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A B S T R A C T

Sr2FeCo0.2Ni0.2Mo0.6O6-δ (SFCNM) and Sr2FeNi0.4Mo0.6O6-δ (SFNM) were prepared as the hydrogen electrode
materials for solid oxide cells (SOCs) and comparatively investigated by density function theory (DFT) and ex-
periments to demonstrate the benefit of Co addition. The reduced SFCNM (R-SFCNM) and SFNM (R-SFNM)
contain exsolved Fe–Co–Ni and Fe–Ni nanoparticles, respectively. DFT indicates that Fe–Co–Ni has optimized
combination of the d-band center (descriptor of catalyst activity) and adsorption behavior for H2O, H2, H, and OH.
The cell with SFCNM hydrogen electrode, La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM) electrolyte, and La0.6Sr0.4Co0.2Fe0.8O3-

δ (LSCF) oxygen electrode (Cell-SFCNM) demonstrates a higher performance than that with an SFNM hydrogen
electrode (Cell-SFNM) at temperatures between 700 and 850 �C in both solid oxide fuel cell (SOFC, 3% H2O-97%
H2/air) and solid oxide electrolysis cell (SOEC, 20% H2O-80% H2/air) modes. At 850 and 700 �C, the peak power
density is 1.23 and 0.48 W⋅cm�2 in SOFC mode, while the current density is 1.25 and 0.37 A⋅cm�2 at 1.3 V in
SOEC mode, respectively. The performance degradation rates at 750 �C are 0.17 mV⋅h�1 in SOFC and 0.15
mV⋅h�1 in SOEC modes within 150 h, which are improved by Co doping.
1. Introduction

Solid oxide cells (SOCs) are electrochemical energy conversion de-
vices that can operate as power generation in solid oxide fuel cell (SOFC)
mode and as energy storage (H2O and CO2 electrolysis) in solid oxide
electrolysis cell (SOEC) mode at temperatures above 600 �C. They are
high efficiency and environmentally friendly, thus have attracted
extensive interest recently [1–5]. The SOC consists of three components,
porous hydrogen electrode, dense electrolyte, and porous oxygen elec-
trode. The basic requirements for the electrode materials are electrically
and ionically conductive, electrochemically active, chemically stable,
and thermally compatible with the electrolyte material [6,7].

The electrochemical function of the hydrogen electrode is to oxidize
the fuel in SOFCs and reduce H2O and CO2 in conventional SOECs,
therefore, its materials critically affect the performance of SOCs in both
modes. In addition to costly noble metals, such as Pt [8], Ru [9], Pd [10],
and Ir [11], Ni-based cermets are the state-of-the-art materials for the
hydrogen electrodes, such as Ni–Y2O3 stabilized ZrO2 (Ni-YSZ) and
Ni–Gd-doped CeO2 (Ni-GDC), and are widely utilized due to their
excellent electrochemical activity and relatively low cost [12]. However,
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they suffer from Ni particle growth, migration, and oxidation in high H2O
atmospheres and carbon deposition when hydrocarbon fuels are used.
These issues have limited the long-term applications of the Ni-based
cermets in SOCs [13,14]. In recent years, a great deal of effort has
been devoted to finding alternative materials to Ni-based cermets to solve
these problems.

Perovskite materials (ABO3) are promising due to their mixed ionic-
electronic conductivity, such as La0.8Sr0.2Cr0.5Mn0.5O3-δ- [15,16],
La0.3Sr0.7TiO3-δ- [17,18], and LaxSr1-xVO3-δ-based [19,20] materials.
However, their electronic [21] and ionic [22] conductivity and electro-
chemical activity [23,24] need to be further improved, and the diffi-
culties in material preparation are to be overcome. Double perovskite
(DP) Sr2Fe1.5Mo0.5O6-δ (SFM) contains Fe3þ/Fe2þ [25] and Mo6þ/Mo5þ

ion pairs, exhibiting an adequate electronic conductivity in reducing
atmosphere; its layered structure dictates a high oxygen vacancy con-
centration, in turn, an intrinsically high conductivity. Thus, it also can be
used for the hydrogen electrode with its electrochemical activity
improved [26,27] by either element doping or forming a composite with
secondary phases [28–31]. Electrolyte material Sm-doped CeO2 (SDC)
was mixed with SFM, the SFM-SDC composite hydrogen electrode
l 2023
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demonstrated a better performance than single-phase SFM due to
improved ionic conductivity by SDC [32]. Metal elements such as Ni [33,
34], Co [35,36], and Ru [9] were doped into the B-site of SFM during
material preparation. They exsolved from the lattice of SFM in a reducing
atmosphere, forming metal alloy nanoparticles of Fe–Ni, Fe–Co, and
Fe–Ru on the surface of the substrate with a layered Ruddlesden-Popper
(RP) structure transformed from DP structure. The alloy nanoparticles,
acting as an active component, improve the electrochemical performance
and stability of the hydrogen electrodes due to the tight interfacial
bonding between the particles and the substrate. Such an exsolution
method was also used for preparing catalysts for CO2 to formic acid
conversion [37] and oxygen reduction in ionic liquids [38].

Fe–Co–Ni catalysts were reported to enhance the adsorption and
desorption of the species involved in reactions and demonstrate
improved catalytic activity for room temperature H2O splitting [39], CH4
dry reforming [40], and ethane dehydrogenation [41]. Stimulated by
these findings, in the present study, the density function theory (DFT)
was applied to predict the d-band center (a descriptor of catalyst activity)
of Fe, Ni, and Co elements and alloys, as well as their adsorption ability of
H2O, OH, H, and H2. Based on the DFT analysis, catalysts
Sr2FeNi0.4Mo0.6O6-δ (SFNM) and Sr2FeCo0.2Ni0.2Mo0.6O6-δ (SFCNM)
were prepared and characterized alone and in-cell to demonstrate that Co
addition improves the performance of SFNM for the hydrogen electrode
of SOCs. As expected, the experimental results showed that Fe–Co–Ni
ternary alloy nanoparticles were exsolved in a reducing atmosphere
accompanied by a substrate transformation from the DP to RP structure.
The composition of Fe–Co–Ni was precisely determined by STEM-EELS.
And the enhanced electrochemical performance of the SFCNM
hydrogen electrode was achieved over SFNM with exsolved Fe–Ni binary
alloy nanoparticles for H2 oxidation and H2O electrolysis, which
demonstrated that multi-alloying is an effective way to improve elec-
trochemical performance.

2. Results and discussion

2.1. Theoretical prediction

The d-band center εd, i.e., the average energy of the d state of a metal
atom, is a significant descriptor that is widely used to understand and
evaluate the catalysis activity of the metal catalyst [42,43], including the
adsorption and desorption activity of gases on the surface of catalyst
[44–46]. We obtained the d-band centers of different metals firstly based
on the calculated partial density of states (PDOS) to evaluate the catalysis
activity of different metal nanoparticles (Fig. 1(a)). The values obtained
for Fe, Co and Ni are �0.89, �0.91, and �1.10 eV, respectively, which
are in good agreement with previous reports [47]. The smallest value of
Ni (�1.1 eV) reveals the strongest binding activity between the catalyst
Fig. 1. DFT calculations for Fe, Co, and Ni and their alloys (original calculated resu
hydrogen species absorbed on (111) surfaces of different catalysts.
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and an intermediate that easily leads to surface poisoning; the too large
value of Fe (�0.89 eV) indicates a limited availability of the catalytic
activity. Thus, the modulating proportion of an alloy based on the above
three metals can obtain a significant catalyst for adsorption. The values of
bimetallic FeNi3 and trimetallic Fe2CoNi localize between the Co and Ni,
which are �1.05 eV and �0.95 eV, respectively, exhibiting a suitable
binding ability.

We further calculated the adsorption energies of two oxygen species
(H2O and OH) and the desorption energies of H2 to evaluate the catalytic
activity of catalysts in water decomposition. As shown in Fig. 1(b), tri-
metallic Fe2CoNi shows stronger adsorption ability for the two oxygen
species than that of FeNi3 based on the smaller adsorption values of
�0.477 eV to �0.433 eV for H2O and �3.895 eV to �3.432 eV for OH;
Fe2CoNi exhibits weaker adsorption ability for H2 than FeNi3 because of
the larger value of Fe2CoNi (0.059 eV) than that of FeNi3 (0.050 eV).
These calculated values reveal the better catalytic performance of
Fe2CoNi than that of FeNi3 in water decomposition.
2.2. Crystal structure and composition

Fig. 2 shows the crystal structure and composition of SFCNM, SFNM,
Reduced-SFCNM (R-SFCNM), and Reduced-SFNM (R-SFNM) determined
by X-ray diffraction, electron microscopy, and electron energy loss
spectroscopy. It indicates that SFCNM and SFNM were single-phase with
a DP structure, confirming that there was no SrMoO4 phase formed in
SFM-based DP with Mo content below 0.68 [48]. And R-SFCNM and
R-SFNM consisted of two phases, i.e., a minor metallic phase containing
either Fe, Co, and Ni or Fe and Ni, with a cubic structure and a major
phase (substrate) with the RP structure transformed from DP structure
(Fig. 2(a) and (b)) [33–36]. Due to Co addition partly replacing Ni in
SFCNM, the diffraction pattern was left-shifted to smaller 2θ angles with
respect to that of SFNM (insert in Fig. 2(a)), indicating a lattice expansion
as Co2þ (0.075 nm) is larger than Ni2þ (0.069 nm). The results of Rietveld
refinement showed that SFCNM and SFNM, the substrates, and the
metallic phases possessed a symmetry of I4/m, I4/mmm, and Pm-3m,
respectively (Fig. S6 and Table S2), and the weight ratio of the metallic
phase to the substrate was estimated about 11.3–88.7 and 10.7 to 89.3,
respectively, in R-SFCNM and R-SFNM (Table S3). The symmetry of
SFCNM and R-SFCNM was further confirmed as above by a
high-resolution transmission electron microscope (HR-TEM) based on
the interplanar spacing of corresponding lattice plans, such as 0.394 and
0.396 nm for (110) and (002) planes of SFCNM, 0.205 nm for (111) plane
of the metallic nanoparticles, and 0.284 nm for (015) plane of the
transformed substrate (Fig. 2(c) and (d)).

The composition of the exsolved metallic phase and the substrate of
R-SFCNM was estimated by electronic energy-loss spectroscopy (EELS,
Fig. 2(e) and (f)). Areas 1 and 2 were regions of different metallic
lts inFig. S5 and Table S1): (a) d-band center εd and (b) binding energies of the



Fig. 2. Crystal structure, microstructure, and composition: XRD spectra of (a) SFCNM and SFNM and (b) R-SFCNM and R-SFNM; High-resolution images of (c) SFCNM
and (d) R-SFCNM; (e) STEM-EELS spectra and dark field-STEM image of R-SFCNM; (f) Alloy composition calculation of area 1 in (e).
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nanoparticles, and areas 3 and 4 were two regions of the substrate. The
EELS spectra from these areas showed peaks at various values of energy
that corresponded to the characteristic energy of electrons in different
elements. It is well known that the peaks at 532, 708, 779, and 855 eV
(Fig. 2(e)) are related to the electron energy states of O K, Fe L, Co L, and
Fig. 3. Reduction, water adsorption, and morphology: (a) H2-TPR profile and weight
SFNM in 5% H2O-Ar at 20 ml⋅min�1 and 10 �C⋅min�1; Morphologies and element d
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Ni L, respectively [49–51]. Thus, it can be determined that the exsolved
metallic nanoparticles contained only Fe, Co, and Ni elements, and an
undetectable amount of Co and Ni remained in the substrate as the
reducibility follows the order of Ni> Co> Fe [52]. With the result shown
in Fig. 2(e), the atomic ratio of Fe, Co, and Ni in nanoparticles 1 and 2
loss of SFCNM and SFNM in 5% H2–N2; (b) Water absorption of R-SFCNM and R-
istributions of (c) R-SFCNM and (d) R-SFNM.
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was determined as 44.2:24.9:30.9, 45.5:24.0:30.5, with an average of
about 45:25:30 (Fig. 2(f)). According to the composition of exsolved
Fe–Co–Ni metallic phase, it is expected that the following reactions
occurred during the reduction of SFCNM in H2:

3Sr2FeCo0:2Ni0:2Mo0:6O6�δ þ nH2 → 2Sr3Fe1:05Co0:05Mo0:9O7�δ

þ 2Fe0:45Co0:25Ni0:3 þ nH2Oþ nV::
O

(1)

accompanied by the formation of oxygen vacancies (V::
O) that promotes

surface oxygen exchange and diffusion and in turn electrocatalytic ac-
tivity of R-SFCNM.

2.3. Reduction/water absorption behaviors and morphology

Reduction thermogravimetric analysis (TGA) and H2-temperature
programmed reduction (H2-TPR) were carried from room temperature to
900 �C in 5% H2–N2 for SFCNM and SFNM, respectively, followed by
water adsorption in 5%H2O–Ar from 900 �C to 50 �C. The weight change
of the specimens during these processes was recorded as shown in Fig. 3.
During reduction TGA, the weight loss (Fig. 3(a)), caused by either
desorption of adsorbed H2O and other species or release of lattice oxy-
gen, can be divided into three stages, i.e., stage I (200–350 �C), II
(350–650 �C), and III (650–900 �C) corresponding to the profile of H2-
Fig. 4. Electrochemical performance of Cell-SFCNM and Cell-SFNM in both SOFC and
I–V responses in SOEC mode of (c) Cell-SFCNM and (d) Cell-SFNM; Short-term perform
Cell-SFCNM and Cell-SFNM in (g) SOFC and (h) SOEC modes.
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TPR shown in dotted lines. H2 was consumed to reduce the metallic ions
from their high to low valences accompanied with oxygen release, such
as Fe3þ to Fe2þ at ~357 �C (α peak), Mo6þ to Mo5þ at ~430 �C (β peak),
and Fe0, Ni0, and Co0 were formed in alloys above 700 �C (γ peak) [34,
53–55] as detected by X-ray photoelectron spectroscopy (XPS, Fig. S7).
And meanwhile, the substrate was transformed from DP to RP structure
[56], as shown by the high-temperature XRD patterns (Fig. S8), with
much more oxygen vacancies for adsorbing oxygen species such as Oad.
and H2Oad (Fig. S7(e) and Table S4) to facilitate surface reactions [57,
58]. Co addition made the H2-TPR profile right shifting to higher tem-
peratures, suggesting that SFNM is more reducible than SFCNM. The
higher concentration of oxygen vacancy in R-SFCNM explains that it
adsorbed more H2O (1.51%) than R-SFNM (0.82%) during cooling from
900 �C in 5% H2O–Ar atmosphere (Fig. 3(b)), and a promoted H2O
electrolysis performance is expected with R-SFCNM, as the adsorbed H2O
is the reactant needed for the reactions. Before the reduction, SFCNM and
SFNM were single-phase materials with smooth surfaces (Fig. S9); after
that, exsolved metallic nanoparticles were formed and tightly distributed
on the substrate with an average size of 32 and 48 nm for Fe–Co–Ni in
R-SFCNM and Fe–Ni in R-SFNM, respectively (Fig. 3(c) and (d), Fig. S10).
The smaller size of Fe–Co–Ni nanoparticles also indicates that SFCNM is
less reducible than SFNM.
SOEC modes: I–V–P curves in SOFC mode of (a) Cell-SFCNM and (b) Cell-SFNM;
ance in SOEC mode of (e) Cell-SFCNM and (f) Cell-SFNM; Long-term stability of
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2.4. Electrochemical performance

2.4.1. Short- and long-term performance
For comparison, cells were prepared with SFCNM-Gd0.1Ce0.9O2-δ

(GDC) and SFNM-GDC hydrogen electrodes, named Cell-SFCNM and
Cell-SFNM, respectively. Fig. 4 shows the electrochemical performance
of Cell-SFCNM and Cell-SFNM in both SOFC and SOEC modes. With 3%
H2O-97% H2 as fuel and air as oxidant under SOFC conditions (Fig. 4(a)
and (b)), the open circuit voltages (OCV) of the cells ranged from 1.058 to
1.092 V at temperatures between 850 �C and 700 �C. They are close to
that predicted by the Nernst equation, suggesting that the cells were free
of pinholes across the electrolyte and well-sealed during the test. The
peak power density of Cell-SFCNM (1.23, 0.95, 0.70, and 0.48 W⋅cm�2 at
850, 800, 750, and 700 �C, respectively) was higher than that of Cell-
SFNM (0.99, 0.75, 0.52, and 0.35 W⋅cm�2 at 850, 800, 750, and 700
�C, respectively). In SOEC mode with 20% H2O-80% H2 in the hydrogen
electrode and air in the oxygen electrode (Fig. 4(c) and (d)), the OCV
(from 0.994 V to 1.027 V) was lower, compared to that in SOFC mode,
due to a higher concentration of water vapor. The current density at the
thermoneutral voltage of 1.3 V was �1.25, �0.94, �0.58, and �0.37
A⋅cm�2 at 850, 800, 750, and 700 �C, respectively, for Cell-SFCNM,
which is higher than that of Cell-SFNM (�0.98, �0.71, �0.45, and
�0.26 A⋅cm�2 at 850, 800, 750, and 700 �C, respectively).

To obtain an overall understanding of SFCNM and SFNM electrodes in
SOEC mode, Cell-SFCNM and Cell-SFNM were evaluated with 20% H2O-
80% H2 and air at 750 �C and various applied voltages between 1.1 and
1.4 for a short period of 1 h. The performance of both cells was stable
within 1 h; however, the current density of Cell-SFCNM (Fig. 4(e)) was
higher than that of Cell-SFNM (Fig. 4(f)), suggesting that SFCNM out-
performed SFNM as demonstrated by the I–V curves (Fig. 4(c) to 4(d)).
According to that, these two cells were further tested for a longer time of
150 h at 750 �C and constant current density in both SOFC (200
mA⋅cm�2, 3% H2O-97% H2/air) and SOEC (�200 mA⋅cm�2, 20% H2O-
80% H2/air) modes (Fig. 4(g) and (h)). The voltage of the cells decreased
with time in SOFC mode, 0.17 mV h�1 for Cell-SFCNM and 0.50 mV⋅h�1

Cell-SFNM; while increased in SOEC mode, 0.15 and 0.27 mV⋅h�1 for
Cell-SFCNM and Cell-SFNM, respectively. These results indicate again
that the Co and Ni co-doped SFCNM is more electrochemically active and
Fig. 5. EIS (OCV and 750 �C) and derived DRT of Cell-SFCNM and Cell-SFNM in bot
SOEC modes; DRT of Cell-SFCNM and Cell-SFNM in (c) SOFC and (d) SOEC modes.
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stable than the Ni-doped SFNM, the reason for which was further
explored by following EIS (electrochemical impedance spectra) and DRT
(distribution of relaxation time) analysis. Nevertheless, the electro-
chemical performance of the cells in the present study is comparable with
and even better than the results reported in the literature (Tables S5 and
S6).

2.4.2. EIS and DRT analysis
Fig. 5 shows the EIS at OCV of Cell-SFCNM and Cell-SFNM under the

conditions of SOFC and SOEC modes at various temperatures and the
derived DRT. Both the cells demonstrated similar ohmic resistance,
mainly contributed by the La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM) electrolyte
and La0.4Ce0.6O2-δ (LDC) buffer layer, therefore, it was the difference in
their electrode polarization resistance (Rp) that led to the difference in
their performance. In SOFC mode (3% H2O-97% H2/air), the Rp of Cell-
SFCNMwas between 0.095 and 0.385Ω⋅cm2 at temperatures from 850 to
700 �C, lower than that of Cell-SFNM in the same temperature range,
from 0.11 at 850 �C to 0.64 Ω⋅cm2 at 700 �C (Fig. 5(a)). In SOEC mode
(20% H2O-80% H2), the Rp of Cell-SFCNM (from 0.06 Ω⋅cm2 at 850 �C to
0.31 Ω⋅cm2 at 700 �C) was also smaller than that of Cell-SFNM (from
0.09 Ω⋅cm2 at 850 �C to 0.61 Ω⋅cm2 at 700 �C) (Fig. 5(b)), and the Rp of
both the cells at 1.3 V was smaller than that at OCV (Fig. S11), suggesting
that applied boosts the electrode reactions of H2O electrolysis.

According to the EIS, the DRT at 750 �C in both SOFC and SOECmodes
was obtained (Fig. 5(c) and (d)) using the DRTtools software [59,60]with a
regularization factor of 10�3, showing four characteristic peaks of P1 to P4
corresponding the processes occurring on the electrodes. The
high-frequency P1 represents charge-transfer processes in the electrodes,
the mid-frequency P2 corresponds to electrode surface processes involving
gas adsorption and desorption and electrochemical reactions, P3 in the
low-medium frequency range is contributed by gas diffusion in electrodes,
and the low-frequency P4 is caused by gas conversion (like gas dissociation
and activation) on hydrogen electrode [54,61–65]. The areas underneath
all the peaks were smaller for Cell-SFCNM than for Cell-SFNM, except that
below P1 (Table S7), which suggests that Fe–Co–Ni particle exsolution
promoted all the processes occurring in the SFCNMhydrogen electrode but
thatof the charge transfer. The reason is thatFe–Co–Niparticleshavehigher
catalytic activity, and the RP-SFCNM support has a higher oxygen vacancy
h SOFC and SOEC modes: EIS of Cell-SFCNM and Cell-SFNM in (a) SOFC and (b)
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concentration for H2 and H2O adsorption and dissociation, and H and OH
surface diffusion. And the slight increase in charge transfer polarization of
SFCNM may be caused by the larger lattice distortion of Fe–Co–Ni than
Fe–Ni particles. Furthermore, as mentioned above, the weight ratio of
exsolved nanoparticles to the substrate in R-SFCNM is higher than that in
R-SFNM, and the particle sizes of Fe–Co–Ni are smaller than Fe–Ni. The
smaller exsolved nanoparticles may indicate the stronger connection with
the substrate, better dispersion and larger surface areas/active sites, which
results in better and more stable electrochemical performance [66–69].
However, the deeper origin for the improved electrochemical performance
caused by particles' morphology like size still needs further investigation.

3. Conclusion

Sr2FeCo0.2Ni0.2Mo0.6O6-δ (SFCNM) and Sr2FeNi0.4Mo0.6O6-δ (SFNM)
were comparatively investigated as the hydrogen electrode materials for
SOCs to demonstrate the contribution of Co addition to the electrode
performance. Based on the theoretical and experimental results, the
following conclusions are drawn.

(1) Co has a d-band center (εd) between that of Fe and Ni, its addition
into Fe–Ni alloy renders an optimized combination of εd and the
adsorption energy (ΔE) of H2O, H2, H, and OH, enhancing the
activity for electrolysis.

(2) After the reduction in H2, nanoparticles of Fe–Ni and Fe–Co–Ni are
exsolved in SFCNM and SFNM, respectively, with the substrate
crystal structure transformed from DP to RP structure with
increased oxygen vacancies and more H2O adsorption of R-
SFCNM than R-SFNM.

The electrochemical performance and stability of Cell-SFCNM are
improved in both SOFC and SOECmodes, compared to Cell-SFNM, due to
that Fe–Co–Ni nanoparticles in RP-SFCNM have higher catalytic activity,
and the substrate has more oxygen vacancies for H2 and H2O adsorption
and dissociation, and H and OH diffusion.

4. Theoretical and experimental

4.1. DFT calculation

DFT calculations were performed using the Vienna ab-initio Simula-
tion Package (VASP) with plane-wave-based projector augmented-wave
pseudopotentials [70]. The generalized gradient approximation (GGA)
in the form of the Perdew-Burke-Ernzerhof (PBE) functional was utilized
to evaluate the electron exchange and correlation effects [71]. FeNi3
(111) and Fe2CoNi (111) surfaces were modeled by a four-layer plate of
(2 � 2) supercell with a vacuum thickness of 15 Å, a Monkhorst-Pack
k-point grid of 2 � 2� 1, and an energy cutoff of 300 eV. The structure
was fully optimized until the Hellmann Feynman force was smaller than
0.02 eV⋅Å�1 and the energy below 1 � 10�5 eV.

FeNi3 (111) and Fe2CoNi (111) surfaces were modeled by a four-
layer plate of (2 � 2) supercell with a vacuum thickness of 15 Å, a
Monkhorst-Pack k-point grid of 2� 2� 1, and an energy cutoff of 300 eV.
The structure was fully optimized until the Hellmann Feynman force was
smaller than 0.02 eV⋅Å�1 and the energy below 1 � 10�5 eV. The
structures used in this study were presented in Figs. S1–S4.

The energy (ΔE) of adsorption or desorption was calculated using the
equation:

ΔE¼Etot �
�
Esurf þEadsorbate

�
(2)

where Etot is the total energy of the adsorbed assembly, Esurf is the energy
of the surface structure of catalyst, and Eadsorbate is the energy of adsor-
bate. A negative value reveals the adsorption process while a positive
value indicates the desorption process.
6

The d-band center (εd) of metal is calculated based on the calculated
density of states (DOS) by the equation:

εd ¼
Rþ∞
�∞ ndðεÞεdεR þ∞
�∞ ndðεÞdε

(3)

where nd is the DOS of metal-d state and ε is the energy of the corre-
sponding state.

4.2. Materials preparation

SFCNM powder was prepared by a solution method. Firstly, stoi-
chiometric amounts of Sr(NO3)2, Fe(NO3)3⋅9H2O, Co(NO3)2⋅6H2O,
Ni(NO3)2⋅6H2O, and (NH4)6Mo7O24⋅4H2O (purity >98%, Aladdin, Inc.)
were dissolved in deionized water, followed by adding glycine and citric
acid to form a clear solution. The molar ratio of total metallic ions, citric
acid, and glycine was about 1:1.5:2. This solution was held at 80 �C under
agitation for 4 h to evaporate the solvent and then at ~600 �C for 30 min
to form an aerogel, which was calcined at 1100 �C in the air for 6 h to
form SFCNM powder. The powders of SFNM, La0.6Sr0.4Co0.2Fe0.8O3-δ
(LSCF) for the oxygen electrode, and LDC for the buffer layer were syn-
thesized similarly. Some SFCNM and SFNM powders were reduced in H2
at 850 �C for 2 h, designated as R-SFCNM and R-SFNM.

4.3. Materials characterization

H2-TPR (TP-5080) was carried out up to 900 �C at 5 �C⋅min�1 for
SFCNM and SFNM in 5% H2–N2 atmosphere at 20 ml min�1, and the
weight change of the specimens upon the reduction was monitored by a
thermogravimetric analyzer (TGA, STA 449F5, Netszch). R-SFCNM and
R-SFNMwere subjected to thermogravimetric analysis from 900 �C to 50
�C in 5% H2O–Ar atmosphere.

The crystal structure of the as-prepared and reduced SFCNM and
SFNMwas examined using XRD (Panalytical X'Pert) with Cu Kα radiation
(λ¼1.5418 Å) at 40 kV and 40 mA. The scanning covered a 2θ range from
20� to 80� with a step of 0.02� at 10� min�1. The diffraction data were
refined by the Rietveld method using the GSAS program. The lattice
images of SFCNM and R-SFCNMwere obtained by a HR-TEM (FEI Tecnai
F20), and the morphology and element distribution were examined by a
scanning electron microscope attached with an energy dispersive X-ray
spectrometer (SEM, Sirion200). And the composition of Fe–Co–Ni
nanoparticles was verified by scanning transmission electro-microscopy
(STEM, Thermo Fisher Titan Themis G2 60–300) and its EELS. XPS
(Thermo Scientific K-Alpha) was conducted to analyze the valence of the
surface elements of SFCNM, SFNM, R-SFCNM, and R-SFNM by the
Avantage software.

4.4. Cell preparation

The cell structure was electrolyte-supported with LSGM (Fuel Cell
Materials, Inc.) electrolyte. The cell configuration was hydrogen elec-
trode/buffer layer/electrolyte/oxygen electrode. For comparison, cells
were prepared with SFCNM- GDC (Sofcman, Inc.) and SFNM-GDC
hydrogen electrodes, named Cell-SFCNM and Cell-SFNM, respectively.
LDC was used for the buffer layer to prevent the reactions between the
hydrogen electrode and electrolyte, and the composite LSCF-GDC was
employed for the oxygen electrode. The cell support of the LSGM elec-
trolyte was prepared by dry pressing LSGM powder mixed with a certain
amount of PVB-98 binder under 10 MPa for 1 min in a 15 mm-diameter
mold and sintering at 1400 �C in the air for 4 h. It was then polished to a
thickness of around 270 μm. The buffer layer, around 10 μm thick, was
prepared by printing an LDC slurry containing 2.5 g LDC, 0.05 g trie-
thanolamine, 0.05 g dibutyl phthalate, 0.05 g PVB-98, and 11.9 g ethanol
onto one side of the LSGM electrolyte support and sintering at 1300 �C
for 2 h. The hydrogen electrode was printed onto the LDC buffer layer
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with a slurry containing 25 wt% SFCNM, 25 wt% GDC, 5 wt% toner, and
45 wt% terpineol containing 4 wt% ethyl cellulose. Similarly, the oxygen
electrode was printed on the other surface of LSGM symmetrically
opposite to the hydrogen electrode with a slurry containing 70 wt% LSCF
and 30 wt% GDC. The printed hydrogen and oxygen electrodes were co-
sintered at 1050 �C in the air for 2 h, and the thickness of electrodes was
15–25 μmwith an effective area of ~0.28 cm�2. Pt slurry was then coated
on the electrodes and baked at 850 �C in the air for 2 h to serve as the
current collectors. Cell-SFNM was also prepared likewise.

4.5. Cell evaluation

Before testing, the SFCNM-GDC and SFNM-GDC hydrogen electrodes
were reduced at 850 �C for 2 h with humid H2 (3% H2O) flowing into the
hydrogen electrode and air into the oxygen electrode at 30 ml min�1.
During the test in SOFC mode, the atmosphere in the hydrogen and ox-
ygen electrodes remained the same as above; 20% H2O-80% H2 was used
as fuel in SOEC mode. The current (I)-voltage (V) curves and EIS (fre-
quency 106 to 10�1 Hz, bias voltage 10 mV) were obtained at tempera-
tures from 700 �C to 850 �C using an electrochemical workstation
consisting of Solartron 1287 and 1260A. And performance stability at
750 �C was also evaluated.
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