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E L E C T R O C H E M I S T R Y

Artificially steering electrocatalytic oxygen evolution 
reaction mechanism by regulating oxygen defect 
contents in perovskites
Min Lu1†, Yao Zheng2†, Yang Hu1†, Bolong Huang3*, Deguang Ji1, Mingzi Sun3, Jianyi Li1, 
Yong Peng4, Rui Si5, Pinxian Xi1*, Chun-Hua Yan1,6

The regulation of mechanism on the electrocatalysis process with multiple reaction pathways is more efficient 
and essential than conventional material engineering for the enhancement of catalyst performance. Here, by 
using oxygen evolution reaction (OER) as a model, which has an adsorbate evolution mechanism (AEM) and a 
lattice oxygen oxidation mechanism (LOM), we demonstrate a general strategy for steering the two mechanisms 
on various LaxSr1−xCoO3−. By delicately controlling the oxygen defect contents, the dominant OER mechanism on 
LaxSr1−xCoO3− can be arbitrarily transformed between AEM-LOM-AEM accompanied by a volcano-type activity 
variation trend. Experimental and computational evidence explicitly reveal that the phenomenon is due to the 
fact that the increased oxygen defects alter the lattice oxygen activity with a volcano-type trend and preserve the 
Co0 state for preferably OER. Therefore, we achieve the co-optimization between the activity and stability of cata-
lysts by altering the mechanism rather than a specific design of catalysts.

INTRODUCTION
The mechanistic understanding of the electrocatalytic oxygen evo-
lution reaction (OER) in water electrolysis has rapidly developed in 
recent years (1–6). Previous studies proposed two major mechanisms 
including the traditional adsorbate evolution mechanism (AEM) 
and the recently proposed lattice oxygen oxidation mechanism (LOM). 
In the former mechanism, the transition metal ions serve as active 
centers and are coordinated with the reaction intermediates (e.g., 
*OOH and *OH) to form oxygen molecules. The latter one occurs 
on the lattice oxygen of oxides, which is governed by the intrinsic 
metal-oxygen covalency property of catalysts (7). A certain catalyst 
working in LOM shows much higher apparent activity in compari-
son with one working in AEM (3, 8–12). However, many reports 
indicated that catalysts usually undergo a large extent of surficial 
reconstruction during the LOM process because of the redox and 
migration of lattice oxygen, which obviously decreases their sta-
bility. Conversely, catalysts usually present relatively high stability 
but low activity for the AEM process (7, 8, 12, 13). Thus, the control 
of catalytic reaction pathway between AEM and LOM can realize the 
coordinated optimization between the activity and stability of the 
catalyst, which is crucial for the development of the next generation 
of highly efficient OER catalytic materials. However, the most domi-
nant OER mechanism choice is realized by material engineering to 

achieve a unique electronic structure and the corresponding reac-
tion intermediate’s adsorption (7, 8, 13–16). For these methods, the 
dominant OER mechanism on a specific material is fixed (i.e., either 
AEM or LOM). It is still a challenge to realize the shift of AEM and 
LOM in a certain family of materials by keeping their chemical com-
ponents unchanged (including element species and metal propor-
tion) and only adjusting the defect content or introducing the lattice 
stress.The perovskite oxides have high structural tolerance, therefore 
allowing various element compositions and high defect contents 
(17, 18). Such structural characteristics enable their band structures 
of metal 3d and oxygen 2p to be regulated in a wide range. There-
fore, it is relatively reliable to regulate the dominant OER mecha-
nism in perovskites compared to other oxides (7, 13). For example, 
Shao-Horn, Stevenson, and Xu and their colleagues successfully 
realized either AEM or LOM in different perovskite oxides [e.g., 
SrCoO3 as LOM and LaCoO3 (LCO) as AEM] (7, 8, 13). However, 
there is still a lack of research on the regulation of OER mechanism 
in one family of materials with similar chemical properties and elec-
tronic structures. To achieve this target, a general activity descriptor 
is needed to correlate the physicochemical properties of materials 
with the reaction mechanism. In the past few decades, several OER 
activity descriptors have been developed, including eg occupancy, d 
band center, lattice oxygen activity, and metal-oxygen covalency (19). 
In particular, the lattice oxygen activity can fundamentally guide 
whether the reaction mechanism is AEM or LOM in a range of cat-
alysts (7, 8). However, since these descriptors more physically cor-
respond to the intrinsic electronic structure of the materials, the 
application of these descriptors in material design is limited (19). 
Oxygen defect content is one of the essential structural parameters 
in perovskites, which can be well characterized and easily regulated 
through controlled experiments (20–22). The content of oxygen de-
fects can be correlated with the lattice oxygen activity of perovskites. 
This suggests that the oxygen defect may work as an activity de-
scriptor to control the OER mechanism.

Following this consideration, here, we realize the OER mecha-
nism steering (between AEM and LOM) in each group (with same 
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La/Sr ratio) of LaxSr1−xCoO3− (LSCO) perovskites by only regulating 
its oxygen defect contents. We study the OER mechanism through 
four characterization methods, including 18O labeling experiment, 
pH-dependent OER activity, electrochemical activation phenome-
non, and in situ characterization of the reconstruction process; iso-
tope labeling is the core method among them. Through the solid 
experimental evidence provided by the above characterizations, we 
succeeded in using the oxygen deficiency content as a descriptor 
and observing three catalytic mechanism shift models along with 
oxygen defect content change, including the OER mechanism shifts 
along the AEM-LOM, LOM-AEM, or AEM-LOM-AEM direction 
with the increase in oxygen defect contents in each group of 
LSCO. Besides, a volcano-type structure-function relationship be-
tween oxygen defect contents and OER activity has been observed 
under each specific OER mechanism (both AEM and LOM). Density 
functional theory (DFT) calculations unveil the cause of the above 
phenomenon: Co sites within the LSCO system experience a con-
centration lockup effect within increasing O vacancy (VO) concen-
tration. Further analysis demonstrates that the lattice relaxation 
response from nearest neighboring ONN sites is strongly sensitive to 
the VO concentration. The strong p-d coupling induces interionic 
p compensation, which simultaneously preserves the Co0 state for 
the on-site oxidation activities by the localized O-2p tailband. The 
lattice oxygen activity also has a volcano-type trend with VO con-
centration and only becomes active enough in appropriate concen-
tration of oxygen defects and can directly participate in the OER process, 
which represents a LOM mechanism. We also show that this unique 
mechanism steering strategy can overcome an intrinsic activity 
limitation effect to enhance the OER activity in high oxygen defect 
concentration. Our work should contribute an important insight 
into the development of efficient catalysts by steering reaction 
mechanisms toward a multi-mechanism electrocatalytic process, 
which is more universal and practical than the current electronic 
structure design of catalysts.

RESULTS
Oxygen vacancy variations constructed by mechanical force
The pristine LSCO samples were prepared by the traditional sol-gel 
method. By regulating the atomic ratio between La and Sr (fig. S1 and 
table S1), we obtained a series of nonstoichiometric LaxSr1−xCoO3− 
(0.05 ≤ x ≤ 1) perovskites with different oxygen deficiencies (Fig. 1A 
and table S2). The energy-dispersive x-ray spectroscopy (EDS) ele-
mental mappings indicate the uniform distributions of La, Sr, Co, 
and O atoms without phase segregation and separation (fig. S2). 
Taking x = 0.5 as an example (sample was hereby named LSCO-
0.5), the high-angle annular dark-field image, annular bright-field 
(ABF) images, and atomic-resolution EDS mappings all (Fig. 1B and 
fig. S3) disclose a rhombohedral R-3c perovskite structure with ​[11​

_
 1​]​ 

orientation, which matched well with the XRD spectra (Fig.  1A). 
The oxygen vacancies were visualized by calculated relative O/Co 
intensity in the ABF image, showing an ordered spatial distribution 
of oxygen defects (Fig. 1C; see figs. S4 and S5 for details) (13, 23). 
The valence states of Co atoms of all nine LSCO samples were in-
vestigated by x-ray absorption spectroscopy (XAS) to quantitatively 
characterize the concentration of oxygen defects (see fig. S6 and table S2 
for details) (24–28). It is seen that the concentration of oxygen defects 
has a negative correlation with La substitution content (Fig. 1D), indi-
cating the quantitative regulation of oxygen defects in LSCO.

We further used the mechanical force method to introduce lattice 
oxygen defects and create surface lattice termination in each initial 
LSCO material without the change of its composition (figs. S1 and 
S7 to S9). The concentration of oxygen defects has an approximate 
linear relationship with ball milling time (Fig. 1F and figs. S10 to 
S13). Detailed XRD analysis also shows an increased full width at 
half maximum of the (110) peak along with the ball milling time, 
demonstrating a decreased crystallinity and increased lattice defects 
(fig. S14). Co-local atomic structure analyzed by XAS indicates that 
the ball milling treatment did not change the perovskite-like structure 
of LSCO while altering the Co-O and Co-Co coordination structure 
(Fig.  1E and fig. S15) (29–31). Further fitting results of Fourier-
transformed extended x-ray absorption fine structure (FT-EXAFS) 
show decreased Co-O coordination number (which matches well with 
oxygen defects change) and decreased Co-Co distance (Figs. 1, F and G, 
figs. S16 to S19, and tables S3 to S6). The negative shifted Co L2,3-
edge and positively shifted O K-edge spectra in the atomic-column 
resolution electron energy-loss spectroscopy (EELS; Fig. 1H and 
fig. S20) also support a decreased oxidation state of Co ions and an 
increased oxygen vacancy concentration along with the ball milling 
time (32, 33), agreeing well with the EXAFS results. High-resolution 
transmission electron microscopy (HRTEM) and x-ray photoelectron 
spectroscopy (XPS) were also performed to study the surface struc-
ture of LSCO after ball milling (figs. S21 and S22). The results, in-
cluding those of XRD and XAFS, indicated that the structure on the 
surface of materials remains in LSCO perovskite after 2 to 6 hours 
of ball milling. In addition, the variation trend of the oxygen defect 
content on the surface of the material is consistent with that in the 
bulk phase () caused by ball milling.

Through the above study, we can find that both Sr substitution 
and ball milling treatment can lead to the formation of oxygen defects 
in LSCO. However, note that when the oxygen defect is introduced 
into the oxide without any other element’s composition and propor-
tion change, we can treat it as one type of material; these materials 
can be classified into a variety of its ideal structure composition. For 
example, LaCoO3.02, LaCoO2.95, and LaCoO2.84 can be considered as 
LCO materials with different contents of oxygen defects.

When the oxygen defect of the material is realized by means of 
heterogeneous metal substitution or doping, such as La0.25Sr0.75CoO2.72 
and La0.75Sr0.25CoO2.95, they should be regarded as two different 
materials: La0.25Sr0.75CoO3 and La0.75Sr0.25CoO3 with different con-
tents of oxygen defects. As shown in fig. S23, the materials with dif-
ferent metal ratio (La/Sr ratio) also have diverse tolerance to oxygen 
defects. It not only results in individual intrinsic oxygen defect con-
tent in materials but also causes different oxygen defect contents in 
various materials under the same ball milling treatment. These re-
sults also make it difficult to study the relationship between oxygen 
defect and OER activity/mechanism. This is also one of the key 
points different from previous work in our research, which will be 
discussed in detail below.

The OER mechanisms in LSCOs
The alkaline OER performances on nine pristine LSCO before ball 
milling were first measured according to the cyclic voltammetry (CV) 
curves. LSCO-0.05 to LSCO-0.375 samples became more active 
after electrochemical activation, while LSCO-0.5 to LSCO-1 remained 
stable (Fig. 2A and fig. S24). This electrochemical activation phe-
nomenon in the LSCO system was studied well in previous work 
(9–11). This activation of catalysts in LSCOs is usually accompanied 
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by the dominant LOM mechanism due to the continuous activation 
of bulk lattice oxygen and its participation in the OER process as 
well as the local structure disordering during the LOM-OER of cat-
alyst. This process is also usually accompanied by dynamic surface 
reconstruction (7, 8, 13). Shao-Horn and colleagues proposed that 
the activation degree is positively correlated with the thickness of 
the lattice oxygen atom in the material that participates in OER (7). 
In addition, the dominant OER mechanism of the above bulk LSCO 
materials has been demonstrated; specifically, when x < 0.5, samples 
exist in the LOM process and perform activity enhancement during 
the electrochemical activation process, and when x ≥ 0.5, samples 
exist in the AEM process and also remain stable during OER (13).

After the controlled introduction of oxygen defects in a specific 
LSCO material by ball milling, taking LSCO-0.5 as an example, we 
further investigated the relationship between OER activity/mechanism 
and oxygen defect contents of specific materials with a fixed La/Sr ratio. 
LSCO-0.5-2h (LSCO-0.5 after 2 hours of ball milling treatment) and 
LSCO-0.5-4h showed 22.4 and 38.3% increased Brunauer-Emmett-Teller 
(BET)–normalized current density after electrochemical activation, 

respectively, and LSCO-0.5-0h and LSCO-0.5-6h remained almost 
stable (Fig. 2, B and C). To further verify the dominant OER mecha-
nism of LSCO-0.5 with different oxygen defect contents, we conducted 
the pH-dependent OER activity test and in situ differential electro-
chemical mass spectroscopy (DEMS) measurements. The pH-dependent 
OER activity is typically exhibited in LOM (7, 8, 34, 35). As seen in 
Fig. 2D, LSCO-0.5-2h and LSCO-0.5-4h show clear pH-dependent 
OER activity, while the other two do not. The DEMS measurements 
were also performed using the isotope 18O-labeled catalysts to directly 
investigate the participation of lattice oxygen atoms in OER. As seen 
in Fig. 2E and fig. S25, LSCO-0.5-0h and LSCO-0.5-6h show almost 
no 18O isotope in OER products, representing an AEM process, whereas 
LSCO-0.5-2h and LSCO-0.5-4h show 13.9 and 19.9% 34O2/32O2 in 
products, respectively, representing a typical LOM process. The 
above results clearly reveal that the dominant OER mechanism of 
LSCO-0.5-0h and LSCO-0.5-6h can be assigned to AEM, while 
LSCO-0.5-2h and LSCO-0.5-4h are LOM. In other words, from 0 to 
6 hours of ball milling, the dominant OER mechanism undergoes an 
AEM-LOM-AEM transformation on the LSCO-0.5 family of samples. 

Fig. 1. Quantification and fine structure characterizations of oxygen defects in LSCOs. (A) XRD patterns before ball milling. a.u., arbitrary units. (B) ABF-STEM images 
of LSCO-0.5-0h. The arrangement of La, Sr, Co, and O atoms agrees with the LSCO perovskite structure. (C) Panel relative intensity analysis of O atoms in (B) consisting of 
every Co-O column and row (marked as white triangle). The oxygen defects present periodic content distribution on the two-dimensional projection plane (larger rhom-
bus represents more oxygen defects). (D) Calculated oxygen deficiencies before ball milling. (E) FT-EXAFS k3(k) spectra of LSCO-0.5. Three dominant peaks were ob-
served at 1.4, 2.7, and 3.3 Å, corresponding Co-O, Co-La/Sr, and Co-Co single scattering, respectively. (F) Calculated oxygen deficiencies and fitted Co-O coordination 
number (CN) of LSCO-0.5 with different ball milling time. (G) Co-Co fitted EXAFS distance of LSCO-0.5 with different ball milling time. (H) O K-edge EELS spectra of LSCO-0.5 
with different ball milling time.
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The pH-dependent OER activity results and in situ DEMS results 
agree well with the electrochemical activation phenomenon and the 
activation degree in LSCO-0.5 (to eliminate test errors, all tests were 
run three times in parallel). Therefore, the existence of such activa-
tion phenomenon during CV processes can be used as an experi-
mentally easily obtained qualitative basis to determine whether the 
catalytic mechanism is AEM or LOM in LSCO perovskites involved 
here. The shifting of the OER mechanism in LSCO materials is real-
ized only through the change of the oxygen defect contents. With 
this criterion, the electrochemical measurements on all 36 LSCO 
samples with ball milling were then performed to study the relation-
ship between oxygen defects and the OER mechanism.

Full picture of mechanism shifting
On the basis of the electrochemical measurement results (figs. S26 
to S39), 36 materials can be divided into three categories according 
to the relationship between activation behavior and oxygen defects: 

LSCO-0.05 to LSCO-0.375, LSCO-0.5, and LSCO-0.625 to LSCO-0.75, 
which exhibit different mechanism shifting behaviors. For LSCO-
0.05 to LSCO-0.375, with the introduction of oxygen defects by ball 
milling (from left to right for one sample), the OER activities’ activa-
tion values of these four groups of materials decrease (Fig. 3A). Ac-
cording to the criteria, the dominant OER mechanism of LSCO-0.05-0h, 
LSCO-0.125-0h, LSCO-0.25-0h, and LSCO-0.375-0h is LOM due to 
their largest activation degree of OER activity increase in each group 
of samples. In addition, the introduction of oxygen defects inhibits 
the LOM activity and lastly shifts the dominant mechanism to AEM 
(all four 6-hour ball-milled samples show no activity increase). In 
brief, these four groups of materials experience a LOM to AEM 
(LOM-AEM) type of OER mechanism shift along with the oxygen 
defect increase. For LSCO-0.5, Fig. 3B indicates that LSCO-0.5-0h 
shows no activation after electrochemical activation, representing 
an AEM process. With the introduction of oxygen defects, the dom-
inant mechanism shifts from AEM to LOM with the emergence of 

Fig. 2. OER performance of LSCOs. (A) Comparison of the normalized current densities based on oxide surface areas at 1.65 V versus RHE of LSCO-0h before (data were 
collected from the second CV curves) and after (data were collected from the best curves during cyclings) electrochemical activation. (B) Polarization curves of four LSCO-0.5 
samples before and after electrochemical activation. (C) Comparison of the normalized current densities of LSCO-0.5 before and after ball milling. The error bars in (A) and 
(C) represent SD calculated from three parallel tests. (D) Current densities of four LSCO-0.5 samples as a function of the pH value. All the above current densities (js) were 
normalized by BET surface area. (E) DEMS signal ratios of 34O2 (16O18O) and 32O2 (16O16O) from the reaction products for 18O-labeled LSCO-0.5 catalysts test in H2

16O aque-
ous KOH electrolyte.
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electrochemical activation (LSCO-0.5-2h and LSCO-0.5-4h). As the 
oxygen defect continues to be introduced, the electrochemical acti-
vation of material disappears, representing the dominant mechanism 
shift to AEM again (LSCO-0.5-6h). In brief, LSCO-0.5 experiences 
an AEM-LOM-AEM type of mechanism shifting. For LSCO-0.625 
to LSCO-0.75 (Fig. 3C), they have AEM-LOM shifting as oxygen 
defects increase. As to LSCO-0.875 and LSCO-1, they both show no 
electrochemical activation with total oxygen defect content range, 
indicating that the materials were always AEM.

On the basis of the above results, we show different mechanism 
change patterns such as AEM-LOM, LOM-AEM, and AEM-LOM-
AEM with the increase in oxygen defects. A complete mechanism 
change pattern associated with oxygen defects should be that the 
dominant OER mechanism of the material undergoes an AEM-
LOM-AEM change with the increase in oxygen defects. After ignoring 
the parameter La/Sr ratio, Fig. 4A establishes the relationship between 
OER activity/mechanism and oxygen defect for all 36 materials. It 
shows that LOM only exists at a moderate oxygen defect content; 
too much or too little oxygen defect shifts the process to AEM.

The OER mechanism shift pattern and the corresponding OER 
mechanism of each material discussed above provide an opportunity 
for us to understand the relationship between oxygen defect content 
and OER activity under a specific mechanism. As shown in figs. S38 
and S39, for the AEM-OER, we can easily establish a volcano-type 
relationship between oxygen defect contents and OER activity through 
LSCO-0.875 and LSCO-1. The above two groups of materials always 
maintain AEM. However, for the LOM-OER, the situation becomes 
complicated. First, in the LOM region of the four groups of materi-
als (LSCO-0.05 to LSCO-0.375), we observed that the OER activity 
decreased with the increase in oxygen defects, and lastly, the OER 
mechanism shifts from LOM to AEM. Second, in the LOM region 
of the three groups of materials (LSCO-0.5 to LSCO-0.75), we ob-
served that OER activity increased with the increase in oxygen 
defect. Moreover, the OER mechanism shifts from AEM to LOM to 
AEM (LSCO-0.5) or AEM to LOM (LSCO-0.625 and LSCO-0.75) 
in these groups of materials. Considering the relationship between 
activity and oxygen defect contents in the LOM region as well as the 
mechanism shift pattern observed above, we can also obtain a 
volcano-type relationship between oxygen defect contents and OER 
activity.

To summarize, Fig. 4B illustrates that for an ideal perovskite 
oxide, with the increase of oxygen deficiency, the lattice oxygen 

activity was changed and led the dominant OER mechanism to undergo 
an AEM-LOM-AEM shifting pattern. For the earlier two mechanism 
regions (the first AEM and LOM), oxygen deficiency has a volcano-
type trend with OER activity.

However, the overall oxygen defect content–OER activity–OER 
mechanism model proposed in Fig. 4B can only be observed in ideal 
perovskite oxides, and it is difficult to find in actual materials. This 
is because the chemical composition (element type and proportion) 
of materials notably affects their intrinsic structure. Therefore, there 
will be obvious differences in the intrinsic electronic structure and 
structural stability of various materials with different chemical 
composition. As shown in fig. S23, in the LSCO system, the change 
in La/Sr ratio will affect the intrinsic oxygen defect content of the 
material as well as the difficulty of oxygen defect regulation. This fact 
also limits the range of mechanism shift and activity changes that 
can be observed by regulating oxygen defects in a specific material.

The origin of mechanism shift
We used a series of LSCO-0.5 samples as a model, which shows the 
AEM-LOM-AEM shifting pattern, to study the physical origin of the 
mechanism shift caused by oxygen defects. DFT calculations were 
carried out to investigate the electronic structure change (Fig. 4, C to M). 
Within three typical modeling VO concentrations (16.7% for Fig. 4C, 
33.3% for Fig. 4D, and 50% for Fig. 4E), all active bonding and anti-
bonding orbitals near the Fermi level (EF) present strong p-d cou-
pling at the nearby Co and ONN sites with varied spatial occupations 
(Fig. 4, C to E). By comparing the projected partial density of states 
(PDOSs), the Co-3d band not only plays a dominant role of strongly 
coupling with the O-2p band but also increases its own activities 
with Sr incorporation. The Co-3d bonding and anti-bonding orbital 
levels determine the predominant electronic transition nearby EF in 
pristine LSCO. Meanwhile, La-4f orbitals contribute to the robust valence 
states of Co sites with varied VO (Fig. 4F). Thus, it is insightful and 
necessary to focus on the Co-3d band from the site (Co-VO-Co).

The PDOSs of the Co-3d band have been illustrated with differ-
ent charge states (0, +2, and +3) at the VO region, denoted as VO

0, 
VO

2+, VO
3+, respectively (Fig. 4, G to I). Only at the VO

0 state has the 
energetic interval of bonding and anti-bonding orbital level for the 
Co-3d band been narrowed and even toward metallic at a high con-
centration of 50% (Fig. 4G). In contrast, the intervals of Co-3d bands 
are evidently widened at both VO

2+ (Fig. 4H) and VO
3+ (Fig. 4I). 

Localized gap or tail states are induced by disorders of the second 

Fig. 3. OER mechanism shift patterns. (A to C) Three types of OER mechanism shift patterns observed from different materials. (A) LOM to AEM from LSCO-0.05 to 
LSCO-0.375, (B) AEM to LOM to AEM from LSCO-0.5, and (C) AEM to LOM from LSCO-0.625 to LSCO-0.75. Besides, LSCO-0.875 and LSCO-1 show no OER mechanism shift 
and remain AEM always. All data in the figure are the changed value of normalized current densities between second CV curves and best performance CV curves during 
electrochemical activation. For one sample with the same color code, from left to right represents an increase in oxygen defects and an increase in ball milling time.
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nearest neighboring O sites (O2NN) and independent of the Co-3d 
band. The O-2p hostband and O-2p tailband are evidently distin-
guished with VO concentration varied. Especially at the high con-
centration, the O-2p tailband shifts upward near EF, showing a strong 
oxidizing character with the ultralow energetic barrier of electronic 
transitions (Fig. 4J). When the concentration of VO shows shift-
ing from the surface to the bulk, the PDOSs of Co-3d remain at a 
similar trend to the VO

0 state, supporting the dependence of elec-
troactivity on the VO concentration (Fig. 4K). This indicates that 

the electron that transfers from the bulk to the surface imposes sim-
ilar influences on the surface Co sites. Similarly, O-s,p orbitals of 
surface O sites also demonstrate an initial upshifting trend to-
ward EF and then downshift to a deeper position as the VO concen-
tration becomes higher, which further reveals the strong oxidizing 
feature (Fig. 4L). Detailed quantifications of the O-s,p clearly reflect 
the volcano trend in both dominant peak position and band 
center of the p band, supporting the experimental characterizations 
(Fig. 4M).

Fig. 4. The origin of OER mechanism shift. (A) Comparison of the normalized current densities and OER mechanism of all samples as a function of oxygen deficiency. 
(B) Illustration of mechanism shift and structure-activity relationship of OER controlled by oxygen defects. (C to E) The real spatial contour plots for bonding and anti-bonding 
orbitals near EF regarding different VO concentrations, such as for (C) 16.7%, (D) 33.3%, and (E) 50%; the red, blue, and green balls in (C) to (E) are O atoms, Co atoms, and La/Sr 
atoms, respectively. (F) PDOS comparison between LCO and LaSrCo2O6. (G to I) VO concentration–dependent PDOSs of the Co-3d band at the (G) VO

0 state, (H) VO
2+ state, and 

(I) VO
3+ state. (J) VO concentration–dependent PDOSs of the nearest neighboring 2p band of ONN at the VO

0 state. (K and L) PDOS of Co-3d (K) and O-s,p. (L) in the LaSrCo2O6 
model with varied VO concentrations. (M) The dependence of dominant p band peaks and p band orbitals on the VO concentration in a variety of LaSrCo2O6 models.
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Specifically, the start material LSCO-0.5-0h has a relatively higher-
valence cobalt and lower intrinsic oxygen defects compared with 
other samples (Fig. 1D and fig. S6), which leads to a relatively lower 
lattice oxygen activity and makes it perform an AEM. Then, the in-
troduction of oxygen defects enhances the activity of lattice oxygen 
and drives it to participate directly in the OER process, therefore 
activating a LOM process. A further increase in the oxygen defect 
decreases the activity of lattice oxygen, which inhibits lattice oxygen 
participation in the reaction and triggers the AEM.

Validation of OER mechanism criterion by  
in situ spectroscopies
In addition to the electrochemical tests, we also used in situ XAS 
and Raman spectroscopies to characterize surface reconstruction to 
support our determination of the mechanism, because the LOM pro-
cess is accompanied by the dynamic surface reconstruction during 
OER (8, 9, 12). In situ XAFS was performed to characterize the sur-
face reconstruction of LSCO-0.05-6h and LSCO-0.625-6h, which shows 
AEM and LOM, respectively. Figure 5A shows an irreversible increase 
in the oxidation state of Co for both materials, which may be caused 
by the repair of oxygen deficiency at oxidizing OER conditions. 
Figure 5B reveals that the structure of LSCO-0.625-6h obviously changed 
at 1.6 V versus Reversible Hydrogen Electrode (RHE), and the struc
ture of LSCO-0.05-6h remains nearly unchanged, agreeing well with 
electrochemical results. Raman spectra in different CV cycles (Fig. 5, 
C to F, and fig. S40) also support the XAS results. Specifically, the 
emergence of the new peak at ~466 (fig. S40A) and ~436 cm−1 (fig. S40D) 
and the weakening/disappearing peak at ~625 cm−1 (fig. S40A) and 
~597 cm−1 (fig. S40D) are associated with the formation of CoOOH 
species, which indicates that LSCO-0.05-0h and LSCO-0.625-6h are 
working with LOM (36–38), while the unchanged spectra of LSCO-
0.05-6h and LSCO-0.625-0h indicate the AEM mechanisms. De-
spite the fact that LOM is coupled with amorphization or surface 

reconstruction, this amorphization process is the dynamic structural 
evolution of the material in the catalytic process under the application of 
OER voltage. This evolution behavior and the OER mechanism of the 
material still depend on the original structure of the catalyst. There-
fore, it is still reasonable and useful to use oxygen defect content as the 
structural parameter to describe the OER activity/mechanism of the cata-
lyst. Co L-edge and O K-edge EELS spectra of LSCO0.5-0h also sup-
port the above results, in which the positive peak shift to higher energy 
indicates a more elevated Co valence state and lower oxygen deficiency 
of materials after OER (fig. S41).

The in-depth understanding of mechanism steering 
and activity variation caused by oxygen defects
In a full range of 36 samples, Fig. 6A displays the relationship between 
OER activity and oxygen defects. As we discussed earlier, OER ac-
tivity has a volcano-type relationship with oxygen deficiencies both 
under AEM and LOM mechanisms. In addition, note that the OER 
activity of each group’s samples shows a gradual decrease as the oxy-
gen defects increase, in which the degree of the activity also decreases, 
which eventually stabilizes the activity. The increasing oxygen defi-
ciency shows a limiting effect on OER activity. The above phenomenon 
is further studied by DFT calculation (Figs. 6, B to I).

Then, in-depth quantitative analysis shows that the O-2p tailband 
plays a key role in elevating the oxidation activities. With VO con-
centration increased, the O-2p hostband offsets toward an even deeper 
range showing an inert character, while the O-2p tailband almost 
monotonically elevates the electronic activities by approaching the 
EF. The green shaded area denotes that the strong oxidation activi-
ties have been preserved at the VO

0 state (Fig. 6B). Then, the interionic 
distance variation analysis indicates that the unique Co0 state arises 
from the p compensations of nearest neighboring ONN site relax-
ations. The Co-Co distance is almost unchanged to lock up the Co0 
state, as the ONN-ONN vastly varies from attraction to repulsion for 

Fig. 5. Investigation of LSCO reconstruction behaviors during OER. (A and B) In situ (A) XANES and (B) EXAFS k3(k) FT spectra of LSCO-0.05-6h and LSCO-0.625-6h 
samples under different potentials. (C to F) Different CV cycles’ in situ Raman spectra of (C) LSCO-0.05-0h, (D) LSCO-0.05-6h, (E) LSCO-0.625-0h, and (F) LSCO-0.625-6h.
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neutralization (Fig. 6C). The thermodynamic transition level (TTL) 
analysis has also been interpreted as the charge-switching performance 
of the Co site given between different charge states. Indicated by the 
green shaded area, the difficulties of 0/2+ and 0/3+ transitions denote 
an evident uprising trend that potentially locks up the Co0 state at 
high VO concentrations (Fig. 6D). Further interorbital-based elec-
tronic transition ability for the Co (Co-VO-Co) site has been directly 
reflected under three corresponding charge states (VO

0, VO
2+, and 

VO
3+), respectively (Figs. 6, E to G). The Wd-d denotes the energetic 

width between highest occupied molecular orbital (HOMO) and 
lowest unoccupied molecular orbital (LUMO) levels of Co-3d bands. 
We observe that the Co-3d orbital electronic transferability has been 
evidently shown in contrast. Under the neutral charge state (Co0), 
the Wd-d linearly narrows the gap width toward metallic with VO 
concentration increased. In contrast, as long as the Co oxidation states 
are induced by either VO

2+ (Fig. 6F) or VO
3+ (Fig. 6G), the Wd-d tends to 

Fig. 6. The in-depth understanding of mechanism steering and activity variation caused by oxygen defects. (A) Comparison of the normalized current densities of 
all samples with different oxygen defect concentrations. The decreased stage of activity caused by increased oxygen deficiency clearly illustrated the intrinsic OER activity 
limitation effect. (B) Band offset variation behavior analysis of O-2p hostband, O-2p tailband, and their energetic intervals (green shaded area denotes the large preserved 
region for locking up the Co0 state via p compensation). (C) The interionic distance variations of the Co0 site near the VO (Co-Co) and the nearest neighboring O site (ONN-
ONN). (D) Behaviors of TTLs for the Co site among different charge transitions (0/2+), (0/3+), and (2+/3+), respectively. (E to G) The energetic interval between the HOMO 
and LUMO level (Wd-d) of the Co-3d orbital at the (E) VO

0 state, (F) VO
2+ state, and (G) VO

3+ state. (H and I) The comparison of reaction energy of OER at (H) U = 0 and (I) 1.23 V. 
(J to L) Detailed intrinsic OER activity limitation and mechanism shift optimization analysis of (J) LSCO-0.25, (K) LSCO-0.5, and (L) LSCO-0.75. The separated bars from left 
to right in each figure represent increased ball milling time and oxygen defects.
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enlarge the gap widths toward the semi-conductor. To demonstrate 
the concentration lockup effect, we supplied a schematic diagram 
and corresponding discussions in fig. S42.

To evaluate the influences induced by the VO on OER performances, 
we compared the reaction energy change. Notably, both LSCO and 
LSCO-VO have delivered the uphill energy change trend, where the 
largest energy barrier is 1.57 and 1.48 eV, respectively, indicating the 
improved electroactivity (Fig. 6H). After applying the equilibrium 
potential of 1.23 V, the OER performance has been clearly distin-
guished. The lockup effect of VO has led to a reduced overpotential 
of 250 mV, supporting the improved OER performance with increased 
VO concentration (Fig. 6I). In addition, we supplied the reaction 
energy comparison with the LOM mechanism in fig. S43 (A and B). 
Notably, under 0 V, the rate-determining step of LOM shows an 
energy barrier of 1.74 eV, which is larger than that of AEM with 
1.48 eV, supporting a high preference for the AEM at low VO con-
centration (fig. S43, C and D). Therefore, with the comparison, our 
electronic structural analysis combined with the native point defect 
calculation simultaneously confirms that the Co0 state has been pre-
served in both energetic preference and 3d orbital electronic trans-
ferability, with VO concentration increased. This is also responsible 
for the volcano-type trend between OER activity and oxygen deficiency.

On the other hand, it was found that our mechanism steering 
method from AEM to LOM can overcome the intrinsic activity limita-
tion on OER caused by oxygen defects found above, and eventually 
realizes the co-optimization between catalytic activity and stability. 
Figure. 6 (J and K) presents three groups of typical materials, LSCO-
0.25, LSCO-0.5, and LSCO-0.75, with different dominant OER 
mechanisms to elaborate on this phenomenon. Figure 6J shows that 
the calculated activity descent rate (fig. S44) of LSCO-0.25 is −25.5, 
−15.1, and −0.9 mA cm−2, respectively (with the oxygen defects in-
creased). This significantly reduced amplitude of activity variation 
indicates that the lockup effect of oxygen defects on OER activity 
appeared and restricted OER activity. In addition, in LSCO-0.25, the 
dominant OER mechanism also shifts from LOM to AEM as the oxy-
gen defect locks up the OER activity. Figure 6 (K and L) also indi-
cates the existence of this lockup effect, especially in Fig. 6L. LSCO-0.75 
with an AEM-LOM mechanism shift pattern shows an obvious 
lockup effect before electrochemical activation, and the decreasing 
degree of activity tended to be gentle with the increase in oxygen 
deficiency. However, the LSCO-0.75-6h with LOM shows an obvi-
ously increased activity after electrochemical activation and over-
comes the limitation on OER activity. On the basis of this, we 
propose that the LOM mechanism can overcome the lockup effect 
because of the gradual activation of lattice oxygen in the bulk of 
materials during the catalytic process, which can directly participate 
in the OER process. The participation of bulk lattice oxygen extends 
the catalytic process from the surface to the bulk, dramatically ex-
pands the number of active sites, and improves the apparent catalytic 
activity (7). The above results prove that the controlling mechanism 
steering method overcomes the limitation of this lockup effect of 
oxygen defects on OER activity and can realize the coordinated op-
timization between material activity and stability.

DISCUSSION
We use OER as a model reaction to develop a comprehensive mech-
anism steering method in LaxSr1−xCoO3− perovskite. By quantita-
tively introducing oxygen defects into the specific material through 

finely controlled synthesis, we found three types of mechanism-
shifting models including AEM-LOM, AEM-LOM-AEM, and LOM-
AEM. DFT calculations reveal not only the origin of our mechanism 
steer methods by regulating oxygen defects but also that the lattice 
oxygen activity in LSCO system experiences a volcano-type trend. 
The LOM only exists in the appropriate oxygen defect concentra-
tion, in which the lattice oxygen is active enough to directly partici-
pate in the OER process. Further studies establish a comprehensive 
picture among OER activity, mechanisms, and oxygen defects in 
LSCO. The OER activity has a volcano-type relationship to oxygen 
defects under both AEM and LOM and experiences a limitation effect 
eventually at high oxygen defect concentration. A DFT study shows 
that VO concentration increased and that the Co sites within the LSCO 
system experience a concentration lockup effect to pin the CO

0, which 
usually not only presents a high catalytic activity but also experiences 
a high instability to be irreversibly oxidized into Co2+/3+ easily, for 
fast reversible redox switching. It is essential for the on-site high 
oxidation activities for H2O catalysis and caused the above volcano 
trend. Our mechanism steering method was also shown to be capable 
of overcoming the abovementioned limitation effect on OER activity 
and eventually realizing the coordinated optimization between ma-
terial activity and stability. This work provides a inspiring strategy 
to coordinate catalysts’ activity and stability in an electrocatalysis 
process with multiple reaction pathways by the regulation of reac-
tion mechanisms.

MATERIALS AND METHODS
Chemicals
La(NO3)3, Sr(NO3)2, Co(NO3)2, EDTA, NH3·H2O, citric acid, NaOH 
(99%), and KOH (99.99%) were purchased from InnoChem, Nafion 
perfluorinated resin solution in lower aliphatic alcohols and water 
(5 weight %) was purchased from Sigma-Aldrich, absolute ethanol 
and isopropanol were purchased from Aladdin, and deionized (DI) 
water was obtained from a Millipore auto-pure system (18.2 megohms; 
Millipore Ltd., USA). All other materials for electrochemical mea-
surements were of analytical grade without further purification.

Synthesis of bulk LaxSr1−xCoO3−
LSCO bulk powders were synthesized by using a sol-gel method ac-
cording to stoichiometric amounts (molecular formula) of La(NO3)3, 
Sr(NO3)2, and Co(NO3)2. The above metal nitrates were dissolved 
in appropriate DI water under stirring until completely dissolved, 
and then EDTA (1.5 times the total molar amount of metal ions) 
was added to the solution under stirring, followed by adjusting the 
pH of the solution to 10 by the addition of aqueous NH4OH. Citric 
acid (same with the total molar amount of metal ions) was then 
added into the solution, and the pH of the solution was adjusted to 
10 by the addition of aqueous NH4OH again. After a homogeneous 
solution is formed, the solution was heated to 95°C to form a gel, 
and then heated to 400°C to decompose into powder. Then, the powder 
is transferred to the corundum boat after cooling and calcined at 
400°C for 4 hours at a heating rate of 2°C per minute in an oxygen 
atmosphere in a tubular furnace, then continued heating to 1100°C, 
and maintained at the same heating rate for 5 hours.

Ball milling treatment of bulk LaxSr1−xCoO3−
The ball milling process was performed on an MSK-SFM-3 high-
speed three-dimensional pendulum ball mill machine purchased 
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from Hefei Kejing Materials Technology Co. Ltd. One gram of LSCO 
bulk powder was mixed with  6-mm agate ball and ethanol with a 
mass ratio of 1:6:0.79 in the Ar-filled glove box (O2 concentration 
< 1 parts per million) and then sealed in an agate ball mill container. 
Then, ball milling was performed at a pendulum frequency of 1200 rpm 
for different times. For every 30 min of ball milling, the machine 
needed to stop for 30 min.

Physicochemical characterizations
XRD measurements were carried out on a Rigaku MiniFlex 600 dif-
fractometer with Cu K radiation ( = 0.1542 nm) from 10° to 80° 
under a constant voltage of 40 kV. The morphology and EDX ele-
mental mappings of samples were analyzed using a Thermo Scientific 
Apreo S field emission scanning electron microscope at an acceler-
ation voltage of 30 kV. Elemental mappings were performed on a 
Tecnai G2 F30 field-emission transmission electron microscope. 
Atomic-scale scanning TEM (STEM) images were recorded on a 
probe aberration-corrected STEM (FEI Cubed Themis Z, FEI, USA) 
operated at 300 kV. Inductively coupled plasma (ICP) optical emis-
sion spectrometry analyses were performed on a Plasma Quant PQ9000 
ICP spectrometer. Synchrotron radiation XAFS spectroscopy at the 
Co K-edge was acquired in transmission mode by using a Si (111) 
double-crystal monochromator and Oxford ion chambers at the 1W1B 
station of the Beijing Synchrotron Radiation Facility. The XAFS test 
sample was coated on the tape from the powder samples after pass-
ing through a 400-mesh screen. The window function used in Fourier 
transforms is Hanning, the k range is 3 to 12, and the Fourier trans-
form parameters in the fit are kmin = 2, kmax = 12, rmin = 1, and 
rmax = 4.5. The BET-specific surface area was determined by using 
N2 sorption isotherm measurements at −196°C on Micromeritics 
TriStar 3020 equipment. In situ synchrotron radiation XAFS spec-
troscopy at the Co K-edge was acquired in transmission mode using 
a Si (111) double-crystal monochromator and Oxford ion chambers 
at the BL14W1 station of the Shanghai Synchrotron Radiation 
Facility operated at 3.5 GeV under “top-up” mode with a constant 
current of 220 mA. For the x-ray absorption near-edge structure 
(XANES) part, the experimental absorption coefficients as a func-
tion of energies (E) were processed by background subtraction and 
normalization procedures and reported as “normalized absorption” 
with E0 = 7709 eV for all the measured samples and Co foil/Co3O4 
standard. For the EXAFS part, the FT data in R space were used for 
comparison. In situ Raman spectroscopy measurements were con-
ducted on a LabRAM HR Evolution spectrophotometer with a 532-nm 
wave number of the excitation light source. For in situ measure-
ments, the powder sample was loaded on carbon paper and then 
inserted into an in situ cell for electrochemical measurements. For 
each voltage, the system was first stabilized for 5 min and then the 
XAFS test (15 min per point) or Raman test was started before the 
change of voltage.

Electrochemical measurements
All of the electrochemical measurements were conducted by using a 
CHI760E potentiostat in a typical three-electrode setup with O2-
saturated 1 M KOH solution. A Pt foil was used as the counter elec-
trode, and Hg/HgO with 1 M KOH filling solution was used as the 
reference electrode. The as-measured potentials (versus Hg/HgO) 
were calibrated with respect to the RHE. A glassy carbon electrode 
with a diameter of 3 mm covered by a thin catalyst film was used as 
the working electrode. Typically, 5.6 mg of catalyst and 2.4 mg of 

acetylene black were suspended in 8 ml of isopropanol-water solu-
tion with a volume ratio of 4:1 to form a homogeneous solution as-
sisted by ultrasound for 3 hours. Then, 0.95 ml of the as-prepared 
solution was mixed with 50 l of Na+-exchanged Nafion solution to 
form a homogeneous ink assisted by ultrasound for another 0.5 hours. 
The Na+-exchanged Nafion solution was prepared by mixing com-
mercial Nafion solution and 0.1 M NaOH solution with a volume 
ratio of 2:1 (39). Then, 2 l of the ink was spread onto the surface of 
the glassy carbon electrode (mass loading: 0.028 mg cm−2). The CV 
measurements were performed between 0.9254 and 1.7254 VRHE 
(0 and 0.8 VHg/HgO) at 10 mV s−1, the CV tests were carried out three 
times, and the mean and SD of the three test results were calculated 
(error bars). The upper and lower limits of the error bar represent 
the deviation degree of the maximum and minimum values in these 
three parallel data compared to the average values of these three data. 
The electrochemical activation process was performed with chrono-
amperometry between 1.0 and 1.7 VRHE at a pulse width of 10 s (29). 
For every 50 cycles, a CV between 0.9254 and 1.7254 VRHE (0 and 
0.8 VHg/HgO) at 10 mV s−1 has been recorded. The potentials were 
corrected to compensate for the effect of solution resistance and cal-
culated using the following equation: EiR corrected = E − iR, where R is 
the uncompensated ohmic solution resistance measured via iR 
compensation module in CHI760E with a compensation level of 
95%. All currents were normalized using a BET-specific surface area 
(fig. S45 and table S7).

DEMS measurements
DEMS measurements were carried out to determine the 18O-labeled 
OER reaction products of LSCO-0.5 catalysts during the OER pro-
cess using a QAS 100 device (Linglu Instruments, Shanghai). A sat-
urated 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 a 50-m-thick porous polytet-
rafluoroethylene films. Then, the 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 VAg/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 poten-
tial 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 spe-
cies 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 (40).

Calculation setup
Rotationally invariant DFT + U calculations (41) within CASTEP 
code (42) were performed. The Hubbard U parameters were self-
consistently searched for La-4f, Co-3d, and O-2p orbitals with our 
two-way crossover linear response method (43), which was used for 
reflecting the electron-electron Coulomb potential for the transi-
tion metal ions with semi-core d orbitals (43–50). The algorithm of 
Broyden-Fletcher-Goldfarb-Shannon was chosen for all related 
ground-state geometry optimization, especially for interfacial relax-
ation. The cutoff energy of plane-wave basis sets for the total energy 
and valence electronic state calculations was set to 750 eV. The PBE 
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exchange-correlation functional was selected for DFT + U calcula-
tions. To improve the convergence quality of the transition metal 
compound system, the ensemble DFT method of Marzari et al. (51) 
was used during the electronic minimization process.

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 LaSrCo2O6 (LSCO) was built 
with 50% of La sites that were replaced by Sr 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 180 atoms and a size of 4 × 3 × 3, 
which is an appropriate size for VO concentration calculations and 
avoids the edge effect. Within the lattice, LaSrCo2O6 includes 18 La 
atoms, 18 Sr atoms, 36 Co atoms, and 108 oxygen atoms, where the 
50% VO concentration corresponds to 54 empty O sites in the lat-
tice. After geometry optimizations, the perovskite structure with 
different VO concentrations from 1.0 to 50% remains stable. To 
alleviate the DFT computational demanding cost, the Monkhost-
Pack reciprocal space integration was performed by using Gamma-
center-off special k-points with mesh of 2 × 2 × 2 (52), which was 
guided by the initial convergence test. With these settings, the over-
all total energy for each step was converged to less than 5.0 × 10−7 eV 
per atom. The Hellmann-Feynman forces on the atom were con-
verged to less than 0.001 eV/Å. To deal with the charges in the VO 
in the periodic lattice, a Coulomb potential correction is required to 
counteract the effects of the image charge of the crystal lattice. In 
this work, we applied the dipole correction developed by Makov and 
Payne (53), which considers the Madelung effect based on static 
electric Coulomb potential corrections.

The La, Sr, Co, and O norm-conserving pseudopotentials were 
generated by using the OPIUM code in the Kleinman-Bylander 
projector form (54), and the nonlinear partial core correction (55) 
and a scalar relativistic averaging scheme (56) were used to treat the 
mixed valence Co spin-orbital coupling effect. We chose the projector-
based (4f, 5s, 5p, 5d, and 6s), (3d, 4s, and 4p), and (2s and 2p) states 
to reflect the valence states of La, Sr, Co, and O atoms, respec-
tively. The Rappe-Rabe-Kaxiras-Joannopoulos (RRKJ) method 
was chosen for the optimization of the pseudopotentials (57). The 
Hubbard U parameters were self-consistently determined as Ud = 
3.06 eV (Co-3d), Uf = 2.21 eV (La-4f), and Up = 7.37 (O-2p).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq3563
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