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Different layered perovskite related oxides are known to exhibit important electronic,
magnetic and electrochemical properties. Due to their excellent mixed-ionic and electronic
conductivity and fast oxygen Kinetics, cation layered double perovskite oxides such as
PrBaCo,0Os in particular have exhibited excellent properties as solid oxide fuel cell oxygen
electrodes®. Here we show for the first time that related layered materials can be used as
high performance fuel electrodes. Good redox stability with tolerance to coking and sulfur
contamination from hydrocarbon fuels is demonstrated for the layered perovskite anode,
PrBaMn;Os.s (PBMO). The PBMO anode is fabricated by in-situ annealing of
ProsBagsMnQs.; in fuel conditions and actual fuel cell operation is demonstrated. At 800 °C,

layered PBMO shows high electrical conductivity of 8.16 S cm™ in 5% H, and
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demonstrates peak power densities of 1.7 and 1.3 W cm™ at 850 °C using humidified

hydrogen and propane fuels, respectively.

Solid oxide fuel cells are electrochemical energy conversion devices that directly convert
the chemical energy in fuel to electricity with very high energy efficiency and excellent fuel
flexibility'>. The conventional Ni/electrolyte composite anode, Ni cermet, has high catalytic
activity towards fuel oxidation but it is deactivated during operation because of its sensitivity to
carbon buildup from incomplete oxidation of hydrocarbons and sulfur poisoning by
contaminants commonly encountered in readily available fuels®. To overcome these problems,
various alternative anode materials and/or material combinations prepared via incorporation of
other materials have been studied as potential SOFC anodes. Gorte et al. reported Cu-CeO,-
yttria-stabilised zirconia (YSZ) composite anodes operated on a range of dry hydrocarbons with
good carbon and sulfur tolerance®. Cu particles, however, tend to coarsen over time due to their
relatively low melting point (1085 °C), causing poor electronic conduction®, they also have poor
catalytic activity for direct hydrocarbon oxidation’, limiting the power output. To retain the high-
performance of Ni based anodes in hydrocarbon fuels, a Ru-CeO, catalyst layer was later applied
on a conventional Ni-YSZ anode to prevent carbon coking due to the internal reforming of iso-
octane®. However, drawbacks such as a large amount of CO, and O, being co-fed with iso-octane,
difficulties in current collection, and the high cost of Ru may limit practical application of this
catalyst®®. Recently, Liu et al, adopted a different strategy to achieve high tolerance to coking
and sulfur poisoning. They replaced the oxide ion conductor in the conventional in Ni-YSZ

anode with a mixed ion conductor (it conducts both H" and 0%), e.g. co-doped Y and Yb at



BaZrO;-BaCeO3™. The BaZrOs-BaCeOj; anode, however, requires high sintering temperature (>

1700 °C) during cell fabrication due to its poor sinterability. As a result, it is incompatible with

YSZ and it also shows poor chemical stability with CO, and H,O under operational conditions™.

Alternatively, mixed oxide-ion electron conductors (MIECs) have been developed as
ceramic anode materials. Examples include LaggSro2ScxMn;Os.5™, Lao.asSro.s7 TixMn1xOs.s™,
Yo08Sfos2 TitxFexOss™,  Lag75Sr025CrosMngs0s  (LSCM)™,  Sr,MgMoOs ~ (SMMO)™,
ProgSr12(Co,Fe)osNbo20s (K-PSCFN)Y, and CegsMngsFeo10,-LageSro.sFeosMng 103 (CMF-
LSFM)™. These anodes are stable in anodic operating conditions and demonstrate improved
coking tolerance and sulfur poisoning under various fuel conditions. However, the catalytic
activity, electrical conductivity, and power density of these MIEC anodes are much lower than
those of the conventional Ni-YSZ anode. For example, without a Pd oxidation catalyst, the
LSCM anode backbone cannot perform reliably in H, and CH., below 900 °C*. Meanwhile, it
has been suggested that the electrochemical performance of the SMMO anode is sensitive to
current collectors'®. Recently, a KoNiF, type K-PSCFN anode with Co-Fe alloy as an oxidation
catalyst was reported. The cell performance dropped significantly after oxidation back to a
perovskite-type structure, although it provided coking resistance and sulfur tolerance'’. The
CMF-LSFM composite oxide was also reported to be a good ceramic anode with improved
power density in propane, e.g. ~1 W cm™ at 800 °C, but the power densities in H, and CH, are

unacceptably low?™.

In this work, in order to obtain high electrochemical performance along with high
tolerance to carbon coking and H,S poisoning, we present a novel redox stable MIEC anode
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consisting of an A-site layered double perovskite structure, PrBaMn,0Os.s (PBMO), for operation

on hydrocarbon fuel. We selected this double perovskite system based on the following factors:

a) Degree of A-site ordering: layered PBMO is thermally and chemically stable under fuel

electrode conditions®®?*.

b) Higher electrical conductivity and oxygen kinetics: The layered PBMO perovskite structure
supports mixed valent transition metal cations (Mn**/Mn®*/Mn?"), which could provide high
electrical conductivity and maintain a large oxygen vacancy content, contributing to fast oxygen

ion diffusion?.

¢) Good catalytic activity toward both hydrogen and hydrocarbon oxidation: Perovskite oxides of
first row transition metals containing Mn, Co, and Fe rich perovskite provide high activity in

hydrocarbon oxidation?*%*.

A-site layered PBMO oxide is obtained by annealing ProsBagsMnOs.s oxide
(cubic/nexagonal) in H; at 800 °C (Supplementary Fig. 1). A-site layered compounds are best
synthesized by a two-step sintering process. ProsBagsMnO3.; was synthesized in air at 950 °C via
the Pechini synthesis method and the air prepared sample was treated in a reducing atmosphere

to step down the oxygen from the “O3” to “Os” phase®.

PrysBagsMnO; MPrBaMnZOS 1)

where the “Os” phase is characterized by layered alternate stacking of Pr** ions and Ba?*
O? layers along the c-axis. Subsequently, the A-site in the unit cell of the “Os” phase is

doubled® and can be characterized as A-site layered perovskite (“Os”). The phase change is
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associated with this reduction confirmed by DTA-TGA in Fig. 1, which clearly shows the
presence of a sharp exothermic peak (*) upon heating at 400 °C. The phase change of
ProsBagsMnOs.; to layered PBMO is also observed by in-situ XRD in reducing conditions

(Supplementary Fig.2).

Although Pr** and Ba* are close to isoelectronic, the Pr ion is significantly smaller than
Ba in similar coordination, PBMO thus adopts a layered crystal structure, wherein an MnO,
square sublattice is sandwiched between two rock salt layers, PrO, and BaO layers, along the c-
axis ([BaO]-[MnO_]-[PrO,]-[MnO,]-[Ba0]. A site layered PBMO has a remarkable structural
feature: Under reducing conditions, oxygen atoms in the PrOy plane can be partially or entirely

removed, creating many oxygen vacant sites in the crystal sites.

Figure 2 shows transmission electron microscopy (TEM) images of air-prepared
ProsBagsMn0Os.; and layered PBMO samples. The air-prepared powder sample shows a smooth
surface morphology with a high crystal quality, as seen in bright-field (BF) TEM and high-
resolution (HR) TEM images (Fig. 2a,b). However, it is notable that the morphology of particles
is dramatically changed after annealing in H, at 800 °C. Figures 2d,e show that layered PBMO
particles have a rough surface morphology with many facets and defects, as represented by red
arrows in Fig. 2e. This could result in the increase of a surface area (e.g., 2.42 and 5.32 m? g™ for
ProsBagsMnOs.; and layered PBMO, respectively) and electrochemically active site.
Furthermore, the A-site ordering was observed by showing a weak additional spot in fast-Fourier
transformed (FFT) pattern, which is indexed with (001) of tetragonal superlattice. It can be also

confirmed in high-angle annular dark field (HAADF) scanning TEM (STEM) image Fig. 2f,



indicating a periodic contrast change due to A-site ordering of PrO and BaO layers, compared to

even contrast in Fig. 2c.

The novel PBMO layered perovskite structure retains high electrical conductivity in both
air and hydrogen atmospheres. Figure 3a shows the electrical conductivity of layered PBMO as a
function of temperature in air and wet 5% H,. An ideal SOFC anode must have sufficiently high
electrical conductivity in order to provide efficient electron transfer paths. In this regard, for
SMMO and LSCM electrical conductivities of 4.21 and 0.96 S cm™ at 800 °C in 5% H,,
respectively, were obtained™*®. Meanwhile, the electrical conductivity of layered PBMO is as
high as 8.16 S cm™ in 5 % H, and 91.5 S cm™ in air. Under reducing conditions, oxygen
vacancies are formed and the predominant defect species in layered PBMO are mobile electronic
holes, h®* = Mny,,,. The interaction between the oxygen and the defects in the layered PBMO

can be expressed as follows,
2Mnj, + 20, +V3® S 05 + 2Mniy, )

The concentration of oxygen vacancies will increase under a reducing atmosphere according to
equation (2). This may lead to enhanced oxide-ionic conductivity and oxygen ion transfer sites
between the anode and the electrolyte. Figure 3b shows the relation between oxygen non-
stoichiometry and p(O) for layered PBMO oxides at 650-750 °C. The initial oxygen content of
the layered PBMO was determined by iodometric titration and a TGA analysis (Supplementary
Fig. 3). In the high p(O,) region, the electrical charge was mainly balanced by the formation of
Mn** ions (although some Pr*" may be present), while on reduction electroneutrality was

maintained by the formation of oxygen vacancies followed by the reduction of Mn** to Mn** and
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Mn** to Mn* ion in the low p(O.) region. From Fig. 3b, the amount of oxygen vacancies in the
layered PBMO oxide after reduction is roughly ¢ = 0.74 or 2.49 wt %, indicating the layered
phase has stoichiometry PrBaMn,0s 74 which is a much higher level of vacancies than that of
other ceramic anodes, such as LSCM and SMMO??. Dilatometry experiments confirm that this
process is reversible with the reduction occurring between 350 and 600 °C and the reoxidation at
as low a temperature as 200 °C (Supplementary Fig. 4). The associated chemical expansion was
0.7 %. On heating in air, a similar reduction towards this layered double perovskite at 1050 °C,

although this is not complete by 1450 °C (Supplementary Fig. 5).

To characterize the performance of the novel layered PBMO anode material in a
practical fuel cell, we used -electrolyte-supported cells based on a ~300 um thick
LagoSro1GapsMgo 2035 (LSGM) electrolyte. A-site layered PBMO was obtained by (in-situ
phase change at SOFC setup) annealing ProsBaogsMnOs_s oxide in Hy at 800 °C. Instead of Pt, Ag
paste was applied as the current collector to avoid possible extraneous catalytic effects on fuel
oxidation. The fuel cell performance of a single cell with the configuration of
PBMO/Lag 4Cep60,-5 (LDC)/LSGM/NdBag 5Sr0 5C01.5F€0505+5-Ce0.9Gdo 10,-5 (NBSCF50-GDC)
was tested using various humidified (3% H,O) fuels (H,, CsHs and CH,4) and ambient air as an
oxidant. The maximum power density of the layered PBMO cell without any catalysts in H, was
0.57 W cm at 850 °C (Supplementary Fig. 6). In case of adding additional PBMO as a catalyst
by infiltration into the porous layered PBMO cell, the maximum power densities (Supplementary
Fig. 7) were 1.57, 1.07, and 0.76 W cm™at 850, 800, and 750 °C in H,, respectively, and very
stable performance under a constant current load of 1.0 A cm? at 700 °C was shown in

Supplementary Fig. 8. Moreover, with humidified CsHg and CH,4 as the fuel, the maximum
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power densities and impedance spectra of the layered PBMO cell with the PBMO catalyst at 850
°C are presented in Fig. 4a and Supplementary Figs 9-11. As there is no great difference in
microstructure after reduction between without and with PBMO infiltration (Supplementary Fig.
12), it seems that the infiltrated PBMO exhibits high electrocatalytic activity for H, and propane
fuels and moderate activity for methane. At fuel cell operation temperatures, propane pyrolysis
would be anticipated®’ yielding hydrogen, various short chain hydrocarbons and coke or tar, in
accord with the initial C:H:O ratios of 27:23:0.3, which is within the thermodynamic range for
coking at these temperatures®. This is indeed supported by our supplementary studies showing
large concentration of hydrogen, methane and ethane in the gas stream (Supplementary Fig. 13).
Exit gases from the fuel cell test show similar gas products; however, there is also significant
concentration of carbon oxides confirming direct and/or indirect oxidation of the hydrocarbon
fuels by produced oxygen (Supplementary Fig. 14 and Supplementary Table 1). The observed
absence of coking especially under the presented 500 h studies shows improved catalytic effects
for higher hydrocarbon oxidation, which may originate from the Mn on the B-site in perovskite

15,24

oxides™", although Pr is also known to facilitate electrode reactions due to its mixed valence

capability.

We also evaluated the performance of a layered PBMO cell with a 15 wt % Co-Fe
catalyst under humidified (3% H,0) H,, CsHg and CH,4 (Supplementary Figs 15-18). The
maximum power densities of layered PBMO with the Co-Fe catalyst reached 1.77, 1.32, and
0.57 W cm™ at 850 °C, in humidified H,, C3Hg, and CHa, respectively, as shown in Fig. 4b. The
maximum power density of layered PBMO with the Co-Fe catalyst is slightly improved in

comparison with use of only the PBMO catalyst in H,. With both C3Hg and CH4 as a fuel,
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however, the performance of layered PBMO with the Co-Fe catalyst is considerably enhanced

compared to the case of the PBMO catalyst.

We also systematically investigated the layered PBMO anode in various ppm H,S-
contaminated H, (Supplementary Figs 19 and 20). The power densities of layered PBMO with
PBMO and Co-Fe catalysts respectively were 1.42 and 1.64 W cm™ at 850 °C in 50 ppm H,S
contaminated H, (Fig. 4a,b). To assess the sulfur tolerance of PBMO with the Co-Fe catalyst, a
constant current of 1.0 A cm™ was applied at 700 °C, while the fuel was changed from H, to 30
ppm H,S/H,, as shown in Fig. 4c. After stabilizing the cells for 50 h under pure H,, the
atmosphere was changed to contain 30 ppm H,S. The cell voltage of layered PBMO with the Co-
Fe catalyst shows no observable degradation, indicating that the layered PBMO anode has
excellent sulfur tolerance. The coking resistance of the layered PBMO anode with the Co-Fe
catalyst was demonstrated in humidified propane (Fig. 4d). Normally, carbon can easily build up
on a conventional Ni-based anode when directly operated on such fuel. However, no degradation
was observed from carbon coking under a constant current load of 0.2 A cm™ at 700 °C in C3Hg
for more than 500 h.

In summary, a novel A-site layered double perovskite- manganese oxide demonstrates
superior SOFC anode performance and stability in various fuels. Layered PBMO anodes exhibit
high electrical conductivity, excellent redox and coking tolerance and sulfur tolerance.
Furthermore, on the basis of its remarkable stability in reducing conditions, layered PBMO is an

attractive ceramic anode material for SOFCs.



Methods

The ProsBagsMnQOs.swas prepared by the Pechini method. A-site layered PBMO anode is
obtained by annealing ProsBagsMnOs; oxide in H, at 800 °C. The initial structural
characterization of the PBMO oxide was performed by X-ray diffractometry by Rigaku
diffractometer (Cu Ka radiation, 40 kV, 30 mA) and in-situ X-ray diffraction (PANalytical
Empyrean, Mo Ka radiation). Transmission electron microscopy (TEM) was used to characterize
the detailed microscopic features and cation ordering in the structure.

Electrical conductivity was measured as a function of temperature using the standard four-
probe technique with a BioLogic Potentiostat. Thermogravimetric analyses (TGA) were
performed at 100 °C to 800 °C with a heating/cooling rate of 2 °C min™ in air and 5% H, to
characterize the thermo-physical properties. The oxygen non-stoichiometry at elevated
temperature was studied through Coulometric titration (CT) by measuring the oxygen partial

pressure of PBMO oxides as a function of temperature, as reported elsewhere?®.

For fuel cell performance, a configuration of PBMO/LDC/LSGM/NBSCF50-GDC was
fabricated based on 300 um LSGM electrolyte-supported cells (Supplementary Fig. 21). LDC
layer was used as the buffer layer between the anode and the electrolyte to prevent inter-
diffusion of ionic species between PBMO and LSGM. The anode and cathode slurries were
applied on the LSGM pellet by screen printing method, and then fired at 950 °C in air for 4 h. 15
wt% of PBMO or CogsFegs (Co-Fe) catalyst solution was infiltrated onto the anode side and
heated in air at 450 °C. V—i polarization curves were measured using a BioLogic Potentiostat in

the temperature range of 700-850 °C.
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Figures

Figure 1 | Principle of the approach to prepare A-site layered perovskite PrBaMn;Os.s
Phase change of PrysBagsMnQOj3 to layered PrBaMn,Os.s occurs under reducing atmosphere. The
DTA curve shows the presence of sharp exothermic peak (*) upon heating at 400 °C. A-site
layered PrBaMn,0Os.s shows that MnO, square sublattice is sandwiched between two rock salt
layers, PrO and BaO layers, along the c axis.

Figure 2 | Transmission electron microscopy (TEM) analysis a, Bright field (BF) TEM. b,
High-resolution (HR) TEM image and corresponding fast-Fourier transformed (FFT) pattern. c,
High angle annular dark field (HAADF) scanning TEM (STEM) image of ProsBagsMnQO3 and its
atomic arrangement viewed at [100] direction. d, BF-TEM image. e, HR-TEM image and
corresponding FFT pattern, f, HAADF STEM image of A-site layered PrBaMn,Os.s and its
atomic arrangement aligned along [100] direction.

Figure 3 | Electrical and redox properties of layered PrBaMn,Os.s a, Temperature
dependence of total conductivity of layered PBMO in air and humidified 5% H,. b, Oxygen non-
stoichiometry of layered PBMO as a function of p(O;) at 650, 700, and 750 °C. Insets are
schematics of layered PrBaMn,Os and PrBaMn,Os. sat low and high pO; region, respectively.
Figure 4 | Electrochemical properties of layered PrBaMn;0Os.s anode with PrBaMn;Os..s
and Co-Fe catalyst in fuel cells I-V curves and the corresponding power densities of layered
PBMO with a, layered PBMO catalyst and b, Co-Fe catalyst using a humidified (3% H,0)
various fuel and ambient air as the oxidant at 850 °C. ¢, Short term stability for a layered PBMO

with Co-Fe catalyst under a constant current load of 1.0 A cm™ at 700 °C in H, and Hx-30ppm
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H,S. d, Long term stability test of layered PBMO with Co-Fe catalyst under a constant current

load of 0.2 A cm™ at 700 °C in C3Hs.
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