
Full Length Article

A Ruddlesden–Popper oxide as a carbon dioxide tolerant cathode for
solid oxide fuel cells that operate at intermediate temperatures

Shujun Peng 1, Song Lei 2, Sisi Wen 2, Jian Xue 2,⇑, Haihui Wang 3

1 School of Chemistry & Chemical Engineering, Jinggangshan University, Ji’an 343009, China
2 School of Chemistry & Chemical Engineering, Guangdong Provincial Key Lab of Green Chemical Product Technology, South China University of Technology, Guangzhou 510640, China
3Beijing Key Laboratory of Membrane Materials and Engineering, Department of Chemical Engineering, Tsinghua University, Beijing 100084, China

a r t i c l e i n f o

Article history:
Received 18 May 2022
Received in revised form 6 August 2022
Accepted 7 August 2022
Available online 20 October 2022

Keywords:
Fuel cell
Hydrogen
Kinetics
Catalyst
CO2 tolerance

a b s t r a c t

Solid oxide fuel cells (SOFCs) that operate at intermediate temperatures of 600 to 800 �C have recently
received increased attention due to their improved durability, more rapid startup and shutdown, better
sealing and lower cost than their counterparts operate at high temperatures. Nevertheless, intermediate-
temperature SOFCs (IT-SOFCs) with popular perovskite cathodes contain alkaline-earth elements, which
are prone to reaction with carbon dioxide (CO2), even when the CO2 content is comparatively low. In this
work, an alkaline-earth metal-free Ruddlesden–Popper oxide, Nd1.8La0.2Ni0.74Cu0.21Ga0.05O4+d (NLNCG), is
developed for IT-SOFC cathodes. The cell is based on an electrolyte with 8% (mol) Y2O3-stabilized ZrO2

(8YSZ). The NLNCG cathode exhibits an excellent CO2 tolerance, as proven by thermogravimetry analysis,
in situ X-ray diffraction, I-V-P test, and electrochemical impedance spectroscopy (EIS), and stability mea-
surements. The anode-supported single-cell NiO-YSZ|YSZ|NLNCG outputs a peak power density of
0.522 W�cm�2 at 800 �C. These findings suggest that NLNCG could be a highly suitable cathode material
with CO2 tolerance for IT-SOFCs.
� 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) have been the focus of tremendous
attention because they are environmentally friendly and efficient
devices for directly converting the chemical energy that is stored
in chemical fuels (such as hydrogen, hydrocarbons, ammonia, etha-
nol and carbon) into electrical energy [1–10]. However, the high
operating temperatures (above 800 �C) of traditional SOFCs lead
to many problems, such as interfacial chemical reactions, electrode
sintering, poor durability and high-cost components [11,12].
Therefore, efforts are being made to decrease the operating tem-
perature of SOFCs. However, the oxygen reduction reaction (ORR)
kinetics of cathode materials weaken significantly at lower operat-
ing temperatures [12]. Lanthanum strontium cobalt ferrite (LSCF)
and barium strontium cobalt ferrite (BSCF), which are mixed ionic
and electron conductors (MIECs) with perovskite structures, exhi-
bit high ORR kinetics and have been intensively investigated [13–
18]. Unfortunately, alkaline-earth elements containing perovskite
oxides have been reported to readily react with CO2 at relatively
low concentrations [19–24]. This poor CO2 tolerance has been

attributed to the strong basicity of the alkaline earth metals, as
explained by Lewis acid-base theory, which react with acidic CO2

gas [25–27]. For the commercialization of SOFCs, exploiting new,
CO2-tolerant cathodes is urgent and necessary.

In the past several decades, alkaline earth metal-free MIECs,
which are members of the Ruddlesden–Popper series, with the
K2NiF4-type structure and the chemical formula An+1BnO3n+1

(n = 1, 2, 3,���), have received much attention for oxygen separation
and as IT-SOFC cathodes [28–41]. When n = 1, the oxygen-excess
K2NiF4-type oxide A2BO4+d, which exhibits interactivity among its
layers of perovskite ABO3 and rock salt in the c-direction, can pro-
vide high mixed oxygen ionic and electronic conductivity [42]. In a
previous study, we used a K2NiF4-type oxide named Pr1.8La0.2-
Ni0.74Cu0.21Ga0.05O4+d (PLNCG) as a CO2-tolerant negative electrode
for a SOFC [43]. However, its ORR kinetics are limited and need fur-
ther improvement. The Nd—O possesses lower bond energy than
that of Pr—O, which enhances the ORR kinetics [44]. For instance,
Sadykov et al. [45] observed lower polarization resistance for the
Nd substituted Nd2NiO4+d than that of Pr2NiO4+d in SOFC. Therefore,
in this work, Nd was chosen to completely substitute Pr to develop
a new cathode material, namely, Nd1.8La0.2Ni0.74Cu0.21Ga0.05O4+d

(NLNCG), which exhibits satisfactory ORR kinetics and excellent
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structural and performance stabilities in an atmosphere that
includes CO2.

2. Experimental

2.1. Powder preparation

The sol–gel method was used to produce powders as described
in our previous research [46,47]. For NLNCG, stoichiometric
amounts of raw analytical grade nitrates of Nd, La, Ni, Cu and Ga
were dissolved in deionized water. After that, citric acid (CA) and
C10H16N2O8 (EDTA) were added to the solution. The total metal
ion:EDTA:CA molar ratio was 1:1:1.5. Aqueous ammonia was
applied to regulate the pH to approximately 7. The mixture was
then heated at 150 �C to obtain a gel, burned to acquire the NLNCG
precursor, and calcined at 950 �C for 10 h to obtain the NLNCG
powder.

2.2. Cell fabrication

The 8% (mol) Y2O3-stabilized ZrO2 (8YSZ) was chosen as the
electrolyte layer due to its good stability in H2 between the tem-
perature of 600 to 800 �C to avoid possible short circuits above
600 �C [48,49]. To fabricate the symmetrical cell NLNCG|YSZ|
NLNCG, first, 0.5 g of YSZ powder that was purchased from the
Ningbo Institute of Material Technology and Engineering was uni-
axially pressed into a circular pellet at 10 MPa and fired at 1450 �C
for 10 h to obtain a gas-tight YSZ electrolyte. Then, the NLNCG
powder was mixed with a terpinol solution (containing 6% (mass)
ethylcellulose) to form the cathode painting slurry. The NLNCG
slurry was brush-painted on both sides of the YSZ and co-
sintered at 850 �C for 3 h to fabricate the symmetrical cell. The
PLNCG|YSZ|PLNCG symmetrical cell was fabricated using a similar
process.

For the single-cell fabrication, the NiO, YSZ and starch powders
with a mass ratio of 6:4:1 were ball milled in an ethanol media at
350 r�min�1 for 12 h to achieve uniform mixing. The starch powder
was used as a pore former for the anode. Then, 0.5 g of the NiO-
YSZ-starch powder mixture was uniaxially pressed into a circular
pellet at 6 MPa, followed by heating to 1250 �C and retaining for
2 h to finish the anode support. YSZ was dip-coated on both sides
of the anode [50,51]. The electrolyte was applied to both sides of
the anode support to minimize asymmetrical thermal stress issues
during sintering. The YSZ slurry consisted of YSZ, a 6% (mass) ter-
pinol solution and ethanol with a mass ratio of 1:0.25:10 and was
used for dip-coating. After drying the dip-coated YSZ electrolyte

membrane at room temperature, the obtained YSZ|NiO-YSZ|YSZ
pellet was treated at 1450 �C for 6 h. After co-sintering, the extra
(thermal stress-compensating) YSZ electrolyte layer was removed
by grinding with sandpaper to prepare a NiO-YSZ|YSZ semicell.
The NLNCG cathode was compacted on the electrolyte by brush
painting. Finally, the triple layers were cofired at 850 �C for 3 h
to finish the NiO-YSZ|YSZ|NLNCG cell. The effect area of the cath-
odes was about 0.2 cm2. Silver paste (DAD-87) was used to collect
the current. Silver wire was adhered with silver paste to facilitate
the connection of the cell to the electrochemical workstation.

2.3. Characterization

X-ray diffraction (XRD) patterns were investigated with a Bru-
ker D8 ADVANCE diffractometer using Cu Ka radiation with the
2h scanning angle changing from 20� to 80� at an interval of
0.02�. Thermogravimetry analysis (TGA) was performed with a
NETZSCH STA 449F5 analyzer between room temperature (RT)
and 1200 �C with a 10 �C�min�1 heating and cooling rate. A scan-
ning electron microscope (SEM, HITACHI SU8200) was used to
observe the anode-supported cell microstructure.

2.4. Electrochemical measurements

Electrochemical measurements were performed using an
AUTOLAB instrument (Gamry Interface 1010). The electrical con-
ductivity of NLNCG was tested with a constant voltage of 0.1 V.
Electrochemical impedance spectroscopy (EIS) was performed
under open circuit voltage (OCV) conditions. The applied frequency
range was 0.1 Hz to 1 MHz, and 50 mV was set as the amplitude.
The relationship between the current density, voltage and power
density of the anode-supported cell was determined using the lin-
ear sweep mode from OCV to 0.2 V. The SOFC performance was
studied in the temperature range from 600 to 800 �C, by feeding
dry H2 with a flow rate of 50 ml�min�1 in the anode and synthetic
air with different CO2 concentrations with a flow rate of
100 ml�min�1 in the cathode. The gas flow rates were calibrated
by the mass-flow controllers (YIDUFLOW, MCF100-100SCCM).

3. Results and Discussion

The operating principle for oxygen ion-conducting SOFCs with
fuel H2 and oxidant O2 is illustrated in Fig. 1. The O2 at the cathode
is first catalyzed to O2� at the three-phase boundaries (O2, O2� and
electron), and then the O2� transfers through the O2�-conducting
electrolyte and reacts with H2 at the anode. The electron that is

Fig. 1. Sketch map of the operating principle for oxygen ion-conducting SOFCs.
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released from the oxidation of H2 passes through the external cir-
cuit and arrives at the cathode. The process is described by the fol-
lowing equations:

Cathode half � reaction :
1
2
O2 þ 2e� ! O2� ð1Þ

Anode half � reaction : H2 þ O2� ! H2Oþ 2e� ð2Þ

Total reaction : H2 þ 1
2
O2 ! H2O ð3Þ

3.1. Structure and micromorphology

NLNCG retained the K2NiF4-type structure after being fired at
950 �C for 10 h, despite the complete substitution of Pr by Nd in
PLNCG, as shown in Fig. 2(a). A mixture of NLNCG and YSZ powders
with a weight ratio of 1:1 was fired at 850 �C for 10 h to investigate

the chemical compatibility of the two materials. All peaks were
indexed to NLNCG and YSZ phases. No heterogeneous peaks
appear, which indicates that no reaction occurrs between the
NLNCG and YSZ powders during firing at 850 �C and they have
excellent chemical compatibility, as shown in Fig. 2(b).

Furthermore, in situ XRD analysis was performed to investigate
the phase stability of the NLNCG powder and the mixed NLNCG
and YSZ powders under a CO2 atmosphere at various temperatures.
The heating and cooling rates were 10 �C�min�1, and the holding
time was 30 min before each measurement. As shown in Fig. 2(c)
and (d), no additional reflections were observed during either the
heating or cooling process, indicating their excellent CO2 tolerance.

Then, the thermal stability of the NLNCG sample under both air
and CO2 atmospheres was investigated by TGA, as shown in Fig. S1
(a) (in Supplementary Material). The mass of the NLNCG sample
under both air and CO2 decreased slightly when the temperature
increased due to the release of oxygen. The mass decrease under
the air atmosphere was slower than that under CO2 due to the

Fig. 2. Structures and micrographs of the powders and cells. Room-temperature XRD patterns of (a) the NLNCG precursor after sintering at 950 �C for 10 h and (b) the
unsintered NLNCG-YSZ powder (mass ratio of 1:1) and this powder after sintering at 850 �C for 10 h; in situ XRD patterns of (c) NLNCG and (d) the NLNCG-YSZ mixture after
heating from 30 to 900 �C and then cooling from 900 to 30 �C; (e) a cross-sectional view of a single-cell; and (f) an enlarged cross-sectional view of the YSZ electrolyte and
NLNCG cathode.
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higher oxygen partial pressure of air compared to CO2. No mass
increase from the formation of carbonates was observed, suggest-
ing the excellent stability of NLNCG under the CO2 atmosphere.

An anode-supported SOFC was constructed, and the microstruc-
ture of the cell is shown in Fig. S1(b) and Fig. 2(e) and (f). The YSZ
electrolyte was dense and connected tightly with both electrodes,
which favored a reduction in the contact resistance. Both the anode
and cathode were porous, which was beneficial for gas diffusion to
alleviate the concentration polarization of the electrode. The YSZ
electrolyte layer was approximately 37 lm thick, which should
decrease the O2� transportation resistance of the electrolyte
[52,53]. The NLNCG cathode layer, which had a thickness of
approximately 24 lm, was beneficial for O2 diffusion [54,55].

3.2. Electrochemical performance

The electrochemical performance of the samples and cells was
also investigated, as shown in Fig. 3. Electrical conductivity is cru-
cial for the cathode of a SOFC. Therefore, the electrical conductivity
of NLNCG was examined in detail. Fig. 3(a) shows the total electri-
cal conductivities of NLNCG under air, He, and CO2 atmospheres.
The electrical conductivity of NLNCG was positively correlated
with temperature between 100 �C and 200 �C, indicating
semiconductor-like behavior. The electrical conductivity attained
a peak value of 35 S�cm�1 in the air at approximately 200 �C, and
this value decreased at higher temperatures, thereby indicating

metallic conductor behavior [56,57]. When the oxygen partial
pressure decreased, the electrical conductivity decreased. The elec-
trical conductivities of NLNCG under He and CO2 atmospheres
were relatively similar, thereby suggesting that CO2 is harmless
to the electrical conductivity of NLNCG. The electrical conductivity
results of NLNCG under different atmospheres demonstrate that it
is suitable for application as an SOFC cathode with CO2 tolerance.

Fig. 3. The (a) electrical conductivity of the NLNCG sample between 100 and 800 �C in air, He and CO2, (b) Nyquist plots of EIS of the NLNCG|YSZ|NLNCG and PLNCG|YSZ|
PLNCG symmetrical cells in the air at 800 �C, (c) I�V characteristics and related power densities of the anode-supported SOFC NiO-YSZ|YSZ|NLNCG at various temperatures,
(d) the derived OCVs and PPDs, (e) EIS of the anode-supported pellet SOFC NiO-YSZ|YSZ|NLNCG under OCV, and (f) the derived ohmic, polarization and total resistances. The
insets in both Fig. 3(b) and (e) are the equivalent circuits for fitting the EIS.

Table 1
PPDs of the SOFCs in this work and other literatures

Cathode Temperature/
�C

PPD/
W�cm�2

Reference

BaCo0.4Fe0.4Zr0.1Y0.1O3�d 800 0.512 [61]
La0.6Sr0.4Co0.2Fe0.8O3�d 800 0.45 [62]
(La0.6Sr0.4)0.95Co0.2Fe0.8O3�d 800 0.22 [63]
Y0.06Zr0.94O2-(La0.8Sr0.2)0.95MnO3 800 0.064 [64]
Ba0.5Sr0.5Co0.8Fe0.2O3�d-

Ce0.8Gd0.2O1.9

800 0.34 [65]

(La0.8Sr0.2)0.95MnO3�x-
Y0.16Zr0.84O2

800 0.3 [66]

La0.6Sr0.4Co0.2Fe0.8O3�d 750 0.0241 [67]
Ba0.5Sr0.5Co0.8Fe0.2O3�d-

Ce0.8Gd0.2O1.9

800 0.37 [68]

La0.6Ca0.3Ce0.1Mn1�x�yNixCryO3�d

(x + y < 0.01)
800 0.1 [69]

La0.8Sr0.2MnO3�d-Y0.16Zr0.84O2 800 0.149 [70]
Nd1.8La0.2Ni0.74Cu0.21Ga0.05O4+d 800 0.522 This work
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Fig. 4. Impacts of the CO2 content on the (a) ohmic, (b) polarization and (c) total resistances of the symmetrical cell between 600 and 800 �C.

Fig. 5. I-V characteristics and related power densities of the anode-supported SOFC NiO-YSZ|YSZ|NLNCG at various temperatures and CO2 concentrations.
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To evaluate the initial ORR activities of the NLNCG and PLNCG
cathodes, EIS tests were carried out using symmetrical cells under
air at 700, 750 and 800 �C. The results are shown in Figs. 3(b) and
S2. For PLNCG, the polarization resistance values were 1.47, 3.115
and 7.42 X�cm2 at 800, 750 and 700 �C, respectively. For NLNCG,
the values were 0.84, 1.35 and 2.7 X�cm2, respectively. Therefore,
the polarization resistance values of NLNCG were reduced by
approximately 43%, 57% and 64% compared to those of PLNCG at
800, 750 and 700 �C, respectively, thereby demonstrating that Pr
completely substituted by Nd has a favorable effect on the electro-
chemical performance. The EIS were fitted by the ZView software
with an equivalent circuit L-Ro-(RHF//CPEHF)-(RLF//CPELF), as shown
in the inset of Fig. 3(b). L, R and CPE represent inductance, resis-
tance and constant phase element, respectively [58].

The I�V characteristics and the connected power densities of
the anode-supported cell are illustrated in Fig. 3(c). The anode-
supported SOFC output PPDs of 0.018, 0.048, 0.129, 0.24 and
0.522 W�cm�2 at 600, 650, 700, 750 and 800 �C, respectively. The
extended reaction sites of the entire cathode surface of the MIEC
compared to the triple-phase boundaries (TPBs) in pure elec-
tron conductors (such as LaxSr1-xMnO3-d) improved the cathode
ORR kinetics, which enhanced the cell performance [59,60]. The

PPDs of the SOFCs in this work and other literatures were listed
in Table 1 for comparison, suggesting that the SOFCs with Nd1.8-
La0.2Ni0.74Cu0.21Ga0.05O4+d cathode output the highest PPDs than
that reported in references [61–70]. The OCVs of the cell were
1.201, 1.194, 1.186, 1.179 and 1.17 V at 600, 650, 700, 750 and
800 �C, respectively, which decreased as the temperature
increased. All the OCV values were extremely close to the theoret-
ical values that were calculated using the Nernst formula, thereby
suggesting that the YSZ electrolyte was gas-tight. All the OCV and
PPD values are summarized in Fig. 3d for direct comparison.

The EIS of the anode-supported cell is demonstrated in Fig. 3(e).
The high frequency (HF) intercept reflects the electron conductiv-
ity of the electrodes, the oxygen ion conductivity, and the contact
resistance of the interfaces, which is named the ohmic resistance of
the cell [50]. Moreover, the low frequency (LF) intercept indicates
the total cell resistance [51]. The electrode polarization resistance
is the discrepancy between the two resistances. Therefore, at 600,
650, 700, 750 and 800 �C, the ohmic resistances were 0.458, 0.327,
0.256, 0.183 and 0.167 X�cm2, and the polarization resistances
were 19.139, 8.485, 4.137, 1.933 and 0.935 X�cm2, respectively.
All the resistance values are summarized in Fig. 3(f) for direct
comparison.

Fig. 6. Impacts of the CO2 content on the (a) OCVs, (b) PPDs, (c) ohmic, (d) polarization and (e) total resistances of the single-cell between 600 and 800 �C, (f) the voltages of a
single-cell that operating at a constant current density of 1 A�cm�2 at 800 �C.
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3.3. CO2 tolerance

To demonstrate the CO2 tolerance of the NLNCG cathode, EIS
measurements of a symmetrical cell and stability tests of a
single-cell at different CO2 concentrations were performed, and
the results are shown in Fig. 4. Fig. S3 shows the initial EIS data
of the symmetrical cell at various CO2 concentrations between
600 and 800 �C, and the key data are shown in Fig. 4(a)�(c). As
shown in Fig. 4(a), CO2 has almost no impact on the ohmic resis-
tance of the cell, thereby suggesting that there is no insulated car-
bonate formation on the NLNCG cathode. From Fig. 4(b), the
polarization resistance values of the cell increased slightly as the
CO2 concentration increased at 600 and 650 �C, which was possibly
due to the competitive adsorption between CO2 and O2 on the sur-
face of the cathode. This kind of competitive adsorption weakened
as the temperature increased. Between 700 and 800 �C, the influ-
ence of the CO2 concentration on the total resistance values of
the NLNCG cathode is small, as shown in Fig. 4(c).

To further evaluate the CO2 tolerance of the NLNCG cathode, the
I-V-P characteristics and EIS of the anode-supported cell at various
temperatures and CO2 concentrations were measured, as shown in
Figs. 5 and S4. All the I-V, I-P and EIS curves exhibited high repeata-
bility at the same temperature despite the CO2 concentration
changing from 0 to 10% (vol). The critical data of Figs. 5 and S4,
such as OCV, PPD, ohmic, polarization and total resistances, were
derived in Fig. 6(a)�(e) for direct comparison. Finally, the anode-
supported cell with the NLNCG cathode was exposed to air with
various CO2 contents, and its stability was studied. Fig. 6(f) pre-
sents the impact of the CO2 content on the voltage when the cell
was operated at a constant current density of 1 A�cm�2 and tem-
perature of 800 �C. As shown in Fig. 6(f), the cell performed stably
with the voltage of about 0.45 V, when the CO2 content gradually
increased from 0 to 1%, 5% and 10% (vol). The abovementioned
results indicate that the NLNCG could be a promising cathode
material for IT-SOFCs under CO2-containing conditions.

4. Conclusions

A K2NiF4-type oxide, namely NLNCG, was studied as a CO2-
tolerant cathode for IT-SOFCs. NLNCG was chemically compatible
with YSZ and exhibited a preferable electrical conductivity
between 600 and 800 �C in air. The polarization resistance values
of the NLNCG cathode were reduced by approximately 43%, 57%
and 64% compared to those of the PLNCG cathode at 800, 750
and 700 �C, respectively. The PPD was 0.522 W�cm�2 for the NiO-
YSZ|YSZ|NLNCG SOFC. Both the EIS measurement results of the
NLNCG|YSZ|NLNCG electrolyte-supported symmetrical cell and
the stability test results of the NiO-YSZ|YSZ|NLNCG anode-
supported cell reveal the excellent CO2 tolerance of the NLNCG
cathode between 600 and 800 �C. The results suggest that NLNCG
could be a highly suitable cathode material with CO2 tolerance for
IT-SOFCs.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

The authors greatly acknowledge the financial support by the
National Key Research and Development Program of China
(2020YFB1505603), the National Natural Science Foundation of
China (22075086), the Guangdong Basic and Applied Basic

Research Foundation (2020A1515011157, 2022A1515010980)
and the Doctor Scientific Research Startup Foundation of Jinggang-
shan University (JZB1324).

Supplementary Material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.cjche.2022.08.023.

References

[1] C.Y. Ai, T.T. Li, R.Z. Ren, Z.H. Wang, W. Sun, J.S. Feng, K.N. Sun, J.S. Qiao, Barium-
doped Pr2Ni0.6Cu0.4O4+d with triple conducting characteristics as cathode for
intermediate temperature proton conducting solid oxide fuel cell, Chin. J. Chem.
Eng. 39 (2021) 269–276.

[2] C.C. Duan, J.H. Tong, M. Shang, S. Nikodemski, M. Sanders, S. Ricote, A.
Almansoori, R. O’Hayre, Readily processed protonic ceramic fuel cells with
high performance at low temperatures, Science 349 (6254) (2015) 1321–1326.

[3] Y. Zhang, B. Chen, D. Guan, M. Xu, R. Ran, M. Ni, W. Zhou, R. O’Hayre, Z. Shao,
Thermal-expansion offset for high-performance fuel cell cathodes, Nature 591
(2021) 246–251.

[4] G. Kobayashi, Y. Hinuma, S. Matsuoka, A. Watanabe, M. Iqbal, M. Hirayama, M.
Yonemura, T. Kamiyama, I. Tanaka, R. Kanno, Pure H� conduction in
oxyhydrides, Science 351 (6279) (2016) 1314–1317.

[5] L. Yang, S.Z. Wang, K. Blinn, M.F. Liu, Z. Liu, Z. Cheng, M.L. Liu, Enhanced sulfur
and coking tolerance of a mixed ion conductor for SOFCs:
BaZr0.1Ce0.7Y0.2�xYbxO3�d, Science 326 (5949) (2009) 126–129.

[6] J.-H. Myung, D. Neagu, D.N. Miller, J.T. Irvine, Switching on electrocatalytic
activity in solid oxide cells, Nature 537 (2016) 528–531.

[7] M. Ni, Z.P. Shao, Fuel cells that operate at 300� to 500 �C, Science 369 (6500)
(2020) 138–139.

[8] J.X. Peng, J. Huang, X.-L. Wu, Y.-W. Xu, H.C. Chen, X. Li, Solid oxide fuel cell
(SOFC) performance evaluation, fault diagnosis and health control: A review, J.
Power Sources 505 (2021) 230058.

[9] H.G. Shi, Q.J. Li, W.Y. Tan, H. Qiu, C. Su, Solid oxide fuel cells in combination
with biomass gasification for electric power generation, Chin. J. Chem. Eng. 28
(4) (2020) 1156–1161.

[10] L.J. Tan, C. Yang, N.N. Zhou, Synthesis/design optimization of SOFC-PEM hybrid
system under uncertainty, Chin. J. Chem. Eng. 23 (1) (2015) 128–137.

[11] X.L. Liu, F.J. Jin, X.W. Liu, N. Sun, J.X. Li, Y. Shen, F. Wang, L. Yang, X.Y. Chu, M.Z.
Xu, Y.J. Zhai, J.H. Li, Effect of calcium doping on Sm1�xCaxBaCo2O5+d cathode
materials for intermediate-temperature solid oxide fuel cells, Electrochim. Acta
390 (2021) 138830.

[12] Z.H. Du, K.Y. Li, H.L. Zhao, X. Dong, Y. Zhang, K. Świerczek, A SmBaCo2O5+d
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