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Abstract

A highly active anode material for solid oxide fuel cells resistant to carbon deposition is
developed. Co-Fe co-doped LaosBaosMnOs;s with a cubic-hexagonal heterogeneous stucture is
synthesized through the pechini method. An A-site ordered double perovskite with Coo.94Feo.06 alloy-
oxide core-shell nanoparticles on its surface is formed after reduction. The phase transition and the
exsolution of the nanoparticles are investigated with X-ray diffraction, thermogravimetric analysis
and high-resolution transmission electron microscope. The exsolved nanoparticles with the layered
double perovskite supporter show a high catalytic activity. A single cell with that anode and a 300
um-thick Lao.sSro2GaosMgo.203.5 electrolyte layer exhibits maximum power densities of 1479 and
503 mW cm at 850 °C with wet hydrogen and wet methane fuels, respectively. Moreover, the single
cell fed with wet methane exhibits a stable power output at 850 °C for 200 h, demonstrating a high
resistance to carbon deposition of the anode due to the strong anchor of the exsolved nanoparticles
on the perovskite parent. The oxide shell also preserves the metal particles from coking.
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1. Introduction

Solid oxide fuel cells (SOFCs) are one of the most promising technologies converting chemical
energy in fuels into electric power with high efficiency and low emissions. Due to its relatively high
operating temperatures (600-1000 °C), SOFCs offer excellent fuel flexibility, which makes the
utilization of the abundance and low cost hydrocarbon fuels possible.! Methane is a potential fuel
for SOFCs due to its abundant reserves and high H/C ratio compared with other hydrocarbons, which
results in low CO> emissions. However, the strong carbon-hydrogen bonds in CHy4 sluggish its
electrochemical oxidation kinetics,* and thus the development of anode materials with a sufficient
catalytic activity is highly demanded.’”’” Ni-based cermet anodes face aggregation at high temperature
and serious carbon deposition with hydrocarbons as fuels.> ° As promising substitutes, ABO;
perovskite oxides show a high coking resistance and sulphur tolerance.!® Nevertheless, most of the
perovskite anodes which are stable in a reducing atmosphere, such as chromites, titanates and
vanadates, possess either low electrical conductivity or low electrocatalytic activity.!!''* In 2006,

Huang et al.'?

developed a series of double-pervoskite anode materials such as Sr-MgMoOe.s and
Sro-MnMoOs.-s. A single cell with Sr2MgMoOg.s anode and a 300 um-thick Lao.gSro2Gao.ssMgo.1702.815
electrolyte layer exhibited a maximum power density (Pmax) of 438 mW cm™ and a quasi-steady
performance for 50 power cycles at 800 °C with dry CHy as the fuel.

The coupling of active metallic catalysts and mixed ionic-electronic conducting supporters is a
promisng strategy to develop new anode materials with both high catalytic activity and conductivity.
However, the conventional infiltration process is time-consuming, and the metallic particles trend to
agglomerate at high temperature.'® Alternatively, catalytic metal atoms can be incorporated into B

sites of the host perovskite lattice during the synthesis process in an oxidizing atmosphere and then

exsolve as uniform-sized nanoparticles evenly distributed during the following reduction process,



which show high and stable catalytic activity for automotive emissions control.!” !* The exsolution
in anodes of SOFCs in earlier works were mainly driven by the inherent reducibility of B-site dopant
cations, and the exsolved catalysts were limited to precious metals such as Ru,'®?° Pt*! and Pd,?? and
Ni which showed low stability due to agglomeration.?® In recent years, much effort has been focused
on the strategies to facilitate the exsolution, such as A-site deficiency,?* crystal structure
transformation,? and electrochemical switching,?® and the exsolution of cheap and stable transition
metals, such as Co, Fe and their alloys, have been widely investigated. A KoNiF4-type structured
ProsSr1.2(Co,Fe)o.sNbo204+5 material with Co-Fe alloy exsolved on its surface was obtained by
annealing perovskite Pro.4Sro.sCoo2Feo7Nbo.103-5 in Hz at 900 °C, and a single cell with that anode
achieved Pmax of 0.6 W cm? and 0.92 W cm? at 850 °C using wet CH4 and C3Hg as fuels,
respectively.?”> 28 Very recently, Chen et al.?’ found that the size and iron content of CoixFex
nanoparticles exsolved from Lao.sSr0.5Co00.45F€0.45Nbo.103.5 increase with the increase of temperature

and reduction time in wet H,. Lai and Manthiram?% 3!

studied the exsolution and reincorporation of
Co-Fe nanoparticles on the surface of Lag 3Sro.7Cro3Fe0.6C00.103-5 during redox cycles at 700-800 °C.
The material shows a high redox reversibility at 700 °C, bringing about a stable anode performance
with H> and CsHg as fuels.

A-site ordered double-perovskites LnBaMn,Os-+5 (Ln means lanthanides such as Pr, Nd and Sm)
and their derivatives have been widely investigated as ferromagnetic materials.?> 3* In the last few
years, they have attracted attention as fuel electrodes of SOFCs and solid oxide electrolyzer cells due
to their high oxygen ionic diffusion rate and high electronic conductivity.*** A layered structure
[LnOs]-[MnO2]-[BaO]-[MnO2]-[LnOs] along the ¢ axis is formed accompanied with the loss of lattice

oxygens during the reduction. The oxygen vacancies formed in the [LnOs] planes facilitate the

electrochemical oxidation of fuels and provide two-dimensional channels for the fast conduction of



oxygen ions.***> 44 A 300 pm-thick Lao.sSro.1GaosMgo203-5 electrolyte-supported single cell with
PrBaMn;Os:5 (PBM) as the anode obtained a Pmax of 0.57 W cm™ at 850 °C using H: as fuel. In order
to improve the catalytic activity of PBM further, late transition metals have been doped in the B sites,
and their exsolution is facilitated during the structure transformation. Nanoparticles of metallic Co
were exsolved in situ from Co-doped PBM and exhibited high catalytic activities towards
syngas/ethane oxidation and soot combustion.*® *¢ Fe, Co and Ni were incorporated into the PBM
anode, which improved the performance of the SOFCs fed with H, and C3Hs.>® Nevertheless, the
catalytic activities of doped PBM anodes for the electrochemical oxidation of CHj are still limited.**
40

LaMnOs and its derivatives have been widely used as catalysts for complete oxidation of
methane.*”* Liu et al.>* investigated La; xAxMnO3 (A=Ba, Sr, Ca) as catalysts for methane oxidation,
among which LagsBao>MnOs3; showed the highest activity. The conversion of CH4 oxidation over
Lao sBap.sMnO3 nanocubes achieved 100% at 600 °C, and maintained at 97% after running at 560 °C
for 50 h.>! Meanwhile, it has been proved that the diffusivity of oxygen in A-site cation ordered
perovskite increases with the increase of the radius of the lanthanide element.** La** is a potential
candidate for the A-site cation in double-perovskite oxidation catalysts due to its largest size in the
lanthanide ions. However, LaixBaxMnQOs-5 derived double perovskites have been rarely studied as
anodes of SOFCs by now.

In this work, LagsBaosMnix(CoFe)xO3.5 (x = 0-0.2) is studied for the first time as an anode
material for SOFCs with hydrogen and methane as fuels. The phase transition and the exsolution of
B-site elements during the reduction process are investigated, and the formation of the double-

perovskite structure is proved. Metal-oxide nanoparticles with a core-shell structure exsolve from the



double-perovskite parent, which improve the catalytic activity of the anode significantly. The anode
also shows a high stability in methane atmosphere.
2. Experimental
2.1. Preparation of Materials

LagsBagsMnOs.5 (LBM), Lao.sBag.sMno.9oFe0.05C00.0503-5 (LBMFC-1) and
Lag.sBag sMng sFeo1C00.103.5 (LBMFC-2) powders were synthesized through the pechini method.**
38 Stoichiometric La(NO3)3-6H20 (99.9%, Aladdin), Ba(NO3)2 (99.5%, Aladdin), Mn(NO3): solution
(AR, 50 wt.% in H2O, Aladdin), Co(NO3)2-:6H20 (99.99%, Aladdin) and Fe(NO3)3-9H20 (99.99%,
Aladdin) were dissolved in distilled water. Citric acid (99.5%, Aladdin) and ethylene glycol (Guangfu
fine chemical, Ltd., China) were added into the solution as complexation agents. The concentrations
of metal cations, citric acid and ethylene glycol were 0.2, 0.6 and 0.3 mol L!, respectively. The pH
of the solution was kept at about 8 with the addition of ammonium hydroxide. The aqueous solution
was kept at 85 °C under a continuous stir. The gel formed was slowly decomposed at 350 °C to form
a black precursor, and futher grounded and calcined at 950 °C for 4 h to form aonde powders. For
characterization, the powders were treated with 5% H2-95% Ar at 850 °C for 5 h, which were denoted
as D-LBM, D-LBMFC-1 and D-LBMFC-2, respectively. The synthesis procedures of Lag.4Ceo.602-5
(LDC) buffer layer and Bao.sSro.sCoo.8Fe02035 (BSCF) cathode powders have been introduced in
previous publications.!'> >
2.2. Characterization

The crystal structures of the anode powders before and after reduction were investiagted at room
temperature via X-ray diffraction (XRD) with a D8 Focus diffractometer (Bruker Corp., Cu-Ka
radiation, 40 kV and 200 mA). Thermogravimetric analysis (TGA) of fresh samples was carried out

in 5% H>-95% Ar at a heating rate of 10 °C min™' in a NETZSCH thermal analyzer (STA, 449F3).



High-resolution transmission electron microscopy (HRTEM), high-angle annular darkfield scanning
TEM (HAADF-STEM) and energy dispersive X-ray (EDX) analyses were performed using a
transmission electron microscope (JEOL JEM 2100) equipped with a Schottky cold emission gun and
an EDX analyzer. Hydrogen temperature programmed reduction (H>-TPR) was performed in an
Autochem II 2920 instrument (Micromerritics, USA) equipped with a thermal conductivity detector.
The samples were pretreated with helium at 300 °C for 2 h and subsequently cooled down to 50 °C.
Then H>-TPR was performed in 10% H>-90% Ar with a flow rate of 50 mL min™ from 50 to 800 °C
at a rate of 10 °C min™'. X-ray photoelectron spectroscopy (XPS) analysis was performed using a
Thermo ESCALAB 250Xi XPS imaging spectrometer. The XPS spectra were referenced to the C 1s
bonding energy (284.8 eV). The surface and cross-sectional morphologies of the single cells were
characterized with a scanning electron microscope (SEM, S-4800, Hitachi, Japan).

The elecrical conductivities of the samples were measured via a four-probe direct current method.
The powders of LBM, LBMFC-1 and LBMFC-2 were pressed into rectangular bars and then sintered
at 950 °C in air for 12 h. The bars were reduced in 5% H2-95% Ar at 850 °C for 5 h. Then the electrical
conductivity was measured with an electrochemical workstation (VersaSTAT 3, Ametek) in 5% H»-
95% Ar and air, respectively.
2.3. Cell Fabrication and Test

Lao.8Sr0.2GaosMgo203-5 (LSGM) electrolyte powder (Fuel cell materials Co., USA) was pressed
into pellets with a diameter of 20 mm under 200 MPa, and subsequently sintered in air at 1450 °C for
20 h. The obtained pellet was polished to achieve a thickness of 300 um. LBM, LBMFC-1, LBMFC-
2, BSCF and LDC powders were mixed with a binder (V006, Heraeus Ltd.), respectively, to form
slurries. The LDC slurry was screen-printed on the LSGM layer and sintered at 1400 °C for 2 h to

form a buffer layer.!® The anode slurry was printed on the LDC layer, and the BSCF slurry was printed



on the other side of the electrolyte layer. The geometrical areas of the anode and cathode were both
0.5 cm?. The pellet was finally calcined at 950 °C in air for 4 h. Both electrodes were coated with Ag
paste as current collectors.

Before the performance test, the anode of the cell was reduced at 850 °C in 5% H2-95% Ar for
2 h. The cells were tested with humidified H> and CH4 (with 3% H>O) as fuels and oxygen as oxidant.
All the gases were supplied at a flow rate of 100 ml min™'. The electrochemical impedance spectra
(EIS) of the cells were recorded from 1 MHz to 0.1 Hz with an amplitude of 10 mV at open circuit
voltage (OCV).
3. Results and Discussion
3.1. Powder Characterization

Pure LBM exhibits a mixed cubic and hexagonal perovskite phases (Fig. 1a). The hexagonal
phase is attributed to the formation of BaMnO3.5 (JCPDS70-3616), which is usually observed in LBM
synthesized in an oxidizing atmosphere due to the perferable high oxidation state of Mn** 4+ 3356 The
Rietveld refinement of the XRD pattern of LBM is shown in Fig. S1, and the calculated lattice

parameters are listed in Table S1. No phase transition is observed when Mn is partially substituted by

Co and Fe.
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Fig. 1. XRD patterns of various anode powders (a) before and (b) after reduction. HRTEM images
and corresponding FFT patterns of (c) fresh LBMFC-2 and (d) A-site ordered D-LBMFC-2
powders. The yellow, red and green spheres in the insets represent Ba, La, and Mn/Fe/Co atoms,

respectively.

The hexagonal phase disappears after the LBM is reduced in 5% H2-95% Ar at 850 °C for 5 h
(Fig. 1b). The Rietveld refinement of the XRD result of D-LBM (Fig. S2) confirms a tetragonal
sturcture, space group P4/mmm with a = b =3.91314 A and c = 7.80974 A (Table S1), implying an
A-site layered double-perovskite structure.’® >® The formation of the layered structure with the [LaOs-

MnO,-BaO-MnO»,-LaOs] series along the ¢ axis and the lack of oxygen specifically in the LaOs layers



are due to the general preference of the smaller La** ions, which are 12-coordinated in the unreduced
perovskite, to take eight-fold coordination accompanied with the loss of lattice oxygen.>* The main
structure of the anode is maintained after the doping of Fe and Co. The HRTEM image and the fast
Fourier transformation (FFT) analysis result of LBMFC-2 reveal a lattice space of 0.39 nm (Fig. 1c),
consistent with (0 0 1) planes of the cubic structure (space group Pm-3m) determined by the Rietveld
refinement of the XRD result (Fig. S3, Table S1). The HRTEM and FFT results of D-LBMFC-2 show
a lattice space of 0.78 nm (Fig. 1d), corresponding to the lattice constant of (0 0 1) planes (space
group P4/mmm) along the c axis (Fig. S4, Table S1). Meanwhile, (0 0 2) planes along the ¢ direction
with a lattice space of 0.39 nm are also observed in the FFT result of D-LBMFC-2, demonstrating
that D-LBMFC-2 has an A-site ordered layered perovskite sturcture.

Weak peaks corresponding to MnO phase (JCPDS75-0626) are observed in XRD pattern of D-
LBM. Similar phase transition processes and exsolution of MnO are involved in the reduction of
Pro5sBagsMnQs.s and Ndo sBagsMnO;3.5.3* 3% 37 The partial substitution of Mn by Fe alone results in
the stabilization of the perovskite structure and the suppression of the MnO segregation on the surface
during the reduction, while the partial replacement of Mn by Co leads to a more serious
decomposition of the perovskite structure (Fig. S5). The peaks of MnO in the XRD patterns of D-
LBMFC-1 and D-LBMFC-2 are much weaker than that in D-LBM, proving that the co-doping of Co
and Fe suppresses the formation of MnO during the reduction. In the XRD pattern of D-LBMFC-2,
besides the characteristic peaks of the double-perovskite structure, a peak at 44.302° is also observed
(the zoom-in plot), which corresponds to a lattice parameter of 3.537 A in the Fm-3m space group of
the exsolved metal (Table S1). Since the lattice parameters of metallic Co (JCPDS 89-4307) and Fe

(JCPDS 88-2324) in the Fm-3m space group are 3.544 and 3.430 A, respectively, the composition of



the nanoparticles exsolved is approximately Coo.0sFeo.06.”” There is no noticeable peak of Co-Fe alloy
in the XRD pattern of D-LBMFC-1 probably due to its low amount.

It is well known that the exsolution ability of Fe is highly influenced by cations at A and B sites
in the perovskite. For instance, Fe in single perovskite oxides such as LaixSrxFeOs.s is liable to be
reduced, resulting in the decomposition of the perovskite structure.’® On the other hand, Fe cannot
exsolve from double perovskites such as PrBaMn; 7Feo30s:5°¢ and PrBa(FesSco2):0s+5°° during
reduction. The density functional calculation results also reveal that the co-segregation energy of Fe-
Vo is higher than those of Co-Vy and Mn-V; in the doped PrBaMn2Os+s, which hinders the
exsolution of metallic Fe nanoparticles on the surface.>® However, the co-exsolution of CoixFex and
NiixFex alloys have been reported from a number of perovskites such as
(Lao.7Sr0.3)(Cro.g5Nio.1125F€0.0375)03x,%°  Pro.4Sro4Coo2Fe7Nbo103.5*” and Sr2FeMog.6sNio3506-5.%
Since Co is more reducible than Fe, the atom ratio of Co:Fe in the exsolved alloy 1s much higher than
that in the bulk perovskite in most cases.?” 3! ® A further increase of the substitute degree, e.g.
Lag.sBag.sMno.7Feo.15C00.1503-5s (LBMFC-3), brings about the destruction of the perovskite structure
(Fig. S6).

The TGA results reveal the phase transition and the loss of lattice oxygen processes in various
samples during the reduction (Fig. 2). In order to eliminate the interference of adsorbed water, the
TGA curves all start from 250 °C.>*3° The quick decrease of the weight between 300 and 500 °C
(Stage 1) indicates the rapid formation of oxygen vacancy accompanied with the phase change. At
the same temperature, the loss of weight increases with the increase of incorporating amount,
indicating that the doping increases the lability of oxygen in the perovskite. The following decrease
in weight at a much lower rate between 500 and 750 °C (Stage 2) corresponds to the partial removal

1'34

of lattice oxygen atoms strongly bonded with the cations in the perovskite. Sengodan et al.”* observed
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a similar weight loss process during the reduction of ProsBaosMnO; between 400-800 °C and
demonstrated the phase change and the formation of the layered perovskite structure by in situ XRD
test. Further increase of the temperature leads to a weight loss at a high rate (Stage 3), which is
attributed to the loss of oxygen atoms bonded with B site cations, resulting in the co-segregation and
exsolution of MnO and Co-Fe alloy on the surface as shown in the XRD results.’® * A slow weight
decrease followed by a quasi-stable state is observed during the prolonged reduction process at 850
°C for 5 h (Stage 4), indicating a completion of reduction and exsolution.* The weight loss increases
with the rise of the substitute degree, implying more oxygen vacancies and exsolved metallic particles.
Besides, the weight loss of Fe-doped LBM is similar to that of pure LBM and much lower than that
of Co-doped LBM (Fig. S7), further confirming the higher reduction stability of Fe than that of Co,
which is consistent with the XRD results (Fig. 1 and Fig. S5).
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Fig. 3. Images of D-LBMFC-2 powder. (a) STEM image and the corresponding EDX elemental
mappings; (b) TEM and HAADF-STEM images of exsolved nanoparticles with corresponding

EDX elemental mapping profile and (c) HRTEM image of an exsolved nanoparticle.

The STEM image with the EDX elemental mapping of D-LBMDC-2 is shown in Fig. 3a. La,
Ba, Mn, Fe and O all distribute homogeneously, while the segregation of Co is observed clearly. The
HRTEM image of the Co-enriched area in D-LBMFC-2 shows the exsolution of nanoparticles with a
core-shell structure, which are partially embedded in the parent perovskite (Fig. 3b). The HAADF-
STEM images coupled with EDX element mapping confirm the uniform distribution of Mn, Fe and
O in the parent pervoskite, while the concentration of Co near the surface of the perovskite is
negligible, indicating that most of surface Co cations are reduced and exsolved. The atom ratios of
Co:Fe:O are 0.785:0.078:0.137 in the center (Area A) and 0.455:0.030:0.515 at the edge (Area B) of
the exsolved nanoparticle, which are calculated based on the EDX elemental mapping results. The
ratio between Co and Fe is approximately 0.94:0.06, which is in accordance with the XRD result. A
more obvious core-shell sturcture of the exsolved nanoparticle is shown in Fig. 3c. The diameter of
the core is 30-40 nm, and the thickness of the shell is about 5 nm. The interplanar spacing of 0.202
nm of the core corresponds to the (1 1 1) crystal planes of Coo.94Feo.06 alloy, while the spacing of
0.284 nm of the shell is consistent with the (2 2 0) planes of Co-rich (Co, Fe)304. Therefore, the
exsolved nanoparticles should exhibit a metal-oxide core-shell structure, and the oxygen in the center
of the EDX element mapping profile can be explained by the two-dimensional feature of the TEM
result.

The core-shell structure of the exsolved Coi.xFex and Coi1xNix particles have been observed in

many research works.?”- %2 However, the formation mechanism of the oxide shell has not been well
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explained. Bulk CoO is not thermodynamically stable at 850 °C when the Po; is lower than 107'¢ atm.
Nonetheless, the reduction of CoOx nanoparticles is highly influenced by the supporter. Generally,
CoOx particles which interact strongly with the supporter are less reducible.®*%> Meanwhile, the
smaller Co particles with more surface contact with the support have a lower reducibility. Therefore,
the existence of the oxide shell in the 5% H2-95% Ar (Po2 ~ 1023-10* atm at 850 °C) is reasonable
since the exsolved nanoparticles interact strongly with the perovskite supporter. To further verify this
idea, LBMFC-2 was reduced in a less reductive 97% H»-3% H,O atmosphere (Po2 ~ 10! atm at 850
°C), and the thickness of the oxide shell increases to about 10 nm (Fig. S8). The thickness of the shell
is closely related to the partial pressure of Oz in the reducing atmosphere, confirming that it is formed
during the reduction process.

Fig. S9 shows H>-TPR profiles of LBM and LBMFC-2 powders. LBM presents a hydrogen
consumption peak at around 365 °C. With the doping of Fe and Co, the hydrogen consumption peak
shifts to a lower temperature at about 349 °C, implying a reduced metal-oxygen bond energy in the
perovskite due to the higher electronegativities of Fe (1.83) and Co (1.88) than that of Mn (1.55),%¢
which is in accordance with the TGA results (Fig. 2). The reduction temperatures of the anode
materials are much lower than those of doped and undoped ProsBaopsMnOs.5.%® The lower reduction
temperature indicates more labile oxygen, which is expected to modify the redox capacity and
facilitate the formation of oxygen vacancies. That is further proved by the O 1s XPS results (Fig. S10
and Table S2). With the increase of Fe and Co in the reduced samples, the content of lattice oxygen
decreases, while that of adsorbed oxygen species rises. The surface oxygen species are mainly
adsorbed on the oxygen vacancies and would be desorbed easily at an elevated temperature.®’> 8

Therefore, a high content of adsorbed oxygen species reflects a large number of oxygen vacancies,
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which brings about a high oxygen ionic conductivity and thus accelerates the electrochemical
oxidation of the fuels.
3.2. Electrical Conductivity

The conductivities of D-LBM sintered at 950 °C are 5.70 and 0.88 S cm™ at 850 °C in air and
5% H2-95% A, respectively (Fig. S11). With the increase of the doping content of Co and Fe, the
conductivity of the sample reduces slightly. It is well known that the oxidation of Mn** to Mn*" is the
main origin of the electronic conductivity of manganate perovskites.” The content of Mn*" in the
reduced samples decreases with the increase of Co and Fe (Fig. S12 and Table S3), resulting in a
decline of the conductivity. The exsolved Coo.94Feo.06 nanoparticles do not contribute much to the
conductivity owing to their low content and high dispersion (Fig. 3a), thus not forming a continuous
conductive network.
3.3. SOFC Performance

Fig. S13 shows the surface and cross-sectional microstructures of a single cell with the LBMFC-
2 anode. The anode layer possesses a porous structure, which provides sufficient channels and surface
for the diffusion and adsorption of fuels.”’ A good connection between the porous anode layer, the
porous LDC interlayer and the dense LSGM electrolyte layer is formed, which would result in a low
interfacial resistance. The thicknesses of the LBMFC-2 and LDC layers are 35-36 and 10-11 pm,
respectively.

Fig. 4a exhibits I-V and I-P characteristics of the single cells with various anodes fed with wet
Hz (~3% H20) at 850 °C. The OCVs of the cells are around 1.0-1.1 V. The Pmax of 962, 1241 and
1479 mW cm™ are achieved by the cells with D-LBM, D-LBMFC-1 and D-LBMFC-2 as the anodes,
respectively. The high Pmax of the cell with D-LBMFC-2 anode is attributed to the high catalytic

activity of the anode with more active sites of nanoparticles exsolved on its surface. Meanwhile, more
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oxygen vacancies and labile oxygen in the perovskite brought by the doping of Co and Fe is another
reason for the improved catalytic activity of the anode, which is demonstrated by the XPS and H»-
TPR results. However, the cell with D-LBMFC-3 anode shows a Pmax of 1272 mW cm (Fig. S14),
lower than that of the cell with D-LBMFC-2 anode due to the the decomposition of the anode (Fig.
S6). The Pmax of the cell increases with the increase of the operating temperature. The cell with the
D-LBMFC-2 anode exhibits Pmax of 210, 383, 653, 970 and 1479 mW cm™? with wet H; as fuel at
650, 700, 750, 800 and 850 °C, respectively (Fig. 4b). The performances of the cells in this work are
among the best in those of the cells with a perovskite anode and a similar congfiguration using H> as

fuel (Fig. 4c and Table S4).
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Fig. 4. I-V and I-P curves of (a) single cells with different anodes at 850 °C and (b) single cell with
D-LBMFC-2 anode at various temperatures with wet H» as fuel; (c) Comparison of the Pmax of
single cells with various high-performance anodes at 850 °C.2 3% 38.59.68. 71-74 A] of the anode

layers in (c) were screen-printed on the electrolyte layers. The thicknesses of the anode layers were

generally 30-40 pm, which were sintered at 950-1050 °C.

When the fuel is switched to wet CH4 (~3% H20), the OCVs of the cells decrease to 0.85-0.95
V at 850 °C (Fig. 5a) because the electrooxidation of CHs4 is much more difficult than that of H».”
The Pmax of the cells with D-LBM, D-LBMFC-1 and D-LBMFC-2 as anodes at 850 °C are 226, 389
and 503 mW cm™, respectively. Fig. 5b provides EIS of various cells at 850 °C. The intercepts of the
semicircles at high frequency regions on the real axis are usually associated with the ohmic resistances
and the arcs are attributed to the polarization of the electrodes. The ohmic resistances of all the cells
are almost the same since the electric conductivities of the anodes are similar (Fig. S11), while as for
polarization resistances, an order of D-LBM > D-LBMFC-1 > D-LBMFC-2 is observed, indicating
an improvement of the catalytic activity of the anode towards the electrochemical oxidation of CHa.
With a further increase of the substite degree of the anode, the Pmax of the cell with D-LBMFC-3

anode decreases to 287 mW cm™ (Fig. S14).
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Fig. 5. (a) I-V and I-P curves and (b) electrochemical impedance spectra of single cells with various

anodes at 850 °C with wet CHy as the fuel.

3.4. Effects of different components of anode
3.4.1. Double-perovskite bulk phase

The cell with D-LBMFC-2 anode exhibits the highest performance in 750-850 °C with both H»
and CHj fuels (Fig. S15). In order to investigate the effects of each component on the performance
of the anode, comparative tests are performed subsequently. Since nearly all of the Fe remains in the
parent perovskite while most of the surface Co exsolves (Fig. 3b and Fig. S8), Lag.sBao.sMno.oFeo.10s-
s (LBMF-1) and LaopsBaosMnosgFeo203.5 (LBMF-2) were synthesized as anode materials for
comparison. The SEM results confirm that no obvious nanoparticle is exsolved on the surface of D-
LBMF-2 after reduction (Fig. S16). As shown in Fig. 6, the Pmax of the cell with D-LBMF-1 anode
reaches 1096 and 277 mW cm™ at 850 °C with wet H, and wet CHs as the fuels, respectively, which
are higher than those of the cell with D-LBM anode. As mentioned above, the doping of Fe brings
about more oxygen vacancies and labile oxygen in the perovskite, resulting in a higher catalytic
activity. The Pmax is further improved when D-LBMF-2 is used as the anode. It should be mentioned

that D-LBMF-1 is not exactly the same as the bulk perovskite of D-LBMFC-2 since Co in the latter
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is not entirely exsolved during the reduction. Nonetheless, the results prove that Fe in D-LBM

facilitates the electrochemical oxidation of H, and CHa.
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Fig. 6. I-V and I-P curves of single cells with various amounts of Fe in anodes at 850 °C fed with

(a) wet H> and (b) wet CHa.

3.4.2. Metal-oxide core-shell nanoparticles

To study the effect of the exsolved metal-oxide core-shell nanoparticles on the performance of
the D-LBMFC-2 anode, equivalent Co (about 2.4 wt%) is added into LBMF-1 through infiltration to
form D-LBMF-1/Co for comparison. The infiltration process is introduced in the supporting
information (Fig. S17). Unlike the in situ exsolved nanoparticles with a core-shell structure, no oxide
shell is observed after reduction on the infiltrated particles which adhere to the perovskite more
smoothly compared with the exsolved nanoparticles (Fig. S18). It further proves that the oxide shell
on the exsolved nanoparticle is formed during reduction, not re-oxidation when exposed to air at room
temperature before characterization. As mentioned above, the exsolved nanoparticles partially
embedded in the perovskite shows a stronger metal-support interaction than the infiltrated
nanoparticles. Therefore, the infiltrated nanoparticles are more reducible. Meanwhile, it is very

interesting that Coi.xFex alloy is formed on the surface of the perovskite (Fig. S18) though only Co is
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added through infiltration, indicating the exsolution of Fe during the reduction. In contrast, no Fe is
exsolved from D-LBMF-2 without the infiltration of Co (Fig. S16), implying that Co facilitates the

exsolution of Fe which is worth further study.
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Fig. 7. I-V and I-P curves of single cells with various anodes fed with (a) wet Hz and (b) wet CHa;
(c) Chronopotentiometry results of single cells with D-LBMFC-2 and D-LBMF-1/Co anodes fed

with wet CHy at 850 °C; (d) TGA curves of various anodes after carbon deposition in wet CHa.

Compared to the cell with D-LBMF-1 anode, the cell with the infiltrated anode exhibits high
performances with both H> and CHg4 fuels attributed to the additional catalytic function of metallic
nanoparticles (Fig. 7). Nonetheless, though the amount of the metal catalyst added through infiltration

should be higher than that on the surface of D-LBMFC-2 because of the incomplete exsolution in the
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latter anode, the catalytic activity of the infiltrated anode is lower than that of the anode containing
exsolved nanoparticles, which is partially due to the sintering of the infiltrated particles at the
operating temperature.’® 7 Meanwhile, it has been reported that Co-CoOx core-shell nanoparticles
are an excellent catalyst for hydrocarbon oxidation.”” 8

The cell with D-LBMFC-2 anode is tested with wet CHy as the fuel at 850 °C under an output
current density of 100 mA cm™ for 200 h without obvious degradation (Fig. 7c). Compared with other
excellent perovskite anode materials reported previously, D-LBMFC-2 shows a first-rate activity and
a superior stability with CHgy as the fuel (Table 1). No carbon is observed on the surface of the anode
after the test (Fig. S19). In contrast, the performance of the cell with D-LBMFC-1/Co anode drops
quickly during the first 60 h, which is mainly due to carbon deposition on the infiltrated anode. In
order to study the coking resistance of the anodes, the powders were treated in wet CHg at 850 °C for
5 h, and then the amount of carbon deposited were measured through TGA in air. As shown in Fig.
7d, the weight loss of D-LBMFC-2 and D-LBMF-1/Co above 400 °C could be attributed to the
oxidation of carbon. D-LBMF-1 shows the highest resistance to carbon deposition. The weight loss
of D-LBMFC-2 and D-LBMF-1/Co are about 0.8 wt.% and 1.5 wt.%, respectively. Fig. 8 shows the
morphology of D-LBMFC-2 and D-LBMF-1/Co powders after carbon deposition. No obvious carbon
deposit is observed on the exsolved core-shell particles in D-LBMFC-2 (Fig. 8 a, b). On the contrary,
the infiltrated nanoparticle in D-LBMF-1/Co is covered by a carbon layer with an average thinkness
of about 10 nm (Fig. 8 c, d). The carbon shows a well-ordered structure, indicating a high degree of
crystallinity which is difficult to be removed by oxidation. Though Co shows a high catalytic activity
for carbon deposition,® the oxide shell covering the exsolved nanoparticles improves the resistance to

coking of the anode.”® 7 Meanwhile, the exsolved nanoparticles are partially embedded in the parent

perovskite (Fig. 3¢). The strong metal-support interaction provides a promising thermal stability and
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a high resistance to carbon deposition of the anode.?* 368982 On the contrary, the infiltrated Co1xFex
nanoparticles with a weaker interaction with the perovskite trend to agglomerate at a high temperature,
which might be another reason for the rapid performance degradation of the single cell.

Table 1. Pmax and stability of single cells with high-performance perovskite anodes fed with CHa.

Electrolyte P
Anode Electrolyte Thickness CC) (W em?) Test period Ref
(um)
Sr:-MgMoOe.s LSGM-1% 300 800 0.44 50 cycles 15,83
Sr2CoMoOg LSGM-1 300 800  0.527 50 cycles 84
Sr2FeMoQOs s LSGM-1 300 850 0.6 20 cycles 7
Pro.sSt1.2(Co,Fe)o.sNbo204+5 LSGM-1 300 850 0.6 ~150h (800 °C) 28
SryFeNby 2Mo0¢.806-5 LSGM-2» 200 800 0.38 200 h (700 °C) 85
SraFeMog.65Nig 3506-5 LSGM-3° 300 850 0.5 24 1 (750 °C) 25
Lao 5Sro.5Fe0.oMo00.103-5 LSGM-2 280 850  0.769 100 cycles (700 °C) 7
(PrBa)o.os(Feo.9Mo0o.1)205+5 LSGM-2 200 800 0.54 420 h (750 °C) 86
PrBaMn,Os:5 with PBM LSGM-2 300 850 0.25 - 34
PrBaMn,Os+5 with 15 wt% LSGM-2 300 850 0.57 -
Co-Fe
PrBaMn; sMo09 20515 YSZ9 100 850 0.6 - 38
PrBaMn; sFesOs+5 LSGM-1 520 850 0.34 ~100 h (750 °C) 40
SroFeMo,3Mgi306 LSGM-3 300 900 0.12 ~100 h (850 °C) o8
Lao.sBao.sMno.sFeo.1C00.103-5 LSGM-3 300 850 0.5% 200 h This work

YLSGM-1: Lao.sSr0.2Gao.s3Mgo.1702.815;
®LSGM-2: Lao.9Sr0.1Gao.sMgo203.s;
9LSGM-3: Lag.gSro.2GaosMgo203.s;
9YSZ: yttria-stabilized zirconia.

* With pure oxygen as the cathode gas
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Fig. 8. TEM images of different anode powders after carbon deposition in wet CHs. (a) D-LBMFC-

2; (b) partially magnified image of (a); (c) D-LBMF-1/Co and (d) partially magnified image of (c).

4. Conclusion

In this work, a simple in situ strategy is developed toward efficient, stable and nonprecious metal
containing composite electrocatalysts for SOFCs. Co and Fe are co-doped into the B sites of
LaosBaosMnOs.s perovskite which exhibits a cubic-hexagonal mixed structure. An A-site ordered
double-perovskite main structure is formed after reduction. During the reduction, Co and Fe exsolve
from the bulk phase, and metal-oxide core-shell nanoparticles with an average size of about 50 nm

are formed on the surface of the perovskite. The nanoparticles distributed homogeneously on the
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surface enhance the catalytic activity of the anode significantly. Meanwhile, the incorporation of Co
and Fe introduces more oxygen vacancies into the perovskite, which also accelerates the anodic
kenitics. The Pmax of the single cell with D-LBMFC-2 anode and 300 um-thick LSGM electrolyte
reaches 210, 383, 653, 970 and 1479 mW cm with wet H; as the fuel at 650, 700, 750, 800 and 850
°C, respectively, outperforming the single cells with similar configurations. The same cell fed with
wet methane exhibits a Pmax of 503 mW cm? at 850 °C. Furthermore, the nanoparticles covered by
an oxide shell and anchoring firmly on the perovskite exhibit a high stability. The cell displays a

stable power output at 850 °C for 200 h with wet methane as the fuel.
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