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ABSTRACT

Solid oxide electrochemical cells (SOCs) employ mixed ionic-electronic conducting (MIEC) perovskite electrodes, where

electrochemical performance is dictated by the oxygen surface exchange coefficient (k) and the concentration of oxygen vacancies

(8). Conventional methods evaluate k and 6 separately and under conditions that do not reflect their coupled behavior during

operation, offering only a partial picture of the underlying processes. Here we report an in situ methodology that simultaneously
resolves k and & under realistic SOC operating conditions, using a dense bulk electrode integrated with a solid electrolyte. An
applied overpotential induces an abrupt drop in the oxygen chemical potential gradient, enabling direct analysis of defect chemistry
and surface reaction kinetics. The extracted values are consistent with those obtained from established characterization methods,
validating the accuracy of the approach. Beyond fundamental characterization, the platform captures dynamic evolutions in defect
chemistry and reaction kinetics, providing mechanistic insights into electrode degradation.

1 | Introduction

Solid oxide electrochemical cells (SOCs) operate at high tem-
peratures, enabling efficient conversion of fuels into electricity
(as in solid oxide fuel cells, SOFCs), or, conversely, the use
of electricity to convert substances such as water or CO, into
valuable fuels and chemicals (as in solid oxide electrolysis cells,
SOECs) [1-9]. However, the elevated operating temperatures
accelerate long-term performance degradation through a combi-
nation of interfacial chemical interdiffusion, thermomechanical
stress-induced cracking, catalytic degradation, phase decomposi-
tion, and electrode delamination [10-19]. Additionally, the harsh
thermal environment limits the selection of durable materials for

components such as interconnects, electrolytes, and electrodes,
presenting challenges for large-scale commercialization [5, 11, 12,
20]. Among these components, the air electrode plays a critical
role in determining the overall electrochemical performance
of SOCs [10, 21-25]. Consequently, extensive efforts have been
devoted to the development of intermediate-temperature SOCs
(IT-SOCs), which typically use perovskite-type oxides exhibiting
high mixed ionic and electronic conductivity (MIEC) [26-29].
While various MIEC materials such as Ba,_,Sr,Co,_,Fe,0;_;
(BSCF) and Sm,_,Sr,CoO;_; (SSC) have been actively explored as
air electrode candidates, La,_,Sr,Co,_,Fe,O;_s (LSCF) is widely
used owing to its favorable balance of electrochemical activity,
thermochemical stability, and compatibility with conventional
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electrolytes [30]. Consequently, LSCF-based materials are expe-
riencing widespread adoption in both academic and commercial
SOC systems [31-36]. In IT-SOCs, the reduced operating tem-
perature significantly slows the oxygen exchange kinetics at the
air electrode, making it the rate-determining step (RDS) of the
electrode reaction [37-39]. Thus, to achieve high performance,
both the bulk oxygen diffusion and surface exchange kinetics of
the air electrode material must be optimized [40]. Bulk diffusion
is closely associated with oxygen ionic conductivity, which is
strongly influenced by the concentration of oxygen vacancies
(8) [41, 42]. Surface exchange kinetics govern how efficiently
oxygen molecules are incorporated during the oxygen reduction
reaction (ORR) and released during the oxygen evolution reaction
(OER) at the electrode surface [40, 43]. Therefore, intrinsic
material properties such as oxygen vacancy concentration (8)
and surface exchange coefficient (k) are critical parameters that
directly affect the performance of air electrodes with a given
microstructure [44-48]. The § values of electrode materials are
typically determined using techniques such as thermogravime-
try analysis (TGA) or coulometric titration based on chemical
reactions [49-56]. Additionally, k represents a critical parameter
for elucidating electrochemical reaction kinetics and can be
quantified via electrical (k?), tracer (k*), and chemical (k,,,,)
surface exchange coefficients. Experimental approaches such
as electrical conductivity relaxation (ECR) and oxygen isotope
exchange are commonly used for determining k values [57-64].

However, the conventional methods for determining k and & are
typically conducted under conditions that deviate from the actual
operating environment of SOCs. Consequently, the obtained
measurements primarily reflect the intrinsic properties of the
materials, rather than their electrochemical behavior in a cell-
integrated configuration involving significant interactions with
the electrolyte and electrode interfaces. This aspect limits the
direct applicability of the measured values to real operating
cell systems. To overcome this issue, various efforts have been
made to evaluate k and & under realistic operating conditions
using electrochemical impedance spectroscopy (EIS) on thin-film
model electrodes [65-69]. However, these thin-film electrodes
are typically fabricated by pulsed laser deposition (PLD), and
owing to factors such as lattice strain, nanocrystalline effects,
and accelerated cation diffusion in thin films compared with
bulk materials, discrepancies have been observed in the oxygen
vacancy behavior and thermodynamic properties of electronic
defects [70, 71]. These differences render it challenging to
extrapolate thin-film measurements to bulk electrode behavior
in practical SOC systems. Although the fundamental properties
of electrode materials, such as k and &, have been extensively
investigated, their temporal evolution under realistic operating
conditions remains poorly understood. To address this limitation
and accurately capture the dynamic changes in these properties,
in situ characterization is crucial for elucidating degradation
mechanisms, thereby promoting SOC commercialization.

In this study, we present a novel methodology for directly and
simultaneously quantifying k and & under realistic electrochemi-
cal operating conditions. In a dense bulk electrode architecture
integrated with a solid electrolyte, the application of an over-
potential induces an oxygen chemical potential gradient. This
configuration enables in situ determination of both bulk defect
chemistry and surface exchange kinetics, along with the estima-

tion of hole polaron concentrations, thereby providing a unified
framework to probe the electrochemical behavior of electrode
materials under operating conditions. Beyond merely validating
intrinsic material properties, the present approach enables a more
comprehensive understanding of overall electrode behavior. The
significance of this methodology lies in its capability to simulta-
neously quantify the surface exchange coefficient (k), the oxygen
vacancy concentration (6), and the hole concentration within a
single electrochemical framework. By concurrently tracking the
evolution of these parameters, this approach allows for a direct
correlation between defect chemistry and electrochemical kinet-
ics. Consequently, the methodology serves as a powerful diagnos-
tic tool for probing complex degradation mechanisms, thereby
providing deeper insight into electrode durability. The validity of
the proposed method is demonstrated using La,_,Sr,FeO,_ s (LSF),
one of the most representative perovskite-type materials for SOC
electrodes, yielding values for k and § in close agreement with
those reported in the literature. This confirms the reliability of
our approach and establishes a foundation for the development
of advanced in situ characterization techniques.

2 | Results and Discussion
2.1 | Fabrication and Electrochemical Analysis of
Dense Bulk Electrode

LSF is one of the most widely used air electrode materials
in SOCs, owing to its high electronic conductivity, reasonable
oxygen ion transport, and well-established defect chemistry
[39, 51, 72, 73]. Its extensive use in both fundamental research
and practical applications makes it an ideal model system for
investigating oxygen surface exchange kinetics and defect evolu-
tion. Moreover, LSF exhibits representative behavior for a broad
class of perovskite-type MIEC electrodes such as LSCF and BSCF,
facilitating the comparison and validation of key electrochemical
parameters across systems. As shown in Figure 1a, the oxygen
exchange reaction involves multiple elementary steps, including
adsorption, dissociation, incorporation, and diffusion of oxygen
species [74, 75]. Among these, the surface exchange reaction is
widely regarded as the RDS under typical cathodic conditions
[76, 77]. Therefore, k, which quantifies the rate of oxygen
exchange at the electrode surface, and §, which governs the
availability of ionic transport pathways and active sites, are con-
sidered key parameters for evaluating and optimizing electrode
performance. In general, k is determined using ECR or secondary
ion mass spectrometry (SIMS), while & is extracted from TGA or
coulometric titration. However, these analyses are typically not
conducted under realistic SOC operating conditions, where the
material is integrated with an electrolyte. To address these limi-
tations, efforts have been made to develop experimental systems
that more accurately simulate the actual operating conditions of
SOCs. Notably, conventional porous electrodes present inherent
challenges in decoupling intrinsic surface reaction kinetics owing
to their complex architecture, which convolves gas-phase diffu-
sion, bulk transport, and surface exchange reaction processes,
obscuring the ability to isolate and quantify surface-specific
exchange behavior (Figure 1b) [78]. As a solution, dense electrode
structures have been used to eliminate the influence of gas-phase
diffusion and the ambiguity associated with defining the exact
surface area. In such configurations, the oxygen exchange process
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FIGURE 1 | Schematic and surface characterization of LSF dense bulk electrode. a) Illustration of oxygen incorporation reaction and methods for

evaluating surface exchange reaction and oxygen vacancies. b) Schematic of dense bulk electrode system. ¢) Top-view scanning electron microscope
(SEM) image of LSF64 electrode. d) Cross-sectional SEM image of LSF64 electrode.

can be analyzed without interference from porous architecture or
tortuosity effects. Furthermore, to ensure that the system operates
within a surface exchange-limited regime, the electrode thickness
(L) was maintained significantly smaller than the characteristic
thickness (L, = D/k), where D and k are the oxygen diffusion and
surface exchange coefficients, respectively. When the electrode
thickness is substantially smaller than L, typically by several
orders of magnitude, oxygen transport is dominated by surface
exchange kinetics rather than bulk diffusion. Under these con-

ditions, the contribution from bulk diffusion can be reasonably
neglected, ensuring that the measured kinetics accurately reflect
surface-limited processes. Although dense thin films fabricated
by PLD have been used to accurately simulate practical systems,
the & values derived from these model systems often deviate
from bulk data, indicating discrepancies between experimental
configurations and actual device environments. Furthermore,
k and & are typically evaluated independently, overlooking
their coupled evolution under SOC operating conditions. These
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factors render it challenging to comprehensively understand the
interrelationship between these two critical factors. To overcome
these limitations and enable the simultaneous, in situ quantifi-
cation of k and & under realistic electrochemical conditions, we
employ a dense bulk LSF electrode co-sintered directly onto a
Gd,;Ce( 40, 45 (GDC) electrolyte. To implement this approach, an
electrochemical cell is constructed using an asymmetric electrode
configuration, consisting of a dense LSF working electrode (WE)
and a porous LSCF counter electrode (CE).

As shown in Figure 1c,d, the LSF electrode exhibits a well-
sintered and dense microstructure, which is essential for ensuring
a geometrically defined surface area. According to reference data
for the La, (Sr, ,FeO, s (LSF64) at 725°C, D,,,, and k., are ~3
x 107 cm?/s and ~3 x 10~ cm/s, respectively [79, 80]. Based
on these values, L, is calculated to be ~10° um. Since our dense
bulk electrode has a thickness of approximately 8.9 pm, which is
more than two orders of magnitude smaller than L., the oxygen
transport is theoretically dominated by surface exchange kinetics.
Furthermore, despite the formation of a dense microstructure via
co-sintering of the LSF electrode and GDC electrolyte, distinct
LSF and GDC phases are observed in the X-ray diffraction
(XRD) patterns (Figure S1b), with no detectable secondary phases
resulting from interfacial reactions. To further investigate the
chemical stability of the co-sintered interface, cross-sectional
scanning electron microscopy (SEM) and energy dispersive X-ray
(EDX) mapping were performed (Figure S1c). As confirmed by the
EDX mapping results, interdiffusion is observed at the LSF/GDC
interface, with an interdiffusion zone of approximately 1 um.
However, as will be discussed in the following electrochemical
impedance spectroscopy (EIS) analysis, the electrode/electrolyte
interfacial reaction is clearly distinguished from the surface
exchange reaction. Consequently, despite the presence of minor
interdiffusion, its effect is confined to the interfacial component
and remains decoupled in the EIS analysis, such that it does
not influence the extracted k value. Therefore, the impact of
interdiffusion on the determined k and & values can be considered
negligible. As discussed in detail later, the measured resis-
tance of the symmetric porous LSCF electrode is approximately
0.72 Q (Figure S2). Accordingly, the resistance attributed to a
single porous counter electrode (~0.36 Q) accounts for only
1%-2% of the total cell resistance. This minimal contribution
indicates that the CE has a negligible impact on the overall
impedance response. Consequently, the system enables reliable
characterization of the dense LSF working electrode, effectively
excluding interference from the counter electrode. Furthermore,
as the electrode is directly integrated with the electrolyte, the
system closely resembles the actual configuration of SOCs,
enabling the investigation of electrode processes under realistic
conditions [10, 16, 17, 23, 81].

Figure 2a shows a representative Nyquist plot of the LSF64
dense bulk electrode cell measured at 700°C under open circuit
voltage (OCV) conditions in ambient air. The equivalent circuit
shown in Figure 2a is used to clarify the impedance charac-
teristics. Our previous research demonstrated that this circuit
can be represented by one resistance element in series with
two parallel R-CPE components (where CPE denotes a constant
phase element) [10, 16, 17, 23, 81]. The impedance pattern can
be divided into three regions: the intersection with the x-axis
in the high-frequency region, corresponding to the electrolyte

resistance (Ry,); the first arc in the mid-frequency region, corre-
sponding to the electrode/electrolyte interfacial resistance (R;)
associated with oxygen ion transfer across the interface; and
the second arc in the low-frequency region, corresponding to
the electrode surface exchange resistance (R,). According to
the Nyquist plot, R, is approximately 4.27 Q. Considering the
geometric factor based on the GDC electrolyte thickness of
440 pm as verified by cross-sectional SEM (Figure S3), the cal-
culated ionic conductivity is approximately 2.5 x 10~ S/cm. This
result is in good agreement with the literature value (2.7 x 1072
S/cm at 700°C), supporting the reliability of the electrochemical
measurements [82, 83].

Figure 2b presents the impedance spectra as a function of oxygen
partial pressure (P,) ranging from 2.1 X 10™* to 1 atm at 700°C.
Among the fitted parameters, R, exhibits a pronounced variation
with changes in P, while R, and R; remain relatively constant.
This indicates that the surface oxygen exchange reaction is highly
sensitive to P,, and thus governs electrode performance under
these conditions [84, 85]. Identifying the RDS in the multistep
process of oxygen surface reaction is essential for elucidating
the electrochemical behavior of the electrode and improving
the overall efficiency of SOCs. According to established defect-
chemical models, the oxygen surface exchange reaction proceeds
through a sequence of elementary steps involving molecular oxy-
gen adsorption, dissociation, electron transfer, and incorporation
of oxygen ions into the lattice. The dependence of the surface
exchange resistance on oxygen partial pressure provides impor-
tant insight into the underlying reaction mechanism. Analyzing
the dependence of R; on Py, represents a practical method for
identifying the RDS, based on the relationship Ry o P‘T, where
m is an integer. As shown in Figure 2c, a slope of approximately
0.25 is observed. Such quarter-order dependence has been widely
reported for MIEC electrodes, including LSF-based perovskites,
and is commonly associated with charge transfer-limited surface
exchange kinetics [23, 81]. Nevertheless, it should be noted that
slope-based analysis relies on simplified defect-chemical descrip-
tions and may not fully capture additional surface complexities,
such as variations in surface potential, changes in intermediate
coverage, or parallel reaction pathways. Within these recognized
limitations, the excellent agreement between the experimentally
observed slope and well-established mechanistic frameworks
supports the assignment of the rate-determining step to charge
transfer in the present study. However, this interpretation may
not be definitive, as multiple overlapping processes and exper-
imental uncertainties can hinder the accurate identification of
the RDS. Therefore, rigorous characterization and comprehen-
sive analysis are essential for resolving these uncertainties and
enhancing the understanding of the underlying electrochemical
mechanisms.

Figure 2d further highlights the effectiveness of the dense bulk
electrode system. The activation energies are consistent with
reported values [86, 87], supporting the reliability of the experi-
mental setup. Notably, the activation energy associated with R
is significantly higher than that of R, and R;, confirming that
surface reaction kinetics are the principal limiting factor in the
performance of dense electrode.

In this study, the use of a CPE allows more accurate fitting of
the impedance data and enables the extraction of meaningful
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parameters such as the area-specific chemical capacitance (Cs)
associated with surface reaction processes. The dominant capaci-
tive feature observed in this regime corresponds to the C;, which
arises from variations in chemical species in the electrode bulk
and is influenced by the surface reaction. Consequently, the low-
frequency arc is represented by a parallel combination of R, and
C; [70, 88, 89]. The use of a geometrically well-defined electrode
structure, which emphasizes the contribution of R, and allows
precise quantification of the active surface area, facilitates the
reliable determination of the surface exchange coefficient (k7)
from the impedance spectra [23, 81, 90]. Specifically, k7 can be
calculated as

kT

~ 4¢2ASRc, )
where kg is the Boltzmann constant, T is the absolute tem-
perature, e is the elementary charge, ASR is the area specific
resistance, and c, is the total concentration of lattice oxygen.
This approach offers a direct relationship between impedance-
derived surface resistance and the oxygen exchange kinetics at the
electrode surface. While R, provides insight into the kinetics of
oxygen exchange at the electrode surface, the capacitive response
offers complementary information regarding the chemical stor-
age behavior within the electrode bulk. Notably, C; quantitatively
represents the extent to which a material can accommodate
or release charged species (e.g., oxygen vacancies or electron
holes) in response to changes in chemical potential. In other
words, it reflects the sensitivity of the defect concentration in
the electrode to variations in the local oxygen chemical potential,
which may be induced by external bias or changes in ambient
conditions.

In general, for MIEC oxides, C; of the electrode layer is defined as

4F’L d8

Cs=—
° Vin diows

@

where F is the Faraday constant, V., is the molar volume of the
electrode material, and ugwg is the oxygen chemical potential at
the WE [70, 71].

According to Equation 2, the electrode chemical capacitance
can be described as a function of ug. Thus, two key parameters
k and & can be derived from impedance spectroscopy, offering
a pathway to correlate electrochemical performance with the
thermodynamics (defect concentration) and kinetics of charge
carriers. A detailed discussion of the extraction and interpretation
of these parameters is presented in the next section.

According to the relationship between C; and &, § can be
quantified from the measured C;. To systematically probe the
dependence of § on Py, a cathodic overpotential is applied
to the electrode, effectively decreasing the local Py, through-
out the electrode bulk. This electrochemical approach allows
for controlled modulation of defect chemistry under equilib-
rium conditions, enabling direct assessment of oxygen vacancy
formation as a function of the electrochemical driving force.
Applying a cathodic bias effectively lowers uy within the dense
bulk electrode, promoting the formation of oxygen vacancies
throughout the electrode interior. This modulation of the chem-

ical potential is essential for quantitatively analyzing defect
chemistry, particularly . This surface-limited behavior leads to
a pronounced dependence of the impedance response on the
applied cathodic bias, as illustrated in Figure 2e and Figure
S4, which present the impedance spectra as a function of
applied cathodic bias. As the cathodic bias increases, the oxygen
incorporation reaction at the electrode surface becomes more
thermodynamically favorable, effectively activating the surface
reaction process. Consequently, R, decreases, consistent with
enhanced surface reaction kinetics under cathodic bias. A sim-
ilar trend in bias dependence is observed not only for LSF64
but also for La,4Sr,,FeO;_s (LSF82) in Figure S5, indicating
that this behavior is largely universal and not limited to a
specific composition. Further impedance analysis based on the
equivalent circuit is provided in Figure 2f, which quantitatively
compares the evolution of individual resistance components
with varying cathodic bias. While both surface and interfacial
reaction processes improve with increasing applied potential,
the reduction in Ry is significantly more pronounced than that
of R;. This trend, further corroborated by the Bode magnitude
and phase angle plot as shown in Figure S6, demonstrates
that R, remains the dominant resistive component across the
entire bias range. In particular, the marked decrease in R; is
attributed to the enhanced activation of the oxygen incorporation
reaction at the electrode surface owing to cathodic polarization.
These findings indicate that even under polarized conditions, the
overall electrode kinetics are effectively governed by the surface
exchange process rather than interfacial or bulk transport. Over-
all, the dense bulk electrode system, combined with impedance
analysis, provides a reliable platform for elucidating oxygen
surface reaction kinetics and defect dynamics in MIEC oxide
electrodes.

2.2 | Estimation of Oxygen Vacancy using
Chemical Capacitance

Departing from conventional SOC configurations that rely
on differences in Py, between the cathode and anode, this
work adopts an electrochemical approach to modulate the
o within a dense bulk electrode by applying an external
cathodic bias under uniform gas conditions. Figure 3a,b schemat-
ically illustrates the variation in u, profiles within the dense
bulk electrode system under different electrical conditions.
Under OCV conditions, the electrode remains in thermody-
namic equilibrium with ambient oxygen, resulting in a con-
stant u, profile across the electrode. In contrast, when a
cathodic bias is applied to the dense electrode, u, at the
WE decreases, thermodynamically driving oxygen incorpora-
tion into the lattice. Furthermore, owing to the dense struc-
ture of the electrode and its thickness, which is significantly
smaller than L., the overall rate of oxygen incorporation is
governed predominantly by surface exchange kinetics rather
than by the bulk diffusion of oxygen ions [10, 23, 81]. Under
these surface-limited conditions, the overpotential applied across
the electrode is primarily consumed at the electrode sur-
face, where the ORR occurs. Consequently, the g, within
the electrode bulk remains uniform but drops in propor-
tion to the applied cathodic bias. This leads to a substantial
and uniform decrease in uy throughout the electrode upon
polarization, enabling spatially homogeneous modulation of

6 of 16

Advanced Energy Materials, 2026

85U8017 SUOWWOD 8AEaID 3(ceol dde aupy Aq peusenob ase sejoie VO ‘85N JO S3|n. 10y Ar.q1T8U1UO 8|1 LD (SUONIPUOD-PUR-SLLIBI IO A8 | Im" ARe.ql1|BuUO//:SdhL) SUOIPUOD Pue SWLB | 8U188S *[9202/S0/TT] U0 Akiqiauljuo A|IM ‘80U ios JO aininsu| nibuems Aq 8520/ WUse/Z00T 0T/10p/LI00"A8|IMArelq 1 jul U0 peoueApe//Sdny WwoJj pepeojumod ‘9T ‘9202 ‘0v8arTIT



Ro
\ 4
Ambient air 0 G Ambient air
([QuP;
o
Dense 5 Dense
Electrode i 2w | Electrode
Oxygen exchange Oxygen incorporation
reaction reaction
2 i (nthisstudy) | S 2 (In this study) <
) 1 Cs (In this study, N ) Cs (In this study,
600 c : [Fer.] (In this study)) g 600 c [Fer.] (In this study) g
04 Vol | 1 o 14 2 =
—_ L3 w 1~ p— ~— — -
c ! c [}
= 2 / : 1 § 2 0 1 c
5 27 (Fere) | Pl S & 27 [Fere) IS
g : S = pa00—0—0————
o -44 [ _'\ -3 g -1 J— 0 8
QO ~ = ©
[ . © [ o
o O o =
L -6- -5 & -2 -1 8
oo = N oo

o £ o £
- | _ ~ 24 _ e
8 7 6 \\ 3 2 5
Qo AN o
-10 . : , } -9 o -4 . . : . . } 3 &

-12 -9 -6 -3 0 -6 -5 -4 -3 -2 -1 0

log Po, log Py,
FIGURE 3 | Conceptual depiction of experimental data. a) Schematic image of LSF dense bulk electrode at open circuit voltage condition and

b) cathodic bias condition. ¢) Brouwer diagram of LSF64 at 600°C (Solid circle: data from this study, Solid line: reference data of the concentration

variation as a function of oxygen partial pressure [51]).

defect concentrations such as oxygen vacancies. This uniformity
facilitates direct correlation between the applied voltage and
the corresponding shift in uy, providing a reliable frame-
work for quantifying bulk defect responses to electrochemical
polarization.

This system design is particularly advantageous for impedance-
based measurements, as it maximizes sensitivity to bulk defect
responses while minimizing the influence of geometrical and
microstructural complexities. The analytical expression describ-
ing the relationship between applied voltage and ug, along with
its thermodynamic interpretation, is detailed in Figure S7 and
Supporting information Section S1.

To further understand how the applied potential affects defect
chemistry, it is essential to relate u, to the thermodynamic

properties of LSF. Based on defect equilibrium and configura-
tional entropy considerations, the following relationship can be
established [70]:

o}
o — Mg =ho —hg =T (so —s3) = AG, —RTlnm 3)

where h, is the partial molar enthalpy, s, is the partial molar
entropy, AGg, is the standard Gibbs free energy change for the
oxygen incorporation reaction, and R is the gas constant. The
full derivation of Equation 3, including the assumptions and
thermodynamic background, is provided in Supporting informa-
tion Section S2 and S3. Equation 3 quantitatively describes the
thermodynamic relationship between u, and 9§, capturing the
equilibrium condition for oxygen vacancy formation in the per-
ovskite lattice. In addition, because y, is fundamentally related to
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Pg, through uo = ug + %RT InPy,, a further thermodynamic link
between & and P, can be established (Supporting information
Section S2). This relationship describes how § varies with Py,
under equilibrium conditions.

Combining Equations 2 and 3, the following analytical expression
can be obtained:

2 —
c,= 2L 9GB-9

°T Ty 3RT )

m

This expression reveals a direct quantitative relationship between
the experimentally measured C; and & in bulk LSF. The elec-
trode thickness is designed to be smaller than the characteristic
thickness, allowing the assumption of a uniform distribution
of oxygen vacancies throughout the electrode in the estima-
tion of Cs;. Notably, this model is particularly applicable in
the relatively oxidizing region (8 < x/2), which corresponds
to the practical operating conditions of SOC air electrode
materials (Figure 3c). Under these conditions, electronic defect
concentrations remain nearly constant [91], enabling simpli-
fication of entropy terms and yielding a predictable C5 — &
relationship.

Taken together, this approach demonstrates that impedance-
derived C; can serve as a robust diagnostic tool for estimating &
for perovskite oxides. The consistency of this method with the
defect chemistry of LSF, and by extension, with similar MIEC
materials, validates its effectiveness and practical applicability
under realistic operating conditions.

To quantitatively validate the relationship between C; and 6, C;
is analyzed as a function of Py,. This analysis enables a direct
correlation between defect chemistry and the electrochemical
response of the dense LSF electrode under varying oxygen envi-
ronments. The solid lines in Figure 4a-c represent the calculated
Cs plots for LSF as a function of P, derived using Equation 3 and
thermodynamic parameters obtained from the literature [51]. In
particular, the equilibrium constants required for the 6-P, rela-
tionship are obtained from TGA under equilibrium conditions, as
detailed in Supporting information Section S2. These plots serve
as a reference based on bulk thermodynamic behavior, enabling a
direct comparison with the experimentally measured capacitance
of the present dense bulk electrode samples. Experimental data
points (solid circles) were obtained from impedance spectroscopy
under controlled cathodic bias, where the local oxygen partial
pressure at the WE is related to the ambient oxygen partial
pressure by

4Fnwe > )

WE _ pat
P02 —P02 exp<—RT

where Pg’zﬁ and P‘B‘z is the equivalent oxygen partial pressure of
WE and the ambient atmosphere, respectively, and 7y is the
applied overpotential to WE.

For compositions with x = 0.2 and 0.4, the experimental Cs
shows strong consistency with the calculated trends, validating
the reliability of the dense electrode configuration and measure-
ment approach. Using Equation 4, § can be extracted from the

measured Cy as

3CsVnRT

5 3 9
) 4 4F2L,

(6)
As shown in Figure 4d-f, the experimentally determined oxygen
vacancy concentrations exhibit good agreement with previously
reported reference values and calculated results [92-94]. Notably,
in Figure 4d, this level of agreement contrasts with previous
reports obtained using thin-film model electrodes [71], where sig-
nificant deviations from bulk 6-P,,, behavior were often observed
owing to strain effects [70, 71]. These results highlight a distinct
advantage of the dense bulk electrode system: it closely represents
bulk-like defect chemistry and enables accurate, operando quan-
tification of key parameters such as 8. Consequently, impedance
spectroscopy combined with dense electrode platforms provides a
robust, dynamic, and non-destructive method for characterizing
defect equilibria under practical SOC operating conditions.

In electrode reactions of MIEC oxides, not only oxygen vacan-
cies, but also electronic defects play a critical role, with high
performance depending on optimizing both electronic conduc-
tivity and oxygen vacancy concentrations, both of which can
be quantitatively assessed using a dense bulk electrode system
to better understand defect equilibria under operating condi-
tions. Under relatively oxidizing conditions, LSF exhibits p-type
conductivity; therefore, [Fe/Fe] can be considered negligible. As
shown in Figure 3c, this allows the charge neutrality condition
to be simplified to x ~ [Feg.] + 28. This implies that, through
impedance spectroscopy, [Feg.] can be indirectly estimated from
C;. This calculation is based on the direct coupling between the
oxygen vacancy concentration and the hole concentration, as
defined by the standard defect chemistry for LSF. As shown in
Figure 5a-c, [Feg, | values derived from impedance measurements
exhibit good agreement with values reported in the literature
[51]. The close match with reference bulk data confirms that
the chosen analytical approach accurately represents the elec-
tronic state of the electrode. In LSF systems, Sr doping induces
charge compensation primarily via the generation of [Fep]
and &. According to Figure 5d, at x = 0.2 and 600°C, [Feg]
is approximately two orders of magnitude greater than the 6,
indicating hole-dominated compensation. However, at x = 0.4,
this ratio decreases to one order of magnitude, reflecting a relative
increase in charge compensation with 8. Figure 5e,freveals that in
LSF82, the compensation remains dominated by [Feg, |, whereas
in LSF64, the proportion of charge compensated by oxygen vacan-
cies increases significantly. This observation suggests that as the
Sr content increases, the formation of excess [Fep,] becomes
energetically unfavorable, promoting § formation to maintain.
This behavior is consistent with theoretical predictions based
on electronic structure analysis with Density Functional Theory
(DFT) calculations [42, 95]. Specifically, Sr doping increases the
covalency of Fe—O bonds and reduces charge localization on Fe
ions. These changes weaken the Fe—O bonding interactions and
lower the oxygen vacancy formation energy, thereby promoting &
formation over hole generation at higher Sr concentrations [95].
Furthermore, Das et al. have shown that the oxygen vacancy
formation energy in La,_,Sr,FeO,_; significantly decreases (up
to ~3 eV) with increasing Sr content, especially in the cubic
and rhombohedral phases, further supporting the enhanced
vacancy formation tendency in Sr-rich LSF composition [42]. As
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FIGURE 4 | Experimental and reference data of chemical capacitance and oxygen vacancy. Chemical capacitance at different Sr doping content as

a function of applied voltage and equivalent oxygen partial pressure at a) 600°C, b) 650°C, and c) 700°C. Oxygen vacancy at different Sr doping content

as a function of applied voltage and equivalent oxygen partial pressure at d) 600°C with reference thin film electrode [71], e) 650°C with reference TG

data [92] and f) 700° C with reference TG data [92-94].

illustrated in Figure 3c, the dense bulk electrode system enables
a comprehensive evaluation of both § and [Fep.] across various
compositions under operating conditions via in situ impedance
measurements.

2.3 | Degradation Analysis of Surface Exchange
Coefficient and Chemical Capacitance

Understanding the degradation mechanisms of perovskite-based
electrodes is critical for enhancing the long-term performance
and durability of SOCs. Although various factors, such as
increased polarization resistance, A-site Sr surface segregation,
and microstructural coarsening, have been proposed to explain

performance degradation, these insights have largely been
derived from post-mortem analyses, offering limited understand-
ing of the dynamic evolution of electrochemical properties under
real operating conditions [96, 97]. A key challenge lies in the in
situ monitoring of defect chemistry and surface reaction kinetics,
hindered by the lack of robust methodologies for investigating
charge carrier dynamics under realistic operating conditions.

The dense bulk electrode system used in this study offers a
powerful platform to overcome these limitations. Owing to its
well-defined geometry and suppressed microstructural artifacts,
it enables direct, in situ analysis of both k and § under real-
istic electrochemical environments. This approach allows for
quantitative tracking of degradation phenomena via measurable
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concentrations for €) LSF82 and f) LSF64.

changes in k and Cj;, providing new insights into the mecha-
nisms governing electrode degradation. Building on the earlier
evaluation of impedance-derived surface resistance, a more
comprehensive understanding of the oxygen surface exchange
behavior can be achieved by comparing different definitions of
k. Specifically, k can be experimentally determined through three
complementary approaches: the electrical surface exchange coef-
ficient (k2), tracer surface exchange coefficient (k*) measured by
SIMS, and chemical surface exchange coefficient (k,,,) extracted
from ECR. These values reflect different aspects of the oxygen
incorporation process depending on the measurement method
and dominant charge carriers. For electron-rich MIEC materials,
the relationship between these coefficients can be described as
follows [98]:

kchem
3 @

ki~ k* ~

<o 5#0

where wy(= = pos ) is the thermodynamic factor. Using Equa-

tion 7, k* and kchem can be inferred from k?. Through this
relationship, k,,,, can be simply derived as k,,,, = wL, where
w is the characteristic frequency in the Nyquist plot.

Figure 6a presents the Arrhenius plots of k? obtained from
the LSF64 dense bulk electrode, along with the k., values
derived using the w and L. For comparison, values derived from
previous studies, based on thin film systems (k9, k,,,,) and bulk
samples using transient analysis methods (k) are included. In
the dense bulk electrode system, the resistance associated with

the oxygen exchange reaction is prominently observed in the
impedance spectra. This pronounced surface exchange resistance
enables straightforward extraction of k using Equation 1. The k4
values obtained from the dense bulk electrode system and ki,
values converted from k? show good agreement with literature
data. This consistency across multiple definitions and systems
reinforces the validity and broader applicability of the dense
bulk electrode platform for quantifying oxygen surface exchange
kinetics under realistic operating conditions.

A key advantage of the dense bulk electrode system lies in its
ability to enable in situ evaluation of k and § simultaneously.
Figure 6b illustrates the long-term degradation behavior of these
two parameters under OCV conditions. The parameters were
obtained by conducting in situ measurements of the time-
dependent evolution of impedance spectra (Figure S8). Compared
with conventional thin-film electrodes, the dense bulk system
exhibits a significantly lower rate of surface degradation [81].
Notably, while C; remains stable over time, a substantial decline
is observed in k?. Because k? is highly sensitive to surface-
related processes, while C; predominantly reflects the bulk
oxygen stoichiometry of LSF, the observed degradation in k9 is
primarily attributable to the reduction in active surface sites,
likely caused by localized phase decomposition or formation of
surface precipitates. This interpretation is further supported by
surface SEM analysis, which reveals the formation of precipitates
as evidence of surface degradation (Figure S9). In contrast, the
minimal change in Cs, only a 2.5% reduction, suggests that
the concentration of oxygen vacancies in the entire electrode
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FIGURE 6 | Degradation of surface exchange coefficient and chemical capacitance at OCV conditions over 100 h. a) Surface exchange coefficients
of LSF [79, 99-101]. b) Surface exchange coefficient and chemical capacitance degradation behavior of LSF64 electrode during 100 h at 700°C and OCV
conditions. ¢) TEM-EDX mapping of the LSF surface of 100 h degraded sample under OCV condition.

decreased by only 2.5%. Assuming that this reduction is localized
near the surface owing to structural degradation, it can be inferred
that only a surface region corresponding to approximately 2.5%
of the total electrode thickness experienced significant deteri-
oration. Therefore, considering the total electrode thickness of
~8.9 um, this reduction corresponds to oxygen depletion within
a surface region estimated to be approximately 225 nm. To experi-

mentally validate the predicted structural changes at the electrode
surface associated with the reduction in §, transmission electron
microscopy with energy dispersive X-ray spectroscopy (TEM-
EDX) was performed. Figure 6¢c shows the TEM-EDX results
obtained from the surface of the LSF64 electrode after thermal
aging at 700°C for 100 h under OCV conditions. The thickness
of the degraded surface layer, approximately 200 nm, closely
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matches the ~220 nm value predicted from the electrochemical
reduction in Cs, validating the accuracy of the spatial extent of
degradation inferred from impedance analysis. In addition, EDX
line profiles reveal the breakdown of the original LSF64 com-
position and emergence of a compositionally distinct secondary
phase (Figure S10). This altered zone, characterized by changes
in the relative atomic concentrations of La, Sr, Fe, and O, spans
approximately 200 nm from the surface, further supporting the
presence of a structurally and chemically modified layer consis-
tent with the degradation depth estimated electrochemically. As
shown in Figure S11, fast Fourier transform (FFT) pattern analysis
further confirms the presence of a Fe-rich crystalline precipitate
identified as a-Fe,0; (with diffraction patterns corresponding
to the (220) and (311) planes), as well as a dense surface layer
composed of a La—Sr—Fe—O—based secondary phase. Overall,
these findings strongly suggest that the formation of secondary
phases at the electrode surface is closely linked to the observed
suppression of oxygen exchange kinetics.

Although the present study focuses on a 100 h operational
window, the observed degradation trends provide insight into the
expected long-term behavior. As shown in Figure 6b, the degra-
dation rate of k? is pronounced at early times and progressively
decreases, approaching a quasi-saturated regime by the end of the
test. This behavior suggests a transition from an initially surface-
driven process to a diffusion-limited regime at longer times.
In contrast, C; remains nearly constant throughout the entire
duration, indicating that the bulk defect chemistry is preserved.
These results imply that degradation is primarily confined to
the surface or near-surface region and is unlikely to propagate
into the bulk lattice under the investigated operating conditions.
Consequently, it is predicted that the bulk chemical capacitance
will not undergo a substantial collapse even over extended
operational timescales, as the thermodynamic robustness of
the LSF lattice effectively confines the chemical and structural
modifications to the narrow surface region. By simultaneously
tracking the evolution of k and Cj, this system provides a powerful
platform for elucidating time-dependent degradation phenomena
in MIEC electrodes with high spatial and mechanistic resolution.
While previous studies have inferred performance loss from ex
situ structural observations [11, 12, 72], our dense bulk platform
enables direct correlation between electrochemical parameters
and local compositional evolution. This provides a new analytic
framework for evaluating surface aging in MIEC electrodes with
high spatial and kinetic resolution. Thus, the proposed approach
opens a path toward predictive monitoring of surface degradation
under real operating conditions and offers a foundation for future
design strategies targeting long-term electrode stability. Further-
more, while this study utilizes a dense bulk architecture to isolate
intrinsic phenomena, the obtained k and & values provide a useful
framework for analyzing practical SOC electrodes with complex
porous microstructures. While porous structures are primarily
employed in practical devices to minimize electrode resistance
through surface area maximization, our dense platform enables
the direct evaluation of material-specific performance without
microstructural interference. Since intrinsic surface kinetics are
often obscured in porous architectures, our results serve as a com-
parative basis to distinguish between material-specific activity
and microstructural effects. Moreover, the reported § data acts as
a reliable thermodynamic basis for assessing the chemical state
and charge carrier concentration of porous electrodes. By pro-

viding these intrinsic parameters, our platform enables accurate
performance prediction and mechanistic analysis, bridging the
gap between model-scale investigations and the rational design
of practical electrochemical devices.

3 | Conclusion

This study establishes a novel in situ characterization frame-
work capable of simultaneously quantifying k and § under
realistic SOC operating conditions. By modulating oxygen chem-
ical potential through the application of overpotentials, we
successfully achieved a consistent assessment of both kinetic
and thermodynamic parameters within a single experimental
setup. Most importantly, this approach enabled us to track
the dynamic evolution of electrode properties during long-term
operation, providing deep insights into degradation mechanisms.
We observed that while surface exchange kinetics deteriorated
significantly due to surface-localized secondary phase formation
and Sr segregation, the bulk oxygen vacancy concentration
remained remarkably stable. This finding, corroborated by TEM-
EDX analysis, confirms that the observed performance loss is
primarily driven by surface-specific degradation rather than bulk
thermodynamic instability. Consequently, this work provides a
diagnostic framework bridging the gap between model studies
and practical device environments, offering a pathway toward the
rational design of durable electrochemical systems.

4 | Experimental Section

4.1 | Preparation of Powder and Dense Bulk
Electrode through Tape Casting

In this study, La,,Sr,FeO,; (LSF), a representative perovskite
material with sufficient electronic and ionic conductivities
and stable performance, was used as the electrode material.
Gd,;Ce; 40,45 (GDC) (Korea, K-ceracell), which exhibits excel-
lent oxygen ion conductivity, was used as the electrolyte. The
Lag Sty 4FeO; 5 (LSF64) powder was manufactured by the solid-
state reaction method using La,0; (Japan, Kojundo Chemical
Laboratory), SrCO; (Korea, Daejung), and Fe,O, (USA, Aldrich)
according to the target composition. The synthesized LSF64 was
calcined at 1000°C for 10 h. The X-ray diffraction (XRD) pattern of
the LSF64 powder was consistent with reported patterns of LSF64
(Figure S1). La, ¢Sr,,FeO, s (LSF82) (Korea, K-ceracell) powder,
belonging to the same LSF material system but with a different Sr
composition, was used as a reference material.

To prepare a slurry, ethanol was used as a solvent and mixed with
a dispersant, plasticizer, and binder, followed by ball milling with
zirconia balls. Ball milling was performed for 48 h. Afterwards,
the slurry was applied on a polyethylene film to obtain a green
tape with a thickness of approximately 9 um. To lower the sinter-
ing temperature of the electrolyte to match that of LSF (1350°C),
1 vol.% of Lag4Sr,,Coy,Fe, 3055 (LSCF, Korea, K-ceracell) was
added to GDC as a sintering aid.

For the electrolyte, a green sheet was produced in the same
manner as the electrode, yielding a green tape with a thickness of
approximately 20 um. The electrolyte was laminated using warm
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isostatic pressure (WIP) to attain a thickness of approximately
600 um. The electrode and electrolyte were cut using a laser
cutting machine, and then the electrode and electrolyte were
stacked under a pressure of 43 MPa and 70°C using WIP. Then, the
manufactured specimen was sintered at 1350°C for 6 h to confirm
its dense structure. To prepare the porous LSCF paste as the
counter electrode, LSCF powder and organic solution (Heraeus
V-006, Germany, Heraeus) were mixed in a specific ratio and
manufactured through a 3-roll milling process.

The counter electrode was fabricated by coating the porous LSCF
paste on the opposite side of the dense electrode using the brush-
painting method, followed by heat treatment at 1000°C for 3 h.
To evaluate the electrochemical properties, Pt paste (Germany,
Heraeus) was brushed, and Pt mesh was attached to both the
dense and porous electrodes, followed by calcination at 800°C
for1h.

4.2 | Characterization

Phase analysis was performed on synthesized LSF64 powder
and dense LSF64 bulk electrode using an X-ray diffractometer
(XRD, Rigaku Corporation, SmartLab, Japan) with Cu Ka source.
Electrochemical analysis was performed through impedance
measurement (EIS, Bio-Logic, SP-240, France) with a frequency
range of 1 MHz to 5 mHz and an AC voltage of 10 mV and 6 points
per decade. In addition, the microstructure of the interface and
surface of the bulk electrode manufactured by co-sintering was
analyzed using a scanning electron microscope (SEM, Thermo
Fisher Scientific, Verios 5 UC, America). The transmission
electron microscopy (TEM) samples were prepared using a dual-
beam focused ion beam (FIB, Thermo Fisher Scientific, Helios
Nano Lab 450, USA) method. Elemental mapping analysis for
the electrode surface was performed using transmission electron
microscopy energy dispersive X-ray spectroscopy (TEM-EDX,
FEI Company, Tecnai G* F30 S-Twin, USA) in the scanning
transmission electron microscopy (STEM) imaging mode. A
fast Fourier transform (FFT) analysis of the TEM image was
performed using Gatan Digital Micrograph software.
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