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While the effects of Sr segregation on the performance and stability of perovskite electrodes in solid
oxide electrolysis cells (SOECs) have been widely studied, most attention has been focused on surface
Sr segregates, with the impact of the resulting Sr deficiencies within the bulk phase of the electrodes
largely ignored. Here, we report our findings from an investigation into the impact of Sr deficiencies in
the SrCogsFeq303_s (SCF) lattice and surface Sr segregates on the electrochemical behavior of well-
controlled anode materials. Results demonstrate that Sr deficiencies in the perovskite lattice significantly
enhance bulk oxygen ion transport, while surface Sr segregates suppress oxygen vacancy formation at
interfaces, resulting in a reduced rate of oxygen exchange and lower surface electrical conductivity. Our
study provides critical insights into the roles of bulk Sr deficiencies and surface Sr segregates, particularly
their effects on oxygen vacancy formation, electrical conductivity, oxygen ion transport, and the overall
rate of a high-temperature oxygen evolution reaction.

Solid oxide electrolysis cells (SOECs) represent a promising technology to efficiently convert renewable energy into stable chemical energy. However, Sr
segregation onto the anode surface is generally considered as a common stability issue for a high-temperature oxygen evolution reaction (OER). Most studies
have primarily focused on the influence of surface Sr segregates, while the effect of bulk Sr deficiencies on the elementary processes of electrode reactions has
been rarely investigated. Herein, density functional theory calculations combined with various physicochemical characterization studies and electrochemical
impedance spectra confirm that the generated bulk Sr deficiencies in the SrCo, ;Fe, ;0;_s anode during Sr segregation can lift the O 2p band center toward the
Fermi level and promote the formation of oxygen vacancies, thus accelerating the bulk oxygen ion transportation and the electron transfer processes in the
bulk, while the surface Sr segregates decelerate the oxygen exchange and electron transfer processes. This work provides a comprehensive understanding of the
Sr segregation process during a high-temperature OER and is instructive for the knowledge-based design of advanced anode materials with enhanced

performance and stability.
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tion reaction (OER) is a four-electron transfer process that
consumes the majority of electrical energy, and its sluggish
reaction kinetics limits the reaction rate of CO, conversion.*”
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and stability is crucial for improving the overall CO, electrolysis
performance.®’

Perovskite oxides with mixed electron-ion conductivity are
commonly used as anode materials due to their high conduc-
tivities and oxygen vacancy concentrations, which are essential
for high-temperature electrocatalytic reactions.®* ™' Numerous
studies have confirmed that replacing A-site cations (of
an oxidation state +3 or higher) with Sr*>* increases the
concentration of oxygen vacancies, thus improving the OER
activity.">'® However, Sr segregation onto the electrode surface
is commonly observed under typical SOEC operating conditions
(at high temperatures and high oxygen partial pressures) due to
cation size mismatch between doped Sr*" and the host cation
along with the electrostatic interactions between the dopant
and the surrounding lattice ions."”>° Recently, Sr segregation
and its effect on the performance degradation of perovskite
electrodes have been extensively studied.® Yildiz et al. revealed
that the enlarged band gap with Sr segregation on the SrTi;_,-
Fe,O; surface inhibited the electron transfer process from the
bulk to surface adsorbed oxygen species and decreased the
active oxygen vacancy concentration.'® Rupp et al. observed the
spontaneous formation of Sr-rich composite oxides on a LSC
thin film at high temperatures and confirmed their adverse
effects on oxygen surface exchange kinetics.”!

However, contradictory effects of Sr segregation on the
electrochemical processes have also been reported. Li et al.
discovered that the presence of SrO on the LagSro4C00;_;
surface could prevent intrinsic Sr segregation and improve the
electrochemical performance efficiently at 600 °C.>> Addition-
ally, many Sr-containing perovskite anodes also demonstrated
good stability during long-term operation.>*>® For example,
Barnett et al. achieved a stability of more than 1000 h for the
SrTig 3Fe,;03_s anode at high current density, with only a
slight increase in resistance.?” Our previous work demonstrated
satisfactory stability of the SrCo,-Fe, ;0;_s anode for 487 h,*®
with a slight decrease in the SOEC performance accompanied
by a significant amount of Sr segregates on the anode surface.
In fact, Sr deficiencies are inevitably generated in the bulk
lattice of the electrode as Sr segregates to the surface. However,
most studies have primarily focused on the influence of surface
Sr segregates, while the effect of bulk Sr deficiencies on the
elementary processes of electrode reactions has been rarely
investigated. As the anodic OER involves not only the surface
electron transfer and oxygen ion exchange but also the trans-
port of oxygen ions and electrons through the bulk phase of the
electrode,*®?° taking into consideration the effects of both
surface Sr segregates and bulk Sr deficiencies is of great
significance to assess the real effects of Sr segregation on the
high-temperature OER performance and stability.

In this study, we carried out various ex situ and in situ
physicochemical characterization studies, density functional
theory (DFT) calculations, and electrochemical impedance
spectroscopy (EIS) analysis to explore the influence of Sr
segregation on the OER performance and stability of the
SrCo, ,Fe( 303 5 (SCF) anode from two aspects: surface Sr
segregates and bulk Sr deficiencies. DFT calculation results
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show that the bulk Sr deficiencies lift the O 2p band center and
promote oxygen vacancy formation, which is inhibited by sur-
face Sr segregates. Physicochemical measurements confirm the
promoted bulk oxygen ion mobility and electron transfer by the
bulk Sr deficiencies and the decelerated surface oxygen
exchange and electron transfer processes by surface Sr-
enriched oxides. These results reveal the dual-impact mecha-
nism of the Sr segregation process and explain the absence of
significant performance degradation during long-term opera-
tion in actual electrode systems, which is instructive for the
design of stable and efficient anode materials for SOECs.

2. Results and discussion
2.1. Sr segregation

High oxygen partial pressure during anodic polarization is
considered as a major triggering factor for the Sr segregation of
perovskites.***' Herein, the SCF electrode is treated in pure
oxygen at 800 °C (SCF-O,) to mimick the working environment
of the SOEC anode, and the surface change is detected by
scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDS) elemental maps and X-ray photoelectron
spectroscopy (XPS) spectra. After O, treatment, segregated
oxide particles of 300-500 nm in size are observed on the SCF
anode surface (Fig. S1a and b, ESI), with morphology and size
similar to those on the anode after a stability test of 487 h in our
previous work."® EDS elemental maps in Fig. Sic and d (ESIt)
confirm that the main component of the surface segregates is
Sr with a slight amount of Co. Meanwhile, the surface Sr
segregate in the oxygen-treated SCF electrode is observed on
the boundaries of SCF particles throughout the anode, includ-
ing the electrode surface, the electrode/current collector inter-
face, and the electrode/electrolyte interface (Fig. S2, ESIT). XPS
spectra in Fig. 1a and b and Table S1 (ESI}) reveal that the
proportion of the surface Sr species to the total Sr species
(Stsur./Sr) on SCF increases from 39.99% to 60.60% after O,
treatment at 800 °C, indicative of the surface segregation of Sr
species. Based on the results above, O, treatment could indeed
induce the Sr segregation on the anode surface just like anodic
polarization. However, unlike electrochemical polarization,
which inevitably causes simultaneous changes in the cathode
and anode, O, treatment allows us to focus on the change in the
anode exclusively. Therefore, in this work, we apply O, treat-
ment to actuate the Sr segregation on the anode surface and
explore its effect on SOEC performance and stability. Along
with the surface segregation of Sr species, Sr deficiencies are
naturally generated in the SCF bulk lattice, which is confirmed
by the positron annihilation lifetime spectrum in Fig. 1c.
Typically, the source-corrected lifetime spectra are divided into
three components (C;-Cs) according to different lifetime inter-
vals, which are labeled with lifetimes (z;-73) and relative
intensities (I;-I3). Among them, t,-7; represent the positron
annihilation lifetime in perfect crystals without deficiency,
metal ion deficiencies, and micropores or mesopores in the
samples, respectively.*® Clearly, the resolved results in Fig. 1d

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Sr 3d XPS spectra of (a) SCF and (b) SCF-O5. (c) Positron annihilation
Sr segregation to generate surface Sr segregates and bulk Sr deficiencies.

and Table S2 (ESIt) show that 7, in SCF-O, (207.1 ps) is longer
than that in SCF (199.5 ps). Therefore, two different compo-
nents are formed in SCF after Sr segregation: surface Sr-
enriched segregates and bulk Sr-deficient parent, as shown in
Fig. 1e.

2.2. Crystalline structure

X-ray diffraction (XRD) refinement was performed to investigate
the impact of Sr segregation on the crystalline structure of SCF.
The data in Fig. S3 and Table S3 and S4 (ESIt) indicate that
both the SCF and SCF-O, samples exhibit a tetragonal perovs-
kite structure with a space group of I4/mmm.>* In this structure,
the B-site Co and Fe cations are coordinated with five or six
oxygen ions, and the coordination polyhedron alternates
between pyramidal [FeOs] or [CoO;] and octahedral [FeOg] or

This journal is © The Royal Society of Chemistry 2025

ifetime spectra of SCF and SCF-O, and (d) fitting results. () The schematic of

[CoOg] along the a-axis and the b-axis. Moreover, the A-site Sr
cations are coordinated with 11 or 12 oxygen ions. Thus, SCF-O,
with Sr deficiencies still retains the essential features of a
perovskite crystal structure.

2.3. Valence states and coordination environments of B-site
transition metals

To investigate the changes in valence states of B-site cations
due to Sr deficiencies, while avoiding the influence of surface Sr
segregates, SryoCo0gsFey303_s (SCF with 10 mol% of Sr defi-
ciency, SCF-d) was synthesized and characterized. The XPS
spectra of SCF and SCF-d are shown in Fig. 2a and b and
Table S5 and S6 (ESIt). It is known that the binding energy
peaks of Fe** are located at approximately 709.4 and 722.8 eV
while those of Fe*" are at 711.3 and 724.3 eV in the Fe 2p XPS

Energy Environ. Sci., 2025, 18, 2273-2284 | 2275
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Fig. 2 XPS spectra of (a) Fe 2p and (b) Co 2p of SCF and SCF-d. >’Fe Mossbalier spectra of (c) SCF and (d) SCF-d samples.

spectra.*® Thus, the proportion of Fe'" species to total Fe
species (Fe**/Fe) is approximately 46.17% in SCF, but increases
to about 52.50% in SCF-d. Similarly, the proportion of Co**
species to total Co species (Co*'/Co) in SCF-d (47.66%) is also
higher than that in SCF (43.65%).>°""

Moreover, >’Fe Mdssbauer spectroscopy was used to char-
acterize the changes in valence states and coordination envir-
onments of Fe species after Sr segregation. The results are
shown in Fig. 2c and d, and Table S7 (ESIt). According to the
variations in isomer shift (IS), magnetic field strength (MF),
and quadrupole splitting (QS),*® the spectra of both SCF and
SCF-d can be fitted in three doublets (labelled as D1, D2, and
D3) and one singlet (labelled as S1) with their areas represent-
ing the proportion of different Fe species. The ISs of the
D1 subspectra of SCF and SCF-d are 0.23(1) mm s ' and
0.27(1) mm s~ ', respectively, which are attributed to Fe’"
species with pyramidal coordination,® and the D3 of SCF
and SCF-d are 0.29(3) and 0.33(3) mm s~ ', respectively, which
are attributed to Fe®* species with octahedral coordination.*’
The D2 and S1 of both samples with ISs less than 0 are both
attributed to Fe*" species with octahedral coordination. The
distinctions in peak shapes, IS and QS of D2 and S1 are mainly
caused by differences in adjacent metal elements, as well as the
symmetry and distortion of the coordination polyhedra.*'"*?
With the formation of Sr deficiencies, the proportion of Fe**
species in SCF-d increases from 43.72% to 51.76%, and the
average valence of Fe increases from +3.43 to +3.52.

The increase in the valence states of the B-site transition
metal cations due to Sr deficiencies in SCF-d creates more Fe®*-
Fe*" and Co**-Co*" ion pairs, thereby expanding the electronic
conduction pathway.** This is reflected in the increased

2276 | Energy Environ. Sci., 2025, 18, 2273-2284

electrical conductivity of SCF-d (155.76 S cm™ ') compared to
that of SCF (113.55 S cm ™) at 800 °C (Fig. S4, ESIY). In contrast,
the electrical conductivity of SCF-O, decreases significantly to
50.47 S cm ™, primarily due to surface Sr segregates. Generally,
the electronic conductivity in bulk materials is orders of
magnitude higher than the oxygen ion conductivity.*>™° As
the high-temperature OER involves both electronic conduction
and oxygen ion conduction processes, oxygen ion transport at
the interface plays a decisive role in determining the resistance
and the final electrochemical performance.

2.4. DFT calculations

DFT calculations were performed to investigate the influences
of surface Sr segregates and bulk Sr deficiencies on oxygen
vacancy formation and oxygen ion mobility. First, a model of
the dominant crystal (222) facet in the SCF perovskite is
constructed based on the refinement results of XRD, as shown
in Fig. 3a. Then, the surface model of the SCF-d perovskite
(Fig. 3b) is obtained by removing several Sr atoms and recon-
structing the structure. Finally, the SrO particle is constructed
on the surface of SCF-d to simulate Sr segregation in SCF (SCF-
0,, Fig. 3c). Partial density of states (PDOS) diagrams in Fig. 3d
reveal that the O 2p band center is lifted from —2.24 eV to
—1.88 eV toward the Fermi level after the formation of Sr
deficiencies in SCF-d but is reduced to —2.17 eV in the presence
of Sr segregates on the SCF-d surface. It is generally believed
that with the lifting of the O 2p band center toward the Fermi
level, the hybridization between the transition metal 3d and O
2p orbitals is stronger, which is beneficial for the charge
transfer process between M-O-M’ (M and M’ represent transi-
tion metal ions with different valence states) and the activation

This journal is © The Royal Society of Chemistry 2025
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of oxygen ions.”’* Therefore, the electron transfer capacity
and surface oxygen ion activity might be promoted by the bulk
Sr deficiencies, but hindered by the surface Sr segregates.

For SCF and SCF-d, three types of oxygen atoms bonded with
Co/O (S1), Co/Sr (S2) and Fe/Sr (S3) atoms on the surfaces are
removed, while for SCF-O,, three types of oxygen atoms bonded
with Sr/Fe (S1), Sr/Sr (S2) and Sr/Co (S3) atoms at the SrO/SCF-d
interface are removed (Fig. S5, ESIT), and the required energy is
defined as the surface oxygen vacancy formation energy (Eys;)-
The calculation results, presented in Fig. 3e and Table S8
(ESIt), show that, compared with SCF, E at each position of
SCF-d is reduced, while E at the SrO/SCF-d interface signifi-
cantly increases. This indicates that Sr deficiencies promote the
formation of oxygen vacancies, whereas surface Sr segregates
suppress the generation of interface oxygen vacancies.

Similarly, oxygen atoms at four different sites (B1-B4) are
removed from the bulk models of SCF and SCF-d, and the
required energy is defined as the bulk oxygen vacancy for-
mation energy (E,m). As shown in Fig. 3f and Fig. S6 (ESIT),
and listed in Table S9 (ESIf), all E,q, values at four positions
significantly decrease from 1.10, 1.00, 0.78, and 0.73 eV in SCF
to —0.12, —0.12, —0.66, and —0.33 eV in SCF-d, indicating that
Sr deficiencies in SCF-d promote the formation of oxygen
vacancies in the bulk phase.

2.5. Oxygen vacancy concentration and oxygen ion mobility

The results of DFT calculations can be further verified by the
physicochemical characterization. In the O,-temperature pro-
grammed desorption (O,-TPD) profiles (Fig. 4a), the desorption
peaks in the temperature range of 200-450 °C are attributed to
the desorption of surface adsorbed oxygen species (O,qs ), while
the desorption peaks at 800 °C correspond to the desorption of
lattice oxygen (Oy,..).””® The onset desorption temperatures for

This journal is © The Royal Society of Chemistry 2025

surface adsorbed oxygen species are 206 °C, 198 °C, and 266 °C
for SCF, SCF-d, and SCF-O,, respectively, indicating that Sr
deficiencies lower the desorption energy for oxygen ions in SCF-
d, whereas the formation of Sr-segregated species on the sur-
face of SCF-O, has the opposite effect. As O,qs generally
attaches to surface oxygen vacancies, its desorption peak inten-
sity can reflect the surface oxygen vacancy concentration at
high temperatures. Compared to SCF, the desorption peak
intensities of both O,4s. and Oy, increase in SCF-d but decrease
in SCF-O,, indicating that the oxygen vacancy concentration
increases due to the bulk Sr deficiencies but decreases due to
surface Sr segregates.

The oxygen surface exchange process is examined directly by
80, isotope exchange experiment, as shown in Fig. 4b and c
and Fig. S7 (ESIT). It is widely acknowledged that the exchange
between gaseous '®0, molecules and lattice '°0 ions in a
perovskite oxide can be expressed as follows:*”

0,(g) + 0(s) > 0fs) + "0"0)) (1)
%0,(g) + °0-1%0(s) > 0-"0(s) + *Oolg)  (2)

The exchange between one lattice 'O ion and an '®0,
molecule is reflected by the signal with m/z of 34, and the
exchange of two lattice '°0 ions with an %0, molecule is
reflected by the signal with m/z of 32. The signal with m/z of
36 represents the consumption of '®0, with increasing tem-
perature. As shown in Fig. 4a-c, the desorption temperatures of
the signals with m/z of 32 and 34 decrease from 327 °C and
340 °C for SCF to 271 °C and 286 °C for SCF-d with Sr
deficiencies, but increase back to 304 °C and 320 °C for SCF-
0,, while the total amount of '®0, is simultaneously reduced
(Fig. S6, ESIT). Therefore, it is reasonable to conclude that the
Sr deficiencies induced in the bulk can enhance the transport

Energy Environ. Sci., 2025, 18, 2273-2284 | 2277
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and surface exchange of oxygen species. However, the enhance-
ment is hindered by the accumulation of Sr-enriched phase on
the surface. Moreover, electrical conductivity relaxation (ECR)
profiles in Fig. S8 (ESIt) show that SCF-d reaches the equili-
brium state faster than SCF at 800 °C as oxygen partial pressure
is reduced from 0.21 to 0.05 atm.”®*® According to the fitting
results of the ECR profiles, the oxygen chemical diffusion
coefficient (Denem) of SCF-d is 7.05 x 107> em?® s~ !, which is
much higher than that of SCF (3.20 x 10> em® s~ "), further
confirming enhanced bulk oxygen ion mobility due to Sr
deficiencies under typical SOEC operating conditions.
Furthermore, quasi in situ time-of-flight secondary ion mass
spectrometry (TOF-SIMS) measurements are performed to
investigate the effect of Sr deficiencies on the bulk oxygen ion
mobility under the working conditions (Fig. S9, ESIt). The two-
dimensional spectra of the "0~ and "0~ signals shown in
Fig. 4d and e and Fig. S10 (ESI{) are obtained by bombarding

2278 | Energy Environ. Sci., 2025, 18, 2273-2284

the cross-section of the pretreated SOEC (see the Experimental
section for details) with an ion beam and collecting the
generated secondary ions. The 'O~ signal intensity of the
SCF anode is significantly higher than that of SCF-d. Since
both cells are pretreated under the same conditions, equal
amounts of *0*~ are transferred from the cathode to anode;
therefore, the weaker intensity of the 0~ signal in the cross-
section of the SCF-d anode indicates that more '*0*” in the
SOEC with the SCF-d anode is transferred to the anode surface
and evolves into a gas. Additionally, the two-dimensional
spectra are integrated and normalized along the y-axis in
Fig. 4f, and the "0~ signal at the cross-section of the SCF-d
anode is significantly decreased compared with that of SCF,
indicating that the bulk oxygen ion transport process in SCF-d
is accelerated. Therefore, physicochemical measurements com-
bined with DFT calculations above show that Sr deficiencies
promote the formation of oxygen vacancies, resulting in

This journal is © The Royal Society of Chemistry 2025
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enhanced oxygen ion mobility, while the surface Sr segregates
do the opposite.

As the OER kinetics is closely related to the oxygen vacancy
concentration and the oxygen ion mobility of the anode, high-
temperature in situ electrochemical XPS measurements are
performed to explore the impact of Sr deficiencies on the
OER process. As shown in Fig. 4g-i, O 1s XPS spectra can be
fitted into four peaks, corresponding to four different surface
oxygen species.>*'"®* The peak with the lowest binding energy
at approximately 528.40 eV belongs to Oy,¢, and the other three
oxygen species at 529.60, 531.00 and 532.50 eV represent highly
active O~ or 0,%>, adsorbed OH, and adsorbed H,O,

View Article Online

Paper

respectively; these three oxygen species are classified as O,gqs,
species. With the temperature increasing to 1000 K, most O,gs,
species desorb from the anode surface, and the proportion of
O,ds. species is reduced by 60.17% in SCF-d-SDC and 57.83% in
SCF-SDC, which indicates a higher oxygen vacancy concen-
tration in the SCF-d-SDC anode and is consistent with the
results of DFT calculations and O,-TPD. After applying a con-
stant current of 1 mA to SOECs (Fig. 4i and Table S10, ESIT), the
content of O,qs increases by 23.26% in SCF-SDC and 40.05% in
SCF-d-SDC because of the spillover processes of oxygen ions
from the triple phase boundaries onto the anode surface under
anodic polarization. The higher content of surface spillover
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Fig. 5 The electrochemical performances of SOECs with different anodes at 800 °C. (a) and (b) EIS spectra of an SCF-SDC symmetrical cell immersed in
an O, atmosphere at 800 °C for 100 hours. (c) EIS spectra of single cells with different anodes at 1.2 V and (d) the DRT fitting results. (e) Current density—

voltage curves (J-V) at 800 °C. (f) A schematic illustration of Sr segregation.
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oxygen species on SCF-d indicates that Sr deficiencies could
accelerate the elementary process of the OER due to the
enhanced oxygen ion mobility and surface diffusion capacity.

2.6. Electrochemical performance measurements

To investigate the overall effect of Sr segregation on OER
activity of the SCF anode, a Lag gSr,GagsMgo.03_5 (LSGM)-
supported symmetrical cell with SCF-SDC electrodes is treated
under an O, atmosphere at 800 °C to induce the surface Sr
segregation, and the EIS spectra were collected continuously to
monitor the changes of ohmic and polarization resistances
(Rp)- As shown in Fig. 5a, along with the treatment duration
up to 100 h, R, under OCV at 800 °C in pure O, decreases from
0.09 to 0.04 Q cm?, while the ohmic resistance (Rg) increases
from 0.26 to 0.27 Q cm?, and the total resistance decreases from
0.35 to 0.31 Q cm®. Moreover, Ar ion etching-assisted quasi
in situ electrochemical XPS measurements with an etching
depth of 20-40 nm in Fig. S11-S12 (ESIf) demonstrate that
Rq also significantly decreases after the surface Sr segregates
were etched by Ar ions. Therefore, the surface Sr segregates
decelerate the electron transfer process, resulting in an
increase in Rp as shown in Fig. 5b. The decreased R, is
attributed to the increased oxygen vacancy concentration and
enhanced oxygen ion mobility of the SCF bulk with Sr deficien-
cies. However, the opposite trends between Ro and R, with
treatment time indicate that the formation of surface Sr segre-
gates and the bulk Sr deficiencies exhibits a dual-impact
mechanism on OER activity during the Sr segregation process.

EIS spectra of the single cells with a LSCF-SDC cathode and
different anodes are shown in Fig. 5¢ and Fig. S13 (ESIY). It is
evident that the presence of Sr deficiencies could efficiently
decrease Ro from 0.32 Q cm? for the SCF-SDC anode to
0.28 Q cm® for the SCF-d-SDC anode with the concurrent
decrease of R, from 0.16 to 0.09 Q cm?. However, after the
formation of Sr segregates on the SCF-O,-SDC anode surface, R,
remains almost the same as that of the SCF-d-SDC anode, but
R increases from 0.28 to 0.33 Q cm?, which are consistent with
the EIS results of a symmetrical cell as shown in Fig. 5a and b.

DRT analysis of the impedance data is presented in Fig. 5d,
providing more detailed information on the frequency disper-
sion of electrode processes.®® Three distinct peaks are identi-
fied in the DRT plots, corresponding to three electrode
processes with different relaxation times. Typically, the process
taking place at a high frequency range (P) is attributed to the
transportation of oxygen ions through the electrode/electrolyte,
the process at an intermediate frequency range (P,) may be
associated with electron transfer and surface reactions at the
anode interface, and the process at a low frequency range (P;)
may be related to the cathodic CO, reduction processes,
including CO, adsorption, dissociation of carbonate species,
and CO desorption.®> *® Moreover, the complex nonlinear least
squares method (CNLS) fittings of EIS curves are performed
based on the DRT results to further quantitatively analyze each
elementary reaction process (Fig. 5a and Table S11, ESIY), and
the equivalent circuit model used in the curve fitting is shown
in Fig. S14 (ESIf). One resistor (Rg) and three R-C parallel
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components (R;—-C; to R;—Cj3) are connected in series to simu-
late Ro and the three electrode reaction processes corres-
ponding to P;, P,, and P;. Among these three processes, P,
changes sensitively with anode materials. For example, the R,
value decreases by 44.33% as the anode is changed from SCF-
SDC to SCF-d-SDC, due to the increased oxygen ion mobility
and the accelerated rate of electron transport within the Sr-
deficient SCF-d bulk phase. In contrast, the R, value increases
by 59.49% after the formation of surface Sr segregates, result-
ing from the blocking effect of the surface Sr-enriched oxide.
The bulk electronic conductivity primarily determines the
electron transport process within the material, corresponding
to Rp observed in the EIS. In contrast, the exchange and
transport of oxygen ions at the interface significantly influence
the anodic reaction processes, corresponding to the R; process
in the EIS and DRT. The electrochemical analysis results
indicate a reduction in R, for SCF-d, suggesting that Sr defi-
ciencies enhance the performance of electrochemical reactions
and promote overall kinetics by improving ion mobility and the
interfacial charge transfer rate. Thus, the performance of the
SOEC for CO, electrolysis is enhanced (Fig. 5e) by the Sr
deficiencies in the bulk phase but hindered by the Sr segregates
on the surface (Fig. 5f).

3. Conclusions

In summary, the dual impacts of Sr segregation on the electro-
chemical performance are systematically investigated. Results
clearly demonstrate that Sr deficiencies significantly enhance
both electron and oxygen ion transport in the bulk phase while
surface Sr segregates suppress the formation of oxygen vacan-
cies, leading to a diminished rate of oxygen exchange and
reduced surface electrical conductivity. Our study provides a
comprehensive understanding of the Sr segregation processes,
the roles of Sr deficiencies and surface accumulation of Sr-
enriched phases, and their impacts on oxygen vacancy for-
mation, oxygen ion mobility, and the rate of electrode reac-
tions. These findings have implications for the knowledge-
based design of new electrode materials with enhanced perfor-
mance and stability.

4. Experimental section

4.1. Electrode material preparation

SrCoy;Fep30;5_s (SCF), Sr9C00,Feq30;_5 (SCF-d) and LageSro 4
FeO;_; (LSF) powders were synthesized as electrode materials
by the sol-gel method. First, stoichiometric metallic nitrate
(AR, Aladdin Industrial Corporation) was dissolved in deio-
nized water, and then citric acid and EDTA (both 1.5 times
the molar ratio of total metal ions) were added to the solution
with stirring. The pH of the solutions was adjusted to approxi-
mately 8 by ammonium hydroxide, and then the solutions were
heated at 80 °C until the water completely evaporated. After the
self-propagating combustion, black powders were obtained.
Finally, the powders were sintered in a muffle furnace at
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1000 °C for 5 h in air. The Ce(Sm,,0, 5 (SDC) powder was
synthesized by a similar method. Typically, Ce(NO3);-6H,O
(Aladdin Industrial Corporation. AR) and Sm(NO;);-6H,0
(Aladdin Industrial Corporation, AR) were dissolved in deio-
nized water in a stoichiometric ratio, and then CA was added to
the solution with a ratio of CA to total metal ions of 125 g:
1 mol, followed by the addition of PVA of equal mass with CA
under stirring and heating. Then, the solution was further
heated and stirred at 80 °C until the water was evaporated to
generate a yellow powder. Finally, the light-yellow powder was
sintered in a muffle furnace at 800 °C for 3 h to obtain the
target sample. SCF was treated in pure oxygen for 5 h and the
sample was labelled as SCF-O,.

4.2. Cell fabrication

Lay gSTo.2Gay sMgo,03_5 (LSGM, fuel cell materials) electrolyte
powder mixed with polyvinyl pyrrolidone (PVP) at a weight ratio
of 97 :3 was dry-pressed and sintered at 1450 °C for 10 h in air
to form a pellet of ca. 500 pm in thickness. LSF powder (0.65 g)
and SDC powder (0.35 g) were mixed by grinding, and then the
powder was blended with 94% terpineol-6% ethylcellulose to
form a LSF-SDC cathode slurry. SCF or SCF-d powders (0.70 g)
were mixed with 0.30 g SDC powder and 94% terpineol-6%
ethylcellulose to form the anode slurries. SCF or SCF-d powders
(1.0 g) were mixed with 94% terpineol-6% ethylcellulose to form
anode slurries for physicochemical measurements.

SOECs were fabricated by the screen-printing method. First,
anode slurries were printed onto one side of the LSGM pellet
and then sintered in a muffle furnace at 1200 °C in air for 2 h.
Afterward, the cathode slurry was printed onto the other side of
the LSGM pellet and then sintered in a muffle furnace at
1100 °C in air for 2 h. The anode slurry was printed onto both
sides of the LSGM pellets and then sintered in air at 1200 °C for
2 h in a muffle furnace to obtain ready-to-use symmetrical cells.
The areas of the anode and cathode used for electrochemical
measurements and quasi in situ time of flight secondary ion
mass spectrometry (TOF-SIMS) measurements were 0.50 and
0.78 cm?, respectively, which were 0.28 and 0.50 cm” for those
used for in situ X-ray photoelectron spectroscopy (XPS) mea-
surements. The thickness of the anode is about 40 pm (Fig. S15,
ESI¥)

4.3. Physicochemical characterization

The cross-section and morphologies of the SOEC electrodes
were obtained using a JSM-7900F field emission scanning
electron microscope (SEM). Energy-dispersive X-ray spectro-
scopy (EDS) elemental maps of the electrodes were obtained
using a JEOL JEM-ARMB300F atomic resolution transmission
electron microscope and a JEM-F200 field emission high-
resolution scanning transmission electron microscope.

Powder X-ray diffraction (XRD) experiments were carried out
at different temperatures from RT to 800 °C in air using a
PANalytical X’pert PPR diffractometer equipped with a Cu Ka
radiation source (/1 = 1.5418 A) operating at 40 kV and 40 mA.
The Rietveld refinement results were obtained using Highscore
plus software.

This journal is © The Royal Society of Chemistry 2025
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X-ray photoelectron spectroscopy (XPS) measurements were
conducted using an ESCALAB 250Xi spectrometer. Al Ko was
used as the X-ray excitation source, and the vacuum in the
analysis chamber was maintained at 7 x 10~> Pa. The sample
data were calibrated using the C 1s peak at a binding energy of
284.6 eV, and the data were analyzed and fitted using the XPS
Peak software.

Positron annihilation tests were carried out at the Institute
of High Energy Physics of the Chinese Academy of Sciences.
The ?*Na radioactive source was used as the positron source
with a source intensity of approximately 13 pCi. Two identical
samples with a thickness of 1 mm and a diameter of 13 mm
were tightly sandwiched between the two sides of the **Na
source. A pair of BaF, scintillator detectors were used to detect
the gamma rays released after the positron annihilation, and
the positron annihilation lifetime spectrum was measured by a
fast-slow coincidence measurement technique with a total life-
time spectrum count of 2 million to ensure statistical accuracy.
The time resolution of the positron annihilation lifetime spec-
trometer was approximately 210 ps, and the electronics of
the measurement system were standard NIM modules from
EG&G, USA.

Ex situ X-ray photoelectron spectroscopy (XPS) tests were
performed using an ESCALAB 250Xi spectrometer. Al Ko was
used as the X-ray excitation source, and the vacuum of the
analytical chamber was 7 x 10> Pa. The C 1s peak with a
binding energy of 284.6 eV was used to calibrate the energy, and
the results were analyzed and fitted using XPSPeak software.
In situ XPS spectra of all the samples were collected on an
EnviroESCA-Near Ambient Pressure XPS. The O 1s signals were
collected at RT and 800 °C, and then a constant current was
applied to the SOECs, and the corresponding O 1s signal was
collected.

Ar ion etching treatment was performed using a laboratory-
built XPS equipped with a SPECS XR-50 X-ray gun and a SPECS
PHOIBOS-100 energy analyzer. The vacuum of the analytical
chamber during etching was 5 x 10~ ° mbar, the etching voltage
was 2.5 kV, and the etching depth was about 20-40 nm. XPS
spectra of Sr 3d were collected after etching to observe the
content of Sr species on the surface.

Mossbauer spectroscopy measurements were performed on
a Topologic Systems MFD-500AV-02 Mossbauer spectrometer,
and the results were analyzed and fitted by Mosswinn software.

O,-temperature programmed desorption (O,-TPD) experi-
ments were performed using an Auto Chem II 2920 chemi-
sorption instrument (Micromeritics Chemisorption Analyzer,
USA). The samples were first pretreated at 800 °C in 5% 0,-95%
He flow for 1 h, and then the samples were cooled to room
temperature and held for 30 min under He flow. After, the O,
desorption process was performed at a heating rate of
10 °C min " under He with a flow rate of 50 mL min~" from
50 °C to 750 °C, the desorption products were detected using an
OmniStar online quadrupole mass spectrometer, and the signal
at m/z of 32 was detected for analysis. For the ‘0, isotope
exchange tests, the samples were preheated at 800 °C in 20%
0,-80% He for 1 h. Then, the sample was placed under He flow
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for 30 min. After that, the sample was cooled to room tempera-
ture in He flow. Then, 5% *0,-95% He was introduced into the
sample at a flow rate of 10 mL min " along with a heating rate
of 10 °C min~" from 50 to 750 °C. The signals at m/z of 32, 34
and 36 were detected for analysis.

TOF-SIMS measurements were carried out in TOF mode
using SIMS 5-100 (IONTOF, Germany) at Ningbo Institute of
Materials Technology & Engineering, Chinese Academy of
Sciences. Typically, the cathode was fed with 5% ®0,-95%
He, while a constant current of 200 mA was applied to the SOEC
for 45 min. The cross-section of the treated SOEC was tested
using a 30 kV Bi ion source to observe the imaging signals of
80~ and "0~ at the interface of the electrolyte and the anode.

>’Fe Mossbauer spectrometry was carried out at 300 K for 24
hours. Data analysis and fitting were entrusted to the Moss-
bauer Spectroscopy Testing Center within the institute, using
the MossWinn software.

Electrical conductivity relaxation (ECR) test was performed at
temperatures of 600, 700, and 800 °C. The testing method involved
introducing air into the test tube at a flow rate of 100 mL min ™" at
constant temperature, while measuring the /¢ curve at 1 mVv. Once
the curve stabilized, the atmosphere was rapidly switched to 5%
0,-95% Ar at the same flow rate of 100 mL min *. The test was
concluded once the curve stabilized again.

The electrical conductivity test was conducted using a two-
electrode four-terminal method. A constant voltage was applied
using a PGSTAT302N Autolab electrochemical workstation, and
the conductivity was calculated from the chronoamperometric
curve. The test was performed in an air atmosphere at tem-
peratures ranging from 300 to 800 °C.

4.4. Electrochemical measurements

Electrochemical performances of SOECs were evaluated in a
lab-made tube furnace using a two-electrode, four-terminal
method with both electrodes coated with gold paste. For CO,
electrolysis, the cathode was injected with carbon dioxide (95%
CO,-5% N) at a flow rate of 50 mL min~ ", while the anode was
exposed to static air. For O, treatment, the cathode was exposed
to static air, and the anode was fed with O, at a flow rate of 50
mL min~" at 800 °C. Electrochemical data were collected on an
Autolab potentiostat (PGSTAT 302 N) at different temperatures
from 800 to 700 °C. The current-voltage density (J-V) curves
were scanned from 0 to 2.0 V at a rate of 10 mV s~ '. Electro-
chemical impedance spectroscopy (EIS) plots at 1.2 V were
collected over a frequency range of 0.1 Hz to 1 MHz. The results
were further analyzed by distribution of relaxation time (DRT)
analysis and equivalent circuit model fitting using RelaxIS 3
software (rhd instrument). The stability of the SOEC was tested
by chronoamperometry at 800 °C and 1.2 V. Electrical conduc-
tivity and conductivity relaxation measurements were both
carried out in a lab-made tube furnace. SCF and SCF-d powders
were first dry-pressed under 1400 MPa using bar molds and
then sintered in air at 1100 °C for 10 h to form dense bars. The
Archimedes drainage method verified that the density of all
bars exceeded 98%. Then, these bars were exposed to static air,
attached to the potentiostat by a silver wire and fixed with silver
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paste. For the calculation of the electrical conductivity, a
voltage of 0.01 V was applied to the bar as the temperature
increased from 450 °C to 800 °C, and the electrical conduc-
tivities of all samples were calculated by measuring the chron-
oamperometric curve. For the conductivity relaxation measure-
ments, a voltage of 0.01 V was applied to the bar at a constant
temperature with an air flow of 100 mL min~". When the
current signal was stable, the atmosphere was switched to 5%
0,-95% Ar with the same flow rate, and the current signals
were collected and fitted using ECRTools software.

4.5. DFT calculations

DFT calculations were performed through periodic, spin-
polarized DFT as implemented in the Vienna ab initio simula-
tion (VASP) package. The electron-ion interactions were
described by the projector augmented wave (PAW) method.
The Perdew-Burke-Ernzerhof function was used as an
exchange-correlation functional approximation, and a plane
wave basis set with an energy cutoff of 400 eV was used. A2 x 2
x 1 Monkhorst-Pack k-point mesh was used to accomplish
Brillouin zone integration.” When the force residue was smaller
than 0.01 eV A™", the structural optimization was terminated.
An on-site Hubbard term U-J was added to the open-shell d-
electrons to correct the significant self-interaction error inher-
ent to the standard DFT in describing localized d-electrons with
strong correlations, 4.0 eV for Fe and 4.0 eV for Co. For surface
models, the four layers near the surface were relaxed, and the
bottom five layers were fixed.

The formation energy of oxygen vacancies was investigated
by removing one of the four kinds of oxygen sites to simulate
the oxygen vacancies, which are the two top sites and two of the
four in-plane sites. For the calculations of oxygen vacancy
formation energy (E.¢), E s was defined as follows:

Eyt = (Eyac + 1/2E02) — Eclean

where E,,. is the total energy of the structure containing one
oxygen vacancy, Eo, is the energy of an isolated oxygen mole-
cule, and Ejeap is the energy of the optimized perfect structure.
According to this definition, a smaller E,¢ is correlated with
easier formation of oxygen vacancies.
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