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High-performance proton-conducting solid oxide fuel cells using the
first-generation Sr-doped LaMnO; cathode tailored with Zn ions

Shuai Wu'?*, Xi Xu?", Xiaomei Li"? and Lei Bi'"

ABSTRACT  Sr-doped LaMnO; (LSM) which is the first-
generation cathode for solid oxide fuel cells (SOFCs) has been
tailored with Zn ions, aiming to achieve improved protonation
ability for proton-conducting SOFCs (H-SOFCs). The new Sr
and Zn co-doped LaMnO; (LSMZ) can be successfully syn-
thesized. The first-principle studies indicate that the LSMZ
improves the protonation of LSM and decreases the barriers
for oxygen vacancy formation, leading to high performance of
the LSMZ cathode-based cells. The proposed LSMZ cell shows
the highest fuel cell performance among ever reported LSM-
based H-SOFCs. In addition, the superior fuel cell perfor-
mance does not impair its stability. LSMZ is stable against
CO,, as demonstrated by both in-situ CO, corrosion tests and
the first-principles calculations, leading to good long-term
stability of the cell. The Zn-doping strategy for the traditional
LSM cathode with high performance and good stability brings
back the LSM cathode to intermediate temperatures and paves
a new way for the research on the LSM-based materials as
cathodes for SOFCs.

Keywords: LaMnO;, proton-conducting oxides, solid oxide fuel
cell

INTRODUCTION

The current mission of reducing CO, production requires new
technologies to generate electricity with high efficiency and low
impact to the environment. Solid oxide fuel cells (SOFCs) that
can directly convert chemical energies into electricity answer
this call [1]. Recently, proton-conducting SOFCs (H-SOFCs),
which use proton-conducting oxides as the electrolyte, become
an important research direction in the fuel cell community as
they inherit the advantages of traditional SOFCs (such as the all-
solid-state structure), while avoiding the high operating tem-
peratures and the dilution of fuels for traditional SOFCs [2]. The
research on H-SOFCs has been flourishing in the past few years
as they show tremendous potential in intermediate-temperature
operations [3]. The performance of H-SOFCs has increased
from tens of mW cm™ up to 1 Wcem™ in the past decade,
nearly catching up with the performance of oxygen-ion con-
ducting SOFCs (O-SOFCs) [4,5]. Generally, there are two
strategies for enhancing the performance of H-SOFCs. One is
optimizing the microstructure, including the use of thin-layer

electrolytes to reduce the ohmic resistance of the cell or/and the
utilization of the nanometric electrode for extending the active
reaction area [6,7]. The other is the development of new elec-
trolytes with high ionic conductivity at intermediate tempera-
tures [8] and electrode materials with good catalytic activities
[9,10], meeting the demand of intermediate-temperature
operations. Compared with the anode material, which normally
consists of Ni-based cermet [11], the development of cathode
materials is a hot topic in the H-SOFC field [12]. It has been
found that the cathode influences the overall fuel cell perfor-
mance more than the anode, and the recently reported high-
performance H-SOFCs are usually associated with the design of
new cathode materials [13].

Although different cathode materials have been proposed for
SOECs, Sr-doped LaMnOj; (LSM), which is the first-generation
cathode material, has been intensively studied, and now it has
been used for commercial purposes due to its good stability
[14,15]. However, the pure electron-conducting nature of LSM
makes it difficult for intermediate-temperature operations [16].
Lots of attempts have been made to utilize LSM-based materials
at intermediate temperatures and some achievements have been
reported for O-SOFCs [17,18]. However, the use of LSM for H-
SOFCs is still challenging. Previous reports indicate the per-
formance of H-SOFCs using LSM cathode is low due to the very
low ionic conductivity of LSM at intermediate temperatures
[19]. In this case, the triple-phase boundary (TPB) is restricted at
the LSM and electrolyte interface, limiting the cathode reaction.
The performance of the H-SOFC using LSM cathode can be
improved by the impregnation method to form LSM nano-
particles that could extend TPBs and thus enhance the cell
performance. However, the fuel cell performance is still mod-
erate, reaching 200 mW cm™ [20], implying further strategies
are desired.

Proton migration is involved in the cathode reaction for H-
SOECs, and it is recognized that the promotion of the proto-
nation in the cathode could improve the cathode performance
[21]. Incorporating elements with high basicity can improve the
protonation of the material [22] but lead to a decrease in che-
mical stability [23]. Zohourian ef al. [24] found that the incor-
poration of Zn at the Fe site of the BaFeOs;-based perovskite
could enhance the hydration ability of the sample, benefiting the
application in H-SOFCs. Although the above study focuses on
the BaFeOj;-based perovskite, the indication of hydration
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enhancement by Zn-doping is evident, implying this strategy
might also be useful for other ABO; perovskite oxides, despite
the fact that no such attempt has been made to LSM so far. In
addition, the doping of a foreign element into LSM may also
influence the electronic structure of the material [25], thus
having an evident impact on the catalytic activity of the material
and influencing the fuel cell performance. Therefore, this study
explores the influence of Zn-doping on the performance of LSM
for H-SOFCs by both experimental studies and first-principle
calculations, aiming to provide a new LSM-based material for H-
SOFCs with high performance and reveal the mechanism for the
improved performance.

EXPERIMENTAL SECTION

Lag 55195Mng g75210.12503-5 (LSMZ) and LagsSrosMnOs_s (LSM)
powders were prepared by a conventional wet chemical route
with citric acid as the complexing agent, and the preparation
details can be found elsewhere [26,27]. Both powders were
annealed at 1150°C for 3 h, and the phase purity of the powders
was examined by X-ray diffraction (XRD). High-resolution
transmission electron microscopy (HR-TEM, JEM-2100F) cou-
pled with the energy-dispersive X-ray spectroscopy (EDS) was
used to observe morphologies of the samples as well as the
elemental distributions. X-ray photoelectron spectroscopy (XPS)
analysis was performed by a Thermo Fisher ESCALAB 250Xi
spectrometer using an Al Ka (1486.6 eV) radiation source. The
chemical stability tests for LSMZ were carried out with the in-
situ XRD. Flowing 10% CO, was fed into the chamber where the
LSMZ was located, and XRD measurements were carried out at
the testing temperature to study the stability of the LSMZ. In
addition, the tests were held at 600°C for 12 h and continuous
XRD measurements were taken during this period to detect the
phase of the LSMZ as a function of time at 600°C in CO,.

To evaluate the performance of LSMZ cathode for H-SOFCs,
half-cells using BaCeg7Zr1Y2,03_s (BCZY) electrolyte and NiO-
BCZY anode were prepared by the co-pressing and co-sintering
method [28], followed by the deposition of LSMZ-
BaZr;5Y0,05-5 (BZY) composite cathode and co-annealing at
900°C in a microwave furnace. For comparison, LSM cathode
without Zn-doping was also deposited on the same half-cell and
treated in the same way. The cells were tested with H, as the fuel
using an electrochemical workstation (Squidstat Plus, Admiral
Instrument) with the four-wire method, and the RelaxIS soft-
ware was used to fit the impedance plot of the cell.

Theoretical calculations were carried out using the density
functional theory (DFT) method with the VASP (Vienna ab
initio simulation package) software [29,30]. All calculations
were performed with a cutoff energy for the valence electrons of
500 eV, in a (4 x 4 x 4) gamma centered K-point mesh. The
energy and force were converged within 107 eV and
0.02 eV AL, respectively. O, and CO, adsorption energies were
calculated by simulating the O, or CO, adsorption on the LSM
and LSMZ surface at the atomic level. A vacuum layer with a
thickness of 15 A was constructed for the surface calculations.
The calculation details can be found in our previous studies [31-
33].

RESULTS AND DISCUSSION

A wet chemical route was carried out to dope Zn into the LSM
lattice, obtaining LSMZ. LSM powders without Zn-doping was
prepared in the same way. Fig. 1a shows the XRD patterns of the
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synthesized LSM and LSMZ. Both samples exhibit a pure per-
ovskite structure without detectable impurities. In addition, the
peaks of the LSMZ shift to low angles (Fig. 1b), suggesting the
expansion of the lattice which is probably due to the larger ionic
radius of Zn** (74 pm) than that of Mn ion (64.5 pm for Mn?").
The HR-TEM images (Fig. 1c, d) show the d-spacing value
corresponding to the (002) plane increases from 0.270 nm for
LSM to 0.273 nm for LSMZ, indicating an expansion of the
lattice, consistent with the result observed from XRD. Further
analysis of the LSMZ with scanning TEM (STEM)-mapping as
shown in Fig. le indicates a homogenous distribution of the
elements in the LSMZ powders without obvious element seg-
regations. All the evidence suggests that the Zn ions have been
incorporated into the LSM lattice and the LSMZ powders are
successfully prepared.

The above study indicates that Zn can incorporate into LSM,
forming LSMZ. Therefore, we first evaluate the properties of the
material from the atomic point of view. The first-principle cal-
culations have been widely used to investigate and predict the
properties of materials, revealing the properties of a specific
material at the atomic level and reaching great successes in the
past decades. We first compared the properties of the LSM
material with and without Zn-doping with the first principle
calculations. It is known that the formation of oxygen vacancy
(Vo) is critical for both oxygen-ion conduction and proton
conduction. The calculation of the Vo formation energy (Ev,)
was carried out for both LSM and LSMZ. The Ey, was calculated
with the following equation:

+ lE Epcrfcct’ (1)

efect © D70, -

EV(): Ed

where Ey. . is the total energy of a defective bulk and E e is
the total energy of the stoichiometric bulk without defects [34].
The Ev, for LSM and LSMZ is 2.14 and 1.01 eV, respectively.
The result indicates that the doping of Zn in LSM could sig-
nificantly lower the Ey,, which benefits the formation of oxygen
vacancy. The lower Ey, for LSMZ compared with LSM is
expected as the partial replacement of Zn?* for Mn*/** could
generate extra oxygen vacancies according to the following
equations:

2Zn0 — 2Zn,,, + 2V + 20} (for Mn’")
and
ZnO — Zny, + Vi + O (for Mn'™).

The XPS analysis for LSM and LSMZ indicates the increased
Vo content by Zn-doping. Fig. S1 (in the Supplementary
information) shows the O 1s XPS peaks for LSM and LSMZ, and
different oxygen groups can be identified. The ratio of the
adsorbed O and lattice O reflects the content of the Vo and the
larger ratio means the larger Vo content [35]. The ratio is 1.56
and 1.2 for LSMZ and LSM, as shown in Table S1, suggesting the
increase of Vo for LSM with Zn-doping that agrees with the DFT
calculations. The iodometric titration method was further
employed to measure the oxygen vacancy concentration in LSM
and LSMZ. The measured oxygen vacancy concentration in LSM
is 0.01 and the value for LSMZ is 0.03, suggesting an increase in
oxygen vacancy concentration for LSM by Zn-doping. The
improved Vo could promote oxygen diffusion and also facilitate
the formation of proton defects.

Protons can incorporate into the oxide lattice when oxygen
vacancies are present, according to the reaction:
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Figure 1
(e) STEM mapping of the LSMZ powders.

H,O + Vit Oy < 20H" Therefore, the hydration energy
with  the
EZOH_Edefect_EHZO’ in which £,y is the energy for

(Ehydration)  can  be  calculated equation:
E hydration =
the hydrated bulk, Ey is the energy for the bulk with one
defective oxygen, and £y o is the energy for H,O. The Ehydration
for LSM and LSMZ is 0.19 and —0.095 eV, respectively. The
hydration energy for LSM is above zero, which means the
reaction is thermodynamically unfavorable. In contrast, the
Epydration 18 @ negative value when ZnO is doped into the LSM
lattice, indicating the hydration reaction becomes thermo-
dynamically favorable for LSMZ and the doping of ZnO
improves the hydration ability of LSM, which is critical for its
application for H-SOFCs. Fig. 2a shows the difference in charge
density between LSM and LSMZ. One can see that an apparent
charge accumulation for the oxygen atoms close to the Zn ion,
suggesting the doping of Zn changes the electronic structure of
the material and thus influences the electron density of the
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(a) XRD patterns of the synthesized LSM and LSMZ; (b) enlarged view of the XRD patterns; the HRTEM image of (c) LSM and (d) LSMZ;

neighboring oxygen atoms. The accumulation of charges at the
atoms close to the Zn ion suggests a more negative charge for
these oxygen atoms, which are more active and tend to incor-
porate better with protons than the sample without Zn-mod-
ification. The electronic change could be the reason for the
decreased Ev, and Epydration Of the Zn-modified sample. The
improvement in hydration ability for LSMZ compared with LSM
is also demonstrated by the experimental study. Fig. 2b shows
the weight change of LSM and LSMZ between the dry and wet
air conditions, indicating the hydration ability of the sample.
The hydration ability of the LSM and LSMZ materials was
determined by cooling the materials in dry and wet atmospheres
and measuring the weight difference in these two atmospheres
[36]. As shown in Fig. 2b, LSMZ has a higher hydration ability
than that of LSM from 500 to 700°C, consistent with the results
from the first-principle calculations. Both the DFT simulation
and experimental studies confirm that the doping of Zn into
LSM can obviously improve the hydration ability of the sample,
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Figure 2 (a) Difference in charge density of LSM after Zn-doping. Blue bubbles mean charge depletion and yellow bubbles mean charge accumulation;
(b) the comparison of hydration ability for LSM and LSMZ at different temperatures; (c) scheme for the proton hopping procedure and the calculated proton

hopping energy in LSM and LSMZ.

benefiting the protonation of the cathode material and thus
could enhance the cathode performance.

The first principle calculations were also performed to predict
the proton migration within the oxide. It has been recognized
that the proton has to jump from one oxygen atom to the
neighboring oxygen atom and the jumping step is usually the
rate-limiting step [37]. The jumping energy of protons for LSM
and LSMZ is 0.33 and 0.26 eV, as shown in Fig. 2¢, indicating
the barrier for the proton migration is lowered with Zn-doping
and the extra oxygen vacancy in LSMZ does not trap but helps
the migration of protons. Therefore, the Zn-doping strategy
improves both the oxygen vacancy formation ability and the
hydration (protonation) ability of LSM as well as the proton
migration ability, making LSMZ a promising cathode for H-
SOFCs.

LSMZ was evaluated as a cathode for H-SOFCs, in compar-
ison with traditional LSM cathode. Fig. 3a shows the current-
voltage (I-V) and power density curves for the H-SOFC based on
LSMZ cathode. The peak power density (PPD) of the LSMZ cell
is 416, 756, and 1012 mW cm™ at 600, 650, and 700°C,
respectively. The PPD values are significantly higher than those
of the LSM cell (298, 483, and 622 mW cm™2) tested at the same
temperatures (Fig. S2). The composite cathodes were used in this
study by coupling the LSMZ/LSM material with BZY in a weight
ratio of 7 to 3. LSMZ shows good chemical compatibility with
BZY, as no new phase can be detected for the LSMZ-BZY
composite powder after annealing at the cathode fabrication
temperature (900°C) (Fig. S3). To the best of our knowledge, the
current LSMZ cell shows the largest fuel cell performance ever
reported for H-SOFCs using LSM-based cathode [19,20,38,39].
Even compared with the advanced microstructure-optimized
LSM cathode, the current cell shows much better performance,
as indicated in Table 1. One can find that the reports on the use
of LSM for H-SOFCs are few due to the instinctive electron-

conducting nature of LSM and the low fuel cell performance.
Microstructure optimization is currently the only way to
improve performance, which heavily relies on the nanostructure
of the material at low temperatures, leading to the potential
coarsening problem for the cathode particles during the opera-
tion and thus to the degradation of the cell performance [17].
The technical difficulties make the direct use of LSM-based
material for H-SOFC with high performance necessary and
challenging. However, the encouraging performance of the
LSMZ cell tackles this problem. The cell performance is even
higher than or comparable to some of the recently reported
high-performance H-SOFCs based on novel cathodes [5,36,40-
47]. The result indicates that the Zn-doping strategy effectively
brings LSM back to the intermediate-temperature range with
high performance, although LSM is the first-generation cathode
that has been regarded only to perform well at high temperatures
(above 800°C). In addition, the LSMZ cathode was directly used
in this study without the cathode/electrolyte interlayer optimi-
zation that can greatly enhance the performance of H-SOFCs
[48] and might be used in the future for further enhancing the
cell performance. Fig. 3b shows the morphology of the LSMZ
cell after testing. The LSMZ cathode is porous, and it adheres
well with the BCZY electrolyte without obvious delamination
even after testing. The LSM cell (Fig. S4) shows a similar mor-
phology compared with the LSMZ cell. In addition, both cells
use identical NiO-BCZY/BCZY half-cells. Therefore, the major
contribution for the difference in fuel cell performance is from
the cathode material rather than from the cathode morphology
or the cell structure. The comparison of electrochemical impe-
dance spectroscopy (EIS) between the LSM and the LSMZ cells
is shown in Fig. 3c. One can see that both cells have a similar
ohmic resistance (Ronmic) Which is about 0.18 Q cm? at 700°C
(Fig. 3d). In contrast, the polarization resistance (R;) of the two
cells shows a big difference. The R, for the LSM cell is
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Figure 3 (a) I-V and power density curves for the cell using LSMZ cathode measured at different temperatures; (b) cross-sectional view for the LSMZ cell
after testing (left) and the scheme for the tri-layer structure of the cell (right); (c) EIS plots of the LSM cell and the LSMZ cell measured at 700°C; comparison
of the (d) Ohmic resistance (Ronmic) and (e) polarization resistance (R;) of the cells using LSM and LSMZ cathodes at 700°C.

Table 1
BaZr0,35Y0_1503,5; BZY: Bazro_ng_zo3,5; BCZY: BaC60_7Zr0,1Y0_zO3,§.

Comparison of the performance for H-SOFCs using LSM-based cathode reported in the literature and in this study. BZYZ: Zn-doped

Reference (year) Cathode composition

Microstructure optimization

Electrolyte and thickness PPD (mW cm™2)

(strategy)
19 (2009) (LagsSr02)0.9sMnO3 No BZYZ, 5 ym 25 (800°C)
20 (2018) LaggSro,MnOs Yes (ion impregnation) BZY, 20 pm 200 (600°C)
30 (2020) LaggSrg,MnOs Yes (nanofiber) BCZY, 15 um 850 (700°C)
31 (2021) LagsStosMnOs No BCZY, 15 um 671 (700°C)
This study Lag5SrosMng g75Zn¢.12503 No BCZY, 15 um 416 (600°C)

1012 (700°C)

0.099 Q cm? at the testing temperature of 700°C, while the
corresponding value for the LSMZ cell is 0.043 Q cm? at the
same testing temperature. The reduction is more than 50%, as
illustrated in Fig. 3e. As stated above that both cells have a
similar cell structure and use the same anode composition, the
difference in R, should primarily come from the different
cathode materials utilized. Insights can be obtained by fitting the
EIS plots with the equivalent circuit, as shown in Fig. S5. Three
depressed semi-circles can be separated for the R, of both LSM
and LSMZ cells, meaning there are three major contributions at
high frequency, middle frequency, and low frequency, respec-
tively. The resistances at high frequency, middle frequency, and
low frequency, named as Rur, Rur and Ryp, respectively, are
listed in Table S2. One can find that the reduction of Ryr that is
associated with the transfer of charge carriers [49,50] is pro-
found when LSM is doped with Zn, decreasing from 0.06 to
0.013 Q cm® It is known from the hydration tests and DFT
calculations that the hydration and proton migration ability of
LSMZ is better than that of LSM. Therefore, the improved
proton migration and protonation can increase the transporta-
tion of the charge carrier (proton) at the reaction active area,
thus leading to the decline of Ryr for LSMZ in comparison with
that for the traditional LSM. The reduction of Ry that is
associated with the oxygen diffusion [49] is achieved by using
LSMZ, and the result is consistent with the DFT calculation that
Zn-doping lowers the formation energy of oxygen vacancy and

March 2022 | Vol.65 No.3
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helps the diffusion of oxygen-ions. In contrast to the dramati-
cally decreased Ryr and Rup, Ry that is the reflection of trans-
portation and adsorption of O, [39,51] for LSM and LSMZ is
similar, being 0.028 and 0.026 Q) cm?. It has been identified that
both cells have similar microstructures, and the diffusion of O, is
expected to be similar for both LSM and LSMZ cathode.
Therefore, the similar R value suggests the adsorption ability of
O, for LSM and LSMZ is close. To demonstrate the hypothesis,
the simulation of the O, adsorption on the surface of LSM and
LSMZ was carried out by the DFT method. It is found that the
adsorption energy for the O, adsorption at the LSM and LSMZ
surfaces is —0.171 and —0.167 eV, respectively. The O, adsorp-
tion energy on LSM and LSMZ surface is very close, suggesting
no apparent change in O, adsorption ability for LSM after Zn-
doping, which could explain the reason for the similar Rir of
both LSM and LSMZ cathodes. The improved protonation,
lower proton migration barrier, and better oxygen vacancy
formation ability for Zn-doped LSM make the LSMZ cathode
show a declined polarization resistance in Ryr and Ryr com-
pared with the LSM cathode without Zn-doping and contribute
to the much-decreased total R, and thus larger power output for
the LSMZ cell.

Besides the high fuel cell performance, stability is another
critical issue that needs to be addressed. Although the good
stability of LSM is well recognized, the stability of the LSM-
based material with the incorporation of Zn is still unknown. In
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Figure 4 (a) In-situ XRD for the LSMZ tested at different temperatures under the CO,-containing condition; (b) time course of XRD patterns measured at
600°C under the CO,-containing condition; (c) the configuration of the LSMZ with adsorbed CO, and the adsorption energy (E,q) is indicated; (d) long-term

stability of the LSMZ cell under the fuel cell testing condition at 600°C.

order to answer this question, in-situ high-temperature XRD
was performed to examine the stability of the LSMZ material
under the CO,-containing environment. The LSMZ material was
tested at high temperatures under the condition of flowing 10%
CO; (balanced with air), and XRD was employed to examine the
phase composition of LSMZ at high temperatures under the
CO,-containing atmosphere. Two different methods were used
to test the possible corrosion of CO, to LSMZ. One is to test the
reactivity of CO, with LSMZ at different temperatures, and the
other is to test the possible reaction of CO, with LSMZ as a
function of time at a given temperature. No matter treating
LSMZ from room temperature to 700°C (Fig. 4a) or keeping it at
600°C for 12 h (Fig. 4b), no detectable impurity can be found for
the LSMZ. In addition, no change in the morphology for the
LSMZ powders can be observed by scanning electron micro-
scopy before and after the CO, treatment (Fig. S6), further
suggesting its excellent chemical stability against CO,. Therefore,
it can be concluded that the doping of Zn into the lattice does
not deteriorate the stability of the LSM-based material, and the
LSMZ still has sufficient chemical stability. The DFT calculation
was employed to reveal the mechanism for the high stability
further. The adsorption of CO, on the LSMZ surface was
simulated at the atomic level, and the result indicates that the
adsorption energy of CO, on the surface of LSMZ is 0.79 eV.
The energy is above zero, which means the adsorption of CO, on
the LSMZ is unlikely to happen from the thermodynamical
point of view [52]. The result agrees well with the experimental
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results, revealing LSMZ is thermodynamically stable with CO,.
Besides the tests of the chemical stability of the LSMZ itself, the
operation stability of the LSMZ cell was also examined by run-
ning the LSMZ cell under the fuel cell testing condition for more
than 200 h. No apparent degradation can be observed for the
LSMZ cell during the whole test, suggesting the good stability of
the cell. It has been known that the good stability of the LSM
cathode makes it favorable for practical applications, whereas its
reported poor performance makes it unfavorable for H-SOFCs.
However, the doping of Zn into LSM can not only inherit good
stability from traditional LSM but also improve the electro-
chemical performance greatly, serving as a promising cathode
candidate for H-SOFCs.

CONCLUSIONS

In summary, LSM is the first-generation cathode suitable for
traditional SOFCs working at high temperatures, but it is sel-
domly used for H-SOFCs due to its demonstrated low perfor-
mance. To re-use LSM-based materials for H-SOFCs, the Zn-
doping strategy is proposed, and the doping of Zn into LSM
lattice can improve the cathode properties for the application in
H-SOEFCs, leading to high fuel cell performance. The mechanism
behind this high fuel cell performance is clarified by using both
theoretical approaches and experimental studies. The incor-
poration of Zn into the LSM cathode improves oxygen vacancy
formation and protonation. As a result, the polarization resis-
tance is reduced by more than 50%, leading to the improved fuel

March 2022 | Vol.65 No.3
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cell performance from 622 mW cm™ for the LSM cell to
1010 mW cm™? for the LSMZ cell. Furthermore, the doping of
Zn does not impair the stability of the material as well as the cell
operation stability. As a result, the H-SOFC using the LSMZ
cathode shows high fuel cell performance and good long-term
stability, not only offering new and high-performing material for
the LSM material family but also extending the application of
traditional LSM-based material for H-SOFCs.
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