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High-entropy-induced CoOg¢ octahedral distortion
for boosted oxygen evolution reaction at
high temperature

Geng Zou,1%° Hewei Liu,1°° Tianfu Liu,+* Shaobo Han,? Zijian Tan,*
Shaowei Zhang,? Yige Guo,?® Jingcheng Yu,?® Xiaomin Zhang, {0 °
Fang Lu, @ Yuefeng Song,*® Guoxiong Wang {2 *° and Xinhe Bao ()2

Modulation of the distortion of BOg octahedra plays a pivotal role in determining the physicochemical
properties and electrocatalytic performance of the perovskite oxides (ABOs_;). By tailoring the degree of
octahedral tilting and bond angle, the electronic structure, oxygen vacancy, and ionic transport
pathways within the perovskite lattice could be finely tuned. Herein, we propose an efficient strategy
to tune the BOg (CoOg) octahedral distortion through A-site high-entropy engineering in the
Ndg 2Prg2Llag 2Bag »2Srg 2,CoO=_s anode, with the average Co-O-Co angle decreasing from 175° to 149°.
Ex situ and in situ characterization studies combined with density functional theory calculations reveal
that the high-entropy-induced CoOg octahedral distortion shifts the O 2p band center of the perovskite
anode towards the Fermi level, thereby activating the lattice oxygen and accelerating the transport of
oxygen ions. Electrochemically, the CoOg-distorted Ndg,Pro2lag2Bag2Sro,Co0Os_s5 anode delivers
enhanced high-temperature oxygen evolution reaction (OER) performance in solid oxide electrolysis
cells (SOECs), achieving a high current density of 3.96 A cm™2 at 800 °C and 1.5 V along with excellent
stability over 600 hours, which is superior to that of most reported anode materials. This work discloses
the impact of CoOg octahedral distortion on high-temperature OER performance at the atomic scale
and proposes an effective strategy for designing efficient and durable anodes of SOECs.

Solid oxide electrolysis cells (SOECs) offer a highly efficient pathway for converting CO, into chemicals and fuels using clean energy sources. However, their

performance is often limited by the sluggish kinetics of the oxygen evolution reaction (OER) at the anode. High-entropy perovskites (HEPs) have garnered

attention as promising candidates for addressing this challenge due to their tunable electronic structures and unique physicochemical properties. However, the
structure-activity relationship governing their high-temperature OER performance remains poorly understood. This study investigates the role of A-site high
entropy in modulating B-site CoO, octahedral distortion and strain, which are key factors influencing lattice oxygen activity and OER kinetics. Via
electrochemical characterization, and in situ physicochemical, and density functional theory calculations, we reveal that entropy-driven CoOs octahedral

distortion enhances lattice oxygen activity, significantly improving OER performance. These insights provide a fundamental understanding of high-entropy
effects in SOEC anodes and offer a rational strategy for designing efficient and durable electrode materials, with broad implications for materials science,

catalysis, and energy conversion.

1. Introduction
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chemical fuels. This process can effectively reduce greenhouse
gas emissions and store electricity generated by intermittent
renewable energy sources.'” During CO, electrolysis in SOECs,
CO, is reduced to CO and 0> at the cathode (eqn (1)), and then
the O®>  ions migrate through the electrolyte to the anode,

This journal is © The Royal Society of Chemistry 2025
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where the oxygen evolution reaction (OER) occurs, generating
0, (eqn (2)).*° The OER involves a four-electron transfer
process, consuming a substantial amount of electrical energy.
Additionally, its sluggish kinetics limit the electrochemical
performance of SOECs.®” Therefore, developing efficient anode
materials is crucial for SOEC technology.

CO, +2e~ — CO + 0> (1)
20°7 — O, +4e” (2)

Perovskite oxides are commonly used as SOEC anodes due to
their high mixed ionic and electronic conductivity (MIEC),
compatible thermal expansion coefficient with electrolyte, rela-
tively high OER activity, and excellent thermal stability.**
Extensive research on developing advanced anodes has focused
on tuning the lattice oxygen activity of perovskite oxides by
customizing ion ordering,® optimizing the electronic structures,’
introducing oxygen non-stoichiometry,"”'* and fabricating
dislocation-segmented subgrains.'” Recently, high-entropy per-
ovskites (HEPs) have been widely used in solid oxide cells, solar
cells, lithium ion batteries and other energy fields, owing to their
rich elemental composition, tunable electronic structure, and
unique physicochemical properties caused by high configura-
tional entropy.’®'* In HEPs, the high configurational entropy is
defined by eqn (S1),"*'>'® where A and B denote the number of
element types on the A-site cation and B-site cation, respectively.
The symbols x,, xp, and x; represent the molar fractions of the
corresponding elements, and R is the gas constant. Typically, five
or more metal elements in molar ratios of 5%-35% and AS g >
1.5R are considered as the main characteristics for HEPs.'>"”

The cocktail effect, lattice distortion, and hysteretic diffusion
effect in HEP electrodes contribute to enhanced catalytic activity,
accelerated reaction kinetics, and mitigated performance degra-
dation caused by cation segregation or grain growth."®* For
instance, Liu et al. synthesized Pr;sLa;,6Nd;/sBa;/65r1/6Ca1/6C005_s
(PLNBSCC) as an oxygen electrode in reversible protonic ceramic
electrochemical cells, which achieved a current density of
1.95 A cm™? at 1.3 V and 600 °C, along with 200 hours stability
attributed to the improved MIEC of the PLNBSCC electrode.>" He
et al. applied A-site entropy engineering to develop Pr,,Ba,,-
Sry,La,,Cay,C00;_; as a reversible solid oxide cell air electrode,
which exhibited decreased polarization resistance (R,,) due to its
good chemical compatibility with the electrolyte, increased ion
diffusivity and oxygen exchange rates.”” However, the structure-
activity relationship of HEPs for high-temperature OER in the
SOEC:s has been rarely investigated, especially the impact of high-
entropy engineering on the distortion of CoOg octahedra, which is
closely related to the lattice oxygen activity and OER performance.

Herein, based on Lag ¢51.4C00; (LSC, ASconsig = 0.67R), we
designed and synthesized an A-site high-entropy Nd,,Prg .-
Lay »Bag 5810 ,C00;_s5 (NPLBSC, ASconse = 1.61R) by strategically
introducing rare earth elements Nd, Pr and alkaline earth element
Ba at the A-site. X-ray diffraction (XRD) and high-angle annular
dark field-scanning transmission electron microscopy (HAADF-
STEM) confirmed the atomic-scale microstructure changes. X-ray
photoelectron spectroscopy (XPS), X-ray absorption spectroscopy
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(XAS), O, temperature-programmed desorption (O,-TPD), '*0,
isotope exchange, electrical conductivity relaxation (ECR), in situ
Raman spectroscopy, and density functional theory (DFT) calcu-
lations demonstrated that lattice oxygen activity of NPLBSC was
improved due to the high-entropy-induced CoOs octahedral
distortion. Finally, the NPLBSC anode delivered an ultra-high
current density of 3.96 A cm™~ at 1.5 V and 800 °C, along with
600 hours stability, which is superior to LSC. This study estab-
lishes the relationship between CoOg octahedral distortion and
high-temperature OER performance, providing a promising
strategy for the design of active and stable anode materials
for SOECs.

2. Results and discussion

2.1 Crystalline structure

The crystalline structures of LSC (Fig. 1a) and NPLBSC (Fig. 1d)
were characterized via XRD, and both exhibit a cubic perovskite
structure (space group Pm3m).>* The lattice parameters are
a=b=c = 3.8363 A for LSC and 3.8400 A for NPLBSC,
respectively, indicating slight lattice expansion due to A-site
high-entropy engineering. A slight shift of the diffraction peaks
toward lower angles is observed in NPLBSC (Fig. S1), demon-
strating an expansion of the lattice volume, which is further
proved by the enlarged lattice spacings of NPLBSC compared to
that of LSC in the HAADF-STEM images (Fig. 1b and e). In situ
XRD patterns show (Fig. S2) that as the temperature increases
from room temperature to 800 °C, the diffraction peaks of both
samples shift slightly to lower angles due to lattice expansion,
without the formation of secondary phases. This indicates
that LSC and NPLBSC retain stable crystalline structures.
Furthermore, the & strain maps obtained through geometric
phase analysis (GPA) (Fig. 1c and f) reveal distinct differences in
strain distribution. Obviously, the NPLBSC in Fig. 1f exhibits
more pronounced tensile strain compared to LSC in Fig. 1c.
Such lattice tensile strain can significantly promote the for-
mation of oxygen vacancies, thereby enhancing OER activity at
high temperatures.>>*® Furthermore, the atomically resolved
elemental maps of LSC (Fig. 1g) reveal that La and Sr are
distributed at the A site, while Co is distributed at the B site.
For NPLBSC (Fig. 1h), Nd, Pr, La, Ba, and Sr are uniformly
distributed at the A site, while Co is uniformly distributed at the
B site. In addition, larger-scale elemental maps of LSC (Fig. S3)
and NPLBSC (Fig. S4) further confirm the uniform distribution
of elements in the selected nanoparticles without cation
aggregation.

To investigate the chemical bonding at the atomic scale,
oxygen-atom-sensitive annular bright-field (ABF) imaging was
employed to investigate lattice distortion of CoOg octahedra in
LSC and NPLBSC along the [110] zone axis. As depicted in
Fig. 2a and c, O atoms located between the adjacent Co atoms
can be clearly observed in LSC and NPLBSC. Atomic positions
were determined by locating the mass centers of each Co and O
atom, followed by Gaussian fitting to measure the Co-O-Co
angles for the samples (Fig. 2b and d). In LSC (Fig. 2b), nearly
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Fig. 1 Structural characterization. Refined XRD patterns of (a) LSC and (d) NPLBSC. HAADF-STEM image of (b) LSC and (e) NPLBSC. Geometric phase
analysis (GPA) strain map of & of (c) LSC and (f) NPLBSC. HAADF-STEM elemental maps of (g) LSC and (h) NPLBSC.

all oxygen atoms are located at normal positions with an average
Co-O-Co angle of 175°, indicating a minimal lattice distortion.
In contrast, noticeable lattice distortion is observed in NPLBSC
(Fig. 2d) with an average Co-O-Co angle of 149°, indicating a
more pronounced distortion of the oxygen octahedra. This
structural distortion is further supported by Raman spectra
(Fig. S5), where a blue shift of Co-O stretching (~670 cm™)
mode for NPLBSC compared to LSC.>”*® The CoOs octahedral
distortion is further quantified by the variation of Co-O bond
lengths.””** As shown in Fig. 2e, NPLBSC exhibits more pro-
nounced Co-O bond length variation than LSC (Fig. 2f). To
further explore the relationship between configurational entropy
and lattice distortion, we synthesized Pr,3Lag35104C003_s
(PLSC) and Ndg,Pry, Lag,Sry4Co0;_ s (NPLSC) samples and
characterized their average Co-O-Co bond angles. The STEM-
annular bright field (STEM-ABF) imaging results (Fig. 2a-d and
Fig. S6) show that with the increase of configurational entropy,
the Co-O-Co bond angle decreases, and the CoOg octahedral

9480 | Energy Environ. Sci., 2025, 18, 9478-9489

distortion degree (A) (Fig. 2g and Fig. S7) increases from
8.9 x 10~ ® for LSC to 6.5 x 10 * for NPLBSC. These results
demonstrate that A-site entropy engineering leads to a more
intricate lattice mismatch and strain distribution, causing evi-
dent distortion of the oxygen octahedra and altered coordination
environment of the Co cations.

2.2 Electronic structures of transition metal

XPS was performed to investigate changes in the chemical state
of transition metals in LSC and NPLBSC. Since the Ba 3d and
Co 2p signals overlap in the XPS spectra, the oxidation state
variation of Co was evaluated by the Co 3p XPS signal. As shown
in Fig. 3a, the Co 3p XPS peak at ~60.3 eV shifts slightly toward
higher binding energy for NPLBSC, suggesting an increased
average valence state of Co as a result of A-site entropy
engineering.®*® XANES results (Fig. 3b and Fig. S8) show that
Co K-edge of NPLBSC appears at the highest energy among the
samples, indicating that Co in NPLBSC exhibits the highest

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 STEM-ABF images of (a) LSC and (c) NPLBSC. Distribution of the Co-O-Co angle in (b) LSC and (d) NPLBSC. Bond structure in the CoOg

o 2
octahedron in (e) LSC and (f) NPLBSC. (g) CoOg octahedral distortion degree (A) calculated by the equation 4 = %Z <M> (where R, is the

average bond length, and R; is the individual bond length of Co—-0O in the CoOg octahedron).

valence state. To further characterize the bulk Co valence state
changes and the coordination geometry under SOEC operating
conditions, in situ XAS measurements were performed using a
custom-designed high-temperature setup. In situ XANES spec-
tra (Fig. S9) show that the Co K-edge of both LSC and NPLBSC
shifts toward lower energy as the temperature increases to
800 °C, indicating that the average valence states decrease.
This reduction is attributed to the generation of more oxygen
vacancies at high temperatures. Notably, the Co valence state in
NPLBSC remains higher than that in LSC even at 800 °C.
Additionally, the pre-edge of the Co K-edge XANES spectra for
both LSC and NPLBSC exhibits no significant change with
increasing temperature, indicating that the distortion of oxygen
octahedra in both materials is only slightly affected by
temperature.®’ Fig. 3c displays the Fourier transformed (FT)
EXAFS spectra of LSC and NPLBSC. In both samples, three
prominent peaks appear at around 1.5 A, 3.0 A, and 3.5 A,
corresponding to the Co-O, Co-O-A, and Co-O-Co bonds,
respectively.?>*? The EXAFS spectra (Fig. $10) and fitting results
(Table S1) reveal that the Co-O bond length remains nearly
constant, whereas the Co-O-A bond length decreases and the
Co-0O-Co bond length increases in NPLBSC. Moreover, both

This journal is © The Royal Society of Chemistry 2025
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Co-0O and Co-O-A bond lengths decrease as the temperature
increases from room temperature to 800 °C. Additionally, the
corresponding coordination numbers also decreases with ris-
ing temperature, suggesting a higher concentration of oxygen
vacancies.>* The wavelet transform (WT) of EXAFS spectra can
perform multi-scale analysis in both R space and k space. The
WT EXAFS spectra of LSC (Fig. 3d) and NPLBSC (Fig. 3e) show a
maximum intensity at k ~ 10 A~", which can be attributed to
the Co-O-Co bond.?”> Notably, NPLBSC shows an increased
intensity for Co-O-Co, indicating that the electronic environ-
ment has changed. Atomic-scale electron energy loss spectra
(EELS) were also used to reveal the change of the Co valence
state. The Co Lj/L, ratio is lower in NPLBSC compared to LSC
(Fig. S11), indicating a higher Co valence state induced via A-
site high-entropy engineering.*® Moreover, an increased inten-
sity of the peak at ~ 528 eV is observed (Fig. S12), and this peak
corresponds to the excitation from the O 1s state to the
hybridized O 2p-Co 3d state.*®*” These results indicate that
the CoOg octahedral distortion not only increases the Co
valence state, but also strengthens the Co-O covalency, thereby
promoting charge transfer between metal and oxygen atoms,
which is beneficial for improving OER activity.>”**°

Energy Environ. Sci., 2025, 18, 9478-9489 | 9481
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Fig. 3 Physicochemical properties of LSC and NPLBSC. (a) XPS spectra of Co 3p. (b) XANES at room temperature. (c) Extended X-ray absorption fine
structure spectra (EXAFS) at room temperature. WT-EXAFS of (d) LSC and (e) NPLBSC at room temperature. (f) XPS spectra of O 1s. (g) O,-TPD profiles.

(h) Results of 80 isotope exchange experiment. (i) ECR curves at 800 °C.

2.3 Lattice oxygen activity

XPS analysis of O 1s (Fig. 3f and Table S2) was conducted to
investigate the effect of CoOs octahedral distortion on the sur-
face oxygen properties. The amount of surface adsorbed oxygen
species, including adsorbed O~ or 0,>" species (~530.00 eV),
adsorbed OH™ and carbonate (~531.00 eV), and adsorbed H,0O
(~532.00 eV), increase from 70.27% in LSC to 74.43% in
NPLBSC."® Electron paramagnetic resonance (EPR) measure-
ments (Fig. S13) show that the unpaired electron signal at g =
2.003 for NPLBSC is evidently stronger than that for LSC,
indicating higher oxygen vacancy concentration in NPLBSC. O,
temperature-programmed desorption (O,-TPD) profiles (Fig. 3g
and Fig. S14) and thermogravimetric (TG) analysis (Fig. S15)
reveal that NPLBSC shows the highest oxygen desorption peak
intensity and greater weight loss compared to other samples.
These results indicate that increasing the configurational
entropy enhances the oxygen vacancy concentration, suggesting

9482 | Energy Environ. Sci., 2025, 18, 9478-9489

an improved oxygen vacancy formation capability in NPLBSC.
The oxygen mobility of the samples was assessed by %0, isotope
exchange experiments. The signal of m/z = 34 represents **0'°0
(), originating from the exchange of the lattice oxygen with the
80,, and the peak area reflects the quantity of lattice oxygen
involved in the oxygen exchange process.®® As displayed in
Fig. 3h, the peak area of NPLBSC is larger than that of LSC,
indicating that more lattice oxygen in NPLBSC can participate in
the oxygen exchange process, which further confirms that the
lattice oxygen mobility of NPLBSC is higher than LSC. The surface
oxygen exchange coefficient (kepem) Of LSC and NPLBSC were
further investigated to study the effect of CoO, octahedral distor-
tion on surface oxygen exchange capability. As presented in Fig. 3i,
NPLBSC exhibits a higher kpem (11.8 x 107> ¢cm s™') than LSC
(2.4 x 107° cm s™') at 800 °C, which suggests that the CoOg
octahedral distortion in NPLBSC can enhance the surface oxygen
exchange capability, potentially boosting the surface oxygen activity.

This journal is © The Royal Society of Chemistry 2025
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To gain further insight into the evolution of oxygen species
during the OER in SOECs, in situ Raman spectroscopy was
employed (Fig. 4a) to monitor the electrochemical spillover oxygen
species on the anode surface under anodic polarization.**™** The
in situ Raman spectra for LSC and NPLBSC anodes are shown in
Fig. 4b and c, respectively. Clearly, with the application of various
currents, oxygen species evolve on the surfaces of both LSC and
NPLBSC. At the same time, with the increase of current from OCV
to 100 mA, the peak intensity of -O-O~ oxygen species becomes
more obvious. However, the intensity of spillover oxygen species
on NPLBSC is consistently higher than that on LSC under the
same current, indicating that NPLBSC is more active for high-
temperature OER than LSC.*

2.4 Density functional theory calculations

To investigate the effect of high-entropy engineering on the
formation and evolution of oxygen vacancies in perovskites, we
applied a random substitution at the A site of LSC perovskite to
construct the NPLBSC models for DFT calculations, as shown in
Fig. 5a. A total of 12 different configurations were analyzed
based on their total energies to evaluate their stability. The

View Article Online
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most stable configuration, identified in Fig. 5b, exhibits the
lowest energy (Fig. S16), suggesting it could be representative of
a high-entropy perovskite model.

Furthermore, we calculated the formation energy of oxygen
vacancy at different sites on surface and in bulk perovskite. The
surface oxygen vacancy positions are shown in Fig. S17, and the
bulk oxygen vacancy positions are shown in Fig. S18. As shown
in Fig. 5c and d, the formation energies of oxygen vacancies on
the surface and in bulk high-entropy perovskite are signifi-
cantly reduced compared to the pristine LSC perovskite. Speci-
fically, the surface oxygen vacancy formation energies at three
different sites of NPLBSC are —0.54, —0.86, and —0.28 eV,
which are lower than those of LSC (0.03, —0.6, and —0.13 eV)
at the corresponding sites. And the bulk oxygen vacancy for-
mation energies at three different sites of NPLBSC are 0.7, 0.35,
and 0.14 eV, respectively, which are also lower than those of
LSC (1.04, 1.94, and 0.98 eV) at the corresponding sites. The
reduced formation energy indicates that the NPLBSC has more
oxygen vacancies, which is consistent with results of O,-TPD
and TG, suggesting enhanced oxygen transport properties for
the OER. We further investigated the electronic structure of LSC
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Fig. 4 In situ Raman spectroscopy tests. (a) Picture and schematics
(b) LSC and (c) NPLBSC at 600 °C, respectively.
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and NPLBSC. The density of states in Fig. 5e show that NPLBSC
possesses much higher states around Fermi level than LSC,
indicating that NPLBSC may have higher electronic
conductivity.>® The partial density of states of O 2p as shown
in Fig. 5f unveils that the O 2p band center shifts towards the
Fermi level from —3.24 eV of LSC to —2.86 eV of NPLBSC, which
leads to a lower barrier for oxygen vacancy formation and
oxygen ion migration, explaining well the decreased formation
energies of oxygen vacancy in NPLBSC.>****

2.5 OER performance tests

To elucidate the effect of CoOg octahedral distortion on the
high-temperature OER activity in SOEC, electrochemical mea-
surements of CO, electrolysis were performed at 800 °C. The
cell morphology of the anode and the interface between the
porous anode and the dense electrolyte are shown in Fig. S19.
Electrochemical impedance spectroscopy (EIS) curves (Fig. S20)
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show that NPLBSC exhibits the lowest R;,. Fig. 6a shows the EIS
curves for LSC and NPLBSC at 1.2 V and 800 °C, where the R,
decreases by 16% compared with those of LSC. Distribution of
relaxation time (DRT) analysis provides deeper insights into the
elementary polarization processes, which are otherwise over-
lapped and difficult to distinguish in the EIS spectra. As
displayed in Fig. 6b, the DRT plots of LSC and NPLBSC anodes
are split into three peaks, marked as P1 (high-frequency), P2
(intermediate-frequency), and P3 (low-frequency), respectively,
suggesting three elementary electrode processes. P1 is related to
the transportation of O~ across the anode/electrolyte interface,
P2 represents the electron transfer and oxygen evolution process
at the anode, and P3 denotes the adsorption of CO, and the
dissociation of intermediate carbonate species at the cathode,
respectively.>® Obviously, the P1 and P2 areas of NPLBSC
anode are smaller than those of LSC, indicating that the NPLBSC
anode has faster O  migration and oxygen evolution rates.

This journal is © The Royal Society of Chemistry 2025
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NPLBSC anode with those of recently reported anodes at 1.5 V. (g) Stability test of R, in symmetrical cells.

Furthermore, the complex nonlinear least-squares (CNLS) fitting
of the EIS spectra was performed according to the DRT analysis
results (Fig. S21). With CoOg octahedral distortion, the values of
R1 and R2 are decreased by 18% and 27%, respectively (Fig. $22).
The results show that the performance improvement is mainly
ascribed to the accelerated oxygen transport and the surface
evolution process, which is in agreement with the ECR results.
Meanwhile, the Arrhenius plots of R, in Fig. 6¢ show that the
activation energy (E,) decreases from 143.91 k] mol " of LSC to
139.60 k] mol~ " NPLBSC, which further confirms the improved
OER activity and faster reaction kinetics of the NPLBSC anode.
The improved performance of the NPLBSC anode was further
elucidated by the J-V curves (Fig. 6d and Fig. $23). The current
density of the NPLBSC anode with thin LSGM (thickness of
160 pum, Fig. S24) can reach 3.96 A cm > at 1.5 V and 800 °C. The
current density of single cell with the NPLBSC anode can reach
0.34, 0.74, and 1.2 A cm™ 2 at 1.0, 1.1, and 1.2 V, respectively,

This journal is © The Royal Society of Chemistry 2025

which is higher than that for the LSC anode (Fig. 6€). From the
EIS (Fig. S20) and J-V (Fig. S23) curves, we can observe that as
the entropy value increases, the R, gradually decreases, and the
current density increases. The superior electrochemical perfor-
mance of high-entropy perovskite NPLBSC can be attributed to
the reduction in the Co-O-Co bond angle (Fig. 2a-d and
Fig. S6) and the enhanced distortion of the CoO, octahedron
(Fig. 2g). This increased distortion results in a higher concen-
tration of oxygen vacancies, which is beneficial for improving
the anode OER performance. These findings are further sup-
ported by O,-TPD (Fig. 3g and Fig. S14) and TG (Fig. S15)
analyses.

Additionally, the CO production rate and corresponding
faradaic efficiency under different applied voltages are shown
in Fig. S25. The cell with NPLBSC anode achieved a CO yield of
16.2 mL min~" cm~? at 1.4 V higher than LSC. Meanwhile, the
faradaic efficiency of all the anodes approaches to 100% at

Energy Environ. Sci., 2025, 18, 9478-9489 | 9485
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different voltages, indicating that the main product is CO
without leakage. As reported elsewhere, under similar operating
conditions, the electrochemical performance of the NPLBSC
anode exceeds most reported anode materials (Fig. 6f).*>7®
Moreover, the stability tests in symmetrical cells (Fig. 6g) show
that the NPLBSC anode possesses remarkably slower degrada-
tion rate of R, compared to LSC during the 600-hour durability
test, indicating that NPLBSC exhibits great potential as an
efficient SOEC anode for the high-temperature OER.

3. Conclusions

In conclusion, we visualized the distortion of oxygen octahedra
at the atomic scale and demonstrated its impact on lattice
oxygen activity and high-temperature OER performance in
SOECs. Specifically, the distortion of CoOg octahedra in
NPLBSC perovskite activates the lattice oxygen, prompting bulk
oxygen mobility and surface reaction activity. Consequently, the
NPLBSC anode exhibits higher OER performance than the LSC
anode and most reported anode materials, with the current
density of 3.96 A cm™? at 1.5 V and 800 °C. This work estab-
lishes the relationship between oxygen octahedral distortion in
perovskites and catalytic activity for high-temperature oxygen
evolution reaction, paving the way for new strategies in the
design of SOEC anode materials.

4. Experimental section

4.1 Chemicals and materials

Nd(NO3;);-6H,0 (Aladdin Industrial Corporation, AR), Pr(NO3);-
6H,0 (Aladdin Industrial Corporation, AR), La(NO3);-6H,0
(Aladdin Industrial Corporation, AR), Ba(NOj3), (Sino pharm
Chemical Reagent, AR), Sr(NO;), (Aladdin Industrial Corpora-
tion, AR), Co(NO3),-6H,0 (Aladdin Industrial Corporation, AR),
Fe(NO;)3-9H,0 (Aladdin Industrial Corporation, AR), Ce(NOs)s-
6H,0 (Aladdin Industrial Corporation. AR), Sm(NO3);-6H,0
(Aladdin Industrial Corporation, AR), polyvinyl alcohol (PVA),
(Sino pharm Chemical Reagent, AR), ammonium citrate (Sino-
pharm Chemical Reagent, AR), ethylene diamine tetraacetic
acid (EDTA) (Sino pharm Chemical Reagent, AR), monohydrate
citric acid (CA) (Sino pharm Chemical Reagent, AR), La -
Sro.,Gay gMgo,03_s (LSGM) (fuel cell materials), ethyl cellulose
(SECOMA), o-terpineol (Alfa Aesar), ammonium hydroxide
(Aladdin Industrial Corporation, AR), 95% CO,-5% N, (Dalian
Special Gases), pure CO, (Dalian Special Gases), and 5% *0,-
95% Ar (Changyou Gas) were used.

4.2 Synthesis of electrode materials

All electrode materials were synthesized using the sol-gel
method, with variations of complexing agents. To synthesize
anode perovskite powders, the stoichiometric ratios of precur-
sor nitrates were dissolved in deionized water and heated to
80 °C with stirring, and the complexing agents CA and EDTA
were added at a molar ratio of total metal ions of 2:1:1.
Subsequently, the pH was adjusted to 8 with ammonium
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hydroxide, and the solution was heated and stirred at 80 °C
until all the water evaporated, resulting in a fluffy black
powder. This powder was sintered in a muffle furnace at
1100 °C in air for 5 hours. The LageSry4Cog,Fer 505 s
(LSCF6428) cathode material was synthesized using the tradi-
tional combustion method.® Typically, metallic nitrates were
dissolved in deionized water and ammonium citrate was added
with 1.5 times molar ratio of the metal cations. Then nitric acid
was added to adjust the solution pH to 2. The solution was
heated and stirred at 80 °C until spontaneous combustion,
which was followed by sintering the powder in a muffle furnace
at 950 °C in air for 5 hours. For the synthesis of Smg ,Ce( g0, _s
(SDC), metallic nitrates were dissolved in deionized water
according to the stoichiometric ratio, and then PVA and CA
were added in equal masses, with 125 g of PVA per mole of SDC
produced. The solution was heated at 80 °C until a yellowish
powder was formed, and then sintered in a muffle furnace at
800 °C in air for 3 hours.

4.3 Cell fabrication

LSGM powder mixed with PVP at a weight ratio of 97 : 3 was dry-
pressed at 11 MPa and calcined at 1450 °C for 10 hours in air to
obtain an electrolyte with a thickness of ~560 um and a
diameter of ~20 mm. An electrolyte disk of about 160 um in
thickness and 16 mm in diameter was prepared by tape casting.
The LSCF-SDC cathode slurry was prepared by grinding LSCF
(0.3 g), SDC (0.2 g), and solvent mixture (0.3 g, 88% terpineol
and 12% ethylcellulose). The anode slurry was made similarly.
For the single cell with the electrolyte thickness of ~560 um,
the cathode slurry was printed on one side of the LSGM with an
electrode area of 0.78 cm?, and the anode slurry on the other
side with an electrode area of 0.50 cm?. For the thin electrolyte
(~160 um), the anode was printed with a 0.28 cm” area, and the
cathode was printed with the area of 0.78 cm®. After printing,
the single cell was dried under a heating lamp and then
sintered at 1150 °C for 2 hours. Before testing, the gold paste
was coated on both sides of the electrode for current collection.
The anode slurry was printed onto both sides of the LSGM
pellets and then sintered in air at 1150 °C for 2 hours in a
muffle furnace to obtain ready-to-use symmetrical cells.

4.4 Materials characterization

X-ray diffraction (XRD, PANalytical X’pert PPR diffractometer
using Cu Ko with a wavelength of 1.5418 A) was used to
examine the crystalline structure of the materials at 40 kv
and 40 mA. The morphologies of the cell interfaces were
meticulously examined utilizing JSM-7900F and JSM-7800F
field emission scanning electron microscopes (SEM). JEOL
JEM ARMB3O00F atomic-resolution scanning transmission elec-
tron microscope (STEM) was employed to acquire high-angle
annular dark-field (HAADF) images, annular bright-field (ABF)
images along the [110] zone axis of powders, atomic-resolution
X-ray energy-dispersive spectroscopy (EDS) maps, and electron
energy-loss spectroscopy (EELS) results. X-ray photoelectron
spectroscopy (XPS) spectra were obtained using an Al Ko
X-ray source and a pass energy of 20 eV on a Thermo Fisher

This journal is © The Royal Society of Chemistry 2025
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Escalab 250 Xi to evaluate the material properties. The binding
energy positions were calibrated by the C 1s peak at 284.6 eV.
The Co-K edge XANES (X-ray absorption near edge structure)
and EXAFS (extended X-ray absorption fine structure) spectra
were acquired at the BL11B beamline of the Shanghai Synchro-
tron Radiation Facility (SSRF) and calibrated using pure Co foil
absorption edges. Data were processed using Athena software.
In situ XAS measurements of the SOECs with LSC and NPLBSC
anodes were conducted at 800 °C in air. The absorption
coefficients were background-subtracted, normalized to energy
u(E), and reported as “normalized absorption” with respect to
E, for all the samples. O, temperature-programmed desorption
(0,-TPD) and *®0, exchange experiments were conducted using
an Auto Chem II 2920 test system. For O,-TPD, 100 mg of the
powder was placed in a U-tube and exposed to synthetic air at
50 mL min~'. The sample was heated to 800 °C for 1 hour and
cooled to room temperature. Then He gas was introduced at 50
mL min " for 50 minutes. Afterward, the O, desorption process
was carried out at a heating rate of 10 °C min~* with a He flow
rate of 50 mL min . The evolved gases were analyzed using an
online quadrupole mass spectrometer (OmniStar), detecting
the m/z = 32 signal. For the '®0, isotope exchange, 100 mg
powder was pre-heated to 800 °C in air at 50 mL min " for one
hour which was changed to He at 50 mL min ™~ ". After 30 minutes,
the sample was cooled to room temperature. Finally, the sample
was heated from 50 °C to 750 °C at 10 °C min ™" feeding %0, at
50 mL min~ " while examining signals with m/z = 32, 34, and 36.
Thermogravimetric (TG) analysis was performed using a Ger-
many Netzsch STA449F5. The sample was heated in air to 850 °C
to remove surface-adsorbed impurities, and then analyzed in N,
from room temperature to 850 °C at a heating rate of
10 °C min " with the weight changes recorded. The electrical
conductivity relaxation (ECR) tests were conducted using a two-
electrode four-terminal technique. LSC and NPLBSC powders
were pressed in a rectangular stainless-steel mold to obtain
green compacts, and then sintered at 1350 °C for 5 hours,
resulting in dense bars. The bar-shaped samples were attached
to a homemade device, heated up to 800 °C while passing
200 mL min~' of 20% O,/Ar gas, held for half an hour at
800 °C, and then switched to 5% O,/Ar. The electron paramag-
netic resonance (EPR) data were obtained using a Bruker, A200
instrument from Germany to further detect the oxygen vacan-
cies. Raman spectra were analyzed at 532 nm of laser excitation
using NanoWizard in the 200-1800 cm™ " scan range. For the
in situ Raman spectroscopy experiment, silver wires were con-
nected to a single cell with different anodes. The SiO,@Au was
added to the anode as a surfactant. The anode was exposed to air
and heated to 600 °C. Different currents were applied, and
spectra were recorded using a LabRAM HR 800 Raman spectro-
meter equipped with a 532 nm laser and a 50x objective.

4.5 Electrochemical measurements

The electrochemical performance of the SOEC for CO, electro-
lysis was evaluated using a double-electrode four-terminal test
system. The anode was exposed to ambient air, while the
cathode was fed with 95% CO, + 5% N, to assess the

This journal is © The Royal Society of Chemistry 2025
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electrochemical data (J-V, EIS, I-t) using an Autolab
(PGSTAT302N, Metrohm, Switzerland). The stability of symmetri-
cal cells was evaluated in air at 800 °C, with resistances measured
under open-circuit voltage (OCV). Gas chromatography (Agilent
GC8860, equipped with PPU capillary columns and TCD detectors)
was performed to detect gas quantification online.

4.6 Computational details

The first principles density functional theoretical calculations
are conducted using the Vienna ab initio simulation package
(VASP).>*®® The generalized gradient approximation (GGA) of
Perdew, Burke, and Ernzerhof is used as the exchange-correla-
tion functional.®"®> The projected augmented wave potentials
are applied to account the valence electrons and ionic core
interactions. The DFT+U was applied in order to correct the
significant self-interaction error in describing localized d- or
f-electrons with strong correlations; an on-site Hubbard term
U.gr was added to the open-shell d- or f-electrons, 4.0 eV for Co,
6.0 eV for Pr, 6.0 eV for Nd. Plane wavefunctions are expanded
to a cutoff energy of 400 eV. Only the gamma point of the
Brillouin zone was used for sampling. The convergence thresh-
old was set to 0.05 eV A" for geometry optimization. The LSC
model is composed of 135 oxygen atoms, 45 Co atoms, 18 Sr
atoms, and 27 La atoms, while NPLBSC model is composed of
135 oxygen atoms, 45 Co atoms, 9 Sr atoms, 9 Ba atoms, 9 La
atoms, 9 Pr atoms, and 9 Nd atoms, with randomly sites for Sr,
Ba, La, Pr, Nd elements by a homemade script.

The high-entropy alloy models with different doping sites is
directly compared with the total energy since the elemental
counts are identical.

For the calculations of oxygen vacancy formation energy
(Eyf), Eyf was defined as

1
Ey = (Evac + onz) — Eclean

where E,,. is the total energy of the structure containing oxygen
vacancy, Eg_is the energy of an isolated oxygen molecule, and
Eean is the energy of optimized perfect structure.
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