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ARTICLE INFO ABSTRACT

Keywords: An efficient anode catalyst for hydrocarbon fuel in Solid Oxide Fuel Cells (SOFC) should possess a stable phase

Solid oxide fuel cell structure, high catalytic efficiency, and excellent coke resistance. However, traditional nickel-based anodes

gr;fde fuel necessitate high steam-to-carbon ratios to prevent coking, complicating system design and reducing the overall
thane fue

performance. In this work, we report a nickel-free PrBaFe; gPdg 1055 perovskite as anode material for direct
ethane SOFC, which demonstrates superior electroactivity and chemical stability. Under a reducing atmosphere,
Pd nano-catalysts exsolved in-situ are uniformly anchored to the perovskite surface. Density functional theory
analyses reveal that the Pd exsolution significantly improve ethane adsorption capacity, thereby reducing acti-
vation resistance and boosting catalytic performance. When used as an anode for an SDC electrolyte-supported
SOFC, superior performance is achieved with the peak power densities (PPDs) of 702 and 377 mW cm™ at 800 °C
when using hydrogen and almost dry ethane (3% H20) as fuel, respectively. Moreover, the cell exhibits a stable
continuous operation over 90 h under almost dry ethane atmosphere at 178 mA cm™2, presenting a promising
pathway for developing high-performance, nickel-free SOFC anodes that simplify system design and improves
efficiency when operating with hydrocarbon fuels, thus holding significant potential for practical SOFC
applications.

Pd nanoparticles
Adsorption energy

1. Introduction

To reduce modern society dependence on fossil fuels and achieve the
triple goals of Ecology, Economy, and Efficiency, embracing renewable
energy sources and energy storage technologies is crucial [1]. Solid
oxide fuel cells (SOFCs) have emerged as a highly promising technology
for low-emission power generation [2,3]. Unlike polymer exchange
membrane fuel cells (PEMFCs), which require hydrogen as a fuel and
thus face significant challenges related to storage and handling, SOFCs
can operate directly on a variety of hydrocarbons (HCs) such as
methane, ethane, and n-butane [4]. This flexibility eliminates the need
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for external reformers, which are necessary for PEMFCs but compromise
their overall system complexity [5].

However, the widespread adoption of SOFCs is hindered by several
challenges. Operating SOFCs with HC fuels typically requires high
steam-to-carbon (S/C) ratios (>2) to prevent carbon deposition on the
anodes, which leads to significant system enlargement and complexity
due to the need for large amounts of water and precise control systems
[6]. Reducing or eliminating the need for humidified conditions would
greatly simplify SOFC systems. Yet, operating SOFCs at low S/C ratios
generally results in performance degradation due to severe coking,
especially with traditional nickel-based cermet anodes, which are highly
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prone to hydrocarbon cracking [7].

To address these challenges, alternative anode materials are being
extensively investigated [8]. Perovskite oxides (ABO3) and their de-
rivatives, such as double perovskites (A;BB’Os.5 or AA’B20Os,5) and
Ruddlesden-Popper phases (A;;1B,O3n41), have shown significant
promise due to their structural flexibility and the ability to tailor their
physical and chemical properties for enhanced electrochemical and
catalytic performance [9]. Notable examples include
Lag 75810.25Cro.sMng 5035 [10],  LageSro4FeO3s  [11], and
SrFeg 75Mng 25035 [12]. These materials demonstrate sufficient cata-
lytic activity and stability under different conditions, making them
suitable candidates for SOFC anodes. Among the perovskite family,
PrBaFez0s.5 (PBF) stands out and exhibits extremely remarkable ad-
vantages under high-temperature reducing atmospheres. Studies have
demonstrated that in high-temperature reducing environments, PBF can
maintain its structural integrity and chemical stability, which shows
obvious superiority compared to many other perovskite materials. In
terms of electrochemical performance, it can efficiently facilitate elec-
tron transfer and ion migration during electrode reactions [13]. The
enhanced oxygen ion diffusivity and the presence of surface defect sites
endow it with excellent activity and catalytic efficiency [14]. However,
despite these advantages, the electrical conductivity of PBF decreases
under reducing conditions, and its electrocatalytic reactivity for
hydrogen oxidation remains suboptimal [15].

Recent studies have shown that doping perovskite oxides with
transition metals can significantly enhance their electrocatalytic prop-
erties [16]. In particular, the introduction of small amounts of noble
metals such as palladium (Pd) into the B-site of perovskite structures has
drawn significant attention. Pd is capable of serving as a catalytically
active site for fuel oxidation. Moreover, the doping of Pd leads to a lower
polarization resistance of the electrode, thereby improving the oxidation
performance of hydrogen and hydrocarbon fuels [17]. However, there is
still a lack of comprehensive research to elucidate the mechanisms of
catalytic enhancement associated with noble metal doping, which is
essential for designing efficient metal-oxide interfaces in SOFCs.

In this work, we develop anode materials based on the unique
composition, PrBaFe; 4Pd;Os 5 (PBFPdy, x = 0, 0.1, 0.2), to exploit the
absence of Ni in these materials and leverage the potential of PBF and Pd
doping to enhance oxidation properties for hydrogen and ethane fuels in
SOFC. Through extensive physicochemical and electrochemical evalu-
ations, the influence of Pd doping on both the structural stability and
catalytic activity of the catalyst was elucidated. In a reducing atmo-
sphere, the optimized PrBaFe; gPdy 1055 (PBFPdy 1) anode, featuring a
cubic symmetric perovskite main phase and in-situ exsolved Pd nano-
catalysts, exhibits high electrocatalytic activity and outstanding dura-
bility under hydrocarbon operation conditions. For instance, the single
cell with the configuration of PBFPdg1-SDC|SDC|BSCF-SDC, demon-
strates promising PPDs of 702 and 377 mW cm? at 800 °C when using
Hy and CyHg as fuel, respectively. Moreover, the single cell maintains
stable operation for over 90 h using nearly dry ethane (containing only
3% H50). This work represents a significant step forward developing
high-performance, nickel-free SOFC anodes capable of operating effi-
ciently with HC fuels under low-humidified conditions, simplifying
SOFC systems and enhancing their viability for practical applications.

2. Experimental
2.1. Anode preparation

PBFPdy (with x = 0, 0.1, 0.2) and Bag 5Sro5C0¢ gFep.203.5 powders
were produced using the EDTA-citric acid combustion technique which
is scalable and allows for the precise production of high-purity oxides,
making it ideal for industrial SOFC anode manufacturing. Initially, in the
experiment, Pr(NO3)3-6H;0, Ba(NO3);, Fe(NO3)3-9H;O and Pd
(OCOCHj3) were used. The corresponding weights were measured ac-
cording to the proportion and dissolved in pure water to prepare the
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solution for the following steps. Subsequently, EDTA and citric acid were
added to the solution, and the pH level was adjusted with ammonia. The
resulting solution was continuously stirred until it developed a gel-like
substance. This gel was dried at 200 °C in an oven for 6 h, creating a
black precursor. To produce the PBFPdx powders, the precursor was
subjected to calcination at 1100 °C in an air atmosphere for 5 h. Finally,
these powders underwent reduction by being treated in hydrogen at 800
°C for 2 h.

2.2. Characterization

The crystallinity and structure of the samples were analyzed using X-
ray diffraction (XRD) with a Rigaku Ultima IV system. Rietveld refine-
ment was performed using FullProf software for detailed lattice
parameter evaluation. For Hydrogen Temperature-programmed
Reduction (Hy-TPR), using approximately 60 mg of powder, the sam-
ple was exposed to a hydrogen atmosphere at 300 °C with a flow rate of
50 mL/min for an hour. Following cooling to ambient temperature, the
environment was altered to 10 vol.% Hj-Ar, and then gradually heated
to 800 °C at a rate of 10 °C/min. Morphological examination was con-
ducted using scanning electron microscopy (SEM) with a TESCAN MIRA
LMS, and transmission electron microscopy (TEM) with a FEI Tecnai G2
F20, coupled with energy-dispersive X-ray spectroscopy (EDX) for
elemental distribution analysis. The Brunauer-Emmett-Teller (BET) test
on the Micromeritics ASAP2460 instrument is carried out by first
degassing about 60 mg of powder sample at 200 °C for 7 h, then cooling
to liquid nitrogen temperature and introducing nitrogen to achieve
adsorption equilibrium at a certain flow rate. The adsorption data at
different relative pressure are recorded to form an adsorption isotherm,
and finally the BET equation is fitted through software to calculate the
specific surface area. The X-ray photoelectron spectroscopy (XPS) on a
Thermo Scientific K-Alpha system was used to determine the valence
states of surface elements, which were subsequently analyzed with
Avantage software. At the Pohang Synchrotron Radiation Facility’s
BL7D station in South Korea, X-ray absorption spectroscopy (XAS)
measurements were carried out. Following this, the acquired XAS data
underwent processing using ATHENA software, which is part of the
IFEFFIT suite (version 1.2.12). The oxygen vacancy concentration was
measured using a Bruker A300 Electron Paramagnetic Resonance (EPR)
spectrometer under low - temperature conditions. First, the sample was
placed in a special sample tube and then positioned in the instrument’s
sample chamber. Parameters such as magnetic field strength, sweep
width, and frequency were set. The sample was irradiated with a mi-
crowave source while maintaining the low - temperature environment.
The signal intensity was recorded through multiple scans. When testing
the carbon peaks of a material by Raman spectroscopy, fix the sample on
the stage, excite it with a 532 nm laser, scan and record the spectrum,
and then analyze the positions and intensities of the carbon peaks. For
the purpose of conductivity testing, an exact mass of 0.6 g of the PBFPdx
powder was weighed and subsequently introduced into a custom-
engineered die. Uniaxial pressing was then executed under a precisely
regulated pressure of 7MPa to guarantee uniform compaction. Subse-
quently, the pressed bars were transferred to a high-temperature sin-
tering furnace and underwent sintering at 1100 °C for a period of 10 h,
with a heating rate set at 5 °C per minute. Silver wires and silver paste
were used to connect the testing terminals at equal intervals. Thereafter,
conductivity measurements were carried out using a Keithley 2400
source meter via a four-probe DC method.

2.3. Cell fabrication

Single cells were fabricated with the configuration PBFPdy-SDC
cathodes, SDC electrolytes, and BSCF-SDC anodes. SDC electrolyte pel-
lets with high density were prepared by pressing 0.2 g of SDC powder
(sourced from Fuel Cell in the USA) and sintering at a temperature of
1300 °C for a duration of 10 h. A cathode slurry comprising BSCF and
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SDC powders in a 7:3 ratio was prepared in isopropyl alcohol. Anode
slurry was similarly prepared by mixing PBFPdy and SDC powders in the
same ratio. The slurries were sprayed onto the surfaces of the SDC pellet
to form a triple-layer structure, followed by heating to 900 °C for a
duration of 2 h to ensure adequate adhesion. The silver paste was
applied in a net-like pattern to the electrodes for optimal electron cap-
ture. The assembled cells were attached to quartz tubes by applying
silver paste, leaving the anode exposed for testing.

2.4. Electrochemical test

The electrochemical capability exhibited by single cells was evalu-
ated using a Solartron1287 Electrochemical Workstation. Electro-
chemical Impedance Spectroscopy (EIS) spectra were recorded with a
voltage amplitude of 30 mV over a frequency range from 0.1 Hz to 100
kHz under open-circuit voltage conditions. Current-power density (I-P)
and current-voltage (I-V) curves were obtained using a four-point probe
technique with a Keithley 2420 source meter. The anode chamber
received either Hy or humidified CoHg throughout the experiment, while
ambient air served as the cathode atmosphere. Both Hy and CoHg fuels
were supplied at a flow rate of 80 mL min-1 (STP), to ensure optimal
conditions for the evaluation.

2.5. Computational details
First-principles calculations were performed using density functional
theory (DFT) within the Vienna ab initio simulation package (VASP)

[18,19]. The projector-augmented wave (PAW) method [20] was
employed to describe core-valence electron interactions. Exchange and

(a) (b)
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correlation effects were treated within the Perdew Burke Ernzerhof
(PBE) generalized gradient approximation (GGA) [21]. A kinetic energy
cutoff of 500 eV was applied for the plane wave expansion. The Brillouin
zone integration was performed using the MonkhorstPack [22] k-point
sampling method with a K-spacing value of 0.03 2r/A. During structure
relaxation, convergence criteria for the total energy and forces were set
t0 1.0 x 107 eV and 0.002 eV/A, respectively. Charge density difference
plots were generated using vaspkit [23].

3. Results and discussion

Fig. 1a presents the XRD profiles of PBFPd, (with x = 0, 0.1, 0.2),
where all the three examined samples exhibit a single-phase cubic
symmetric perovskite (Space group: Pm-3m), indicating the successful
incorporation of Pd into the PBF lattice. With the increase of the Pd
content, the main peak of the perovskite phase shifts towards a lower
degree, which implies lattice expansion due to the larger ionic radius of
Pd compared to Fe (0.86 A of Pd?" vs. 0.645 A of Fe 3%) [24-26]
(Fig. S1). After reduction in a hydrogen atmosphere at 800 °C for 2 h,
the reduced PBF sample remains a pure phase, however, new phases are
detected in PBFPdy ; and PBFPdg » (Fig. 1b). For PBFPdy 1, Pd and BaO
secondary phases are identified, corresponding to Pd (JCPDS#
01-072-0710) and BaO (JCPDS# 00-030-0143). In the case of
PBFPdy », an additional FeO phase (JCPDS# 01-089-0690) is observed
due to phase decomposition. Moreover, the lattice expansion observed
prior to reduction is still evident afterwards (Fig. 1c). Rietveld refine-
ment of the reduced samples was conducted as illustrated in Fig. S2. The
analyses results reveal that the cell volumes are 61.4837 10\3, 62.024 10\3,
and 62.031 A3 for the reduced PBF, PBFPd 1, and PBFPd o, respectively
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atmosphere at 800 °C for 2 h. (c) Enlarged view of (b) between 31.5 and 33° highlighting the shift in peak positions of PBFPdy ; indicating lattice expansion. (d) Ha-
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(Tables S1-S3). Fig. 1d presents the Ho-TPR profiles of PBF, PBFPd 1,
and PBFPdg,. Given the fixed valence states of Pr and Ba [27], the
observed peaks were assigned to the reduction of Fe™" and Pd™". The
undoped PBF sample shows a broad reduction peak centered at 449.1 °C,
corresponding to the reduction of Fe' to Fe?™ [28]. Conversely,
PBFPd,; and PBFPd, 5 showcase two distinct peaks at lower tempera-
tures (T < 400 °C). The peak at around 225 °C corresponds to the
reduction of Pd species (Pd** to metallic Pd (Pdo)), and the peak around
280 °C corresponds to the reduction of Fe reduction (Fe3* to Fe?™) [29],
indicating that the doping of Pd lowers the reduction temperature of Fe.
Notably, the Hy-TPR profiles for all samples suggest that the reduction
process is incomplete at 650 °C, suggesting ongoing reduction activity
even at high temperatures [17,30]. The observed low-temperature
reduction in the Pd-doped samples can be attributed to the presence of
Pd, which facilitates the formation of oxygen vacancies (Vo) in the lat-
tice. These vacancies enhance the reducibility of the material by
lowering the energy barrier for the reduction process. Similar studies
have reported the creation of these vacancies, which can be described by

(a)

100 nm

200 nm

(h)

BF
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the following Kroger-Vink notation:
" .1
PdO—Pdy, + Vo + 502 (@

Fig. 1e illustrates the exsolution process occurring in PBFPdy; ma-
terial. Under a reducing atmosphere, Pd nano-catalysts are exsolved
onto the surface of the perovskite and strongly interact with it. These
exsolved catalysts serve as active sites for the adsorption and oxidation
of fuels like Hy and CyHg, thereby enhancing the intrinsic catalytic ca-
pabilities of the material.

To analyze the morphological evolution of PBFPd 1, SEM and HR-
TEM were initially conducted on the sample before reduction (Fig. 2a,
b). The SEM image reveals a relatively uniform particle size distribution,
with particles exhibiting a smooth surface and well-defined edges
(Fig. 2a). The HR-TEM image and corresponding EDX mapping reveal a
well-ordered crystalline structure with uniform distribution on the
perovskite pattern, indicating a high degree of crystallinity in the
powder and confirming the successful incorporation of Pd before
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Fig. 2. (a) SEM morphology, (b) HR-TEM morphology of pristine PBFPd, 1, (c) BET analysis of PBFPd, ; before and after reduction, (d) SEM morphology, (e) HR-
TEM morphology of reduced PBFPd ;, (f) XPS Analysis of Pd Species in PBFPd, ; before and after reduction, (g) HR-TEM of reduced PBFPdy;, showing the d-
spacings of the exsolved Pd nanoparticles and parent perovskite. (h) STEM image and corresponding EDX mapping of the reduced PBFPd,; powder.



S. Zhai et al.

reduction (Fig. 2b). In contrast, the reduced PBFPd ; powder displays a
noticeable change in the surface morphology, with particles appearing
more irregular and rougher compared to the pre-reduction state
(Fig. 2d). This change in surface texture is indicative of the reduction
process, exsolving the Pd metals in the form of surface defects and
increased surface roughness [11,12,17]. The HR-TEM image further
corroborates these observations, revealing the exsolved nanoparticles
along with disordered regions and lattice distortions that were absent
before reduction (Fig. 2e). Fig. 2c¢ presents the BET analysis of the
PBFPd) 1, indicating that the specific surface area of the sample in-
creases significantly from 2.75 m?/g before reduction to 5.114 m?/g

—
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Normalised intensity (a.u.)
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after reduction. This increase in surface area can be attributed to the
exsolution of nanoparticles, the formation of surface defects and the
development of a more porous structure during the reduction process
[27,31]. The enhanced surface area is beneficial for catalytic applica-
tions, as it provides more active sites for reactions. The XPS analysis of
the pristine and reduced Pd-species in the PBFPd, ; and PBFPd, » sam-
ples are shown in Fig. 2f and Fig. S3, respectively. Before reduction, Pd
exists predominantly in the Pd?* oxidation state, with binding energy
peaks at 337.8 eV and 343.1 eV After reduction, the XPS spectrum in-
dicates the presence of both Pd>" and metallic Pd (Pd®), with binding
energy peaks at 336.8 eV / 342.4 eV for Pd*" and 334.8 eV / 340.4 eV
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Fig. 3. XANES spectra and electronic conductivity measurements of PBFPd,-SDC (x = 0, 0.1, 0.2) powders after reduction. (a) O K-edge XANES spectra in TEY mode
for PBF and PBFPd, ;. (b) Fe L-edge XANES spectra in total electron yield (TEY) mode for PBF and PBFPd, ; compared to Fe foil. (¢) Electronic conductivity of Pd-
doped PBF samples PBF, PBFPd, ;, and PBFPd, » in air atmosphere as a function of temperature. (d) Electronic conductivity of PBF, PBFPd, 1, and PBFPdy > in Hs
atmosphere as a function of temperature. (e¢) Charge density differences (CDD) and CoHg adsorption energy (CoHg E,qs) of the global minimum structure of ethane
adsorbed on PBF (211) and PA@PBF (211). (f) The density of states for PBF (211) and Pd@PBF (211).
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for Pd® [12,32,33]. The coexistence of Pd>" and Pd° suggests a partial
reduction of Pd?t during the reduction process, which is likely influ-
enced by the reducing atmosphere and the interaction with the perov-
skite matrix (Table S4). Fig. 2g provides an HR-TEM image of the
PBFPd; showing the d-spacings of the exsolved Pd and PBF nano-
particles. The d-spacings of the exsolved Pd and PBF are along the (102)
and (210) planes, corresponding to 1.98 Aand1.754, respectively. This
indicates the successful exsolution of Pd nanoparticles and their inte-
gration into the PBF matrix. Fig. 2h shows the STEM image and corre-
sponding EDX mapping of the PBFPd, ; powder after reduction. The EDX
mapping indicates that Pd is well-dispersed and decorated around the
PBF particles due to the reduction in an Hy environment, suggesting a
homogeneous distribution of Pd with a size of around 30 nm, which is
crucial for catalytic applications [17]. Therefore, the SEM and HR-TEM
analyses reveal significant morphological changes in the Pd-doped PBF
powder before and after reduction, highlighting the impact of the
reduction process on the surface structure [32]. These findings highlight
the beneficial effects of Pd doping, which not only enhances the
reducibility but also modifies the electronic structure of PBF, thereby
confirming its positive effect on the catalytic properties of the material.

To investigate the effect of Pd doping on the electronic structures of
the samples, X-ray Absorption Near Edge Structure (XANES) measure-
ments at the Fe-L and O-K edges were carried out on the reduced PBF
and PBFPdy; powders [34-36]. In total electron yield (TEY) mode,
which is particularly sensitive to surface characteristics of materials,
offering a probing depth of 5 nm. The O K-edge XANES spectra in TEY
mode show features labeled A to F, corresponding to different oxygen
environments in the lattice (Fig. 3a). The peak at 530.7 eV, designated as
Peak A, can be attributed to the tyg orbitals arising from the hybridi-
zation between the Fe3d and O 2p orbitals. Conversely, Peak B,
appearing at 532.1 eV, corresponds to the e,g orbitals involved in the Fe
(Co) 3d-O 2p interaction. Compared to the reduced PBF, the reduced
PBFPd ; shows a lower Peak A and a wider Peak B. This pattern suggests
an enhanced probability of electron transfer to the eg orbital in the
reduced PBFCNy i, indicating a more significant reduction of Fe ions
from higher to lower oxidation states [37]. Peaks C to F are associated
with higher energy transitions, which are associated with Pr (Ba) 5d-O
2p orbitals and the covalent interactions between Fe/Co 4sp and O 2p
orbitals. The consistent peak positions indicate that both samples have a
similar oxygen environment. The Fe L-edge XANES spectra in TEY mode
for the reduced PBF and PBFPd ; are compared with Fe foil, as depicted
in Fig. 3b. The peaks a and b correspond to the Fe-Lg edge, while ¢ and
d correspond to the Fe-Ly edge. The peak positions suggest that Fe is
predominantly in the Fe3* state in the PBF samples, with slight shifts
indicating partial reduction due to Pd doping, which is consistent with
the O K-edge XANES result [37,38]. Relative to TEY mode, the FY mode
of soft XAS allows for offers an enhanced probing depth, reaching up to
approximately 200 nm into the material [39]. Compared to the TEY,
Fluorescence Yield (FY) mode provides a deeper probing capability,
reaching as deep as around 200 nm within the material [40]. Similar
features are observed in the FY mode, with the PBFPdy ; sample showing
a higher intensity at the Fe-L3 edge, indicating an increased reduction of
Fe’' to Fez+(Fig. S4).

The critical role of electrical conductivity in promoting charge
transfer is fundamental to the fuel electrochemical oxidation process.
Accordingly, the conductivities of the three samples are assessed using a
four-point probe technique in both air and hydrogen atmospheres,
across a temperature spectrum from 400 °C to 800 °C. Substitution with
Pd cations markedly improves the electronic conductivity of PBFPdy 1
and PBFPdy ,, demonstrating conductivity levels approximately twice
that of PBF when measured in an air ambiance (Fig. 3c). Additionally,
enhanced conductivity can be associated with electron delocalization,
which is influenced by the stronger covalent nature of the Pd-O bond
compared to the Fe-O bond. This results in greater electron freedom,
facilitating smoother electron movement throughout the material [41,
42]. In an Hy atmosphere, the electronic conductivity of PBF, PBFPdy 1,
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and PBFPdg, samples increases with temperature (Fig. 3d). The
PBFPdy; sample shows significantly higher conductivity compared to
the other samples. We have carried out Electron Paramagnetic Reso-
nance (EPR) tests on three samples (Fig. S5). Demonstrates that the
doping of Pd increases the oxygen vacancy concentration of the mate-
rial. Since oxygen vacancies play a crucial role in conductivity and a
higher concentration of oxygen vacancies can provide more channels for
the movement of charge carriers, thus enhancing the conductivity, it
indicates that Pd doping enhances the reducibility and oxygen vacancy
formation the most, which in turn improves the electronic conductivity
in a reducing [10,12,17]. This result confirms that PBFPdy; has the
optimal doping concentration of Pd compared to the other samples. The
step-like conductivity profile could be attributed to the dual-pathway
approach, resulting from the synergistic effects of the two distinct
electron transfer modes, one is surface metal transfer and the other one
is bulk phase transfer in the perovskite structure.

The initial adsorption of ethane onto the surface of the anode ma-
terial is crucial for overall performance in SOFC. Given that ethane is
used as fuel, the adsorption energy of ethane (CoHg Eogs) was calculated
for the molecule on PBF and Pd cluster-anchored PBF (Pd@PBF) surfaces
(Fig. 3e). PA@PBF shows a significantly higher affinity for ethane mol-
ecules compared to PBF. Specifically, the CoHg Eo4s for PBF and Pd@PBF
are -0.14 eV and -0.77 eV, respectively, indicating that the Pd cluster
greatly enhances the adsorption capacity of the material for ethane. The
three-dimensional visualizations depict the differential charge density of
the CaHg molecule on the two surface models. The charge density
deformation on the PA@PBF surface is obviously stronger than that on
the PBF surface, which is consistent with the calculated CaHg Eqaqs re-
sults. The electronic structure evolution of PBF and Pd@PBF were
analyzed from the density of states (DOS), as illustrated in Fig. 3f. The
orbital contributions of PA@PBF around the Fermi level are evidently
richer than those of PBF, due to the presence of Pd. This indicates a
higher concentration of charge carriers and enhanced electronic con-
ductivity, consistent with the results of conductivity tests. Moreover, it
has been revealed that the synergistic effect of Lewis acid (perovskite
oxide) and Lewis base (exsolved metal) contributes to CH4 dehydroge-
nation process [43]. Herein, the Lewis acid-Lewis base pairs of exsolved
Pd@PBF perovskite oxide for CoHg dehydrogenation process follow the
same mechanism.

Having gained insights into the electronic structure and oxidation
state changes in Fe induced by Pd doping in PBFPdy, we then proceeded
to evaluate the electrochemical performance of the SDC electrolyte-
supported cells based on PBFPd,-SDC (x = 0, 0.1, 0.2) anode mate-
rials, as illustrated in Fig. $6). Fig. 4a indicates that the undoped PBF
has the lowest peak power density (PPD) of 560.8 mW/cm? at 800 °C
compared to the PBFPd, ; and PBFPdy 5. The PBFPd ; sample exhibits
the highest PPD of 701.6 mW/cm?, indicating that Pd doping signifi-
cantly enhances the electrochemical performance (Fig. S7). However,
the PBFPdj 5 shows a PPD of 594.2 mW/cm?, which is higher than the
undoped sample but lower than the PBFPd,; sample, which could be
attributed to the phase decomposition hindering electron transport. The
superior performance of PBFPdy; could be due to the exsolved Pd
catalyst on the material surfaces and its high reducibility tendency in the
Hj atmosphere [17]. The ohmic impedance of the electrolyte was sub-
tracted from the impedance spectrum to enable a better observation and
comparison of the influence of Pd doping on the electrode polarization.
Fig. 4b reveals a decrease in the area-specific resistance (ASR) with Pd
doping, with PBFPd, ; showing the least ASR, about 72% and 40% times
superior to PBF and PBFPdy, (Fig. S8). This result aligns with the
observed trend in the PPDs of the three samples from Fig. 4a. The DRT
analysis in Fig. 4c reveals that Pd doping reduces the intensity of the
polarization relaxation peaks, particularly those resulting from gas
diffusion and surface and bulk diffusion processes in the Piy and P
regions [44]. This is particularly significant in the PBFPdy ;, suggesting
enhanced gas diffusion as well as bulk and surface exchange processes in
this material having an optimal Pd doping content of 3% [40].
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(h) SEM image showing the cross-section of a cell based on the PBFPd,-SDC as the anode. (i) Peak power density comparison of PBFPd, ; with other materials under

H, atmosphere at various temperatures.

Fig. 4d reveals similar trends under CoHg atmosphere. The undoped
PBF exhibits the least PPD of 252.2 mW/cm?, while the PBFPd ; sample
has the highest PPD of 377.2 mW/cm?, and the PBFPd, » with an in-
termediate value of 328.3 mW/cm? (Fig. S9). The impedance spectra
(Fig. 4e, Fig. S10) show significantly higher resistance for the PBF
sample, while Pd-doped samples, particularly PBFPdj;, show much
lower resistance. The DRT profiles for CoHg show similar improvements
with Pd doping (Fig. 4f), where the PBFPdy ; sample exhibits the lowest
relaxation peaks. The enhanced gas diffusion process can be attributed
to the improved adsorption capacity for ethane induced by the forma-
tion of Pd clusters. The PPDs of PBFPdy ;-based samples (Fig. 4g) remain
consistently higher across both Hy and CoHg atmospheres at 800 °C and
750 °C, highlighting the beneficial effect of optimal Pd doping on per-
formance at various temperatures. The SEM images in Fig. 4h reveal a
porous, well-defined, and uniform microstructure for the PBFPd 1-SDC
anode well fused to the electrolyte after test, which is crucial for
consistent electrochemical performance. The enhanced microstructure
likely contributes to the improved catalytic activity observed in the
electrochemical measurements of the PBFPdy-SDC (x = 0, 0.1, 0.2)-
based cells [33]. Across a temperature range of 650-800 °C, the
PBFPd, 1-SDC anode cell demonstrates superior peak power density
(PPD) when compared to other state-of-the-art SDC/GDC
electrolyte-supported cells with recently reported anodes under Hj

atmosphere, such as PrggSrg4Cog 2Feq 75sRUg 05035, Lag.52Sr0.28Tig.94
Ni0.03C00_0303,5, NaLaTiO4-Sm042Ce04802,5 [31,45] (Fig. 4i, Table S5).
Such performance further underscores the effectiveness of optimal Pd
doping in enhancing the electrochemical performance of PBF samples.
Hence, the results in Fig. 4 strongly support the hypothesis that Pd
doping significantly enhances the electrochemical performance of PBF
samples.

To assess the impact of Pd doping on the cost of the anode material,
we calculated the costs of four different materials. As shown in Fig. 5 and
Table S6, the Pd-doped PBFPd(; material costs approximately $1.60
per gram, with the relatively small amount of Pd doping resulting in only
a modest increase in overall cost. This cost is comparable to non-
precious metal materials such as NLTO and LSTNC, which are priced
at $0.30 and $0.36 per gram, respectively. In contrast, the Ru-doped R-
PSCFRu material, requiring a significantly higher doping level, incurs a
much higher cost of approximately $3.43 per gram. These findings
highlight that while Pd doping slightly increases the cost, PBFPdy ; of-
fers an optimal balance between high performance and cost-
effectiveness, especially when compared to other anode materials that
rely on larger quantities of precious metals.

Stability and structural integrity are crucial characteristics sought in
potential anode materials for practical SOFC applications [41,46]. In
this context, Fig. 6 provides insights into the stability and structural
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characterization of cells utilizing the optimal PBFPdy 1-SDC anode ma-
terials under various atmospheric conditions. Fig. 6a demonstrates the
robust stability of the cell equipped with a PBFPd 1-SDC anode in an H>
atmosphere (80 sccm) at 700 °C for 150 h. The cell maintains a steady
voltage of approximately 0.7 V under a constant current density of 215
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mA cm?, showcasing strong durability and effective performance in a
reducing atmosphere. Additionally, Fig. 6b investigates the cell voltage
stability in a wet C2He atmosphere (80 sccm) at 700 °C to assess the
robustness of the anode in a hydrocarbon-rich environment. The voltage
remains stable at approximately 0.55 V with a current density of 178 mA
cm? throughout a 90-h discharge period, indicating that the anode can
efficiently catalyze hydrocarbon fuels with good stability. In contrast,
the cell equipped with a PBF-SDC anode displays significantly poorer
discharge performance, achieving only a current density of 72 mA cm?
for around 50 h as depicted in Fig. S11. Additionally, the PBFPd 2-SDC
anode demonstrates a relatively lower discharge voltage and a shorter
discharge duration at the same current density of 178 mA cm™
compared to the PBFPd, 1-SDC anode. It is worth noting that, although
PBFPdy ; shows the best discharge performance, all three cells exhibit
degradation after long-term discharges of varying durations. To explore
the role of Pd doping in enhancing coking resistance and understanding
the degradation mechanisms of the cells under C3Hg conditions, we
employed SEM, XRD and Raman tests. After long-term stability testing,
under the continuous effect of high temperature, the particle size of Pd
nanoparticles exhibited a coarsening phenomenon (Fig. S12). Especially
after the ethane test, this phenomenon occurred because of carbon
deposition, which promoted the agglomeration and coarsening between
the particles [47,48]. Fig. 6c displays the XRD patterns of the
PBFPdj 1-SDC anode before and after testing in a C2He atmosphere. The
pattern, consisting of PBFPd(; and SDC phases, remains unchanged
following the test, further indicating strong coke resistance under CzHs
conditions. In contrast, the XRD pattern of PBFPdy, shows phase
decomposition, with additional Fe and BaO phases observed, which
could be attributed to the performance degradation (Fig. S13b).
Meanwhile, although the phase of PBF remains stable after C2Hs testing,
its catalytic performance is relatively poor due to the absence of Pd
doping (Fig. S13a). The Raman spectra of the three anodes before and
after testing in a C2Hs atmosphere are compared in Fig. 6d and Fig. S14.
The spectra displays prominent D and G bands, characteristic of carbon
species, with increased intensity after testing that indicates carbon
deposition on the anode surfaces, a common occurrence with hydro-
carbon fuels [44,45]. Notably, both the PBF-SDC anode and
PBFPd, »-SDC anodes show considerable carbon deposition post-test,
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Fig. 6. Stability and structural characterization of PBFPdy ; anode: (a) Stability test in H, (80 sccm) at 700 °C under a constant current density of 215 mA cm’?; (b)
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with carbon peak intensities significantly higher than that of the
PBFPd 1-SDC anode. For the PBF-SDC anode, the absence of Pd doping
results in poor catalytic performance, preventing the re-vaporization of
deposited carbon, thereby causing performance degradation. Similarly,
the PBFPd, »-SDC anode experiences decreased catalytic performance
due to phase decomposition, along with substantial coke accumulated.
In summary, the PBFPdy 1-SDC catalyst exhibits superior catalytic per-
formance and stability due to the excellent anti-coking properties and
catalytic activity of the Pd nanoparticles, along with a stable phase
structure. However, since Pd does not fully cover the perovskite main
phase, some coking still occurs.

4. Conclusion

This study demonstrates that palladium-doped PrBaFe:0s.5 (PBF)
anodes exhibit significantly enhanced electrochemical performance and
chemical stability compared to pristine PBF, particularly when oper-
ating on hydrogen and ethane fuels under low-humidity conditions. The
PBFPdo.1 anode, with its superior oxidation properties and stability,
delivers optimal performance, establishing Pd-doped PBF as a highly
promising nickel-free anode material for SOFCs. This approach ad-
dresses key challenges associated with traditional nickel-based anodes,
such as coking and high steam-to-carbon requirements, and facilitates
the design of more efficient, low-emission SOFC systems. While the high
cost and rarity of palladium present scalability challenges, these may be
mitigated by reducing Pd doping levels or exploring more economical
alternatives. Additionally, Since the nanoparticles do not fully cover the
perovskite main phase, allowing coking to still occur, increasing the
coverage density of anti-coking nanoparticles remains an important
focus for further research. Overall, the substantial performance gains
and mechanistic insights provided by this study underscore Pd doping as
a promising strategy for advanced SOFC anodes, contributing to cleaner
and more efficient energy solutions.
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