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Abstract

The properties of solid oxide fuel cell (SOFC) anode functional layers prepared by impregnation of ceria and
catalytic metals into porous yttria-stabilized zirconia (YSZ) have been examined for operation at 973 K. By
varying the thickness of the functional layer, the conductivity of the ceria-YSZ composite was determined to
be only 0.015–0.02 S/cm. The initial performance of anodes made with ceria loadings of 40 or 60 wt % were
similar but the anodes with lower loadings lost conductivity above 1073 K due to sintering of the ceria. The
addition of dopant levels of catalytic metals was found to be critical. The addition of 1 wt % Pd or Ni
decreased the anode impedances in humidified H2 dramatically, while the improvement with 5 wt % Cu was
significant but more modest. Pd doping also decreased the anode impedance in dry CH4 much more than did
Cu doping; however, addition of either Pd or Cu led to similar improvements for operation in n-butane. Based
on these results, suggestions are made for ways to improve SOFC anode functional layers.
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The properties of solid oxide fuel cell 共SOFC兲 anode functional layers prepared by impregnation of ceria and catalytic metals into
porous yttria-stabilized zirconia 共YSZ兲 have been examined for operation at 973 K. By varying the thickness of the functional
layer, the conductivity of the ceria-YSZ composite was determined to be only 0.015–0.02 S/cm. The initial performance of anodes
made with ceria loadings of 40 or 60 wt % were similar but the anodes with lower loadings lost conductivity above 1073 K due
to sintering of the ceria. The addition of dopant levels of catalytic metals was found to be critical. The addition of 1 wt % Pd or
Ni decreased the anode impedances in humidified H2 dramatically, while the improvement with 5 wt % Cu was significant but
more modest. Pd doping also decreased the anode impedance in dry CH4 much more than did Cu doping; however, addition of
either Pd or Cu led to similar improvements for operation in n-butane. Based on these results, suggestions are made for ways to
improve SOFC anode functional layers.
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While the large majority of solid oxide fuel cells 共SOFCs兲 have
anodes made from ceramic-metallic 共cermet兲 composites of Ni with
yttria-stabilized zirconia 共YSZ兲,1,2 there has recently been significant
interest in developing alternative anodes to avoid some of the important limitations of Ni-based electrodes. In particular, Ni composites are sensitive to sulfur,3 can form carbon deposits in the presence
of hydrocarbon fuels,4 and are intolerant of oxidation cycles.5 Anodes based on conductive ceramics are especially attractive for replacing Ni cermets because it is anticipated that they should be
insensitive to redox cycling and could exhibit high thermal
stability.6-12 Furthermore, at least some conductive ceramics have
demonstrated tolerance to sulfur12 and resistance to carbon formation in the presence of hydrocarbons.6 In most cases, however, ceramic anodes have also led to much higher overpotentials than are
commonly achieved with Ni–YSZ cermets. The modest electrochemical performance of ceramic anodes is due to the difficulty of
producing ceramics that have both high electronic and ionic conductivity at low P共O2兲, while also having good surface reactivity with
H2 and other fuels.6
We have recently reported that it is possible to obtain good ceramic anode performance, without having to develop new oxide
compositions, through the use of separate functional and conduction
layers.13 That study demonstrated that low anode overpotentials
could be achieved if the materials used in the functional layer had
sufficient catalytic activity, even if those materials had only modest
electronic conductivity. Ohmic losses associated with poor electronic conductivity in the functional layer were kept low by making
the functional layers very thin, on the order of 10 m. Current collection was accomplished primarily within a thicker conduction
layer in which electrochemical activity was unnecessary, so that
similar performance was achieved when using either Ag paste or
porous La0.3Sr0.7TiO3 共LST兲 for electronic conduction. The functional layer in the previous study was made from 1 wt % Pd and
40 wt % ceria, impregnated into 65% porous YSZ. Pd-doped ceria
was chosen in that study because ceria provides some electronic
conductivity under reducing conditions and Pd/ceria is one of the
most active catalysts known for hydrocarbon oxidation.14
In the present research, we examined the role of the functional
layer in more detail. While we continued to prepare the functional
layer by impregnation methods, we examined the role of functional
layer thickness and composition more carefully, particularly looking
toward avoiding the use of precious metals and application of ceramic anodes with other fuels. The results further demonstrate the
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promise of using the functional layer approach for developing ceramic anodes and point toward directions for further improvements.

Experimental
The first step in preparing the fuel cells used here involved making a YSZ wafer that had a dense layer between two porous layers.
Both anodes and cathodes were then fabricated by impregnation of
the active components into the porous layers. The porous-denseporous YSZ structure was produced by laminating three green tapes,
using pore formers in the layers that were to be porous, and then
firing the structure to 1823 K for 4 h.15 The green tapes were prepared by mixing YSZ powder 共Tosoh Corp., 8 mol % Y2O3-doped
ZrO2, 0.2 m兲 with distilled water, a dispersant 共1.27 g, Duramax
3005, Rohm & Haas兲, and binders 共10.2 g HA12 and 14.4 g B1000,
Rohm & Haas兲. On each of the cells, the dense electrolyte layer was
50 m thick and the porous YSZ used in the cathode layer was
300 m thick. The cathode layer was infiltrated with aqueous solutions of La共NO3兲3·6H2O, Sr共NO3兲2, and Fe共NO3兲3·9H2O to produce a composite of YSZ with La0.8Sr0.2FeO3 共LSF兲, as described
elsewhere.16 For the present investigation, it is only important to
recognize that the LSF-YSZ has a current-independent impedance of
0.1 to 0.15 ⍀ cm2 at 973 K.16
The thickness of the 65% porous YSZ used in making the functional layer of the anodes was either 12, 50, or 100 m, and the
porosity was introduced through the addition of graphite 共GE, Alfa
Aeser, 325 mesh, conductivity grade兲 into the green tape. Ceria was
added to this layer by impregnation of an aqueous solution of
Ce共NO3兲3·6H2O, followed by calcination at 723 K. After addition
of ceria, a catalytic metal was added by impregnation of either
共NH3兲4Pd共NO3兲2, Ni共NO3兲2·6H2O, or Cu共NO3兲2·6H2O, followed
by calcination at 723 K in air. The conduction layer was simply Ag
paste applied to the surface of the electrode, and Ag was also applied for current collection at the cathode.
For testing, the cells were attached to an alumina tube with a
ceramic adhesive 共Aremco, Ceramabond 552兲. The external area of
each fuel electrode was 0.33 cm2 but the areas of the electrolyte and
cathode were ⬃1 cm2. All of the performance calculations assumed
an active area of 0.33 cm2, which may underestimate the active
cathode area by as much as 9%,17 but should properly reflect the
area-specific performance of the anode. Impedance spectra were
measured in the galvanostatic mode with a frequency range of
0.1 Hz to 100 kHz and a 1 mA ac perturbation with a Gamry Instruments potentiostat. Humidified H2 共3% H2O兲 was introduced into
the anode compartment by first passing the H2 through a roomtemperature bubbler.

Journal of The Electrochemical Society, 154 共7兲 B694-B699 共2007兲

B695

Table I. Total ohmic resistance, anode contribution to the ohmic
resistance, and calculated conductivity of CeO2–Pd–YSZ anodes
with 40 wt % CeO2 and 1 wt % Pd at 973 K in humidified
„3%H2O… H2 for various anode thicknesses.
Thickness
12 m
50 m
100 m

R⍀ total
共⍀ cm2兲

R⍀ anode
共⍀ cm2兲

anode
共S cm−1兲

0.33
0.57
0.93

0.06
0.30
0.66

0.020
0.017
0.015

trolyte contribution to the ohmic resistance and calculated the conductivities of the functional layers from the excess ohmic resistance
and the functional layer thickness. Independent of functional layer
thickness, the conductivity values ranged from 0.020 to 0.015 S/cm,
values that are in good agreement with the conductivity reported
from four-probe measurements of ceria impregnated into porous
YSZ.19 The agreement with previous four-probe measurements also
shows that conductivity in these anodes cannot be due to penetration
of the Ag ink into the porous YSZ.
The ohmic losses within the functional layers remain higher than
is desirable, even for the 12 m anode. Note, however, that the
nonohmic contribution to the electrode impedance is essentially independent of functional layer thickness and that reasonable anode
performance can be achieved with a material that has such poor
conductivity. This is important in proving that materials with modest
conductivity could provide good performance.

Figure 1. 共a兲 V-i polarization curves and 共b兲 impedance spectra for Ce–Pd–
YSZ anodes with 40 wt % CeO2 and 1 wt % Pd in humidified H2 共3% H2O兲
at 973 K. Data is shown for the following anode thicknesses: circles, 12 m,
triangles, 50 m, and diamonds, 100 m.

Results
Anode thickness.— To test our earlier hypothesis that an anode
functional layer need have only minimal electronic conductivity if it
has sufficient catalytic activity, we reexamined the effect of varying
the thickness of the functional layer in cells prepared with 40 wt %
ceria and 1 wt % Pd. Cells were prepared that were identical except
for having anode thicknesses of 12, 50, and 100 m. In each case,
the electrolyte thickness was 50 m and the cathode was an LSFYSZ composite prepared by impregnation methods. Figure 1 shows
V-i polarization curves and open-circuit impedance results for these
cells at 973 K in humidified H2. Figure 1a shows that the performance of the cells decreased in a regular manner as the thickness of
the anode functional layer increased, going from a maximum power
density of 520 mW/cm2 for the 12 m anode to approximately
230 mW/cm2 for the 100 m anode. The Cole-Cole plots in Fig. 1b
demonstrate that the loss in performance is almost entirely caused
by an increase in ohmic resistance in the cells with thicker functional layers. Each cell exhibited a nonohmic impedance of
⬃0.3 ⍀ cm2, while the ohmic resistance increased from 0.33 ⍀ cm2
for the 12 m anode to 0.93 ⍀ cm2 for the 100 m anode. These
ohmic resistances are listed in Table I.
Using a literature value for the conductivity of YSZ at 973 K,18
the contribution to the ohmic resistance from a 50 m electrolyte
was calculated to be 0.27 ⍀ cm2, implying that the remaining ohmic
losses were due to poor conductivity within the functional layer of
the anode. The cathode used in this study is expected to have negligible ohmic resistance.16 In Table I, we have subtracted the elec-

The effect of ceria loading.— The simplest way to modify the
anode functional layer performance is through changing the ceria
loading. To test the effect of this parameter, cells with 12 m layers
of porous YSZ were impregnated with 1 wt % Pd and 20, 40, or
60 wt % ceria. The V-i polarization curves and Cole-Cole plots of
the open-circuit impedance data at 973 K in humidified H2 are
shown in Fig. 2 for each of these cells. Figure 2a demonstrates that
performance of the cell with only 20 wt % ceria is notably worse
than the cells with higher ceria loadings, showing a maximum
power density of only 360 mW/cm2. The cells with 40 and 60 wt %
ceria both had power densities approaching 520 mW/cm2. The reason for the lower performance with 20 wt % ceria is clear from the
impedance data in Fig. 2b. The ohmic resistance of the cell with
only 20 wt % ceria was 0.45 ⍀ cm2. The nonohmic impedance of
the cell with 20 wt % ceria was also larger but this may be related to
the increased ohmic contribution.19 Given that 20 wt % ceria corresponds to less than 10 vol % of the anode functional layer, a value
well below the 30 vol % required to achieve the percolation threshold required for random media, it is not surprising that this loading
is insufficient.
While the initial results for the cells with 40 and 60 wt % ceria
were nearly identical, the stability of the cell with 60 wt % ceria
was significantly better. This was observed from measurements of
the ohmic resistance of all three cells at 973 K in humidified H2,
before and after heating the cells to 1073 K for 2 h. The results
reported in Table II show that the ohmic resistances increased for all
of the cells but that the cell with 60 wt % ceria showed the smallest
increase, going from 0.32 to 0.34 ⍀ cm2. To determine whether
even higher temperatures would increase the deterioration of the cell
performance, the cell with 60 wt % ceria was heated to 1173 K for
an additional 80 h before again testing it at 973 K. The additional
treatment increased the ohmic resistance to 0.44 ⍀ cm2.
It is likely that this loss of conductivity results from sintering of
the ceria that coats the YSZ pores, either due to decreased connectivity in the ceria layer or a lower surface conductivity of hightemperature ceria. Previous studies have reported that ceria films on
YSZ have considerable mobility at temperatures similar to that used
here,20 and that this mobility is a strong function of the gas-phase
environment.21 To determine whether or not the increase in ohmic
resistance could be attributed to a loss of conductivity in the ceria-
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Figure 2. 共a兲 V-i polarization curves and 共b兲 impedance spectra for 12 m
Ce–Pd–YSZ anodes with 1 wt % Pd in humidified H2 共3% H2O兲 at 973 K.
Data is shown for the following CeO2 loadings: circles, 20 wt %, triangles,
40 wt %, and diamonds, 60 wt %.

YSZ layer, conductivity tests were performed on a YSZ slab, 1
⫻ 1 ⫻ 10 mm, impregnated with 40 wt % ceria and 1 wt % Pd,
using the standard four-probe method. The slab was made from the
same slurry used in making the tapes for the function layers. The
conductivity of the slab at 973 K in humidified H2 decreased from
0.020 to 0.018 S/cm after heating to 1073 K for 2 h. After heating
to 1173 K in humidified H2 for 20 h, the conductivity further decreased to 0.013 S/cm. These results support the idea that the increased ohmic resistance of the cells following high-temperature
treatment is due to loss of conductivity of the functional layer.
Clearly, the conductivity of the functional layers prepared by impregnation of ceria needs to be stabilized for high-temperature treatment.

Table II. Ohmic resistance of 12 m CeO2–Pd–YSZ anodes with
1 wt % Pd and variable CeO2 loadings measured in humidified
H2 „3%H2O… at 973 K after the following heat-treatments: 973 K
for 2 h, 1073 K for 2 h, and 1173 K for 80 h.

CeO2 loading

973 K
R⍀
共⍀ cm2兲

973 K after
1073 K 2 h
R⍀
共⍀ cm2兲

973 K after
1173 K 80 h
R⍀
共⍀ cm2兲

20 wt % CeO2
40 wt % CeO2
60 wt % CeO2

0.46
0.33
0.32

0.57
0.38
0.34

0.44

Figure 3. 共a兲 V-i polarization curves and 共b兲 impedance spectra for 12 m
CeO2–M–YSZ anodes with 40 wt % CeO2 in humidified H2 共3% H2O兲 at
973 K. Data is shown for the following metal 共M兲 dopants: circles, 1 wt %
Pd, triangles, 1 wt % Ni, squares, 5 wt % Cu, and diamonds, no metal.

Comparison of Pd, Ni, and Cu Catalysts.— All of the above
measurements used anode functional layers with 1 wt % Pd because
our earlier study showed that a catalytic metal was essential for
good anode performance.13 While the amounts of Pd that were
added to the functional layer were small, it would obviously be
better if good performance could be achieved using base-metal catalysts, without the addition of precious metals.
Therefore, we compared the performance of electrodes made by
impregnating 65% porous YSZ with 40 wt % CeO2, to which an
additional 1 wt % Pd, 1 wt % Ni, or 5 wt % Cu was added for
catalytic purposes. The anode functional layer was 12 m thick in
each case. Ni was chosen for comparison to Pd because it exhibits
comparable catalytic activity for oxidation reactions under conditions where it remains reduced. While Cu-ceria catalysts are active
for the water-gas-shift reaction and for reforming of alcohols,22-24
Cu is a relatively poor oxidation catalyst. We therefore chose to use
a higher loading for Cu relative to the other metals. In each case, the
metal loadings were significantly below the percolation threshold for
electronic conduction and electronic conductivity within the functional layers was provided solely by the doped-CeO2.
Figure 3a shows V-i polarization curves at 973 K in humidified
H2 for four identical fuel cells made with each of the three metal
catalysts and without the addition of any metal. The corresponding
impedance spectra, measured at open-circuit, are reported in Fig. 3b.
The maximum power density of the cell with the ceria-only anode
was 110 mW/cm2 and the impedance data demonstrates that most of
the cell losses are associated with electrode polarization. The cell
performance improved dramatically upon the addition of Pd or Ni,
to maximum power densities of 520 and 420 mW/cm2, respectively.
Essentially all of the improvement is associated with a decrease in
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Figure 4. Ohmic resistance as a function of current density for 12 m
CeO2–M–YSZ anodes with 40 wt % CeO2 in humidified H2 共3% H2O兲 at
973 K. Data is shown for the following metal 共M兲 dopants: circles, 1 wt %
Pd, and diamonds, no metal.

the electrode impedances, from more than 1.2 ⍀ cm2 when no metal
was added, to 0.25 ⍀ cm2 upon the addition of Pd and 0.35 ⍀ cm2
upon the addition of Ni. Because the LSF-YSZ cathode is expected
to have an electrode impedance of 0.1 ⍀ cm2 at 973 K, the nonohmic losses for the Pd and Ni containing cells were between 0.15
and 0.25 ⍀ cm2. While there was a slight decrease in the ohmic
resistance upon the addition of the catalytic metals, the primary
change that occurred upon the addition of Pd or Ni was the loss of a
large arc at 0.2 Hz in the Cole-Cole plots.
The cell containing 5 wt % Cu exhibited lower performance than
the cells with Pd or Ni, but its performance was significantly better
than the cell without added metal. The maximum power density
improved to 250 mW/cm2 upon the addition of Cu and the total
nonohmic impedance decreased to approximately 0.9 ⍀ cm2. It is
most interesting that performance characteristics of the Cucontaining cell are reasonably close to those reported in earlier studies of cells with Cu-ceria-YSZ anodes and LSF-YSZ cathodes,16
which used thicker anodes and sufficient amounts of Cu to make the
electrode conductive. This similarity leads to two conclusions. First,
Cu, in combination with ceria, is capable of providing some electrochemical activity to the anode. This contradicts an earlier conclusion
from our laboratory, based on the fact that similar performance levels were achieved using Au-ceria and Cu-ceria anodes.25 The ability
to separate electronic conductivity from catalytic activity through
the use of thin anode functional layers makes the present study more
sensitive to the relatively low enhancement that Cu provides. Second, the similarity in the performance of cells with 12 m Cu-ceria
functional layers to that of cells with thick Cu-ceria electrodes suggests that all of the electrochemical activity occurs within approximately 10 m of the electrolyte in both cases.
The impedance data at open circuit in Fig. 3b indicate that the
ohmic resistances in all four cells were 0.34 ± 0.02 ⍀ cm2. With
0.26 ⍀ cm2 of this coming from the 50 m electrolyte, the ohmic
losses associated with each of the anode functional layers must be
approximately 0.08 ⍀ cm2. While there was no significant difference in the ohmic resistance of cells that contained catalytic metals
and the one that did not at open circuit, we observed a significant
increase in the ohmic resistance of the cell that had no catalytic
metal upon application of current. This is shown in Fig. 4, which
plots the ohmic resistance as a function of current density for the Pd
containing anode and the ceria-only anode. The ohmic resistance of
the cell with only ceria increased from 0.36 to 0.55 ⍀ cm2 upon the
application of 200 mA/cm2 and reverted back to its initial value
when the cell returned to open circuit. Because ceria must be partially reduced to be conductive, the increased ohmic resistance is
likely due to an increase in the average oxidation state of ceria upon
application of current. The addition of 1 wt % Pd is too small to
provide electronic conductivity directly; however, Pd could affect
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Figure 5. 共a兲 V-i polarization curves for 12 m CeO2–M–YSZ anodes with
40 wt % CeO2 in dry CH4 at 973 K. Data is shown for the following metal
共M兲 dopants: circles, 1 wt % Pd, diamonds, 5 wt % Cu, and triangles, no
metal.

the average oxidation state of the ceria due to the fact that its presence is expected to dramatically increase the rate of ceria
reduction.26-30 An increased rate of reduction could affect the average oxidation state of the ceria at higher current densities if the rate
of ceria oxidation by ions coming through the electrolyte is significant compared to the rate of reduction of ceria by the fuel gas. It is
also possible that there is a contribution to the increase in ohmic
resistance under current loadings due to an increase in the diffusion
pathway for oxygen ions, since a less active catalyst would require
more surface area to consume the same number of ions.
Hydrocarbon fuels.— A primary goal in our development of alternative anodes is the direct utilization of hydrocarbons. Therefore,
we examined the performance of the ceria-based anodes in methane
and n-butane to determine how the various catalytic metals perform
with the different fuels. Previous studies have shown that there is a
good correspondence between how cells perform in n-butane and
how they perform in fuels with higher molecular weights.31 Methane
tends to be different from other hydrocarbon fuels because it is more
difficult to break the C–H bonds in this molecule. Because Ni is
known to catalyze the formation of filamentous carbon,4 we excluded the Ni-doped ceria from these tests because it is unlikely to
be stable.
Figure 5 shows V-i polarization curves for 12 m anodes with
40 wt % ceria and either 1 wt % Pd, 5 wt % Cu, or no added metal
at 973 K in dry CH4. In agreement with previous studies, a reasonable power density of 335 mW/cm2 could be achieved with the
Pd-doped ceria cell, while the performance of the other two cells
was very poor.32 The maximum power density of the Cu-containing
cell was only 26 mW/cm2 and that of the ceria-only cell 9 mW/cm2.
Note also that the open-circuit voltages 共OCV兲 for the Cu-ceria and
ceria-only cells were below 0.8 V, compared to more than 1.25 V
for the Pd containing cell. It seems clear that the performance of the
three cells in CH4 was limited by the ability of the anode catalysts to
break the strong C–H bonds. Cu-ceria and ceria are not effective
catalysts for methane oxidation, while Pd-ceria is one of the best
catalysts for this reaction.14
The same three cells were tested in pure n-butane at 973 K, with
results shown in Fig. 6. The performance of the ceria-only cell increased dramatically relative to its performance in dry CH4, exhibiting a maximum power density of 60 mW/cm2. This almost certainly reflects the relative ease with which the C–H bonds of
n-butane can be broken, as significant rates for butane oxidation
occur at much lower temperatures than rates for CH4 oxidation on
ceria.33 As in the case with H2 and CH4, the addition of Cu again led
to a significant improvement in the performance, showing that Cu
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Table III. Ohmic resistance and performance of CeO2–YSZ anodes with 40 wt % CeO2 at 973 K in n-butane for various anode
thicknesses.

Thickness
10 m
50 m
100 m

Figure 6. V-i polarization curves for 12 m CeO2–M–YSZ anodes with
40 wt % CeO2 in dry n-butane at 973 K. Data is shown for the following
metal 共M兲 dopants: circles, 1 wt % Pd, diamonds, 5 wt % Cu, and triangles,
no metal.

provides catalytic activity for this reaction. Even more interesting is
the fact that the V-i polarization curve for the Cu-ceria cell is similar
to what has been reported previously for thicker Cu-ceria anodes.34
There is pronounced curvature near open circuit that may indicate
the need for activation of the reaction by field gradients, such as are
described by the Butler-Volmer equation. The maximum power density, 140 mW/cm2, is also similar to what has been reported for
Cu-ceria cells with similar electrolyte thickness.35
While the performance of the Cu-ceria and ceria-only cells improved in n-butane compared to their performance in CH4, the same
was not true for the Pd-ceria cell. The Pd-ceria cell was only modestly better than the Cu-ceria cell and the maximum power density
in n-butane, 165 mW/cm2, was much lower than this same cell
achieved in dry CH4. Furthermore, the V-i curve showed significant
curvature near open-circuit, comparable to what is observed on the
Cu-ceria cell. Similar observations in a previous study led to the
proposal that the Pd surface may be saturated with carbon in the
presence of n-butane, so that Pd does not enhance the catalytic activity to the same extent as with H2 or CH4.32
Activation by hydrocarbon deposits.— With dry n-butane, it has
been shown that gas-phase pyrolysis leads to deposition of polyaromatic tars on the surfaces of the anode at temperatures above approximately 950 K.4,36 Because these tars are electronically conductive, earlier studies reported that it was possible to prepare highperformance anodes that use carbon for anode conduction.37 For the
present investigation, the use of tar deposits for providing conductivity allowed us to study whether using thin functional layers could
limit performance by decreasing the region in which the three-phase
boundary 共TPB兲 exists. Therefore, we compared the performance for
two cells with functional layer thicknesses of 12 and 50 m, with
tar deposits providing conductivity, to determine whether the electrochemically active region of the anode extends more than 10 m
from the electrolyte interface. We studied ceria-only anodes for this
test, as these should be influenced most by catalytic considerations.
With low activity for surface reactions, oxygen ions should be able
to migrate further into the anode before undergoing reaction at the
surface.
The ohmic resistance and maximum power densities of ceriaonly cells with 12 and 50 m thick anodes at 973 K in dry n-butane,
after exposure to n-butane for 4 h, were 0.29 and 0.35 ⍀ cm2, as
shown in Table III. This difference in the ohmic resistances is significantly lower than the difference reported in Table I, showing that
the carbon deposits are contributing to the conductivity of the functional layer. However, even with the higher ohmic resistance, the

R⍀ total
共⍀ cm2兲

Power density
共mW cm−2兲

0.29
0.35
0.82

61
77
58

cell with the 50 m functional layer showed a higher power density,
75 mW/cm2 compared to 60 mW/cm2 on the 12 m anode. This
higher power density with the thicker functional layer implies that
making the functional layer too thin limits performance. The observation that the nonohmic contribution to the electrode impedances
of Pd-doped anodes operating on H2 were not affected by functional
layer thickness 共Fig. 1b兲 shows that the electrochemically active
region of the anode extends farther into the anode when the catalytic
activity is low.
Discussion
The use of functional layers for both SOFC anodes and cathodes
is certainly not new.38,39 However, in most cases, the same materials
are used in the functional and conduction layers, with only the structure of the two layers being changed. The use of an entirely different
set of materials in these two layers, with properties optimized for the
role that each layer plays, is less common. The present results further demonstrate the promise of using this approach, with thin functional layers, for the development of high-performance ceramic anodes.
For the same reasons that composites prepared by impregnation
are attractive for conventional electrodes, they are also attractive for
preparing functional layers. First, essentially any metal or oxide can
be added to enhance catalytic activity, so that there is great compositional flexibility in preparing functional layers by impregnation.
Second, different sintering temperatures can be used for the added
catalysts and the backbone structure, making it much easier to optimize the microstructure of the electrode. Third, the thermal expansion properties of composites prepared by impregnation are similar
to that of the backbone material.40
While the use of thin functional layers for the anode is promising, the present results also point toward areas where future work is
required to make impregnated electrodes practical. Most important
is the need to achieve stable conductivity within the functional layer.
Surprisingly, even with the addition of 60 wt % ceria, there was a
loss of conductivity after heating to 1173 K, probably because of
ceria sintering. Because 60 wt % ceria corresponds to almost
50 vol % ceria, most of the available porosity was already filled
with ceria in these anodes, making it unlikely that impregnating
even larger amounts of ceria will provide stable conductivity.
To achieve improved conductivity in functional layers prepared
by impregnation, it will be necessary either to replace ceria with a
substance having better electronic conductivity or to add electronic
conductivity to the porous backbone. Because the catalytic properties of ceria are so crucial, it will be difficult to replace ceria with a
better electronic conductor without losing the catalytic activity. Ceria appears to be unique in its ability to enhance the oxidation activity of metal catalysts.14 Therefore, we suggest that adding electronic conductivity to the backbone is the most promising approach,
rather than trying to replace ceria. It is important to remember that
the conductivity of the functional layer does not need to be significantly greater than 0.02 to 0.05 S/cm, so long as this layer is kept
thin. Because it seems optimal to have the porous backbone be
based on zirconia for maintaining good connectivity with the electrolyte, we suggest that one promising approach for establishing
conductivity is through the use of dopants, such as Ti or Nb.41,42 An
alternative would be to make the backbone itself a composite, such
as by using a mixture of YSZ and doped SrTiO3.43
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Because oxide catalysts tend to have much lower activity than
metals for oxidation reactions, the addition of dopant-levels of metal
catalysts is probably essential for achieving high performance. The
amount of metal required for catalysis is small, so that this should
not affect the stability of the electrode towards oxidation and reduction cycles. Interestingly, the results in this study show the optimal
choice of catalyst depends on the fuel that is being used. Ni-doped
anodes performed well for operation in H2 and could be used for
operation on sulfur-free syngas. For direct utilization of hydrocarbons, Cu appears to be as effective as Pd.
As with any supported metal catalyst, it is important to maintain
the metal in a highly dispersed state to maximize the surface area for
reaction. While this can be difficult at high temperatures, there has
been progress in developing supported metal catalysts with high
thermal stability. Fornasiero and coworkers have prepared ceriaencapsulated metals that appear to show excellent thermal
stability.44
Finally, there appears to be an optimal thickness for the anode
functional layer that will likely depend on the catalytic activity of
the material used. The low anode impedance observed with Pd-ceria
anodes in humidified H2 suggest that 10 m is sufficient in this case
but thicker functional layers may be required for less reactive fuels
and less active electrodes.
Conclusions
Anode functional layers, prepared by impregnation of ceria and
catalytic metals, can provide excellent anode performance. While
anodes with precious-metal catalysts may exhibit the best all-around
performance, low anode overpotentials can also be achieved using
base metals, such as Ni when the fuel is H2. Cu can be almost as
effective as Pd for direct utilization of n-butane. While freshly prepared impregnated ceria provides sufficient conductivity for thin
functional layers, high-temperature sintering leads to a loss in conductivity, so that improvements in the conductivity are still required.
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