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le A/B-site co-doped BaFeO3

electrode for direct hydrocarbon solid oxide fuel
cells†

Haixia Li,ac Wanhua Wang,ac Kai Zhao,a Ka-Young Park, a Taehee Lee, a

Ramin Babazadeh Dizaj,a Andreas Heyden, b Dong Ding *c and Fanglin Chen *a

Solid oxide fuel cells (SOFCs) can directly convert the chemical energy in fuel to electrical energy with fuel

flexibility; however, the conventional nickel-based anodes face great challenges due to coking upon direct

oxidation of hydrocarbon fuels and redox instability. Thus, developing new anode materials which can

provide high coking resistance as well as redox stability is crucial. In this work,

Ba0.6La0.4Fe0.8Mo0.1Ni0.1O3−d (BLFMN) has been synthesized in air using a sol–gel combustion method,

resulting in a dual phase consisting of a cubic BLFMN main phase and scheelite BaMoO4 (BMO4)

secondary phase. By heat-treating the BLFMN dual phase in H2 at 800 °C for 5 h, a metallic

nanoparticle-decorated BLFMN triple phase compound comprising cubic BLFMN, cubic BaMoO3 (BMO3)

and in situ exsolved FeNi3 alloy was obtained. BLFMN was subsequently investigated as an electrode

material for La0.8Sr0.2Ga0.83Mg0.17O3−d (LSGM) electrolyte (300 mm) supported SOFCs. Symmetrical cells

using BLFMN as electrodes with the cell configuration of BLFMN//LSGM//BLFMN showed excellent

redox reversibility and a peak power density (PPD) of 1.32 W cm−2 at 850 °C when using H2 as fuel.

Single cell with the cell configuration of BLFMN//LSGM//LSCF (La0.6Sr0.4Co0.2Fe0.8O3−d) reached PPD of

1.61 and 0.41 W cm−2 at 850 °C when operating with H2 and CH4 fuel, respectively. Moreover, the single

cell exhibit excellent stability (over 300 h) upon direct oxidation of hydrocarbon fuels of CH4 and C3H8.

This study indicates that BLFMN is a promising redox reversible and coking resistant anode for SOFCs.
1. Introduction

Solid oxide fuel cells (SOFCs) have emerged as one of the most
promising technologies for sustainable and efficient energy
conversion. These high-temperature electrochemical devices
offer the unique advantage of directly converting the chemical
energy stored in fuels into electricity with remarkable efficiency.
The versatility of SOFCs allows them to utilize a wide range of
fuels, including natural gas, coal gas, and gasied carbona-
ceous solids, making them attractive candidates for a variety of
applications from distributed power generation to mobile and
stationary power systems.1,2 Despite their remarkable potential,
the widespread commercialization of SOFCs has been hindered
by the challenge of direct oxidation of carbon-containing fuels.
For example, the typical extensively studied Ni-based cermet
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anode for SOFCs suffers from severe carbon deposition or
coking when carbon-containing fuels are utilized, even though
Ni has been considered as an effective catalyst for direct
oxidation of hydrocarbon fuels with the advantages of high
catalytic activity, high electrical conductivity, and low cost.
These carbon deposits can obstruct the electrochemical reac-
tions, impeding the efficient ow of ions and electrons, and
ultimately decreasing the overall performance and durability of
the SOFC.3,4

Addressing the coking issue of electrocatalysts is crucial for
advancing SOFC technology and unlocking its full potential. To
achieve this, extensive research endeavors are underway with
the objective of identifying novel anode materials possessing
not only exceptional electrocatalytic activity but also superior
resistance to coking. In recent years, perovskite-based oxide
anodes, exemplied by chromite (La0.75Sr0.25Cr0.5Mn0.5O3−d),5

titanate (La0.2Sr0.8TiO3),6 and double perovskite oxides such as
Sr2Fe1.5Mo0.5O6−d (SFM),7–9 have garnered substantial attention
from researchers. This heightened interest can be attributed to
their commendable mixed ionic–electronic conductivity
(MIEC), redox stability, excellent sulfur tolerance, and resis-
tance to coking.10 However, these alternative anodes still show
insufficient catalytic activity for fuel oxidation when compared
J. Mater. Chem. A, 2024, 12, 14087–14098 | 14087
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with the state-of-the-art Ni based anode, resulting in signi-
cantly lower cell performance.11

Therefore, further advancements and renements are
imperative to enhance the catalytic efficacy of perovskite-based
anodes and shorten the cell performance gap of fuel oxidation
in comparison with their Ni-based counterparts. Numerous
strategies have been proposed to optimize perovskite-based
anodes with the aim of enhancing the performance of SOFCs.
One such approach involves the fabrication of composite
anodes by incorporating perovskite with oxygen ion conductive
oxides such as Ce0.8Sm0.2O2−d (SDC) or Ce0.9Gd0.1O2 (GDC),
a technique designed to bolster the catalytic activity of the
anode by increasing the oxygen ion conductivity.12 Additionally,
the inltration of active catalysts onto the surface of the
perovskite backbone has proven to be an effective method for
enhancing catalytic activity towards fuel oxidation, thereby
improving overall cell performance.13,14 Furthermore, A-site or
B-site doping has been demonstrated as an effective means to
tune the properties of perovskite materials, including thermal
expansion coefficient, electrical conductivity, and structural
stability. Lee et al., for instance, have simultaneously doped Sr
to the A site and Ge to the B site in PrBaFe2O5+d, resulting in the
composition of PrBa0.5Sr0.5Fe1.9Ge0.1O5+d. This modication
yielded a notable enhancement in cell performance, as evi-
denced by a critical improvement in the maximum power
density (MPD, 838.4 mW cm−2 at 800 °C) relative to the undo-
ped PrBaFe2O5+d (497.6 mW cm−2).15 Another method of novel
SOFC anode exploration involves the addition of a transition
metal to the B site, which can in situ exsolve from the perovskite
structure as nanosized metal particles functioning as cata-
lysts.16 For example, Ni/Co doping into the B site of a ferrite
perovskite, leading to the exsolution of NiFe/CoFe alloy nano-
particles, has demonstrated catalytic efficacy in improving cell
performance and coking resistance in SOFCs.17,18

Apart from the above extensively explored perovskite anodes,
the class of BaFeO3-based perovskites has garnered consider-
able attention among researchers due to their noteworthy
attributes, including low cost, high oxygen-ionic conductivity,
and excellent catalytic activity for the oxygen evolution reac-
tion.19,20 However, obtaining a pure phase BaFeO3 is challenging
owing to the ion radius mismatch between Ba2+ and Fe3+. This
challenge has been effectively addressed through A-site or B-site
doping, or A/B site co-doping, resulting not only in the stabili-
zation of a single cubic structure but also in the optimization of
the properties of the doped BaFeO3 to meet the requirements to
serve as an anode of SOFCs.21,22 For example, judiciously doping
different amounts of La into the A site of BaFeO3 led to the
attainment of a cubic perovskite structure when 10–20% La was
introduced to the A site, while 40% La doping yielded the
composition with the highest electrical conductivity in air
within the temperature range of 100–800 °C. Remarkably,
a certain amount of La doping was proven to be instrumental in
reducing the area-specic resistance (ASR) of SOFCs using an
La-doped BaFeO3 cathode, demonstrating the tunability of the
material properties of BaFeO3 through doping.20

However, when functioning as an anode, structural and
chemical stability becomes an essential property, particularly
14088 | J. Mater. Chem. A, 2024, 12, 14087–14098
considering the reducing atmosphere that anode materials
typically encounter. Doping with high-valence elements is
regarded as an effective approach to stabilize the structure of
perovskites.23–25 For instance, Li et al. proposed a co-doped
composition, Ba0.95La0.05Fe0.9Nb0.1O3−d, for use as the elec-
trodes of symmetric SOFCs, exhibiting remarkable structural
stability against wet H2-reduction, which is attributed to the
considerably high valence state of Nb.24 Furthermore, the redox
couple Mo6+/Mo5+ is commonly employed as a dopant to ach-
ieve structural stability, owing to its variable valence in different
atmospheres. Thus, Mo was introduced into the B site of LaFeO3

to enhance its structural stability. Using La0.5Ba0.5Fe0.95Mo0.05-
O3−d as electrodes, a symmetrical cell supported by a 300 mm
LSGM electrolyte achieved a peak power density of 0.96 W cm−2

at 800 °C, exhibiting 25 hour short-term stability and 20 hour
redox stability.25 Moreover, in situ exsolution has been demon-
strated to be an effective strategy to increase the material's
catalytic activity, electrical conductivity and coking resistance.17

Thus, a B-site Mo/Ni co-doped composition, (PrBa)0.95Fe1.9−x-
NixMo0.1O6−d (x = 0, 0.1, 0.2, 0.3, 0.4), has been explored. Ni-
doping has been found to be benecial in increasing the cata-
lytic activity of the anode material. Notably, when x = 0.3, the
cell exhibited a very small polarization resistance of 0.028U cm2

at 750 °C and maintained stability for 50 hours in wet propane,
demonstrating coking resistance with FeNi alloy nanoparticles
as a catalyst.26 In addition, an A-site-decient (Ba0.9La0.1)0.95-
Co0.7Fe0.2Nb0.1O3−d (BLCFN) perovskite oxide with in situ
exsolved Co–Fe nanoparticles has been developed and the cells
with BLCFN as an anode exhibit improved electrocatalytic
activity and coking resistance when using CH4 as fuel, resulting
in a stable voltage output over 200 h with an applied constant
current of 0.2 A cm−2.27

In this work, we introduce a novel composition derived from
BaFeO3, featuring A-site La doping and B-site Mo/Ni co-doping.
Specically, the synthesized electrode material, Ba0.6La0.4Fe0.8-
Mo0.1Ni0.1O3, underwent a systematic evaluation on an LSGM
electrolyte supported SOFC, encompassing redox stability,
catalytic activity, electrochemical performance, and coking
resistance. Our comprehensive investigation of the Ba0.6La0.4-
Fe0.8Mo0.1Ni0.1O3 material in this study reveals not only
remarkable redox reversibility but also excellent electrocatalytic
activity towards a variety of fuels and outstanding resistance to
coking with carbon-containing fuels. This work highlights the
potential of BLFMN as a promising anode candidate of SOFCs.

2. Experimental section
2.1 Materials synthesis

The Ba0.6La0.4Fe0.8Mo0.1Ni0.1O3−d (BLFMN) powder was
synthesized by a sol–gel method. A stoichiometric quantity of
the precursor chemicals of Ba(NO3)2, La(NO3)3$6H2O,
Fe(NO3)3$9H2O, (NH4)6Mo7O24$4H2O and Ni(NO3)2$6H2O was
dissolved in distilled water. Subsequently, glycine and citric
acid were added into the solution as chelating agents, with
a molar ratio of metal cations to citric acid to glycine of 1 : 1.5 :
2. The obtained transparent solution was then heated at 80 °C
with continuous agitation until gelation occurred. The resulting
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 X-ray diffraction patterns of (a) the as-prepared pristine BLFMN,
(b) BLFMN reduced in H2 at 800 °C for 5 h, and (c) reduced BLFMN
being re-oxidized at 800 °C for 5 h in air.
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gel was further heated on a hot plate, reaching a temperature of
300 to 400 °C until self-ignition occurred. The precursor powder
was pulverized, and subsequently calcined at 1100 °C for 5
hours in air, yielding the BLFMN powder. A similar procedure
was employed for the synthesis of BMO4 powder. Additionally,
the LSCF air electrode powder was purchased from Fuel Cell
Materials.

2.2 Characterization

The crystalline phases of the synthesized BLFMN and BMO4

powders, as well as those subjected to various heat-treatments
in different atmospheres, were characterized by powder X-ray
diffraction (XRD) analysis utilizing a Rigaku MiniFlex II
instrument. CuKa radiation with a wavelength (l) of 0.15415 nm
was employed in the XRDmeasurement. The morphology of the
BLFMN powder and the microstructure of electrolyte-supported
single cells were characterized using a eld emission scanning
electron microscope (FE-SEM, Zeiss Ultra Plus FESEM) together
with a high-angle annular dark-eld transmission electron
microscope (HAADF-TEM, TEI Tecnai F30) equipped with an
energy-dispersive X-ray (EDX) analyser. Furthermore, thermog-
ravimetric analysis (TGA) was carried out using a thermal
analyzer (STA 449 F3, NETZSCH, Germany) to assess the weight
variations of the BLFMN and BMO4 powders under distinct gas
atmospheres. The temperature range extended from 30 to 900 °
C, with a heating rate of 5 °C min−1. Air and 4% H2/N2 were
employed for redox reversibility of BLFMN powder investigation
with a gas ow rate of 50 mL min−1. Hydrogen temperature-
programmed reduction (H2-TPR) (Auto Chem II 2920, Micro-
meritics Instrument Corporation, USA) was performed on
BLFMN and BMO4 powders by heating the powder (100 mg) in
5% H2–N2 (50 mL min−1) at 5 °C min−1 from 50 to 900 °C aer
drying the powder in Ar at 200 °C for 1 h. H2 consumption
results were recorded using a thermal conductivity detector
(TCD) for the subsequent analysis. BLFMN bar samples with
dimensions of approximately 34 × 6.9 × 0.7 mm3 were fabri-
cated by uniaxially pressing the corresponding powders mixed
with 4% polyvinyl butyral (PVB) under 7MPa pressure for 1 min.
The resulting bar samples were then sintered in air at 1350 °C
for 5 hours to obtain dense samples, and the electrical
conductivity of the dense samples was then determined using
the DC four-probe method at temperatures ranging from 300 to
850 °C.

2.3 Cell fabrication and electrochemical performance
testing

Dense La0.8Sr0.2Ga0.83Mg0.17O3−d (LSGM) electrolyte with
a thickness of approximately 300 mmwas prepared via the same
procedure as that in previous work.28,29 To prepare the electrode
ink, BLFMN or LSCF powder was mixed with a V006 binder
using an agate mortar and pestle in a weight ratio of 1 : 1.5. The
resulting anode or cathode ink was then brushed to both sides
of the LSGM pellets, with an active area of 0.33 cm2 to fabricate
single cells with the cell conguration of BLFMN/LSGM/LSCF.
These single cells were subjected to calcination at 1000 °C for
2 hours in an air environment to achieve a good bonding
This journal is © The Royal Society of Chemistry 2024
between the electrode and the electrolyte. Symmetrical cells
were prepared in the same way but the same BLFMN ink was
applied on both sides of the LSGM electrolyte pellets, resulting
in the cell conguration of BLFMN//LSGM//BLFMN. For the
polarization resistance (Rp) evaluation, silver mesh affixed with
gold paste was utilized as a current collector on the electrode
surface of symmetrical cells with an active electrode area of 0.33
cm2.

For cell electrochemical performance testing, gold paste was
applied to the top of both the electrodes as current collectors.
Subsequently, the dried gold paste was calcined at 800 °C for 1 h
to eliminate the organic substances. Lastly, the assembled
single cells were hermetically sealed onto an alumina tube
using a ceramic sealant (Ceramabond 552, Aremco, USA). The
current density–voltage–power density (I–V–P) curves of the
SOFCs were obtained within the temperature range of 650–850 °
C, utilizing a Versa STAT 3-400 electrochemical workstation. In
addition, electrochemical impedance spectra (EIS) were
acquired at the open circuit voltage (OCV) for both single and
symmetrical cells with a frequency range of 106 to 0.01 Hz and
an AC amplitude of 10 mV.
3. Results and discussion
3.1 Crystal structure

Fig. 1 depicts the XRD patterns of both pristine and heat-treated
BLFMN powders. The XRD pattern of pristine BLFMN powder
(Fig. 1(a)) can be indexed to a cubic phase (PDF#97-018-5273,
Ba0.5La0.5FeO3 (BLF)) along with a scheelite BaMoO4 (BMO4)
(PDF#97-005-6109) second phase. This observation aligns with
previous reports indicating that the BMO4 impurity phase forms
when the Mo doping level at the Fe site exceeds the stoichi-
ometry of 0.1.25 Upon heat-treating the pristine BLFMN powder
in H2 at 800 °C for 5 h (Fig. 1(b)), a triple phase is observed,
comprising the BLF main cubic phase, BaMoO3 (BMO3)
(PDF#97-019-2726), and FeNi3 alloy (PDF#97-018-8242).
Remarkably, upon re-calcination of the reduced powder in air
at 800 °C for 5 hours (Fig. 1(c)), the triple phase of the reduced
J. Mater. Chem. A, 2024, 12, 14087–14098 | 14089
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powder reverts to the pristine dual phase. This exceptional
redox reversibility of BLFMN can be attributed to the stabilized
BLF main cubic structure through high-valence Mo doping and
the fully redox reversible nature of the BMO4 secondary phase.
As illustrated in Fig. S1,† the prepared pristine BMO4 powder
exhibits a tetragonal structure, well indexed to PDF#97-025-
0487 (Fig. S1(a)†). Aer reducing the powder in H2 for 5
hours, the BMO4 powder with a tetragonal phase transform into
the cubic phase BMO3 (PDF#97-019-2726) (Fig. S1(b)†). Notably,
BMO3 can be easily reverted to BMO4 by heat treatment in air at
800 °C for 5 hours (Fig. S1(c)†). These distinctive behaviors
underscore the dynamic redox characteristics of the BLFMN
material, providing insights into the reversible structural
transformations induced by a redox environment. In addition,
BLFMN also shows good chemical compatibility with LSGM
electrolyte upon calcining the well mixed BLFMN and LSGM
powder with a weight ratio of 1 : 1, as displayed in Fig. S2.†
3.2 SEM analysis

SEM was employed to characterize the surface morphology and
single-cell microstructure. As described in the XRD analysis,
BLFMN samples underwent phase transformation upon heat
treatment in H2. Consequently, the morphologies of the pristine
and reduced BLFMN have been observed, as shown in Fig. 2(a
and b), respectively, revealing a porous microstructure with
interconnected grains. Aer reduction in H2, spherical nanosized
particles are uniformly dispersed on the smooth surface across
the reduced BLFMN samples. The high-angle annular dark-eld
scanning transmission electron microscopy (HAADF-STEM)
image and the corresponding EDX elemental mapping are
shown in Fig. 2(c). As can be seen, there are nanoparticles with
size of around 40 nm and Ba, La, Ni, Fe, Mo and O elements are
Fig. 2 Surface morphology of the (a) pristine BLFMN powder and (b)
BLFMN powder treated in H2 at 800 °C for 5 h, (c) HAADF-STEM image
and the corresponding EDX element mapping images of an NiFe alloy
nanoparticle, and (d) HAADF-STEM image and corresponding EDX line
scan of the nanoparticles.

14090 | J. Mater. Chem. A, 2024, 12, 14087–14098
uniformly distributed in the BLFMN substrate, while Ni and Fe
are rich in the exsolved nanoparticles. Moreover, the HAADF-
STEM image and the element distribution along a line scan of
a typical BLFMN surface with exsolved nanoparticles are shown
in Fig. 2(d). Both the EDX mapping and the line scanning
conrm that the nanoparticles are composed of Fe and Ni, which
is consistent with the XRD analysis above.

Fig. S3(a)† presents the cross-section of an electrolyte-
supported single cell, featuring LSCF as the cathode and
BLFMN as the anode. The anodemeasures approximately 22 mm
while the cathode is about 14 mm, and the porous electrodes
exhibit good adherence to the dense LSGM electrolyte (300 mm).
Fig. S3(b)† is a magnied view of the LSCF cathode/LSGM
electrolyte interface with a gold current collector layer on top
of the LSCF cathode.
3.3 Thermogravimetric and temperature programmed
reduction analysis

Hydrogen temperature-programmed reduction (H2-TPR)
measurements and thermogravimetric analysis (TGA) were
conducted to assess the thermal stability of BLFMN and BMO4

in different atmospheres. The TPR diagram in Fig. 3(a) for
BLFMN reveals two distinct peaks at 275 °C and 357 °C, corre-
sponding to the reduction of Fe4+ to Fe3+, and Mo6+ to Mo5+,
respectively.25 As the temperature increases, the TPR curve
ascends from around 650 °C, signifying the further reduction of
Fe3+ to Fe2+ or Fe0, Ni2+ to Ni0, and Mo5+ to Mo4+.26 In contrast,
the TPR signal of BMO4 emerges at around 650 °C, which is
primarily attributable to the reduction of the Mo element.30

The TGA results, illustrated in Fig. 3(b), depict the weight
losses of the samples upon heating to 900 °C in either air or
a 4% H2–N2 atmosphere. For BLFMN, a gradual weight loss is
observed with an increase in temperature up to 900 °C,
amounting to a total weight loss of 0.85%. In contrast, BMO4

exhibits no observable weight loss when exposed to an air
atmosphere, indicating its exceptional thermal stability. On the
other hand, in a 4% H2–N2 atmosphere, BLFMN displays two
distinct stages of weight loss. The rst stage, occurring at 200–
350 °C, is attributed to the loss of surface oxygen or adsorbed
moisture, while the second stage, observed at 350–900 °C,
corresponds to the large amount of lattice oxygen loss with
increasing temperature in an H2-contained atmosphere. These
ndings agree well with the above TPR analysis and the obser-
vations of the other reported perovskite materials.22,31 However,
BMO4 exhibits much less weight loss (0.18%) than BLFMN
(2.73%), demonstrating its good thermal stability even under
a reducing atmosphere at elevated temperatures. To further
validate the redox reversibility characteristic observed by the
XRD analysis, TGA was employed with an atmospheric switch
during testing to monitor weight changes in different environ-
ments.32 The sample was initially ramped up to 900 °C in air.
Aer the temperature reached 900 °C and held for 30 min, the
weight of the sample was recorded for 2 h to monitor the
stabilization of sample weight in an air atmosphere. As shown
in Fig. 3(c), the weight loss of BMO4 and BLFMN was stabilized
at 99.85% and 98.85%, respectively. Subsequently, the gas in
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) TPR plot for BLFMN and BMO4 powders from 50 to 900 °C,
(b) TGA in air and 4% H2/N2 for BLFMN and BMO4 powders from 50 to
900 °C, and (c) weight change of BLFMN and BMO4 powders by
switching the gas between air and 4% H2/N2; N2 was purged to the
chamber for 20 min to swap the remaining air or 4% H2/N2 for each
gas switching.

Fig. 4 Conductivity variation of BLFMNwith temperature in air and 5%
H2/N2.
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the TGA testing chamber was switched from air to N2 to ush
the chamber system for 20 min, and then switched to 4%H2/N2,
and the sample was exposed to this H2 containing atmosphere
for 1.5 hours, resulting in a decrease in weight due to the loss of
lattice oxygen in a lower oxygen partial pressure environment.
Upon reverting the chamber gas back to air, the weight of the
sample returned to its initial value. Specically, aer reab-
sorbing oxygen from air, the weights of both BMO4 and BLFMN
were restored to 99.83% and 98.84%, respectively. This
sequence of weight changes conrms the excellent redox
reversibility of both BLFMN and BMO4 materials.
3.4 Electrical conductivity

The electrical conductivity of the anode plays a pivotal role in
facilitating efficient electron transport and current collection
This journal is © The Royal Society of Chemistry 2024
for practical SOFC applications. Fig. 4 depicts the temperature-
dependent electrical conductivity of BLFMN within the
temperature range of 300–850 °C. The conductivity trend
demonstrates variation with temperature under different
atmospheres. In an air environment, the conductivity initially
increases with rising temperature, reaching a peak at 500 °C
(208 S cm−1). This behavior indicates a semi-conductive nature,
elucidated by a thermal-activated small polaron hopping
mechanism illustrated in eqn (1).20 Subsequently, the conduc-
tivity decreases as the temperature continues to rise, which is
attributed to the loss of lattice oxygen and the reduction in
charge carriers (electron holes) at elevated temperatures, indi-
cated by the reverse reaction of eqn (1).27w

1=2O2 þ V��
O4O�

O þ 2h� (1)

here V��
O represents an oxygen vacancy, O�

O a lattice oxygen and
hc an electron hole.

Upon switching the atmosphere to 5% H2/N2, the sample
underwent stabilization for 12 hours, resulting in a conductivity
reduction to 0.8 S cm−1 at 850 °C. This decline in conductivity
within a hydrogen-containing atmosphere can be attributed to
the loss of lattice oxygen, owing to the reduction of Fe, Mo, and
Ni cations, as described by the above TPR and TGA analyses in
Fig. 3(a and b). Consequently, the decrease in electron holes as
charge carriers leads to a signicant reduction in electrical
conductivity.26,31

3.5 Electrocatalytic activity

Electrocatalytic activity, typically reected by polarization
resistance (Rp), is an important factor that dictates the elec-
trochemical performance of SOFCs. Therefore, the Rp values of
the BLFMN electrode in an air or H2 atmosphere are deter-
mined from electrochemical impedance spectra (EIS) on
a symmetrical cell with the cell conguration of BLFMN//
LSGM//BLFMN. With the high-frequency induction tail and
the ohmic resistance subtracted, the distance between the two
points of the impedance intersecting the real axis of the
Nyquist plot is dened as Rp to evaluate the electrocatalytic
J. Mater. Chem. A, 2024, 12, 14087–14098 | 14091
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Fig. 5 Electrochemical impedance spectra of BLFMN symmetric cells measured in air (a) and H2 (b) at 650, 700, 750, and 800 °C, respectively.
Resulting DRT plots of the BLFMN symmetric cell under air (c) and H2 (d) atmospheres at 650, 700, 750, and 800 °C, respectively.
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activity. Shown in Fig. 5(a and b) are the EIS in the testing
temperature range of 650–800 °C in air and an H2 atmosphere,
respectively. The Rp values of the BLFMN anode decrease
rapidly with an increase in temperature from 650 to 800 °C
whether in air or hydrogen, indicating that the increase of the
working temperature can effectively accelerate the electrode
reaction process and lower the electrode polarization resis-
tance.41 The Rp values were determined to be 0.47, 0.19, 0.08,
and 0.04 U cm2 in air while being 0.99, 0.50, 0.23, and 0.13 U

cm2 in hydrogen at 650, 700, 750 and 800 °C, respectively.
Comparing the Rp values obtained in this study with those
reported for electrode materials tested under similar condi-
tions, as listed in Table 1, the lower Rp values observed both in
air and in H2 in this work indicate the strong electrocatalytic
activity of BLFMN for the oxygen reduction reaction (ORR) and
hydrogen oxidation reaction (HOR).

At the same time, the Arrhenius plot of ASR as a function of the
operating temperature is presented in Fig. S4,† and is linearly
tted to calculate the activation energy of the electrode reaction in
air or in a hydrogen atmosphere. The values of Ea for the electrode
reaction process at the temperature range of 650–800° are 1.40
and 1.17 eV in air and in hydrogen, respectively, which are close to
those of some reported electrode materials, such as Ba0.95La0.05-
Fe0.9Nb0.1O3−d (1.09 eV in H2),24 (Ba0.9La0.1)0.95Co0.7Fe0.2Nb0.1O3−d
(1.28 eV in 5%H2/Ar),27 Pr0.4Bi0.1Ba0.5MnO3−d (1.12 eV in H2),42

(Sr0.3La0.7)0.8(Fe0.7Ti0.3)0.9Ni0.1O3−d (1.31 eV in air),43 and
(PrBa)0.95(Fe0.9Mo0.1)2O5 + d (1.31 eV in air),44 and lower Ea values
in H2 than in air represent a smaller chemical barrier for fuel
oxidation reaction at the electrode.43
14092 | J. Mater. Chem. A, 2024, 12, 14087–14098
The distribution of relaxation times (DRT) method has been
proven effective in understanding the electrochemical reaction
processes in SOFCs.45 To elucidate the kinetics of the ORR and
HOR on the BLFMN electrode, the EIS plots obtained in an air
or H2 atmosphere were deconstructed using the DRT method
with a Gaussian function.46 By analysing different time
constants directly from the EIS data, distinct processes can be
highlighted through specic peaks in the deconvoluted DRT
curves. The most prominent peak in the plot signies the rate
limiting step of the electrode reaction.

Fig. 5(c and d) present the results of the DRT analysis derived
from the EIS data of Fig. 5(a and b), respectively. In the air
atmosphere (Fig. 5(c)), the progression from low to high
frequency involves oxygen diffusion in the cathode (∼0.1 Hz),
surface oxygen adsorption and dissociation (∼100 to 200 Hz),
and the charge transfer process and O2− transfer across the
electrode/electrolyte interface (∼1000 to 2000 Hz).35,37 The DRT
plots in the air atmosphere at different temperatures exhibit
three distinct peaks marked as P1, P2, and P3, indicating the
electrode reaction can be delineated into three sub-steps. The
primary peak of DRT plots is temperature-sensitive, suggesting
that the dominant rate limiting step of the cathodic reaction
varies with temperature. A substantial shi from 30 Hz to
∼1033 Hz is observed as the temperature rises from 650 °C to
800 °C, signifying that at lower temperatures, the limiting step
is surface oxygen adsorption and dissociation processes, while
at higher temperatures, the charge transfer and ionic transport
process predominantly take effect. In the H2 atmosphere
(Fig. 5(d)), four characteristic peaks represented as P1, P2, P3,
This journal is © The Royal Society of Chemistry 2024
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Table 1 Rp of the electrodes in air or in H2 in comparisonwith that of some reported electrodesmeasured with an LSGM-based symmetric cell at
800 °C

Electrode Rp in air (U cm2) Rp in H2 (U cm2) Ref.

Sr2Co0.4Fe1.2Mo0.4O6−d 0.10 0.14 18
La0.5Ba0.5Fe0.95Mo0.05O3−d 0.07 0.12 25
La0.1Sr1.9Fe1.4Ni0.1Mo0.5O6−d 0.06 0.34 28
Sr2Fe1.4Ni0.1Mo0.5O6−d 0.09 0.52 28
Ca0.25Sr1.75Fe1.5Mo0.5O3−d 0.09 0.20 33
Sr2Fe1.5Mo0.5O6−d 0.24 0.27 34
La0.5Sr0.5Fe0.9W0.1O3−d 0.08 0.16 35
Pr0.4Sr0.6Fe0.875Mo0.125O3−d 1.02 1.60 36
La0.5Sr0.5Fe0.9Nb0.1O3−d 0.06 0.24 37
Sr2Ti0.8Co0.2FeO6 0.12 0.38 38
La0.8Sr1.2Fe0.9Co0.1O4−d 0.29 1.14 39
Pr0.5Sr0.5Cr0.1Fe0.9−xNixO3−d 0.09 1.28 40
BLFMN 0.04 0.13 This work
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and P4 are observed in the frequency range from 100 to 105 Hz,
indicating that the electrode reactions may be governed by four
sub-steps. Unlike the DRT curve in the air atmosphere, themain
peak of DRT data in the anodic atmosphere exhibits a smaller
temperature dependence, suggesting that the limiting step for
the HOR remains consistent at different temperatures.
However, with increasing temperature, the intensity of P2, P3,
and P4 decreases or even disappears (P3, P4), which is likely
associated with the electro-oxidation of H2, indicating an
increase in the catalytic activity of the electrode for H2 oxidation
at elevated temperatures.37,40
3.6 Cell electrochemical performance using H2 as fuel

The electrochemical performance of single cells with the cell
conguration of BLFMN//LSGM//LSCF was assessed by
supplying H2 to the anode while exposing the cathode to the
ambient air. As illustrated in the XRD, SEM and TEM analysis,
aer being reduced in an H2 atmosphere, the exsolved FeNi3
alloy nanoparticles from the parent cubic BLFMN phase were
expected to possess high catalytic activity toward fuel oxidation
reactions.7 Moreover, BMO3, derived from reduction-induced
phase transformation from a scheelite-type BMO4 oxide, was
reported to be a good electrocatalyst for hydrogen evolution
because the BMO3 perovskite made of interconnected MoO6

octahedra is found to be more hydrogen evolution reaction
active than the BMO4 consisting of isolated MoO4 tetrahedra,
due to the stabilized Mo tetravalent state, the increased surface
oxygen vacancy concentration, and the several orders improved
electrical conductivity of BMO3.47–49 In addition, the presence of
Fe2+/Fe3+/Fe4+ and Mo5+/Mo6+ redox couples in reduced BLFMN
was supposed to induce electrical properties while losing lattice
oxygen, facilitating catalytic oxidation of fuel and electron
transport.50 Therefore, BLFMN is expected to be an excellent
anode material with promising single cell (SC) performance. As
shown in Fig. 6(a), the maximum cell power density (Pmax) was
1.61 W cm−2 at 850 °C. Correspondingly, the Rp values (Fig. 6(c))
of single cells were determined to be 0.16 U cm2 at 850 °C. The
observed trend reveals an increase in Pmax and a decrease in Rp
This journal is © The Royal Society of Chemistry 2024
with a rise in the cell operating temperature, which is primarily
attributed to the enhanced catalytic activity for H2 oxidation, as
discussed in the DRT analysis.

As reported, A/B-site doped LaFeO3 materials can act as good
cathode materials for SOFCs due to their good mixed ionic and
electronic conductivity and excellent ORR activity.21,25,51 There-
fore, symmetric cells (SMCs) with BLFMN as both the anode and
cathode (BLFMN//LSGM//BLFMN) were fabricated and the
electrochemical performance was evaluated. The I–V–P curves
as well as the corresponding EIS are shown in Fig. 6(b and d),
respectively. The RU, Rp and Pmax values of the SC and SMC are
listed in Table S1.† The Rp values of the SMC are higher than
those for single cells at 850 °C, resulting in a slightly lower Pmax.
However, upon comparison with other electrode materials as
listed in Table 2 and Fig. S5,† which display the Rp or Pmax of the
listed electrode materials at the temperature range of 650–850 °
C, BLFMN demonstrates comparable or even lower Rp and
higher Pmax values, whether acting as an anode in a single cell or
serving as both the anode and cathode in a symmetric cell at an
intermediate temperature range, indicating its excellent cata-
lytic activity for the HOR and ORR. However, the I–V curves for
the symmetric cells exhibit non-linearity at 800 °C and 850 °C
(as shown in the inset in Fig. 6(b)), indicating an increased
activation polarization occurring at the cathode.52 The sluggish
performance of the ORR is attributed to the limited charge
transfer and ionic transport processes at elevated temperatures,
as elucidated in the DRT analysis.

Considering the outstanding redox reversibility of BLFMN,
which was demonstrated by the XRD and TGA analyses, the
cycling stability of the BLFMN electrode was further evaluated
in a symmetric cell at 800 °C. Specically, the cell was initially
operated in a single cell mode, namely, the atmosphere of one
side of the electrode was H2 while that of the other side was air.
Single cells were operated under a constant current load of 0.3 A
cm−2 for 24 h to obtain stable cell performance. Then, the
current load was removed, and the rst Rp and Pmax in the single
cell mode were obtained from EIS and I–V curves, respectively.
Subsequently, the atmosphere of the anode side of the single
cell was ushed with N2 for 0.5 h, and then switched to air, so
J. Mater. Chem. A, 2024, 12, 14087–14098 | 14093
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Fig. 6 (a and c) I–V–P and EIS curves for the BLFMN//LSGM//LSCF single cell (SC) operating from 650 to 850 °C. (b and d) I–V–P and EIS curves
for the BLFMN//LSGM//BLFMN symmetric cell (SMC) operating from 650 to 850 °C. (e) Redox cycling stability of the BLFMN electrode with cell
configuration of BLFMN//LSGM//BLFMN at 800 °C between the mode of the symmetric cell and the single cell.

Table 2 Rp and Pmax of the reported electrodes in single cells or in symmetric cellsa

Anode Cell type Cell conguration (anode/FL/electrolyte/cathode) T (°C) Rp (U cm2) Pmax (mW cm−2) Ref.

Sr2V0.4Fe0.9Mo0.7Ni0.4O6−d (SVFNM) SC SVFNM/SDC/LSGM/LSCF 850 0.18 828 7
Sr2Co0.4Fe1.2Mo0.406−d (SCFM) SC SCFM/LSGM (300 mm)/LSCF 850 0.17 1139 18
Sr2Co0.4Fe1.2Mo0.406−d (SCFM) SMC SCFM/LSGM (300 mm)/SCFM 850 0.12 993 18
La0.1Sr1.9Fe1.4Ni0.1Mo0.5O6−d (LSFMN) SC LSFMN/LSGM (300 mm)/LSCF 850 0.18 1371 28
Pr0.1Sr1.9Fe1.4Ni0.1Mo0.5O6−d (PSFMN) SC PSFMN/LSGM (300 mm)/LSCF 850 0.20 1127 28
Sr2Fe1.4Ni0.1Mo0.5O6−d (SFMN) SC SFMN/LSGM (300 mm)/LSCF 850 0.22 1083 28
Sr2Fe1.5Mo0.5O6−d (SFM) SMC SFM/LSGM (265 mm)/SFM 800 0.47 470 34
La0.5Sr0.5Fe0.9W0.1O3−d (LSFW) SMC LSFW/LSGM (250 mm)/LSFW 800 0.41 617 35
La0.5Sr0.5Fe0.9Nb0.1O3−d (LSFNb) SMC LSFNb/LSGM (300 mm)/LSFNb 800 0.19 820 37
La0.8Sr1.2Fe0.9Co0.1O4−d (LSFCo) SMC LSFCo/LSGM (1000 mm)/LSFCo 800 0.38 237 39
Sr2FeMo0.6Mg0.25Ga0.15O6−d (SFMMG) SC SFMMG/LDC/LSGM (300 mm)/PBSCF 850 0.16 818 53
Sr1.9Fe1.4Ni0.1Mo0.5O6−d (S1.9FNM) SC SMNF-SDC/LDC/LSGM/LSCF 800 0.26 968 54
La0.6Sr0.4Mn0.2Fe0.8O3−d (LSMF) SC LSMF/LSGM (280 mm)/LSCF-GDC 800 0.11 720 55
La0.6Sr0.4Mn0.2Fe0.8O3−d (LSMF) SMC LSMF-GDC/LSGM (280 mm)/LSMF-GDC 800 0.51 640 55
La0.6Sr0.4Fe0.95Pt0.05O3−d (LSFPt) SMC LSFPt/LSGM (300 mm)/LSFPt 850 0.58 719 56
La0.95Fe0.80Ni0.05Ti0.15O3 (LFNT) SC LFNT/LSGM (350 mm)/LSC 800 0.51 280 57
La0.6Sr0.4Fe0.95Ru0.05O3−d (LSFRu) SMC LSFRu/LSGM (300 mm)LSFRu 850 0.31 602 58
BLFMN SC BLFMN/LSGM (300 mm)/LSCF 850 0.16 1610 This work
BLFMN SMC BLFMN/LSGM (300 mm)/BLFMN 850 0.19 1320 This work

a Single cell (SC); symmetrical cell (SMC); functional layer (FL); La0.8Sr0.2Ga0.87Mg0.13O3−d or La0.8Sr0.2Ga0.8Mg0.2O3−d (LSGM);
La0.6Sr0.4Co0.2Fe0.8O3−d (LSCF); Ce0.8Sm0.2O2−d (SDC); La0.4Ce0.6O2 (LDC); Ce0.9Gd0.1O2 (GDC); PrBa0.5Sr0.5Co1.5Fe0.5O5+d (PBSCF).

14094 | J. Mater. Chem. A, 2024, 12, 14087–14098 This journal is © The Royal Society of Chemistry 2024
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that both the anode and cathode were exposed to air, and the
cell was in a symmetric cell mode in an air atmosphere. Aer
exposing both electrodes in air for 2.5 h, the EIS plot was
measured to obtain the Rp in the symmetric cell mode in air.
The anode was then ushed with N2 for 0.5 h, and subsequently
switched to H2 for 2.5 h, while the cathode was still exposed to
air, and the EIS plot was recorded to obtain the Rp and the V–I
curve was measured to obtain Pmax in the single cell mode. The
cell operation mode was illustrated in the inset in Fig. 6(e). By
switching the anode atmosphere between H2 and air for 12
cycles, the Rp as well as Pmax values of the symmetrical cell
remained almost unchanged (Fig. 6(e)), indicating the excellent
redox cycling reversibility of the BLFMN electrode.
3.7 Cell electrochemical performance using hydrocarbon
fuel

Coking resistance for direct oxidation of hydrocarbon fuels of
the BLFMN electrode was investigated in single cells with the
cell conguration of BLFMN//LSGM//LSCF. As shown in
Fig. 7(a), when CH4 was supplied to the BLFMN anode, the Pmax

values of the single cells were 0.415, 0.203 and 0.076 W cm−2 at
850, 800 and 750 °C, respectively. The electrochemical perfor-
mance of the single cells using CH4 as fuel is lower than that of
the single cells using H2 as fuel, indicating the BLFMN anode
shows lower catalytic activity for the CH4 oxidation reaction
mainly accounting for the extremely stable CH4 molecules,18,59

which is evident from the larger polarization resistance of the
single cells using CH4 as fuel than using H2 as fuel as shown in
Fig. 7(c) and 6(c). On the other hand, when C3H8 was used as the
fuel, the Pmax of the single cell was 0.412 W cm−2 at 750 °C, as
presented in Fig. 7(b). Due to the lower activation energy
strength of the C–H bond in C3H8 (∼415 kJ mol−1) than that in
Fig. 7 (a) I–V–P and (c) EIS curves for the single cell operating from 750 t
operating at 750 °C with C3H8 as fuel.

This journal is © The Royal Society of Chemistry 2024
CH4 (∼435 kJ mol−1), the single cell showed higher OCV (∼1 V)
at 750 °C when C3H8 was used as fuel compared with that using
CH4 as fuel (∼0.8 V) at 750 °C. Such an OCV difference with CH4

and C3H8 is consistent with the theoretical OCV calculated from
the Nernst equation.3,60 Meanwhile, the single cell shows lower
polarization using C3H8 as fuel (1.10U cm2) than that using CH4

as fuel (1.48 U cm2) at 750 °C, as shown in Fig. 7(c and d),
respectively.
3.8 Cell performance stability

The stability of cell performance for direct CH4 or C3H8 oxida-
tion with BLFMN as the anode was assessed by subjecting single
cells to constant current loads over time. Fig. 8(a) illustrates the
good stability observed when H2 was used as fuel. Fig. 8(b and c)
depict the absence of a signicant voltage drop over 300 h under
constant current loads of 0.1 A cm−2 at 800 °C for CH4 and 0.3 A
cm−2 at 750 °C for C3H8, respectively. SEM analysis was
employed to evaluate the microstructure of the cell before and
aer∼325 h of stability testing using CH4 as fuel. Fig. 9(a and b)
present cross-sections of the fresh cell and the cell aer stability
testing with CH4, respectively. Aer ∼325 h of operation, no
discernible delamination between the electrode and electrolyte
was observed. Furthermore, image analysis using ImageJ so-
ware was conducted to estimate the average grain size of the
electrodes. Fig. 9(e) shows that the fresh BLFMN electrode had
an average grain size of 382 nm, which increased to 425 nm
aer ∼325 h of operation in dry CH4. The growth rate of the
grain size (an increase of 11%) was notably lower compared to
that of traditional Ni-YSZ electrodes (which typically show
increases ranging from 20% to over 100%).61,62 The excellent cell
stability upon direct oxidation of hydrocarbon fuel indicates
that the BLFMN electrode is superior to the conventional Ni-
o 850 °C with CH4 as fuel. (b) I–V–P and (d) EIS curves for the single cell
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Fig. 8 Performance stability test for the single cells with the
BLFMNjLSGMjLSCF configuration under a constant current load of (a)
0.3 A cm−2 at 750 °C in H2, (b) 0.1 A cm−2 at 800 °C in CH4, and (c) 0.3
A cm−2 at 750 °C in C3H8.

Fig. 9 (a and b) SEM image of the cross section of the fresh cell and
the cell after tested with CH4; (c and d) magnified fractured cross-
sectional SEM image of the BLFMN anode for the area in the red
rectangle in (a) and (b), respectively; (e and f) the particle size distri-
bution analysis of the fresh BLFMN anode and BLFMN anode after
being tested in dry CH4 for ∼325 h, respectively.
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based anode, which has been shown to be easily deactivated
when directly operating with dry hydrocarbon fuels.63–65

The improved coking resistance can be explained by several
aspects.18,26,54,60 Firstly, the cell will generate water vapor under
operating conditions, and the deposited carbon will be
14096 | J. Mater. Chem. A, 2024, 12, 14087–14098
gradually removed through a wet reforming process.18,66

Secondly, a bi-metallic alloy, such as FeNi3, embedded on the
perovskite backbone can preferentially oxidize carbon atoms,
removing them from the surface of the electrocatalyst.26,54 Most
importantly, according to the working principle of oxygen ion
conducting SOFCs, when cells are operated under a constant
current load, oxygen ions generated in the cathode will be
transported to the anode through the oxygen ion conducting
LSGM electrolyte, and then the deposited carbon in the anode
will be gradually oxidized.60 Above all, the good performance
and stability from single cells using BLFMN as the anode
indicate that BLFMN is a promising anode material with good
coking resistance.
4. Conclusions

In this work, dual phase BLFMN consisting of a cubic perovskite
and scheelite BMO4 was synthesized using a sol–gel combustion
method. By heat-treating the dual phase BLFMN in a reducing
atmosphere, a composite comprising the cubic BLF main
phase, cubic BMO3 secondary phase and in situ-exsolved
nanoparticles of the FeNi3 bimetallic alloy phase was achieved.
By heat-treating the reduced powders in an oxidizing atmo-
sphere, the composite can transform back to the initial dual
phase, showing excellent redox reversibility of the BLFMN
samples. The catalytic activity of BLFMN was evaluated using
a symmetric cell with the cell conguration of BLFMN//LSGM//
BLFMN, exhibiting a low Rp in air (0.04 U cm2) or in H2 (0.13 U

cm2) at 800 °C. Furthermore, the symmetrical cells exhibited
excellent redox reversibility by switching the atmosphere in the
anode between air and H2 with 12 cycles. Single cells using
BLFMN as the anode with the cell conguration of BLFMN//
LSGM//LSCF have demonstrated Pmax values of 1.61 W cm−2

at 850 °C, using H2 as the fuel. Moreover, BLFMN has also
demonstrated good catalytic activity and performance stability
(over 300 h) for direct oxidation of CH4 and C3H8, indicating
that the newly designed BLFMN is a promising electrode
material for direct hydrocarbon SOFCs.
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