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ABSTRACT: Direct utilization of hydrocarbon and other renewable fuels is
one of the most important issues concerning solid oxide fuel cells (SOFCs).
Mixed ionic and electronic conductors (MIECs) have been explored as anode
materials for direct hydrocarbon-type SOFCs. However, electrical conductivity
of the most often reported MIEC oxide electrodes is still not satisfactory. As a
result, mixed-conducting oxides with high electrical conductivity and catalytic
activity are attracting considerable interest as an alternative anode material for
noncoke depositing anodes. In this study, we examine the oxide composite
Ce(Mn,Fe)O,—La(Sr)Fe(Mn)Os for use as an oxide anode in direct hydro-
carbon-type SOFCs. High performance was demonstrated for this composite
oxide anode in direct hydrocarbon-type SOFCs, showing high maximum power
density of approximately 1 W cm ™~ at 1073 K when propane and butane were
used as fuel. The high power density of the cell results from the high electrical
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conductivity of the composite oxide in hydrocarbon and the high surface activity in relation to direct hydrocarbon oxidation.

B INTRODUCTION

Fuel cells have received a great deal of attention because they
promise to provide clean, environmentally friendly power gen-
eration by directly converting chemical energy into electrical
energy.' Among the various types of fuel cells, solid oxide fuel
cells (SOFCs) have many advantages such as high energy
conversion efliciency and high stability. In particular, an attrac-
tive advantage of solid oxide fuel cells is fuel flexibility because
ofhigh energy conversion efficiencies and the system’s simple
operation,” " offering the possibility of direct utilization of
hydrocarbons and other renewable fuels, namely, biofuels. How-
ever, the use of hydrocarbon fuel for current SOFCs has been
limited because of several challenging issues, such as low anode
reliability, i.e., oxidation tolerance in high humidity conditions
and deactivation by carbon coking. In addition, the operating
temperature of SOFCs is excessively high (1073—1273 K), and
thus all materials used for the cell should be stable at high
temperatures. Currently, the most commonly used anode mate-
rials are metal oxide composites, primarily Ni-based ones.
Ni-based anodes show good electrochemical conductivity and
catalytic performance for hydrogen oxidation; however, Ni is
easily deactivated by carbon formation when it is directly exposed
to hydrocarbons.”~” In the most serious circumstance, the cells
fracture is a result of deposited coke.* '® Consequently, repla-
cing Ni-based anodes with a reliable metal such as Cu-based
metals or ceramic anodes has recently attracted a great deal of
attention.

Oxide anodes have also been investigated as an alternative to
overcome the problems associated with Ni anodes. Tao et al.
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reported that reasonably high power densities could be achieved
in Lag75Sr0,5CrosMng sO3 perovskite oxide. Gorte et al. re-
ported that ceria-based ceramic anodes with small amounts of
metal additives such as Cu or Pd perform reliably with hydro-
carbon fuels. Furthermore, several groups have reported that
SrTiO;-based oxides can be used reliably as SOFC anodes.'' '
The advantages of these oxide anodes are their tolerance to
reoxidation and small carbon deposition in hydrocarbon fuels.
However, despite some positive results reported for oxide
anodes, the power density of the cells at intermediate tempera-
tures is still much smaller than that using a Ni cermet anode
because of insufficient electrical conductivity as well as surface
activity. Thus far, carbon-tolerant ceramic anodes are mainly
studied for use with methane fuel; however, it is still difficult to
use higher hydrocarbons such as propane, which are more subject
to coke formation compared with CH,. For the purposes of
this study, we have chosen oxide composites as an oxide anode
for SOFCs to enhance both catalytic activity and electrical
conductivity.'®"'” Mn- and Fe-based perovskite and doped ceria
could be used as a catalyst in redox reactions such as electro-
chemical oxidation of a hydrocarbon, such as propane, although
the catalytic properties are strongly dependent on the composi-
tion of perovskite.”>*! In previous research on mixed ionic and
electronic conductors (MIEC), we reported on the anodic
performance of La(Sr)MO; (M = Cr, Mn, Fe, Co, Ti, Ni)
perovskite oxide and found that Mn-based perovskite shows
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reasonably high anode reaction performance, although the conduc-
tivity decreases under low Po, atmospheres such as H,. In addition,
we showed that a relatively good power-generation property as well as
excellent redox tolerance was achieved using an oxide composite
anode of CeysMng3Feq;0,—Lag ¢St 4FegoMng 05, denoted as
CMF-LSEM. However, the observed power density of the cell
using CMF-LSFM is still smaller than that of the cell using Ni-SDC
(Sm doped CeO,) conventional anode.

Furthermore, not only methane but also liquid petroleum gas
has various benefits as a suitable fuel for portable SOFC power-
generating systems and auxiliary power units for vehicles. Thus,
in this study, we examined the applicability of various hydro-
carbon fuels for SOFCs using CMF-LSFM composite oxide
anodes. Because simple benefit of plant (BOP) was expected, we
used a dry condition for the hydrocarbons, which is an extremely
difficult condition for coke deposition. We report dramatically
improved power densities for the cell using an oxide composite
anode under hydrocarbon fuel conditions.

B EXPERIMENTAL SECTION

Composite Oxide Anode and Cathode. Oxides of CeysMng 5.
Fe(.10, and Lag ¢Srg4FeoMng 03 were prepared using the conven-
tional solid-state reaction method. The powder was calcined at 1473 K
for 6 h in air. The starting reagents used in this study were Ce(NO3);+
6H,0 (98%, Kishinda Chemical Co. Ltd., Japan), La(NOj3)3-6H,0
(99.9% Wako Chemical Co. Ltd., Japan), Sr(NO;), (98% Wako
Chemical Co. Ltd., Japan), Fe(NO3);3-9H,0 (99% Kishinda Chemical
Co. Ltd,, Japan), and Mn(NO3),-6H,0 (99.9% Wako Chemical Co.
Ltd, Ltd, Japan). The powders were mixed in an alumina mortar
resulting in a composite oxide anode consisting of 12.5 wt % Ce(Mn,
Fe)O, and La(Sr)Fe(Mn)Oj. Perovskite oxide of SmgsSrysCoOs
prepared by the solid-state reaction method was used as the cathode.

Electrolyte Support and Fabrication of the Single Cell.
Lag sSt02Gag sMgo15C00.05O03 (LSGMC) was used for the electrolyte.””
We prepared the self-supporting LSGMC electrolyte disk, with a fixed
thickness (ca. <0.3 mm), by the tape-casting method and performed the
final sintering at 1773 K for 6 h in air. Each face of the LSGMC electrolyte disk
having a S-mm diameter anode and cathode was coated with the obtained
electrode powder and then calcined at 1273 K for 30 min. A platinum
electrode prepared using commercial Pt paste (Tanaka TR7902) was used as
the reference electrode and was placed close to the cathode. We connected
the platinum or gold lead wire to the Pt reference electrode.

Measuring Electrical Conductivity of CMF-LSFM Bulk Speci-
men. To measure electrical conductivity, the powder was first pressed into
a rectangular shape, sintered at 1523 K, and then cut to precisely 3 x 3 x
15 mm. We generally used the Pt electrode and measured electrical
conductivity by the DC four-probe method.

Cell Testing and Evaluating Electrical Properties. The
power-generating properties of SOFCs were measured with four Pt or
Au lead lines and Pt or Au mesh (80 mesh) as the current collector in
humidified H,, and dry hydrocarbons and O, were used as the fuels and
oxidant, respectively. We estimated the IR loss and overpotential of the
anode by using the current interruption method. To compare the effects
on catalytic performance when using Pt as a current collector with that
obtained using Au, the cell performance was also measured with Au lead
lines and Au mesh (80 mesh).

Characterization of CMF-LSFM. The obtained crystalline phase
stability before and after the cell test was identified using XRD (Rigaku,
RINT2500, Cu Ka radiation). Thermal expansion coefficients (TEC) of
CMEF, LSEM, CMF-LSEM composite, and LSGMC, which were pressed
into a rectangular shape and sintered at 1523—1773 K, were measured
using a thermomechanical analyzer (TMA, Rigaku type 8310) in air
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Figure 1. Cell voltage and power density versus current density for a
fuel cell with a Ce(Mn,Fe)O,—La(Sr)Fe(Mn)O3 composite anode.
The electrolyte-supporting cell had an electrolyte thickness <300 um
and Smy 5Sry sCoO; cathode at 1073 K in hydrogen (@), methane (¢),
ethane (V), propane (M), and n-butane (A).
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Figure 2. Cell voltage and power density versus current density for a
fuel cell with Ni—Fe anode. The electrolyte-supporting cell had an
electrolyte thickness <300 m and Smyg sSrp sCoO5 cathode at 1073 Kin
hydrogen (M), methane (A), and propane (@®).

from 300 to 1273 K with a heating rate of 5 K min™~'. To analyze the
carbon coke on the anode material under high carbon atmospheres, the
adsorption rate of carbon with 10 vol% C3Hg was also measured using an
IR spectrometer (JASCO-610) with an MCT detector and an in situ
diffuse reflection unit. The measurement devices were connected to a
gas-circulating and vacuum system. After evacuation at 773 K for 1 h, the
background spectra of CMF-LSFM and Ni-SDC cermet without
hydrocarbon adsorption were measured. These powders were exposed
to C3Hjy gas (10 kPa) and heated for 40 min at each temperature under
gas-circulating conditions, and the IR measurement was performed at an
elevated temperature. As Raman spectroscopy is a useful method to
analyze coke deposition on oxide materials, we also used a Horiba
HRB800 to measure the surface of the CMF-LSFM anode after cell tests
under hydrocarbon atmospheres.

B RESULTS AND DISCUSSION
Power Generation Property of the Cell Using the CMF-

LSFM Anode with Dry Hydrocarbon. Figures 1 and 2 show the
current—power density (I—P) and current—terminal voltage
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(I-V) curves of the cell using the CMF-LSFM composite oxide
and Ni—Fe anodes, respectively, when various hydrocarbons, i.e.,
hydrogen, methane, ethane, propane, and butane, were used as
fuel. In the case of H,, we achieved a fairly good power density for
the cell as reported previously;'® however, it was much lower
than that for the cell using Ni—Fe (9:1) bimetal for the anode.
On the other hand, in case of the CMF-LSFM oxide anode, the
maximum power density increased as the hydrocarbon’s carbon
number increased. As shown in Figure 1, the CMF-LSEM oxide
anode achieved approximately 1 W cm ™~ at 1073 K when C3Hj
or C4H;o were used as fuels. In contrast, as shown in Figure 2,
with a conventional Ni—Fe anode, power density decreased as
the carbon number increased. When C3Hg was used as the fuel,
power density drastically decreased over the measurement
period, suggesting the deactivation of the anode by coke deposi-
tion. The observation that power density increased relative to
higher fuel carbon numbers in the cell using the CMF-LSFM
oxide anode is very interesting. It is also noted that this power
density was extremely large compared to the results reported for
ceramic or even metal anodes; the power density of the oxide
anode is always smaller than 0.5 W cm ™ > at 1073 K for hydrogen
or methane. Therefore, the cell using the CMF-LSFM composite
anode showed unique behavior. This suggests that CMF-LSFM
dual oxide composite exhibits superior catalytic activity for
complete (eq 1) and partial oxidation (eq 2) of C3Hg and C4H,.

C,Hauz + (3n + 1)O*
— nCO, + (n + 1)H,O + (6n + 2)e” (1)

C,Hypynr + (20 + 1)0*
—nCO + (n + 1)H,O + (4n + 2)e” (2)

Here it is noted that formation of H,, CO, and small amount of
CO, was observed in an exhaust gas line with gas chromato-
graphs. Therefore, it seems that partial oxidation reaction was
dominant in overall reaction. However, the re-forming reaction
of hydrocarbon with formed CO, and H,O successively pro-
ceeds because of a small fuel usage in this study (ca. 10%). In
addition, quantitative analysis of water is highly difficult, and so,
detailed discussion on which reaction is dominant in the present
system is difficult at present. However, it seems that both
reactions 1 and 2 appear to proceed simultaneously in this study.

In this study, although extremely high power density was
observed for the cell using dry C3Hg or C4H, fuel, as shown in
Figure 1, it is possible that the Pt current collector used may
function as an anode catalyst. Because the experiment was
performed with the Pt current collector, a highly active oxidation
catalyst, it is still uncertain whether CMF-LSFM dual oxide
composite truly exhibits good catalytic activity.”> It has been
reported that, compared to inert current collectors, Pt current
collectors have a dramatic effect on the performance of ceramic
anodes.” On the other hand, the observed power density for
other metallic current collectors is almost the same as that of the
cell with a Pt current collector in our system, which consisted of
the LSGMC electrolyte and the CMF-LSEM composite oxide
anode. In addition, as it is well-known that Au displays almost no
hydrocarbon oxidation activity, power-generating properties
were monitored using Au as the current collector. Figure 3 shows
the I—V and I—P curves of the cell using the CMF-LSFM anode
and an Au current collector. The cell with an Au current collector
shows very similar power density and OCV (open circuit

1.0
SCMF+LSFMLSGMC/SSC
12{1?[, mesh —v—+mne
g —O——a—Ethane 408
e
f ———4&— Methane g
Sos
% at1073K| 25 2
o [ 2
g g
> 404 8
E ™ 0.2 %3
0.2 e
1 P

0.043 W I “ PR - 0.0
00 05 10 15 20 25 30 35 40 45
Current Density (A cm®)

Figure 3. Power-generation curves of a cell using a Ce(Mn,Fe)O,—
La(Sr)Fe(Mn)O; composite anode and Au mesh as a current collector.
The electrolyte-supporting cell had an electrolyte thickness <300 um
and Smy Sty sCoO; cathode at 1073 K and hydrogen (M), methane
(A), ethane (@), propane (V¥), and n-butane (4) for fuel.
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Figure 4. Power-generation curves of a cell using only Pt mesh
(80 mesh size) for anode. The electrolyte-supporting cell had an electro-
Iyte thickness <300 ym and SmgsSrgsCoOj3 cathode at 1073 K and
hydrogen (M), methane (A), and propane (V) for fuel.

voltage) as the cell using a Pt current collector (Figurel).
However, it should be noted that a small decrease in power
density was evident because of the insufficient mechanical
strength of Au for current collection. Therefore, the effects of
the current collector on power density are barely observable, and
therefore the effects of Pt mesh can be ignored. In addition,
Figure 4 shows the power-generation curves of the cell at 1073 K
when Pt mesh was used without an anode layer. Because it has
been reported that carbon—Pt is active as an anode in the case of
a direct hydrocarbon-type cell,”® we measured the power-gen-
erating property of the cell using only a Pt current collector as the
anode. Evidently, almost negligible power density (<10 mW cm ) is
exhibited when a Pt mesh current corrector is used with the
LSGMC electrolyte as shown in Figure 4. Although Pt is a well-
known anode catalyst, the open circuit potential of the cell
(Figure 4) is much smaller than the theoretical potential and the
observed power density is much smaller than that of a CMF-
LSEM oxide anode. This confirms that the contribution of a Pt
current collector on the anode reaction with LSGMC electrolyte
is negligibly small in this study. Consequently, the observed high
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Figure 5. Impedance spectra measured for a cell using Ce(Mn,Fe)O,—
La(Sr)Fe(Mn)O; composite anode at 1073 K in methane (@), hydrogen
(M), ethane (4), propane (A), and n-butane (%).

power density of the cell using the CMF-LSFM anode without a
precious metal catalyst could be attributed to the high surface
activity of the composite oxide for C3Hg or C4H; oxidation.
Impedance analysis was conducted to further estimate the
internal resistance of the cell. Figure S shows the impedance
spectra of the cell using the CMF-LSEM anode under open
circuit conditions when various dry hydrocarbons were used as
fuel. Evidently, the impedance spectrum mainly consists of two
semicircles: the ohmic and polarization resistances, which we
attributed to the activation and diffusion overpotential. The x-
axis intercepts at higher frequencies and decreases as the carbon
number of hydrocarbons increases, which suggests increased
electrical conductivity of the composite oxide anode. This will be
discussed in greater detail later in the paper. The size of the
anodic impedance semicircles increased slightly as the carbon
number increased in the hydrocarbons, with the exception of
CH,. Therefore, the diffusion resistance might be closely related
to the molecular weight of the hydrocarbons and molecular
bonding in the alkanes. In the case of CH,, we observed
unexpectedly high diffusion resistance. This suggests that the
low power density of the cell using CH, fuel could be explained
by high resistance (IR drop) and high polarization resistance
(overpotential). At present, the reason why high diffusion
resistance was observed for CH, is not clear because the
molecular size of CH, is much smaller than that of C;Hg or
C4Hjo. The low overpotential may be related to the low activity
of CH,, and surface diffusion to three phase boundary (TPB)
regions may be slow because of the low surface coverage of CH,.
The temperature dependence of the anodic reaction was
studied further. Figure 6 shows the area resistance of the anode
as a function of temperature and the apparent activation energy
of the CMF-LSFM anode and Ni—Fe anode when H,, CH,, and
C3Hg were used directly as fuel. The area-specific resistance
(ASR) of the anode was estimated by measuring the impedance
spectra under open circuit conditions. At all temperatures, the
observed impedance spectra consists of two semicircles: a small
one at higher frequency, which could be attributed to activation
overpotential, and a large flat semicircle at low frequency, which
could be attributed to diffusion resistance. In Figure 6, to
compare the surface activity of CMF-LSFM with a conventional
anode of Ni—Fe, the temperature dependency of ASR estimated
for the semicircle at high frequency is also plotted. Apparently,
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Figure 6. ASR temperature dependence and activation energies for
various anodes and fuels. The squares and circles represent the anode
ASR values calculated from intermediate and low frequency semicircles
in the impedance diagram.
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Figure 7. Changes in output voltage of a cell using the Ce(Mn,Fe)O,—
La(Sr)Fe(Mn)O; composite anode at a current density of 0.4 A cm >
operated for 60 h under propane and redox cycles.

estimated resistance increases at each temperature on both anode
materials for fuels used in the following order: H, < C3Hg <
CH,. This suggests that the electrochemical oxidation of CHy
hardly occurred on either anode material and that of H, occurs
more easily compared to that of CH, This is reasonable
considering the chemical activity of these fuels for deep oxida-
tion. The activation energy of the CMF-LSFM anode in propane
was 0.95 eV, which is similar to 0.86 eV for the Ni—Fe bimetal
anode under the same conditions. The large apparent activation
energy (2.26 eV in Figure 6) for the anodic reaction when CH, is
used as the fuel also suggests limited CH, oxidation of CMF-
LSFM. In any case, it is also reasonable to assume that the low
OCV and power density in CH, was due to the low chemical
activity of CH, and, therefore, to conclude that CH, is not a
suitable fuel for the cell using the CMF-LSFM anode.

In the case of metal anodes, when dry hydrocarbon was fed,
power generation drastically decreased with operation time
because of the deactivation of the anode due to coke formation.
Therefore, prevention of coke formation poses the most serious
challenge for metal anodes currently in use. However, there was
no evidence of carbon deposits on the surface of the composite
anode in our experiments. Figure 7 shows the long-term stability
of a cell using the CMF-LSEM anode with C3Hg as the fuel.
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Figure 8. Raman spectra of anodic surface of a cell using the
Ce(Mn,Fe)O,—La(Sr)Fe(Mn)O3 composite anode after long-term
operation with propane.

As shown in Figure 7, although coke normally forms easily from
C;Hg, degradation by carbon coking was not observed and a
stable power-generation property was sustained over 50 h. This
suggests that dissociation of the C—H bond in C3Hg does not
seem to occur on the oxide and that direct oxidation of hydro-
carbon mainly occurs on the CMF-LSFM anode. This will be
discussed in more detail later in this paper. Thus, CMF-LSFM
was highly resistant to coke deposition.

In the initial 10 h, we observed oscillation in the potential that
could be related to the repeated redox of the CMF-LSFM anode,
in particular, Mn or Fe in oxide. A similar phenomenon is also
reported for the Ni anode in H, with high Piy0. %6 After 35 h, the
oxide anode was exposed to air for 4 h at 1073 K, and then the
anode atmosphere was recovered to C3Hg. After this reoxidation
treatment, we observed slightly increased potential. This im-
provement in OCV and power density is also observed in H,
fuel,"” and this seems to be explained by the change in particle
size which leads to an improved surface activity and an enlarged
contact area, namely the length of the three-phase boundary.
After reoxidation treatment, voltage was rapidly and unstably
increased and then a few hours, it recovered to almost the same
potential as before reoxidation treatment. Oxygen adsorption
might remain on the composite oxide, and this adsorption
oxygen may lead to a change in electrode reaction, i.e., complete
oxidation (eq 1) or partial oxidation (eq 2), resulting in the
transient potential change. Detailed analysis of product during
the transient period is now under study, and the results will be
reported in the future.

To confirm coke deposition, we used Raman spectroscopy to
measure the anode after 50 h of operation in CH, and C3;Hjy at
1073 K. Figure 8a,b shows the Raman spectra for CH, and C3Hj,
respectively. We observed two strong peaks that could be
attributed to Ce—O and Mn—O; however, over 50 h of opera-
tion, we did not observe peaks between 1350 and 1550 cm ™' for
either methane or propane. Therefore, no coke deposition
occurred on the CMF-LSFM anode after 50 h of operation in
C;3Hg. This result corresponds with the stable power-generation
property shown in Figure 7 and is consistent with our previous
results.” Figure 7 also illustrates the effects of the reoxidation
treatment of the anode in air at 1073 K. Reoxidation tolerance
is another advantage of ceramic anodes and, as demonstrated in
our previous study, the power density of the cell did not decrease
but in fact increased slightly when exposed to air at operating
conditions. Therefore, SOFCs using the CMF-LSFM anode
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Figure 9. XRD pattern of the surface of the composite oxide anode for
a cell using the Ce(Mn,Fe)O,—La(Sr)Fe(Mn)O3 anode at 1073 K:
(c) before as-prepared powder consisting of CMF-LSFM and after cell
power-generation measurement; (a) with Pt mesh and (b) Aumesh asa
current collector. The peaks marked by black cube indicate the rubber
adhesive for holding when the XRD pattern was measured after testing
using a small piece of the cell.

could be highly tolerant of reoxidation, which is also a great
advantage of oxide anodes. Furthermore, it could be expected
that although coke formation occurred during operation, the cell
can be easily recovered by reoxidation treatment. Before the
second reoxidation treatment, we introduced H, as the fuel and
the power density gradually decreased after the fuel was changed.
This is consistent with the power-generating property, as shown
in Figure 1. After the second reoxidation treatment, the power
density recovered to the original level when C3;Hg was intro-
duced as the fuel again. We also measured the internal resistance
of the cell before and after the reoxidation treatment. The
internal resistance of the cell barely changed after 50 h of
operation in C3Hj or after the reoxidation treatment. Therefore,
SOFCs using the CMF-LSFM composite oxide for anodes are
highly reliable as direct hydrocarbon-type cells, and extremely
high and stable power densities (>1 W cm™ % at 1073 K) are
achieved using C3Hg or C4H . Because C3Hy is actually used for
automobile fuel, SOFCs using CMF-LSFM anodes are promis-
ing as auxiliary power generators for automobiles.

Figure 9 shows XRD patterns after measuring power genera-
tion of the cell using the CMF-LSFM anode. Although the small
diffraction peaks from unknown phases were recognized, diffrac-
tion peaks mainly consisted of LaFeO3 and CeO,. This suggests
that an oxide phase, a mixture of the partially reduced state of
CMEF and LSFM, persisted after the power-generating measure-
ment. Obviously, the oxide phase of CMF-LSFM seems to be an
active phase for anode reactions. It is known that dissociation of
the C—H bond is rather difficult during the oxide phase
compared to that of metal, indicating that coke formation may
be suppressed on the CMF-LSFM composite oxide.

We studied not only phase stability but also microstructural
stability in the CMF-LSFM composite oxide anode during
operation with hydrocarbon. Figure 10 shows SEM observation
results of the cell using the CMF-LSFM oxide anode after long-
term stability measurements in C3Hg. Evidently, the thickness of
both the anode and cathode is uniformly ca. 50 m. Compared to
the cathode, the porosity of anode is slightly greater, and as
shown in Figure 10c, the attachment of the anode is high and no
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Figure 10. SEM images of a cell using the Ce(Mn,Fe)O,—La(Sr)Fe-
(Mn)Oj; anode after a long-term stability test in C;Hg at 1073 K: (a—c)
cross-section, and (d) high magnification SEM image of the the CMF-
LSFM anode after a long-term test for S0 h in hydrocarbon fuels.

Table 1. Comparison of Internal Resistance in the Cell Using
CMF-LSFM as Fuel”

ohmic loss anodic ohmic loss cathodic

of the anode  overpotential ~ of the cathode  overpotential

fuel  side (IR,,mV) (7, mV) side IR,o,mV) (7, mV)
H, 162.49 34.38 9.37 3.12
CH, 103.13" 28.12" 12.5° 3.13
C,Hj 40.62 34.38 56.25 3.13
C;H; 6.24 3.12 46.87 12.51
C,H,o 625 625 3437 21.87

“ Potential drop at 0.3 A cm 2, cathode; Smyg 5SrosCo03, electrolyte;
Lag Sr0,Gag sMgo 15C00,0505. b Potential drop at 0.2 A cm %

delamination is observed even after the reoxidation treatment. In
the case of coke deposited from hydrocarbon, it is well-known
that filament-like coke was deposited and the catalyst was easily
deactivated. However, as shown in Figure 10c,d, there was no
evidence of carbon coke deposition, which means there was no
filament-like carbon deposition on the anode catalyst. This is in
good agreement with the results of the Raman spectroscopy.
Therefore, CMF-LSFM is highly active to the anode reaction and
also stable with regard to reoxidation and coke deposition.
Electrical Conductivity and Activity of CMF-LSFM Oxide
Anode. To understand the high power densities achieved with
C;3Hjg and C4H,( fuel, we studied the internal resistance of the
cell and the electrical conductivity of the CME-LSFM composite
under operational atmospheres. To better understand the high
power densities achieved by C;Hg and C,H fuel, we hypothe-
sized that electron conduction in CMF-LSFM would be more
dominant in the Pgo, range. Accordingly, we quantified the
internal resistance of the cell by measuring the IR loss and
electrode overpotential for the cathode and anode during cell
operation. Table 1 summarizes the IR loss and electrode over-
potential for the cell using the CMF-LSFM anode and various
dry hydrocarbons. As shown in Table 1, both the ohmic
resistance and the overpotential of the anode side decreased
with increasing carbon number during cell operation. The main
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Figure 11. Electrical conductivity of CMF, LSFM, and CMF-LSFM
composite oxide in air and H, with temperature elevated to 1273 K:
electrical conductivity of LSFM in air (M), LSEM in H, (O0), CMF in air (@),
CMF in H, (O), CMF-LSFM composite in air (A) and in H, (A).

reason for the potential drop for the current cell is IR loss, in
particular on the anodic side. When H, was used as fuel, it is
evident that the IR loss of the anode is high, and it decreases as
the carbon number of the hydrocarbon fuel increases. On the
other hand, anodic overpotential also decreased when C;Hjg or
C4H;jo was used for fuel. Therefore, internal resistance analysis
suggests that the improved power density of C3Hg fuel resulted
from decreased IR loss and overpotential. Decrease in IR loss is
significant and this may be related to the change in the electrical
conductivity of the CMF-LSEM composite.

Furthermore, we also examined the change in electrical
conductivity in CMF-LSFM using a DC four-probe method
with sintered bulk specimens under various controlled atmo-
spheres. Figure 11 shows the temperature dependence of the
electrical conductivity of CMF, LSFM and its composite in air,
and H,.

Evidently, in air, LSFM shows much higher electrical con-
ductivity than CMF, and the observed conductivity is close to log
(0/Scm™ ") = 2. However, under a H, atmosphere, conductivity
decreased drastically to log (0/ Sem ') =0, suggesting that the
hole conduction is dominant in LSFM. A-site doped perovskite
of the form La, ,Sr,FeO; is due to the Sr-induced charge
deficiency being balanced by oxygen vacancies and, relative to
the neutral lattice, positively charged Fe ions.

Hole conduction in LSFM dominated the total conductivity.
In contrast, electrical conductivity of CMF in air is not high as in
an electrode; however, it increased when the atmosphere was
changed from air to H,, suggesting that electrical conduction is
dominant in CMF. On the other hand, the LSFM and CMF
composite in air shows high electrical conductivity, which is
attributed to the high conductivity of LSFM. The electrical
conductivity decreased when the atmosphere was changed from
air to H,. Therefore, the LSFM-CMF composite is also a p-type
semiconductor and hole conduction is dominant in the CMEF-
LSFM composite in H,. However, it is interesting that electrical
conductivity is slightly higher than that of LSFM in H,. This
suggests that CMF contributes to total conductivity.

Figure 12 shows Po, dependence of electrical conductivity in
CMF-LSEM, CMF, and LSFM at 1073 K as a function of oxygen
partial pressure. As shown in Figure 12, the total conductivity
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Figure 12. Pg, dependence of electrical conductivity in CMF-LSFM (A),

CMF (<), and LSFM (0) at 1073 K as a function of oxygen partial

pressure under various atmospheres controlled by hydrocarbon.

decreased as Pg, decreased and reached a minimum level at
Po, = 107 2% atm. In contrast, electrical conductivity increased as
Po, decreased for values lower than 1072° atm, suggesting that
p—n transitions occurred at 10~ atm. Hence, n-type semicon-
ductivity was dominant in the low P, range. With regard to
the n-type semiconduction in CeO, oxide under reduced atmo-
spheric pressure, the observed increased electrical conductivity
could be explained by the partial electronic conduction of
Mn- and Fe-doped CeO,. Furthermore, at low oxygen activity,
the electrical conductivity in La;_,Sr,FeO; becomes much lower
because of p-type semiconduction behavior. Therefore, the
decreased IR loss in C3Hg and C4H;(, as shown in Table I,
could result from the increased electronic conduction in CMF-
LSFM because of n-type semiconduction of CeO,. Therefore,
the improved power densities of the cells using C;Hg and C4H;,
could be explained by the decreased anodic IR loss, suggesting
that the electrical conductivity of the CMF-LSFM composite
significantly improved under low Po, atmospheres such as C3Hg
and C,H,,.

Generally, it is well-known that CeQ, partially reduces from
Ce*" to Ce®" at lower Pg,. Due to this reduction, CeO, shows
partial electronic conductivity, as represented in eq 3:

0, = Vo™ + 2¢ +1/20, (3)

Here, [Vo™] is assumed to be large and so [e'] o< Po, —l4

Because partial electronic conduction arises from the formed
electron, Po, dependence of partial electronic conduction for
CeO, is reported to be POZ_I/ * under reduced atmospheric
pressure.27 In fact, as shown in Figure 12, CMF shows Po,
dependency of electrical conductivity close to Po, V* in a
range between ca. 107" to 1072! atm. However, it increased
to Po, "/ in the lower Po, range. On the other hand, in the case
of CMF-LSEM, the observed Po, dependency of electrical
conductivity is only P, /%, Equation 4, which takes the stable
valence number of +3 for Mn and Fe into consideration,
represents CMF in reduced atm (<Pg, = 10~ >" atm).

Mc.' 4+ 0%

= (Mc.” + Vo) + ¢ + 1/20, (M = FeorMn) (4)

In this equation, the valence number of Fe or Mn is changed from
+3 to +2 and the formed cation defects are clustered with the
formed oxygen vacancy because of the excess amount of oxygen
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Figure 13. Thermal expansion behavior of CMF-LSFM (A ) composite
oxide compared with CMF (H), LSFM (@), and LSGMC (#). The CTE
value of LSGM and Ni is from refs 28 and 29, respectively.

vacancy introduced by formation of reduced state of Fe, Mn, and
Ce. Although deposition of metallic Fe or Mn is expected, no
metallic state of Fe or Mn was detected by XRD and SEM
observation. Therefore, the number of electrons increased as Pg,
decreased to Pozfl/ %, On the other hand, in the case of high
oxygen partial pressure (>10~ ' atm), electrical conductivity
decreases as oxygen partial pressure decreases to ca. Po,"/*°, and
in this region, hole conduction in LSFM dominates the total
conductivity. Therefore, Py, dependency will be Po,"¢ in
accordance with eq S.

1/20, = 00* + V(" + 2h° (5)

Here, M = Fe or Mn in LSFM from electrical neutrality, 2[h"] =
[Va] and so [h] e< Po,°.

In comparison, as shown in Figure 12, P, dependency of
CMEF is almost negligible in the high P, range, and therefore the
overall P, dependency of the CMF-LSFM becomes smaller
than 1/6. In any case, under working conditions for the CMEF-
LSFM anode with C3Hg or C4H,, electronic conductivity in
CME decreased the overall resistance of the anode resulting in
improved power density.

On the other hand, equilibrium oxygen partial pressure, Pq,,
was calculated with thermodynamic database, “Malt”, in various
hydrocarbon fuels at 400 mA cm™? and it is noted that
equilibrium oxygen partial pressure decreased with increasing
carbon number in fuel (see Table 1, Supporting Information).
Therefore, one reason for improved power density could be
assigned to the increased electrical conductivity of the composite
oxide anode.

One great advantage of an oxide anode is high compatibility in
thermal expansion behavior. Therefore, the thermal expansion
coefficient was measured. Figure 13 shows the thermal expansion
behavior of the CMF-LSFM compared to the LSGMC electro-
lyte. The CMF-LSFM sample exhibits almost linear thermal
expansion from room temperature to 1273 K, and the average
coefficient of thermal expansion (CTE) is about 11.7 X
10°° K, while LSGM and Ni has an average CTE of
10.99 x 10 ° K ' and 14.1 x 10 ° K ***?° In addition, the
thermal expansion behavior of the LSGMC electrolyte in air was
examined and the CTE was about 12.5 x 10" ° K, as shown in
Figure 13. Their similar thermal expansion properties indicate
that the CMF-LSFM composite oxide anode has optimal thermal
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Figure 14. FT-IR patterns of Ni—SDC cermet (A), prepared by
reduction of the NiO—SDC composite at 1073 K for 2 h in H, at
various temperatures for 40 min: (a) adsorption at room temperature;
(b) at 373 K; (c) at 473 K; (d) at 573 K; (e) at 673 K; (f) at 773 K;
(g) evacuation at 773 K for 1 h. Compared with CMF-LSFM (B) under
similar conditions: (a) adsorption at room temperature; (b) at 373 K;
(c) at 473 K; (d) at 573 K; (e) at 673 K; (f) evacuation at 673 K for 1 h.

compatibility with the LSGM base electrolyte in the SOFC under
normal operational temperatures. Therefore, the SOFCs using a
CME-LSFM anode would be highly resistant to reoxidation and
carbon coking, which are both great advantages of oxide anodes.

To confirm the adsorption state of C3Hg on an oxide anode,
in situ IR spectra of C3Hg adsorption were measured on the
CMF-LSFM composite powder and the Ni-SDC cermet as a
reference sample. Figure 14a,b shows the IR spectra of adsorbed
C3Hg at elevated temperatures for Ni-SDC and CMF-LSEM,
respectively. On both anode materials, IR absorption peaks were
observed around 3000, 2300, 1500, and 1050 cm ™", which are
attributed to C—H, CO,, H,O (or C—H or C—C), and C—0,
respectively.* > For Ni-SDC, a decrease in C—H absorption
peaks was observed at temperatures higher than 300 °C and
around 1050 cm ™', which could be attributed to the decrease of
C—O (aldehyde or ketone) at similar temperatures. Therefore,
oxidation of C3Hg seems to occur on the oxygenated compound
on the conventional Ni-SDC anode. It is also noted that, for this
experiment, no oxygen exists in gas phase, and therefore oxygen
in CeO, could be used to form oxygenated compounds. Oxygen-
ated compounds seem to form at around room temperature,
and consequently dissociation of C3Hg on Ni easily occurs. On
the other hand, on the CMF-LSFM composite, at around
3000 cm ™', the IR absorption band decreased at temperatures
higher than 473 K and CO, peaks strengthened, which suggests

that oxidation of C3Hg starts at temperatures lower than those for
Ni-SDC. This also suggests that CMF-LSEM is highly active to
oxidation of C3Hj. In addition, no peaks were observed at around
1050 cm ™" at room temperature. Peaks were only observed at
temperatures higher than 673 K. This suggests that oxygenated
compounds such as ketone or aldehyde do not form easily
because there is no dissociation of the C—C bond. The oxidation
of C3Hg on CMF-LSEM seems to proceed directly from C3;Hg
but not through an oxygenated compound. This may be effective
for preventing coke formation because the polymerization of
CH, or CHj species is precluded. After the gas evacuation phase,
absorption peaks around 3000 cm ™~ were still observed for both
catalysts; however, compared to Ni-SDC, the absorbance of
C—H peaks was weaker on CMF-LSFM. Therefore, it is reason-
able to conclude that the adsorption of C3Hg on CMF-LSFM is
weaker than that of Ni-SDC. This weak adsorption of C3Hg
could be attributed to CMF-LSFM’s low rate of cleavage of the
C—C bonds. CMF-LSFM seems to be highly active with regard
to direct C3Hjg oxidation but not to coke formation.

This study reveals that CMF-LSEM shows n-type semicon-
ductivity under reduced atmospheric pressure and high electro-
chemical activity for C3Hg oxidation. Therefore, this composite
oxide is suitable for use as an oxide anode for direct hydrocarbon-

type SOFCs.

B CONCLUSIONS

The most important consideration thus far for SOFCs is
increased reliability as a power generator. For this purpose,
development of an oxide anode that resists carbon deposition,
reoxidation, and sulfur poisoning is highly desirable. In this study,
we have reported improved cell performance with the composite
anode for direct hydrocarbon type SOFCs. The high power
densities (>1.0 W cm™?) achieved with C3Hg or C,H fuel
resulted from decreased IR loss and overpotential of the anode.
Furthermore, no carbon coke was evident after a long-duration
test when C3Hg or CH, was used as fuel. Low electrical
conductivity is always a drawback of oxide anodes,; however,
under high oxygen partial pressure, high hole conduction was
observed for CMF-LSFM. Moreover, under decreased atmo-
spheric pressure (<1072° atm), conductivity increased as P,
decreased and Pg, dependency was ca. —1/2. The observed
conductivity is reasonably high, but it is still not sufficiently high
for use as an electrode. The TEC of CMF-LSEFM also corre-
sponds closely with that of LSGM or LSGMC. The adsorption
state was also measured with in situ IR, and it was found that
CME-LSFM shows high activity for direct oxidation of C;Hs.
Therefore, SOFCs using a CMF-LSEM anode are an attractive
option for direct hydrocarbon-type SOFCs, and reasonably high
power density is achieved when C3Hg or C4H is used as fuel.

B ASSOCIATED CONTENT

© Supporting Information. Equilibrium oxygen partial
pressure, P, was calculated with the thermodynamic database,
“Malt”, in various hydrocarbon fuels at some current densities.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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