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In this study, the electrochemical performance of a single phase, mixed ion and electron conducting (MIEC) Ce0.8Y0.1Mn0.1O2-δ
(10CYMO) anode was evaluated using symmetrical half-cell and full-cell configurations under humidified H2, 10 ppm H2S/H2, and
CH4. An yttria-stabilized zirconia (YSZ) electrolyte support layer was used in this work, as ac impedance spectroscopy revealed
that the 10CYMO/YSZ/10CYMO cell gave the lowest area specific polarization resistance (ASR) of 0.23 �cm2 at 800◦C in wet
H2, compared to La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM) and Zr0.89Sc0.1Ce0.01O2-δ (ScSZ). Exposure of the 10CYMO anodes to 10 ppm
H2S/H2, either in a half-cell or full cell configuration, showed slight enhancement on the electrochemical performance, which was
explained using a concept describing the sulfur and ceria interaction. The performance of a 10CYMO/YSZ/La0.8Sr0.2MnO3-δ

_ YSZ
full cell was evaluated under 90%H2-N2/3%H2O, giving a power density of 75 mW/cm2 at 800◦C and is better than seen for other
fluorite-based anodes reported in the literature.
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Nickel and yttria-stabilized zirconia (Ni-YSZ) composite materi-
als are used as anodes in solid oxide fuel cells (SOFCs) because they
meet most of the key requirements, such as a high electrical conduc-
tivity of ∼103 Scm−1, high catalytic activity for the hydrogen oxida-
tion reaction (HOR), and thermal and chemical stability with YSZ at
700–1000◦C.1 Although the Ni-YSZ anode demonstrates good per-
formance when H2 is used as a fuel, this anode suffers from some
drawbacks. These include a rapid deactivation of the Ni catalyst due
to carbon deposition under hydrocarbon fuels.2 Also, adsorption of
sulfur species that are present in hydrocarbon fuels on the Ni surface
results in its poisoning due to a decrease in the electrochemically active
area for the HOR.3 Furthermore, Ni coarsening4 and redox instability5

remain long-term issues in Ni-YSZ based SOFCs; therefore, immense
work is in progress to find alternative anodes for advanced SOFCs.

Perovskite and fluorite-type metal oxides have shown several in-
teresting functional properties toward sulfur tolerance and coking that
make them promising anodes for SOFCs.6 Acceptor-doped ceria ex-
hibits mixed ion and electronic conduction (MIEC) in reducing condi-
tions, which makes it suitable to be employed in anodes in intermediate
temperature (IT) (500–750◦C) SOFCs.7 For example, Barnett et al.8

showed that the addition of doped ceria to the Ni-YSZ anode resulted
in a good SOFC performance with no deleterious coke formation at
600◦C in wet CH4. Nevertheless, the SOFC performance of doped
ceria-based anodes in CH4 was still significantly lower than in H2.9,10

It is known that sulfur is present as H2S in many common fuels
and is added as an odorant in commercial fuels, such as natural gas.
Thus, the stability of SOFC anodes toward sulfur poisoning is an
important parameter, especially for the commercialization of SOFCs,
operating on a variety of fuels.3 Therefore, we have investigated the
sulfur tolerance of ceria-based anodes, reporting that Ni infiltration
into porous GDC yielded an anode that was stable in 10 ppm H2S.11

Also, B-site ordered double perovskite type tranisiton metals-doped
Ba3CaNb2O9 proved to be resistant to H2S poisoning when it was
examined under a high concentration of H2S (5000 ppm).12 Although
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good chemical stability was achieved with these anode materials, the
electrochemical performance has remained unsatisfactory.11,12

Recently,13 using a symmetrical half-cell, we obtained a promis-
ingly low polarization resistance (Rp) value of 0.3 �cm2 at
800◦C with a Ce0.9Y0.1O2-δ (CYO) anode in humidified H2. Also,
Ce0.9Y0.1Mn0.1O2-δ (10CYMO) showed high electrical conductivity
under H2 (0.15 Scm−1 at 700◦C) with improved sulfur tolerance as
compared to that of Mn-free CYO. The electrical conductivity of
CYO lies within the range of the values measured for some known
MIECs (mixed ion and electron conductors), such as LaSrFeO4-based
anodes.14 In spite of their lower electrical conductivities as compared
to Ni-YSZ, these anodes exhibit superior chemical stability under
H2S. This encouraged us to evaluate the electrochemical performance
of the fluorite-based anode 10CYMO using both symmetrical half-
cell and full cell configurations in humidified H2, with or without the
addition of ppm levels of H2S and also in wet CH4 fuels.

Experimental

Button cell fabrication.—A metal oxide of nominal composi-
tion Ce0.8Y0.1Mn0.1O2-δ (10CYMO) was prepared using the citric acid
auto-combustion method.13 For electrical conductivity measurements,
part of the powder was pelletized and sintered at 1350◦C in air. Au
paste was brush-painted on each side of the pellet to serve as current
collectors, and then heated at 800◦C for 15 mins (Heraeus Inc., LP
A88-11S, Germany).

For the fuel study, three different oxide ion electrolytes, includ-
ing La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM) (Fuel Cell Material (USA)),
Zr0.89Sc0.1Ce0.01O2-δ (ScSZ) (PRAXAIR (99.9%, Canada)) and
Zr0.84Y0.16O2-δ (YSZ) (TOSOH (Tosoh-8Y, Japan)) were prepared by
the sintering of pellets of powders. The YSZ and ScSZ pellets were
sintered at 1400◦C, while the LSGM pellets were sintered at 1350◦C
for 24 h. Calcined 10CYMO powder was then mixed with a home-
made organic slurry to prepare the anode ink, which was deposited
onto the two sides of the LSGM (2.5 mm thick disc), ScSZ (2.6 mm
thick disc) and YSZ (0.8 mm thick disc) electrolytes to fabricate sym-
metrical half-cells. To fabricate the full cell, 10CYMO was deposited
only on one side of the YSZ electrolyte (1.2 mm thick disc) to form
the anode layer (∼16–20 μm thick). The deposited layers were an-
nealed prior to measurements at 1000◦C for 5 hours. Further details
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Figure 1. (a) Impedance spectra of the configuration 10CYMO/electrolyte/10CYMO measured at 800◦C in 3%H2O/H2 at OCV, (b) log ASR vs 1/T, (c) The
conductivity as a function of temperature for the aforementioned electrolytes with 10CYMO electrode (open symbol) and without (closed symbol). Au was used
as a current collector in both cases.

about the procedure for the symmetrical half-cell preparation have
been reported elsewhere.13

To form the cathode for the full cell studies, a polymeric La0.8

Sr0.2MnO3-δ (LSM) precursor was infiltrated into a porous YSZ
scaffold (≈10 μm thick), produced using methods developed
earlier.15 LSM was synthesized by dissolving appropriate amounts
of La(NO3)3.6H2O, Sr(NO3)2.xH2O and Mn(NO3)2.xH2O (Alfa Ae-
sar, purity >90%) in water, followed by the addition of ethylene
glycol so that the molar ratio of ethylene glycol to the cations is
0.04. The mixture was continuously stirred at 80◦C until complete
water removal was achieved and then 2-butoxyethanol was added at
the end to enhance the wettability of the solution.15 The precursor
solution was infiltrated into the porous YSZ layer and then decom-
posed at 400◦C, with these infiltration/decomposition cycles repeated
20 times. In order to evaluate the cathode performance free from the
anode contribution, symmetrical half-cells with infiltrated LSM-YSZ
cathodes on both sides of a YSZ disc electrolyte (∼0.19 cm thick)
were prepared separately. Au paste was painted on both sides of the
button cells to serve as current collectors.

Electrochemical characterization.—The electrochemical perfor-
mance of the 10CYMO was tested by loading the fabricated button
cell in a FCSH-V3 cell holder (Materials Mate, Italy). A glass sealant
(Type 613, Aremco Products, USA) was used to ensure separation
of the anode (fuel) and cathode (air) gases. Fuels having a compo-
sition of 3%H2O/H2, 10–90% H2 -N2/3%H2O, 10 ppm H2S/50%H2-
N2/3%H2O, 3%H2O/CH4, and 90%CH4-N2/3%H2O were introduced
to the anode side of the full cell and half cell with a flow rate 25
sccm, while the cathode was exposed to air in full cell operation. The
V-I characteristics and ac impedance response were measured for the
full cell at 800◦C using a four-probe method. Impedance spectra were
collected under OCV (open circuit voltage) using a RMS amplitude of
50 mV in the frequency range of 0.01 Hz–60 kHz (Solatron1287/1255
potentiostat/galvanostatic impedance analyzer).

Chronoamperometry experiments were carried out for symmet-
rical anode half-cells using VersaStat3 potentiostatic/galvanostatic
(METEK) instrument to study the effect of 10 ppm H2S in H2 on the
cell performance by applying a 100 mV constant potential at 800◦C.
Electrical conductivity measurements were performed on sintered pel-
lets using AC impedance spectroscopy (Solartron Electrochemical
Impedance Spectroscopy; EIS model 1260, 100 mV; 0.01 Hz–1 MHz)
in the temperature range of 300–800◦C in H2/3%H2O and 30 ppm H2S/
H2. Electrochemical impedance spectroscopy was used to determine
the area specific polarization resistance (ASR) of the 10CYMO anode
and infiltrated LSM-YSZ cathode half-cells at the OCV in air and
in wet H2 using ac amplitude of 100 mV at 600–800◦C. The chem-
ical reactivity between the 10CYMO anode and the YSZ electrolyte
was investigated in a symmetrical cell configuration using scanning
electron microscopy (SEM) and line scan energy dispersive X-ray
analysis, EDX (SEM, Model JSM-6400, JEOL Corporation, Japan).

Results and Discussion

Compatibility studies of 10CYMO with various electrolytes us-
ing ac-impedance.—Figure 1a shows the typical impedance plots of a
symmetrical half-cell with a 10CYMO anode, employing several ox-
ide ion conducting ceramic electrolytes, all at 800◦C in H2/3%H2O.
The Nyquist plots can be fitted using an equivalent circuit consisting
of a resistor (Rs) in series with two other resistors, each connected
in parallel to constant phase elements (R1-CPE1 and R2-CPE2). Rs
represents an ohmic resistor dominated by the solid electrolyte re-
sistance, R1-CPE1 defines the high-frequency process, and R2-CPE2
defines the low-frequency process (Figure 1a inset). While Gerischer
and/or Warburg elements were initially used to fit the impedance data,
as suggested by Holtappels et al.,16 the best fit was obtained using the
two R-CPE circuit (Fig. 1a), as reported by others.17

The full diameter of the two semi-circles refers to the total po-
larization resistance (Rp). In the case of a symmetrical half-cell, the
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electrode impedance (Rp) should be divided by 2 to obtain an area
specific polarization resistance (ASR). The impedance spectra col-
lected from symmetrical half- cells with YSZ and LSGM as the elec-
trolyte were quite similar in shape. The lowest ASR of 0.23 �cm2 at
800◦C in wet H2 was obtained for the 10CYMO/YSZ/10CYMO cell,
while the ASR values obtained from the symmetrical half-cell with
LSGM and ScSZ as the electrolytes were 0.35 �cm2 and 0.47 �cm2,
respectively, under the same conditions.

It should be noted that the ac impedance data are dominated by the
low-frequency process in all cases, showing a summit frequency in the
range of 0.2 to 2.5 Hz. In order to understand the nature of the dom-
inant low-frequency arc, a temperature dependence ASR study was
carried out. The low- frequency arc observed in Figure 1b decreased
significantly with temperature, indicating a thermally activated pro-
cess, excluding the possibility of gas diffusion impedance. Relatively
high activation energy (Ea) values were obtained for the three half-cell
configurations (1.07–1.81 eV) and the capacitance values calculated
from the impedance fittings for the low-frequency process was in the
range of 0.1–10 Fcm−2.

The low-frequency arc can be assigned to a chemical capacitance,
as reported for many other MIECs.18,19 The chemical capacitance for
porous ceria films was reported to be 0.021–0.32 Fcm−2, which is
assumed to originate from changes in the oxygen stoichiometry.20 It
is known that the incorporation or expulsion of oxide ions is driven
by a change in the oxidation states of the host cations in the bulk,
which leads to a large chemical capacitance (pseudo-capacitance),
approaching 1 Fcm−2 or larger.20 We believe that the reduction of
Ce4+ in the low pO2 environment of the anode would result in the
accumulation of oxide ion vacancies and electrons (Ce3+) in the bulk
of the electrodes. A chemical capacitance for SDC thin films was
reported to be in the range of 0.14–1.56 Fcm−2.17

In order to determine whether any additional resistance is intro-
duced upon the deposition and annealing of the 10CYMO electrode
on the oxide ion conducting electrolytes, the electrical conductivity of
the electrolytes was calculated from the series resistance (Rs) of the
symmetrical half-cells and compared to those of the as-prepared elec-
trolytes with Au current collectors (Figure 1c). The as-prepared ScSZ,
LSGM, and YSZ electrolyte conductivity at 800◦C in H2 was found to
be 0.098 Scm−1, 0.049 Scm−1 and 0.031 Scm−1, respectively. The es-
timated conductivities from the symmetrical half-cell measurements
in H2/3%H2O were 0.028 Scm−1, 0.045 Scm−1 and 0.009 Scm−1 at
800◦C for ScSZ, LSGM and YSZ, respectively.

The ohmic resistance of LSGM appears to be the least affected
by the addition of the 10CYMO (ca. 8% drop in the conductivity).
Chemical compatibility studies (not shown here), carried out using
PXRD revealed the dissolution of Ce from 10CYMO into the ScSZ
electrolyte during the co-firing process of 10CYMO and ScSZ elec-
trolyte. However, no other by-product was seen in the case of either the
LSGM or YSZ electrolytes. In the case of LSGM, it was anticipated
that diffusion of La into the 10CYMO electrode may occur, affecting
the oxygen stoichiometry inside the 10CYMO electrode layer and
stabilizing it against reduction under the low pO2 environment of the
anode and eventually affecting the ASR in H2/3%H2O.21 This factor
may rationalize the higher ASR seen for the symmetrical cell based
on the LSGM electrolyte compared to YSZ (Figure 1a). However, the
minor change in the ohmic resistance of the LSGM electrolyte, deter-
mined from the symmetrical cell versus from the as-prepared LSGM
conductivity, could arise from substantial differences in the thickness
of the LSGM and 10CYMO electrode layers. Also, La diffusion at
LSGM/10CYMO interface seems to affect only the electrode with a
minor influence on the LSGM electrolyte (Figure 1c).

To establish the chemical stability of the 10CYMO/YSZ inter-
face, a cross-section of a half-cell with a 10CYMO/YSZ/10CYMO
configuration was examined using SEM and EDX (Figure 2).
The EDX line-scan shows a drop in the Ce concentration at
the YSZ electrolyte/10CYMO electrode interface. Ce-doped YSZ,
Zr0.84-xCexY0.16O2-δ, exhibits the low oxide ion conductivity com-
pared to the YSZ electrolyte.22 Despite the possibility of an in-
terfacial chemical reaction between 10CYMO and the YSZ elec-

Figure 2. Selected area SEM image of the electrolyte supported symmetrical
cell with YSZ (2.09 mm thick YSZ) and 10CYMO. The top scheme represents
the line scanning EDX across the electrode /electrolyte interface.

trolyte, the lowest ASR was observed in the half-cell with the YSZ
electrolyte. Therefore, the remainder of this study was performed
using the YSZ electrolyte.

Symmetrical half-cell studies involving 10CYMO anodes in H2

and in low ppm H2S.—To further understand the nature of the pro-
cesses that take place at the 10CYMO anode on YSZ electrolytes,
impedance measurements were performed at different H2 partial pres-
sures (pH2) (Figure 3). The low- frequency arc shifts to lower Z-values
as the pH2 increases, while the high-frequency arc is found to be

Figure 3. Impedance spectra of the electrolyte-supported symmetrical cell
10CYMO/YSZ/10CYMO measured at 800◦C in different concentration of
humidified H2 at OCV.
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Figure 4. (a) Impedance plot of 10CYMO/YSZ/10CYMO measured under a
mixture of humidified H2 and H2 containing 10 ppm H2S at OCV and 700◦C.
The current density as a function of time for the symmetrical cell at (b) 700◦C
and (c) 800◦C, respectively. The cell was kept at 100 mV and was running on
10 ppm H2S/H2/3%H2O.

slightly changed. Increasing pH2 tends to increase the concentration
of Ce3+, leading to improved electronic conduction in 10CYMO.
Thus, the electrochemical reaction will not be limited to the triple-
phase-boundary (TPB). Instead, it will extend to the entire active
surface of the 10CYMO, as reported by the Haile group.23 A similar
shrinkage in the low-frequency resistance with increasing pH2 was
also observed by Decaluwea et al.,24 who attributed it to enhanced
oxide ion diffusion in CeO2.

Figure 4a shows the effect of H2S on the electrochemical perfor-
mance of the symmetrical cell. There are two main observations: (i)
the low-frequency arc shrinks upon adding H2S and (ii) switching
from H2 to H2S results in a slight increase in Rs. The calculated ca-
pacitance value for the low-frequency arc after 21 hours exposure to
H2 was 2.3 Fcm−2, which increased to 2.8 Fcm−2 upon exposure to
10 ppm H2S/H2. This change suggests that H2S incorporation into the
ceria matrix plays a role in its reduction, increasing both the Ce3+

and oxide ion vacancy concentration. Figures 4b and 4c show the
chronoamperometry data for the YSZ-supported cell with 10CYMO
electrodes attached to both sides of the electrolyte at 700◦C and 800◦C,
respectively. An enhancement in the current density and in the stability
of the performance was observed upon exposure to 10 ppm H2S/H2.
The thick disk of YSZ (1 mm) is the main reason for the very large
ohmic drop, and considering how much thinner the electrode layer

Figure 5. Typical impedance plot of symmetrical cell cathode of the LSM
infiltrated YSZ on the top of YSZ electrolyte that was measured at 800◦C. The
inset figure represents the ASR as a function of temperature.

is (∼16 μm), the change in the current density under these two con-
ditions is considered to be significant. At 700◦C, the recovery in the
performance of the anode layer is close to 100%, and the equilibration
time is fairly long upon switching the gas from 10 ppm H2S/H2 to
H2. The phase diagram of the Ce-O-S system at 800◦C predicts the
possibility of the formation of Ce2O2S under high reducing conditions
and at high concentrations of H2S. Thus, it is unlikely that bulk cerium
sulfide would be under the present experimental conditions.25

Full-cell evaluation of YSZ-supported cell with 10CYMO
electrodes.—To further evaluate the 10CYMO anode performance,
full-cell measurements in H2 and also in H2/H2S were made, using
LSM-YSZ cathodes. To determine the LSM-YSZ composite cathode
activity, it was investigated first in a symmetrical half-cell prior to
the full-cell test. Figure 5 shows the typical impedance spectrum for
LSM-YSZ composite electrodes placed on both sides of a YSZ elec-
trolyte. An ASR of 0.15 �cm2 at 800◦C in air is seen, with a summit
frequency of ∼1 kHz. The ASR observed for this material is com-
parable to other types of fluorite-type anodes reported previously.9,26

For example, Fuerte et al.9 showed a total ASR of 2.11 �cm2 for
a Cu-ceria based anode under H2/N2 at 750◦C. The inset in Figure
5 shows the temperature dependence of the ASR of the LSM-YSZ
cathode, giving an activation energy of 1.3 eV, which matches the
reported values for LSM-YSZ composite cathodes.16 Comparing the
ASR of the 10CYMO (Figure 1) with that for LSM-YSZ (Figure 5),
oxygen reduction at LSM-YSZ is not expected to be the rate limiting
reaction in a 10CYMO/YSZ/LSM-YSZ cell at 500–800◦C.

Figure 6 shows the impedance spectra and V-I curves of the
full cell with the configuration 10CYMO/YSZ/LSM-YSZ in 50%H2-
N2/3%H2O (with and without the addition of 10 ppm H2S) as the fuel
and air as the oxidant, all at 800◦C. The Nyquist plot in Figure 6a
shows an ASR of ca. 1.4 �cm2 in 50% H2-N2/3%H2O at 800◦C, with
a slight decrease in its value when 10 ppm H2S was added. This fur-
ther confirms the half-cell studies that showed that the activity of the
10CYMO anode toward the HOR is enhanced in the presence of a few
ppm H2S.

Figure 6b shows the performance plot of the cell in H2/N2, with
and without the addition of 10 ppm H2S, at 800◦C. The cell showed
a maximum current density of 150 mAcm−2 and a power density of
75 mW/cm2. The performance is slightly better than seen for other
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Figure 6. Electrochemical performance of (a) impedance and (b) V-I plot of
10CYMO (anode)/YSZ/LSM-YSZ (cathode) single full cell measured under
50% H2-N2 (3%H2O), and 10ppm H2S in 50% H2-N2 (3%H2O) as a fuel and
air as an oxidant at 800◦C. The inset figure in (a) is the cell performance after
exposure to 10 ppm H2S-H2.

fluorite-based anodes that do not also contain metal catalysts, such
as Ru and Ni.27 The relatively low power density seen here can be
attributed to the fact that a thick electrolyte was used in our work,
therefore leading to a higher ohmic resistance.

To determine the individual contributions of the anode and cath-
ode to the polarization resistance, the anode was fed with various
pH2 (Figure 7a) and the cathode was switched from air to pure O2

(Figure 7b). It can be seen that the high-frequency arc decreases with
increasing pO2 (Figure 7a). By fitting the Nyquist plot to an equivalent
circuit [(Rs)(R1/CPE1) (R2/CPE2)], the total Rp due to the sum of
the high (R1) and low-frequency arcs (R2) were found to decrease
from (0.27 (R1)+1.91 (R2)) �cm2 in 20% H2 to (0.30 (R1) + 0.69
(R2)) �cm2 in 50% H2 and (0.26 (R1) + 0.55 (R2)) �cm2 in 90%
H2 at 800◦C. It was observed that the H2 content influenced only the
low-frequency resistance (R2), while the high-frequency resistance
(R1) remained almost unchanged (Figure 7). This means that the low-
frequency arc is due to the HOR process occurring at the anode side,
while the high-frequency arc can be attributed to the ORR at the cath-
ode side. The series resistance decreased from 2.18 �cm2 in 10% H2

to 2.13 �cm2 in 90% H2. This is not surprising because, as the H2

content is increased, the 10CYMO electrode becomes more reduced,
leading to an increase in the total electrical conductivity (Figure 3).
Furthermore, Figure 7b shows that the 10CYMO electrode had a stable
electrochemical performance after 5 days in H2 at 800◦C.

Figure 7. Electrochemical performance of the single button cell of the con-
figuration: 10CYMO (anode)/YSZ/LSM-YSZ (infiltrated cathode) presented
by Nyquist plots measured under different (a) hydrogen and (b) oxygen con-
centrations at 800◦C. Also, figure b displays the impedance spectra collected
for the single cell in day 1 versus day 5.

Effect of H2S on the electrical properties of the 10CYMO.—
In order to understand the stable (and even improved) performance
of 10CYMO with exposure to a few ppm H2S, the interaction of
H2S with the 10CYMO anode material in pellet form was further
investigated by monitoring its impact on the electrical conductivity.
Figure 8 shows the electrical conductivity of the 10CYMO pellet,
before and after exposure to 30 ppm H2S in H2. An enhancement in
the conductivity was observed upon changing the atmosphere from air
to H2, with almost no change seen in the activation energy (ca. 1 eV).
However, a significant drop in the activation energy accompanied
switching the gas from H2 to 30 ppm H2S/H2, from 1 eV to 0.47
eV. Measuring the conductivity after re-oxidation of the sample in
air at 700◦C overnight showed an order of magnitude decline in the
conductivity compared to the as-prepared sample, while the activation
energy was found to be 0.9 eV. A second exposure of the sample to 30
ppm H2S/H2 displayed an enhancement in the conductivity, although
lower conductivity values were observed as compared to after the first
exposure to H2S. The activation energy remained the same as what
was observed upon exposure to H2S the first time (0.47 eV). The
activation energies for the samples measured in air, after exposed to
H2S, are consistent with oxide ion mobility.28 However, the activation
energy of the re-oxidized sample (0.9 eV) was found to be closer
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Figure 8. Comparison of the total electrical conductivity of 10CYMO mea-
sured in (1) ambient air, (2) dry H2, (3) dry H2 with 30ppm H2S, (4) ambient air
after re-oxidized sample in 3 in air at 700◦C/12 h and (5) dry H2 with 30 ppm
H2S after re-reduced sample in 4 in the aforementioned gas at 700◦C/12 h.

to the activation energy of the reduced sample (0.95 eV). Changes
in the microstructure, the defect types and their concentrations are
apparently the main reasons for the difference in activation energy
between the highly oxidized as-prepared sample and the re-oxidized
one. Further work is required to fully understand the effect of sample
thermal history on electrical conductivity.

In our earlier work,29 we did not detect any impurity phases (for
e.g., MnS or CeO2S2) in the 10CYMO powder exposed for 24 h to 30
ppm H2S/H2 at 800◦C, even though SEM and EDX analysis confirmed
the presence of sulfur. Figure 8 showed that the same activation energy
was seen for samples exposed to H2S/H2 as in H2 alone, indicating
that the same mechanism of conduction prevails. The enhancement
of the conductivity upon H2S exposure may be explained as follows.
In the first step, H2S dissociates into H2 and S on the surface of
doped ceria. Subsequently, S may interact with the lattice oxygen at
the surface, forming oxides that may be desorbed at the measurement
temperature with a continuous replenishment of the oxide ion species
by the ones diffuse from the bulk. Over a prolonged exposure to 30
ppm H2S in a reducing atmosphere, sulfur may occupy the oxide ion
vacancies and the accumulation of sulfur in the bulk of the oxygen-
deficient phase is expected, introducing a new donor level in the
bandgap of ceria, thus lowering the energy required for electronic
transitions. Kobayashi and coworker30 showed that there is a tendency
for ceria to undergo sulfidation, enhancing its reducibility under low
pO2 condition. This sulfur uptake is manifested in the enhancement of
the electrical conductivity and the decline in activation energy of the
10CYMO samples that were exposed to 30 ppm H2S. The potential
formation of electronic conducting Ce2S3 could also be the reason for
the enhancement in electrical conductivity.31 However, this prediction
could not be verified by room-temperature PXRD analysis. Upon
cooling the system, the pO2 will increase and surface sulfur seems to
be desorbed, while bulk sulfur is expected to remain in the sample.29

It has been reported that MIECs are more sulfur tolerant than
cermets.3 However, the mechanism for resisting sulfur poisoning has
not been clearly explained, as yet. In addition, the impact of the
operating temperature, which is of equal importance to the H2S con-
centration in affecting the type of sulfur species present, has rarely
been taken into consideration. At a fixed temperature, the amount of
transition metal present in the anode, whether it is an MIEC or a
cermet, seems to control the extent of S poisoning. As the transition
metal concentration increases, the stability of the MIEC declines and
a metal sulfide can be detected, as seen in earlier work.32 Transition

metal oxides, including FeO, MnO, CuO, and ZnO, are good sorbents
for sulfur and are used for de-sulfurization in coal gasification sys-
tems at high temperatures and at low pO2.33 MnO was seen to be
superior to other oxides because of its low tendency to reduce to the
metallic state under reducing conditions. Accordingly, it can be sug-
gested that the tolerance of ceria toward sulfur seems to be partially
the result of the presence of the reduced ceria phase (Y-doped CeO2

(CYO) is known for its tendency to interact with sulfur under reduc-
ing conditions), but also due to the addition of Mn. The generation of
sulfur-free ceria and Mn under oxidizing conditions was previously
reported34 upon lowering the temperature and increasing the pO2. In
air, any accumulated sulfur on the surface of a 10CYMO pellet is pre-
dicted to desorb in the form of SOx, while some cerium sulfate may
remain after re-oxidation at 700◦C, as reported elsewhere.35 To verify
these assumptions and further understand the interaction of H2S on
10 CYMO, there is need to employ some form of in-situ technique
such as Raman spectroscopy, which has been used to characterize the
interaction of H2S especially on Ni -based SOFC anodes.36,37

Full Cell Performance of 10CYMO anode in hydrocarbon
fuels.—In order to evaluate the feasibility of using 10CYMO in hy-
drocarbon fuels, the full cell performance was investigated using wet
CH4. The impedance spectra of the CYMO/YSZ/ LSM/YSZ cell show
a total polarization resistance of 23.3 �cm2 and an ohmic resistance
of 1.7 �cm2 at 800◦C (Figure 9a), which is in the range reported by
Stomer et al.38 for a GDC/YSZ/GDC cell (ASR of 30 �cm2 at 700◦C).

Figure 9. Electrochemical performance of (a) impedance and (b) V-I curve
of 10CYMO (anode)/YSZ/LSM-YSZ) (cathode) single cell measured under
90% humidified CH4/N2 as a fuel and air as an oxidant at 800◦C. The inset
figure in (a) is the magnified part of Nyquist plot at high frequency.
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Figure 10. The change of OCV as a function of time measured for a single
button cell upon switching the gas between H2/wet N2 into CH4/wet N2.

However, a very low OCV of ca. 200 mV and a very poor maximum
power density of only ca. 0.5 mWcm−2 were observed (Figure 9b).

The poor performance of the full cell under methane (Figure 9)
is not surprising, considering the very low electronic conductivity
of the 10CYMO anode. A fast drop in the OCV to 200 mV upon
exposure of the system to wet CH4 is consistent with the work of
Putna et al.27 Marina and Mogensen39 also studied the performance
of a Ce0.6Gd0.4O1.8 (CGO) anode for the electrochemical oxidation
of CH4 at 1000◦C. While their measured OCV was 730 mV, they
associated this still relatively low OCV to the poor catalytic activity
of the CGO anode to CH4 oxidation. Also, the low OCV was attributed
to the low pH2 that is thermally produced at the anode side.39

However, the drop in the OCV in the present study is more sub-
stantial than reported by Marina and Mogensen,39 perhaps related to
the lower operating temperature and the higher CH4 partial pressure.
To determine if this OCV behavior was related to poor sealing of
the cell, we measured the changes in the OCV as a function of time
of switching the anode gas between wet H2 and CH4 at 800◦C (Fig-
ure 10). The OCV recorded in 3%H2O/H2 was 0.98 V vs. air, but
dropped abruptly to 0.18 V vs. air upon switching to 3%H2O/CH4.
This behavior was reproducible, based on the four cycles between
3%H2O/H2 and 3%H2O/CH4. Therefore, the possibility of gas leak-
age due to poor sealing can be eliminated. Further experimental and
or theoretical studies are required to elucidate the unexpectedly poor
performance observed when the 10CYMO anode was operated under
3%H2O/CH4 in a full cell configuration.

Conclusions

Under the investigated conditions, single phase, mixed conducting
10CYMO ceria anodes showed a better performance when using a
YSZ electrolyte support, compared to LSGM and ScSZ. The power
output for a full cell based on a 10CYMO anode, a YSZ electrolyte,
and a LSM infiltrated YSZ cathode was 75 mW/cm2 at 800◦C. The
losses were due primarily to the electrolyte resistance and the anode
polarization. Analysis of the impedance response in humidified H2

showed that the chemical capacitance of the anode dominated at low
frequencies, while the cathode response appeared at a high frequen-
cies. Both half cell and full cell performances improved slightly with
exposure to 10 ppm H2S at 800◦C. Conductivity measurements were
employed to understand the synergistic effect between H2S and ceria.
Complete full cell performance measurements under wet CH4 suggest
a poor catalytic activity of 10CYMO toward CH4 oxidation.
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