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ocomposite and self-assembled
nanoparticle-decorated cathode for low
temperature SOFCs

Chunyang Yang, Gang Wang and Xingjian Xue *

One-pot route synthesis of an A-site Sm-doped simple perovskite with nominal composition

Sm0.10Ba0.90Co0.8Fe0.2O3−d leads to a novel perovskite nanocomposite containing ∼90% A-site cation

deficient cubic simple perovskite Ba0.925(Co/Fe)0.962Sm0.038O3−d and ∼10% orthorhombic layered

perovskite SmBa(Co/Fe)2O5+d. The synergy of the two phases in the nanocomposite results in high

electrochemical kinetic properties at low temperatures. With the novel perovskite nanocomposite,

a surface nanoparticle-decorated nanocomposite cathode is self-assembled through a one-step

sintering process. The corresponding anode-supported cell delivers a peak power density of 1271 mW

cm−2 at 650 °C. The cell also demonstrates long-term stability (∼333 h) under a current load of 600 mA

cm−2 and shows short-term stability (∼16 h) under an alternating large current load between 600 and

1700 mA cm−2 at 600 °C. The novel perovskite nanocomposite developed in this paper is among the

best in open literature for cathodes of low temperature SOFCs.
1 Introduction

Solid oxide fuel cells (SOFCs) have attracted considerable
attention due to their high efficiency, low pollutant emission,
and fuel exibility.1–3 The early stage SOFC technologies usually
operate under high temperature conditions (>850 °C). While
high operating temperatures may improve electrochemical
kinetics, they also cause high system and operating costs,
various forms degradation, and limited selection of materials
and components for the system.4,5 To mitigate these issues
while widening the selection of less expensive materials, e.g.,
metallic interconnects, intermediate temperature SOFC (IT-
SOFC, 650–800 °C) technologies have been widely pursued
over the past decade.5,6 Reducing operating temperature of
SOFCs may also bring other advantages of enabling readily
sealing and quick start-up and shut-down of the system and
potential applications for portable devices and trans-
portations.4,5,7 To further enhance advantages induced by
reducing operating temperatures, low temperature SOFC (LT-
SOFCs, less than 650 °C) technologies have been extensively
studied in recent years. Nevertheless, lowering operating
temperature usually leads to lower electrochemical perfor-
mance of SOFCs compared to their high temperature counter-
parts. In particular, the bulk diffusion and surface exchange
processes are thermally activated in nature. When the operating
temperature decreases, it deteriorates SOFC performance. Since
the cathode electrode is a dominant component affecting SOFC
iversity of South Carolina, Columbia, SC
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f Chemistry 2025
performance, it is critical to develop high performance cathodes
for LT-SOFCs.8

One strategy to achieve high performance cathodes is to
develop novel cathode materials that have excellent properties
of electrochemical kinetics at relatively low temperatures. ABO3-
type simple perovskites have been widely studied as mixed ionic
and electronic conducting (MIEC) cathode materials for SOFCs.
Typically, relatively large size alkaline-earth metal elements are
used in the A-sites while relatively small size transition metal
elements are utilized in the B-sites. Such versatility allows ABO3

perovskites to tune phase structures and electrochemical
kinetic properties simultaneously. In particular, the combina-
tion of large ions (e.g., Ba and Sr) at A-sites and small ions (e.g.,
Co and Fe) at B-sites may create sufficient lattice free volume
and oxygen vacancies. These will lead to relatively low activation
energy, facilitating oxygen ion migration in the perovskite
lattice at relatively low temperatures. In addition, suitable
doping of large ions at A-sites and small ions at B-sites may tune
the Goldschmidt tolerance factor of crystal structures close to
unity, creating highly symmetrical simple cubic phases. The
symmetrical cubic phase in turn enables isotropic 3-D oxygen
ion diffusion, enhancing ionic conductivity.9,10 On the other
hand, driven by the creation of oxygen vacancies, the valence
state of transition metal elements at B-sites will change to
maintain charge neutrality of the crystal structures. The varia-
tions of valances and spin states of transition elements at B-
sites are largely related to the (electro) catalytic properties of
the material. In this context, a class of ABO3−d type MIECs has
been extensively studied as cathode materials for SOFCs. Typi-
cally, different doping strategies are applied to the parent
J. Mater. Chem. A, 2025, 13, 28409–28426 | 28409
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compositions of BaCoO3−d and SrCoO3−d so that their proper-
ties are improved such as electrochemical kinetics and
stability.11–13 Unfortunately, the electrical conductivities are
relatively low in the range of intermediate to low temperatures
especially for Ba-containing simple perovskites. For instance, in
the temperature range of 300–800 °C, (Ba0.5Sr0.5)0.91-
Co0.8Fe0.2O3−d shows an electrical conductivity of 9.7–
26.6 S cm−1 and Ba0.95Co0.7Fe0.2Nb0.1O3−d demonstrates 2.2–
10.2 S cm−1,12,14 while the recently studied low temperature
cathode material BaCo0.4Fe0.4Zr0.1Y0.1O3−d displays an electrical
conductivity of 0.4–2.2 S cm−1.15 To obtain a reasonably good
performance of LT-SOFCs, the electronic conductivity of the
cathode material in conjunction with a suitable current
collector should be greater than 100 S cm−1 at ∼600 °C.7

Therefore, electronic conductivity of simple perovskites should
be further improved when used for LT-SOFCs. In open litera-
ture, A-site ordered layered perovskites with the general chem-
ical formula AA0B2O6 have also been extensively studied as
cathode materials for SOFCs. AA0B2O6 perovskites stack A- and
A0-layers alternately along the c-axis with rare-earth ions or Y at
A-sites and alkaline-earth ions at A0-sites. The B-sites are usually
occupied by transition-metal ions. Oxygen vacancies are
conned within the A-layers, as is oxygen ion transport.
Compared to isotropic oxygen ionic transport in a cubic ABO3

simple perovskite, this anisotropic transport channel has
disadvantages for facile oxygen ion diffusion in a bulk cathode
with polycrystals in different orientations. Interestingly, A-site
ordered layered perovskites usually demonstrate relatively
high electrical conductivity at intermediate temperatures. For
example, the electrical conductivity of SmBaCo2O5+d may reach
500–800 S cm−1 at 600 °C.16,17 Therefore, a composite material
combining a simple perovskite with an A-site ordered layered
perovskite may bring advantages of both facile oxygen ion
transport and high electronic conduction for high performance
cathodes. To take full advantage of synergetic effects the two
materials can bring, it is crucial to composite them at nano-
scales with a high uniformity.

Another strategy to obtain high performance cathodes at low
temperatures is through nano/microstructure innovation of
cathode electrodes. The widely used method is precursor solu-
tion inltration, where the precursor solution is inltrated into
the porous backbone of a cathode electrode.18 Aer heat treat-
ment at relatively low temperature (700–850 °C), the phase is
formed and bonded onto the backbone as nanoparticles,
forming nanostructured cathodes. The surface nanoparticles
may signicantly improve effective surface area for the ORR,
achieving a high performance cathode. The inltration strategy
provides the exibility of combining different phases to form
a nanostructured cathode. Since the surface phase can be
formed at a relatively low ring temperature, undesired chem-
ical reactions can be avoided between the inltrated phase and
the backbone. To obtain sufficient loading and uniform surface
nanoparticles, it usually requires multiple times inltration.
Depending on the thickness and porous structure features of
the cathode, up to 7–10 times are needed.18 Also, only relatively
simple phases can be obtained. When the composition of the
surface phase is complicated, it is difficult to get pure phases
28410 | J. Mater. Chem. A, 2025, 13, 28409–28426
and impurity phases could occur on the surface of the back-
bone. Alternatively, an exsolution approach is also employed to
create novel electrodes arched with surface metal nano-
particles.19 The metal ions are rst doped into the crystals of
electrode materials, typically MIECs. When the electrode is
subject to a reducing atmosphere at elevated temperatures,
some of the doped metal ions are exsolved onto the surface of
the parent material, forming metal nanoparticles arched on the
surface of the electrode backbone. Such a nanostructured
electrode signicantly improves effective surface area and
surface catalytic properties, therefore resulting in a high
performance electrode. This fabrication process implies that
the parent materials should have certain stability in reducing
atmospheres at elevated temperatures. Also, to avoid oxidation
of exsolved surface metal nanoparticles and thus deterioration
of surface catalytic properties, either a reducing atmosphere
should be maintained under operating conditions or the
exsolved metal nanoparticles should have anti-oxidation prop-
erties in an oxidizing atmosphere at elevated temperatures. The
former case has been widely used for the fabrication of nano-
structured anode electrodes. While the latter case could be
employed for nanostructured cathode fabrication, the exsolved
nanoparticles must be anti-oxidants such as precious metals,
Ag, Pt, and Sr0.95Ag0.05Nb0.1Co0.9O3−d.20 Because of this limita-
tion, very few cases can be found in the literature for nano-
structured cathode fabrication using the exsolution method.
From the above simple overview, one can see that multiple steps
are needed for surface nanoparticle decorated cathode fabri-
cation when inltration and/or exsolution methods are
employed. Furthermore, only relatively simple phases of surface
nanoparticles could be obtained. Therefore, innovation is
needed to create nanostructured cathodes by a simple route and
surface nanoparticles are not limited to simple phases, which
can promote cathode performance at low temperatures.

Inspired by the above understanding of cathode materials
and associated nanostructures, in this research, novel perov-
skite nanocomposites with nominal composition
SmxBa1−xCo0.8Fe0.2O3−d (x = 0, 0.05, 0.10, 0.15 and 0.30) were
studied as potential cathode materials for LT-SOFCs. The
nanocomposite was synthesized using a one-pot route.
Depending on Sm doping levels, nanocomposites may contain
different amounts of simple perovskites with cubic/hexagonal
phases and layered perovskites with orthorhombic symmetry.
Among these nanocomposites, the nominal composition
Sm0.1Ba0.9Co0.8Fe0.2O3−d led to the best ORR activity since it
consists primarily of an A-site cation decient Ba1−x(Co/Fe)O3−d

type simple perovskite with cubic symmetry and minor layered
perovskite SmBa(Co/Fe)2O5+d with orthorhombic symmetry. The
synergy of the two phases may result in advantages of high
electrical conductivity, bulk diffusivity and surface exchange
coefficients.21,22 The crystal structures, compositions and phase
ratio in the nanocomposite were characterized and quantita-
tively determined using element balance equations of chemical
synthesis reactions in combination with the XRD technique and
Rietveld renement. The nanocomposite was further charac-
terized and veried using SEM and TEM techniques. Electro-
chemical kinetic properties such as conductivity, surface
This journal is © The Royal Society of Chemistry 2025
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exchange coefficient, bulk diffusivity, and polarization were
obtained using various techniques. Cathodic processes associ-
ated with the nanocomposite were identied. The long-term
stability of the nanocomposite as a cathode was also charac-
terized by using a symmetrical cell test. The synthesized nano-
composite was then used to fabricate a cathode electrode, and
surface nanoparticles were self-assembled and decorated onto
the surface of the cathode backbone during the one-step sin-
tering process. The electrochemical performance of an anode-
supported button cell with the nanoparticle-decorated nano-
composite cathode was measured and characterized. The
stability of the cell was also studied under both a constant and
an alternating large current loading (between 600 and 1700 mA
cm−2). The phases and microstructure of the post-test cathode
were characterized and analyzed. The corresponding degrada-
tions were analyzed and discussed.
2 Experimental
2.1 Powder synthesis

The powders with nominal composition
SmxBa1−xCo0.8Fe0.2O3−d (x = 0, 0.05, 0.10, 0.15 and 0.30, simply
denoted as Sm0BCF, Sm5BCF, Sm10BCF, Sm15BCF and
Sm30BCF, respectively) were synthesized via a combined eth-
ylenediaminetetraacetic (EDTA) and citric acid complexing
method. Stoichiometric amounts of Sm(NO3)3$6H2O (Alfa
Aesar, 99.99%), Ba(NO3)2 (Alfa Aesar, 99.999%), Co(NO3)2$6H2O
(Alfa Aesar, 99.99%) and Fe(NO3)3$9H2O (Alfa Aesar, 99.99%)
were used as raw materials for the necessary metal ions. EDTA
and citric acid were used as complexing agents. A molar ratio of
citric acid:EDTA:metal ions = 1.5 : 1 : 1 was employed.
Ammonia was used to adjust the pH of the solution to ∼8. Aer
mixing homogeneously, the solution was dehydrated at 80 °C to
form a gel, which was then burned on an electrical heater until
it combusted to form a bouffant precursor powder. Subse-
quently, the precursors were ground, followed by calcining at
400 °C in air for 2 h to remove organic residues. Finally, the
powders were heat-treated at 1000 °C in air for 6 h to achieve the
desired phases.
2.2 Sample preparation

A cuboid Sm10BCF bar was fabricated for electrical conductivity
and electrical conductivity relaxation (ECR) measurement.
Specically, Sm10BCF powder was ground with a PVB binder
(2 wt%) and uniaxially pressed using a stainless-steel mold,
followed by sintering at 1100 °C in air for 6 h. The surface of the
sample bars was mechanically polished with sandpaper, fol-
lowed by washing using ethanol with an ultrasonic cleaner.
Four silver wires were attached at well-aligned different loca-
tions on the surface of the sample bars using Ag paste (Heraeus
2807).

The Ce0.8Sm0.2O1.9 (SDC) electrolyte powder (tape cast grade,
Fuel Cell Material, USA) was mixed and ground thoroughly with
the PVB binder (2 wt%) in ethanol. Aer drying, the electrolyte
powder was dry pressed to form pellets, which were then
densied by sintering at 1450 °C in air for 6 h. The surface of the
This journal is © The Royal Society of Chemistry 2025
dense pellets was then polished using sandpaper, followed by
cleaning using an ultrasonic machine. Symmetrical cells with
the conguration of SmxBa1−xCo0.8Fe0.2O3−d/SDC/
SmxBa1−xCo0.8Fe0.2O3−d were fabricated for electrochemical
impedance spectroscopy (EIS) measurements. Specically, the
cathode slurry was rst prepared by mixing cathode powders
with a binder (a-terpineol solution of 6 wt% ethylene cellulose)
in a weight ratio of 2 : 1. The prepared slurry was then
symmetrically screen-printed onto both sides of the dense SDC
electrolyte pellets followed by annealing at 1050 °C in air for 2 h.
A thin layer of Ag paste was then painted onto the electrode
surfaces and silver wires were attached onto the surfaces, which
served as current collectors.

The anode-supported single cell NiO + SDC/SDC/Sm10BCF
was fabricated for electrochemical and stability tests. Speci-
cally, the powders of NiO (ne grade, Fuel Cell Material, USA)
and SDC and starch with a weight ratio of 60 : 40 : 20 were mixed
and ball-milled in ethanol for 24 h. Aer drying, the well mixed
anode powder was mechanically pressed and pre-sintered at
1100 °C in air for 3 h to form anode green pellets. SDC powder
was mixed with a dispersant (triethanolamine), plasticizers (di-
n-butyl phthalate and polyethylene glycol), and a binder (poly-
vinyl butyral). The mixture was ball-milled in ethanol to form
a homogeneous spinning slurry. The as-prepared SDC electro-
lyte slurry of 80 mL was drop-coated onto the surface of the green
anode pellets. The pellets were then dried in air for 6 h followed
by pre-sintering at 800 °C in air for 2 h. This drop-coating and
pre-sintering process was repeated two times to obtain SDC
electrolyte with sufficient thickness. The electrolyte was then
densied by sintering at 1450 °C in air for 6 h and anode-
supported half-cell NiO-SDC/SDC was obtained. The anode
thickness of the half-cell was reduced to ∼0.5 mm by grinding.
The Sm10BCF cathode slurry prepared above was then applied
onto the electrolyte surface using screen printing followed by
sintering at 1050 °C in air for 2 h. Ag paste was applied to both
the anode and cathode electrodes, which served as current
collectors.
2.3 Measurement and characterization

The phase analysis was performed using X-ray diffraction (XRD,
Rigaku) with Cu Ka (l = 1.5406 Å) at room temperature using
a step size of 0.02° in the range of 10° # 2q # 90°. The
morphology of Sm10BCF powder was characterized by trans-
mission electron microscopy (TEM) measurements (Hitachi H-
9500 TEM with an accelerating voltage of 300 kV). To prepare
samples for TEM measurements, Sm10BCF powder was diluted
in ethanol and sonicated for 30 min to ensure homogeneous
distribution of particles. Two drops of the suspension were
deposited onto a carbon-stabilized formvar copper grid and
completely dried at room temperature prior to measurement.
The microstructures of the samples were examined using
scanning electron microscopy (SEM, Zeiss Ultra Plus FESEM,
Germany) in combination with energy-dispersive X-ray spec-
troscopy (EDS).

Electrical conductivity of the Sm10BCF sample bar was
measured using a four-terminal DC method. The temperature
J. Mater. Chem. A, 2025, 13, 28409–28426 | 28411
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of the sample bar was controlled by a tube furnace. For a given
operating temperature, electrical conductivity of the sample bar
was monitored using a digital multimeter (Agilent 34401A) until
an equilibrium was reached and the corresponding conductivity
was recorded. The electrical conductivity measurement was
conducted at every temperature difference of 50 °C between 700
and 250 °C. Electrical conductivity relaxation (ECR) measure-
ment was also performed to determine the surface exchange
coefficient (k) and bulk diffusivity (D) of the Sm10BCF material.
Specically, the Sm10BCF sample bar with the silver wire
assembly was sealed in an alumina test chamber. The chamber
temperature was controlled by a high temperature tube furnace.
A gas mixture of oxygen and nitrogen was supplied to the test
chamber. The conductivity of the sample bar was automatically
recorded using a digital multimeter (Agilent, 34401A) in
combination with a computer system. The gas mixture with an
oxygen partial pressure of 0.21 atm was rst supplied into the
chamber. Aer the conductivity reached an equilibrium state,
a step-change of oxygen partial pressure from 0.21 atm to 0.1
atmwas applied to the supplied gasmixture. The corresponding
transient response of electrical conductivity was recorded until
it reached a new equilibrium. The surface exchange coefficient
and bulk diffusivity were then extracted from ECR data using
a curve-tting technique.23

Electrochemical impedance spectra (EIS) of the symmetrical
cell with the SmxBa1−xCo0.8Fe0.2O3−d electrode were measured
using a Zahner IM6E electrochemical workstation. The
measurement was conducted in air under open circuit voltage
(OCV) conditions in the temperature range of 500 to 650 °C. The
EIS was obtained in the frequency range from 106 to 0.1 Hz with
a voltage perturbation of 10 mV. To further investigate the ORR
process of the Sm10BCF cathode, polarization resistances were
measured using the symmetrical cell Sm10BCF/SDC/Sm10BCF.
The symmetrical cell was sealed in an alumina chamber. The
Fig. 1 XRD patterns of (a) SmxBa1−xCo0.8Fe0.2O3−d (x = 0, 0.05, 0.1, 0.1
1000 °C in air for 6 h.

28412 | J. Mater. Chem. A, 2025, 13, 28409–28426
temperature of the alumina chamber was controlled by a tube
furnace. A mixture of oxygen and nitrogen with different O2 : N2

ratios was supplied into the chamber so that different oxygen
partial pressures were applied to the symmetrical cell. The EIS
of the symmetrical cell at different oxygen partial pressures and
temperatures was obtained. The stability of Sm10BCF as
a cathode material was tested in air at 600 °C for ∼200 h using
the symmetrical cell of Sm10BCF/SDC/Sm10BCF. During the
test, the EIS was periodically measured, and the time history of
polarization resistance was obtained. The anode-supported
button cell was sealed on an alumina tube using a ceramic
binder (Aremco Products, Inc., USA). The temperature of the
alumina tube-supported cell was controlled by a vertical split
furnace. Humidied hydrogen as fuel was supplied into the
anode alumina supporting tube while the cathode was exposed
to ambient air. I–V polarization curves were measured under
a hydrogen ow rate of 80 mLmin−1 over the temperature range
from 550 to 650 °C. The stability test of the button cell was
performed under a current density load of 600 mA cm−2 for 333
h. The stability test of the cell was also conducted under a very
large current load for about 16 h, where the current density load
was changed between 600 and 1700 mA cm−2 alternately every
two hours. The time history of cell voltage was recorded.
3 Results and discussion
3.1 Crystal structure

The crystal structures of powder materials with the nominal
composition of SmxBa1−xCo0.8Fe0.2O3−d (x = 0, 0.05, 0.1, 0.15
and 0.3) were characterized by XRD and are shown in Fig. 1a. It
is clear to see that XRD patterns change upon Sm doping levels.
To understand the involved phases and structure evolution
induced by Sm doping levels, the undoped sample with the
nominal composition of BaCo0.8Fe0.2O3−d was rst examined. It
5 and 0.3) powders and (b) BaCo0.7Fe0.2Sm0.1O3−d powder calcined at

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 XRD patterns of powders calcined at 1000 °C in air for 6 h. (a) BaCo0.8Fe0.2O3−d; peak positions of hexagonal phase BaCoO2.6 and Fe3O4.
(b) Sm0.05Ba0.95Co0.8Fe0.2O3−d; peak positions of hexagonal phase BaCoO2.6, cubic phase BaCoO2.23 and CoO. (c) Sm0.10Ba0.90Co0.8Fe0.2O3−d;
peak positions of cubic phase BaCoO2.23 and orthorhombic phase SmBaCo2O5.54. (d) Sm0.10Ba0.90Co0.8Fe0.2O3−d; a magnified pattern of 2q =

30–60°. (e and f) Sm0.15Ba0.85Co0.8Fe0.2O3−d, Sm0.30Ba0.70Co0.8Fe0.2O3−d, peak positions of cubic phase BaCoO2.23, orthorhombic phase
SmBaCo2O5.54 and hexagonal phase BaCoO2.6.
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can be seen from Fig. 2a that the undoped sample was crystal-
lized into a hexagonal phase of BaCoO2.6 and an impurity phase
of Fe3O4. Upon substitution of Ba by 5 mol% Sm (Sm5BCF), the
This journal is © The Royal Society of Chemistry 2025
synthesized powders are primarily composed of hexagonal
phases of simple perovskite BaCoO2.6 and cubic phase
BaCoO2.23, and a minor phase of CoO also emerges as shown in
J. Mater. Chem. A, 2025, 13, 28409–28426 | 28413
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Fig. 2b. The appearance of a cubic phase could be induced by
Sm doping, partially substituting Ba on A-sites and/or (Co, Fe)
on B-sites. At this stage, the exact composition of the resultant
simple perovskite is not known, which is simply denoted as (Ba/
Sm)(Co/Fe/Sm)O3−d. On increasing the Sm doping amount to
10 mol%, two major phases can be identied as shown in
Fig. 2c. One is a simple perovskite phase with cubic symmetry
and another is a layered perovskite phase SmBa(Co/Fe)2O5+d

with orthorhombic symmetry. A very small amount of BaO
(PDF#74-1228) can also be observed at around 28° and is
marked in Fig. 2c. The magnied XRD patterns in the range of
2q = 30–60° shown in Fig. 2d further conrm that the peaks of
the Sm10BCF sample correspond to the three phases
mentioned above. On increasing the Sm amount to 15 mol%,
the simple perovskite and layered perovskite were formed, and
the simple perovskite includes both the hexagonal phase and
cubic phase (Fig. 2e). A relatively higher amount of double
perovskite can be found in Sm15BCF than in Sm10BCF (see
Fig. 2e and c). The amount of double perovskite further
increased for Sm30BCF as shown in Fig. 2f. Table 1 summarizes
various phases contained in SmxBCF nanocomposites.

The observations from the above XRD characterization
studies indicate that very complicated phase evolution occurred
for the nominal composition SmxBa1−xCo0.8Fe0.2O3−d with an
increasing Sm doping level from x= 0 to 0.3. Simple perovskites
with both hexagonal and cubic phases were formed at x = 0.05.
Once the Sm doping level reached x = 0.1, both the simple
perovskite with cubic symmetry and layered perovskite with
orthorhombic symmetry were formed. This result directly
implies that the formation energy of the simple perovskite is
lower than that of the layered perovskite. It has been recognized
that the ionic radius difference between Ba2+ (r(XII) = 1.61 Å)
and Sm3+ (r(XII) = 1.24 Å) leads to cationic ordering in alter-
nating layers of BaO–(Co/Fe)O2–SmO–(Co/Fe)O2, forming A-site
doped layered perovskite SmBa(Co/Fe)2O5+d.24 In other words,
when Sm is able to be doped on A-sites, a layered perovskite
instead of a simple perovskite will be formed due to the ionic
radius difference between Ba2+ and Sm3+. Otherwise, Sm would
be doped on the B-sites of the simple perovskite. To further
examine this hypothesis, BaCo0.7Fe0.2Sm0.1O3−d was synthe-
sized. The XRD pattern shown in Fig. 1b indicates that
BaCo0.7Fe0.2Sm0.1O3−d is a simple perovskite with cubic
symmetry, and no peaks can be found corresponding to the
layered perovskite. Combining these results, it is reasonable to
assume that when the Sm doping level is relatively small (x #

0.05), Sm ions tend to dope on the B-sites of nominal compo-
sition SmxBa1−xCo0.8Fe0.2O3−d, forming a simple perovskite.
Table 1 Phases contained in SmxBCF nanocomposites

Simple perovskite

Sm0BCF Hexagonal phase —
Sm5BCF Hexagonal phase Cubic p
Sm10BCF — Cubic p
Sm15BCF Hexagonal phase Cubic p
Sm30BCF Hexagonal phase Cubic p

28414 | J. Mater. Chem. A, 2025, 13, 28409–28426
When the Sm doping level is relatively high (x $ 0.1), Sm ions
tend to dope on both A-sites and B-sites. Sm A-site doping leads
to a layered perovskite while the B-site doping creates a simple
perovskite. In this situation, a nanocomposite is formed,
composed of a layered perovskite and simple perovskite. The
simple perovskite could likely be a Ba decient ABO3 perovskite
according to the nominal composition SmxBa1−xCo0.8Fe0.2O3−d

since Sm goes to the B-site of the simple perovskite. Here, the
simple perovskite formed in the nanocomposite is concisely
denoted as Ba1−y(Co/Fe/Sm)O3−d.

To quantitatively determine the compositions of the phases
formed in the nanocomposite, further analysis is conducted
using Sm10BCF as an example. As observed above, the synthe-
sized nominal composition Sm0.10Ba0.90Co0.8Fe0.2O3−d is
primarily composed of the simple perovskite Ba1−y(Co/Fe/Sm)
O3−d and the layered perovskite SmBa(Co/Fe)2O5+d. Due to the
small amount, the impurity phase of BaO (Fig. 2c) is neglected
in the following analysis. To facilitate analysis, the nominal
composition Sm0.10Ba0.90Co0.8Fe0.2O3−d is simply written as
Sm0.10Ba0.90MO3−d where M represents the Co/Fe on the B-sites.
According to the XRD results mentioned above, the chemical
reaction for the synthesis of nominal composition Sm0.10-
Ba0.90Co0.8Fe0.2O3−d can then be expressed as

Sm0.10Ba0.90MO3−d / mBa1−y(M1−zSmz)O3−d

+ nSmBaM2O5+d (1)

The species conservation of Ba, Sm, and M in (1) directly
leads to the following three equations:

m*(1 − y) + n = 0.90 (2)

m*z + n = 0.10 (3)

m*(1 − z) + 2n = 1 (4)

It is obvious that four variables m, y, n, and z need to be
determined but only three equations (eqn (2)–(4)) are available.
Therefore, one more equation is needed. This equation can be
obtained through XRD analysis. In particular, Rietveld rene-
ment was performed on the XRD pattern of the synthesized
Sm10BCF using FullProf. For the renement, the cubic Pm�3m
space group and the orthorhombic Pmmm space group were
selected to t the experimental XRD data. The result is shown in
Fig. 3a. The corresponding tting parameters of renement are
obtained as c2 = 4.88, Rwp = 13.3%, Rp = 19.5%, and Rexp =

6.04%, respectively. Although perfect tting was not achieved
due to the exclusion of the small impurity phase in the
Layered perovskite Impurity

— Fe3O4

hase — CoO
hase Orthorhombic BaO
hase Orthorhombic —
hase Orthorhombic —

This journal is © The Royal Society of Chemistry 2025
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Sm10BCF sample and the difficulty in precisely determining the
B-site composition, the XRD prole and the tting results still
showed reasonably good agreement overall. Based on the Riet-
veld renement results, the mass ratio of the two phases in the
synthesized Sm10BCF powders was obtained as

m�Mmass; cubic

n�Mmass; orthorhombic

¼ 86:87

13:13
(5)

where Mmass is the molar mass of the compounds with the
subscript self-explained. Combining eqn (2)–(5), we have

m = 0.902, n = 0.066, y = 0.075, and z = 0.038

This result indicates that the composition of the simple
perovskite phase in the nanocomposite Sm10BCF is Ba0.925(Co/
Fe)0.962Sm0.038O3−d while that of the layered perovskite phase is
SmBa(Co/Fe)2O5+d. The result also shows that one molar
Sm10BCF includes approximately 0.902 molar simple perov-
skite and 0.066 molar layered perovskite. It is worth mentioning
Fig. 3 (a) Refined XRD profiles and (b) high-resolution TEM image of Sm0

images of bulk Sm10BCF sintered at 1100 °C in air for 6 h.

This journal is © The Royal Society of Chemistry 2025
that the above analysis is based on certain simplications, such
as the neglect of impurity phase BaO. Therefore, the composi-
tion obtained above might have certain deviations from the true
compositions. Nevertheless, as the XRD peak of the impurity
phase BaO is very small, such neglect is reasonable and would
not affect the major conclusion. The results provide very useful
information to quantitatively understand the synthesized
nanocomposite with nominal composition Sm10BCF. To
further examine the structures of the nanocomposite, a high-
resolution TEM image of Sm10BCF powder was obtained and
is shown in Fig. 3b. Good crystallization is observed and the two
crystals with different fringes are intimately in contact with
each other. The two distinct crystal structures exhibit inter-
planar spacings of 0.264 nm and 0.376 nm, respectively. The
plane with an interplanar distance of 0.264 nm closely resem-
bles the (110) plane of BaCoO2.23, which has a spacing distance
of 0.287 nm. The plane with an interplanar distance of 0.376 nm
is close to the (002) plane of SmBaCo2O5.54, which exhibits
a spacing distance of 0.389 nm.
.10Ba0.90Co0.8Fe0.2O3−d powder. (c) Surface and (d) cross-sectional SEM
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To further conrm the above analysis, the microstructure
and phase distribution in the bulk sample of the Sm10BCF
pellet were characterized using SEM in combination with the
EDS technique. Fig. 3c and d show the surface and cross-
sectional SEM images of bulk Sm10BCF sintered at 1100 °C in
air for 6 h, respectively. Grains with two different sizes and very
clear boundaries can be observed on the bulk surface (Fig. 3c).
Two phases with different grain sizes can also be found in the
cross-section SEM image (Fig. 3d), where the phase with the
large grain size accounts for a majority part of the bulk while
that with the small grain size accounts for a minor amount. The
EDS analysis for selected regions indicates that the particles
Fig. 4 (a and b) EDS scanning results of the Sm10BCF pellet surface. ED

28416 | J. Mater. Chem. A, 2025, 13, 28409–28426
with the large grain size (Fig. 4a) demonstrate a different
composition from those with the small grain size (Fig. 4b). The
composition of the small particles contains more Sm than the
large ones. From the surface and cross-sectional EDS mapping
of the Sm10BCF pellet (Fig. 4c and d), it can be clearly seen that
the regions covered by small grains show high Sm content and
low Ba content, while those covered by large grains demonstrate
low Sm and high Ba contents, respectively. These consistent
results conrm that the phase of small grains is different from
that of large grains and further imply that the large grains are
the simple perovskite phase while the small grains are the
layered perovskite phase.
S mapping of the Sm10BCF pellet surface (c) and bulk (d).

This journal is © The Royal Society of Chemistry 2025
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3.2 Oxygen reduction reaction activity

The oxygen reduction reaction (ORR) activity of the SmxBCF
nanocomposite cathode was characterized using symmetrical
cells SmxBCF/SDC/SmxBCF and the EIS technique in a low
temperature range of 500–650 °C. Fig. 5a–d shows cross
sectional SEM images of the symmetrical cells sintered at 1050 °
C in air for 2 h. The particles in the electrodes are well con-
nected, forming porous structures. The electrodes also show
intimate contact with dense SDC electrolytes. The typical EIS of
the symmetrical cell with the SmxBCF electrode at 650 °C is
shown in Fig. 5e, and Fig. 5f shows the frequency response of
the imaginary part of the EIS. An equivalent circuit model L− Ro

− (RhQh) – (RlQl) (inset of Fig. 5e) was used to t the EIS data and
Fig. 5 Cross-sectional SEM images of symmetrical cells with SmxBa1−xCo
Sm30BCF. Typical Nyquist (e) and Bode (f) plots of symmetrical cells w
equivalent circuit model used for curve fitting. (g) Polarization resistances

This journal is © The Royal Society of Chemistry 2025
the tting results are shown in the same gure. In this model, L
is the inductance of the circuit caused by the electrical equip-
ment and lead wires and Ro represents ohmic resistance
induced by electrolyte, the electrode backbone and current
collecting wires. Ri and Qi(i = h,l) are the resistance and
constant phase capacitance of high (h) and low (l) frequency
processes, respectively. The polarization resistance (Rp) of the
electrode is then obtained by adding Rh and Rl together.

Fig. 5g shows Arrhenius plots of Rp obtained at 500–650 °C in
air for different electrodes and the corresponding activation
energy (Ea). For each individual electrode, Rp decreases with
increasing operating temperatures, indicating that the polari-
zation process is thermally activated in nature. The electrodes
with Rp values ordered from low to high are Sm10BCF, Sm5BCF,
0.8Fe0.2O3−d electrodes: (a) Sm5BCF, (b) Sm10BCF, (c) Sm15BCF and (d)
ith SmxBCF electrodes measured at 650 °C in air. The inset shows an
vs. 1000/T of SmxBCF electrodes measured in air from 500 to 650 °C.

J. Mater. Chem. A, 2025, 13, 28409–28426 | 28417
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Sm15BCF, and Sm30BCF, respectively, at different tempera-
tures. As mentioned above, the Sm10BCF nanocomposite
contains both the simple perovskite with cubic symmetry and
layered perovskite with orthorhombic symmetry. The synergy of
the cubic perovskite Ba0.925(Co/Fe)0.962Sm0.038O3−d and the
orthorhombic layered perovskite SmBa(Co/Fe)2O5+d in the
Sm10BCF nanocomposite electrode leads to a lower Rp value
than the other nanocomposites of Sm5BCF, Sm15BCF, and
Sm30BCF electrodes. For example, at 500 °C, the Sm10BCF,
Sm5BCF, Sm15BCF, and Sm30BCF electrodes demonstrate Rp

values of 0.99, 1.16, 1.24, and 1.85 U cm2 and Sm10BCF elec-
trode shows a 14.7%, 20.2% and 46.5% decrease compared to
the other three electrodes, respectively. Fig. 5g also shows that
the activation energy of Sm10BCF is 103.32 kJ mol−1, which is
similar to those of both Sm5BCF and Sm15BCF but much lower
than that of Sm30BCF. The activation energy of Sm10BCF is also
much lower than that of the extensively studied BSCF cathode
material (116 kJ mol−1).25 The lower activation energy directly
Fig. 6 SEM images of Sm10BCF electrodes calcined at 1050 °C in air for 2
the Sm10BCF electrode before EIS measurement, (c) surface and (d) sur

28418 | J. Mater. Chem. A, 2025, 13, 28409–28426
indicates a lower energy barrier for defect hopping, enabling
higher electrochemical kinetics for the ORR at reduced
temperatures. Therefore, Sm10BCF could be potentially used as
a cathode material for low temperature SOFCs.

To better understand the behavior of low polarization
resistance associated with the Sm10BCF electrode, the electrode
microstructure was further characterized, and the correspond-
ing SEM images are shown in Fig. 6a. Nanoparticles with an
average diameter of 30–40 nm are uniformly decorated on the
surface of the Sm10BCF porous electrode. The EDS scanning
results in Fig. 6c and d show that the composite of the bulk is
very close to the surface nanoparticles and the ratio of Ba/(Sm +
Co + Fe) in both phases is a little bit less than 1. This observa-
tion implies that the bulk and surface nanoparticles could be
the same phase of the simple perovskite with A-site deciency.
This result is also consistent with the powder analysis results
detailed above, where a majority of the nanocomposite is the
simple perovskite with Ba decient in A-site Ba0.925(Co/
h before (a) and after (b) EIS measurement. The EDS scanning results of
face nanoparticles.

This journal is © The Royal Society of Chemistry 2025
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Fe)0.962Sm0.038O3−d. In theory, the presence of A-site vacancies
in the simple perovskite is not stable thermodynamically and
creates a potential to drive the crystal structure toward a stable
one, e.g., a stoichiometric simple perovskite with the ratio A/B=

1.26 This requires that either more Ba elements be doped into
the A-site or the elements in the B-site be pushed out of the
lattice. Since additional Ba is not available during the sintering
process of the Sm10BCF porous electrode, the exsolution of B-
site elements could be a reasonable assumption that drives
the crystal structure to reach a new equilibrium, and a new
surface phase could be formed due to the exsolution of B-site
elements. As the EDS results indicated above, the surface
nanoparticle demonstrated quite similar composition to the
bulk phase. Therefore, the exsolved B-site elements could then
be recombined with surface Ba, forming surface nanoparticles
of simple perovskite again. As demonstrated in the synthesis
part of the nanocomposite, the formation energy of the simple
perovskite is lower than that of the layered perovskite. This
could be the reason why surface nanoparticles with a simple
perovskite structure were formed even though the simple
perovskite Ba0.925(Co/Fe)0.962Sm0.038O3−d and layered perovskite
SmBa(Co/Fe)2O5+d co-exist in the Sm10BCF porous electrode
bulk. One also can nd that the ratio of Ba/(Co + Fe + Sm)= 0.93
in surface nanoparticles (Fig. 6d) is a little bit lower than 0.97 in
the bulk (Fig. 6c). As mentioned above, the A-site deciency in
the simple perovskite creates a potential driving the exsolution
of B-site elements so that a new equilibrium can be obtained.
The gradients of both surface morphology and element ratios
Ba/(Co + Fe + Sm) could be formed to balance such a driving
force under the sintering conditions of the Sm10BCF cathode.
The surface nanoparticles obviously increase the effective
surface area of the porous cathode. This surface feature
advantage in combination with the synergetic effect of the cubic
simple perovskite and orthorhombic layered perovskite
enhances ORR kinetics of Sm10BCF electrodes, leading to the
Fig. 7 (a) Temperature dependent electrical conductivity of Sm10BCF.
diffusivity (D) of Sm10BCF derived from ECR measurement.

This journal is © The Royal Society of Chemistry 2025
lowest polarization resistance among the SmxBCF nano-
composite electrodes. Aer the EIS measurement, the micro-
structure of the symmetrical cell was examined again and is
shown in Fig. 6b. Comparing the microstructure before and
aer the test, no obvious change of morphology can be found,
indicating the excellent stability of the Sm10BCF electrode
microstructure, especially the surface nanoparticles.
3.3 Electrical conductivity, bulk diffusivity, and surface
exchange coefficient of the Sm10BCF nanocomposite

Since Sm10BCF shows the lowest polarization resistance among
SmxBCF cathodes, it was further characterized in more detail.
Specically, the electrical conductivity of Sm10BCF was
measured using a dense cuboid bar and the four-terminal AC
method. Fig. 7a shows the electrical conductivity of the
Sm10BCF sample measured in air at different temperatures.
Electrical conductivity monotonically increases with increasing
temperatures, suggesting the semiconductor behavior of
Sm10BCF. At 600 °C, the electrical conductivity of the Sm10BCF
nanocomposite reaches 93.24 S cm−1, which is close to the
requirement of 100 S cm−1 at 600 °C for the cathode of LT-
SOFCs. This value is also higher than that of some BaCoO3

based cathode materials for LT-SOFCs.27 As mentioned before,
layered perovskites usually demonstrate much higher electrical
conductivity than simple perovskites. The high electrical
conductivity of the Sm10BCF nanocomposite could be attrib-
uted to the synergy of simple perovskite Ba0.925(Co/Fe)0.962-
Sm0.038O3−d and the layered perovskite SmBa(Co/Fe)2O5+d self-
assembled in the nanocomposite.

A mixed conductor of the Sm10BCF nanocomposite involves
both electronic and ionic transport processes. Electrical
conductivity is primarily contributed by the electronic transport
process. To identify the contribution of the ionic transport
process, oxygen bulk diffusivity needs to be determined. Also,
the ORR activity is closely related to oxygen surface exchange
(b) Temperature dependent surface exchange coefficient (k) and bulk

J. Mater. Chem. A, 2025, 13, 28409–28426 | 28419
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kinetics, quantitatively specied using the surface exchange
coefficient. In this section, the bulk diffusivity and surface
exchange coefficient of the Sm10BCF nanocomposite are
determined using the ECRmeasurement method. The details of
ECR measurement and the analysis algorithm can be found
elsewhere.28,29 Fig. 7b depicts the Arrhenius plots of bulk
diffusivity (D) and surface exchange coefficient (k) of Sm10BCF
derived from ECR measurement. Both D and k increase with
temperatures, indicating the thermally activated nature of ionic
transport and surface exchange process. At 600 °C, Sm10BCF
demonstrated D and k values of 1.25 × 10−5 cm2 s−1 and 2.66 ×

10−4 cm s−1, respectively. These values are in the same order of
magnitude as those of the widely studied BSCF material,26 i.e.,
2.5 × 10−5 cm2 s−1 for D and 2.7 × 10−4 cm s−1 for k at 600 °C,
respectively. One can see that the k values of the two materials
are basically the same; the D value of Sm10BCF is a little bit
lower than that of BSCF. As mentioned above, Sm10BCF
primarily includes the cubic simple perovskite phase Ba0.925(Co/
Fe)0.962Sm0.038O3−d and a small amount of layered perovskite
orthorhombic phase SmBa(Co/Fe)2O5+d. The synergy of the two
phases in the Sm10BCF nanocomposite determines D and k
values.
3.4 Oxygen partial pressure dependent electrochemical
kinetics

The multistep reactions involved in the cathodic process are
strongly dependent on oxygen pressures applied on the elec-
trode. To obtain more insight into the intrinsic ORR process of
the Sm10BCF cathode, polarization resistance of the Sm10BCF
cathode was measured using the symmetrical cell with the
conguration of Sm10BCF/SDC/Sm10BCF at different oxygen
partial pressures and temperatures. The generic relationship
between the polarization resistance (Rp) and oxygen partial
pressure (PO2

) can be expressed as

Ri = k(PO2
)−m, i = h, l (6)
Fig. 8 Correlations between R1 (a), Rh (b) and applied oxygen partial pre

28420 | J. Mater. Chem. A, 2025, 13, 28409–28426
where R is polarization resistance, the subscript i = h,l repre-
sents high and low frequency processes, respectively, k is
a constant, PO2

is oxygen partial pressure, and m is the reaction
order and quantitatively related to rate-limiting steps as
follows:30

� m = 1

O2,g + Sm10BCF(s) 4 O2,ads(Sm10BCF) (7)

The molecular oxygen adsorption process onto the porous
electrode surface.

� m = 0.5

O2,ads(Sm10BCF) 4 2Oads(Sm10BCF) (8)

Dissociation of adsorbed molecular oxygen into atomic
oxygen.

� m = 0.25

OadsðSm10BCFÞ þ 2e� þ V
��

O4O�
O þ Sm10BCFðsÞ (9)

The charge transfer reaction for oxygen anion formation and
incorporation into oxygen vacancies.

� m = 0

OTPB
2� þ V

��

OðSm10BCF bulk; Sm10BCF=SDC interfaceÞ4O�
O

(10)

Oxygen ions transfer within the bulk electrode and/or
through the electrolyte/electrode interface.

The polarization resistance (Rp) of the Sm10BCF nano-
composite electrode was obtained using a symmetrical cell and
the EIS technique under different oxygen partial pressures (PO2

)
and at different temperatures. The high frequency polarization
resistance (Rh) and low frequency polarization resistance (Rl)
were then extracted from Rp using the curve-tting technique
with an equivalent circuit model. The reaction order m of the
ssures at different temperatures.

This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta03982g


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/9
/2

02
6 

5:
02

:2
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
cathodic process was then obtained by curve-tting on Rh and Rl

with respect to the applied oxygen partial pressure. As shown in
Fig. 8a, for the high frequency process, the m values are 0.06,
0.03, 0.08 and 0.05 at 650, 600, 550 and 500° C, respectively,
which are close to 0. This result indicates that the high
frequency process is mainly associated with the oxygen ion
transfer process within the bulk electrode and/or through the
electrolyte/electrode interface and is very weakly dependent on
the applied oxygen partial pressures. For the low frequency
process (Fig. 8b), the slope m values of 0.32, 0.29, 0.30 and 0.29
were obtained at 650, 600, 550 and 500° C, respectively, which
are close to 0.25. Therefore, the low frequency process could be
related to the charge transfer process. One can also notice that
Rl is much larger than Rh in the whole range of operating
conditions, indicating that the charge transfer process is the
major rate-limiting step in the ORR of the Sm10BCF cathode.
3.5 Stability test with the symmetrical cell

The stability of a cathode material is critical for practical
applications of SOFCs. In this section, the stability of the
Sm10BCF nanocomposite cathode was studied at 600 °C in air
for ∼192 h using a symmetrical cell Sm10BCF/SDC/Sm10BCF.
The EIS was measured periodically during the test and overall
polarization resistance (Rp) of the electrode was obtained from
EIS data. Fig. 9a shows the time history of the polarization
resistance Rp. It can be seen that Rp asymptotically increased in
the rst 49 hours, beyond which it remained relatively stable. To
better understand the fundamental mechanism of Sm10BCF
electrode degradation, the polarization resistances of high
frequency (Rh) and low frequency (Rl) processes were extracted
from the overall polarization resistance (Rp). Fig. 9b and c show
the time history of Rh and Rl, respectively. Obviously, Rh

remained relatively stable during the 192-hour test. Since the
high frequency polarization is associated with oxygen ion
transport within the bulk electrode and/or through the
electrolyte/electrode interface, it is reasonable to assume that
no obvious degradations occurred within the bulk electrode
and/or at electrode/electrolyte interfaces. These may include
defect distributions and grains/grain boundaries within the
bulk andmicrostructures of porous electrodes. The polarization
of the low frequency process followed a similar trend to the
overall polarization resistance, asymptotically increasing in the
rst 49 hours but remaining relatively stable beyond the 49
hours. As mentioned above, the low frequency process is closely
related to the charge transfer process, which involves the
formation of oxygen anions and incorporation into oxygen
vacancies. Certainly, this process is strongly dependent on the
characteristics of the bulk electrode surface, such as electro/
catalytic properties and distribution of oxygen vacancies. The
increase in Rl in the rst 49 hours might be induced by aging
and reorganization of surface features. These may include the
evolution of nanoparticles decorated on the surface, oxygen
vacancy redistribution, and possible segregation of surface
cation Ba2+.31 Once stabilized, the Rl remained relatively stable
during the test beyond the rst 49 hours. Fig. 9d shows a SEM
image of the Sm10BCF electrode in the symmetrical cell aer
This journal is © The Royal Society of Chemistry 2025
the stability test. Obviously, uniform nanoparticles are still
observable on the surface of the electrode. Compared to the
electrode before the test (Fig. 6a), where the surface nano-
particle size is ∼30–40 nm, the surface nanoparticles aer the
stability test became large and reached a diameter of ∼100 nm,
implying that nanoparticles were agglomerated during the
stability test. It is also noticed that the surface nanoparticles
tended to appear near grain boundaries. The EDS scanning
analysis indicates that the surface nanoparticles are Co-rich
phase (Fig. 9e), particularly at the tip of the nanoparticles
(Fig. 9f). It is worth mentioning that polarization resistance of
electrodes in a long-term symmetrical cell test only reects, to
a large extent, the thermal stability of the electrode. To under-
stand the stability of the cathode under practical conditions,
a single cell test is needed. This typically includes the stability of
electrode materials under various current loads, especially large
current loading conditions.
3.6 Single-cell performance and stability

Single cells provide a exible platform to examine the perfor-
mance of cathode materials under practical operating condi-
tions. In this section, an anode-supported button cell NiO-SDC/
SDC/Sm10BCF was employed to evaluate electrochemical
performance and stability of the Sm10BCF nanocomposite
cathode. Fig. 10a shows the I–V and I–P curves of the cell over
the operating temperature range of 550–650 °C when humidi-
ed hydrogen was used as fuel and ambient air was used as an
oxidant. The corresponding EIS under open circuit voltage
(OCV) conditions are shown in Fig. 10b. The OCV of the cell
reached 0.74, 0.78, and 0.79 V at 650, 600 and 550 °C, respec-
tively. In the anode-supported button cell prepared in this
study, the thickness of the SDC electrolyte is only about 12 mm
(Fig. 10c). It is well-known that electronic leakage exists in SDC
electrolyte.32 These are the major reasons leading to lower OCVs
than the theoretical ones. Peak power densities of 1271, 965,
and 572 mW cm−2 were obtained at 650, 600 and 550 °C,
respectively. The electrochemical performance demonstrated
here is among the best of LT-SOFCs, implying that the Sm10BCF
nanocomposite is a good candidate for low temperature cath-
odes. The cross-sectional SEM image of the post-test button cell
in Fig. 10c indicates that the cathode and anode are well
adhered to the electrolyte and show uniform porosity. The
electrolyte is dense with some close pores.

A long-term stability test of the Sm10BCF cathode was con-
ducted using the anode-supported button cell. In particular, the
operating temperature of the cell was controlled at 600 °C. A
current density load of 600 mA cm−2 was applied to the cell and
the corresponding cell voltage was measured. The experiment
under these conditions lasted for about 333 h. Fig. 11a shows
the time history of the cell voltage response. Except for the rst
∼25 h during which the cell voltage showed a slight asymptotic
decrease, the rest of the voltage time history was very stable.
This observation indicates that the material system of the cell
might take a little time (∼25 h) to stabilize, e.g., the micro-
structure and/or defects took time to reach an equilibrium.
Once stabilized, the performance was very stable during the rest
J. Mater. Chem. A, 2025, 13, 28409–28426 | 28421
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Fig. 9 (a) Time history of polarization resistance Rp of symmetrical cell Sm10BCFjSDCjSm10BCF at 600 °C in air for a 192 h stability test; time
history of Sm10BCF cathode polarization resistance associated with (b) high frequency process and (c) low frequency process derived from Rp;
(d) SEM image of the Sm10BCF electrode in the symmetrical cell after the stability test; (e) surface and (f) tip of surface nanoparticles; the EDS
scanning results of the Sm10BCF cathode after the symmetrical cell stability test.
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of the long-term test. Obviously, the Sm10BCF nanocomposite
cathode demonstrated not only very good electrochemical
performance but also reasonably good long-term stability.

To examine the stability of the Sm10BCF nanocomposite
cathode under extremely large current density loads, the current
28422 | J. Mater. Chem. A, 2025, 13, 28409–28426
density load was changed between 600 and 1700 mA cm−2 every
2 hours at 600 °C. The corresponding cell voltage wasmeasured.
The stability test was conducted for ∼16 h under such condi-
tions. Fig. 11b shows the time history of cell voltage response.
Cell voltage showed rapid changes when the current density
This journal is © The Royal Society of Chemistry 2025
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Fig. 10 (a) I–V and I–P curves and (b) EIS curves under OCV conditions of the anode supported cell with the configuration of Sm10BCF/SDC/NiO
+ SDC at temperatures of 550–650 °C; (c) cross-sectional SEM image of the cell after the electrochemical test.
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load was switched between 600 and 1700 mA cm−2. Aer a few
cycles of current loading changes, the cell voltage did not show
any obvious degradation, indicating that the cell performance
can be readily recovered under very large current loading
conditions. The results further imply the excellent stability of
the Sm10BCF nanocomposite cathode under large current
loads. The electrochemical performance and stability demon-
strated above suggest that the Sm10BCF nanocomposite is
a great cathode candidate for high performance and durable LT-
SOFCs.

In the stability test with the symmetrical cell demonstrated
above, the major external load is the thermal load. The SEM
images of the Sm10BCF electrode before and aer the stability
test show that the surface nanoparticles increased from 30–
40 nm (Fig. 6a) to ∼100 nm (Fig. 9d) and the area density of
surface nanoparticles (the number of nanoparticles per unit
area) decreased. This result directly implies that the thermal
load drove the evolution of microstructures, leading to the
agglomeration of surface nanoparticles. In the stability test of
the anode-supported button cell, both thermal load and current
load were applied to the Sm10BCF nanocomposite electrode.
On comparing the SEM image in Fig. 11d with that in Fig. 9d,
This journal is © The Royal Society of Chemistry 2025
one may nd that the nanoparticle size further increased (80–
150 nm); meanwhile, the area density of surface nanoparticles
decreased. Since the symmetrical cell was primarily subject to
the thermal load while both thermal load and current load were
applied to the single cell, it is reasonable to assume that the
current load led to further evolution of the electrode
morphology. Therefore, the current load is another force
driving the coalescence and agglomeration of surface nano-
particles. It is also noticed that surface nanoparticles tend to
agglomerate near the grain boundaries especially for the
cathode in the single cell under a long-term large current load.

The element content in surface nanoparticles of the post-test
button cell was further characterized using the EDS technique.
For the selected nanoparticles bonded on the grain surface, the
element content is shown in Fig. 11e, while those at the grain
boundary are shown in Fig. 11f. The nanoparticles on the grain
surface are a Co-rich phase and the ones at the grain boundary
contain even higher Co-content. Several factors could play
important roles in the evolution of element content and
morphology of surface nanoparticles. As mentioned above, the
simple perovskite in the Sm10BCF nanocomposite is an A-site
Ba cation decient oxide. The thermodynamic effect and the
J. Mater. Chem. A, 2025, 13, 28409–28426 | 28423
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Fig. 11 Stability test of anode-supported cell Ni-SDC/SDC/Sm10BCF under (a) a constant current density load of 600 mA cm−2 and (b) large
alternating current density load between 600 and 1700 mA cm−2 at 600 °C; SEM images of the Sm10BCF cathode before (c) and after (d) the
stability test; (e) and (f) EDS scanning results of the Sm10BCF cathode after the stability test.
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oxygen ionic incorporation process at the solid/gas interface
create a driving force that could vibrantly drive the exsolution of
B-site elements from their parent perovskite oxide. As a result,
the Co content of the nanoparticles obviously increased
compared to the as-fabricated one (Fig. 6c and d). On
28424 | J. Mater. Chem. A, 2025, 13, 28409–28426
comparing Fig. 9e and f and Fig. 11e and f, one can see that the
Co contents in the corresponding surface nanoparticles are very
close. This observation implies that the surface charge (oxygen
ions) transfer has a negligible effect on Co content of surface
nanoparticles and the thermodynamic effect plays a major role
This journal is © The Royal Society of Chemistry 2025
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in this regard. On the other hand, nanoparticles have high
surface energy. This high surface energy in turn creates
a potential that also drives the coalescence and agglomeration
of the nanoparticles under the long-term thermal and large
current loading conditions. The Co-rich nanoparticles may
enhance the ORR activity of the cathode, leading to favorable
electrochemical performance as demonstrated above. While the
aggregation of surface nanoparticles could affect the stability of
the cathode especially at the initial stage of the durability test,
the long-term stability test indicated that the single cell
exhibited excellent durability performance. This implies that
aggregation of surface nanoparticles reaches an equilibrium
aer the initial evolution stage. The experimental results
suggest that the Sm10BCF nanocomposite is a great candidate
for ORR electrocatalysts for LT-SOFC applications.

4 Conclusion

A family of materials with nominal composition
SmxBa1−xCo0.8Fe0.2O3−d (x = 0, 0.05, 0.10, 0.15 and 0.30) were
synthesized and nanocomposites were formed via a one-pot
synthesis route. Depending on Sm doping levels, the nano-
composite primarily consists of a simple perovskite and/or
layered perovskite with different phases. The nanocomposite
with nominal composition Sm0.10Ba0.90Co0.8Fe0.2O3−d

(Sm10BCF) is composed primarily of a cubic phase of Ba de-
cient ABO3 simple perovskite Ba0.925(Co/Fe)0.962Sm0.038O3−d and
a layered perovskite with orthorhombic symmetry SmBa(Co/
Fe)2O5+d and demonstrated electrochemical performance
comparable to that of the best cathode materials in open liter-
ature. The nanocomposite Sm10BCF also showed very good
stability as an electrode material in a symmetrical cell in
a ∼192 h durability test at 600 °C. It was also able to self-
assemble nanoparticles uniformly decorated on the Sm10BCF
cathode surface in a one-step sintering process. The corre-
sponding anode-supported button cell delivered a peak power
density of 1271 mW cm−2 at 650 °C and demonstrated excellent
stability over ∼333 h at a constant current density of 600 mA
cm−2 at 600 °C. The anode-supported button cell was also able
to sustain stable performance under extremely large current
loads step-varying between 600 and 1700 mA cm−2 alternately.
The composition of surface nanoparticles in the as-fabricated
cathode is quite similar to that of the simple perovskite
substrate. During the long-term stability test, the surface
nanoparticles showed a slight agglomeration, forming relatively
large surface nanoparticles with less area density. The nano-
particles tended to agglomerate around grain boundaries and
appeared to be having Co-rich phases. Three driving forces
primarily contributed to the evolution of surface nanoparticles,
including thermal force, applied current loading and high
surface energy of nanoparticles. Aer an initial evolution of
surface nanoparticles, the morphology of the cathode reached
a new stable equilibrium, which was conrmed by the stable
cell performance during the long term durability test. This
research provides an efficient and cost-effective route to prepare
perovskite nanocomposites and surface nanoparticle-decorated
cathodes for high performance and durable LT-SOFCs.
This journal is © The Royal Society of Chemistry 2025
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