
structure of LaVOy,, with relatively broad features due to small crys-
tallite sizes. After reduction in humidified H, at 973K for 5h, the
XRD pattern changed dramatically and became similar to that of
LaVOs3 (JCPDS card No. 81-2436), which has an orthorhombic crys-
tal structure. The major peaks in the pattern for the reduced LSV
show splitting, indicative of a tetragonal structure, which is rea-
sonable due to the presence of Sr. The XRD patterns in Fig. 1c and d
were obtained for LSV-YSZ composites after calcination at 1273 K
and 1373K, respectively, and reduction at 973 K. The pattern for
the sample calcined at 1273 K shows only peaks associated with
YSZ and the reduced LSV phase. The sample calcined at 1373 K con-
tains additional small peaks at 28.2° and 31.8° 26, which are due
to LayZr,07 and possibly Sr3V,0g, respectively, showing that some
solid-state reaction had occurred.
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Fig. 1. XRD patterns of (a) (Lag7Sro3)VOs3gs5 synthesized at 973 K in air; (b) LSV after
reduction at 973 K for 5 h in H,. LSV-YSZ composite fabricated at (c) 1273 K and (d)
1373K, followed by reduction at 973K for 5h in H,.

TGA measurements were performed on LSV powder to deter-
mine the extent to which the sampleis reduced at 973 Kand provide
a qualitative estimate of ease with which the LSV is reduced. The
results are shown in Fig. 2. The reversible, 5.7% weight change upon
oxidation and reduction corresponds to a change in the oxygen
stoichiometry of 0.9 (i.e., a change from (Lag7Srg3)VOs3g5 in the
oxidized state to (Lag7Srg3)V03.94), Which is close to the expected
extent of reduction. Reduction in 4% H,-96% Ar began below 873 K
and was nearly complete by 973 K. It is likely that the reduction was
partially limited by the rate at which H, was supplied to the sample.
Oxidation of the reduced LSV began at a much lower temperature,
573K.
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Fig. 2. TGA curves for the reduction of Lag7Sro3V03 g5 in 4% H, /Ar and oxidation of
L30_7 Sr0_3V02_g5 in air.

Table 1
Specific surface areas of LSV-YSZ composites fabricated at 973 K or 1373 K, before
and after reduction.

Fabrication temp. (K) Surface area (m?g1)

Before reduction After reduction

973 0.13 1.14
1373 0.14 0.68

SEM micrographs of the LSV-YSZ composites calcined at 973 K
and 1373 K, before and after reduction at 973 K, are shown in Fig. 3.
Fig. 3a shows the YSZ scaffold before adding LSV. The scaffold
has a “sponge-like” character, with characteristic pore dimensions
between 1 and 3 pm. Following the addition of 10-vol% LSV and
calcination at 973 K, the entire scaffold appears to be coated with
a uniform, featureless film, as shown in Fig. 3b. Upon reduction at
973K, Fig. 3c shows that cracks have formed in the LSV film. As
shown in Fig. 3d, calcination to 1373 K caused the LSV film to break
up into irregular-shaped features that no longer cover the entire
YSZ surface. After reduction, Fig. 3e, small cracks again appear in
the LSV structures.

The changes observed in the LSV following reduction are simi-
lar to what has been observed previously for LSCM in YSZ [39]. In
that case, it was argued that these cracks were critical for expos-
ing the YSZ and creating a long three-phase boundary (TPB). In
order to better quantify the changes that occurred in the LSV
layers upon reduction, the surface areas of the LSV-YSZ compos-
ites were measured using BET isotherms. Following calcination at
973K, the LSV-YSZ composite had a surface area of 0.13m? g!
and this increased to 1.14m? g~! after reduction in H, at 973 K for
5h. Following calcination at 1373 K, the increase in surface area
with reduction, from 0.14m? g~! t0 0.68 m% g1, was less dramatic.
These data are summarized in Table 1.

The electrical conductivities of LSV-YSZ composites, with 10-
vol% LSV calcined at 973 K, and LSCM-YSZ composites, with 20-vol%
LSCM, are shown in Fig. 4 as a function of temperature in humid-
ified Hy. In a previous study of infiltrated, LSCM-YSZ composites
with similar LSCM loadings [23], the electrical conductivities were
slightly higher, near 0.1 Scm~! at 973 K compared to 0.04Scm~! in
this study, but showed a similar increase with increasing temper-
ature. The difference between these and the previous LSCM-YSZ
results is likely due to the fact that the YSZ scaffold used in the
present work has a higher porosity, 73% compared to ~65%. More
important is the fact that LSV-YSZ composite has a much higher
conductivity, >2Scm~! at 973 K, even with only 10-vol% loading in
the high-porosity YSZ scaffold. Based on the previous work of Hui
and Petric [29], the conductivity of bulk Lag 7Srg3VO03 _ g is approx-
imately 100Scm~! at 1073 K under reducing conditions, so that
the high conductivities we observe for the LSV-YSZ composites are
reasonable. The conductivity of the LSV-YSZ composite was found
to decrease slightly with increasing temperature.

Similar to what was found with SOFC anodes made with
LSCM-YSZ composites [22,23], it is necessary to add a catalyst in
order to achieve high performance with LSV-YSZ composites. This
is shown in Fig. 5. In Fig. 5a, V-i polarization curves are shown
for three cells operating at 973 K with humidified H, flowing over
the anodes. Two of these cells had anodes with 10-vol% LSV, cal-
cined at 973 K; but catalysts, Pd and ceria, were added to only one.
The third cell had an anode with 20-vol% LSCM and a Pd/ceria cata-
lyst. All three cells had identical LSF-YSZ cathodes and 80-p.m thick
electrolytes. The effect of adding the catalyst to the anodes made
from LSV-YSZ was dramatic. While both cells exhibited the proper
open-circuit voltage (OCV), 1.1V, addition of the catalyst increased
the maximum power density from 90 mW cm~2 to 470 mW cm 2.
Even with the Pd/ceria catalyst, the cell with the LSCM-YSZ anode
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Fig. 3. SEM images of (a) the initial YSZ scaffold. The LSV-YSZ composite calcined at 973 K (b) before and (c) after reduction. The LSV-YSZ composite calcined at 1373 K (d)

before and (e) after reduction.

performed slightly worse than the LSV-YSZ cell, showing a maxi-
mum power density of only 370 mW cm~2.

The impedance spectra shown in Fig. 5b help to explain the
differences between the three cells. First, the ohmic losses deter-
mined from the high-frequency intercepts with the real axis in the

Nyquist plot were identical for the two LSV-YSZ cells, 0.43 2 cm?.
Since the conductivity of YSZ at 973 K is reported to be 0.019S cm™!
[40], this ohmic loss is consistent with that expected for the
80-pm electrolyte. Based on the measured conductivity of the
LSV-YSZ composites in Fig. 4, 2Scm™!, the ohmic contribution
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0.5+ performance of the LSCM-YSZ cell. While the non-ohmic losses in
this cell were nearly identical, the ohmic losses were ~0.1 2 cm?
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00 05 10 15 20 25 3.0
2 electronic conductivity with the LSV-YSZ composite.
Re Z/Gcm To determine the stability of LSV-YSZ composites in hydro-
(®) carbon fuels, we examined the performance of the cell with the

Fig. 5. (a) V-i polarization curves and (b) impedance spectra of cells at 973 K using
LSV-YSZ anode with (W) and without (®) CeO, and Pd. Data for the LSCM-YSZ anode
with CeO, and Pd (a).

Pd and ceria catalyst in methane. The V-i polarization curves and
Cole-Cole plots for the cell operating at 1073 K in both humidified
(3% H,0) CH,4 and H are shown in Fig. 6. The results are very sim-
ilar to those obtained previously for a cell based on an LSCM-YSZ
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composite with Pd and ceria added [23]. The OCV was the same for
both fuels, 1.1 V; but the maximum power density was significantly
higher in Hy than in CH4, 960 mW cm~2 in H, compared to only
510 mW cm~2 in CHy4. While the V-i relationship was a straight line
with Hy, there was noticeable curvature near open circuit with CHg.
The impedance data, measured at open circuit, show that ohmic
losses were independent of fuel and ~0.2  cm?, but that the non-
ohmic losses were significantly higher in CH,4, demonstrating that
there must be catalytic limitations to breaking the C-H bonds in
this molecule. We did not test long-term stability of these anodes
in CH4 because it is known that Pd will form carbon over time
[41]; however, the electrodes were stable over the testing period
of approximately a day, suggesting that the LSV is not affected by
the methane.

The effect of LSV calcination temperature on the electrodes is
shown in Fig. 7 through a comparison of fuel-cell performance in
H, at 973K in which the 10-vol% LSV was calcined to either 973 K
or 1373 K. For the 1373-K cell, the LSF cathode was added after for-
mation of LSV; in both cells, the Pd and ceria were added separately
and calcined to only 773 K prior to cell testing. For both cells, the V-i
relationship in Fig. 7a was a straight line, starting from the expected
OCV of 1.1V, although the 973-K cell exhibited a higher maximum
power density of 470 mW cm~2 compared to 410 mW cm~2 for the
1373-K cell. The impedance data in Fig. 7b show that the ohmic
losses were the same for both cells, ~0.42 2 cm?, and that the lower
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Fig. 8. V-i polarization curves in humidified (3% H,0) H, for cells having LSV-YSZ
anodes with Pd/ceria catalysts. Data are shown before (M) and after (a) heating the
composite to 973 K in air.

performance of the 1373-K cell is associated with an increase in
the non-ohmic losses to 0.3  cm?. This result is important in that
it indicates the impurity phases observed following calcination of
the LSV-YSZ composite to 1373 K in Fig. 1 apparently do not signif-
icantly affect the conductivity within the electrode. The increase in
the non-ohmic losses is likely caused by a decrease in the length of
the TPB due to the change in the morphology of the infiltrated LSV,
observed in Fig. 3.

We did observe a potential problem of LSV interacting with the
Pd/ceria catalyst. When an LSV-YSZ cell with Pd and ceria was
heated in air to 973 K, there was a significant decrease in perfor-
mance, as shown by the V-i polarization curves in Fig. 8. Following
calcination in air, the maximum power density in humidified H, at
973 K decreased from 470 mW cm~2 to 280 mW cm~2. As expected,
all of this change was associated with an increase in the non-ohmic
cell losses. Similar treatments for electrodes made from LSCM-YSZ
composites with Pd and ceria had no effect on cell performance.
This is a potentially serious problem because the ability to oxidize
the anode periodically is one of the advantages offered by anodes
based on conducting ceramics.

From experiments conducted with LSCM-YSZ electrodes [22],
it is known that the catalytic metal, Pd in this case, is the cru-
cial catalytic component in anodes based on conducting ceramics.
Since vanadium is a known poison in heterogeneous catalysis [42],
it seems likely that the deterioration in performance of the LSV
anodes is due to poisoning of the Pd catalyst by vanadium from
the LSV. To test this hypothesis, we measured the performance of
a series of similar fuel cells in which the vanadium stoichiometry
of the LSV phase, Lag7Srg3V7+502.85, was varied. In each case, the
LSV was calcined to 973 K prior to the addition of Pd and ceria and
then calcined again to 973 K. The idea behind the experiments was
that vanadium should be less able to migrate from the LSV phase if
that phase is deficient in vanadium and more able to migrate if the
vanadium is in excess.

The results from this experiment are shown in Table 2. Note
that the ohmic losses were between 0.43 and 0.45 2 cm?, essen-
tially unchanged by the vanadium stoichiometry or the increased
catalyst calcination temperature. However, the maximum power
densities were higher in the vanadium-deficient cell, 330 mW cm~—2
compared to the vanadium-excess cell, 250 mW cm~2. The vari-
ations in the power densities were matched by variations in the
non-ohmic losses in each of the cells.

While the results in Table 2 are not entirely definitive in estab-
lishing that vanadium poisoning is responsible for the decrease
in electrode performance following the exposure of the anode to
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Table 2

Maximum power densities of the cells at 973 K in humidified H,, with anode having
10vol% LSV, together with Pd and ceria. In these experiments, the vanadium content
of the LSV phase (Lag7Sr03V14+502.85) was varied and the cells were heated to 973 K
in air to study the effect of interactions between the LSV phase and the Pd/ceria
catalyst.

Non-stoichiometry Power density Ohmic ASR Non-ohmic
of LSV (mW cm~2) (Q2cm?) ASR (2 cm?)
§=-0.05 326 0.43 0.49

§=0 280 0.45 0.61

§=0.05 254 0.45 0.71

air at high temperatures, there are methods that could be used to
minimize contact between the Pd catalyst and the LSV phase. For
example, it has recently been demonstrated that Pd sintering in
LSCM-YSZ electrodes could be dramatically reduced through the
use of Pd/ceria, core-shell particles [43], in which Pd nanopar-
ticles were surrounded by a thin shell of ceria, prepared using
self-assembly methods [44]. It seems likely that the same oxide
shell that mitigates Pd sintering may also minimize interactions
between the metal and the LSV phase. This is obviously something
that needs to be investigated further.

The most important conclusion to be taken from this work is the
great similarities in the reported data for all of the ceramic SOFC
anodes formed by infiltration [17,23,25]. Whether the infiltrated,
conductive ceramic was LSCM, LST, SrMoOs, or LSV, the datain each
case suggest that the ceramic component simply provides elec-
tronic conductivity and that the catalytic function must be supplied
by a second component which is added separately. There are obvi-
ously differences in the level of conductivity of the various ceramics
and in their tendency to undergo solid-state reactions with the elec-
trolyte phase. Interactions between the conductive ceramic and the
electrolyte phase also seem to affect the morphology of the infil-
trated component, which can in turn affect the length of the TPB.
However, it appears that one can optimize each component of the
electrode individually to maximize performance.

4. Conclusions

Ceramic composites with high electronic conductivity can be
prepared by infiltration of Lag7Srg3V03g5 into porous YSZ. This
material reduces easily and forms an effective three-phase bound-
ary structure within the YSZ scaffold. The resulting composite has
insufficient catalytic activity for optimal electrode performance but
addition of a Pd/ceria catalyst produces electrodes with very low
impedances in both H, and CH4 fuels.
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