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Significance

This work has resolved several 
existing problems in the field of 
materials science: a) Why Al 
substitution the La0.3Sr0.7CoO3−δ 
enable non-concerted proton-
electron transfers during oxygen 
evolution reaction conditions, b) 
why Al dopants facilitate the 
preoxidation of active cobalt metal 
and Al3+ leaches at the beginning 
of reconstruction and further 
terminates the surface 
reconstruction. We directly probe 
the environments of Al species at a 
local scale by the 27Al MAS NMR 
method with atomic-level 
resolution. Through finely 
controlled synthesis, we found two 
types of aluminum environments 
including AlO6 octahedra and AlO4 
tetrahedra. Based on our density 
functional theory calculations, Al 
dopants facilitate the preoxidation 
of active cobalt metal, which also 
introduces great structural 
flexibility due to elevated O 2p 
levels.
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To master the activation law and mechanism of surface lattice oxygen for the oxygen 
evolution reaction (OER) is critical for the development of efficient water electroly-
sis. Herein, we propose a strategy for triggering lattice-oxygen oxidation and enabling 
non-concerted proton–electron transfers during OER conditions by substituting Al in 
La0.3Sr0.7CoO3−δ. According to our experimental data and density functional theory 
calculations, the substitution of Al can have a dual effect of promoting surface recon-
struction into active Co oxyhydroxides and activating deprotonation on the recon-
structed oxyhydroxide, inducing negatively charged oxygen as an active site. This leads 
to a significant improvement in the OER activity. Additionally, Al dopants facilitate 
the preoxidation of active cobalt metal, which introduces great structural flexibility 
due to elevated O 2p levels. As OER progresses, the accumulation of oxygen vacancies 
and lattice-oxygen oxidation on the catalyst surface leads to the termination of Al3+ 
leaching, thereby preventing further reconstruction. We have demonstrated a promising 
approach to achieving tunable electrochemical reconstruction by optimizing the elec-
tronic structure and gained a fundamental understanding of the activation mechanism 
of surface oxygen sites.

perovskite oxide | lattice-oxygen oxidation | surface reconstruction | self-termination |  
oxygen evolution reaction

With the rapid development of the research on the mechanism of electrocatalytic oxygen 
evolution reaction (OER) in the catalytic process, the current understanding of the OER 
mechanism of metal oxides is not limited to the study of the redox chemistry of the metal 
cation surfaces anymore, involving four coordinated proton–electron transfer steps at the 
surface metal ion center (1–3). Involving the redox and the migration of surface lattice 
oxygen has been proven to be very important in various applications such as catalyzing 
OER in photo-electrochemical water splitting, regenerative fuel cells, rechargeable metal–
air batteries, and energy storage in lithium-ion battery materials (4–10). Therefore, under­
standing the anionic redox chemistry of oxygen in metal oxides, on the surface and in the 
bulk, is crucial for the development of efficient energy storage technologies that require 
materials capable of catalyzing OER.

Recent reports have shown that highly active oxides exhibit pH-dependent OER activity 
on the RHE (reversible hydrogen electrode) scale, indicating that non-concerted proton–
electron transfers are involved in catalyzing the OER catalysts (11–13). This oxidation 
reaction occurs on the lattice oxygen of oxides, known as the lattice-oxygen oxidation 
mechanism (LOM), and is determined by the inherent metal–oxygen covalent property 
of the catalyst (14). During the LOM process, the catalysts often undergo surface recon­
struction due to redox reactions and the migration of lattice oxygen, which can significantly 
reduce their stability (11). The perovskite oxides have a high structural tolerance, which 
allows for the adjustment and regulation of their metal 3d and O 2p band structures over 
a wide range (15). Therefore, activating the anionic redox chemistry of oxygen in per­
ovskites is a relatively reliable approach. Previous studies have shown that enhancing the 
O 2p−band centre (defined relative to the Fermi level), while decreasing metal–oxygen 
hybridization, can lead to improved OER activity. This suggests that the bulk electronic 
structure plays a crucial role in catalysing OER kinetics (16–19). However, the proper 
method for promoting surface reconstruction to achieve this effect is still unclear. 
Additionally, it is important to control surface reconstruction to prevent any impact on 
the volume of oxide catalysts used as templates for creating highly reactive surfaces. Thus, 
it is highly desirable to develop strategies for activating and terminating the surface 
reconstruction.

Herein, we constructed different perovskites by finely regulating two different environ­
ments of Al species in each La0.3Sr0.7Co1−xAlxO3−δ (LSCAO) sample. The substitution of 
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Al for Co in La0.3Sr0.7CoO3−δ (LSCO) was found to promote 
surface remodeling by activating preoxidation of Co and optimiz­
ing the O 2p−band centre, leading to increased structural flexibil­
ity. Through a combination of experimental and theoretical 
approaches, it was demonstrated that this substitution can activate 
the oxidation of lattice oxygen in highly covalent metal oxides by 
non-catalytic active Al3+ substituting CoOh

3+ in LSCO, triggering 
non-concerted proton–electron transfer and enhancing OER 
activity. Accurate electrochemical mass spectrometry measure­
ments of 18O-labelled perovskites have been implemented to 
directly quantify the oxidation of lattice oxygen during the OER. 
The results reveal that this process is more prevalent in less covalent 
oxides, such as LSCAOs oxide with different environments of Al 
species, compared to highly covalent LSCO. Less covalent oxides 
exhibit pH-dependent OER activities (on the RHE scale), whereas 
LSCO shows the pH-independent OER activity, which is expected 
from the conventional OER mechanism. Therefore, properly reg­
ulating the covalence of metal–oxygen bonds is crucial to initiate 
lattice-oxygen oxidation and allow non-concerted proton–electron 
transfers during OER.

Results

Crystal Structure Characterization. To study the activity of 
lattice-oxygen oxidation in perovskite LSCAOs under alkaline 
OER conditions, catalytically inactive Al3+ with p6 electronic 
structure was used to substitute Co3+ in corresponding octahedral 
geometric configurations (Fig.  1A). By regulating the atomic 
ratio between Co and Al (SI Appendix, Fig. S1 and Table S1), we 
obtained the stoichiometric angles of LSCAO oxides using a sol–
gel method (the Al substitution amount, x ≈ 0 to 0.25). According 
to powder X-ray diffraction (XRD), the diffraction peaks of the 
as-synthesized LSCAO match with that of the standard cubic 
perovskite oxide (JCPDS: 48-0137, Fig. 1B). Such a peak shift 
could be ascribed to changes in lattice parameters induced by 
the different ionic radii of the Co and Al cations and suggests a 

solid solution property. Furthermore, the diffraction peaks for 
Al-doped samples are also found narrower and at different 2θ 
positions than those of undoped LSCO, as shown by the shifts 
of larger zoom of the (110) diffraction peak and shift to lower 
angles with increasing Al substitution amount; it suggests an 
expansion of the crystal lattice. This confirms the substitution 
of Co3+ with Al3+ in the LSCAOs sample which leads to an 
increase of the ahex one (20). This apparent contradiction can 
be attributed to a phenomenon called lattice strain caused by 
changes in local bonds. The scanning electron microscope images 
(SI  Appendix, Fig.  S2) and corresponding energy-dispersive  
X-ray spectroscopy (EDS) of the as-synthesized LSCAOs are in 
the form of nanoparticles (SI Appendix, Fig. S3), but their sizes are 
inevitably different. From the Brunauer–Emmett–Teller surface 
area (SI Appendix, Fig. S4), the as-synthesized oxide powders with 
different Al contents possess a specific surface area of 4 to 14 m2 
g−1. The atomic resolution probe aberration-corrected high-angle 
annular dark-field scanning transmission electron microscopy 
(HAADF-STEM) and corresponding EDS elemental mapping 
of individual LSCO indicate the atom arrangement image and 
the uniform distribution of La, Sr, and Co atoms without phase 
segregation separation (SI Appendix, Fig. S5). The positive shifted 
Co L2,3-edge in the atomic-column resolution electron energy loss 
spectrum (EELS) also supports an increased oxidation state of Co 
ions along with the Al substitution amount (Fig. 1C and SI Appendix, 
Fig. S6). To further explore the fine structure and the atomic-scale 
cation distributions of individual LSCAO (x = 0.20, sample was 
herby named LSCAO-0.2), HAADF-STEM images along [001] 
and [111] were directly taken to provide the atom arrangement 
images (Fig. 1D and SI Appendix, Fig. S7). The theoretical simulated 
STEM image confirms that the brightness of La–Sr columns at 
the cuboctahedra sites is more than that of Co–Al columns at the 
octahedral sites (the Inset of Fig. 1D). The schematic oriented crystal 
unit-cell model and atomic-resolution EDS elemental mappings 
of LSCAO-0.2 in Fig. 1E further illustrate that La/Sr are located 
at the A position of cuboctahedra sites in the crystal structure of 
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Fig. 1. Structural characterizations of as-prepared LSCAOs catalysts. (A) Schematic illustration of perovskite structures of LSCO, LSCAO-0.1, and LSCAO-0.15. 
(B) The XRD patterns for series of LSCAOs. (C) Co L-edge EELS spectra of LSCAOs with different Al substitution. (D) Atomic-resolution HAADF-STEM image of the 
partially inverse perovskite LSCAO-0.2 structure observed along [001] orientation. (Inset) Theoretical STEM images simulated by the Quantitative TEM/STEM 
Simulations Package (QSTEM) software projected along [001] orientation. (E) EDS atomic elemental mappings of the as-synthesized LSCAO-0.2.
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ABO3 perovskite oxide. However, it is also obvious that the Al 
points cannot overlap with the Co sites, where some Al sites show 
very evident deviations. The result shows that Co and Al are in 
different coordination environments at the B position of the 
crystal structure, which is consistent with XRD results.

In order to directly probe the environments of Al species in the 
LSCAOs product at a local scale, the 27Al MAS NMR has been 
performed as a sophisticated method with atomic-level resolution 
(21−23). Consistent with the 27Al shifts reported previously for 
aluminum oxides, typical AlO6 octahedra (15 to 25 ppm) and AlO4 
tetrahedra (65 to 85 ppm) aluminum environments have been 
observed for Al-doped LSCAOs. It is apparent that when x = 0.1, 
the corresponding coordination environment of Al is different from 
the samples with x = 0.15 to 0.25, which is an evident switch 
between AlO6 and AlO4. This phenomenon should indicate a turn­
ing point for the Al environments. When the Al content increased 
to 0.15, the very broad and highly shifted 27Al resonance (AlO4 
tetrahedra) can also be observed (Fig. 2A), which agrees with EDS 
elemental mappings results. The shift is governed for these systems 
due to d-orbital spin density transfer from paramagnetic transition 
metals via empty oxygen p-orbitals to nuclei under observation and 
is called the Fermi contact shift (24, 25). In addition to the complex 
behavior of Al-containing components throughout the oxides, Al 
substitution in LSCAOs also alters the local atomic structure of 
Co. As observed with the Fourier transform infrared spectroscopy 
of LSCAOs (SI Appendix, Fig. S8), the characteristic peaks for 
Co−O and O−Co−O vibrations move toward the lower wavenum­
ber direction as the increase of Al amount from 0 to 0.25. It can 
be inferred that the vibration energy decreases. This is owing to 

that lattice distortion is induced by the coexistence of Co and Al 
which may lead to higher B−O stretching vibration and O−B−O 
bending vibration energy (26, 27). Moreover, the ultraviolet 
photo-electron spectroscopy (SI Appendix, Fig. S9) also has con­
sistently shown that the successful incorporation of Al atoms to 
the perovskite structure variations in the band structure and Fermi 
level in the LSCAOs.

Electronic Structure Analysis. In order to gain a direct and 
in-depth investigation of the oxidation state variation for the 
LSCAOs sample. X-ray photoelectron spectroscopy (XPS) 
results show that the Co 2p peak of these samples slightly shift 
to higher binding energy with the increase of Al concentration 
(SI Appendix, Fig. S10), indicating an increasing in the Co valence 
state, which is further supported by X-ray absorption near-edge 
(XANES). The nominal Co valence states are indicated by the 
K-edge positions when compared to references CoO and Co3O4 
(SI Appendix, Fig. S11; for details, see SI Appendix). Although 
Co3+ is more electronegative than Al3+, after Al substitution, the 
K-edge energies of Co slightly shift to a higher absorption energy 
compared to LSCO, which indicates an increasing in Co valence 
state and agrees well with the EELS and XPS result. The valence 
states of Co atoms of all LSCAOs samples were investigated by 
XAS to quantitatively characterize the concentration of oxygen 
defects (SI  Appendix, Table  S2 for details) (28, 29). It can be 
seen that the concentration of oxygen defects has a negative 
correlation with the content of Al substitution (Fig. 2C); this is 
in obvious contradiction with the fact that the substitution of Al 
in LSCAOs reduces the enthalpy of oxygen vacancy formation. 

Fig. 2. Environments of Al species and electronic structure characterizations of as-prepared LSCAOs catalysts. (A) 27Al MAS NMR spectra recorded at 130.33 MHz 
using a 30-kHz spinning frequency for LSCAOs with different Al substitution. The signals centered at 0 and 53 ppm were ascribed to octahedrally coordinated 
(AlO6 structure unit) and tetracoordinated aluminum (AlO4 structure unit), respectively. Electronic structure and valence bond information: (B) Co K-edge XANES 
adsorption edges; (C) R-space Fourier-transformed FT [k4 X(k)] of Co K-edge extended X-ray absorption fine structure (EXAFS) for series of LSCAOs. Three dominant 
peaks were observed at 1.4, 2.7, and 3.3 Å, corresponding Co−O, Co−La/Sr, and Co−Co single scattering, respectively. (D) Calculated oxygen deficiencies and 
Co−Co EXAFS distance of series of LSCAOs. The K-edge position is determined by an integral method as described in SI Appendix, Fig. S11 (28, 29), and the details 
about edge positions and nominal valence state of Co are shown in SI Appendix, Table S2. (E) The soft X-ray absorption spectra of O K-edges for series of LSCAOs. 
The peak at about 527 eV is assigned as the pre-edge peak caused by internal charge transfer between Co4+ and O2−; the peak at about 530 eV represents the 
overlapping bands between Co 3d and O 2p; the peak at about 532 eV is attributed to s* resonance extinction of O2

− species; and peaks at about 534 eV and 
537 eV are recognized as the hybridization between O 2p and La 5d/Sr 4d/Co 4sp in LSCAOs (30–34).
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The main reason is due to changes in the local bond. The Co−O 
bond length bond length increases a bit with the Al substitution 
ratio from the evidence of extended X-ray absorption fine structure 
(EXAFS) (Fig. 2 C and D and SI Appendix, Fig. S12). When Al 
gradually takes the place of the Co atom in LSCAOs, larger Co−O 
bond length begins to induce lattice distortion in LSCAO, which 
agrees with FT-IR results. As observed with Co K-edge EXAFS, 
the first-shell peak at ~1.5 Å, representative of the metal–oxygen 
bond, and the strength represents the metal–oxygen coordination 
number (Fig. 2D and SI Appendix, Fig. S12). Specifically, the EXAFS 
fitting results (SI Appendix, Fig. S13 and Table S3) of the first-shell 
peak for LSCAOs reveal that Al substitution reduces the average 
coordination number of Co and O by ~5.4, at maximum. The 
Co−O EXAFS distance is weakened by Al substitution and appears 
to be significantly higher for LSCAO x = 0.25. Such an effect 
indicates a decrease in oxygen vacancies and an increase in cobalt 
valence state after Al substitution, which is evidenced by the Co 
K-edge XANES results (SI Appendix, Fig. S14). In line with the 
Fourier transforms, the wavelet transform images reveal a reduced 
Co−O and extended Co−Co path with the increase of Al doping 
in as-prepared series of LSCAOs (SI Appendix, Fig. S15).

More importantly, the O K-edge XAS is used to determine the 
essential differences related to Al concentration in the series of 
LSCAOs (Fig. 2E). After Al dopant, the intensity of pre-edge at 
about 527 eV deservedly increases compared with LSCO and the 
strongest is reached when x = 0.1, but its peak position remains 
unchanged, which can be expounded as the increase of concentra­
tion for charge transfer between Co4+ and O2

− in LSCAOs. The 
external electron transfer mode is of promotional significance to 
activate surface lattice oxygen for obtaining more active O2−x spe­
cies. Furthermore, the intensity of the Co 3d–O 2p hybrid peak at 
about 530 eV is also lower than that of pure LSCO, which be 
caused by the activation of surface lattice oxygen in LSCAOs (O2− 
→ O2−x) (30–32). These changes all illustrate that Al dopant reduces 
electron transfer between Co4+ and O2

− and has a more important 
effect on optimizing surface electronic state and therefore reduce 
the overpotential required for OER process on perovskite oxides. 
Moreover, the synergistic effect narrows the hybridization state 
between Co 3d and O 2p and successfully promotes the activation 
of surface lattice oxygen (33), which can be further evidenced by 
the O 1s energy spectra (SI Appendix, Fig. S16 and Table S4). 
Indeed, the Al substitution in LSCAOs was found to reduce the 
formation enthalpy of oxygen vacancies, which indicates easier 
formation of oxygen vacancies, as also supported by theoretical 
calculations. Introducing constant valence Al into LSCAOs per­
ovskite, the conversion in the valence state of Co (confirmed by 
XPS and EXAFS analysis) can effectively modulate d electron 
arrangement and eg electron number. Magnetism measurement 
offers a beneficial platform to detect d electron arrangement in the 
LSCAOs sample (34, 35). As observed with magnetic hysteresis 
loops (SI Appendix, Fig. S17), the LSCO is intrinsically nonmag­
netic, while the series of LSCAOs exhibit a distinct ferromagnetic 
feature, which indicates the number of magnetic moments increased 
after Al of introduction. Subsequently, to further reveal the electron 
spin configuration of as-prepared series of LSCAOs, we measured 
the zero-cooled-field and field-cooled temperature-dependent sus­
ceptibility curves, as shown in SI Appendix, Fig. S18. The effective 
magnetic moments (μeff) is directly correlated with the occupancy 
of the eg state of CoO6 octahedra, indicating the higher spin state 
of LSCAO-0.2 due to strong Jahn–Teller effects with shortening 
Co−O and elongating Co−Co bonds (SI Appendix, Fig. S19 and 
Table S5) (27, 36, 37), which is consistent with Co K-edge XANES 
results. Based on the relationship between OER electrocatalytic 
activity and d electron configuration in perovskite-type catalysts, 

LSCAO-0.2 nanoparticles are expected to be a high-energy OER 
catalyst (2). All the above results suggest that the reduced Co−O 
and extended Co−Co bonds contribute to surface reconstruction 
of the active species.

Electrochemical OER Performance. The perovskite LSCAOs 
oxide were then measured for their electrocatalytic OER 
performance under alkaline condition (for details, see Methods). 
Different valance states in different regions of LSCAOs oxide 
can be validated by experimental cyclic voltammetry (CV) 
curves, LSCAO-0.2 catalyst exhibits early oxidation peaks of the 
Co2+/Co3+ redox (1.35 V) compared to the LSCO standalone 
counterpart (SI  Appendix, Fig.  S20). To determine intrinsic 
activity, specific activities were normalized to the electrocatalytic 
active surface area (ECSA) of the oxides, which was determined 
using the double-layer capacitance method to calculate the 
ECSA of the oxides (SI Appendix, Fig. S21). An ohmic drop iR 
correction was applied to compensate potential losses resulting 
from the resistance of the electrolyte solution (2, 38, 39). As shown 
in Fig.  3A, LSCAO-0.2 is the most effective perovskite oxide. 
In contrast, as the Al substitution is further increased beyond  
x = 0.20 in LSCAO, a significant drop in activity is observed. To 
assess long-term stability, LSCAOs oxide (x = 0, 0.20, and 0.25) 
was subjected to constant current density of 10 μA cmox

−2 in 1 M 
KOH for 25 h, as illustrated in SI Appendix, Fig. S22. Thus, the 
strong correlation between OER activity and the composition ratio 
should be ascribed to the perovskite LSCAOs oxide component, 
which may govern the formation of active sites.

Electrochemical impedance spectroscopy (EIS) was carried 
out to examine the electrical charge transfer behavior in different 
phases (40, 41). The results of EIS (SI Appendix, Fig. S23) 
showed that the charge transfer at electrode/electrolyte interfaces 
in LSCAO-0.2 is more favorable compared to other Al content 
in LSCAO, as evidenced by the considerable decline in the 
charge-transfer resistance (Rct). And the charge interaction in the 
series of LSCAOs is explored by electrical transport measure­
ments (42, 43). The resistivity of the sample was observed to 
decrease monotonically with increasing Al content (SI Appendix, 
Fig. S24 and Table S6), indicating that it could potentially be a 
control factor for the amount of Al substitution. As observed in 
SI Appendix, Fig. S25, there is a peak that appears in the Bode 
phase plot of at different frequency regions. The phase angle of 
the low-frequency region representing the OER reduced earlier 
for LSCAO-0.2 (at 1.46 V) compared with LSCO (at 1.51 V) 
and LSCAO-0.10 (at 1.51 V). Meanwhile, the semicircle of 
LSCAO-0.2 decreased more rapidly with the increase of potential 
in the corresponding Nyquist plots, suggesting it was easier to 
be polarized.

Interpretation of O 2p. We have further utilized the density 
functional theory (DFT) calculation method to investigate the 
internal driving force, and the projected partial density of states 
(PDOS) was used to examine changes in the electronic structure. 
By comparing electronic distributions near the Fermi level (EF) 
on the stoichiometric angles of LSCAOs oxide, we observed that 
both Co 3d and La 5d orbitals overlap with O 2p orbitals, resulting 
in a stable structure (SI Appendix, Fig. S26). The PDOS results 
indicate that substitution of Al can have varying effects on the O 
2p and Co 3d levels, depending on the level of substitution (as 
shown in Fig. 3D). The d band center of LSCAOs oxide shows 
an obvious N-shape, and Co 3d band center of the LSCAO-0.22 
shows a sharp peak near the EF. In addition, the physical origin 
of the oxidation of lattice oxygen could be attributed to a shift 
of the EF deeper into the O 2p band in some perovskite oxides 
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(11, 15, 17, 42, 43). The alignment of the O 2p band center with 
respect to the EF is observed to correspond to the energy of the 
O2/H2O redox potential of the LSCAOs oxide (Fig. 3B; for more 
detail see SI Appendix, Table S7). Interestingly, the change of the 
O 2p band center caused by Al substitution is consistent with the 
change in oxygen vacancy formation energy in LSCAOs perovskite 
oxide (SI Appendix, Table S8). Therefore, due to the upshifted 
O 2p level, it is expected that the oxidation of lattice oxygen in 
LSCAO-0.22 will be more favorable compared to that in LSCO 
and LSCAO-0.11 (44, 45). It is noted that the p-band center 
and d-band center show a consistent trend, which means that 
the metal–oxygen hybridization is not weakened to improve the 
OER performances. The substitution of oxides has a similar effect 
on the structural analysis, where the inclusion of Al continuously 
increases, the external electron transfer mode is of promotional 
significance to activate surface lattice oxygen for obtaining more 
active O2−x species. This results in the accumulation of oxygen 
vacancy on the oxide surface, leading to the reconstitution of 
the surface as hydroxide under alkaline conditions when lattice-
oxygen oxidation occurs (46).

Surface Reconstruction in OER. Monitoring the dynamic changes 
behavior at metal sites provides an opportunity to identify the source 
of activity during the electrochemical process (47–49). It is important 
to note that there is minimal change in the valence of La, Sr, and Al in 
LSCAO-0.2, but the local atomic structure of Co sites in LSCO-0.2 
changes during the OER, as shown in SI Appendix, Fig. S27. In order 
to investigate the preoxidation of Co(iii) in LSCO, LSCAO-0.1, 
and LSCAO-0.2, their CVs (first and second cycles) were examined. 
For LSCAO-0.2, the first cycle displays a larger pseudocapacitive 
charge than the second cycle, and the CV profiles of LSCO and 
LSCAO-0.1 exhibit negligible changes (Fig. 3E and SI Appendix, 

Fig. S28A). This electrochemical behavior indicates that the surface 
reconfiguration on the catalyst surface is most likely caused by four-
coordinate Al surface reconstruction into the oxyhydroxide, resulting 
in a stable OER catalytic surface. Our findings indicate that the 
formation of oxyhydroxide demonstrates varying pseudocapacitive 
behaviors depending on the coordination environment of the Al. 
To be specific, the anodic peak in the first cycle appears at ~1.12 V 
for LSCAO-0.2, whereas a much more anodic peak is observed for 
LSCO (~1.14 V) and LSCAO-0.1 (~1.15 V), suggesting that four-
coordinate Al promotes the preoxidation of Co(ii) and facilitates the 
subsequent formation of Co oxyhydroxide. Significant differences in 
oxidation peaks and pseudocapacitive charges are observed between 
the first and second cycles for LSCAO-0.2, indicating a change in 
surface chemistry, while no such contrast is observed for LSCO 
and LSCAO-0.1. Further reconstruction is expected to occur on 
the surface of LSCAO-0.2, as supported by the results of scanning 
transmission electron microscopy coupled with high-resolution 
TEM (HRTEM) shown in Fig. 3F and SI Appendix, Fig. S28. The 
reconstructed surface of the resulting hydroxide oxide can be observed 
under HRTEM, indicating a change in surface chemistry from oxide 
to hydroxide due to reconfiguration.

Based on the results, we propose two proton/electron transfer 
processes for evolving active oxygen sites on the LSCAO-0.2 surface. 
As also observed in pH-dependence measurements, LSCAO-0.1 
and LSCAO-0.2 show significant pH-dependent OER activity as 
observed in Fig. 4A, whereas the LSCO does not. This effect is 
driven by a pH-sensitive surface reconstruction, which indicates a 
possible decoupling of the proton/electron transfer process, such as 
lattice-oxygen oxidation (3, 11, 12, 50). Such decoupled proton/
electron transfer process is also evidenced by coupled with 18O 
isotope-labeling differential electrochemical mass spectrometry 
(DEMS; Fig. 4 B–D) (11, 51). The degree of lattice-oxygen 

Fig. 3. OER performances of as-prepared LSCAOs catalysts and electronic interpretation of the effect of Al substitution on surface reconstruction. (A) CV curves 
of LSCAOs (x = 0; 0.05; 0.10; 0.15; 0.20; 0.25) in O2-saturated 1 M KOH with a scan rate of 10 mV s−1. Inset, Corresponding Tafel plots after oxide surface area 
normalization, capacitance correction, and iR correction. (B) OER current densities (left axis) of LSCAO at 1.65 V vs. RHE. The O 2p−band centre (right axis) in 
LSCAOs oxide is plotted to show its correlation with OER activity. (C) Computational models of LSCAOs (x = 0; 0.11; 0.22). (D) The d−band center of Co−3d and 
p−band center of O 2p PDOS in LSCAOs. (E) Pseudocapacitive behavior in the first and second cycles of LSCO and LSCAO-0.2 during CV cycling. (F) HRTEM images, 
showing the surface regions for as-prepared LSCAO-0.2 and after two cycles.
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oxidation participation at LSCAO-0.2 is increased by 4.8 times that 
of LSCO. To investigate the mechanism for the generation of O2, 
in situ attenuated total reflection infrared spectra (ATR-IR; Fig. 4 
E and F and SI Appendix, Fig. S29) were performed to capture the 
adsorbed intermediate (40, 52, 53). It is noteworthy that OOHad 
species and Oad species appeared at the OCV for LSCO and 
LSCAO-0.1, while it did not emerge until 1.825 V for LSCAO-0.2, 
and the bands at around 1,400 and 1,650 cm−1 appeared at 1.625 
V for LSCAO-0.2 while it emerged at 1.825 V for LSCO, suggests 
that the lattice-oxygen oxidation dominates the O2 generation of 
LSCAO-0.2. These further indicate that four-coordinate Al may 
promote deprotonation process through two proton/electron trans­
fer processes, resulting in the evolution of active oxygen sites. The 
Al doping is also beneficial to the formation of active phase and the 
improvement of catalytic activity of materials.

Reconstruction Terminating with Al3+ Leaching. The study sug­
gests that active oxyhydroxides produce reactive oxygen species 
during the anodic scanning step, which serves as the final active 
site. Quasi in situ XANES analysis was conducted to examine the 
dynamic valence state of Co on LSCAO-0.2 during OER. Fig. 5A 
displays the Co K-edge XANES of LSCAO-0.2 oxides recorded 
at 1.175 to 1.625 V (vs. RHE). The XANES results show that the 
Co K-edges of both oxides have shifted to lower energy. This is 
because more O2-x species appear during the OER process, which 
represents that there is electron transfer from O sites to nearby 
Co sites. Then, this will lead to a decrease in Co valence states. In 
the pseudocapacitive region (Fig. 5B and SI Appendix, Fig. S30), 

the Co−O and Co−Co EXAFS distance increment is primarily 
observed in regions I (1.05 to 1.40 V) and II (1.40 to 1.52 V), 
while the Co behavior in the pre-OER stage can be found in 
region III (1.52 to 1.625 V). The increase in Co valency can be 
attributed to a deprotonation process on the reconstructed surface 
of the catalysts. Therefore, the reason for the enhanced OER 
activity is that four-coordinate Al promotes the deprotonation 
process, leading to the formation of an active oxygen surface at 
a low potential.

Importantly, the original main crystal structure of the catalyst 
remained unchanged after catalysis, as shown in the XRD 
(SI Appendix, Fig. S31) and HAADF-STEM images (SI Appendix, 
Fig. S32). However, the XRD pattern does not obviously change 
after catalysis, and a small impurity peak appears with the increase 
of Al. To understand the mechanism of surface reconstruction, XPS 
spectra were collected after durability tests. The binding energy of 
Co 2p in all samples shifted positively due to the transformation 
from oxide to oxyhydroxide (SI Appendix, Fig. S33). The prominent 
peak at ~529 eV is attributed to the M−O bond, which decreased 
noticeably after OER. This provides additional evidence for the 
formation of an oxyhydroxide phase during the catalytic process. 
Notably, LSCAO-0.2 exhibits stable surface chemistry and becomes 
significantly amorphous after reconstruction. It was found that the 
reconstruction caused by lattice-oxygen oxidation stops after the 
first cycle, and the reconstructed surface remains highly active and 
stable in subsequent cycles. In order to investigate the mechanism 
of this reconstruction termination, we quantitatively determined 
the leached amounts of cations on the electrolyte during OER using 

Fig. 4. In situ investigation of pre-OER behaviors of catalysts and schematic of the surface reconstruction and deprotonation process. (A) CVs of LSCAO (x = 0.0, 
0.10 and 2.0) scanned in O2-saturated KOH (pH ≈ 12.5 to 14) at a scan rate of 10 mV s−1. DEMS signal ratios of 34O2 (16O18O) and 32O2 (16O16O) from the reaction 
products for 18O-labeled. (B) LSCO, (C) LSCAO-0.1, and (D) LSCAO-0.2 catalyst tests in H2

16O aqueous KOH electrolyte. In situ ATR-IR spectra recorded during the 
multi-potential steps for (E) LSCO (F) LSCAO-0.1 and (G) LSCAO-0.2. Proposed deprotonation mechanism before OER, shown for (H) LSCO and (I) LSCAO-0.2. The 
absorption band peaked at around 1,212 cm−1 is ascribed to the O−O stretching mode of surface-adsorbed superoxide (OOHad), the band at around 1,400 and 
1,650 cm−1 are attributed to the O−O stretching mode of weakly adsorbed molecular oxygen (52, 53).
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inductively coupled plasma mass spectrometry. An operando time­
line revealed that leaching of Al cations dissolutions finished quickly 
as the OER proceeded, and no notable Al leaching was observed 
thereafter for the LSCAO-0.2. Additionally, leaching of Co cations 
was almost negligible (Fig. 5C). The leaching of Al is believed to be 
connected to the reconstruction process. The results indicate that 
the initial Al leaching is accompanied by reconfiguration, which 
alters the local electronic structure of the oxides and prevents further 
reconfiguration. Furthermore, the local electronic structure of the 
lattice with Al3+ leaches was studied using DFT calculations (Fig. 5D 
and SI Appendix, Fig. S34). The introduction of Al3+ leaches into 
the lattice causes a decrease in energy at the O 2p level. This decrease 
in energy terminates lattice-oxygen oxidation and surface recon­
struction, as there are no more oxygen vacancies produced. This 
leads to a more stable surface chemistry.

Conclusions

Using OER as a model reaction, we show that Al substitution aids 
in the surface reconstruction of LSCAOs. Through precise synthesis, 
we were able to quantitatively introduce Al into the material and 
identify two types of aluminum environments: AlO6 octahedra and 
AlO4 tetrahedra. Significantly, we found that the AlO4 tetrahedra 
activate two deprotonation processes in reconstructed oxyhydroxides, 
resulting in the formation of active oxygen species at a low overpo­
tential. DFT calculations show that Al substitution leads to an 
increase in the O 2p level, which promotes the generation of surface 
oxygen vacancies and lattice-oxygen oxidation under OER condi­
tions. This substitution also provides greater structural flexibility for 
reconstruction. However, as Al3+ leaches during the initial stages of 
reconstruction, the O 2p level decreases in energy, ultimately resulting 
in a stable surface chemistry due to the termination of surface recon­
struction. The study shows that LSCAO-0.2 has exceptional intrinsic 

activity, mass efficiency, and stability when used for the OER. The 
research provides a valuable approach to enhance the coordination 
between the catalysts’ activity and stability by adjusting the dynamic 
reconstruction during an electrocatalysis process, which leads to the 
formation of active sites.

Materials and Methods

Materials. La(NO3)3 6H2O, Sr(NO3)2 6H2O, Co(NO3)2 6H2O, Al(NO3)3·6H2O, poly-
vinyl alcohol (PVA), citric acid, and KOH (99%) were purchased from Innochem; 
Nafion® perfluorinated resin solution in lower aliphatic alcohols and water (5 wt%) 
was purchased from Sigma-Aldrich, and absolute ethanol and isopropanol were 
purchased from Aladdin. The demonized (DI) water was obtained from a Millipore 
Auto-pure system (18.2 M, Millipore Ltd., (USA). All the other materials for elec-
trochemical measurements were of analytical grade without further purification.

Synthesis of Bulk La0.3Sr0.7Co1-xAlxO3-δ. LSCAOs bulk powder was synthesized 
using sol–gel methods using stoichiometric amounts (according to the molecular 
formula) of La(NO3)3 6H2O, Sr(NO3)2 6H2O, Co(NO3)2 6H2O, and Al(NO3)3 6H2O. The 
above metal nitrates were dissolved in appropriate DI water under stirring until 
completely dissolved, and then, 10 mL 2 wt% PVA and citric acid (3 times the total 
molar amount of metal ions) were added to the solution under stirring, followed 
by adjusting the pH of the solution to 8 by addition of aqueous NH4OH. The 
transparent solution was vigorously stirred at room temperature for 2 h. They were 
further continually stirred at 120 °C until transparent and viscous gel formed. The 
resulting gel was dried for 10 h at 200 °C, and the obtained black gray precursor 
was crushed and calcined at 750 °C for 5 h and 950 °C for 8 h with a heating speed 
of 2 °C min−1 and then cooled down to room temperature naturally.

DEMS Measurements. DEMS measurements were carried out to determine the 
18O-labeled OER reaction products of LSCO, LSCAO-0.1, and LSCAO-0.2 catalysts 
during the OER process using a QAS 100 device (Linglu Instruments, Shanghai). 
A saturated Ag/AgCl electrode and a Pt wire were used as the reference electrode 
and counter electrode, respectively. The working electrodes were prepared by 
sputtering Au onto 50-μm-thick porous polytetrafluoroethylene films. Then, the 
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Fig. 5. Reconstruction terminating mechanism with Al3+ leaching. (A) Normalized ex-situ Co K-edge XANES analysis of LSCAO-0.2 under 1.175, 1.375, 1.475, 
1.575, and 1.625 V (vs. RHE), as well as the FT k4χ(R) Co K-edge EXAFS. (B) Calculated Co−O and Co−Co EXAFS distance of LSCAO-0.2 under different potentials. (C) 
ICP-MS test of the electrolyte for LSCAO-0.2 under an operation time of 0 to 10 min (in 1 M KOH under 20 μA cmox

−2). The dissolubility of Al in terms of Al(OH)4
− 

is far beyond the concentration of Al3+ in our tested electrolytes. (D) Computational model for LSCAO-0.22 after Al3+ leaching and schematic band diagrams of 
LSCAO-0.22 with and without Al3+ vacancies. The perovskite structure beneath the reconstructed surface was confirmed by the atomic-resolution HAADF-STEM 
image (SI Appendix, Fig. S32).
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catalysts were drop-cast onto the Au with a loading mass of 1 mg cm−2. First, the 
catalysts were labeled with 18O isotopes by performing 10 CV cycles at a scan rate 
of 10 mV/s in 18O-labeled 1 M KOH solution between 0.2 and 0.8 V Ag/AgCl. 
Afterward, 18O-labeled electrodes were rinsed five times with 16O water to remove 
the remaining H2

18O. Last, the electrodes were subjected to CV cycles in 16O 1 M 
KOH solution at the above potential window and scan rate. In the meantime, 
gas products of different molecular weights generated during the OER process 
were measured in real time by mass spectroscopy. Since catalysts were thoroughly 
rinsed with 16O water after 18O labeling, it is unlikely that 18O species adsorbed on 
the surface contribute substantially to the observed 34O2 (16O18O) signals. Thus, 
the participation of lattice oxygen from catalysts in OER can be determined by 
measuring the 34O2 signals.

In Situ ATR-IR Spectra. ATR-IR spectra were investigated using a customized 
cell, with a saturated Ag/AgCl reference electrode and a Pt ring counter electrode 
in 1 M KOH. In situ electrochemical characterization was carried out at a specific 
potential for 10 min to obtain the surface chemical composition and structural 
information of materials.

Computational Details. All the calculations are performed in the framework 
of the DFT with the projector augmented plane-wave method, as implemented 
in the Vienna ab initio simulation package (54). The nuclei–electron and the 
electron exchange correlation interactions were described by the projector aug-
mented wave potentials (55) and the generalized gradient approximation (56) 
with the Perdew–Burke–Ernzerhof (57) functional, respective. The DFT models 
are built based on the TEM and 27Al MAS NMR spectra results of experiments. 
Regarding the LSCO model, the bulk lattice was built based on the relaxed 
cubic LCO, of which the bandgap width was 1.513 eV for LCO and a = b = c 
= 3.828 Å. The La0.6Sr1.4Co2-2xAl2xO6 was built with 70% of La sites that were 
replaced by Sr sites and x% of Co sites that were replaced by Al sites, of which 
the minimum unit cell parameters were a = b = 3.821 Å and c = 7.656 Å. The 
supercell model was built with 100 atoms. The cut-off energy for plane wave 
is set to 500 eV. The energy criterion is set to 10−4 eV in iterative solution of 
the Kohn–Sham equation. The Brillouin zone integration is performed using 

a 3 × 3 × 4 k-mesh. All the structures are relaxed until the residual forces on 
the atoms have declined to less than 0.05 eV/Å.

The oxygen vacancy formation energies (ΔG) were obtained by (58)

Ef = E
(

VO
)

− E
(

bulk
)

+ �0,

where E(VO) is the total energy derived from a supercell calculation with one O 
vacancy in the cell, and E(bulk) is the total energy for the equivalent supercell 
containing only bulk materials. μ0 is the corresponding chemical potentials of 
O, and μ0 is defined as (59)

�0 = 1∕2EO2 + 1∕2kTln
(

pVQ ∕kT
)

,

where VQ is quantum volume, and EO2 is the energy of O2 in 0 K.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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