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Tailoring Sr2Fe1.5Mo0.5O6−δ with Sc as a new single-phase cathode for
proton-conducting solid oxide fuel cells

Liling Zhang†, Yanru Yin†, Yangsen Xu, Shoufu Yu and Lei Bi*

ABSTRACT Sc-doped Sr2Fe1.5Mo0.5O6−δ (SFMSc) was suc-
cessfully synthesized by partially substituting Mo in Sr2Fe1.5-
Mo0.5O6−δ (SFM) with Sc, resulting in a higher proton diffusion
rate in the resultant SFMSc sample. Theoretical calculations
showed that doping Sc into SFM lowered the oxygen vacancy
formation energy, reduced the energy barrier for proton mi-
gration in the oxide, and increased the catalytic activity for
oxygen reduction reaction. Next, a proton-conducting solid
oxide fuel cell (H-SOFC) with a single-phase SFMSc cathode
demonstrated significantly higher cell performance than that
of cell based on an Sc-free SFM cathode, achieving
1258 mW cm−2 at 700°C. The performance also outperformed
that of many other H-SOFCs based on single-phase cobalt-free
cathodes. Furthermore, no trade-off between fuel cell perfor-
mance and material stability was observed. The SFMSc ma-
terial demonstrated good stability in both the CO2-containing
atmosphere and the fuel cell application. The combination of
high performance and outstanding stability suggests that
SFMSc is an excellent cathode material for H-SOFCs.
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INTRODUCTION
The solid oxide fuel cell (SOFC) could efficiently convert che-
mical energy into electricity while emitting little pollution,
making it a viable technology for addressing the present envir-
onmental issue [1]. Although conventional SOFCs with oxygen-
conducting electrolytes are commercially employed, the high
working temperatures of traditional SOFCs (over 800°C) cause a
number of issues, including reduced cell lifespan, challenges in
selecting appropriate materials, and interlayer diffusions [2,3].
As a result, developing SOFCs that operate at lower tempera-
tures (such as 700°C) is extremely desirable [4,5]. The devel-
opment of highly conductive electrolyte materials and cathode
materials with good catalytic activity at intermediate tempera-
tures is required to reduce the SOFC working temperature [6,7].
In terms of electrolyte materials, proton-conducting oxides have
been proposed as electrolytes for SOFCs in recent decades due to
their high ionic conductivity at 600°C [8–10]. Furthermore,
proton-conducting SOFCs (H-SOFCs) generate H2O at the
cathode side and so avoid fuel diffusion, demonstrating an
advantage over SOFCs using oxygen-ion conducting electrolytes

[11]. As a result, H-SOFC has been a hot topic in the the past
decade [12–15].
Although highly conductive proton-conducting oxides as

electrolytes can solve the intermediate temperature operation of
SOFCs from an electrolyte perspective, the reduced working
temperatures also result in sluggish cathode activities, resulting
in high cathode polarization resistances and poor cell perfor-
mance [16]. Traditional H-SOFC cathodes are derived from
oxygen-ion conducting SOFCs. Despite the established satis-
factory performance, the lack of proton-conduction in conven-
tional cathode materials restricts the cathode reaction area and
limits fuel cell performance [17,18]. Recently, it has been pro-
posed to tailor cathode materials with protonation ability, which
increases the cathode reaction sites and hence greatly enhances
fuel cell efficiency [19,20]. A number of materials have been
reported to exhibit protonation and improved cell performance
[21–23], with the majority of these compounds based on per-
ovskite materials containing cobalt [20,24]. The perovskite
structure material incorporates H2O for protonation [25], and
cobalt plays an essential role in cathode catalytic activity [26,27].
However, issues such as cobalt evaporation at high temperatures
and thermal mismatch between the cobalt-containing cathode
and the electrolyte [28,29] have not been adequately addressed
till now. As a result, the development of high-performance
cathodes free of cobalt is of interest to many researchers.
Sr2Fe1.5Mo0.5O6−δ (SFM) is a well-investigated electrode for

SOFCs because of its strong redox-ability [30], and it is fre-
quently employed as the anode material rather than the cathode
material for SOFCs because of its good catalytic activity under
low oxygen partial pressure conditions [31–33]. Although
various studies suggest that SFM may be utilized as the cathode
for SOFCs [34,35], it is ineffective when compared with some
other conventional perovskite materials. SFM has not been used
for H-SOFCs for a long time due to its poor performance. Ren et
al. [36] recently discovered that doping SFM with a small
amount of Zr ions can adjust the oxygen vacancy in the oxide,
hence promoting proton transport in the material. When
compared with the Zr-doping technique, synthesizing SFM with
a lower valence element may have a significant impact on the
electrode performance. The substitution of Mo6+ with a lower
valence element could result in more oxygen vacancies, thereby
improving the cathode performance in H-SOFCs. The formation
of oxygen vacancies can be represented in the following equation
(using a 3+ element as an example): A O 2A + 3V2 3

MoO
Mo
''' ••3 . As
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a result, we propose a novel cathode material, Sr2Fe1.5Mo0.25-
Sc0.25O6−δ (SFMSc), in which Mo is largely replaced by Sc. The
effect of Sc-doping was studied using both experimental and
first-principles computations. The fuel cell devices with SFMSc
as the cathode possess improved H-SOFCs performance.

EXPERIMENTAL SECTION
A standard combustion process was used to synthesize SFM, and
SFMSc powders [37]. X-ray diffraction (XRD) was used to
investigate the phase purity of SFM and SFMSc. X-ray photo-
electron spectroscopy (XPS) was then used to characterize the
chemical states of SFM and SFMSc. The chemical stability of
SFMSc was investigated using in-situ high-temperature XRD,
which involved heating the sample to high temperatures in a
flow system with 10% CO2 (balanced with air) at a rate of
50 mL min−1 and recording the XRD patterns of the sample at a
specified temperature. Scanning transmission electron micro-
scopy (STEM, JEM-2100F) was used to study the composition of
the SFMSc. The electrical conductivity relaxation (ECR) tests
were performed on dense SFM and SFMSc bars. The four-probe
method was utilized to characterize the conductivity and time
for SFM and SFMSc bars to reach equilibrium when the gas was
changed from dry to wet (3% H2O) air.
Theoretical calculations were carried out by the density

functional theory (DFT) method using the Vienna ab initio
simulation package [38]. The 2 × 2 × 2 supercell was used for the
calculations of both SFM and SFMSc according to the literature
[24,39]. The capacity of SFM and SFMSc to perform oxygen
reduction reactions (ORR) was investigated by adsorbing an O2
molecule on the surfaces of SFM and SFMSc and estimating the
O2 adsorption energy. For the surface calculation, the thickness
of the vacuum layer was set to 15 Å. The climbing image nudged
elastic band (CI-NEB) method [40] was used to calculate the
dissociation energy.
Anode-supported BaCe0.7Zr0.1Y0.2O3−δ (BCZY) half-cells were

fabricated using NiO-BCZY composite anode and BCZY elec-
trolyte [37] and co-sintered at 1300°C for 6 h to evaluate the
performance of SFM and SFMSc as cathodes for H-SOFCs. The
SFM/SFMSc was deposited on the surface of the BCZY mem-
brane before co-sintering the cathode layer with the half-cell at
850°C for 10 min in a microwave sintering furnace, resulting in
complete cells. It is reported that the microwave sintering
approach may adhere the cathode layer to the electrolyte at
lower temperatures than the traditional sintering method, which
mitigates potential interfacial reactions and preserves the cath-
ode’s ideal microstructure [41]. It should be emphasized that the
cathode is only SFM or SFMSc without any electrolyte powder
coupling. Wet H2 was used as the fuel, while static air was used
as the oxidant in the single cells. In the fuel cell test, the flow rate
of H2 fuel was 40 mL min−1. An electrochemical workstation was
used to record the cells’ electrochemical performance (Squidstat
Plus). The frequency range for the alternating current (AC)
impedance test was set from 1 MHz to 0.1 Hz. Scanning electron
microscopy (SEM) was used to examine the morphologies of the
tested SFM and SFMSc cells.

RESULTS AND DISCUSSION
The XRD patterns of the synthesized SFM and SFMSc materials
are shown in Fig. 1a, suggesting that both materials are pure
phases. The magnified area view in Fig. 1b shows a peak shift to
higher angles due to the incorporation of Sc into SFM, implying

a smaller lattice volume for SFM after Sc-doping. The contrac-
tion of the lattice is also detected using a high-resolution
transmission electron microscope (HRTEM), as shown in
Fig. 1c, d. SFM and SFMSc have d-spacing values of 2.79 and
2.75 Å, respectively. The HRTEM results reveal that Sc-doping
causes a contraction in the SFM lattice volume, which is con-
sistent with the XRD analysis. However, the ionic radius of Sc3+
is 74.5 pm, which is larger than that of Mo5+ (61 pm) and Mo6+

(59 pm). In theory, replacing Mo with Sc should result in an
expansion rather than a shrinkage of the lattice volume. As a
result, various factors can be thought to influence the lattice
volume. In the SFMSc lattice, the lower valence Sc3+ substitutes
Mo5+/6+. To compensate for the charge loss, the valence of Fe
ions in the lattice may fluctuate in addition to the formation of
extra oxygen vacancies. Fe3+ has a smaller ionic radius than Fe2+,
which could cause the lattice to shrink. The electrical structure
of SFM and SFMSc elements was revealed using XPS investi-
gation. Fig. 1e, f indicate that Fe2+ and Fe3+ can be detected;
however, the concentration of Fe2+ and Fe3+ varies in SFM and
SFMSc. The Fe2+/Fe3+ ratio in SFM is 0.76, while it is 0.57 in
SFMSc, indicating an increase in Fe3+ concentration following
Sc-doping and confirming the hypothesis made above. The
composition of SFMSc was confirmed further by STEM map-
ping, as shown in Fig. 1g, which shows an even distribution of
each element with no discernible elemental segregations.
Aside from the effective fabrication of the SFMSc material, its

chemical stability should also be investigated. The chemical
stability of SFMSc was tested by exposing the powder to a CO2-
containing environment (10% CO2 balanced with air) under
various testing scenarios. The time evolution of the in-situ high-
temperature XRD pattern of the SFMSc powder treated in the
CO2-containing atmosphere at 700°C is shown in Fig. 2a. Even
under CO2-containing conditions, there is no secondary phase
formation as a function of operation duration, and the SFMSc
phase remains stable after 10-h testing. Furthermore, the mea-
surement was performed to investigate the phase stability of the
SFMSc material at temperatures ranging from 100 to 800°C in a
flowing CO2 atmosphere. Fig. 2b demonstrates that the structure
of SFMSc remains constant across the whole testing temperature
range in a CO2-containing environment. All the evidences sug-
gest that SFMSc has strong chemical stability against CO2, and
therefore CO2 corrosion to SFMSc should not be a serious issue.
To obtain insight into the good stability of SFMSc against CO2,
the interaction between CO2 and SFMSc was studied using DFT
computations. The computation was carried out by adsorbing a
CO2 molecule on the surface of SFMSc, and there are two sites
for the possible CO2 adsorption, as shown in Fig. 2c. The CO2
adsorption energy (Eads) was computed using the equation: Eads=
Esurface+CO2

−Esurface−ECO2
[42], where the values are 0.68 eV for

CO2 adsorption on the Fe-O-Mo site and −1.28 eV for CO2
adsorption on the Fe-O-Fe site, respectively. The positive value
for the CO2 adsorption energy indicates that CO2 adsorption on
the surface of SFMSc is unlikely at the Fe-O-Mo site. The
negative value for the Fe-O-Fe site, on the other hand, indicates
that CO2 adsorption is thermodynamically favorable at this site.
Considering the temperature factor for CO2 adsorption at the
Fe-O-Fe site, the Gibbs free energy (ΔG) of the reaction between
CO2 and SFMSc at different temperatures is given in Fig. S1. ΔG
is shown to be greater than zero at roughly 450°C, implying that
SFMSc could be stable against CO2 at H-SOFC testing tem-
peratures (600–700°C). Although ΔG is less than zero at tem-
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peratures less than 400°C, no secondary phases were observed
during the in-situ XRD test at these temperatures (Fig. 2b),
implying that the possible reaction is kinetically very slow at
these low temperatures and should not pose a significant pro-
blem for the stability of SMFSc as the cathode. Given that the
CO2 concentration in the stability test is 10%, and the CO2
content in the air is only 0.03%, it is plausible to expect that
SFMSc will be stable in these working conditions. To further
investigate the chemical stability of SFMSc, harsh testing con-
ditions with greater CO2 concentration and longer testing time
were applied. For 100 h, the SFMSc powder was treated at 700°C
in 20% CO2. The phase composition of the treated SFMSc
detected by XRD (Fig. S2) demonstrates that there are no
impurities after the treatment, confirming the excellent chemical
stability of SFMSc against CO2.
The DFT simulations are used to further investigate the

suitability of SFMSc as a cathode for H-SOFCs. One reason for
employing the Sc-doping technique is to generate more oxygen
vacancies (Vo), which are critical for cathode performance. As a
result, the Vo formation energy (Evo) is computed and com-
pared, revealing that the Evo values for SFM and SFMSc are 1.01
and 0.67 eV, respectively. Although both values are greater than
zero, the Sc-doped sample has a lower energy value, implying
that the formation of Vo is more likely in SFMSc than in Sc-free
SFM. The charge density difference results in Fig. 3a, b
demonstrate that Sc doping may result in charge accumulation
at neighboring oxygen atoms, weakening the metal–O bond and
so favoring the formation of Vo [42]. The XPS study also
demonstrated higher Vo content in SFMSc. The XPS O 1s
spectra of SFM and SFMSc are shown in Fig. 3c, d, which can be
fitted with four peaks: lattice O, O−/O2

2−, adsorbed surface OH−/
O2, and surface H2O. The oxygen vacancy concentration is

Figure 1 (a) XRD patterns and (b) enlarged XRD view of SFM and SFMSc powders; HRTEM images for (c) SFM and (d) SFMSc; XPS Fe 2p spectra for
(e) SFM and (f) SFMSc; (g) STEM mapping for SFMSc.

SCIENCE CHINA Materials ARTICLES

June 2022 | Vol. 65 No.6 1487© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022



reflected in the area ratio for the peaks corresponding to surface
adsorbed OH−/O2 and lattice O [43–46]. The surface adsorbed
OH−/O2 to lattice O ratio in SFM is 1.2, and it increases to 1.8
for SFMSc, which is consistent with the DFT calculation results
and suggests that the addition of Sc into SFM favors the for-
mation of oxygen vacancies.
Besides the formation of Vo, another critical parameter for

proton-conducting oxides is protonation ability, often known as
hydration [47–50]. Table 1 highlights and contrasts some major
parameters estimated by the DFT approach for SFM and SFMSc.
SFM and SFMSc have derived hydration energies (Ehydra) of
−0.56 and −0.52 eV, respectively. Even though Sc doping mar-
ginally increases the energy value, the negative values of Ehydra
indicate that the hydration procedure is thermodynamically
favorable for both SFM and SFMSc. However, when proton
transportations are considered, the Sc-doping technique has
further advantages. The proton migrates in oxides via the oxy-
gen atoms, and the rate-limiting step is the hopping step [50], as
shown in Fig. 4a. The energy barrier for proton migration in
SFM is 2.16 eV; however, it is lowered to 0.95 eV in Sc-doped
SFM. It is obvious that doping Sc into SFM can lower the barrier
for proton migration, hence facilitating proton transport in the

oxide. The enhanced proton diffusion kinetics for SFMSc mea-
sured by ECR further demonstrates better proton migration
capabilities. The conductivity of the sample would change due to
the change of the charge carriers [48]. The time required to
attain a new equilibrium in conductivity provides information
on ion diffusions. Fig. 4b depicts the ECR curves for SFM and
SFMSc tested at 600°C. By changing the gas from dry to wet air,
the transition time for SFM is lowered to roughly 3000 s, while
for SFMSc, the period is significantly reduced to around 600 s.
The SFMSc response is substantially faster, implying that the
diffusion of protons is faster in SFMSc than in SFM. The che-
mical diffusion coefficients for SFM and SFMSc were calculated
to be 1.7 × 10−5 and 1.0 × 10−4 cm2 s−1, respectively, implying
that the addition of Sc can improve proton diffusion, which is
consistent with the DFT calculations.
The ORR activity of the material is another important para-

meter for cathodes since it indicates the cathode’s catalytic
activity toward O2 [51]. Although SFMSc has a greater Vo
content, implying that it may have superior ORR activity than
SFM [46], DFT calculations can provide insights at the atomic
level. There are two surface terminals, the Fe-Mo-O surface and
the Fe-Sc-O surface, and it is discovered that the surface energy

Figure 2 (a) Dynamic variation of the high-temperature XRD patterns for the SFMSc powder tested at 700°C in the CO2-containing atmosphere. The XRD
pattern for SFMSc powder after the CO2 test is shown at the top; (b) in-situ XRD patterns for the SFMSc powder tested in the temperature range of 100–800°C
in the CO2-containing atmosphere; (c) the configuration and adsorption energy of CO2 at the surface of SFMSc calculated by the DFT method.
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of the Fe-Mo-O surface is lower than that of the Fe-Sc-O surface,
implying that the Fe-Mo-O surface is more stable than the Fe-
Sc-O surface from the DFT point of view [39]. As a result, the

Fe-Mo-O surface is chosen for subsequent surface computations.
Fig. 5 depicts two ORR processes: O2 adsorption and dissocia-
tion. The O2 adsorption energy on the SFM surface is −0.83 eV,
indicating that O2 adsorption is thermodynamically favorable at
the SFM surface. When Sc is present in the materials, the value
of O2 adsorption energy rises to 0.05 eV, indicating that Sc
doping raises the energy barrier for O2 adsorption. Although the
Sc-free SFM outperforms the Sc-containing SFM in the O2
adsorption step, the opposite tendency is observed in the O2
dissociation step. For dissociating O2, SFM must overcome an
energy barrier of 3.57 eV, which is substantially lower on the
SFMSc surface at 0.89 eV. It is worth noting that the energy for

Figure 3 (a) Charge density difference for SFM with Sc-doping (yellow bubble: charge accumulation; blue bubble: charge depletion); (b) 2D contour plot
corresponding to (a); O 1s binding energy curves for (c) SFM and (d) SFMSc.

Figure 4 (a) Scheme for the proton hopping procedure; (b) ECR curves for SFM and SFMSc upon the change of the atmosphere from dry to wet (3% H2O)
air tested at 600°C.

Table 1 Oxygen vacancy formation energy (Evo), hydration energy (Ehydra),
and proton migration energy barrier (Em) for SFM and SFMSc calculated by
the DFT method

SFM SFMSc

Evo (eV) 1.01 0.67

Ehydra (eV) −0.56 −0.52
Em (eV) 2.16 0.95
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O2 dissociation is significantly higher than the energy for O2
adsorption on both SFM and SFMSc. As a result, the rate-lim-
iting step for the overall ORR is O2 dissociation, resulting in a
greater overall energy barrier in the ORR process for SFM
without Sc addition.
The preceding experiments and DFT calculations show that

doping Sc in SFM increases the formation of Vo and promotes
proton migrations in the oxide, resulting in an improved surface
ORR catalysis, implying that SFMSc has a high potential in H-
SOFCs. As a result, the performance of the H-SOFC with the
SFMSc cathode was evaluated and compared with that of the cell
containing the Sc-free SFM cathode. Even though SFMSc was
employed as a single-phase cathode without connecting the
proton-conducting oxide to form the composites, the SFMSc
cathode still makes contact with the BCZY electrolyte. As a
result, the chemical compatibility of SFMSc and BCZY should be
investigated. The XRD patterns for the SFMSc+BCZY composite
powder before and after co-firing at the cathode/electrolyte co-
sintering temperature (850°C) are shown in Fig. S3. After firing,
no secondary phase was discovered in the composite powder,
indicating high chemical compatibility between SFMSc and
BCZY, and no newly formed phase could contribute to the
electrochemical performance of the cells. Fig. 6a depicts the I-V
and power density curves of cells using the SFMSc cathode at
various temperatures. The SFMSc cell has peak power densities
(PPDs) of 545, 966, and 1258 mW cm−2 at 600, 650, and 700°C,
respectively. The performance is much higher than that of the
SFM cell, with values of 368, 621, and 880 mW cm−2 at 600, 650,
and 700°C, respectively (Fig. 6b). As shown in Fig. 6c, there has
been a significant improvement in performance. Because both
cells are fabricated in the same way except for the cathode, the
cathode should play a dominating role in the variation in cell
performance. After testing, the microstructure of the cells was
examined using SEM. The morphologies of the SFMSc and SFM
cells are depicted in Fig. 6d, e. Both cells have a tri-layer
structure that consists of a Ni-BCZY anode, a BCZY electrolyte,

and the SFMSc (or SFM) cathode. Furthermore, the SFMSc and
SFM cathodes have similar morphology, implying that the dif-
ferences in cell performance are not attributable to micro-
structure concerns but rather to the increased catalytic
properties of the SFM cathode with Sc-doping. Fig. 7a, b depict
the proposed reaction mechanism. At the SFM/BCZY electrolyte
contact, the active reaction region, known as triple phase
boundaries, is constrained. The SFMSc cathode, on the other
hand, has a significantly larger area that extends to the overall
cathode surface due to the introduction of protonation in this
material. Furthermore, the improved ORR activity of SFMSc
allows for faster ORR at the SFMSc surface, which accelerates the
overall fuel cell reaction 2H2 + O2 → 2H2O. The improved
catalytic activity of SFMSc is also demonstrated with the elec-
trochemical impedance spectroscopy (EIS) measurements, as
illustrated in Fig. 7c. The polarization resistance (Rp) of the
SFMSc cell is 0.043 Ω cm2, which is significantly lower than that
of the SFM cell, which is 0.084 Ω cm2, indicating that the
SMFSc’s high catalytic activity allows for a faster reaction over
the cathode, resulting in lower Rp and improved fuel cell per-
formance. Aside from increased cell performance, the SFMSc
cell exhibits good operational stability, running continuously for
more than 200 h, as illustrated in Fig. 7d.
In addition to higher fuel cell performance and lower Rp for

the SFMSc cathode compared with the Sc-free cathode, the
current SFMSc cell outperforms most H-SOFCs using single-
phase cathodes [52–55]. It should be noted that the current cell
employs a single-phase SFMSc cathode without coupling the
electrolyte material in the cathode. Even in this scenario, the
performance is superior to that of several H-SOFCs with com-
posite cathodes [41,56–59]. In the case of conventional H-SOFC
cathodes, proton-conducting electrolyte materials are usually
mixed with the cathode material to form the cathode composite,
thereby extending the active reaction area to the two-phase
connections [25]. The proton conduction in this design is
accomplished through the proton-conducting phase in the
composite cathodes. In comparison, the single-phase cathode
would extend the reaction area to the entire cathode area,
assuming the single-phase cathode has sufficient proton diffu-
sion ability. Several high-performance single-phase cathodes
have been proposed in recent years [20,60,61], and these
cathodes greatly improve cell performance. However, due to the
high catalytic activity of cobalt-based oxides, most of these high-
performance single-phase cathodes must employ cobalt as one of
the major components. As a result, developing a cobalt-free
single-phase cathode with high performance for H-SOFCs
remains a challenge. Table 2 highlights the performance of
cobalt-free single-phase cathode H-SOFCs reported in the lit-
erature [36,52,53,62–67]. One can see that the attempt to use
single-phase cathodes without cobalt was made more than ten
years ago but with no satisfactory performance at the time.
Efforts over the last decade have improved performance through
the redesign of the cathode composition, the modification of
nanoparticles, and the optimization of the microstructure (such
as the use of nanofiber). Even when compared with these
techniques, the SFMSc cathode revealed in this study outper-
forms most cobalt-free single-phase cathodes previously repor-
ted, yielding superior fuel cell performance and lower Rp, as
shown in Table 2. To the best of our knowledge, only the Sn and
Bi co-doped BaFeO3 (BSFB) cathode with the proper amount of
Sn reported by Xia et al. [65] allows a slightly higher perfor-

Figure 5 O2 adsorption and dissociation procedure on SFM and SFMSc
surfaces with the predicted energy barriers calculated from the DFT method.
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Figure 6 I-V and power density curves for (a) SFMSc and (b) SFM cell; (c) the PPD comparison between SFM and SFMSc cells at different temperatures; the
cross-sectional views for (d) SFM and (e) SFMSc cells.

Figure 7 Schemes for cathode reactions on (a) SFM and (b) SFMSc; (c) EIS plots for the SFM and SFMSc cells tested at 700°C; (d) long-term stability test for
the SFMSc cell operated at 600°C under a constant current density of 0.4 A cm−2.
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mance than the SFMSc cell. The high basicity of the Ba-element
may boost the hydration ability of the BSFB material, allowing it
to exhibit promising electrochemical properties for H-SOFCs
even without cobalt. However, the high Ba-concentration in
proton-conducting oxides usually has a negative impact on
chemical stability [68], making it difficult to find a balance
between electrochemical performance and chemical stability.
There is no Ba-element in the composition of the SFMSc cath-
ode employed in this study, and its high chemical stability has
already been demonstrated, as indicated above. As a result, the
SFMSc cathode integrates high electrochemical performance
with outstanding chemical stability, providing a new path for
cathode design.

CONCLUSIONS
High-performance cathode materials with good catalytic activity
and high proton diffusivity are highly desired for H-SOFCs,
motivating researchers to synthesize a new cathode by modify-
ing the conventional SFM with Sc ions. From atomic level
computations, the SFMSc is predicted to have lower Vo for-
mation energy and lower energy barriers in proton migration, as
well as better ORR activity. The theoretical calculation results
supported by experimental studies demonstrate that the SFMSc
cathode has a higher proton diffusion rate and a lower polar-
ization resistance than the Sc-free cathode. As a result, the
SFMSc cell outperforms the SFM cell significantly. Although
SFMSc is utilized as a single-phase cathode in H-SOFCs, its
performance is superior to that of many H-SOFCs that employ
composite cathodes (that is, coupling the cathode and electrolyte
materials to extend the active reaction zone). When compared
with other cobalt-free single-phase cathodes for H-SOFCs, the
current SFMSc cathode exhibits one of the best performances
ever reported. The exceptional chemical stability of SFMSc does
not compromise its good electrochemical performance, indi-
cating a high potential for SFMSc in H-SOFCs.
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Sc掺杂的Sr2Fe1.5Mo0.5O6−δ作为质子导体固体氧化物
燃料电池的新型单相阴极
张醴陵†, 尹燕儒†, 许阳森, 于守富, 毕磊*

摘要 本文利用Sc元素部分取代 Sr2Fe1.5Mo0.5O6−δ (SFM) 中的Mo, 成功
制备了具有高质子扩散速率的新型Sc掺杂SFM (SFMSc)材料. 理论计算
表明, 将Sc掺杂到SFM中可以降低材料的氧空位形成能, 降低氧化物中
质子迁移的能垒, 并提高材料氧还原反应的催化活性. 使用单相 SFMSc
阴极的质子导体固体氧化物燃料电池 (H-SOFC)比使用不含Sc的SFM
单相阴极电池具有更高的电池性能 , 其在 7 0 0 ° C时的性能达到
1258 mW cm−2. 该性能也超过了许多其他使用单相无钴阴极的H-
SOFC. 此外, 材料良好的电化学性能并没有以牺牲其稳定性为代价.
SFMSc材料在含 CO2的气氛中以及在燃料电池工作条件下都表现出良
好的稳定性. 高输出性能和良好的稳定性, 使SFMSc成为一种有潜力的
高效的H-SOFC阴极材料.
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