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Abstract

Sluggish anode kinetics and serious carbon deposition are two major obstacles to developing
hydrocarbon fueled solid oxide fuel cells. A highly active and stable perovskite Lao sBao.sFeOs.s anode
material is studied in this work. The oxygen surface exchange and charge transfer steps are the rate-
determining steps of the anode process, and the former is accelerated with fluorine doping on the
anion sites due to the lowering of metal-oxygen bond energy. The oxygen surface exchange
coefficients of Lag sBao sFeO3.5 and Lao sBao.sFe2.9.5Fo.1 at 850 °C are 1.4 x 10 and 2.8 x 10 cm s”
!, respectively. A single cell supported by a 300 um-thick LagsSro2GaosMgo20s-5 electrolyte layer
with Lao sBaosFeOs.s anode shows maximum power densities of 1446 and 691 mW cm™ at 850 °C
with wet hydrogen and methane fuels, respectively, which increase to 1860 and 809 mW cm™
respectively when Lag sBagsFeO2.9.5F0.1 is used as the anode. The cell exhibits a short-term durability
of 40 h using wet methane as fuel without carbon deposition on the anode.
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1. Introduction

The development of innovative energy conversion and storage systems is highly demanded to
meet the challenge of global warming and the gradual exhaustion of non-renewable fossil fuels. Solid
oxide fuel cells (SOFCs) convert chemical energy of fuels into electricity directly with high efficiency
and flexibility, which have attracted much attention as a promising power generation device [1, 2].
The high operating temperature (600-1000 °C) of SOFCs allows the utilization of low-cost and more
available hydrocarbon fuels. Compared with other hydrocarbon fuels, methane has a high H/C ratio
of 4. Accordingly, less CO> is emitted when methane is used as the fuel. Therefore, the direct
utilization of methane with abundant reserves as the fuel of SOFC is favourable [3].

Conventional Ni-based cermet anode materials exhibit excellent catalytic activity and high
electrical conductivity. However, the application of those anodes is hindered by serious agglomeration
of metal nanoparticles at high operating temperatures (800-1000 °C) and coking when fueled with
hydrocarbons [4]. Oxygen-deficient perovskites with a general formula ABOs_5 are considered as one
of the most promising anode materials for SOFCs with high coking resistance and sulfur tolerance to
replace Ni-based anodes [5]. In 2003, Tao and Irvine [6] reported Lao.75S10.25Cro.sMno 5035 as a redox-
stable anode, which exhibits polarization resistances (Rp) of 0.26 and 0.87 Q cm? at 900 °C with wet
H> (~3% H»0) and wet CH4 as fuels, respectively. As a p-type semiconductor, its electronic
conductivity is less than 1 S ecm™ in 5% H2-95% Ar. LaxSr1xTiO3 shows high electronic conductivity
of 300-500 S cm™! above 800 °C in reducing atmospheres [7]. However, low catalytic activity and
insufficient oxygen ionic conductivity limit its application [8]. In the last two decades, double
perovskite oxides with high electrical conductivity, good chemical stability and promising catalytic
activity have been studied intensively as anode materials of hydrocarbon fueled SOFCs. A single cell

supported by a 300-um-thick Lao gSro2Gaos3Mgo.1702.815 electrolyte layer with Sr-MgMoQOe-5 anode



exhibits Pmax of 838 and 438 mW cm 2 at 800 °C with H, and CHy as fuels, respectively [9, 10]. The
Prax of a similar cell with A-site ordered PrBaMn,0Os+5 anode fed with H> and C3Hg at 850 °C reach
1.57 and 0.85 W cm™, respectively, while only about 0.25 W cm™ is obtained when CHa is used as
fuel [11]. Doped ferrite perovskites show high catalytic activity to chemical and electrochemical
oxidation reactions and have been widely used as anode materials in SOFCs [12-16]. With a double
perovskite SroFeMoOg-s anode, a single cell supported by a 300-um-thick Lao.9Sro.1GaosMgo203-5
electrolyte layer exhibits a Pmax of 0.6 W cm™ at 850 °C using CHy as the fuel [17-19]. The Pmax of
another cell with a similar structure using Lao sSrosFeooMoo103-5 as the anode reaches 0.51 W cm™
fueled with CHs4 [14]. At 800 °C, a cell with (PrBa)o.os(Feo.9Nbo.1)205+5 anode shows Pmax of 0.64 and
0.57 W cm™ with wet and dry CHs as fuels, respectively [12].

It is well known that the physical and chemical properties of ABO3.5 perovskites can be tailored
with cation doping at A and B sites [20, 21]. Apart from that, the partial substitution of other anions
such as N*, S*', F- and CI" for O* is another effective strategy for tuning the properties of metal oxide
catalysts such as lattice structure, electronic structure and metal-oxygen bond strength [20]. Lee and
Ng [22] found that the doping of F in YBa,Cu3O¢+x improves the selectivity of methane partial
oxidation. Dai et. al investigated F and Cl doped YBa>xCu3;O7-s [23], Lai—xSrxFeOs—5 [24] and
Lai.85Sr0.15CuO4-5 [25] as the catalysts for selective oxidation of ethane to ethene and found that the
incorporation of halide ions enhances the activity and mobility of lattice oxygen, resulting in higher
ethane conversion and ethene selectivity [26]. Since fluorine has a higher electronegativity (4.0) than
oxygen (3.44) and attracts electrons better [27], the incorporation of F into ABOz3.5 perovskite can
reduce the valence electron density of oxygen, weaken metal-oxygen bonds and enhance the bulk
diffusion and surface exchange of oxygen significantly [28, 29]. Meanwhile, other properties of

perovskite oxides, such as electrical conductivity [30] and thermal expansion coefficient [31], can be



also regulated with the doping of F. In recent years, the incorporation of F has been widely used to
improve the catalytic activity and stability of perovskite electrode materials for solid oxide
fuel/electrolysis cells [32, 33].

La-doped BaFeOs.s perovskite oxides have been investigated extensively as ferromagnetic
materials [34, 35], oxygen storage materials [36], and also promising SOFC cathode materials [37-
41]. Lag.osBaoosFeOss shows a high oxygen electrochemical reduction activity comparable with
Bao.5S10.5C00.8Fe0203-5 [42]. In this work, Lag sBaosFeOs.s (LBF) is studied as an anode material for
SOFCs with H» and CHj4 as fuels. The strategy of F incorporation is applied to accelerate the oxygen
surface exchange and thus the electrochemical oxidaiton process. The results show that F-doped LBF

is a promising anode material with high catalytic activity and stability.

2. Experimental
2.1. Preparation of Materials

LagsBaosFeOs.x-sFx (LBFFx, x=0, 0.05, 0.1) anode powders were synthesized through the sol-
gel method [11, 43]. Stoichiometric La(NO3)3-6H20 (99.9%, Aladdin), Ba(NO3)> (99.5%, Aladdin),
LaF3 (99.99%, Aladdin) and Fe(NO3)3-9H20 (99.99%, Aladdin) were dissolved in deionized water.
Then citric acid (99.5%, Aladdin) and EDTA (99.5%, Aladdin) were added into the solution as
complexation agents with a molar ratio of metal cations: citric acid: EDTA of 1: 1.5: 1 at 85 °C under
stirring. The pH of the solution was adjusted to 7 with NH3-H>O. The gel obtained was slowly
decomposed at 350 °C to form a black precursor, which was ground and then calcined at 950 °C for
4 h in the air. Lao4Ceo.602-5 (LDC) anode buffer layer and Bao.5sSro5Coo.8Fe0.203-5 (BSCF) cathode
powders were synthesized following the procedures described in previous publications [9, 44].

2.2. Characterization



The X-ray diffraction (XRD) patterns of the LBFFx powders before and after reduction were
recorded at room temperature using a D8 Focus diffractometer (Bruker Corp., Germany), Cu-Ka
radiation, 40 kV and 200 mA. The surface properties of the reduced LBFFx powders were investigated
using a Thermo ESCALAB 250Xi X-ray photoelectron spectrometer (XPS) with an Al Ka source (hv
=1486.6 eV). The XPS results were referenced to the C 1s binding energy (284.8 ¢V). The reduced
anode powders were also studied with high-resolution transmission electron microscopy (HRTEM)
and high-angle annular darkfield scanning TEM (HAADF-STEM) using a transmission electron
microscope (JEOL JEM 2100) with an energy dispersive X-ray (EDX) analyzer. The oxygen
nonstoichiometry of the anode powders before reduction was studied with iodometric titration. To
evaluate the resistance to coking of the anode materials, the LBFFx powders were treated in wet CHy
(100 mL min™!, STP) at 850 °C for 2 h, and then thermogravimetric analysis (TGA) of the samples
was carried out using a NETZSCH analyzer (STA, 449F3) in the air from room temperature to 1000
°C at a heating rate of 5 °C min™! to measure the amount of carbon deposition.

The four-probe direct current method was used to measure the electrical conductivities of the
samples. The anode powders were pressed into rectangular bars at 250 MPa and then sintered at 1300
°C in air for 4 h to achieve a relative density higher than 99%. Then the electrical conductivities were
measured with an electrochemical workstation (VersaSTAT 3, Ametek) in the air and 5% H2-95% Ar,
respectively. The electrical conductivity relaxation (ECR) behavior was recorded when the
atmosphere was switched from 5% H2-95% Ar to 20% H»>-80% Ar.

2.3. Cell Fabrication and Test

For the symmetric cells, Lao.sSro.2GaosMgo.203-5 (LSGM) electrolyte powder (Fuel cell materials

Co., USA) was pressed into pellets, and then sintered in air at 1450 °C for 20 h. LBFFx and LDC

powders were mixed with a binder (V006, Heraeus Ltd.) to form slurries. The LDC slurry was screen-



printed on the both sides of the electrolyte layer and sintered at 1400 °C for 2 h as buffer layers to
avoid the interaction between the LSGM electrolyte and the LBFF electrodes [9, 45, 46]. The anode
slurry was printed on the LDC layers and then calcined at 950 °C in air for 4 h. The geometrical area
of the anode was 0.5 cm?. Ag paste was used as the current collector. The electrochemical impedance
spectra (EIS) of the symmetric cells were recorded from 1 MHz to 0.1 Hz with an amplitude of 10
mV using the electrochemical workstation under various H» partial pressures (Pu2) with Ar as the
balance gas.

The fabrication procedure of single cells was similar to that of the symmetric cells. After the
LBFFx | LDC | LSGM half cell was fabricated, the BSCF slurry was screen-printed on the other side
of the electrolyte layer, and then sintered at 950 °C in air for 4 h. /- and /-P curves of the cells were
measured with the electrochemical workstation with wet H, and CHs (with 3% H»0) as fuels and

oxygen as oxidant. The flow rates of all the gases were 100 ml min™! (STP).

3. Results and Discussion
3.1. Phase composition and structure

The XRD patterns of LBF, Lao.sBao.sFe02.95-5F0.0s (LBFFo.05) and LaosBaosFeO2.9-sFo.1 (LBFFo.1)
anode powders are shown in Figure 1. LBF with the Goldschmidt tolerance factor (¢) close to 1 (Table
S1) shows a cubic perovskite structure with a space group of Pm-3m before reduction (Figure 1a),
which is consistent with the structure of Lao sBao.sFeO2.9s55 (JCPDS #80-1054). The ¢ remains almost
unchanged after the incorporation of F on the anion site, and the perovskite structure is maintained
without any impure phase. However, the characteristic peaks shift slightly to higher angles, indicating
a tiny contraction of the unit cells (Table S2) due to the smaller ionic radius of F- (1.33 A) vs. 0% (1.4

A). No phase change is observed after the reduction of the samples at 850 °C in 5% H>-95% Ar for



10 h (Figure 1b). Nevertheless, the peaks move to lower angles after reduction, corresponding to an
expansion of the lattice (Table S3). The reduction of Fe ions enhances electrostatic repulsion, resulting

in the expansion of the unit cells [47].
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Figure 1. XRD patterns of various anode powders (a) before and (b) after reduction at 850 °C in

5% H»-95% Ar for 10 h.

3.2. Chemical composition and microstructure

XPS of the anode powders were measured to verify the successful doping of F~ into the
perovskite lattice. La, Ba, Fe and O are detected in LBF (Figure 2a). With the addition of F, a weak
peak at around 684 eV is observed, which is characteristic of F 1s signal [48]. Figure 2b shows the
STEM images and corresponding EDX mapping of LBFFo.1 powder after reduction. La, Ba, Fe, O
and F are all distributed homogeneously in the anode. The particle size of the reduced LBFF 1 is 100-
200 nm (Figure 2c). The HRTEM image and the corresponding fast Fourier transform pattern along
the [1 1 1] direction are shown in Figure 2d. The distance between the adjacent fringes is 0.277 nm,

corresponding to the d-spacing of (1 1 0) plane of LBF.
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Figure 2. (a) XPS full survey spectra and magnified XPS spectra of F 1s of the anode powders; (b)
STEM image and EDS elemental mappings; (¢) TEM image and (d) HRTEM image of LBFF

powder.

3.3. Oxygen nonstoichiometry and valence of the transition metals

With the increase of F content from 0 to 0.1, the oxygen nonstoichiometry (6) of LBFFx samples
before reduction measured via iodometry technique decreases from 0.176 to 0.118 (Figure S1), which
indicates that part of F ions takes the place of the oxygen vacancies (Figure S2). Meanwhile, the
average valence of Fe increases slightly from 3.148 to 3.163. The decrease of oxygen vacancy and
the increase of Fe valence are also found in other ferrite perovskites with the doping of F [29]. The
deconvolved O 1s spectra of the reduced anode materials are shown in Figure 3a. The two peaks at

about 528.6 and 531.1 eV correspond to lattice oxygen (Oiart) and adsorbed oxygen (Oaq), respectively.



With the doping of F, more O« and less Oaq are observed (Table 1), indicating the decrease of oxygen
vacancy concentration, which is in consistence with the iodometry results. Besides, the binding
energy of Oy increases slightly, implying a lower valence electron density of O since the
electronegativity of F is higher than that of O [23-25]. Therefore, the Coulombic force between the

B-site cations and Oae will be weaken, resulting in more active Orai [49].
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Figure 3. XPS of (a) O 1s and (b) Fe 2p of the LBFFx powders after reduction.

The Fe 2p core-level spectra of the anode samples after reduction are presented in Figure 3b.
The peaks at the binding energies of about 723 and 709 eV are assigned to Fe 2pi»2 and Fe 2pap,
respectively. With the doping of F, those two peaks shift generally to lower binding energies, implying
a lower Fe-O bond energy, which could facilitate both bulk diffusion and surface exchange of oxygen
[28, 29]. The peaks corresponding to Fe*', Fe** and Fe?" are observed in the deconvoluted curves,

and the average valence state of Fe (Feave) 1s changed negligibly with the doping of F (Table 1).



Table 1. Percentages of Fe and O species and the average valence state of Fe on the surface of

the reduced anode powders obtained from the XPS results.

(@) Fe
Sample
Olatt Oad Fez+ Fe3+ Fe4+ Feave
LBFF | 49.45% 50.55% 8.4% 56.44% 35.16% 3.27
LBFF,,,  47.65%  52.35% 9.28% 5704%  33.48% 3.24
LBF 45.06% 54.94% 8.19% 60.46% 31.36% 3.23

3.4 Electrochemical properties
The electrical conductivities of the anodes in air increase with the rise of temperature at low
temperatures (Figure S3), revealing a small polaron behavior (equation 1) similar with other Fe-based

perovskite oxides such as Lao.6Sro.4Coo.2Fe0s803-5[50] and Lao.5Sro.sFeo9Nbo.103-5.[51].
o= ijex (-Ea/ kD) [1]
i )P

The conductivities reach 80-100 S cm™ at about 500 °C, and then decrease at higher temperatures
probably due to the semiconductor-metal transition, which has been also reported in other perovskites
containing Fe [52]. Meanwhile, since LBFFx are p-type semiconductors in oxidizing atmospheres,
the loss of O at higher temperatures results in the decrease of the concentration of electron holes
(equation 2), which also leads to the decrease of electrical conductivity.

O +2Fe;, <> 2Fe; +1/20,+V; [2]
The electrical conductivities of the anodes in 5% H2-95% Ar are much lower than those in air

(Figure S4). The conductivities of LBF, LBFFg s, and LBFF are 0.51, 0.60 and 0.68 S cm™! at 850
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°C, respectively, which decreases with the lowering of temperature. The conductivities of the anodes
increase when the atmosphere is switched from 5% H>-95% Ar to 20% H>-80% Ar, which leads to
the decrease of the oxygen partial pressure by about one order of magnitude (Table S4), indicating
that the n-type conducting behavior dominates in reducing atmospheres. The ECR processes of the
samples during the variation of the atmosphere from 5% H2-95% Ar to 20% H>-80% Ar are presented
in Figure 4a. The re-equilibrium of oxygen in LBF takes about 5700 s at 650 °C, which is shorten to
about 1600 s when the temperature rises to 850 °C. The relaxation time is significantly reduced with
the doping of F. The ECR process consists of two steps, i.e., oxygen surface exchange and bulk
diffusion. In this work, the bulk diffusion of oxygen is relatively fast since the conduction path is
short, and the re-equilibrium process is dominated by the surface reaction. The oxygen surface
exchange coefficients (k) of the samples are shown in Figure 4b. The & of LBF at 650 and 850 °C are
about 5 x 10 and 1.4 x 10* cm s™!, respectively. The doping of F results in the increase of k probably
due to the lowering of Fe-O bond energy (Figure 3b). The k of LBFFy are about 1.9 x 107, 2.4 x 10-
“and 2.8 x 10 cm s at 750, 800 and 850 °C, respectively, comparable to other excellent electrode
materials such as Sr2Fe1 sMoo5Os-5 (2.3 x 10 cm s at 750 °C) [53], SDC (1.4 x 10 - 1.8 x 10 cm
s1at 800 °C ) [54, 55] and Ni-SDC cermet (1.1 x 10%#-3.9 x 10* cm s at 800 °C ) [55]. Meanwhile,
the activation energies (£a) for the k£ of LBFFx are quite low (0.31-0.46 eV), which will facilitate the

electrochemical oxidation of the fuels.
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Figure 5. (a) Nyqusit plots of the symmetric cells with different anodes at 850 °C under various

Pu2; (b) Ru and (c) Rr of the symmetric cells under various Pp2 at 850 °C.

The EIS results of the symmetric cells with various anodes at 850 °C are shown in Figure 5a.
The ohmic resistances (R,) of the cells were deducted, and the arcs corresponding to the electrode
processes are fitted with an equivalent circuit (RuCPEn)(RLCPEL). Ry and Ry are the polarization
resistances (R,) of the symmetric cells in the high frequency (HF, about 10*-10' Hz) and low
frequency (LF, about 10'-10 Hz) ranges, respectively, and CPEy and CPEL are the corresponding
constant phase elements. R, of LBF, LBFF¢05 and LBFFo1 anodes in H; are 0.20, 0.15 and 0.08 Q
cm?, respectively. Ry of the anodes are similar (Figure 5b), while Ry of the anode decreases
significantly with the doping of F (Figure 5c). For LBF and LBFF .05, their Ri. are much higher than
Ru, indicating that the rate of H» electrochemical oxidation is limited by the LF process. In contrast,

Ri of LBFFy 1 is lower than Ry since the addition of F accelerates the LF process remarkably.
13



For a better understanding of the anode process, the EIS of the cells were tested under various
Pup. For all the anodes, the decrease of P> results in the rise of both Ry and Rr, and linear
relationships are revealed between LogR and LogPm>. The electrochemical oxidation of H> on the
surface of the LBFFy anodes can be roughly divided into a series of main steps [56, 57], which start
from the dissociative adsorption of H» on the surface of the anode (step 1), and its rate is proportional
to Pu2. Parallelly, lattice oxygens transfer in the anode from bulk to surface via oxygen vacancies
(step 2), followed by the surface exchange of oxygen (step 3), which are not influenced by Pra. Then,
the charge transfer reactions, i.e., the electrochemical oxidation of the adsorbed hydrogen (steps 4-5),
happen on the anode surface. If those are the rate-determining steps (RDS), the slope of the LogR-
LogPmu2 curve should be about -0.5. Finally, there is the desorption of H>O product (step 6), a step not
affected by Pm2. The slopes of LogRu-LogPm> curves of the anodes are between -0.04 and -0.06,
demonstrating that the bulk conduction of oxygen (step 2) is the RDS of the HF process. The slopes
of LogRi-LogPu> curves of LBF and LBFF¢os anodes are about -0.30, implying mixed RDS of
oxygen surface exchange (step 3) and charge transfer reactions (steps 4-5). With the addition of F, the
surface exchange of oxygen is accelerated (Figure 4b), which is no longer the RDS, resulting in the
slope of -0.59 for LBFFy.; anode.

Step 1. H, (g) «>2H_, , R < B},
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The cross-sectional scanning electron microscope (SEM) image of the cell with LBFFy 1 anode
is shown in Figure S6. The thicknesses of the porous anode and Lag4Ceo602-5 (LDC) buffer layers
are about 40 and 15 um, respectively. Tight contact between the anode, the buffer and the dense
LSGM electrolyte layers is observed. The open circuit voltages (OCVs) of the cells reach about 1.1
V at 850 °C with wet H» as the fuel (Figure 6a). The cell with LBF anode shows a maximum power
density (Pmax) of 1446 mW cm™. With the doping of F in the anode, the Pmax of the cell increases
remarkably due to the acceleration of the oxygen surface exchange process (Figure 4). With LBFFo
as the anode, the cell exhibits a Pmax of 1860 mW cm™, much higher than other cells with similar
configurations reported previously (Table S5). The EIS results of the single cells are shown in Fig.
S6a. R, of the cells are about 0.12-0.15 Q cm?, while R, shows an order of LBFF, 1 < LBFFg s < LBF.
When the temperature drops to 800 and 750 °C, the decreases to 1173 and 742 mW c¢cm, respectively
(Figure 6b).

The OCVs of the cells fed with wet CH4 are about 1.0 V at 850 °C (Figure 6¢) [12]. The Pmax of
691, 768 and 809 mW cm™ are obtained by the cells with LBF, LBFFo0s and LBFF(, anodes,
respectively. The lower polarization resistance with the doping of F indicates the improvement of the
catalytic activity of the anode towards the electrochemical oxidation of CH4 (Figure S6b). The CH4
temperature-programmed surface reaction result also proves that the doping of F improves the
catalytic activity of LBF to methane oxidation (Figure S7). The single cell with LBFF¢; anode
exhibits Pmax of 573 and 335 mW cm™ at 800 and 750 °C, respectively (Figure 6d). The performance
of the cell with LBFFo.1 anode is among the best in those of the cells with perovskite anodes and
LSGM electrolytes (Table S5).

The short-term stability of the cell with LBFF¢1 anode fed with wet CH4 at 850 °C under a

constant output current density of 100 mA cm™ is shown in Figure 7a. No obvious degradation is

15



observed during the 40 h test. To evaluate the coking resistance of LBFFy, all the anode powders were
treated in wet CHg at 850 °C for 2 h, and the amount of carbon deposits was measured with
thermogravimetric analysis (TGA) in the air. As shown in Figure 7b, the weight losses of LBF,
LBFFo0s and LBFFo.; are around 1.5 wt%, similar to that of the LBFFo.1 powder without coking
treatment (bare LBFF 1), suggesting that the weight losses are mainly due to the loss of lattice oxygen
with the rise of temperature, while the carbon deposition is negligible. Figure 7c and 7d are the SEM
images of the LBFF(1 anode surface before and after the 40 h stability test, respectively. No carbon

is observed after the test, proving that LBFFy 1 has a high coking resistance and is a promising anode

material for SOFCs with CHy as the fuel.
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Figure 6. /-V and I-P curves of single cells (a) with various anodes at 850 °C and (b) with LBFF
anode at various temperatures with wet H» as fuel, (¢) with various anodes at 850 °C and (d) with

LBFFy.1 anode at various temperatures with wet CH4 as fuel.
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Figure 7. (a) The durability of the cell with LBFFo; anode discharged at 100 mA cm™ at 850 °C
with wet CHj as fuel; (b) TGA curves of various anodes in the air before and after carbon
deposition; SEM images of the LBFFo 1 anode surface of the cell (c) before and (d) after the

durability test.

4. Conclusion

In this work, Lao.sBao.sFeOs.; doped with F on the anion sites is synthesized through the sol-gel
method and studied as an anode material of SOFCs. LBFFx (x = 0-0.1) shows a stable pure cubic
perovskite structure both in oxidizing and reducing atmospheres. The doping of F results in less
oxygen vacancies and a slightly higher electrical conductivity in the reducing atmosphere. The

incorporation of F also weakens the bonds between cations and oxygen ions, and thus accelerates the
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surface exchange of oxygen, which is one of the RDS of the anode reaction. The R, of LBF, LBFFq s
and LBFF( anodes at 850 °C with wet H» as fuel are 0.20, 0.15 and 0.08 Q cm?, respectively. The
Prax of the single cell with LBFFo1 anode and a 300 pm-thick LSGM electrolyte layer reaches 1860
and 809 mW cm? at 850 °C with wet H, and CHy as fuels, respectively. The LBFFy; anodes also
show a high coking resistance, and a stable power output for 40 h is obtained with wet methane as

fuel.
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