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New Undisputed Evidence and Strategy for Enhanced
Lattice-Oxygen Participation of Perovskite Electrocatalyst
through Cation Deficiency Manipulation

Xiaomin Xu, Yangli Pan, Yijun Zhong, Chenliang Shi, Daqin Guan, Lei Ge,* Zhiwei Hu,
Yi-Ying Chin, Hong-Ji Lin, Chien-Te Chen, Hao Wang, San Ping Jiang,
and Zongping Shao*

Oxygen evolution reaction (OER) is a key half-reaction in many
electrochemical transformations, and efficient electrocatalysts are critical to
improve its kinetics which is typically sluggish due to its multielectron-transfer
nature. Perovskite oxides are a popular category of OER catalysts, while their
activity remains insufficient under the conventional adsorbate evolution
reaction scheme where scaling relations limit activity enhancement. The
lattice oxygen-mediated mechanism (LOM) has been recently reported to
overcome such scaling relations and boost the OER catalysis over several
doped perovskite catalysts. However, direct evidence supporting the LOM
participation is still very little because the doping strategy applied would
introduce additional active sites that may mask the real reaction mechanism.
Herein, a dopant-free, cation deficiency manipulation strategy to tailor the
bulk diffusion properties of perovskites without affecting their surface
properties is reported, providing a perfect platform for studying the
contribution of LOM to OER catalysis. Further optimizing the A-site deficiency
achieves a perovskite candidate with excellent intrinsic OER activity, which
also demonstrates outstanding performance in rechargeable Zn–air batteries
and water electrolyzers. These findings not only corroborate the key role of
LOM in OER electrocatalysis, but also provide an effective way for the rational
design of better catalyst materials for clean energy technologies.
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1. Introduction

Oxygen evolution reaction (OER), also
referred to as water oxidation, is widely
recognized as an important electrode re-
action of both fundamental and practical
interest.[1] For instance, the OER domi-
nates largely the overall efficiency of many
electrochemical energy conversion devices
such as rechargeable metal-air batteries
and water electrolyzers.[2–5] However, due
to its complex four-electron transfer, the
OER process suffers from intrinsically poor
kinetics, which often requires a consid-
erable overpotential to realize moderate
reaction rates, thus limiting the overall
efficiency of the related energy devices.[1–5]

To lower this kinetic barrier, electro-
catalysts containing noble metals, like
iridium oxide (IrO2) and ruthenium oxide
(RuO2), are often employed,[6] which show
one of the best OER performances, but
their larger-scale deployment is hindered
by their low abundance and high cost.
Therefore, tremendous efforts have been
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made to develop non-noble metal-based alternatives that are com-
petitively efficient.[7–9]

Among various candidates, ABO3-type perovskite oxides,
where A and B is respectively a rare-earth or alkaline-earth metal
and a transition metal, are promising OER electrocatalysts thanks
to their low cost, easy synthesis, and high catalytic activity.[10–12]

In particular, by leveraging their compositional flexibility, which
allows elemental doping or substitution at all the A-, B-, and
O-sites, the crystalline structure and electronic structure of per-
ovskite oxides can be fine-tuned, providing plenty of room for the
rational design of better OER catalysts. Indeed, the last decade
has witnessed a surge in exploring a plethora of perovskite com-
positions as electrocatalysts for driving the OER in an alkaline
medium (4OH− → O2 + 2H2O + 4e−).[13–19] For instance, Shao-
Horn et al. screened more than ten perovskite oxides and dis-
covered a volcano-shaped relationship between the OER activ-
ity and the eg occupancy of the B-site transition metal, whereby
Ba0.5Sr0.5Co0.8Fe0.2O3−𝛿 (BSCF) with eg ≈ 1 gives a high cat-
alytic activity.[13] More importantly, this compositional versatil-
ity of perovskite oxides can offer a great platform for studying
the reaction mechanisms underlying the OER. For example, with
the increasing doping of Sr into the La1−xSrxCoO3−𝛿 system,
the mechanism to catalyze the OER has been recently demon-
strated to transition from a traditional adsorbate evolution reac-
tion mechanism (AEM) to a new, lattice oxygen-mediated mech-
anism (LOM).[20–22] Our group has also offered direct evidence
of the lattice oxygen involvement in the OER catalysis through
the design of a Si-incorporated SrCo1−ySiyO3−𝛿 system.[23] The
operation of the LOM was claimed to be capable of bypassing
the scaling relation-based limitations in the AEM,[14] thus pro-
viding another playground to construct better OER catalysts. De-
spite success in the doping strategy, one challenge persists for
these doped perovskites in that the incorporation of foreign el-
ements can have an impact on the phase structure and/or the
amount of B-site transition metal atoms, significantly increasing
the degrees of freedom for the electronic structure tuning and
hence complicating the understanding of the structure-property
relationships of perovskite catalysts.

Ideally, the ABO3 perovskites should have an A-site to B-site
cation ratio of unity. However, it was found that for some per-
ovskites the structural integrity can be still maintained when a
proportion of the A- or B-site cations become deficient.[24] Gener-
ally, there are two types of cation-deficient perovskites, namely
the A-site cation-deficient perovskites and the B-site cation-
deficient perovskites (denoted A1−zBO3 and AB1−zO3, where z is
the deficiency level), with the former being energetically more
favorable.[25] Unlike elemental doping, the creation of cation de-
ficiency is expected to affect the physicochemical properties of
the perovskite oxides without compromising or introducing ad-
ditional elements into the pristine crystalline structure. Over the
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years, there have been increasing interests in developing cation-
deficient perovskites for diverse energy-related research areas, in-
cluding solid oxide electrochemical cells,[26–28] dye-sensitized so-
lar cells,[29] and electrocatalysis.[30–33] For example, introducing A-
site La-deficiency in the LaFeO3−𝛿 perovskite was found to bring
additional oxygen vacancies as well as a certain amount of Fe4+

species (with eg = 1), both contributing to the OER catalysis un-
der the AEM scheme. Similar endeavors have been undertaken
in Mn-, Co-, and Ni-based perovskites.[31–33] However, to date, in-
sights into how the introduction of cation deficiency can impact
the LOM-based perovskite catalysts are still lacking.

In this work, we demonstrate that the tailoring of A-site cation
deficiency can be used to create different oxygen diffusion rates
of the perovskite oxide bulk, thus providing a perfect platform for
studying the role of lattice-oxygen participation in the OER, and
that such cation deficiency manipulation can be further leveraged
to develop new outstanding perovskite-based electrocatalysts for
OER. By tuning the deficiency level, a cation-deficient perovskite
with optimized OER activity is facilely obtained, which outper-
forms the IrO2 benchmark when tested in energy devices includ-
ing rechargeable zinc–air batteries and water electrolyzers, show-
casing the great promise for practical use. These results not only
highlight the feasibility of introducing A-site cation deficiency for
enhancing the OER catalysis on perovskite oxide catalysts that uti-
lize the LOM mechanism, but also underscore the fundamental
origin of this activity enhancement, which can have enormous
implications for the design of better catalyst materials for clean
energy technologies.

2. Results and Discussion

2.1. A-Site Cation Deficiency Manipulation

We selected a La-Sr-Co-Fe-O perovskite oxide system, a proto-
type known for its high oxygen-evolving performance,[34–37] to
investigate the effect of cation deficiency on the electrocatalytic
OER. To tailor the catalytic performance of a perovskite catalyst
through manipulating the cation deficiency, it is important to
know the maximum deficiency that the perovskite can tolerate
since the phase transition or the formation of secondary phases
would introduce additional factors for affecting the catalytic per-
formance, hence masking the exact contribution of lattice-oxygen
participation in the OER process. It is well known that the A-
site cation deficiency is energetically more favorable than the
B-site cation deficiency, we, therefore, on purpose introduced
different levels of Sr deficiency in a La-Sr-Co-Fe-O series with
the nominal chemical formula of La1/3Sr(2−3z)/3Co0.5Fe0.5O3−𝛿 ,
or LaSr(2−3z)Co1.5Fe1.5O9−3𝛿 (abbreviated as LaSr2−3z), where 3z
= 0.00, 0.05, 0.10, 0.15, and 0.20, denoted LaSr2.00, LaSr1.95,
LaSr1.90, LaSr1.85, and LaSr1.80, respectively. A facile sol-gel
approach (see Supporting Information for more details) was
adopted to ensure the atomic-level mixing of the raw materials,
thus the obtained phases represent the thermodynamically stable
phases.

Figure 1a shows the room-temperature X-ray diffraction (XRD)
data of the various samples after the calcination at 1050 °C in
air. As expected, the cation stoichiometric sample LaSr2.00 took
a single cubic perovskite phase with space group Pm3̄m. For
both LaSr1.95 and LaSr1.90, the same single cubic perovskite
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Figure 1. Physicochemical characterizations of Sr-deficient perovskites. a) XRD data of LaSr2.00, LaSr1.95, and LaSr1.90 (collected using a Co K𝛼 source).
b) Rietveld refinement result using the XRD data of LaSr1.90 (collected using a Cu K𝛼 source). GOF: goodness of fit. c–e) Raman spectra (c), Co 2p XPS
spectra (d), and Co L3-edge XAS spectra (e) of LaSr2.00, LaSr1.95, and LaSr1.90. Reference data for Co L3-edge XAS spectra were taken from EuCoO3
for LS (low-spin state) Co3+,[46] SrCoO3 for IS (intermediate-spin state) Co4+,[47] and Sr2CoO3Cl for HS (high-spin state) Co3+.[46,48] f) Oxygen vacancy
content (𝛿) and oxygen ion diffusivity as a function of A-site Sr-deficiency level.

structure was demonstrated, as exemplified by the Rietveld
refinement analysis of the LaSr1.90 sample (Figure 1b). In-
terestingly, the corresponding diffraction peaks overlap per-
fectly with the LaSr2.00 sample, suggesting that the LaSr2−3z
perovskite can tolerate a certain degree of A-site cation de-
ficiency while the lattice parameters are almost unchanged.
With the further increase of 3z to 0.15, the formation of addi-
tional phases related to transition metal-based oxides was ob-
served (Figure S1, Supporting Information). The presence of
such an impurity phase became more obvious when the nom-
inal A-site deficiency of 3z reached 0.20 (Figure S2, Support-
ing Information). It suggests that the maximum A-site Sr-
deficiency level in the LaSr2−3z series is between z = 0.033 and
0.050 (i.e., 3z = 0.10–0.15). While larger deficiency levels were
found in several other perovskite systems, such as La1−zFeO3−𝛿
(z = 0.10),[30] (Ba0.5Sr0.5)1−zCo0.8Fe0.2O3−𝛿 (z = 0.15),[38] and
(La,Sr)1−z(Ti,M)O3−𝛿 (z = 0.20 for M = Mn, Fe, Ni, and Cu),[39] we
note that the low tolerance limit for the Sr-deficiency in our case is
likely associated with the intrinsic chemistry of the La-Sr-Co-Fe-
O series, which was also observed for a similar perovskite chem-
istry reported earlier (for instance, La0.6Sr0.4−zCo0.2Fe0.8O3−𝛿 with
z = 0.025).[40] The successful formation of single cubic perovskite
phase for the LaSr1.95 and LaSr1.90 samples was further corrob-
orated by Raman spectroscopy. As shown in Figure 1c, similar
to LaSr2.00, there is an absence of Raman active bands in both
LaSr1.95 and LaSr1.90 samples, which is a good indication of the
cubic perovskite structure.[41] We also performed high-resolution
transmission electron microscopy to ascertain the crystalline
structure of the sample LaSr1.90. As displayed in Figure S3, Sup-

porting Information, lattice fringe distances of 0.38 and 0.27 nm
were observed, matching perfectly with the (001) and (1̄10) re-
flections in the corresponding XRD data. The fast Fourier trans-
formed pattern along the [110] zone axis further confirms the cu-
bic phase structure of LaSr1.90 (inset of Figure S3, Supporting
Information).

Generally, introducing Sr-deficiency would cause a change
in cation stoichiometry and hence an imbalance in net charge,
which needs to be compensated to maintain the overall elec-
trical neutrality within the perovskite system. Such compensa-
tion may be realized through either the increase of the oxida-
tion state of the B-site cations and/or the generation of addi-
tional oxygen vacancies.[25] It is well known that B-site cations
play an important role in the electrocatalytic OER based on the
conventional AEM scheme, while the same cation with different
oxidation states may show a fairly different catalytic activity. To
probe the possible electronic structure change due to the intro-
duction of Sr-deficiency, X-ray photoelectron spectroscopy (XPS)
as a surface-sensitive technique was first implemented,[41] with
the results for the cobalt element shown in Figure 1d. The Co
2p XPS spectra of the LaSr2−3z series (3z = 0–0.10) exhibited
nearly identical peak positions and shapes, implying insignifi-
cant modifications in the surface oxidation state of cobalt. To
glean the near-surface information of the electronic structure
of perovskite catalysts, we further performed soft X-ray absorp-
tion spectroscopy (XAS) in the total electron yield (TEY) mode,
which is highly sensitive to the valence[42,43] and spin states[44,45]

of the transition metal cations. Figure 1e presents the Co L3-
edge XAS spectra of LaSr2.00, LaSr1.95, and LaSr1.90, along with
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those of reference samples including CoO (for Co2+), EuCoO3
(for low-spin state Co3+),[46] SrCoO3 (for intermediate-spin state
Co4+),[47] and Sr2CoO3Cl (for high-spin state Co3+ in pyrami-
dal local coordination).[46,48] The peaks of these XAS spectra
shift toward higher photon energy with increasing Covalence,
which, together with the almost unchanged peak position, sug-
gests that the surface oxidation state of the Co cation was in
the range of +3 to +4 and was hardly affected by the introduc-
tion of a small amount of Sr deficiency. Judging from the rela-
tive peak positions and spectral weight changes, the Co cations
in LaSr2.00, LaSr1.95, and LaSr1.90 had a valence state of ap-
proximately +3.3 to +3.4 (Figure 1e). Note that such an oxida-
tion state of Co was previously reported to be optimal for the
OER catalysis over Co-based oxide electrocatalysts.[36,49,50] The
surface electronic state of iron was also found to be similar for
the various LaSr2−3z samples, as evidenced from the analogous
features of the Fe L3-edge XAS spectra (Figure S4, Supporting
Information).

Given the unchanged B-site Co/Fe oxidation state, it is clear
that the compensation for the charge imbalance caused by the
introduction of A-site Sr-deficiency was solely realized through
the creation of oxygen vacancies, likely following a so-called A-
site-vacancy mechanism,[51] as expressed by the below Kröger-
Vink notation:

SrX
Sr + OX

O → V
′′

Sr + V∙∙
O + SrO (1)

where SrX
Sr represents a Sr ion sitting on a Sr sublattice site with

a neutral charge, OX
O represents an O ion sitting on an O sublat-

tice site with a neutral charge, V
′′

Sr represents a Sr vacancy with
a double negative charge, and V∙∙

O represents an O vacancy with
a double positive charge. To support the increase of oxygen va-
cancies through introducing A-site cation deficiency, the oxygen
vacancy content of the LaSr2.00, LaSr1.95, and LaSr1.90 samples
was measured by the standard chemical titration method with the
experimental procedures detailed in the Supporting Information.
Indeed, an increasing number of oxygen vacancies was observed
with increasing Sr-deficiency level (Figure 1f and Table S1, Sup-
porting Information). From the obtained oxygen vacancy concen-
trations, the bulk average B-site oxidation state was calculated to
be almost invariant regardless of the Sr stoichiometry (Table S1,
Supporting Information), consistent with what was observed for
the surface as mentioned above.

As we know, oxygen vacancies are the charge carriers for oxy-
gen ions.[52] An increase in the oxygen vacancy concentration
may lead to an increase in oxygen ion diffusion, and an increase
in OER performance is then expected if the LOM mechanism is
operative during the OER process. The oxygen ion diffusion coef-
ficient of the LaSr2.00, LaSr1.95, and LaSr1.90 was measured us-
ing combined electrochemical techniques of cyclic voltammetry
(CV) and chronoamperometry (CA) (see Supporting Information
for more details). Shown in Figure S5, Supporting Information
are the CV data recorded in an argon-saturated 6 M KOH alkaline
solution, where redox features characteristic of the intercalation
and de-intercalation of oxygen ions were observed. As expected,
the Sr-deficient samples exhibited larger current densities rela-
tive to the pristine LaSr2.00, indicating a greater tendency for
oxygen intercalation. Following the oxygen intercalation experi-
ments, the oxygen ion diffusion coefficient was obtained using

the CA technique (Figure S6, Supporting Information) by apply-
ing a previously established bounded 3D diffusion model.[53] The
oxygen ion diffusivity for LaSr2.00 was calculated to be 1.96 ×
10−12 cm2 s−1, consistent with the previously reported results,[36]

which increased to 3.62 and 8.18 × 10−12 cm2 s−1 for the Sr-
deficient LaSr1.95 and LaSr1.90, respectively (Table S2, Support-
ing Information), correlating well with the increased amount of
oxygen vacancy (Figure 1f).

The above analysis suggests that the proper manipulation of
the Sr cation deficiency in the LaSr2−3z series can maintain the
perovskite structure as well as the chemical state of the transition
metal cations while introducing additional oxygen vacancies into
the oxide lattice to result in increased oxygen diffusion rate. Since
no other foreign element is introduced through manipulating the
A-site cation deficiency, the A-site cation-deficient LaSr2−3z then
provides a perfect platform for the investigation of the role of
lattice-oxygen participation in the OER electrocatalysis.

2.2. Electrocatalytic OER Performance and Mechanism

To examine the potential role of LOM in the OER electrocataly-
sis, the catalytic activity of the various as-synthesized LaSr2−3z
oxides toward the alkaline OER was first assessed using a ro-
tating disk electrode (RDE)-based methodology.[15,54] Figure 2a
shows the polarization curves in a 1 M KOH electrolyte, where
currents were normalized to the Brunauer-Emmett-Teller surface
area (Table S3, Supporting Information) of LaSr2.00, LaSr1.95,
and LaSr1.90 to obtain specific activity (in mA cm−2

oxide) as a met-
ric to compare their intrinsic OER activity.[13] On introducing Sr
deficiency, both samples (i.e., LaSr1.95 and LaSr1.90) showed im-
proved OER performance compared to the cation stoichiometric
LaSr2.00 catalyst, as evidenced from a shift in the (over)potential
toward more negative values (Figure 2a inset). Notably, the OER
activity follows the order of LaSr2.00 < LaSr1.95 < LaSr1.90,
indicating that an increase in the Sr-deficiency level favors the
OER catalysis. The monotonic increase of OER activity with the
Sr-deficiency amount is more obviously demonstrated in Fig-
ure S7, Supporting Information. To achieve a specific activity of
1 mA cm−2

oxide, the overpotential needed for the pristine LaSr2.00
is 315 mV, which dropped to 308 mV for LaSr1.95 and 293 mV
for LaSr1.90. In addition, at a select potential of 1.60 V versus the
reversible hydrogen electrode (RHE), the specific activity showed
an enhancement of 1.5-fold and 2.6-fold for LaSr1.95 (6.9 mA
cm−2

oxide) and LaSr1.90 (12.4 mA cm−2
oxide), respectively, relative to

LaSr2.00 (4.7 mA cm−2
oxide). These observations suggest that in-

troducing A-site Sr-deficiency is beneficial to the OER cataly-
sis. Remarkably, the intrinsic OER activity was found to have a
strong correlation with the oxygen ion diffusivity, presented in
Figure 2b,c. Since the introduction of the proper A-site cation de-
ficiency only leads to a change in the oxygen vacancy content, and
consequently an increase in the oxygen ion diffusion rate, it thus
provides an undisputed evidence that the LOM plays an essential
role in the OER electrocatalysis.

For the LOM mechanism, it was reported that a strong rela-
tion of the catalytic activity to the pH value of the alkaline elec-
trolyte is experienced.[22,23] Here we further investigated the cat-
alytic performance of LaSr2.00, LaSr1.95, and LaSr1.90 under
different pH conditions. As shown in Figure 2d, for all three
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Figure 2. Electrocatalytic OER performance and mechanism studies of Sr-deficient perovskites. a) Polarization curves of LaSr2.00, LaSr1.95, and LaSr1.90
in a 1 M KOH electrolyte. Inset shows a magnification near the low-overpotential region. b–c) Correlation of oxygen ion diffusivity with the intrinsic OER
activity in 1 M KOH in terms of (b) the current density at a select potential of 1.60 V versus RHE and (c) the overpotential at a given current density
of 1 mA cm−2

oxide
. d) Intrinsic OER activity of LaSr2.00, LaSr1.95, and LaSr1.90 under various pH conditions. e) Relationship between the intrinsic OER

activity at 1.60 V versus RHE and the electrolyte pH. f) Comparison of Tafel plots using data from both CV and CA measurements tested in 1 M KOH.
g) Comparison of OER activity of LaSr1.90 in 1 M KOH and 1 M TMAOH electrolytes. Inset shows the corresponding Tafel plots.

samples, increasing the pH from 13 to 14 resulted in enhance-
ments of OER currents on the same RHE reference electrode
scale. Such a pH dependence of the OER kinetics is a good in-
dicator of the participation of lattice oxygen during the OER, fol-
lowing the LOM reaction mechanism.[22,23] In this LOM pathway,
one of the concerted proton-electron transfer steps in the tradi-
tional AEM mechanism becomes decoupled, in which the pro-
ton transfer could be the rate-determining step.[55] When further
compared at 1.60 V versus RHE, the logarithm of specific activ-
ity was found to show a linear relationship with the electrolyte
pH (Figure 2e), based on which the proton reaction order on the
RHE scale (𝜌RHE) was extracted from the slopes to be 0.60, 0.63,
and 0.66 for LaSr2.00, LaSr1.95, and LaSr1.90, respectively, using
the below equation:[55]

𝜌RHE =
(
𝜕log (i)

𝜕pH

)
E

(2)

These numbers are consistent with those reported for the
Co-based perovskite OER catalysts which also utilized the LOM
mechanism.[23,56] Of importance, the proton reaction order
increased with increasing Sr-deficiency level, indicating that
the LOM pathway became more preferable for the perovskite
samples with more Sr deficiencies.[22,23]

Figure 2f compares the Tafel plots of the LaSr2−3z samples
constructed using data from both CV and CA measurements
(see Figure S8, Supporting Information, for an example of the
CA data). Interestingly, the OER currents obtained from CV were
found to be consistently larger than those measured from CA,
although such a difference can be very minor compared to the
previous literature results.[22] This observation can be justified
by the partial contribution of oxygen intercalation, as mentioned
earlier, to the OER current during the non-steady-state CV
testing, while such contribution is almost negligible during the
steady-state CA testing.[22,52] For the accuracy of measurement
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Figure 3. Optimized OER activity through maximizing the LOM participation and comparison with the state-of-the-art OER catalysts. a) Comparison
of OER activity at 1.60 V versus RHE in 1 M KOH and oxygen ion diffusivity of the LaSr2−3z series. The dash-dot volcano lines are drawn to guide
the eye to the overall trend of the data and are not linear regressions. b) Comparison of OER activity of the optimized sample LaSr1.90 with the state-
of-the-art catalysts, including multimetal (oxy)hydroxides (G-FeCoW: gelled FeCoW oxyhydroxide,[59] CoFe LDH: CoFe layered double hydroxide,[59]

and Zn0.2Co0.8OOH oxyhydroxide[58]), spinel oxides (CoFe0.25Al1.75O4,[60] LiCoVO4,[61] Act-CoCr2O4: activated CoCr2O4,[62] and Co2.75Fe0.25O4 (s):
sulfurized Co2.75Fe0.25O4

[63]), perovskite oxides (LaCoO3,[22] LSC: La0.5Sr0.5CoO3−𝛿 ,[22] PBC: Pr0.5Ba0.5CoO3−𝛿 ,[22] SCO: SrCoO3−𝛿 ,[22] and BSCFN20:
Ba0.5Sr0.5Co0.6Fe0.2Ni0.2O3−𝛿

[18]), and other oxides (NaMn3O7
[64]). All data were obtained in 1 M KOH using an RDE setup and all currents were

normalized to the catalyst surface area to reflect the intrinsic OER activity.

of intrinsic activity, steady-state measurements such as CA may
provide a better choice. Nonetheless, the presence of oxygen
intercalation provides additional support to the lattice-oxygen
participation in the LaSr2−3z series.[21–23] In addition, the
reduced Tafel slopes with increasing Sr-deficiency level, ob-
tained from either the CV or the CA data, suggests that a larger
Sr-deficiency favors the OER kinetics of LaSr2−3z. Previous
research has suggested that tetramethylammonium cation can
interact with the active oxygen species generated during the
LOM-based OER process, resulting in a partial inhibition of the
OER.[36,57,58] We also compared the OER activity of LaSr1.90 in
1 M KOH with that in 1 M tetramethylammonium hydroxide
(TMAOH) (Figure 2g). A decrease in OER activity along with
an increase in Tafel slope was observed in the case of TMAOH,
evidencing again the likely occurrence of the LOM mechanism.

Taken together, the above results suggest the operation of the
LOM mechanism during the alkaline OER on the Sr-deficient
LaSr2−3z perovskites, the extent to which correlates strongly
with the OER performance. It is important to note that, compared
to the doped perovskite systems reported earlier,[21,23] where the
crystal structure and/or electronic structure can change with the
doping amount, our Sr-deficient perovskite system manifests
barely any change in these factors other than a modification in the
concentration of oxygen vacancies and consequently their mobil-
ity, thereby offering more solid evidence to the contribution of
LOM in the OER.

The importance of lattice-oxygen participation in the OER
electrocatalysis was also supported by the catalytic performance
for the cases with higher intentional Sr-deficiency levels, i.e.,
LaSr1.85 and LaSr1.80 having intentional Sr-deficiency levels of
z = 0.050 and 0.067, respectively. As mentioned earlier, the pure-
phase structure was not obtained for LaSr1.85 and LaSr1.80 un-
der the same synthesis conditions, and the extra deficiency intro-
duced led to the formation of a (Co,Fe)3O4 minor phase instead

(Figures S1 and S2, Supporting Information). Nonetheless, the
surface chemical state of the transition-metal cations in LaSr1.85
and LaSr1.80 was merely affected by the presence of the impu-
rity, as evidenced by the almost identical XPS features to those of
LaSr2.00, LaSr1.95, and LaSr1.90 (Figure S9, Supporting Infor-
mation). However, the oxygen ion diffusivity underwent a decline
with increasing intentional deficiency levels for LaSr1.85 and
LaSr1.80 (Table S2, Supporting Information), likely caused by the
blocking effect of the impurity phase that hinders charge trans-
fer across the grains for oxygen ion diffusion.[23] Electrochemical
measurements show that intentionally increasing the deficiency
level did not bring further activity enhancements, and the best
OER performance was found for the LaSr1.90 sample (Figure 3a),
which had the highest A-site cation deficiency while maintaining
a single-phase structure. Of significance, a strong correlation still
holds for the whole LaSr2−3z series (3z = 0.00–0.20) between the
OER specific activity and the oxygen ion diffusion rate (Figure 3a
and Figure S10, Supporting Information). This correlation, to-
gether with the nearly unchanged transition metal electronic
structure, therefore suggests that the increase in OER activity
originated from the enhanced lattice-oxygen participation, which
can be facilely optimized through regulating the intentionally in-
troduced A-site cation deficiency amount. Markedly, the high in-
trinsic activity observed for the optimized LaSr1.90 sample was
found to rank among the best records for nonprecious metal-
based OER catalysts, greater than or on par with the state-of-the-
art catalysts including (oxy)hydroxides,[58,59] spinel oxides,[60–63]

perovskite oxides,[18,22] and other types of oxides,[64] as presented
in Figure 3b. Such a comparison again underlines the excellent
OER activity of the LaSr1.90 perovskite catalyst enabled by the
facile cation deficiency manipulation strategy.

The above results highlight the advantage of A-site cation de-
ficiency manipulation as an effective way to promote the LOM-
based OER catalysis over perovskite oxides. As schematically
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Figure 4. Schematic illustration showing how the introduction of A-site Sr deficiency leads to the generation of additional oxygen vacancy and thus
facilitates the OER catalysis through the LOM pathway. The oxygen ion diffusion process, as marked by the arrows, is illustrated to highlight its key role
in promoting the LOM-based OER process.

Figure 5. Evaluation of the electrochemical performance of the ball-milled LaSr1.90 sample in a rechargeable Zn–air battery and a water electrolyzer. a)
Schematic illustration of a rechargeable Zn–air battery. ORR: oxygen reduction reaction. b) Galvanostatic charge/discharge profiles of Zn–air batteries
using the ball-milled LaSr1.90 and the commercial IrO2 catalysts at 5 mA cm−2 (electrolyte: 6 M KOH + 0.2 M zinc acetate). c) Photograph showing
how three Zn–air batteries assembled in series could power a light-emitting diode. d) Schematic illustration of a water electrolyzer. HER: hydrogen
evolution reaction. e) Polarization curves of water electrolyzers using the ball-milled LaSr1.90 and the commercial IrO2, respectively, as anode catalyst
and commercial 20 wt% Pt/C as cathode catalyst (electrolyte: 1 M KOH). Inset shows the chronopotentiometry curves at 10 mA cm−2. f) Photograph
showing how the water electrolyzer could continuously generate gas bubbles during the stability test.
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shown in Figure 4, by introducing A-site Sr deficiency, an in-
creased number of oxygen vacancies are created, leading to sig-
nificant enhancements in the bulk oxygen mobility, which could
enable fast replenishment of active lattice-oxygen sites upon their
evolution under the LOM scheme and hence result in improved
OER performance.[23,52]

2.3. Practical Applications in OER-Related Energy Devices

The OER occurs during the charging process of a recharge-
able Zn-air battery and is also the anodic half-reaction of a
water electrolyzer, which holds key to achieving high efficien-
cies for these energy devices.[2–5] Inspired by the outstanding
OER activity of the optimized LaSr1.90 sample as discussed in
previous investigations, we further evaluated its practical ap-
plications in rechargeable Zn-air batteries and water electrolyz-
ers using home-made test models schematically illustrated in
Figure 5a,d. To achieve better performance in these energy de-
vices, the pristine LaSr1.90 was subjected to ball-milling to in-
crease the number of active sites exposed as an effort to improve
its electrode activity.[13] In addition, commercial IrO2 was selected
as a control. RDE studies showed that the pristine LaSr1.90 ex-
hibited higher OER electrode activity compared to IrO2, which
was further enhanced upon the ball-milling treatment (Figure
S11, Supporting Information). Figure 5b displays the galvanos-
tatic charge/discharge profiles of Zn-air batteries using the ball-
milled LaSr1.90 and IrO2, respectively, as the air cathode cata-
lyst. To deliver a current density of 5 mA cm−2, the ball-milled
LaSr1.90 showed a charging voltage lower than IrO2 did (1.95 V
vs. 2.10 V at 80 h), with remarkable stability in a prolonged cy-
cling test for 300 h with no sign of decay. When coupled with a
commercial Pt/C as cathode catalyst, the water electrolyzer with
the ball-milled LaSr1.90 as anode catalyst required a cell voltage
of 1.52 V to drive a 10 mA cm−2 current density, much smaller
than that with the IrO2 catalyst (1.58 V) (Figure 5e). Besides, more
stable water electrolysis performance was also demonstrated by
steady chronopotentiometric testing for 10 h (Figure 5e inset). In
addition, Figure 5c shows that three Zn-air batteries assembled
in series could power a light-emitting diode and Figure 5f shows
that the water electrolyzer could continuously generate gas bub-
bles during the stability test, both showcasing the great poten-
tial of the cation-deficient LaSr1.90 for commercial utilization in
practical energy applications.

3. Conclusion

To summarize, we have designed in this work an A-site Sr-
deficient perovskite system that catalyzes the OER more effi-
ciently as more Sr deficiencies are introduced. Importantly, the
introduction of Sr-deficiency was found to modify solely the
oxygen vacancy concentration and consequently the capability
to allow for oxygen mobility, without impacting the material’s
crystal structure and/or electronic structure as encountered in
perovskites doped by foreign elements. This finding, combined
with the strong correlation between the OER activity and oxygen
ion diffusivity, provides solid evidence supporting the key role
of lattice-oxygen participation in facilitating the OER over per-
ovskite catalysts that utilize the LOM mechanism. Further, the

OER activity can be facilely optimized by tuning the amount of
A-site deficiency that is intentionally introduced to the perovskite
system, leading to the identification of highly efficient, cation-
deficient perovskite catalysts with great potential to be used in
practical OER-related energy applications such as rechargeable
Zn-air batteries and water electrolyzers. The fundamental under-
standing gained from this work can provide guidance for the de-
sign of catalyst materials with improved efficiencies for a wide
variety of clean energy applications.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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