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P H Y S I C A L  S C I E N C E S

Oxygen activation on Ba-containing  
perovskite materials
Yue Zhu1,2†, Dongdong Liu3,4†, Huijuan Jing1,2†, Fei Zhang1,2,3, Xiaoben Zhang2,3, Shiqing Hu1,2, 
Liming Zhang1,2, Jingyi Wang1,2, Lixiao Zhang1,2, Wenhao Zhang1,2, Bingjie Pang1,4, Peng Zhang1, 
Fengtao Fan1,2,3, Jianping Xiao1,2, Wei Liu2,3, Xuefeng Zhu1,2*, Weishen Yang1,2*

Oxygen activation, including oxygen reduction reaction (ORR) and oxygen evolution reaction (OER), is at the heart 
of many important energy conversion processes. However, the activation mechanism of Ba-containing perovskite 
materials is still ambiguous, because of the complex four-electron transfer process on the gas-solid interfaces. 
Here, we directly observe that BaO and BaO2 segregated on Ba-containing material surface participate in the oxygen 
activation process via the formation and decomposition of BaO2. Tens of times of increase in catalytic activities 
was achieved by introducing barium oxides in the traditional perovskite and inert Au electrodes, indicating that 
barium oxides are critical for oxygen activation. We find that BaO and BaO2 are more active than the B-site of 
perovskite for ORR and OER, respectively, and closely related to the high activity of Ba-containing perovskite.

INTRODUCTION
Oxygen exchange reactions, including oxygen reduction reaction 
(ORR) and oxygen evolution reaction (OER), occurring at gas-solid 
interfaces are vital to the process of energy conversion in metal-air 
batteries (1), solid oxide cells (SOCs) (2–5), water splitting (6), and 
catalytic membrane reactors (7). The activation mechanism of oxygen 
at gas-solid interfaces is still unclear, because the complex four-electron 
transfer process is related to various oxygen species, evolving with 
the material composition and structure, as well as the reaction con-
ditions (8–12). Elucidating the oxygen activation mechanism is of 
great significance for the design and preparation of new materials 
with high activity for energy conversion devices. Although notable 
advances have been achieved in recent decades, a multitude of 
ambiguous relationships between researches of experiments and 
theory still need to be disclosed.

Transition metals, such as Mn, Fe, Co, and Ni, in the B-sites of 
perovskite-type oxides (ABO3−) are generally considered as active 
sites because both the mixed valence states of the transition metals 
and medium B─O bond length are favorable for oxygen activation 
(12–18). However, the segregation of alkaline earth elements, i.e., 
Ba, Sr, and Ca, in the A-sites of perovskites and double perovskites 
in an oxygen-enriched atmosphere has been widely reported (19–26). 
The degradation of electrode catalytic activity was even suggested 
to closely correlate to the segregation of alkaline earth elements on 
perovskite surfaces (22–26). The segregation tendency of alkaline 
earth elements is directly related to cationic size (27, 28). Ba is easier 
to segregate on the perovskite surface compared to other alkaline-
earth and lanthanide elements. We find an interesting phenomenon 
that perovskite-type materials containing Ba in A-sites have out-
standing activity toward oxygen activation compared to materials 
with similar structures and compositions, as shown in fig. S1. Several 
studies indicated that the catalytic activity of perovskites can be 

markedly improved by introducing BaCO3, although BaCO3 was 
regarded as an inert matter toward oxygen exchange reactions (29, 30). 
Therefore, the authentic character of A-site elements toward the oxy-
gen activation process remains a debate, especially the role of Ba in 
the oxygen exchange reactions of Ba-containing materials.

Here, we disclose another mechanism of oxygen exchange reac-
tions for Ba-containing materials where BaO/BaO2 acts as active sites. 
Ba0.5Sr0.5Co0.8Fe0.2O3– (BSCF), which is widely investigated in en-
ergy conversion processes, is chosen as a representative to explore 
the positive effect of Ba doping because of its high catalytic activity 
toward oxygen activation. Kinetic analysis shows that the oxygen 
exchange rates can be significantly improved by increasing the Ba 
content in BaxSr1−xCo0.8Fe0.2O3− (x = 0, 0.1, 0.3, 0.5, and 0.7). 
Nanoparticles and peroxide species are found on the surface of BSCF 
disks after being treated in the O2-rich atmosphere at elevated tem-
perature. The nanoparticles and peroxide species are further identi-
fied to be barium oxides by using an environmental transmission 
electron microscope (ETEM) under oxygen atmosphere at elevated 
temperatures. Strong evidence from electrochemical experiments 
shows that barium oxides and Ba-containing materials, which are 
prone to decomposition into barium oxides, have high catalytic 
activity toward oxygen activation. The high activity is related to 
the low-energy barriers of oxygen adsorption/dissociation and 
combination/desorption on BaO and BaO2 at elevated temperatures, 
respectively, which is demonstrated by the results of density func-
tional theory (DFT) calculations of oxygen activation on BaO/BaO2 
and B-site of BSCF. Therefore, BaO and BaO2 segregated on the sur-
face of Ba-containing perovskite have high activities toward ORR 
and OER, respectively.

RESULTS AND DISCUSSION
Oxygen exchange kinetics and microstructure variation 
of BaxSr1−xCo0.8Fe0.2O3−
BaxSr1−xCo0.8Fe0.2O3− (x = 0, 0.1, 0.3, 0.5, and 0.7) materials were 
selected as examples to understand the effect of Ba doping on oxygen 
activation (11, 31–34). The oxygen exchange coefficients under work-
ing steady states were obtained using a kinetic model [a brief intro-
duction to the kinetic model and the permeation resistance constants 
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(fig. S2) are shown in the Supplementary Materials], and the results 
are shown in Fig. 1A. A small amount of Ba doping (mole percentage, 
10%) can significantly improve both the ORR and OER oxygen exchange 
coefficients. With an increase in Ba content in BaxSr1−xCo0.8Fe0.2O3−, 
interfacial exchange coefficients of both ORR and OER reach a 
maximum at a Ba doping amount of 0.5. This promotion effect of 
Ba doping becomes more obvious at lower temperatures. The inter-
facial exchange coefficients of ORR and OER of BSCF are about 2.0 
and 2.6 times those of SrCo0.8Fe0.2O3− (SCF) at 820°C, respectively. 
Changes in the valence states of transition metals and oxygen vacancy 
concentration are usually inferred as being responsible for such 
improvements. However, the average valence state of B-site cations 
and the oxygen vacancy concentration remain almost unchanged for 
different Ba doping amounts, as shown in tables S1 and S2. Thus, it 
is worth thinking about why the slight change of Ba amount in 
A-sites can produce such a remarkable improvement in the catalytic 
activity. We suspect that Ba in the A-sites of the perovskite may play 
an important but yet undiscovered role in oxygen exchange reac-
tions. Further study should be carried out to investigate whether 
species or sites that contain Ba act as the active sites for oxygen 
exchange reactions.

Four polished BSCF disks were treated at 850°C in flowing O2 
for 0, 10, 20, and 30 hours, respectively. No nanoparticles were 
observed on the original surface of the BSCF disk before treatment, 
while many nanoparticles appear on the surfaces after the treatment 
(Fig. 1B), and the number increases with time. The precipitation of 
nanoparticles was also observed on the surfaces of other Ba-containing 

mixed ionic-electronic conducting (MIEC) materials after treatment 
in air at elevated temperatures, such as Ba0.7Sr0.3Co0.8Fe0.2O3− and 
BaCe0.1Fe0.9O3− (fig. S3, A and B, respectively), but was not found 
on Ba-free MIEC materials annealing under similar conditions, such 
as La0.6Sr0.4Co0.2Fe0.8O3− and SrFeO3− (fig. S3, C and D, respectively) 
and SCF (fig. S4). Thus, nanoparticles prefer to precipitate on the 
surface of Ba-containing MIEC materials. The characteristic Raman 
band at 860 cm−1, which is assigned to the peroxide species ​​O​2​ 2−​​, was 
found in all the treated BSCF samples (Fig. 1C). BaO2 cannot be 
excluded on the surface when other bands at 902, 930, and 986 cm−1 
are taken into consideration (table S3). A preliminary study was 
carried out on the BSCF powder using ETEM (Fig. 1D). No apparent 
change was observed until the temperature was increased to 650°C.  
However, the morphology of the particles changed vigorously when 
the temperature was further raised to 800°C, where particles with 
sizes larger than 100 nm emerged, as seen in the top right corner of 
Fig. 1D. Ba and O are the major elements in this area, while Sr, Co, 
and Fe are almost negligible (fig. S5). Thus, the precipitation of 
barium oxides from BSCF occurs in O2-rich atmospheres at elevated 
temperatures.

Microstructure and composition of segregated nanoparticles
The evolutionary process of microstructure and composition re-
construction on the BSCF surface was observed in real time using 
ETEM in oxygen atmosphere to help provide insights into the 
segregation mechanism of nanoparticles. Specifically, a thin BSCF 
slice (Fig. 2A) was fabricated through cutting a lamella from the bulk 

Fig. 1. Oxygen exchange kinetics and microstructure variation of Ba-containing perovskite oxides. (A) Dependence of oxygen exchange coefficients on Ba doping 
in BaxSr1−xCo0.8Fe0.2O3− (x = 0, 0.1, 0.3, 0.5, and 0.7). (B) Scanning electron microscopy (SEM) images and (C) ultraviolet (UV)–Raman spectra of Ba0.5Sr0.5Co0.8Fe0.2O3− disks 
calcined at 850°C in O2 for 0, 10, 20, and 30 hours. (D) The morphology variation of Ba0.5Sr0.5Co0.8Fe0.2O3− powder with temperature in O2 (8.84 mbar). RT, room tempera-
ture; a.u., arbitrary units.
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BSCF sample and then transferred onto a microelectromechanical 
system–based heating reactor for in situ oxidation using the focused 
ion beam scanning electron microscopy (FIB-SEM) technology. The 
sample was in single crystal with an exposed (110) surface (Fig. 2B), 
and all the compositional elements were distributed uniformly over 
the entire BSCF slice (fig. S6), suggesting a homogeneous perovskite 
phase of the substrate. When heating this fresh sample under a 
6-mbar O2 atmosphere, oxidation triggers gradual growth of small 
nanoparticles on the slice surface. These nanoparticles tend to grow 
quickly as the temperature was increased to near 800°C (fig. S7). 
Benefiting of the reaction environment loading as during the mi-
croscopy observation, the above process was unambiguously wit-
nessed as demonstrated in movie S1. Further increasing the reaction 
temperature to 900°C for 20 min, its surface became studded with 
pyramidal-shaped nanoparticles, which was evidenced by elemental 
z-number–related contrast distribution in the high-angle annular 
dark-field (HAADF) image (Fig. 2C).

The composition of precipitated nanoparticles on the BSCF 
substrate surface was analyzed using the techniques of scanning 
transmission electron microscopy (STEM) coupled with electron 
energy-loss spectroscopy (EELS). As shown in Fig. 2D, the nanoparticles 
are mainly composed of Ba and O in the absence of cobalt and iron 
counterparts. The above facts imply that the reaction-induced nano
particle belongs to the Ba-containing oxides, given the correlated 
distribution of oxygen and barium elements. Moreover, high-resolution 

TEM imaging (Fig. 2, E to G) of three independent particles along 
two zone axes proves that these precipitated nanoparticles are in 
distinctive BaO2 phase (I4/mmm), which directly confirm the existence 
of BaO2 phase during the oxidation reaction–induced surface re-
construction of BSCF perovskite. Additional evidence also disclosed 
that under oxidation conditions, the segregation of barium oxides 
could occur on the BSCF particle surface at lower gas pressures and 
temperatures (figs. S8 to S13 and movies S2 to S5). Particles, including 
BaO1.3 and BaO in sizes of 5 to 20 nm, were found in the segregation 
area (fig. S9 and table S4). BaO2 decomposition and oxygen evolu-
tion were also captured as the oxygen pressure decreased, as revealed 
by the appearance of bubbles in the segregation area (Fig. 1D and 
figs. S9 and S12). During ETEM measurement, the segregation of 
barium oxides tended to be steady, and the nanoparticles did not grow 
further at a certain temperature in O2, while the collapse of perovskite 
structure was not observed. There will be a gradient of Ba content in 
the bulk near the perovskite surface and some defects on the lattice 
position of Ba. However, if too much Ba segregated from the bulk, 
then BSCF may not keep the perovskite structure.

Catalytic activity of composite electrodes containing 
barium oxides
BaO was used as an adsorbent for air separation at middle-elevated 
temperatures before the emergence of cryogenic distillation tech-
nology, because BaO can easily adsorb oxygen from the air to form 

Fig. 2. Structure analysis of the in situ segregated precipitate on BSCF in ETEM. (A) Low-magnification transmission electron microscope (TEM) image of BSCF before 
oxidation. (B) High-resolution TEM images and selected area electron diffraction (SAED) from the area 1 and SAED marked in (A), respectively. (C) HAADF-STEM image 
after in situ oxidization at 900°C for 20 min. (D) Composition analysis of selected area 3 in (C) through STEM-EELS mapping. (E to G) The microstructure of three different 
precipitates from marked areas 2, 3, and 4, respectively.
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BaO2, which can then rapidly release O2 in an O2-poor atmosphere 
(35, 36). Adsorption and dissociation of molecular O2 and the trans-
port of oxygen species are the possible rate-determining steps in 
the process of oxygen activation (table S5). Thus, we inferred that the 
segregated barium oxides at the surface will greatly improve the 
catalytic activity of MIEC materials toward oxygen exchange reac-
tions. To confirm the above hypothesis, we prepared symmetric cells 
of BaO-Au|SDC|BaO-Au to determine the polarization resistance as 
a function of BaO content. The preparation conditions, morphologies, 
and structures of the symmetric cells are shown in table S6 and figs. S14 
and S15, respectively. The polarization resistance of the 10% BaO-Au 
composite electrode is far lower than that of the Au electrode 
(Fig. 3A), and it decreases with an increase in BaO content. The 
activity difference between the Au and BaO-Au composite electrodes 
becomes much larger at low temperatures because the activation 
energy of the latter is only approximately half that of the former 
(Fig. 3B). This result indicates that barium oxides indeed exhibit high 
catalytic activity toward oxygen activation. Meanwhile, BaCO3-Au 
and BaSO4-Au composite electrodes were tested in flowing air at 
800°C (Fig. 3C). Significantly improved catalytic activity of BaCO3 
was observed, indicated by the decrease in polarization resistance. 
The polarization resistance decreased with an increase in duration 
time, because BaCO3 could further partially decompose into barium 
oxides in flowing synthetic air at 800°C (figs. S16 and S17). It also 
offers a reasonable explanation that the catalytic activity of perovskites 
can be markedly improved by introducing BaCO3 (29, 30). For many 
works, barium oxides were hard to observe, because samples were 
prepared under air before characterizations or observed under 

ambient temperature and pressure through common equipment. The 
practicality of materials containing Ba for ORR is still questionable 
now when ambient air is used as the feed gas, because the decompo-
sition of BaCO3 is inhibited under an atmosphere containing CO2. 
However, the barium oxides segregated from the bulk of Ba-containing 
materials or formed from the partial decomposition of BaCO3 can 
remain stable in some practical applications without CO2, for in-
stance, as the OER catalyst on the permeation side of MIEC mem-
branes for oxygen separation (37) and as the anode of solid oxide 
electrolytic cells (38, 39). Different from BaCO3, BaSO4 shows lower 
activity toward oxygen exchange reactions because it cannot de-
compose into barium oxides in synthetic air at 800°C (fig. S18). The 
catalytic activities of composite electrodes containing other alkaline 
earth and lanthanide oxides are far lower than those of the BaO-Au 
composited electrodes (fig. S19), indicating that high catalytic 
activity is unique for BaO among these A-site elements in MIEC 
perovskite oxides.

Thus, promoting the formation of barium oxides on the surface 
of Ba-containing MIEC materials or adding BaO to electronic con-
ductors to form a composite material is an effective strategy to 
accelerate oxygen exchange reactions. (La0.75Sr0.25)0.95MnO3− (LSM), 
as a classical electrode, has been well studied in SOCs because of its 
high electron conductivity and stability. Its catalytic activity was 
significantly improved after a small amount of Ba(OH)2 solution was 
injected into as-sintered LSM electrodes (Fig. 3D). BaO is the main 
active site for oxygen activation in the composite electrode because 
Ba(OH)2 decomposes into BaO when the temperature is higher than 
600°C (figs. S20 and S21). Meanwhile, the oxygen exchange activity 

Fig. 3. Experiments of barium oxides for oxygen activation. (A) The electrochemical impedance spectra (EIS) (800°C) and (B) activation energies of BaO-Au|SDC|BaO-Au 
symmetric cells with different BaO content. ASR, area specific resistance. (C) The EIS of 50% BaCO3/BaSO4-Au|SDC|50% BaCO3/BaSO4-Au (800°C) and (D) LSM-Ba(OH)2|SDC|LSM-Ba(OH)2 
(700°C) symmetric cells in air.
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improved obviously after a small amount of Ba(OH)2 solution was 
injected into the Au electrode (fig. S22).

DFT calculations of ORR and OER
On the basis of the experimental characterizations, BaO(111) and 
(100) as well as BSCF(001) and (110) were chosen with DFT calcu-
lation to compare the ORR activity, while the BaO2(101) and (110) 
facets and the same BSCF facets were used to explore the OER per-
formance. As shown in Fig. 4A and figs. S23 and S24, for the BSCF 

system, O2 dissociations on BSCF(110) and (001) are similar with 
barriers of ~1.2 eV, although BSCF(110) favors O2 adsorption by 
0.65 eV than BSCF(001). However, BaO(111) exhibits an enhanced 
O2 activation with a barrier of 0.17 eV with respect to BaO(100) 
surface (1.35 eV). This indicates that the BaO(111) surface is more 
active than the BaO(100) and BSCF surfaces, serving as active sites 
for efficient O2 dissociation. On the other hand, the BaO2(110) and 
(101) surfaces show similar lower barriers (1.03 and 1.05 eV, re-
spectively) for O2 evolution compared to both BSCF(110) (1.44 eV) 

Fig. 4. DFT calculations of barium oxide and barium dioxide for ORR and OER. (A) Gibbs free energy (800°C) diagram for O2 dissociation (left) and O2 formation (right) 
on the four surfaces: BSCF(110) and (001) facets and BaO(100) and (111) facets as well as BSCF(110) and (001) facets and BaO2(101) and (110) facets. (B) Corresponding 
atomic configurations (top view) and electron localization function (ELF) of the key O-Ba pairs for the TS. For clarity, the atoms are numbered, and ELF values are inserted. 
(C) Projected density of states (PDOS) of the key atoms [shown in (B)] involved in the TS (the dotted gray line marks the Fermi level).



Zhu et al., Sci. Adv. 8, eabn4072 (2022)     13 April 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 9

and BSCF(001) (1.58 eV), which indicates the high activity on BaO2 
surfaces. Therefore, we deduce that BaO and BaO2 have high activities 
for O2 dissociation and O2 evolution, respectively, in comparison to 
the BSCF, which is consistent with the experimentally electrochemical 
evaluation of composite electrodes that BaO/BaO2 can improve 
oxygen exchange activity.

According to the transition states (TSs) in Fig. 4B, BSCF(110) and 
(001) provided an active ensemble composed of Ba1, Ba2 (or Sr1), 
and Co (or Fe) atoms, whereas Ba1, Ba2, and Ba3 play roles in O2 
activation on BaO and in O2 evolution on BaO2. Hybridization of 
the O2 (TS) and active sites can qualitatively reflect the stability of 
bonding. In Fig. 4C, the projected density of states (PDOS) of O2 
(TS) for BaO(111) and BaO2(110) downshifts versus other surfaces, 
indicating more hybridization between oxygen and surface. The 
electron localization function (ELF) analysis in Fig. 4B also demon-
strates that the interactions are the strongest between O2 (TS) and 
the surfaces of BaO(111) and BaO2(110), boosting both dissociation 
and O2 evolution. Intrinsically, BaO(111) is a polar surface with the 
Taker type 3 structure (40), which exposes a threefold coordinated 
Ba3c with higher activity than those of Ba5c on BaO(100) and Ba6c 
(also Co4c or Fe5c) on the BSCF surfaces. It is noted that the O─O 
bond length on BaO(100) after O2 dissociation is 1.49 Å, close to 
that (1.48 Å) in BaO2 (fig. S25) (41). The surface (cleavage) energy 
of BaO(111) is 0.53 eV/Å2, compared to 0.07 eV/Å2 for BaO(100). 
The resulting reactive oxygen atoms generated on BaO(111) can easily 
migrate to BaO(100), which is able to drive peroxide formation. 
Moreover, the O2 evolution on BaO2 is more facile than on BSCF.

From the aforementioned results, we can deduce that the mech-
anism of oxygen exchange reactions of Ba-containing MIEC mate-
rials has another route different from others, as shown in fig. S26. 
Ba first segregates from the bulk to the surface to form BaO under 
an oxygen-enriched atmosphere at elevated temperature. Element 
segregation has been widely investigated. The size mismatch between 
the host and the dopant and cationic defects in the bulk would in-
duce the segregation of alkaline-earth metals in perovskite oxides 
(20, 42, 43). Ba is easier to segregation than Sr in BSCF because of 
the larger cation radius and the formation of BaO2 in O2-containing 
atmosphere (20, 28). Then, BaO reacts with O2 to form BaO2 through 
inner electron transfer. Oxygen species transfer via BaO2 to the sur-
face of the MIEC material and then combine with oxygen vacancies 
and electrons from the MIEC material. Meanwhile, the resultant 
BaO participates in the next cycle. Furthermore, the dissociation of 
BaO2 to produce O2 was proven to be more facile than the O2 evo-
lution on BSCF. Thus, BaO and BaO2 are the active sites for ORR 
and OER, respectively.

MATERIALS AND METHODS
Sample preparation and oxygen exchange kinetics analysis
The BaxSr1−xCo0.8Fe0.2O3− (x = 0, 0.1, 0.3, 0.5, and 0.7) powders were 
synthesized via sol-gel methods. Green disks of the five materials 
were obtained through pressing the powders at appropriate pressures 
in a stainless steel mold. The green disks were sintered at 1120° to 
1200°C for 3 hours in a muffle furnace to obtain the dense mem-
branes. All the disks were polished by 500-mesh SiC papers to 1.0 mm. 
After sealing with the silver rings at 961°C, the temperature was de-
creased to the target temperatures for the measurement. Synthetic 
air (150 ml min−1) made of O2 and N2 with appropriate ratios was 
used as the feed gas. He was used as the sweeping gas. The composition 

of the effluent gas was analyzed by a gas chromatography instrument 
(Agilent 6890) equipped with a thermal conductivity detector. Oxygen 
permeation fluxes through these MIEC disks were calculated on the 
basis of the flow rates of sweeping gas and the oxygen concentration 
in the effluents. The oxygen exchange kinetics was obtained by using 
an oxygen permeation model at steady states. A brief introduction 
of the kinetic model and data analysis are shown in the Supplemen-
tary Materials.

SEM and ultraviolet-Raman spectroscopy characterizations
The dense as-prepared BSCF and SCF disks were polished by 2000-mesh 
SiC papers. The polished samples were calcined at 850°C in O2 for 
0, 10, 20, and 30 hours, respectively. Scanning electron microscope 
(JSM 7900F) measurement was performed to observe the micro-
structure and morphology after the treatment. After SEM charac-
terization, the treated BSCF disks were measured by the ultraviolet 
(UV)–Raman spectra. UV-Raman spectra were collected using a 
homebuilt spectrometer. The system was composed of a 325-nm 
semiconductor laser (Changchun New Industries Optoelectronics 
Technology Co.), a 25-mm-diameter off-axis parabolic mirror 
(Edmund Optics Co.) as the light-collecting element, an edge 
filter (Semrock Co.) to filter Rayleigh scattered light, a spectrograph 
(Shamrock 500), and a UV charge-coupled device camera (Newton 
920) produced by Andor. All spectra were calibrated by placing the 
main Raman peak of polytetrafluoroethylene and highly oriented 
pyrolytic graphite. The laser power at the sample was kept below 
2 mW to prevent burning effects.

ETEM characterization and elements analysis
In situ TEM experiments were carried out on both Titan Themis G3 
(Titan-ETEM, Thermo Fisher Scientific Company) and Hitachi 
HF5000 environmental scanning transmission electron microscope 
(HF5000-ESTEM, Hitachi). The Titan-ETEM works at 300 kV with 
a spherical-aberration (Cs) corrector for parallel imaging (CEOS 
GmbH) and measured resolution of better than 1.0 Å. The Titan-
ETEM is equipped with High-Speed STEM EELS (777.U1 + 777.U2), 
GIF Quantum ER basic package (965), and DualEELS (963.U3). 
Injecting O2 (8.84 mbar/6 mbar) into the ETEM chamber with a 
self-developed gas system, the heating temperature increases and 
decreases to the target temperatures at a rate of 50°C s−1 by a DENS 
heating holder. The TEM images and movie series of the powder sam-
ple observed on Titan-ETEM were recorded by a Gatan OneView 
camera. In situ STEM was also performed by Titan-ETEM. Images 
were acquired using HAADF and bright-field detectors. The movie 
of the FIB sample was combined by a series of STEM images. For 
the HAADF imaging, a condenser aperture of 50 m and a 195-mm 
camera length were used, obtaining the convergence angle of ~19.6 mrad 
and collection angle range of 40 to 200 mrad. STEM imaging was 
adopted to get high-quality EELS data. We set a camera length of 
60 mm and a condenser aperture of 70 m. EELS spectra were 
acquired in Dual EELS mode allowing for the precise calibration of 
the peak. EELS mapping was acquired with an energy dispersion of 
1 eV/pixel and acquisition time of 0.1 s/pixel. EELS datasets were 
processed by using Digital Micrograph.

The in situ STEM experiments were performed on the HF5000-
ETEM that works at 200 kV in the Hitachi FE-S/TEM system with a 
resolution of better than 1.0 Å. The energy-dispersive x-ray spec-
troscopy elemental mapping results were conducted at symmetrically 
opposed, dual 100-mm2 EDX* detectors ("Symmetrical Dual SDD*") 
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equipped on the HF5000 microscope. The STEM images were ac-
quired under HADDF mode with gas (6 Pa) being inlet via a gas 
nozzle toward the sample location. The movies were recorded on a 
build-in module.

Fabrication of symmetric cells and electrochemical testing
Dense Sm0.2Ce0.8O2− (SDC) disks with thicknesses of 700 and 500 m 
were used as electrolytes. Au powder with high purity (99.9%) was 
mixed with BaO powder (99.9%; Sigma-Aldrich) with mass ratios of 
1:1 (50% BaO), 4:1 (20% BaO), and 9:1 (10% BaO), respectively, to 
obtain the electrode slurries. All powders were well mixed in the 
terpilenol solution containing ethyl cellulose. LSM powder was well 
mixed with the terpilenol solution containing ethyl cellulose. Then, 
the electrode slurries were painted onto both surfaces of the SDC 
substrate. Four symmetric cells, w% BaO-Au|SDC|w% BaO-Au 
(w = 0, 10, 20, and 50), were sintered at 850°C for 2 hours. Au paste 
was printed on the surface of the electrodes for current collection. 
Four symmetric cells, LSM|SDC|LSM, were sintered at 1100°C for 
2 hours. Ba(OH)2 solution (10, 20, and 50 l) (0.0910 M) was injected 
into the LSM electrodes of the symmetric cells. The symmetric cells, 
Au|SDC|Au, were sintered at 900°C for 2 hours in a muffle furnace. 
Vacuum impregnation was applied to inject Ba(OH)2 (0.045 M) 
solution into the small pores of Au electrode for 5 min. The fabri-
cated symmetric cells were evaluated on a homemade test station 
with two-electrode electrochemical measurement. Both sides of the 
cell were fed with synthetic air (O2:N2 = 21:79) with a flow rate of 
50 ml min−1 during heating and testing to eliminate the influence of 
CO2 and other possible impurities in the environment. The heating 
rate was 2.67°C min−1. All the measurements were started until the 
temperature was held at target temperatures for 30 min in flowing 
synthetic air with a flow rate of 50 ml min−1. The electrochemical 
impedance spectra were carried out using an electrochemical work-
station (a Solartron 1287 electrochemical interface and a Solartron 
1260 frequency response analyzer).

Computational methods and models
DFT calculations have been performed using the Vienna Ab initio 
Simulation Package code (44, 45) with the implemented projector 
augmented-wave method (46). The generalized gradient approxi-
mation in the Perdew-Burke-Ernzerhof form (47) was used to de-
scribe electronic exchange and correlation. A plane-wave basis set 
was specified with a cutoff of 400 eV. In addition, the van der Waals 
dispersion forces were corrected using the zero damping DFT-D3 
method of Grimme (48). An on-site Hubbard term Ueff was added 
to address the open-shell d-electrons, which are 4.0 eV for Fe and 
3.3 eV for Co (49). The energies and residual forces were converged 
to 10−6 eV and 0.02 eV Å−1, respectively.

According to the characterizations by x-ray diffraction (XRD) 
and TEM, the crystal structures are referenced to BaO (Fm​​

_
 3​​m, 

no. 225), BaO2 (I4/mmm, no. 139), and SrCoO3 (Pm​​
_

  3​​m, no. 221), 
where the Ba4O4, the Ba2O4, and the SrCoO3-derived Ba4Sr4Co6Fe2O12 
(fig. S23C) serve as the unit cells to simulate the experimental BaO, 
BaO2, and BSCF structures. On the basis of the experimental char-
acterization, the (111) and (100) facets of BaO, the (101) and (110) 
facets of BaO2, and the (001) and (110) facets of BSCF were chosen 
as the prototypes (fig. S23). The optimized lattice constants are 
a = 5.53 Å for BaO, a = 3.80 Å and c = 6.86 Å for BaO2, and a = 7.88 Å 
for BSCF. A slab with five layers was used to mimic the BSCF(110) 
and BSCF(001). The slab thicknesses are five and four atomic layers, 

respectively, for BaO(111) and (100). In addition, the slab thicknesses 
are nine and four atomic layers, respectively, for BaO2(101) and 
(110). For irreducible Brillouin zone sampling, a Monkhorst-Pack 
k-point grid of 3 × 3 × 3 was adopted for BSCF bulk, 4 × 4 × 4 for 
BaO and BaO2 bulk, and 2 × 2 × 1 for slab models. The vacuum dis-
tance was about 15 Å between slabs to avoid the undesired interaction.

Energy levels of the states were corrected to Gibbs free energies 
by the formula

	​  G(T ) = ​E​ elec​​ + ZPE − TS​	

where Eelec is the electronic energy calculated by DFT at 0 K, ZPE is 
the zero point energy, S is the entropy, and system temperature T is 
1073 K. For adsorbed species, the last two items were obtained by 
vibrational frequency calculations via standard methods (50). 
The adsorption energies of O2 on the four surfaces at 0 K and the 
ZPE-TS values at 1073 K are listed in table S7.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn4072
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