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This paper describes the performance of composite LaggSrg2Crog2Rug1803_5—Gdo.1Cep9O, anodes oper-
ated in varied H,0-H,, CO-CO,, and H,0-H,-CO-CO, fuel mixtures. Impedance spectroscopy studies
in both H,O0-H, and CO-CO, showed two main impedance responses that were thermally activated and
exhibited power law variation with gas partial pressures. The polarization resistances in CO-CO, mixtures

were larger than in H,-H,O mixtures with the same partial pressure ratios. Polarization resistances for
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surrogate coal syngas H, O-H,-CO-CO, fuel mixtures were higher than for H,O-H,—-Ar mixtures with the
same H, and H,O partial pressures, indicating that CO or CO, interfered with the H, oxidation reaction.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cell (SOFC) systems are typically designed to
utilize practical fuels such as reformed hydrocarbons or gasified
coal, such that the anodes ultimately operate in mixtures of CO,
CO;, Hy, H,0, and in some cases CH4. While the electrochemical
characteristics of Ni-based anodes in H,-H, O fuels have been stud-
ied in considerable detail, and there are a number of reports on
hydrocarbon operation [1,2], there have been relatively few reports
on CO-CO, fuel mixtures [3-5]. Based on results that show much
higher polarization resistance in CO-CO, than for H,-H,0 [5], it
is often assumed that the H, oxidation reaction entirely domi-
nates the anode characteristics, although this view is challenged
by very recent work [3]. Even if CO and CO, are essentially inert,
CO oxidation can still occur indirectly via the water-gas shift reac-
tion in anodes such as Ni-8 mol% Y,03-stabilized ZrO, (YSZ) that
have catalytic activity [7]. Relatively little information is available
on the characteristics of alternative oxide anode materials in CO-
and CO,-containing fuels [6,8].

The present contribution describes an electrochemical
impedance spectroscopy (EIS) study of a composite anode consist-
ing of Lao_gsro.zcro.gzRU0.1803_5 (LSCI‘RU) and Gdo.l Cepg0- (GDC).
This anode material was chosen as an example of a conducting-
oxide anode material where a nano-scale catalyst material is
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employed to improve fuel oxidation kinetics [8-13]. Such anodes,
along with conducting oxide materials without catalysts [14-17],
have been studied by a number of researchers with the aim of
improving upon Ni-YSZ with regard to susceptibility to coking,
poisoning by fuel impurities such as H,S[18-23], degradation upon
redox cycling [24,25], and the above-mentioned slow kinetics for
CO oxidation. Preliminary results on the operation of SOFCs with
LSCrRu-GDC anodes in coal gas were recently reported, including
results showing that the anode was more stable in CO-rich fuels
than Ni-YSZ [26]. In the present work, EIS was used to measure
anode polarization resistance while systematically varying the
temperature and partial pressures in CO-CO, and H,-H,O0 fuel
mixtures. These results were used in order to better understand
electrochemical reaction kinetics in coal gas H,-H,0-CO-CO,
mixtures. The results are compared with the literature data for
Ni-YSZ.

2. Experimental procedures
2.1. Cell fabrication

The LSCrRu-GDC anodes were studied in
LaggSrg1GaggMgp203_5 (LSGM) [27] electrolyte-supported
solid oxide fuel cells. The synthesis of LSCrRu and fabrication
of cells have been described in detail previously [9], and are
summarized here.

LSCrRu was prepared by solid-state reaction from oxides and
carbonates. The precursors were wet ball milled in deionized water
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for 24 h, dried, and fired at 1200°C for 3 h. The composite anode
powder was prepared by mixing this powder with commercial
GDC (Nex Tech) at a 1:1 weight ratio for 24 h via ball milling. The
resulting powder was dried, ground, sieved (#120 mesh), and dis-
persed in a vehicle (V-737, Heraeus Inc., PA), using a three-roll mill
to make an ink. A similar ink was prepared with the composition
Lag gSrgCrO3 (LSCr) and was used as an anode current collector.

Cells were fabricated with LaggSrg4FeggCo¢203_s (LSCF, Prax-
air) - GDC composite cathodes and pure LSCF cathode current
collectors. Cathode inks were also prepared by mixing LSCF and
GDC(1:1 weight ratio) via wet ball milling. The resulting slurry was
dried, sieved (#120 mesh), and suspended in Heraeus V-737 vehi-
cle to form the cathode ink. The pure LSCF cathode current collector
ink was prepared in a similar fashion.

The LSGM electrolyte material was prepared by solid-state reac-
tion. Stoichiometric quantities of dried La,03, SrCO3, Ga;03, and
MgO were mixed and calcined at 1250°C for 12 h. The resulting
solid was ground, sieved, mixed with PVB and pressed into 19 mm
diameter pellets weighing 0.45 g. The pellets were then sintered at
1450°C for 6 h.

The LSCrRu-GDC and pure LSCr inks were applied to the LSGM
supports by screen printing. The anode bi-layer was then fired at
1200°C for 3 h. The cathode inks were then applied using screen
printing. This cathode bi-layer was fired at 1000°C for 3h. Au
current collector grids were applied to both electrodes by screen
printing Au ink (Heraeus Inc., PA). The resulting fuel cells had a
diameter of ~1.5cm, an electrolyte thickness of ~0.3-0.4 mm, an
anode thickness of ~15 wm and a cathode thickness of 20-30 pm.
The anode and cathode areas were 0.5 cm?. A few symmetrical cells
with identical cathodes on both sides of the LSGM electrolyte were
also prepared.

2.2. Cell testing

The cell testing configuration has been described in detail previ-
ously [28]. The cells were mounted for testing on alumina support
tubes and sealed with Ag ink (DAD-87, Shanghai Research Institute
of Synthetic Resins). Electrical contact to the cells was made with
Ag wires. The fuel was supplied via a smaller diameter alumina tube
placed inside the larger alumina support tube. Both alumina tubes
were supported by a stainless steel manifold and sealed with viton
o-rings to allow collection of the anode exhaust.

Testing of all cells was started in humidified hydrogen
for ~100h, the time typically required to reach steady state
LSCrRu-GDC anode characteristics [9,10,13]. CO, Ar, CO,, and H;
(Airgas) flow rates were set with mass flow controllers (MKS).
The steam partial pressure p(H,0) was controlled by flowing dry
gas mixtures through a temperature controlled (Glas Col, 104A)
humidifier containing deionized water. The H,O flow rate was
determined from the bath temperature and the expected saturation
vapor pressure of H,O. The temperature variation of the humidi-
fier was measured to be +0.25 °Cduring experiments. This variation
was found to result in fluctuations in the cell resistance of approxi-
mately +0.3%. Condensation in fuel lines and exhaust during testing
was avoided at high p(H,0) measurements by heating the gas lines
above 100°C.

The electrochemical impedance spectroscopy (EIS) measure-
ments (IM6, Zahner) were done over a frequency range of 0.1 Hz
to 1 MHz with a 20mV ac potential amplitude at the open circuit
voltage. Note that temperature-dependent measurements were
normally done at >700°C, since coking was expected at lower
temperatures for the CO-CO,-containing fuels. The cell impedance
spectra were fit with Zview using either two or three Cole elements
in series with a resistor and inductor.

Care was taken to quantify and, where possible, avoid sources
of experimental error in impedance measurements. Variability in

Table 1
LSCF-GDC cathode symmetric cell data.
Temperature (K) R, (2cm?) Freq. (Hz)
800 0.02 420
750 0.04 200
700 0.10 90

cell resistance during an ~24 h period was found to be <1% during
measurements in 3% H,0, 97%H;,due in part to cell temperature
fluctuations, but increased to 2% for 10% H,0 in Hy, mainly due to
the above-mentioned variability in bubbler temperature. In some
cases, anode resistance could change by several percent over >12 h
during equilibration after a change in test conditions. In order to
avoid substantial errors from these transients without prohibitively
long testing times, changes in cell conditions were normally done
consistently (e.g., always decreasing a partial pressure) and EIS
measurements were typically performed 0.5-1 h after the change.
The mass flow controllers were calibrated before each experiment
with a bubble meter, and flow rates did not appear to be a signifi-
cant source of error. The maximum temperature error for the k-type
thermocouples (Omega Engineering) was 0.75% of the tempera-
ture reading (°C); this fixed error had little effect on the activation
energy values. Overall, the above polarization resistance error of
~2% resulted in activation energy errors of +0.05eV, and power
law exponent errors of +0.04.

3. Results

The results of cell EIS measurements are described below
for Hy-H,O-Ar (Section 3.1), CO-CO,-Ar (Section 3.2), and
H,-H;0-CO-CO,-N, fuel mixtures (Section 3.3). The results were
acquired from a single cell in order to isolate the effects of differ-
ent fuel compositions and temperatures. Results from several other
cells verified that the results were representative. Scanning elec-
tron microscope images of these anodes showed a typical porous
electrode microstructure, while transmission electron microscope
images revealed the presence of Ru nano-particles on the chromite
surfaces, similar to results presented in prior reports [9,10,13].

3.1. Hy-H,0-Ar fuel

Fig. 1 shows Bode and Nyquist plots of EIS data taken at 800°C
at varied H, partial pressures, p(Hy). The Ar/H, ratio was varied,
but the total flow rate was maintained at 100 ml min—1. The steam
partial pressure p(H,0) was fixed at 0.1 atm by flowing the H,-Ar
mixtures through the fuel humidifier held at 47 °C. The Nyquist
plot (Fig. 1b) showed that decreasing p(H,) from 0.9 to 0.3 atm
resulted in a total polarization resistance Rp increase from 0.28 to
0.37  cm?. The broad frequency range of the response in the Bode
plot (Fig. 1a) and the depressed appearance of the arc in Fig. 1b
suggested that more than one response was present, even though
separate features were not resolved. EIS fitting was used to separate
the components. A model with three Cole elements in series with
an inductor and resistor was used. One Cole element was allocated
to the cathode and its parameters were fixed by fitting EIS data from
an LSCF/LSCF-GDC/LSGM/LSCF-GDC/LSCF cathode symmetric cell.
The cathode resistance values are shown in Table 1. Good fits to the
EIS data were obtained using two anode Cole elements, centered at
~100Hz and ~1 Hz, and the fixed cathode Cole element, as shown
in Fig. 1.

Fig. 2 shows the effect of p(H,0), varied by operating the humid-
ifier at temperatures of 47, 61, 70, and 77 °C, on the EIS results at
800 °C. The total flow rate was maintained at 200 ml min~—! and the
Ar content was adjusted to maintain a constant p(H,). The results
were similar to those shown in Fig. 1, with the total polarization
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Fig. 1. Bode (left) and Nyquist (right) plots of the EIS data measured at 800 °C and open circuit with different H, partial pressures and fixed H,O partial pressure. The grey
symbols indicate the measured data, green lines show the fits, black lines illustrate the individual fitted contributions for the high p(H;) case, and green symbols show the
fitted elements’ characteristic frequencies. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of the article.)
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Fig. 2. Bode (left) and Nyquist (right) plots of the EIS data measured at 800 °C and open circuit with different H,O partial pressures and fixed H, partial pressure. The grey
symbols indicate the measured data, green lines show the fits, black lines illustrate the individual fitted contributions for the high p(H,0) case, and green symbols show the
fit characteristic frequencies. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of the article.)

resistance generally increasing with decreasing p(H,0). Good fits
to the EIS data were again obtained using the equivalent circuit
with two anode Cole elements and a fixed cathode Cole element.

Fig. 3 shows log-log plots of the resistances Ryr of the higher-
frequency anode response and R;r of the lower-frequency anode
response versus p(Hy) (a) and p(H,0) (b). As shown in Fig. 3a,
both responses followed a power law-type dependence, with
Ryr xp(Hz) 911 and Rirxp(Hy) %9, As shown in Fig. 3b, the
dependence Ryr o« p(H,0)219 provided a good fit to the data, but
the best fit Rir x p(H,0)~%37 to the low-frequency response was
not very good. The dependence of these responses on fuel partial
pressures indicates that they are related to anode processes.

The temperature dependent EIS response was measured
between 700 and 800°C in a fuel containing 25% H,O and 75%
H,. The data along with fits, using the same model as above,
are shown in Fig. 4. Both Ryr and Rr increased with decreasing
temperature. The characteristic frequency of Rir remained almost
constant at 3 Hz, while feature Ry decreased from 97 Hz to 41 Hz.
An Arrhenius plot of Ry and Ryr in Fig. 5 shows that both processes
are thermally activated with Eyr=1.1eV and E;r=0.66 eV. The cell
ohmic resistance (not displayed) was also thermally activated with
Eohm =0.68eV.

3.2. CO-CO,-Ar fuel

The effect of the CO and CO, partial pressures on cell perfor-
mance at 800°C was also studied. The total fuel flow rate was
maintained at 150 mlmin~!. Fig. 6 shows EIS data taken at var-
ied CO partial pressures, p(CO), and fixed CO, partial pressure,
p(CO3)=0.33 atm. The Nyquist plot (Fig. 6b) showed that decreas-
ing p(CO) from 0.67 to 0.13 atm resulted in a total polarization
resistance increase from 1.1 to 1.7  cm?. These values were gen-
erally higher than those for comparable H,-H;O-Ar mixtures.
The cathode contribution to the EIS spectra, which was espe-
cially small relative to the anode contributions in this fuel, was
neglected. A model with two electrode processes represented by
two Cole elements and centered at ~20 Hz and ~0.8 Hz, similar to
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Fig. 3. Resistances Ryr and Ryf, obtained from best fits to the data in Figs. 1 and 2,
plotted versus H; (a) and H,O (b) partial pressure.

the H,-H,0 model, was found to provide excellent fits to the data as
shown in Fig. 6. For CO-rich mixtures, the lower frequency process
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Fig.4. Bode (left) and Nyquist (right) plots of the EIS data measured at 75%H, and 25% H, O at temperatures varied from 700 to 800 °C. The grey symbols indicate the measured
data, green lines show the fit, and green symbols show the fitted element’s characteristic frequencies. The ohmic contribution was subtracted from the cell resistance. (For
interpretation of the references to color in this figure caption, the reader is referred to the web version of the article.)

content adjusted to maintain p(CO) constant. There was relatively
little change in the total resistance with p(CO5).

Fig. 8 shows log-log plots of the resistances Ryr and Ry versus
p(CO)(a)and p(CO,)(b). The impedances increased with decreasing
p(CO), qualitatively similar to the H, dependence shown above, but
the HF impedance decreased with decreasing p(CO,), opposite to
the trend observed for p(H,0). The values were fit reasonably well
by power law dependences with Ryr o« p(CO)~929, R o p(C0O)~0-23,
Rur xp(C0,)%22, and Rir xp(CO,)~%11, Because of the opposing
effects of p(CO,) on Ryr and Ry, the total anode polarization resis-
7 tance changed only slightly with CO, partial pressure.

. The temperature dependence of the EIS response was measured
] ] | | between 700 and 800°C in a fuel containing 50% CO and 50%CO-.
094 096 0.98 Loo 1.02 The data along with fits, using the same circuit model as above, are
1000/ T/ K1 shown in Fig. 9. Both Ry and R;f increased with decreasing tem-
perature, with activation energies Eyr=0.78 eV and E g =1.29 eV, as
shown in the Arrhenius plot of the resistances in Fig. 10. The fre-
quency of Ryr increased from 15 to 20Hz and Ry increased from
0.3 Hz to 0.8 Hz from 700 to 800 °C. The ohmic resistance (not dis-
played) was thermally activated with Es=0.69 eV, comparable to
dominates, although the higher frequency one is still detectable. the value noted above for H,/H,0 operation.
For low CO content, the higher frequency response was too small
for an unambiguous fit. Fig. 7 shows the effect of p(CO, ), with the Ar
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Fig. 5. Resistances Ryr and Ryf, obtained from best fits to the data in Fig. 4, plotted
versus inverse temperature.
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3.3. Hy—H,0-CO-CO, fuel

The LSCrRu-GDC cell was also tested in a surrogate coal syngas
containing 28%H,0, 28.7%H,, 11.9%C0,, 29.3%C0 and 2.1%N,, sim-
ilar to the syngas composition reported in other studies [29,30].
A dry version of this fuel (39.9%H,, 16.5%C0,, 40.6%CO, 3%N>)
was also tested. The current-voltage characteristics in wet and
dry coal syngas at 800°C are shown in Fig. 11. The dry syn-
gas shows a higher OCV and higher power density due to the
higher concentrations of H, and CO. For comparison, the results for
operation on 90%H,-10%H,0 and 90%C0O-10%CO, are also shown.
The power densities in wet coal gas (185 mW cm~2 at 0.7V) and
dry coal gas (255mW cm~2 at 0.7V) are much smaller than for
90%H,-10%H,0 (395 mW cm~2 at 0.7 V), due in part to the lower
open circuit voltage but also a result of a higher anode polarization

0.4 0.6 0.3 1.0 1.2
Current Density (A/cm?)

0.0 0.2

Fig. 11. Potential and power density versus current density for a cell operated on
90%H,-10%H,0, 90%C0-10%CO,, wet coal gas (wet CG), and dry coal gas (dry CG).

resistance. These results illustrate that SOFCs operated on coal syn-
gas will generally yield lower voltage and power density than for
hydrogen fuel. The syngas power densities appear, at least approx-
imately, to be averages of the power densities for H,—-H,0 and
CO-CO,.

EIS results for wet syngas fuel versus temperature are dis-
played in Fig. 12. Processes for Ryr (20-57 Hz) and Rif (1-3.5Hz)
were both thermally activated (Fig. 13) with Egg=1.07eV and
Eigp=1.22eV. As observed for operation in CO-CO,, the character-
istic frequency for both Ryr and Rir decreased with decreasing
temperature. The polarization resistance values for syngas tended
to fall between those for H;-H,0 and CO-CO,. For example, at
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Fig. 9. Bode (left) and Nyquist (right) plots of the EIS data measured in 50%C0O-50% CO; at temperatures varied from 650 to 800 °C. The grey symbols indicate the measured
data, green lines show the fits, and green symbols show the fit characteristic frequencies. The ohmic contribution was subtracted from the cell resistance. (For interpretation
of the references to color in this figure caption, the reader is referred to the web version of the article.)
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Fig. 12. Effect of temperature on cell impedance for an LSCrRu-GDC cell operating on wet coal syngas. The black symbols indicate the measured data, green lines show the
fits, and green symbols show the fit characteristic frequencies. The ohmic contribution was subtracted from the cell resistance. (For interpretation of the references to color

in this figure caption, the reader is referred to the web version of the article.)

800°C, Rp=0.45Qcm? for coal gas compared to 0.27 Q2 cm? for
H,/H,0 and 1.3 Q cm? for CO/CO,.

In order to further explore the role of CO and CO, during syngas-
fueled operation, the syngas mixture results were compared with
those from H,-H,O-Ar mixtures, i.e., replacing CO and CO, with
inert Ar. The as-supplied syngas mixture noted above is not at equi-
librium for the cell operating conditions (P=1atm and T=800°C),
such that the fuel may undergo water-gas shift towards equilib-
rium. Because of the uncertainty in the extent of the water gas
shift reaction at the anode, two different H;—-H,O-Ar mixtures
were employed to match the range of possible syngas constitutions.
Table 2 gives the as-supplied and equilibrated syngas compositions,
the latter calculated using Thermocalc, and the two Hy—H,O-Ar
mixture compositions. The equilibrated coal gas contains a higher
concentration of H; and lower H, O than the as-supplied fuel. Fig. 14
shows the results, which are also summarized in Table 2: both Ryf
and Ryf are clearly higher for syngas than for either H,-H,O-Ar
mixture. That is, CO and/or CO, interfere with H, oxidation.

4. Discussion
4.1. Effect of fuel composition on anode processes

For all conditions tested here, the EIS data was fit well using a
model with three Cole elements in series, although in some cases
one of the elements, corresponding to the cathode contribution,
was small enough to be omitted. Prior work on Lagg3Srg.19CrO3
microelectrodes on YSZ electrolytes in H,-H,O also showed two
processes, with frequencies close to those shown in Figs. 1 and 2
[6]. This is also similar to reports for Ni-YSZ, where two cou-
pled Cole elements were used to model the response, along
with a separate element representing gas diffusion [4,31,32]. A
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Fig. 13. Arrhenius plots of Ryr and Ryr for a cell operating on coal gas.

mechanistic interpretation of the Ni-YSZ response has been made
using a transmission-line model combining charge transfer ele-
ments representing three phase boundary (TPB) processes and
elements associated with oxygen ion transport in the anode YSZ
phase [3,32]. A similar explanation may also apply to the present
anodes, with the two Cole elements representing a combination
of ionic resistance in the GDC phase and a charge-transfer process
at chromite-GDC and/or Ru-GDC TPBs. Even if the dominant pro-
cess is at chromite-GDC TPBs, the dramatic resistance reduction
associated with the Ru nano-particles suggests that Ru enhances
a rate-limiting step in the hydrogen oxidation process [13]. These
proposed mechanisms are thermally activated, consistent with the
observed temperature dependences of the HF and LF resistances.

Switching the fuel from H,-H;0 to CO-CO, resulted in a polar-
ization resistance increase by a factor of ~3-4. This general trend
agrees with that observed for Ni-YSZ, where the charge transfer
resistance increased by a factor of ~2 [32] in one case and ~10 [5]
in another on switching from H; to CO. In the present case, the
resistance increase is primarily due to a factor of ~10 increase in
Rir, which is the smaller resistance in H, but becomes the dominant
resistance in CO because Ryf increases by only a factor of ~2. Prior
results on Lag g3Srg 19CrO3; microelectrodes were generally similar,
with Ryr dominant in H,—-H;0 and R ¢ dominant in CO-CO,.

Table 3 summarizes the present activation energy results. The
activation energies of Rip vary with fuel as E; u, < E; coalgas <
E, co. The activation energies for Ryr followed the opposite trend,
with Ej H, > Ej coalgas > Ea co. These results suggest a change in
the oxidation reaction rate limiting steps with fuel type, with the CO
oxidation reactions generally being slower with larger activation
energies. Table 3 also shows literature data for both Lag g3Srg.19CrO3
and Ni-YSZ anodes. Note that the values for Ni-YSZ are given for
un-separated coupled Cole elements. For the chromite, activation
energies for both resistance components were larger for CO-CO,
versus Hy—H,0 [6]. The activation energy for Ni-YSZ was also larger
for CO-CO, compared to H,-H,0 [32].

Table 3 summarizes the power law values obtained from the
observed dependences of the LF and HF resistances on the fuel
partial pressures. The observation that the power values are differ-
ent for CO-CO, versus H,-H, 0 provides further evidence that the
rate-limiting oxidation steps are different. Table 3 also shows the
literature values of measured powers for Lagg3Srg19CrO3 and Ni-
YSZ anodes, for comparison. The values for the present anodes and
the Lagg3Srg.19CrO3 anodes are similar except for the HF response
in CO. One unusual feature of the present data is the positive expo-
nent observed for the p(CO, ) dependence. Positive exponents have
also been observed in some cases for Ni-YSZ anodes [3]. This may
indicate competitive adsorption between CO, and another species
that limits fuel oxidation.

A striking contrast between the chromite results and those
from Ni-YSZ is the difference in relaxation times. For Ni-YSZ, the
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Table 2

Summary of coal gas and H,-H, O-Ar compositions used in the tests, along with the composition expected if the coal gas equilibrates. Also shown are measured and predicted

OCV values. Note that the fuel nitrogen content (2.1%) is not shown.

Coal gas (as supplied) Coal gas (equilibrated) Test #1 Test #2

p(H20) (atm) 0.280 0.224 0.28 0.23
p(Hz) (atm) 0.287 0.338 0.29 0.35
p(CO,) (atm) 0.119 0.172 - -
p(CO) (atm) 0.293 0.237 - -

p(Ar) (atm) - - 0.44 0.42
OCV (measured) (V) 0.937 0.935 0.951
OCV (theoretical) (V) 0.961 0.941 0.959
Ryr (2cm?) 0.27 0.23 0.22
Rir (2 cm?) 0.26 0.17 0.14
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Fig. 14. Impedance spectra recorded from an LSCrRu-GDC (left) cell operated in coal gas; 29%H,, 28%H,0, and 44%Ar; and 35%H,, 23%H,0, and 42%Ar. The grey symbols
indicate the measured data, green lines show the fits, and green symbols show the fit characteristic frequencies. (For interpretation of the references to color in this figure

caption, the reader is referred to the web version of the article.)

characteristic frequencies of the arcs due to activation polarization
were 200-3000 Hz for the low frequency arc and 3-50 kHz for the
high frequency arc[31,32]. These values are 100-1000 times higher
than for the chromite anodes, where R varied between 0.1-10 Hz
and Ryf varied between 10-100 Hz. The characteristic frequency of
a Cole element is given by the expression:

1

fe(H2) = ot

where R is the process effective resistance and Q is the effective
capacitance. The present anode resistances were ~10 times those
for Ni-YSZ anodes [31,32], suggesting that there was also a sub-
stantially larger capacitance. This may be a “chemical capacitance”
associated with oxygen content changes that can occur in per-
ovskites as a function of applied potential [33].

4.2. Performance in coal gas

Syngas fuel yielded substantially higher resistance than similar
H,-H,O-Ar fuel mixtures. That is, replacing CO and CO, with inert
Ar actually improved cell performance. One possible explanation
is that CO and/or CO, adsorb too strongly on important surface
sites, resulting in reduced H, and/or H,O coverages or low vacant
site densities, negatively impacting the fuel oxidation process. This
may relate to the positive power law dependence of R, on p(CO;)
(Fig. 8b), which suggests that CO, may adsorb preferentially onto
surface sites required for fuel oxidation. For example, a positive
exponent was explained, for the case of a Pt cathode on doped CeO-,
by too-high oxygen coverages leading to low availability of vacant
sites [34].

This syngas behavior for LSCrRu-GDC is significantly differ-
ent than what has been observed in Ni-YSZ anode supported
cells. For Ni-YSZ cells, the polarization resistance is essentially
unaffected by additions of CO and CO, [5]. This phenomena is
likely due to the water-gas shift reaction, enabled by the thick

Table 3
Comparison of anode characteristics.
LSCrRu-GDC LSCr Ni-YSZ Refs. [1,29,30]
Ref. [4]
LF HF LF HF Anode charge transfer resistance
Hy-H,0
E, (eV) 0.66 1.10 1.12 1.32 1.092
p(Hy ¥ -0.59 -0.11 —0.5P ~0 0.10¢
p(H,0) -0.37 -0.10 - - —0.33¢
CO-CO,
E, (eV) 1.29 0.78 1.98 1.6 1.23
p(COY* -0.25 -0.29 —0.25¢ ~0 0.058f
p(COL ¥ -0.11 0.22 - - —0.258
Coal gas (wet)
E, 1.22 1.07 - - -

a Ref. [29] p(H2)=0.8 atm, p(H,0)=0.2 atm.
b Ref. [4] T=850°C, p(H,0)=0.072 atm.

¢ Ref. [29] T=800°C, p(H,0)=0.2 atm.

d Ref. [29] T=800°C, p(H,)=0.6 atm.

¢ Ref. [4] T=850°C, p(CO,)=0.02 atm.

f Ref.[1] T=800°C, p(CO,)=0.2 atm.

€ Ref.[1] T=800°C, p(CO)=0.4 atm.
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catalytically active support. Indeed, when Ni-YSZ anode supported
cells were directly compared to thin-film Ni-YSZ anodes in mix-
tures of CO/H,/CO,/H;0, the thin film anode performance was
strongly affected by the gas constitution [5]. The authors attributed
the striking change in anode behavior to a loss in activity for the
water-gas shift reaction due to less Ni in the anode [5]. The present
LSCrRu-GDC anodes are presumably similar to the thin-film Ni-
YSZ in this regard: the volume of Ru catalyst is too small to provide
significant water gas shift activity [35].

5. Conclusions

The effect of syngas fuel composition on the performance of the
LSCrRu-GDC anode was studied. The anode polarization resistance
was dominated by two impedance processes that followed power-
law variations with fuel component partial pressures. Furthermore,
these processes were thermally activated, indicating that the two
anode arcs were related to activation polarization. The polarization
resistance in coal gas was higher than expected based on the H; and
H, O contents alone, indicating that the CO and/or CO, present in
syngas interfered with H, oxidation.
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