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To develop high-performance cathode materials for intermediate-temperature solid oxide fuel cells (IT-
SOFCs), this study systematically investigated how magnesium doping regulates the structure and
electrochemical performance of LagsSrisFeOg44s (LSF). A series of LagsSrisFe; yMgyOays Samples
(LSFM,; x = 0, 0.025, 0.050, 0.075, and 0.100) were synthesized by the sol-gel method. XRD, XPS, SEM,
and TEM results confirmed that Mg?* was successfully incorporated into the LSF lattice, which promoted
the formation of oxygen vacancies and effectively lowered the thermal expansion coefficient, thereby
improving thermal compatibility with the electrolyte. Electrochemical measurements showed that
moderate Mg doping (x = 0.050) markedly enhanced the oxygen reduction reaction (ORR) activity of the
cathode. At 800 °C, the corresponding single cell delivered a peak power density of 0.60 W cm™2,
representing a 36% increase over the undoped sample, and also exhibited excellent long-term
operational stability. Combined distribution of relaxation times (DRT) analysis and first-principles
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Accepted 18th May 2026 calculations further revealed that Mg doping improves the reversibility of oxygen migration pathways and
lowers the oxygen dissociation energy barrier, thereby enhancing interfacial oxygen transport and

DOI: 10.1039/d6ra03050e surface exchange kinetics. These results provide an effective strategy and deeper theoretical insight for
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1 Introduction

Solid oxide fuel cells (SOFCs) are an efficient and clean energy-
conversion technology. Because of their high energy-conversion
efficiency, fuel flexibility, and environmental friendliness, they
have shown strong potential for applications in distributed
power generation and sustainable energy systems." However,
the commercialization of SOFCs still faces major challenges,
including high cost and limited service life. In particular, the
sluggish oxygen reduction reaction kinetics of cathode mate-
rials under intermediate-temperature operation (600-800 °C)
remains one of the key bottlenecks limiting further improve-
ments in cell performance.>® Therefore, developing cathode
materials with high catalytic activity, excellent electronic
conductivity, and good thermal stability is of great importance
for advancing SOFC technology.*
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designing high-performance, highly stable SOFC cathodes through cation doping.

LSF materials with a Ruddlesden-Popper structure have
attracted considerable attention because of their distinctive
layered framework and high structural stability.> However, they
still suffer from insufficient oxygen reduction activity and
a mismatch in thermal expansion coefficient relative to the
electrolyte. In recent years, tuning material properties through
B-site cation doping has become a major research focus. Among
the available dopants, Mg is particularly attractive because of its
stable valence state, low cost, and ability to modify the lattice.®
Previous studies have shown that partial substitution of Fe by
Mg>* can effectively promote the formation of oxygen vacancies
and improve thermal compatibility between the electrode and
the electrolyte.” Nevertheless, systematic studies on the micro-
structural evolution, electrochemical regulation mechanisms,
and thermal-stability pathways of Mg-doped LSF cathodes
remain limited. In particular, the quantitative relationship
between doping level and oxygen reduction kinetics still
requires further clarification.

Accordingly, this work prepared a series of
Lay 5Sr; sFe; Mg, 0,.5 samples (x = 0, 0.025, 0.050, 0.075, and
0.100) by partially substituting B-site Fe with Mg>". The effects
of Mg doping on the crystal structure, oxygen nonstoichiometry,
impedance behavior, ORR catalytic activity, and thermal
expansion were then systematically investigated. In addition,
EIS and DRT analyses were combined to clarify how Mg doping
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influences ORR activity. By integrating XRD, SEM, TEM, EPR,
power-density testing, long-term stability evaluation, thermal-
expansion measurements, and first-principles calculations,
this study aims to reveal the microscopic role of partial Mg
substitution and the pathway responsible for performance
enhancement, thereby providing both experimental evidence
and theoretical support for the development of high-
performance R-P-type cobalt-free cathodes. Overall, this work
not only deepens the understanding of how Mg doping
improves LSF cathodes, but also offers useful guidance for the
design of high-performance, long-life cathode materials for
intermediate-temperature SOFCs, with clear significance for the
commercialization of SOFC technology.*®

2 Experimental section
2.1 Synthesis of cathode materials

A series of layered perovskite oxides, LagsSrisFe;_,MgyO4is
(LSFM,; x = 0, 0.025, 0.050, 0.075, and 0.100), were synthesized
by an optimized ethylenediaminetetraacetic acid (EDTA)-citric
acid (CA) sol-gel route. Analytical-grade La(NOj);-6H,0,
Sr(NO3),, Fe(NO3); - 9H,0, and Mg(NO3),-6H,0 were used as the
metal precursors, while EDTA and CA served as dual complex-
ing agents. The molar ratio of total metal cations to EDTA to CA
was fixed at 1:1:1.5. The pH of the precursor solution was
adjusted to 7-8 with aqueous ammonia under continuous
stirring. The solution was then heated at 80 °C in a thermostatic
water bath with vigorous stirring until a homogeneous viscous
gel formed. The gel was pre-calcined at 250 °C for 5 h to remove
organic species, followed by final calcination at 1100 °C for 5 h
in air to obtain phase-pure LSFM, powders.

2.2 Fabrication of electrochemical cells

Symmetric cells: Sm, ,Ce( 3019 (SDC) electrolyte disks (12 mm
in diameter) were uniaxially pressed at 10 MPa and sintered at
1450 °C for 10 h to obtain dense, gas-tight electrolytes. A
cathode slurry was prepared by dispersing LSFM,. powder in an
organic vehicle composed of ethyl cellulose and camphor
alcohol (mass ratio 96:4) at a solid loading of 50 wt%. The
mixture was thoroughly ball-milled to ensure homogeneity. The
slurry was then screen-printed onto both sides of the SDC
electrolyte disks, dried at 80 °C, and co-sintered at 1100 °C for
5 h to form symmetric cells with the configuration
LSFM,|SDC|LSFM,.

Anode-supported single cells: NiO-YSZ (8 mol% Y,Os-stabi-
lized ZrO,) anode supports were prepared by tape casting fol-
lowed by controlled thermal decomposition. A slurry containing
NiO, YSZ, and starch (mass ratio 12 : 8 : 5) was ball-milled, cast
into green tapes, and laminated. Sequential dry pressing was
then used to deposit the NiO-YSZ anode functional layer, the
YSZ electrolyte layer, and the Gd, ;Ce 901.o (GDC) barrier layer.
The multilayer green body was uniaxially pressed at 10 MPa and
sintered at 1450 °C for 5 h to obtain a dense half-cell with the
configuration NiO-YSZ|YSZ|GDC. The LSFM, cathode slurry was
subsequently screen-printed onto the GDC surface and sintered
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at 1100 °C for 5 h to complete the full cell with the configuration
NiO-YSZ|YSZ|GDC|LSFM,.

2.3 Characterization and performance evaluation

Phase identification and quantitative phase analysis were per-
formed by XRD (Malvern Panalytical B.V., Cu Ko radiation, A =
1.5418 A) over a 26 range of 10-80° at a scan rate of 5° min .
Rietveld refinement was performed using GSAS-II/EXPGUI
software. ~ Microstructural  features, including grain
morphology, lattice fringes, and elemental distributions, were
examined by high-resolution transmission electron microscopy
(HR-TEM; JEOL JEM-2100F) equipped with energy-dispersive X-
ray spectroscopy (EDS). Cross-sectional microstructures and
elemental maps of the fabricated cells were obtained by field-
emission scanning electron microscopy (FE-SEM; TESCAN
GAIA3) coupled with EDS. Surface chemical states were
analyzed by XPS (Thermo Scientific ESCALAB 250Xi), with all
binding energies referenced to the C 1s peak at 284.8 eV. The
linear thermal expansion coefficients (TECs) of bulk LSFM,
pellets were measured from 30 to 800 °C in an N, atmosphere
using a dilatometer (NETZSCH DIL 402C) at a heating rate of 5 °
C min '. Electrochemical impedance spectroscopy (EIS)
measurements were performed on symmetric cells in static air
from 600 to 800 °C using an electrochemical workstation
(Metrohm Autolab PGSTAT302). The frequency range was
0.1 Hz to 100 kHz with an AC perturbation amplitude of 10 mV.
Distribution of relaxation times (DRT) analysis was used to
separate the polarization processes. For single-cell testing,
a custom-built fixture was employed. Humidified hydrogen
(3 vol% H,O in H,, 50 mL min~ ') was supplied to the anode,
while the cathode was exposed to static air. Current-voltage (I-
V) and current-power (I-P) curves were recorded from 600 to
800 °C. Long-term stability was evaluated by constant-current
polarization at 650 °C and 0.3 A cm 2 for up to 100 h on the
best-performing cell.

2.4 Density Functional Theory (DFT) calculation methods
and parameters

Before calculations, bulk structure of LaySr,;Fe,3063 was built
based on LaSrFeO, primitive cell. Number of oxygen vacancies
were determined by ratio of Fe** and Fe’" in
LaoSt,,Fe;g0g3(Fe® : Fe* = 1:1). Bulk structure of LaoSr,,-
Fe;,Mg;0¢; was built by replacing Fe** with Mg”" in LaoSr,,-
Fe 3043. Sr-exposed and SrLa-exposed LaoSr,,;Fe;306; (100)
unitcell with one stoichiometric layer were built based on Lag-
Sry,Fe 3063 bulk structure. Sr-terminated LaoSr,;Fe;;Mg 03
(100) unitcell with one stoichiometric layer was built based on
LagSr,;Fe;;Mg;1063 bulk structure. In slab model, thickness
along c¢ direction was set at 30 A to avoid weak interactions
between images.

In the Density Functional Theory (DFT) calculations, struc-
tural optimization was performed using the Vienna Ab initio
Simulation Package (VASP) with the projector augmented wave
(PAW) method. The exchange-correlation functional was
treated with the Perdew-Burke-Ernzerhof (PBE) functional®
combined with the DFT-D3 correction.'* The cut-off energy of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the plane-wave basis was set to 450 eV for structural optimiza-
tion. For optimization of the lattice parameters, Brillouin-zone
integration was performed using a Monkhorst-Pack k-point
mesh of 0.04 A™". The self-consistent calculations employed an
energy convergence threshold of 107> eV. The equilibrium
geometries and lattice constants were optimized with the
maximum stress on each atom constrained to 0.02 eV A™". Spin
polarization was included to describe the magnetic properties
of the models. Specifically, equal and opposite magnetic
moments were assigned to Ni atoms to represent antiferro-
magnetism in the models. The Hubbard U correction was
applied to the 3d orbitals of Fe and Cu and the 5d orbitals of La,
with Ug. = 4.0 eV, Ug, = 4.0 eV, and U;, = 5.4 e€V.*” Transition
states and O-atom migration paths were determined using the
climbing image nudged elastic band (CINEB) method.

In the CINEB calculations, the energy criterion and stress
criterion were set to 107 eV and 0.05 eV A™?, respectively.

The segregation energy from the bulk structure to the Sr-
exposed and LaSr-exposed slab models was defined as E;. Eg =
[E (surface) — E (bulk)]/S. Here, E (surface) represents the total
energy of the slab model with a given exposed termination, E
(bulk) represents the total energy of the bulk structure, and S
represents the surface area of the slab model with the corre-
sponding exposed termination.

The dissociation energy of O, was defined as Eq4. Eq = E(Ov—
0,) — E(Ov-0-0). Here, E(Ov-0,) represents the total energy of
the oxygen-vacancy-containing slab model with O, adsorbed on
the surface, whereas E(Ov-O-0O) represents the total energy of
the oxygen-vacancy-containing slab model with dissociated O
atoms adsorbed on the surface.

3 Results and discussion
3.1 Phase and microstructural characterization

3.1.1 XRD analysis and Rietveld structural refinement. To
determine the crystal structure of the samples, X-ray diffraction
(XRD) measurements were performed on LSFM, (x = 0, 0.025,
0.050, 0.075, and 0.100), and the results are presented in Fig. 1(a
and b). All diffraction patterns match the standard card for
LaSrFeO, (PDF# 71-1745), indicating that all samples crystallize
in a single-phase R-P structure with a tetragonal I4/mmm (No.
139) space group. No new diffraction peaks appeared after Mg
doping. As the Mg content increased, the XRD peaks gradually
shifted toward lower angles. The refinement results further
showed a gradual increase in unit-cell volume with increasing
Mg content. The refined patterns of LSF and LSFM, o5, are
shown in Fig. 1(c and d), and the detailed refinement results are
summarized in Table 1. The regular shift of diffraction peaks
together with the continuous variation of lattice parameters in
Table 1 demonstrates a systematic lattice evolution induced by
Mg substitution.

Excellent high-temperature chemical compatibility between
the cathode and the electrolyte is essential for the long-term
stable operation of solid oxide fuel cells. To verify this prop-
erty, LSFM, 950 was uniformly mixed with SDC and GDC elec-
trolyte powders at a mass ratio of 1: 1 and then calcined in air at
1100 °C for 10 h to simulate possible interfacial reactions

© 2026 The Author(s). Published by the Royal Society of Chemistry
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during cell fabrication and high-temperature operation. The
XRD patterns of the calcined mixtures are shown in Fig. 1(p and
q). Only the diffraction peaks of LSFM, 4509, SDC, and GDC were
observed, with no impurity phases or obvious peak shifts. These
results indicate that no significant chemical reaction occurred
between LSFM, ¢50 and either SDC or GDC during the high-
temperature treatment, demonstrating good thermochemical
compatibility and providing a basis for the long-term reliable
operation of the cell.

Combined with ionic radius matching, lattice expansion
behavior, and the regular change of Fe valence as well as oxygen
vacancy content (3.1.3), it can be rationally confirmed that Mg>*
preferentially occupies the Fe B-site of R-P lattice, and all
samples still maintain pure single-phase structure even at high
doping levels.

3.1.2 Electron microscopy and elemental distribution
analysis. Analysis of the fast Fourier transform (FFT) and
inverse FFT images (Fig. 1(h) and (n)) showed that the inter-
planar spacing of the (222) plane was 0.28 nm. Compared with
the standard LSF PDF card, this spacing is slightly larger, which
is consistent with the XRD refinement results and further
indicates that Mg doping increases the unit-cell volume.” In
addition, the EDS surface-scanning results (Fig. 1(i-m)) show
that Mg, La, Sr, Fe, and O are uniformly distributed throughout
the material, suggesting that Mg was successfully incorporated
into the lattice. The elemental proportion plot in Fig. 1(o) is also
in good agreement with the theoretical composition, further
confirming the successful incorporation of Mg into the LSF
lattice.

The microscopic morphologies and elemental distributions
of the symmetric cells and single cells were further examined by
scanning electron microscopy (SEM). Fig. 1(r-v) shows cross-
sectional SEM images of the symmetric cells based on LSFM,
(x=0,0.025, 0.050, 0.075, and 0.100), Fig. 1(w) shows the cross-
section of the single cell, and Fig. 1(i-m) presents the EDS maps
of LSFM, os0. The elemental distributions are relatively uniform,
and the electrolyte layer is dense, which is beneficial for O~
transport.** By contrast, the cathode is porous and loose, which
increases the contact area with oxygen and facilitates oxygen
conversion at the cathode surface as well as charge transfer.”
The cathode also maintains intimate contact with the electro-
lyte, with no obvious delamination. This behavior is attributed
to the TEC of LSFM, being close to that of SDC, which helps
ensure efficient O>” and charge transport during cell
operation.*®

3.1.3 Surface chemical state and electronic structure (XPS/
EPR) analysis. The influence effect of Mg doping on the surface
chemical states of LSF was investigated by X-ray photoelectron
spectroscopy (XPS). Fig. 2(c) shows the XPS survey spectra of the
LSFM,, series, in which the characteristic peaks of La, Sr, Fe, Mg,
and O are clearly visible, confirming the successful incorpora-
tion of Mg into the LSF cathode. Fig. 2(a) presents the Fe 2p
spectra and the corresponding peak-fitting results. The peaks at
709.3-710.2 eV and 723.1-723.9 eV are assigned to Fe**, whereas
those at 710.3-711.2 eV and 726.2-727.4 €V are attributed to
Fe".778 These results indicate the coexistence of Fe>* and Fe**
in LSFM,. As summarized in Table 2, the Fe*'/Fe** ratio
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(a) X-ray diffraction (XRD) pattern of LSFM,; (b) enlarged view of the low-angle region in (a); (c and d) Rietveld-refined XRD patterns of LSF

and LSFMg gs0; (€) transmission electron microscopy (TEM) image of LSFMq os0; (f) high-resolution TEM (HR-TEM) image of the rectangular
region marked in (e); (g) magnified HR-TEM image of the selected area in (f); (h) inverse fast Fourier transform (IFFT) image derived from the lattice
fringesin (g); (i—-m) energy-dispersive X-ray spectroscopy (EDS) elemental maps of LSFMq g5 for La, Sr, Fe, Mg, and O; (n) line-profile IFFT analysis
across a representative grain boundary in LSFMg os0; (0) quantitative elemental distribution profile obtained via EDS point analysis; (p and g) XRD
patterns of the calcined (1100 °C, 5 h) composites LSFMq g50—SDC and LSFMq g50—GDC, respectively; (r—v) scanning electron microscopy (SEM)
images of a symmetric cell employing LSFM, as the cathode; (w) cross-sectional SEM image of a single solid oxide fuel cell (SOFC) with the

configuration LSFMg 050/ GDC|YSZ|NIO-YSZ.

gradually decreases with increasing Mg content, suggesting that
Mg doping promotes the partial reduction of Fe** to Fe®*, which
is favorable for charge compensation and oxygen-vacancy
formation.’* According to the quantitative Fe*"/Fe’" ratios
from XPS and charge balance principle, the oxygen vacancy
content (6) was calculated and listed in Table 2. Combined with
the EPR results, it further confirms the increased oxygen
vacancies with Mg doping. Based on the XPS-derived Fe>*/Fe**
ratios and charge-balance calculated oxygen vacancy content ()
in Table 2, a clear quantitative correlation can be established:
Mg doping induces the reduction of Fe** to Fe®*, increases

Table 1 XRD refined data of LSFM, material

oxygen vacancy concentration, and thereby optimizes the ORR
kinetic process of the cathode material.

Fig. 2(b) shows the fitted O 1s spectra. The low-binding-
energy peak at 528.7-529.2 eV corresponds to lattice oxygen
(Ojar), whereas the high-binding-energy peak at 530.9-531.4 eV
is associated with surface-adsorbed oxygen (O,qs).2*** As listed
in Table 2, the relative content of O,qs increases gradually with
increasing Mg content, indicating that Mg doping promotes
oxygen adsorption and thereby further enhances the ORR
activity of LSFM,.

Fig. 2(d) presents the electron paramagnetic resonance (EPR)
spectra of the LSFM, series. All samples show clear EPR signals

Sample Crystal system Space group a(A) b (A c(d) Vol (A% Rup (%) x>

LSF Tetragonal I4/mmm (139) 3.839 3.839 12.659 186.599 9.994 1.49
LSFMy g5 Tetragonal I4/mmm (139) 3.842 3.842 12.674 187.051 8.776 1.23
LSFMy,050 Tetragonal 14/mmm (139) 3.842 3.842 12.675 187.117 9.349 1.29
LSFM 075 Tetragonal I4/mmm (139) 3.842 3.842 12.678 187.138 9.982 1.43
LSFMy.100 Tetragonal I4/mmm (139) 3.842 3.842 12.689 187.289 9.968 1.45
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Fig. 2 XPS curve of LSFMx: (a) Fe 2p; (b) O 1s; (c) XPS spectra of all elements; (d) EPR diagram.

Table2 Fitting results of O 1s and Fe 2p peaks for LSFM, cathodes, and
calculated oxygen nonstoichiometry () (All percentages are in %; ¢ is
dimensionless)

Sample Oads Olat Fe** Fe** Fe*'/Fe*" 6

LSF 67.57 32.43 66.43 33.57 0.50 0.08
LSFM, s 72.08  27.92  61.23  38.77  0.63 0.11
LSFMyoso 7643  23.57 5892  41.08  0.69 0.13
LSFM, o5 77.88 2212 54.45 4555  0.83 0.16
LSFMy100  78.34  21.66  50.35  49.65  0.98 0.19

near g = 2.003, which are attributed to paramagnetic centers
associated with oxygen vacancies.”” Quantitative analysis of the
signal intensity shows that the intensity increases markedly as the
Mg>" doping level rises, indicating that the concentration of
oxygen vacancies also increases. This result is consistent with the
XPS results, which show a decreasing Fe’*/Fe** ratio and an
increasing O,qs content in the O 1s spectra. Taken together, these
findings confirm that Mg doping effectively promotes oxygen-
vacancy formation and thus provides favorable structural condi-
tions for enhancing the oxygen reduction activity of the material.

The oxygen vacancy content indicated by XPS fitting and EPR
results further verifies the inherent relationship among Mg
doping, lattice defect evolution, and oxygen migration behavior,
providing quantitative support for the proposed ORR mecha-
nism regulation pathway.

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.2 Evaluation of electrochemical and thermo-mechanical
performance

3.2.1 Electrochemical impedance spectroscopy (EIS) and
distribution of relaxation times (DRT) analysis. Symmetric cells
with the configuration LSFM,|SDC|LSFM, were prepared to
evaluate the ORR activity of LSFM, through electrochemical
impedance spectroscopy (EIS). The EIS data of the symmetric
cells were collected in air over the temperature range of 600-
800 °C. The spectra measured at 600-800 °C were further
analyzed by DRT to obtain the distribution of relaxation times.
The ORR process of LSFM, was separated into three character-
istic frequency regions corresponding to different physico-
chemical processes. Generally, the low-frequency (LF) process is
dominated by gas-phase oxygen adsorption, dissociation and
surface diffusion on the cathode surface.”® The intermediate-
frequency (IF) response mainly originates from oxygen surface
exchange and interfacial charge-transfer kinetics of the elec-
trode.** The high-frequency (HF) process is primarily attributed
to oxygen ion migration and interfacial polarization at the
cathode-electrolyte contact boundary.> The fitted peak area in
each frequency interval represents the corresponding imped-
ance contribution.

This frequency-domain assignment of relaxation processes
follows the widely recognized DRT interpretation principle for
layered Ruddlesden-Popper cathodes reported in the literature.

Fig. 3(a) shows the DRT fitting curves of LSFM,, (x = 0, 0.025,
0.050, 0.075, and 0.100) at 800 °C. The spectra are dominated by

RSC Adv, 2026, 16, 27837-27846 | 27841
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the HF contribution, indicating that oxygen transport at the
cathode/SDC interface is the rate-limiting step under this
condition. Compared with undoped LSF, the Mg-doped samples
exhibit significantly smaller HF and IF peak areas at 800 °C.
Moreover, as the Mg content increases, the HF peak area first
decreases and then increases, reaching a minimum at x =
0.050. This result demonstrates that appropriate Mg doping
optimizes the interfacial oxygen transport and electrode reac-
tion kinetics. The relatively small LF peak area implies favorable
low-frequency oxygen reaction behavior of the as-prepared
material.

Within the temperature range of 600 °C to 800 °C, the HF
peak area of LSFM, 50 decreases markedly as the temperature
rises (Fig. 3(b)). This behavior is mainly attributed to the
enhanced mobility of oxygen ions at higher temperature and the
accelerated oxygen-exchange reaction at the electrode/
electrolyte interface, both of which reduce interfacial trans-
port resistance.”® The IF peaks associated with charge transfer
also decrease with increasing temperature, further confirming
the positive effect of thermal activation on electrode kinetics.

Based on the DRT results, the EIS data were fitted using the
equivalent circuit L-Rg-(Ryp-CPEyp)—(Rip-CPELg)-(Ryp-CPE ),
where Ryr, Ry, and Ryy represent the impedance contributions
generated by the HF, IF, and LF electrode processes identified in
the DRT analysis. According to the fitting results, the polariza-
tion resistance Rp (Rp = Ryp + Ry + Ryp) can be obtained. To
compare the EIS behavior of LSFM, more clearly, Fig. 3(c) and
(d) show the fitted EIS curves of LSF and LSFM,, o5, respectively,
over the temperature range of 600-800 °C. Fig. 3(e) shows the
ASR values of LSFM, (x = 0, 0.025, 0.050, 0.075, and 0.100) in the
same temperature range, and the corresponding numerical
values are listed in SI Table S1. The introduction of Mg lowers
the ASR values relative to the LSF matrix. As the Mg content

03 0.9
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increases, the ASR of LSFM,, first decreases and then increases,
reaching a minimum at x = 0.050. At 800 °C, the ASR of
LSFM, 50 is 0.087 Q cm?, which is approximately 57% lower
than that of undoped LSF, indicating that Mg doping effectively
enhances the catalytic performance of the electrode.

Fig. 3(f) shows the Arrhenius plots of the R, values of
symmetric cells with the configuration LSFM,|SDC|LSFM, as
a function of temperature. The activation energy E, of the ORR
can be obtained from the slope of the fitted line.”” It is evident
that Mg doping significantly decreases E,, indicating that Mg
incorporation positively promotes the ORR activity of LSF.

Notably, conventional EIS-DRT alone cannot strictly
decouple surface oxygen exchange kinetics from bulk oxygen
diffusion. Unambiguous distinction requires additional

specialized characterization, so this work only discusses the
overall polarization relaxation behavior without excessive
mechanistic separation.

3.2.2 Thermal expansion electrolyte
compatibility. Fig. 4(a) shows the thermal-expansion curves of
the LSFM,, series (x = 0, 0.025, 0.050, 0.075, and 0.100) over the
temperature range of 30-800 °C. To suppress chemical expan-
sion caused by oxygen loss and to make the measured results
more representative of the intrinsic thermal-expansion
behavior of the materials, all tests were conducted in an N,

Atmosphere, the heating rate was set at 2 °C min~". The
average thermal expansion coefficient (TEC) of each sample is
listed in the figure.

Compared with undoped LSF, Mg doping markedly lowers
the average TEC. When the Mg doping content x = 0.025, 0.050,
0.075, and 0.100, the average TEC values of LSFM, in the range
of 30-800 °C are 16.52 x 10 ° K%, 14.96 x 107 ° K™, 14.33 x
10 °K ', and 13.87 x 10~ ® K ', respectively. As the Mg content
increases, the TEC of LSFM, decreases gradually. Over the
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Fig. 3

(a) Impedance relaxation spectra of LSFM, measured at 800 °C; (b) temperature-dependent impedance relaxation spectra of LSFMg 050

over the range of 600-800 °C; (c) polarization resistance (R) versus temperature for the symmetrical LSF|[SDC|LSF cell under ambient air
atmosphere; (d) polarization resistance (Rp) versus temperature for the symmetrical LSFMg 50| SDC|LSFMg 50 cell under ambient air atmosphere;
(e) area-specific resistance (ASR) values of LSFM, across 600-800 °C; (f) Arrhenius plot of the bulk ionic conductivity of LSFM, in the temperature
range of 600-800 °C; (g) schematic illustration of the symmetrical solid oxide cell configuration.
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Fig. 4 (a) Thermal expansion curve of LSFM, material at temperatures ranging from 30—-800 °C; (b) /I-P-V curve of LSF at temperatures ranging

from 600 to 800 °C; (c) I-P-V curve of LSFMq o50 at temperatures ranging from 600-800 °C; (d) stability test of an anode-supported single cell

of LSFMg o050 under conditions of 0.3 A cm™2 and 650 °C.

temperature range of 30-800 °C, the average TEC of LSFM o5 iS
14.96 x 10~° K™, which is about 13% lower than that of the
undoped sample and closer to that of the commonly used
electrolyte SDC (12.74 x 10~ ® K™ ). This result indicates that an
appropriate amount of Mg doping can effectively improve the
thermal-expansion matching between LSF and the electrolyte.
The lower TEC can be mainly attributed to the stabilizing effect
of Mg** on the lattice. Partial substitution of Fe by Mg>*
suppresses changes in the Fe valence state and the accompa-
nying loss of lattice oxygen at high temperature, thereby
reducing the extra expansion caused by nonstoichiometric
variation.** In addition, the Mg-O bond (about 400 kJ mol ")
generally has a higher bond energy than the Fe-O bond (about
300-350 k] mol™"), which helps increase lattice rigidity and
further suppress thermal expansion at high temperature.**
Therefore, by regulating the Mg content, the thermal-expansion
behavior of LSFM, cathodes can be effectively tailored, thereby
improving their structural compatibility with the electrolyte
during thermal cycling.

3.2.3 Single-cell electrochemical performance and opera-
tional stability. The anode-supported single cell NiO-
YSZ|YSZ|GDC|LSFM, was mounted in the test fixture, and
a high-temperature-resistant sealing material was uniformly
applied at the junction between the single cell and the alumina
tube to ensure good gas tightness. During testing, humidified
hydrogen containing 5% H,O was introduced to the anode as
the fuel, while the cathode was exposed to air as the oxidant. All
single-cell measurements were conducted with identical elec-
trode fabrication and testing protocols, ensuring the validity
and comparability of the obtained electrochemical results.
Power-density measurements were carried out from 600 to 800 °©

© 2026 The Author(s). Published by the Royal Society of Chemistry

C, and the data were collected during the cooling process.
Fig. 4(b) and (c) show the power-density curves of undoped LSF
and Mg-doped LSFM, o5, respectively, from 600 to 800 °C. The
results show that the peak power density of LSFM, 5, reaches
0.60 W cm ™2 at 800 °C, which is about 36% higher than that of
undoped LSF, confirming that Mg doping can effectively
improve the output performance of the single cell. Detailed
electrochemical performance comparisons with recently re-
ported state-of-the-art Ruddlesden-Popper cathode materials
under similar operating temperatures are summarized in Table
3, further confirming the competitive ASR and peak power
density of the optimal LSFM, o50 cathode.

A stability test was further conducted on the NiO-
YSZ|YSZ|GDC|LSFM, 50 single cell at 650 °C under a constant
current density of 0.3 A cm ™2 for 100 h. The results are shown in
Fig. 4(d). Throughout the entire test period, the cell voltage
remained stable without obvious attenuation, indicating that
LSFMy 050 has excellent long-term operational stability as
a cathode material for intermediate-temperature solid oxide
fuel cells. It is acknowledged that the current 100 h continuous
operation test is relatively limited; long-term durability

Table 3 Comparison of ASR and PPD for Ruddlesden—Popper (R—P)
type oxide electrodes

Sample ASR PPD

Lay gSro,NiOy.; (ref. 28) 0.41 Q cm? 0.52 W em ™2
La; sBag sNiOy.; (ref. 29) 0.127 Q cm? 0.51 W cm 2
La,Nig 0S¢y 104.5 (ref. 30) 0.129 Q cm? 0.46 W cm 2
Lag.sST1.5Fe1.0sMg0.0504+5 0.087 Q cm?® 0.60 W cm 2
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evaluation exceeding 500 h will be performed in our follow-up
study to further verify practical application potential.

3.3 DFT calculations and reaction mechanism study

After structural optimization, the segregation energies from
bulk LSF and LSFM,,s, to the Sr-exposed LSF (100) and
LSFM, 050 (100) surfaces were calculated, as shown in Fig. 5(a)
and (b). The results show that the segregation energy of the Sr-
exposed LSF surface is 1.919 ] m™ 2, whereas that of LSFMj 50
increases slightly to 1.930 ] m™ 2. Thus, Mg doping leads to
a small increase in the Sr segregation energy, by approximately
0.5%.

Based on the O-IS and O-FS structures of oxygen vacancies in
each system, the *O, and *O-O adsorption configurations were
constructed, as shown in Fig. 5(c and d). After structural opti-
mization, the dissociation energies from *O, to *O-O were
calculated, and the optimized structures were denoted as *Ov-
0, and *Ov-0-0. The results indicate that the O, dissociation
energy is approximately —1.64 eV for undoped LSF and
approximately —1.78 eV for LSFM, ¢50. This suggests that Mg
doping can effectively enhance oxygen adsorption, thereby
increasing the surface oxygen-exchange rate and ultimately
improving ORR catalytic activity.

Furthermore, first-principles calculations were used to
systematically analyze the oxygen-migration energy barriers on
the Sr-exposed (100) surface. The forward energy barrier was
defined as the absolute difference between the transition-state
energy and the initial-state energy, whereas the reverse energy
barrier was defined as the absolute difference between the
transition-state energy and the final-state energy. The migration
of oxygen atoms was visualized by marking the migrating
oxygen atoms with differently colored spheres, as shown in
Fig. 5(e) and (f). The migration-energy-barrier profiles of O
atoms on LSF and LSFM, s, are presented in Fig. 5(g). The

Fig. 5
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calculated energy barriers for each elementary migration step
are summarized in Table S2, while the oxygen vacancy forma-
tion energies are presented in Table S3.

The calculation results show that the undoped LSF surface
has an extremely low forward migration barrier of only 0.07 eV,
but a reverse migration barrier as high as approximately 1.44 eV.
This pronounced asymmetry between the forward and reverse
barriers implies that once oxygen atoms migrate to the final
state, they can scarcely return to the initial position, indicating
poor reversibility of this migration pathway and limited oxygen-
migration activity. In contrast, for Mg-doped LSFM, ¢s50, the
forward and reverse migration barriers are approximately
0.59 eV and 0.81 eV, respectively, giving a difference of only
0.22 eV. In this study, oxygen migration reversibility is defined
as the bidirectional migration ability of oxygen ions between the
cathode surface and bulk lattice. This result indicates that Mg
doping improves the surface migration activity of oxygen atoms
and makes the migration pathway much more reversible.

After Mg doping, the oxygen dissociation energy decreases
from —1.64 eV to —1.78 €V, indicating that the oxygen molecular
dissociation process becomes more thermodynamically favor-
able upon Mg substitution. This behavior originates from the
local charge compensation and structural distortion induced by
Mg>" substitution at the Fe site. With a fixed valence state and
lower electronegativity, the introduced Mg>" modulates the
covalency and electronic structure of surrounding Fe-O bonds,
which facilitates the formation and stabilization of surface
oxygen vacancies and further enhances the activation capability
of the material toward oxygen molecules.

In terms of oxygen migration barriers, the increase in the
forward migration barrier and the decrease in the reverse
migration barrier of LSFM, o5 reveal that Mg doping does not
simply reduce the overall barrier of all migration pathways;
instead, it reconstructs the potential energy surface for oxygen

—~
B

- W

-

N

Relative energy (eV)
]
%
»n

o LSFMu.os

Mirgration coordinate

(a) Crystal cell model diagram of LSF; (b) crystal cell model diagram of LSFMq gs50; (c) *Ov—-0O, diagram of Sr-exposed LSFMg gs; (d) ¥*Ov—

O-0 diagram of Sr-exposed LSFMg gs0; (€) oxygen atom migration path diagram of Sr-exposed LSF; (f) oxygen atom migration path diagram of
Sr-exposed LSFMg os0; () migration energy barrier diagram of O atoms on Sr-exposed LSF and LSFMq gs0.
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vacancy migration. The region adjacent to Mg acts as a relatively
stable site for oxygen vacancies, leading to a reduced energy
barrier when oxygen vacancies migrate toward this region, while
a higher barrier is required for vacancies migrating outward
from this area. Accordingly, the obvious reduction of the reverse
migration barrier from 1.44 eV to 0.81 eV can be reasonably
explained by this mechanism.

Overall, Mg doping optimizes O, adsorption and oxygen
migration at multiple levels. Such a synergistic mechanism is
not a simple incremental conclusion, but a quantitatively veri-
fied regulation rule derived from multi-characterization and
theoretical calculation. Enhanced O, adsorption can increase
the surface oxygen-exchange rate, while the more balanced
migration-energy barriers give the oxygen-migration process
higher reversibility and more favorable kinetics. These effects
work synergistically and are therefore expected to significantly
improve the ORR catalytic performance of the material.

4 Conclusions

This study systematically investigated how Mg doping influ-
ences the structure, electrochemical performance, and thermal
stability of La, 5Sr; sFeO,4.s (LSF) cathodes. XRD, XPS, SEM, and
TEM results confirmed that Mg** was successfully incorporated
into the LSF lattice to form a single-phase R-P structure with
a uniform elemental distribution. Mg doping caused lattice
expansion and simultaneously promoted the partial reduction
of Fe** to Fe*", thereby increasing the concentration of oxygen
vacancies and providing more active sites for the ORR.
Electrochemical measurements showed that appropriate Mg
doping can significantly enhance ORR catalytic activity. At 800 ©
C, the ASR of LSFM, 5, was about 57% lower than that of
undoped LSF, while the peak power density increased by 36%.
DRT analysis further demonstrated that Mg doping effectively
reduced the impedance contributions in the HF region (oxygen
transport at the cathode/electrolyte interface) and the IF region
(surface charge transfer), thereby improving oxygen-ion migra-
tion and surface oxygen-exchange kinetics. First-principles
calculations further confirmed at the atomic scale that Mg
doping lowers the oxygen dissociation energy from —1.64 eV to
—1.78 eV and improves the reversibility of oxygen migration by
reducing the reverse energy barrier from 1.44 eV to 0.81 eV, thus
providing theoretical support for the observed performance
enhancement. The thermal-expansion results show that Mg
doping reduces the TEC from about 17.2 x 10™° K" to 14.96 x
107° K, thereby significantly improving thermal compatibility
with the SDC electrolyte. Combined with the stable voltage
observed during the 100 h stability test, these results indicate
that LSFM, 5, combines excellent electrochemical performance
with long-term operational stability. By integrating structural
characterization, electrochemical evaluation, and theoretical
calculations, this study demonstrates that appropriate Mg
doping effectively enhances the overall performance of LSF-
based cathodes through multiple mechanisms, including
lattice regulation, oxygen-vacancy generation, and improved
interfacial transport kinetics. These findings provide useful

© 2026 The Author(s). Published by the Royal Society of Chemistry
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guidance for the design of cathode materials for intermediate-
temperature solid oxide fuel cells.
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