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cial activity of the traditional
La0.5Sr0.5MnO3 cathode with Co-doping for
proton-conducting solid oxide fuel cells†

Yanru Yin,a Shoufu Yu,a Hailu Daib and Lei Bi *a
Doping the La0.5Sr0.5MnO3�d (LSM) cathode with the Co element

allows the new material La0.5Sr0.5Mn0.9Co0.1O3�d (LSMCo) to show

improved performance compared with the Co-free LSM for proton-

conducting solid oxide fuel cells (H-SOFCs), demonstrated by both

experiments and first-principles calculations. More importantly,

doping Co into LSM triggers the activity of the cathode/electrolyte

interface in the composite cathode, leading to an impressively high

fuel cell performance of the cell using the LSMCo composite cathode

and also revealing the importance of the interfacial design for the

cathode of H-SOFCs.
Sustainable development of the current world requires the
exploration of new and efficient technologies for energy
conversion.1–5 Solid oxide fuel cells (SOFCs) can directly convert
chemical energy into electricity, and they are an essential
member of the family of renewable and sustainable technolo-
gies.6,7 Although traditional SOFCs show sufficient power
output for commercial applications, their high working
temperatures (above 800 �C) impose some problems, such as
reducing the cell's lifetime and increasing the cost of compat-
ible materials. Therefore, the reduction of the working
temperature for SOFCs is a hot topic in the research eld of
SOFCs.8 Compared with intermediate temperature SOFCs using
an oxygen-ion conducting electrolyte, proton-conducting SOFCs
(H-SOFCs) in which proton-conducting oxides are used as the
electrolyte offer the advantage of no dilution of fuels under the
operation conditions.9,10 In addition, the high conductivity and
low activation energy of the proton-conducting electrolyte
compared with many of the existing oxygen-ion conducting
electrolytes in principle benet the operation at intermediate
temperatures.11–15 In the past decade, the performance of H-
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SOFCs has been much improved by using new electrode mate-
rials16–18 or by optimizing the cell structures.19–21 It has been
recognized that the operation of H-SOFCs needs the develop-
ment of efficient cathode materials that can show adequate
performance with the decreased working temperature.22–25

The development of new cathode materials is the most
focused area in the H-SOFC eld, and some materials are re-
ported to show high performance for H-SOFCs,26–29 although
their utilization in commercial applications needs to be further
demonstrated. In contrast, Sr-doped LaMnO3 (LSM) is one of
the most classical cathode materials for SOFCs that has been
successfully used in commercial SOFCs due to its good stability
and thermal match.30However, LSM is almost not utilized for H-
SOFCs as LSM only shows adequate performance at high
temperatures (above 700 �C).31,32 Some attempts have been
made to employ LSM in H-SOFCs.19,33,34 Even though some
optimization strategies (such as inkjet printing19 and nano-
bers33) have been used, the performance of LSM in H-SOFCs is
still not satisfactory, and is much lower than that of the newly
developed high-performance cathode. It is desirable to take
advantage of the high stability of LSM and improve its perfor-
mance in H-SOFCs. Furthermore, the composite cathode where
the electrode and the electrolyte couple to extend the triple-
phase boundaries (TPBs) is widely used for H-SOFCs.35 The
introduction of the electrolyte material (proton-conducting
oxides) in the composite cathode provides pathways for
proton migrations. However, the interfaces of different phases
sometimes give enhanced performance that has been identied
in other elds (such as solar cells and secondary batteries),36–40

implying that the interfacial activity of the composite cathode
for H-SOFCs might be important. Although such an interaction
has not been revealed for H-SOFC cathodes before, it would be
an interesting topic to study. It is reasonable to assume that
proper tailoring of the interfacial activity of composite cathodes
in H-SOFCsmay also inuence the fuel cell performance. In this
study, we proposed a Co element doping strategy to tailor the
traditional LSM cathode for H-SOFCs. Besides the improvement
in material's properties, the Co element doping method triggers
This journal is © The Royal Society of Chemistry 2022
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Table 1 Calculated EVo, Ehydra and Emigra for LSM and LSMCo

LSM LSMCo

EVo (eV) 2.14 1.95
Ehydra (eV) 0.19 �0.27
Emigra (eV) 0.33 0.25
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the activity of the interface between the cathode and proton-
conducting oxide phase in the composite cathode, allowing
an impressive improvement in fuel cell performance.

La0.5Sr0.5MnO3 (LSM) and La0.5Sr0.5Mn0.9Co0.1O3 (LSMCo)
materials were synthesized by a wet chemical route, and their
phase composition is shown in Fig. 1(a) and (b). One can see
that a pure structure is obtained for both LSM and LSMCo, and
the peaks of LSMCo shi to higher angles, suggesting the
shrinkage of the lattice of LSM aer Co-doping. The lattice
shrinkage is expected as the ionic radius of the Co cations (65
pm for Co2+ and 54.5 pm for Co3+) is smaller than that of Mn
cations (67 pm for Mn2+ and 58 pm for Mn3+). The lattice
shrinkage is further demonstrated with the high-resolution
transmission electron microscopy (HRTEM) analysis as shown
in Fig. 1(c) and (d) and the d-spacing value is 2.70 and 2.67 Å for
LSM and LSMCo, respectively. The elemental distribution
analysis shown in Fig. 1(e) indicates the homogenous distri-
bution of Co in LSMwithout any observable segregation, further
suggesting the incorporation of Co into LSM.

The exploration and comparison of the LSM material prop-
erties aer Co-doping are carried out at the atomic level by
using the density functional theory (DFT) method. The poor
activity of LSM at an intermediate temperature is due to its
electronic conducting nature without good ionic conductivity. It
is found that the formation of oxygen vacancies (Vo), which is
critical for oxygen-ion diffusion,41 becomes easier for LSM aer
Co element doping, as evident from the observation that the
Fig. 1 (a) XRD patterns for LSM and LSMCo powders and (b) their enlarge
(e) HADDF-EDS for LSMCo.

This journal is © The Royal Society of Chemistry 2022
energy for Vo formation (EVo) decreases from 2.14 eV for LSM to
1.95 eV for LSMCo. The decreased EVo results in a larger Vo
content at the LSMCo surface, which is conrmed by X-ray
photoelectron spectroscopy (XPS) analysis as shown in
Fig. S1.† The ratio between the adsorbed O and lattice O, which
reects the content of Vo, is larger for LSMCo (0.66) than that
for LSM (0.49), suggesting that a more Vo-rich surface is ob-
tained for LSMCo.42,43 Besides the improvement in Vo, the
hydration energy (Ehydra), which is another important parameter
of the H-SOFC cathode,44,45 is also improved with Co doping into
LSM. The calculated Ehydra for LSM and LSMCo is 0.19 and
�0.27 eV, respectively. The value is positive for LSM and turns to
be negative for LSMCo, indicating that the hydration behavior is
thermodynamically unfavorable for LSM, and it becomes
favorable for LSM with Co-doping. Furthermore, the proton
hopping barrier from one O atom to the neighboring O atom is
reduced from 0.33 eV for LSM to 0.25 eV for LSMCo, suggesting
that the migration of protons in LSMCo would encounter
a lower barrier compared with that in LSM and thus beneting
d view from 30 to 35 degree; HRTEM image for (c) LSM and (d) LSMCo;

J. Mater. Chem. A, 2022, 10, 1726–1734 | 1727
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its application in H-SOFCs. The EVo, Ehydra andmigration energy
(Emigra) for LSM and LSMCo are summarized in Table 1.

The above evidence indicates that LSMCo as a cathode in
principle could deliver better performance than LSM for H-
SOFCs. To validate this point, H-SOFCs using LSM and
LSMCo cathodes were fabricated and tested. H-SOFCs include
the NiO–BCZY composite anode, BCZY electrolyte, and LSM (or
LSMCo) cathode. It should be noted that a single-phase LSM or
LSMCo cathode was used for these cells. As expected, the fuel
cell performance has been improved by switching the cathode
from LSM to LSMCo. The cell using the LSM single-phase
cathode generates a peak power density of 234, 366, and 515
mW cm�2 at 600, 650, and 700 �C, respectively, as shown in
Fig. 2(a). In contrast, an improvement in fuel cell performance
is obtained for the cell using the single-phase LSMCo cathode,
reaching 302, 470, and 672 mW cm�2 at 600, 650, and 700 �C,
respectively (Fig. 2(b)). The electrochemical impedance spec-
troscopy (EIS) analysis of both cells indicates that the LSM
single-phase cathode shows a polarization resistance (Rp) of
0.124 U cm2 at 700 �C and the Rp decreases to 0.106 U cm2 for
LSMCo (Fig. 2(c)). As both cells use the same anode and elec-
trolyte and also exhibit a similar structure as shown in Fig. 2(d)
and (e), different Rp values should originate from the use of
different cathode materials. The results are expected as the
formation of Vo, protonation and proton migration are
improved with the Co doping in LSM that in principle could
enhance the cathode performance in H-SOFCs. It is also inter-
esting to nd that the LSMCo cathode layer adheres well with
the electrolyte layer even aer fuel cell testing, without visible
delamination. Although one drawback of Co-containing cath-
odes is the thermal mismatch with the electrolyte due to their
high TEC values,46 the LSMCo single-phase cathode can adhere
Fig. 2 IV and power density curves for H-SOFCs using (a) LSM single-pha
using LSM and LSMCo single-phase cathodes; cross-sectional view for th
in the Back-Scattered Electron (BSE) mode; (f) comparison of TEC betw

1728 | J. Mater. Chem. A, 2022, 10, 1726–1734
well to BCZY, which implies that LSMCo possibly exhibits
a compatible TEC value with the electrolyte. The thermal
expansion measurement was carried out for LSMCo and the
result is shown in Fig. 2(f). One can nd that the thermal
expansion coefficient (TEC) value of LSMCo is 13.6 � 10�6 K�1,
which is close to that of the BCZY electrolyte, being 10.1 � 10�6

K�1.47 In addition, the TEC value of LSMCo is almost the same
as that of LSM (13.8 � 10�6 K�1), suggesting that 10% Co-
doping into LSM does not change the thermal expansion
behavior of LSM and the LSMCo cathode still shows a good
thermal match with the electrolyte.

Although an improved fuel cell performance can be obtained
for the LSMCo cathode, the performance is still moderate
compared with the recently reported high-performance cathode
for H-SOFCs. It should be noted that the above study only uses
the single-phase LSMCo material as the cathode without
coupling it with proton-conducting oxides. Therefore, it is
reasonable to predict that the performance of the composite
LSMCo cathode would be further improved as the proton-
conducting phase in the composite cathode could provide
additional pathways for proton migrations and thus extends the
triple-phase boundaries (TPBs). It should be mentioned that the
proton-conducting oxide BaZr0.8Y0.2O3�d (BZY) instead of BCZY
was used as the proton-conducting phase in the composite
cathode. BZY that has poor sinterability when used in the
cathode could offer more porosities in the composite cathode
compared with the one using BCZY,48 beneting the gas diffu-
sion at the cathode. Although the improvement in the fuel cell
performance is foreseen by using the composite cathode
instead of the single-phase LSMCo cathode, the enhancement
in fuel cell performance is beyond expectation. Fig. 3(a) indi-
cates that H-SOFC using the LSMCo–BZY composite cathode
se cathode and (b) LSM single-phase cathode; (c) EIS plots for the cells
e corresponding (d) LSM cell and (e) LSMCo cell. The images are taken
een LSM and LSMCo materials.

This journal is © The Royal Society of Chemistry 2022

https://doi.org/10.1039/d1ta09450e


Fig. 3 IV and power density curves for H-SOFCs using (a) LSMCo–BZY composite cathode and (b) LSM–BZY composite cathode; comparison of
peak power density between (c) LSMCo single-phase cathode and LSMCo–BZY composite cathode as well as (d) LSM single-phase cathode and
LSM–BZY composite cathode; comparison of EIS plots between (e) LSMCo single-phase cathode and LSMCo–BZY composite cathode as well as
(f) LSM single-phase cathode and LSM–BZY composite cathode.
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shows peak power densities of 651, 917, and 1359 mW cm�2 at
600, 650, and 700 �C, respectively, which are signicantly higher
than that of the cell using the single-phase LSMCo cathode,
being 302, 470, and 672 mW cm�2 at 600, 650, and 700 �C,
respectively. In contrast, the enhancement of the cell by
switching the cathode from single-phase LSM to the composite
LSM–BZY cathode is much less profound, from 234, 366, and
515 mW cm�2 to 297, 454, and 619 mW cm�2 at 600, 650, and
700 �C, respectively, as shown in Fig. 3(b). The performance
enhancement from LSM single-phase cathode to LSM–BZY
composite cathode is about 20%, whereas the enhancement
from LSMCo single-phase cathode to LSMCo–BZY composite
cathode is around 100% at each testing temperature, as shown
in Fig. 3(c) and (d). The EIS analysis also indicates that the
decline of Rp is signicant for LSMCo-based cathodes, from
0.106 U cm2 for the LSMCo single-phase cathode to 0.0334 U

cm2 for the LSMCo–BZY composite cathode at 700 �C (Fig. 3(e)).
This journal is © The Royal Society of Chemistry 2022
In contrast, despite observation of the reduction in Rp for the
LSM–BZY composite cathode, the decrease is only from 0.124 U

cm2 for the LSM single-phase cathode to 0.11 U cm2 for the
LSM–BZY composite cathode (Fig. 3(f)). The cross-sectional view
of the LSM–BZY and LSMCo–BZY cells (Fig. S2†) indicates that
both cells share similar microstructures and their microstruc-
ture is similar to that of their single-phase cathode counterpart.
If the proton-conducting phase only serves as the pathway for
proton migrations, the enhancement degree in performance
should be similar for both the LSMCo–BZY composite cathode
and LSM–BZY composite cathode, which is not the case in this
study. Therefore, there must be some factors else that inuence
the performance of the composite cathode. The chemical
compatibility between LSMCo and BZY is examined by in situ
high-temperature XRD (HT-XRD), and the result is shown in
Fig. S3.† One can nd that there is no reaction between LSMCo
and BZY up to 1000 �C, suggesting that the ultra-high
J. Mater. Chem. A, 2022, 10, 1726–1734 | 1729
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Fig. 4 DFT calculated configuration of (a) LSM/BZY and (b) LSMCo/BZY interfaces; calculated DOS of Mn 3d and O 2p orbitals for (c) LSM/BZY
and (d) LSMCo/BZY; scheme of the cathode reaction at (e) LSM/BZY and (f) LSMCo/BZY, suggesting a more active TPB at the LSMCo/BZY
cathode interface.
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performance of LSMCo–BZY is not resulted from the formation
of any new phase. Further examination was carried out to check
the chemical compatibility between LSMCo and BCZY, which
was used to exclude the possibility of performance enhance-
ment from newly formed secondary phases at the cathode/
electrolyte interface during the cathode/electrolyte co-ring
procedure. The LSMCo + BCZY composite powder was co-red
under the cathode layer fabrication conditions (900 �C for
10 min in the microwave sintering furnace) and the phase
1730 | J. Mater. Chem. A, 2022, 10, 1726–1734
composition aer co-ring was characterized by XRD. No
evident secondary phase can be found for the LSMCo + BCZY
composite powder aer ring (Fig. S4†), suggesting the good
chemical compatibility between LSMCo and BCZY up to the
cathode co-ring temperature. Therefore, it can be concluded
that the dramatic enhancement in fuel cell performance is not
due to the formation of new phases. It is noted that the
enhancement in catalytic activity at the interface of two
different phases is reported for thin lms in the nano-range,49
This journal is © The Royal Society of Chemistry 2022

https://doi.org/10.1039/d1ta09450e


Table 2 Fuel cell performance of LSM-based H-SOFCs. LSM98:
(La0.8Sr0.2)0.98MnO3; BCY: BaCe0.85Y0.15O3; LSM20: La0.8Sr0.2MnO3;
LSMZn: La0.5Sr0.5Mn0.875Zn0.125O3

Composition
Peak power density
(mW cm�2) Year (ref.)

LSM98–BZY 25 (800 �C) 2008 (ref. 34)
LSM20–BCY 430 (750 �C) 2013 (ref. 55)
LSM20–BCY 580 (700 �C) 2015 (ref. 56)
LSM20–BZYa 200 (600 �C) 2018 (ref. 19)
LSM20–BCZYb 850 (700 �C) 2020 (ref. 33)
LSM–BCZY 671 (700 �C) 2021 (ref. 57)
LSMZn–BZY 1012 (700 �C) 2021 (ref. 58)
LSMCo–BZY 651 (600 �C) This study

1359 (700 �C)

a Inkjet printing technology was employed to make nanosized LSM20
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although such a phenomenon is rarely reported for H-SOFCs up
to now. It is reasonable to assume that the interface activity may
be triggered at the LSMCo/BZY interface compared with the
LSM/BZY interface. To prove this hypothesis, DFT calculations
are used to analyze the properties at the LSMCo(LSM)/BZY
interface, and two supercells are constructed, as shown in
Fig. 4(a) and (b). The formation of oxygen vacancies is impor-
tant for the catalytic activity of the cathode,50–52 and it is inter-
esting to nd that the EVo differs greatly at the LSMCo/BZY
interface and the LSM–BZY interface. DFT calculations were
used to investigate the EVo at the LSMCo/BZY and LSM/BZY
interfaces. When the LSMCo–BZY composite is used, the
formation of oxygen vacancies becomes easier compared with
that in the pure LSM, as evidenced from the reduced EVo from
2.14 eV for pure LSM to �2.76 eV at the LSMCo/BZY interface,
suggesting that the oxygen atoms are activated with the
construction of the LSMCo/BZY interface, and the formation of
Vo is thermodynamically favorable. In contrast, the oxygen
atoms at the LSM/BZY interface become more inert compared
with that in the pure LSM as the EVo at the LSM/BZY interface is
4.26 eV which is even larger than that of LSM (2.14 eV), indi-
cating that the construction of the LSM/BZY interface de-
activates the oxygen atoms at the interface. XPS analysis was
employed to study the oxygen species of the LSM–BZY and
LSMCo–BZY composite cathodes aer co-ring, and the results
are shown in Fig. S5.† The ratio between the Oads and Olat,
which reects the content of Vo, is 0.65 for LSM–BZY and 2.13
for LSMCo–BZY, respectively. The much larger value suggests
more abundant Vo for the LSMCo–BZY composite cathode
compared to that for the LSM–BZY composite cathode. This
result is consistent with the DFT calculations. In addition, the
distance between Mn 3d and O 2p (D3d–2p) decreases with the
Co-doping, from 1.38 for LSM/BZY to 0.81 for LSMCo/BZY, as
shown in Fig. 4(c) and (d). It has been reported that the
decreased D3d–2p could promote oxygen reduction reaction
(ORR) ability by enhancing the charge transfer and gas
adsorption and desorption.53,54 Therefore, the reduced D3d–2p

coupled with the decreased EVo could be the reason for the
dramatically improved performance with the LSMCo/BZY
cathode compared with the traditional LSM/BZY cathode. This
phenomenon indicates that the Co doping into LSM further
allows high interfacial activity, beneting SOFC applications. Of
course, the introduction of the proton-conducting phase BZY in
the composite cathode could extend the TPBs that could be the
reason for the improved fuel cell performance of the composite
cathode compared with the single-phase cathode for both LSM
and LSMCo in the present study. However, the poor activity of
the LSM/BZY interface balances the function of TPB extensions,
making the improvement in fuel cell performance quite
moderate. In contrast, besides the extension of TPBs by using
the composite cathode, the incorporation of Co into LSM opti-
mizes the interfacial activity in the composite cathode. This
synergistic effect between TPB extensions and enhancement in
interfacial activity could be the reason for impressively high fuel
cell performance of the H-SOFCs using the LSMCo–BZY
composite cathode, as shown in Fig. 4(e) and (f).
This journal is © The Royal Society of Chemistry 2022
LSM-based H-SOFCs only showmoderate performance in the
literature reports as summarized in Table 2,19,33,34,55–58 and the
current H-SOFCs using the LSMCo–BZY cathode show the
highest performance ever reported for H-SOFCs using LSM-
based cathodes. The fuel cell performance is even several
times higher than that of some LSM-cells in previous reports. It
is noted that even though some optimization strategies have
been used for LSM cathodes, the performance of LSM-based H-
SOFCs in literature reports is still much lower than that of
recently reported high-performance SOFCs, thus leading to the
traditional thinking that this classical cathode cannot challenge
the new cathode from the perspective of cell performance.
However, this opinion might be turned over with the use of the
LSMCo–BZY composite cathode, as it boosts the cell perfor-
mance to a new record-high level among LSM-based cells. The
cell performance is not only the highest ever reported for LSM-
based H-SOFCs but also surpasses that of most of the H-SOFCs
reported recently. Compared with the high Ba concentration in
many high-performance cathodes in the literature,19,21,42 the
excellent stability of the LSM-based material makes it more
attractive for practical applications. In the LSMCo–BZY
composite cathode, the excellent chemical stability of BZY is
well known and the good stability of LSM is also inherited by
LSMCo, as evidenced in the chemical stability tests. No matter
treating the LSMCo powder in a 10% CO2-containing atmo-
sphere at 700 �C for 10 h (Fig. 5(a) and S6†) or under steam
conditions (30% H2O) for 10 h (Fig. 5(b)), the structure of
LSMCo remains stable without observable secondary phases,
suggesting that the good stability of LSM is inherited by LSMCo
and the LSMCo material also exhibits good chemical stability
against CO2 and H2O. It is noted that the CO2 concentration in
air is only 0.03%, which is more than two orders of magnitude
lower than that in our stability test. LSMCo, which can survive
under the more severe conditions in the stability test, is ex-
pected to show sufficient stability under the cathode working
conditions (air). The excellent chemical stability of the material
renders good long-term stability of the material under the
operation conditions. The H-SOFC using the LSMCo–BZY
composite cathode works stably for more than 200 h, as shown
particles. b LSM20 nanobers were used.

J. Mater. Chem. A, 2022, 10, 1726–1734 | 1731
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Fig. 5 (a) Time course of the in situ XRD patterns for LSMCo in CO2-containing atmosphere measured at 700 �C; (b) XRD patterns for LSMCo
before and after the H2O treatment; (c) stability test for the cell with the LSMCo–BZY cathode tested at 600 �C.
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in Fig. 5(c). The high performance of the LSMCo–BZY cathode
for H-SOFCs is compatible with the good stability, demon-
strating an efficient way to tailor and utilize the interface of the
traditional LSM cathode and bringing a new life to this classical
SOFC cathode for H-SOFCs.
Conclusions

LSM is the rst-generation cathode and one of the most clas-
sical cathodes for SOFCs, but its pure electron-conducting
nature that cannot work well at intermediate temperatures
prevent its applications in H-SOFCs. Although doping the Co
element into LSM can improve the performance of H-SOFCs,
the enhancement is demonstrated to be still not satisfactory
compared with other high-performance cathodes. However,
coupling LSMCo with BZY can dramatically improve the fuel
cell performance, and the performance is the highest ever re-
ported for LSM-based H-SOFCs. Compared with the traditional
LSM–BZY composite cathode, the LSMCo–BZY composite
cathode has a more active interface with decreased EVo and
reduced distance between Mn 3d and O 2p, beneting the
cathode reaction. As a result, the enhancement by changing the
cathode from the LSMCo single-phase cathode to the LSMCo–
BZY composite cathode is around 100%, whereas the
enhancement is only about 20% for the traditional LSM–BZY
composite cathode. In addition, the LSMCo material maintains
good chemical stability under both CO2 and steam conditions,
1732 | J. Mater. Chem. A, 2022, 10, 1726–1734
allowing the stable operation of the cell with the LSMCo–BZY
cathode for more than 200 h without obvious degradation.
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