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Abstract

Employment of identical oxides for the cathode and anode in a symmetrical solid oxide fuel
cell (SSOFC) is beneficial for decreasing the fabrication costs of a robust cell. Ce doping on the A-site
in SrFeOs increased the structural stability in a reducing atmosphere, but ceria was found to exsolve
from the perovskite during the cooling process in the air if the doping level reached 20 at. %. The
additional doping of 5 at. % Ru in SrosCeo.2FeOs on the Fe site could prevent the ceria segregation in
air and induce the surface decomposition under fuel conditions for the formation of nanoscale SrO,
Ce0; and Ru® The SSOFC with Ce/Ru co-doped SrFeOs on a Sr- and Mg-doped LaGaOs; (LSGM)
electrolyte showed a small Ry value (0.12 Q cm?) when H; and the ambient air were used as fuel and
oxidant, respectively. The peak power densities of 846 mW cm2 and 310 mW cm2 were achieved at
800 °C using H, and CsHs as fuel, respectively. The excellent coke resistance of the anode could be

related to the simultaneous in situ exsolution of CeO,, SrO and Ru® nanoparticles.
Introduction

Solid oxide fuel cells (SOFCs) have been considered as one of the most promising energy-
generation devices for direct conversion of the chemical energy in fuel into electricityl 2.
Conventional SOFCs employed different materials for the anode and cathode to accommodate their
distinct working environment and electrochemical roles 3. However, the recent advances in SOFCs
showed that some oxides could be used simultaneously as both cathodes and anodes to obtain
symmetrical solid oxide fuel cells (SSOFCs) #>. SSOFCs have attracted a lot of interest because they
notably simplified the device assembly as it is processed in just one thermal step to reduce costs °.
In the meantime, the exploration of oxide anodes that suppress the coking as in conventional Ni(O)-
based anode under the commonly available carbonaceous fuels would reduce the cost of the
overhaul in the current infrastructure for H, transport and thus accelerate the commercialization of

the fuel cell technology 7.

Perovskite-type oxides with the nominal formula ABO3 (A = large cations such as rare-earth or
alkaline-earth elements, B = smaller cations of transition elements) 1> ! are popular choices of

electrode materials for SSOFC due to their special framework of <BOs> octahedra and the structural



stability under reducing or oxidizing atmosphere. Besides the pioneering work on
Lao.755r0.25Cro.sMno.sO3 (LSCM) 12 or other manganite 13, ferrite perovskites has been investigated as

the oxide electrodes of SSOFCs in more recent work & 14,

While the doping of reducible elements for the metal exsolution during the reduction period
has been proven to be beneficial for the electrochemical activity and resistance towards coking in
stable perovskite oxides, such as titanates and chromites 1 1>1°, as for the ferrites perovskite, the
doping of different redox stable cations such as Ti*, Nb>*, Zr**, Mo®* and W®* on the B site has been
used to increase the stability of perovskite under fuel conditions % 2% 21, The simultaneous doping of
redox-stable and reducible cations on the B site of perovskite has been used to engineer the
controllable exsolution of metal particles while maintaining the phase stability in a reducing

atmosphere 2.

Besides the exsolution or infiltration of metal particles, the incorporation of Ce or alkaline-
earth elements on the surface of an electrode could also be crucial in improving the electrocatalysis
for the oxidation of carbon-related species 2> 24, Fluorite-type ceria as an important catalyst for water
gas shift reaction has been infiltrated into the oxide anode to improve the ionic conduction and
conversion of carbonaceous fuel 2> 28, because it displays the catalytic activity for the combustion of
carbon %728 and its composite with metal was found to be more effective in decreasing carbon
deposition than metal alone 2°. Although Ce doping on the A site 3 has been demonstrated to
increase the stability and performance of SmFeOs 3% 32, the report on the in situ exsolution of ceria
nanoparticles from A site of the perovskite electrode for an SOFC has not been reported. Unlike the
exsolution of B-site metals where the nucleation of metals are the driving force 33, the reduction of
Ce** to Ce®* increases the ionic radius, ri, for better residence on the A-site and stability of the
perovskite3*, so the exsolution of ceria from a perovskite under a reducing condition could be very
difficult. Apart from ceria, the addition of BaO to the Ni/YSZ surface has been demonstrated to
increase the performance and stability under a CsHs fuel as the BaO absorbs water to react with C

on Ni° to produce CO and H species 23.

In this study, we present a novel doping strategy for SrFeOs by replacing partially the Sr?* on

the A site with Ce** and the Fe** on the B site with Ru** to increase the structural stability under fuel
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conditions and the ambient air, respectively. The doping strategy increased the electronic
conductivity under 5% H-Ar and the catalysis for H, oxidation. A Hy-fueled SSOFC based on
Ceo0.2Sro.8Fe0.95RU0.0s03-5 and a Lao.sSro.2Gao.sMgo.203-5 (LSGM) electrolyte of 0.32 mm in thickness
showed a small polarization resistance, Rp, around 0.12 Q cm?. The peak power densities were
around 846 mW cm and 310 mW cm™ at 800 °C under pure H; and propane as fuel, respectively.
The simultaneous in situ exsolution of ceria, Ru® and SrO increased the coke resistance under a C3Hg
fuel comparing with the one with ceria only. In the meantime, no clear carbon deposition was found
after the operation under propane for 10 hours. This work provides significant insights into the
design of superficial metal/oxide exsolution at an intermediate temperature on a stable perovskite-

type ferrite anode.
Experimental section
Materials synthesis

CexSri1xFe0s, Ce\SrixFeossRuposOs (x=0, 0.15, 0.20) powders were synthesized by the
combustion method. CexSrixFeOs is noted as SF, Ce15SF and Ce20SF when x=0, 0.15 and 0.20,
respectively, and those with an additional 5 at. % Ru on Fe site are noted with an “R” as a suffix.
Stoichiometric amounts of Ce(NOs3)3-9H,0 (99.9% Macklin, China), SrCOs (99.9% Macklin, China),
Fe(NOs3)3-9H,0 (99.9% Aladdin, China) and (N20s);Ru (99.9% in solution, UIVChem, China) were
dissolved in the deionized water for the perovskite compositions of SF, Ce15SF, Ce20SF and Ce20SFR.
Citric acid (1:1 in a molar ratio to the total metal cations) was added to the above solution as a
complexing agent. The solution was heated and stirred continuously until forming a viscous gel
which was then calcined at 600 °C for 5 hours. The resulting powder was calcined subsequently at

1250 °C for 5 hours in air to yield the final perovskites.

Lao.8Sro.2Gao.sMgo.203-5 (LSGM) powder for the electrolyte was prepared by the solid-state
reaction method. Firstly, stoichiometric amounts of La;03 (99.9% Macklin, China), SrCOs3 (99.9%
Macklin, China), MgO (99.9% Macklin, China), Ga;03 (99.9% Macklin, China) were ball milled in
ethanol for 0.5 hour and the admixture was calcined subsequently at 800 °C for 5 hours in air. The

pre-calcined powder was ball milled for another 0.5 hour and then pressed into a pellet under a



pressure of 10 MPa. Dense LSGM electrolyte pellets were prepared by a calcination at 1480 °C for 5

hours. The LSGM pellets were polished to around 320 um in thickness using sandpapers.
Characterization

X-ray diffraction (XRD) patterns of the prepared samples were acquired using a laboratory
diffractometer (Ka1=1.5406 A, Persee XD-3, China) in the 20 range from 10° to 100° at a step size of
0.02°. Powdered SF, Ce15SF, Ce20SF and Ce20SFR were reduced for 5 hours in Ar-5% H» at 800 °C
followed by postmortem XRD analysis to study phase stability. Thermogravimetric (TG) analysis data
in Ar-5% H, were recorded on TG209 F3 tarsus (NETZSCH, Germany): Samples were initially heated
up to 800 °C (5 °C minute) then kept at this temperature for 5 hours. For conductivity measurement,
pellets were cut into a rectangular bar of 5 mm x 3 mm x 15 mm and four Ag wires were attached
as probes. The conductivity was measured using a high-accuracy multimeter (Keithley 2100, USA)
using a standard DC four-probe method in flowing air and Ar-5% H,. A P(Oz) sensor based on a
zirconia tube was used to determine the oxygen partial pressure near the sample. To obtain further
insights on the relationship of conductivity at various oxygen partial pressure. First, samples were
initially held the temperature at 800 °C under Ar for 20 minutes for removing any traces of oxygen
and then they were kept at this temperature for 5 hours under Ar-5% H,. X-ray photoelectron
spectroscopy (XPS) was obtained on a Thermo ESCALAB 250Xi spectrophotometer using 150W Al K«
radiation. Scanning electron microscopy (SEM) and high angle annular dark field scanning
transmission electron microscope (HAADF-STEM) for Ce20SF and Ce20SFR powders or transmitting
electron microscopy (TEM) for Ce20SFR electrode were performed on a Thermo Scientific Scios Dual

Beam system.
Cell fabrication and fuel cell testing

To fabricate symmetric cells for fuel cell testing, the hand-ground Ce20SF and Ce20SFR
powders were ground in a zirconia jar with beads (2 mm in diameter) at a high speed of 600
revolutions per minute (rpm) for 1 hour. Dsg of the ground powders was around 2 um from particle
size analysis (Microtrac S3500, USA). They were then mixed with an equal weight of vehicle

containing polyvinyl butyral in terpineol to obtain a viscous slurry. The obtained slurry was painted



on both sides of an LSGM electrolyte pellets to make the symmetric cells after a sintering at 1100 °C
for 2 hours in ambient air. Ag paste containing 20 wt. % starch powder was applied on both sides of
the cell for the current collection. Noble metals, such as Ag and Pt, could pose influence on the
performance on the electrode®®, but Ag paste was chosen because it less active in catalyzing the
activation of C-H bonds in hydrocarbon than Pt or the oxidation of H, on oxide anode3°. Button cells
were then mounted on top of the Al,O3 tube using a ceramic bond and the tube furnace was used
to heat the cell assembly to the desired temperature for fuel cell measurements. Hydrogen and
propane were fed into the anode side at a low rate of 20 ml minute™ while the cathode was exposed
to the static ambient air. A prior reduction in humidified H; for more than 10 hours was placed before
the electrochemical measurements to achieve the equilibration of silver paste and exsolution of

metal/oxide particles.

The electrochemical measurements, including current-voltage (I-V) and current-power (I-P),
and the electrochemical impedance spectroscopy (EIS) were carried out on a Zennium Pro
electrochemical workstation at 700-800 °C. The sine wave for EIS measurement was in an amplitude

of 10 mV from 1 MHz to 0.1 Hz. The EIS data were fitted via the Zman software.
Density functional theory calculations

DFT calculations were performed by using the QUANTUM ESPRESSO package. Electron-ion
interactions were modeled by the use of the projector augmented wave (PAW) method. Electron
exchange and correlation effects were represented by the Perdew-Burke-Ernzerhof form (PBE) with
the van de Waals correction. Spin polarization was taken into consideration throughout all the
calculations. Kohn-Sham orbitals were expanded in a plane wave basis set with a cutoff energy of 49
Ry and 599 Ry for the charge density cutoff. The Brillouin zone integration was performed by the
Gaussian special point technique, with a smearing parameter of 0.02 Ry and k-point meshes of 4 x 4

x 1.

The bulk SrFeOs was represented by a cubic unit cell (11.56 A x 11.56 A x 11.56 A) which
contains 135 atoms in a (3 x 3 x 3) supercell. The periodic boundary conditions were applied to the

model structure in geometry optimization. The Ce doped SrFeOs materials were modeled by



replacing one Sr atom with one Ce atom at the center of the unit cell of CeSrgFes0,7, because the Ce
doping at the inner site gives a total energy of 0.89 eV lower than the one with Ce doping at the
surface, confirming the stability of the doped Ce atoms in the inner sites. The Ce doped SrFeOs (100)
was modelled by tetrahedral unit cell (11.56 A x 11.56 A x 37.39 A) with a sufficient vacuum
thickness. A propane molecule was placed on the Ce doped SrFeOs (100) to simulate the propane
adsorption. In addition to different molecular orientations, all high-symmetry sites were considered
to obtain a global stable structure. To conduct a comparative investigation, the propane molecule
on Ce0; (100), SrO (100), and Ru (001) was also calculated. The CeO; (100), SrO (100), and Ru (001)
surfaces were modelled by unit cells of (10.82 A x 10.82 A x 29.2 A), (10.2 A x 10.2 A x 27.56 A), and
(8.11 A x 9.37 A x 24.4 A) respectively. Structure optimizations of the propane adsorption were
performed with the upper several layers were fully relaxed until the Hellmann-Feynman forces were
lower than 0.001 Ry/a.u. A calculation was considered converged when the energy change per atom
was less than 107° Ry and the mean displacement less than 0.001 A. The convergence threshold for
SCF calculations was set to 10 Ry. The force convergence threshold for geometry optimizations was

setto 0.02 eV A,

The charge density differences (CDD) of the global minimum structure of propane adsorbed on
Ce doped SrFeOs (100) were represented in three cutting planes by subtracting the densities of the
bare slab and the CsHg molecule from the adsorbed slab: Sn()= Nads(r)—Nbare(r)—Nmoi(r). Likewise, the
CDD plots of Ce doped bulk SrFeOs; were also obtained in two cutting planes by subtracting the
densities of the bulk SrFeO3 without the Ce atom from those with Ce doped SrFeO3: dn(r) = Nbuik(r)—Nde-

bulk(r)—nce(r).
Result and discussions

Doping of Ce*" in ferrite perovskite oxide could be a viable way to enhance redox properties
and catalytic properties for steam reforming, likely via the Ce**/Ce3* redox couple 37. XRDs of SF,
Cel15SF and Ce20SFR (Figure 1(a)) showed that the monophasic perovskite could be obtained in the
ambient air while a low-intensity peak in Ce20SF was shown at about 28.5° for CeO;. Deganello et
al. also found that Ce15SF is a single phase while Sro 75Ceo.2sFeOs; showed a CeO; segregation 3*. The

synthesis of monophasic CeFeOs required a low-temperature calcination in a reducing atmosphere
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and the valence state was found to be Ce3* and Fe3* rather than Ce*" and Fe?*,38 so the incorporation
of large amount of Ce* in the perovskite would destabilize the perovskite structure. The CeO; in
Ce20SF was found to arise from the cooling process in air as the quenched Ce20SF (Ce20SF-Q)

showed a monophasic perovskite from XRD (Figure 1(b)).
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Figure 1. (a) XRD patterns of SF, Ce15SF, Ce20SF and Ce20SFR in air. (b) XRD of Ce20SF under

normal cooling and quenching (Ce20SF-Q). (c) Structure and CDD of Ce doped bulk SrFeO3 where Ce
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lies in the body center. Sr, Fe and O atoms are in blue, gray and red, respectively, in the crystal
structure. CDD in the cutting plane “A” and “B” was presented in the structure of (c), respectively.
(d) XRD patterns of SF, Ce15SF, Ce20SF and Ce20SFR after reduction in Ar-5% H, at 800 °C (SF-R,
Ce15SF-R, Ce20SF-R and Ce20SFR-R). The peak for Ru®, CeO, and SrCOs in the reduced Ce20SFR is

highlighted in (e) using the logarithmic counts of intensity.

The formation of an oxide-ion vacancy can induce a lattice contraction primarily due to
electrostatic interactions, but it can also cause lattice expansion mainly as a result of the collateral
steric change in the cation radius.3® The orthorhombic unit cell of SF calcined at 1250 °C
(pseudocubic volume 58.48 A3, Table 1) was larger than the cubic one calcined at 900 °C (SF-900,
57.31 A3, see Figure S1 for XRDs), which could be related to the reduction of Fe** to Fe3* as a result
of oxygen deficiency since the loss of oxygen generally causes the expansion of unit cell of SF (Figure
S2). The larger unit-cell parameter of Ce15SF than SF could be related to the increase in Fe3*/Fe*
ratio in the former since the ionic radii of Ce*" is much smaller than that of Sr?*. Moreover, the
pseudocubic cell volume of the single perovskite Ce20SF-Q (59.00 A3) showed much larger than
Cel5SF (58.88 A3) or Ce20SF (58.86A3), which is in an indication of even higher oxygen non-
stoichiometry. Previous doping of Ce** in SrFeOs also induced the increase of the lattice parameter
if Ce content is less than 15 at. % #°. A similar expansion in unit cell was observed in the Ce doping
in SrMnOs, where the release of oxygen was stipulated to be the explanation 1. The shrinkage of
unit cells at ceria level higher than 15 at. % could be related to the exsolution of ceria causing the A-

site deficiency or the increase of the smaller Ce** cation.

Table 1. Unit cell parameters of the samples in air.

a b c Volume Volume/4
Sample i . . Crystal lattice . i
(A) (A) (A) (A%) (A%)
SF-900°  3.8554(2) Cubic 57.31(1) -
SF 5.4762(3) 5.4948 (4) 7.7731(4) Orthorhombic  233.90(3) 58.48




Cel5SF 5.4869(1) 5.5091(1) 7.7911(2)  Orthorhombic  235.51(1) 58.88

Ce20SF  5.4856(2) 5.5094(2) 7.7904(4) Orthorhombic  235.45(1) 58.86

Ce20SFR  5.4689(1) 5.4921(2) 7.7692(2) Orthorhombic  233.36(1) 58.34

Ce20SF-Q  5.4932(1) 5.5118(1) 7.7948(2) Orthorhombic  236.01(1) 59.00

a: SF-900 indicates SF calcined at 900 °C, while the rest calcined at 1250 °C.

Because LaFeOs and SrFeOs are intermiscible and the r; of Ce3* (1.34 pm) and La3* (1.36 pm)
are similar, the low dissolution limit (15 at. %) of Ce** (1.14 pm) on the Sr?* site could be related to
the local charge imbalance and smaller size of Ce** causing the local strain or under-bonding in the
lattice. The Ce doping in SrFeOs gives rise to (Figure 1(c)) significant electronic rearrangement around
the Ce atom to which the oxygen atoms in the nearest neighbors are suffered from more pronounced
density enhancement which is actually carried by the interactions of the eg orbitals with the O 2p
orbitals. By contrast, the tg orbitals exhibit apparent density depletion, indicating the onset of strong
Pauli repulsion exerted by the Sr atoms in the next neighbors. It is a bit surprising that the Fe atoms
show obvious density depletion in one of eg orbitals but accumulation in two t; orbitals as a result
of the electronic alignment in the Fe-O-Fe chains. The shorter Ce-O bond (2.5472 A) than Sr-O bond
(2.5778 A) in the optimized crystal structure of Ce-doped SF indicated that Ce** could be stable under
a coordination lower than 12 as Sr?* in SrFeOs, which is in accord with the single perovskite phase of
the quenched sample (Ce20SF-Q) where the coordination number is reduced by the losing of oxygen.
The exsolution of ceria in Ce20SF could be related to the production of Ce** and the re-absorption
of oxygen that increases the Ce** coordination during the cooling: i.e. the incorporation of smaller
Ce** cation on the A site (causing a decrease in tolerance factor) together with the increase in the

coordination number of Ce** at low temperature will induce extra strain on the perovskite structure.

The effect of Ce** substitution for the Sr?* on the stability under reducing conditions (Figure 1
(d)) was examined using XRD after reduction in Ar-5% H> at 800 °C for 5 hours. While SF was found

to be unstable and partially transformed to brownmillerite, Ce15SF maintained its perovskite phase.
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The relative intensity of CeO; peak to the main peak of perovskite for Ce20SF-R (Figure 1(d)), 4.27%,
decreased slightly from that for Ce20SF, 7.47%, indicating the reduction is beneficial for the
incorporation of Ce3*/4* into the perovskite lattice. The Ce20SFR also maintained the main perovskite
phase but showed minor peaks for CeO,, SrCOs and Ru in Figurel (e). The morphology (Figure S3)
before and after reduction in Ar-5% H; indicates that isles on the scale of 200 nm were presented on
the surface of Ce20SFR after reduction. According to the XRD analysis, these large isles could be

related to the bulky SrCOs, Ru® and ceria.

The variation of oxygen non-stoichiometry and oxidation state of iron were determined from
the mass losses under the Ar-5% H; (Figure 2) indicates that the sample lose weight in the range
from 1.78% to 3.07% during the heating to 800 °C and the following isothermal period. Ceria doping
in the perovskite (Ce15SF and Ce20SF) lowers the weight loss than SF, while the Ru doping in Ce15SF

and Ce20SF increases weight loss than the undoped counterparts as a result of production of Ru®.
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Figure 2. Thermogravimetric analysis of SF, Ce15SF, Ce20SF and Ce20SFR under Ar-5% H>

atmosphere. The red lines are for the mass change while the green ones are the dTG during the
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heating.

If one assumes that the oxygen stoichiometry in the perovskite does not change during the
Ce** doping on Sr?* site, CeO, doping on the Sr site accompanied by the reduction of Fe cation. The

defect chemistry in Kroger—Vink notation could be:
CeO; + 2 FereX + Srs* = SrO + Ces,**+ 1/2 O+ 2 Fere (1)

During the reduction period, oxygen will be released from the lattice to react with hydrogen

followed by the creation of oxide-ion vacancies:
Fere* + Ox*=1/2 Oz + Fepe +1/2 Vo' (2)

According to Equation 1 and 2, the donor doping of Ce** on Sr?* site will decrease the valence
state of Fe in the oxygenated sample, so it would be reasonable to obtain less weight loss during the
reduction process. The reduction could also cause the reduction of Ce** to Ce3* for more weight loss,
but the effect could be minor as the oxygen non-stoichiometry of CeO,could be 0.01 in a reducing

atmosphere at 800 °C.*?

The weight loss for SF started from 350 °C and the corresponding derivative of TG (dTG) peaked
at 650 °C, but the dTG peak for Cel5SF and Ce20SF is located at 480 and 500 °C, respectively,
indicating that Ce-doping decreased the reduction temperature. CeO,-doping in LaFeOs lowered the
weight loss temperature under H,, which is attributed to <FeOg> octahedra distortion %3. Similarly,
the distortion of <FeOe¢> in Ce doped SrFeOs implied from the bond length variation in DFT

calculation could also be the reason for the lower dTG peak.

The simultaneous Ce*" and Ru** doping in Ce20SFR or Ce15SFR showed a dTG peak at 320 °C
apart from the one at 537 °C. The comparison between samples with and without Ru doping
indicates that the weight loss at 320 °C could be related to the reduction of Ru** cation to Ru3*.#* On
the other hand, Ru** doping increased the isothermal weight loss at 800 °C and this could be related
to the exsolution of Ru® or ceria as the cation ordering and reorganization are slow diffusion-limiting

weight-loss process.
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The electronic conductivities, o, of SF, Ce15SF, Ce15SFR, Ce20SF and Ce20SFR was recorded
during the cooling process after the 5 hours’ reduction in Ar-5% H; (Figure 3(a)). The ¢ of Ce20SFR
(0.94 S cm™), close to that of Ce20SF (0.78 S cm™) was higher than Ce15SF and SF (0.23 S cm™) at
800 °C under a P(02) of 10''° atm. The reported & of SF in Ar-5% H, at 800 °C varied in the range from
0.03 t0 1.58 Scm™ >4 46 depending on the oxygen partial pressure. Doping on the B site in SF with
high valence transition metals such as Mo®* and Zr* may stabilize the cubic polymorph and increase
conductivity in a reducing atmosphere 2%, and we found that doping in Sr?* site with Ce** was also
able to increase the conductivity after reduction. The activation energy, E,, of c for Ce20SFR and
Ce20SF (0.7 eV) was consistent through the investigated temperature range (800-560 °C), while SF
showed a decreased E; during the cooling process. The typical relation between o and P(O2) for
Ce20SFR at 800 °C (Figure 3(b)) showed that the conductivity of Ce20SFR in air was 12.3 S cm™ at
800 °C, but it maintained a relatively high conductivity in a reducing atmosphere. The conductivity
is a p-type in the region of higher oxygen partial pressure and n-type under reducing condition. 4!
The slope for the plot of Lg(c/Scm?) and P(02) was found to be -0.14 and 0.19 in the low and high
oxygen partial pressure region, respectively. The slope at low oxygen partial pressure is close to -1/6
following the defect equilibrium of [Vo**] = 1/2n, while the one at high oxygen partial pressure (close
to 1/4) could be explained by [Vo**] = 1/2[Fe/Fe’].*’ The decrease of ¢ at P(O,) lower than 10"1° atm.

could be related to the partial decomposition of the material.
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Figure 3. (a) Temperature dependence of electronic conductivity of SF, Ce15SF, Ce15SFR

Ce20SF, Ce20SFR samples after 5 hours’ reduction under Ar-5% H; flow during the cooling time. (b)
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Conductivity of Ce20SFR as a function of P(O) during the isothermal period of 800 °C. The rectangle

in (b) indicates the dropping of conductivity under prolonged aging in Ar-5% H..

The electron core level XPS spectra of the as-prepared and reduced Ce20SF and Ce20SFR were
obtained to study the chemical composition and valance states of the elements. The C 1s spectrum
(figure 4(a)) of Ce20SF and the reduced one (Ce20SF-R) consists of peak C-C (284.5 eV), C-O (286.6
eV) and C=0 (288 eV) %8, but it also includes the peak Sr 3p1/2 (279.0 eV) at a higher binding energy,
which is in agreement with the XRD result where traces of SrCO3 was identified in these samples.
For the Ce20SFR and the reduced one (Ce20SFR-R), the peak of the Ru 3ds/; (281.0 eV) and Ru 3ds,2
(284.2 eV) are overlapping with between the peak for Sr 3p1/2 and C 1s. The simulated peak for Ru
moved to the lower binding energy for Ru® after reduction in Ar-5% H,. The Ce 3d spectrum (Figure
4(b)) is anything but a simple one and can be fitted into multiple splits as a result of the complex
spectrum splits of ceria species containing asymmetrical peaks and the overlapping between Ce3*
and Ce**. However, the characteristic peak at 916.2 eV could be related to the presence of Ce** while
the low energy one at 880.9 eV could be related to the presence of Ce3*.4° The comparison between
the Ce 3d spectra indicates that Ce3* actually became more obvious after reduction in either Ce20SF
or Ce20SFR. The Fe 2p spectra (figure 4(c)) represented by the Fe?*, Fe3* and Fe* peak at binding
energy of 709.48 eV, 710.48 eV and 712.68 eV, respectively 0. After the reduction, the high Fe?*
content facilitates the charge carrier transport along with Fe3*-O-Fe?* bonds, which is consistent with
the n-type electronic conductivity at P(O2) lower than 10-¢ atm. The O 1s XPS spectrum (Figure 4(d))
for Ce20SF, Ce20SF-R and Ce20SFR showed two splits at 529.5 eV and 531.5 eV, which are attributed
to the lattice oxygen (marked as M-O) and oxygen vacancies or carboxyl groups, respectively >L. In
Ce20SFR-R, the O 1s split with very high binding energy at 534.5 eV could be related to the absorbed

C=0 species on the surface of Ru® >2.
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Figure 4. X-ray photoemission spectroscopy of Ce20SF, Ce20SFR samples before and after 5
hours’ reduction (with “-R” as suffix) in Ar-5% H, atmosphere in terms of (a) C 1s, (b) Ce 3d, (c) Fe 2p

and (d) O 1s. The triangle and diamond mark in (b) indicate the characteristic peaks for Ce** at 916.2

eV and Ce3* at 880.9 eV, respectively.

The EIS of the symmetrical cell in ambient air (Figure S4) was used to study the electrocatalysis
for the oxygen reduction reaction. The intersections at the high and low frequency of the spectrum

represents the ohmic resistance and area-specific resistance (ASR), respectively, and the width of
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the impedance arcs provides the values of the polarization resistance, Rp. The EIS indicated that the
ceria-containing Ce20SF showed a smaller R, than Ce20SFR as cathode of an SOFC: 0.08 versus 0.10
Q cm? at 800 °C. The presence of ceria could be the reason for the low R, for oxygen reduction
reaction as reported in ceria and NiO co-doped SrFeOs perovskite 3. The Nyquist plots and IV curves
for SSFOC based on the Ce20SF and Ce20SFR under the Hx-fuel and static air oxidant were presented
in Figure 5. The R, of the Ce20SF cell in H, from EIS (Figure 5(a)) was 0.51 Q cm?, while that of
Ce20SFR (Figure 5(b)) was 0.12 Q cm? at 800 °C. Though Pt is known to increase the cell performance
at 800 °C by assisting the oxidation of H, on an oxide anode3®, the cell performance is even higher
with Ag paste than the one with Pt paste (Figure S5). This could be explained by (1) Pt paste needs
optimum prior calcination to obtain good contact with the electrode and (2) the catalysis of our

oxide electrode for H, oxidation is good enough to overtaken the effect of Pt.
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Figure 5. The EIS of (a) Ce20SF/LSGM/Ce20SF and (b) Ce20SFR/LSGM/Ce20SFR using H; as fuel
and air as oxidant. The IV and I-P curves of (c) Ce20SF/LSGM/Ce20SF and (d)
Ce20SFR/LSGM/Ce20SFR at various temperatures. The straight-line plots (solid signals) correspond
to the voltages (left y axis) and the curved plots (open signals) correspond to the power densities

(right y axis). The thickness of the LSGM electrolyte is around 320 um in thickness.

The comparison of the R, between the cell in ambient air and fuel cell mode indicates that the
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R, of the anodes were 0.43 and 0.02 QQ cm? for Ce20SF and Ce20SFR, respectively. The high
performance of the anode for Ce20SFR cell could be related to the presence of Ru® as a highly
efficient catalyst for H, oxidation®® since CeO, was present in both oxides. Actually, with CeO;, Ru®
and SrO exsolution, Ce20SFR became a quasi-SSOFC, but the main phase is identical in the cathode
and anode. The Ce20SF cell shows a peak power density of 482 mW cm at 800 °C (Figure 5(c)),
whereas the cell of Ce20SFR exhibits a peak power density of 846 mW cm at 800 °C due to the
exsolution of Ru® which enhances greatly the performance (Figure 5(d)). The performance of the
Ce20SFR|LSGM | Ce20SFR cell showed higher performance than the other reported SSOFC using H»
fuel at 800 °C (Table S1). Moreover, the exsolution of Ru® on the oxide surface avoided the downward
curvature as in the IV curve in Ce20SF at a voltage lower than 0.85 V. The comparison of the present
work with the representative ferrite-based SSOFC in literature was listed in Table S1, and one can be
found that the cell performance of Ce20SFR under H; fuel is higher than ferrite perovskite with or

without metal exsolution 212463,

The morphology of the Ce20SFR-based anode after test under humidified H; was evaluated
using SEM (Figure 6(a-c)) and HAADF-STEM (Figure 6(d)). According to the SEM images, the cross-
sectional microstructures of the symmetric cells clearly showed that both the cathode and anode
are well anchored on the electrolyte and the thickness of the LSGM electrolyte and the Ce20SFR
anode are about 320 um and 60 um, respectively. The high-resolution SEM image (Figure 6(c))
indicates the oxide under humidified H, shows a matt surface with small spherical particles of 10 nm
in diameter. The HAADF-STEM image with EDX mapping (Figure 6(d-k)) proves that Ce20SFR anode
after 5 hours’ testing under H, shows clear Ru segregation, but the Ce20SF has quite homogeneous
elements distribution (Figure S6). According to the XRD analysis, the exsolved particles could be Ru°®
that are evenly dispersed throughout the entire particle, but the elemental segregation of Sr and Ce
is not very clear at this magnification. The superimposed image of Ce/Ru and Sr/Ru showed that Ru

turns to be on the surface of the other two elements.
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Figure 6. (a) SEM images of Ce20SFR/LSGM/Ce20SFR cross-sectional microstructure after test
in H, at 800 °C. (b, c) SEM enlarged image of the Ce20SFR anode after test in H, at 800 °C. (d) HAADF-
STEM image for individual Ce20SFR particles reduced by H; for 5 hours and the corresponding EDS

mappings of the main elements are presented in (e) to (k).

The high-resolution TEM image (Figure 7) of Ce20SFR confirmed that Ru® was on the scale of
10 nm but the size of ceria was only 5 nm. The fine particle size explains the indistinguishable CeO,
oxides at lower magnification is in the SEM of Ce20SF. SrO oxides remain in the interior of the
particles though SrCO3 as shown in XRD. The conversion between SrO and the bulky SrCOs could
cause the microstructure variation and this explains the large isles of 200 nm on the surface of
Ce20SFR pellets are more subjected to the absorption of CO, from the ambient air. The Ru®, CeO,
and SrO are in good contact with each other as they are from the direct superficial decomposition
of the parent perovskite. As the crystal of the parent perovskite is defective, we cannot confirm the
formation of R-P type layered perovskite as on the conventional B-site exsolution would cause the

enrichment of A site 1% 64, The exsolution of Ru® from the lattice would cause the under-coordinated
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bonding of Ce* cation as in Ce20SF and induce the segregation of CeO; particles as in Ce20SF. The
formation of adjacent Ce0,/SrO oxide also explains the ultra-small Ru® particles as they constrain
the grain growth. The absence of SrCeOs perovskite could be related to its thermodynamic instability

is in high steam environment, i.e. it can decompose easily into to CeO; and Sr0.%°

Figure 7. High resolution TEM image of Ce20SFR electrodes after test in H; fuel at 800°C for 5

hours.

At 800 °C, the maximum power density of the SSOFC with Ce20SFR was 310 mW c¢cm™ under
propane conditions, much higher than the one with Ce20SF (190 mW cm?) from the IV curves in
Figure 8(a). This power output is higher than most of the reported SSOFCs using carbonaceous fuels
at 800 °C (Table S1). The cell (Figure 8(b)) with Ce20SFR at a constant voltage of 0.45 V showed a
slight variation in output current density and the current density reached 0.28 A cm at 0.75 V after
22 hours. The current density of the SSOFC with Ce20SF at 0.75 V started from 0.16 A cm2, decreased
rapidly to 0.11 A cm™ and gradually increased to 0.17 A cm after 20 hours’ aging. The increase of

the current density of the cell with Ce20SF could be related to the deposition of carbon (Figure 8(c))
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that increased the conductivity of the electrode % 67 and reduced the ohmic resistance or increased
the area of effective electrode since silver covers only the core area of the electrode. The porous YSZ
containing a small amount of ceria was found to induce the deposition of polyaromatics under n-
butane at 700 °C which increased mainly the conductivity (i.e. Rs) without affecting the R, ¢’. The
deposition of polyaromatics explained the agglomerates larger than 20 um on the surface of Ce20SF,
indicating that ceria alone is insufficient to suppress the formation of carbonaceous species. The
gaps between the grain of Ce20SF could be filled with coke deposition as the carbonaceous materials
were found to deposit on the triple phase boundaries (Figure 8(c)) 8. The surface of Ce20SFR (Figure

8(d)) maintained a nanoscale structure and distinguishable carbon species was not found.
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Figure 8. (a) The |-V and I-P curves for cells of Ce20SF/LSGM/Ce20SF and
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Ce20SFR/LSGM/Ce20SFR in CsHs at 800 °C. (b) Current density variation of the Ce20SF cell (bottom)
and Ce20SFR cell (up) under different voltages. SEM of (c) Ce20SF and (d) Ce20SFR anode after the

durability test under CsHs at 800 °C.

The adsorption of propane onto the electrode surface as the initial step is critically important
to the reaction hereafter. As dry propane is used as fuel, the absorption energy (AE) was calculated
for the molecule on the surfaces of Ce-doped SF, Ru®, CeO; and SrO (Figure 9(a-d)). CeO, showed
the highest affinity to propane molecules, though AE is dependent on the molecular orientations
and bonding sites (Figure S7). Specifically, the —AE decreases in the sequence of CeOz > Ru® > Sr-
terminated CeSrgFes0;7 = SrO. As CeO; was presented in both Ce20SF and Ce20SFR, the absorption
of propane should be similar at OCV and this is consistent with the similarity in IV curves in the range

above 0.90 V as the oxidation of fuel is minimal.

The calculated activation energies (Ea) of the C-H bond dissociation for the propane molecule
on the four surfaces in the Figure 9 are 7.2, 4.8, 3.8, and 2.7 eV for SrO, CeSrgFes0,7, CeOz and Ru°,
respectively. Together with the endothermic characteristic of the dehydronation of the propane, the
highest E, value SrO surface provides a chemical basis on which the anode is capable of exhibiting
the coke-resistant property. Thus, the phases of SrO, CeOz and Ru® in the anode may play different
roles in achieving the high-performance of coke-resistance. Ru® may act as the active phase while
SrO accounts for the origin of the coke-resistance. Moreover, SrO in Ce20SFR lattice is beneficial to
the transport of CO, from Ce0?, Ru® or perovskite to produce SrCOs to increase the cok-resistant of

the electrode similar to CaO in LaosCao.aFeogNio 203.5 electrode®®.
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Figure 9. Optimized structures of one propane molecule on (a) Ce-doped SrFeOs (100), (b)
Ce0;(100), (c) SrO (100) and (d) Ru (001). The adsorption energies after the pre-screening for lowest
values are given in the side views and the adsorption energy (AE) was provided in the respective
image. Sr, Ce, Fe, Ru, O, C and H are in blue, purple, gray, pale purple, red, yellow and white,
respectively. (e, f, g) Charge density differences (CDD) of the global minimum structure of propane
adsorbed on Ce doped SrFeOs (100). (f) and (g) presents the CDD on the cutting plane “f” and “g”

shown in (e), respectively. Atoms other than Sr were omitted in the image (e-g).

The interaction between the absorbed propane molecule and oxide substrate was further
studied via the CDD before and after adsorption. In the cutting plane of the carbon backbone (Figure
9(e)), the interactions of the propane molecule with the substrate surface, e.g. Sr-terminated SF,

result in clear 2sp electron accumulation in the interior region of the adsorption, with observable

22



electron depletion in the upper half of the Sr p orbital, suggesting the presence of the ionic
component of the C-Sr bonds. This feature can be more clearly observed in the cutting plane through
the Sr atom (Figure 9(f)). The exterior side of the molecule, however, is suffered from apparent
electron depletion, which gives rise to the polarized molecule interacted with the surface and the
establishment of a strong electric field across the molecule. Moreover, we can observe that the C-H
bonds pointing away from the surface (Figure 9(f)) are strongly polarized toward the carbon atom.
Similar polarization occurs in the C-H bonds pointing to the surface (Figure 9(g)), where the H-O
bonds exhibit a reversed polarization balancing the electric field established in the molecule. In a
word, all C-H bonds experience simultaneous bond polarization with enhanced ionic characters.
Therefore, the electrostatic component would play a vital role in the molecule-surface interactions,

in addition to the covalent and ionic channels, for the activation of C-H bonds.

The rearrangement of electron density in the absorbed propane may also ease the production
of radicals through the activation of C-H bounds for the coke production as shown in the microscopy
of Ce20SF after test. With the progressive oxidation of the adsorbed propane by the oxide ion from
the cathode at lower voltage (<0.9 V), the production of C- and H-species may be subjected to
change the reaction as a result of water molecule production. According to previous research, the
carbon deposition on a Ni-based anode under dry hydrocarbon fuel at 800 °C could be ascribed to
the direct pyrolysis since the carbon monoxide disproportionation would be suppressed 2% 7°, but
the deposition of oxides of alkaline earth was found to be beneficial to water-mediated oxidation of
hydrocarbon 2371, The anti-coking behavior was found to be governed by the water affinity on the
alkaline metal oxides adjacent to the metal particles 72 in a SOFC anode. In addition, the addition of
Ru®in the Ni-YSZ electrode was found to enhance the electrochemical and thermochemical reaction
for better coke resistance under a carbonaceous fuel 7> 74 and the decrease in the coverage of —CO

on the surface induced by Ru® deposition could be the reason’>.
Conclusions

Ce doping and Ce/Ru co-doping have been performed on SrFeOs, aiming to construct an
efficient electrode for SSOFC with simultaneous surface exsolution of metal and oxides. It is found

that the doping of 20 at. % Ce on Sr the site in SrFeOs (Ce20SF) could produce a single perovskite at
23



1250 °C, but ceria can segregate from the lattice of perovskite during the cooling process. The co-
doping of 5 at. % Ru** on the Fe site could stabilize the perovskite structure and lessen the formation
of fluorite-type ceria during the cooling. The Ce doping increases the stability of the perovskite in a
reducing atmosphere and the Ce/Ru co-doping induces the surface decomposition for the formation
of nanoscale SrO, ceria and Ru®. At 800 °C, Ce20SFR-based SSOFC with an LSGM electrolyte of 320
um in thickness presented small R, values (0.12 Q cm?) and excellent peak power densities not only
in H, fuel (846 mW cm) but also in C3Hg (330 mW cm2). The exsolution of Ru® was important to the
H, oxidation though the superficial CeO, was important to the absorption of propane molecules,
while simultaneous superficial exsolution of SrO was found to be important for the coke resistance

under carbonaceous fuel.
Supporting Information

Pseudocubic cell volumes and XRD of SF in Figure S1 and S2; SEM and EIS plot of Ce20SF and
Ce20SFR in Figure S3, S4 and S5; HAADF-STEM image and the site of propane adsorbed on Ce20SF

in Figure S6 and S7; electrochemical performance of SSOFC with ferrite electrode in Table S1.
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