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Balance Between Oxygen 2p Holes and Oxygen Vacancies

for Optimal Water Oxidation

Gao Chen,* Yiran Ying, Sixuan She, Yanping Zhu, Zhiwei Hu,* Jiayi Tang, Xubin Ye,
Youwen Long, Chang-Yang Kuo, Chien-Te Chen, Dongsheng Geng, Haitao Huang,*

and Zongping Shao*

The emergence of the lattice oxygen-mediated mechanism (LOM) has triggered
a paradigm shift in oxygen evolution reaction (OER) research from conven-
tional metal-centered catalysis to the reactivity of lattice oxygen sites. In LOM
scenario, one viewpoint is that the degree of metal-oxygen covalency controls
the OER activity, while the other argument suggests the determining factor is
oxygen vacancy. However, metal-oxygen covalency has a competing relation-
ship with oxygen vacancy. Herein, it is demonstrated that the intrinsic OER
activity of cobaltite perovskites would be more accurately described by consid-
ering two competing factors on the O sites, i.e., oxygen 2p hole (an indicator of
metal-oxygen covalency) and oxygen vacancy simultaneously. The increment
in oxygen 2p hole favors the LOM route but weakens the hydroxide affinity,
whereas moderate oxygen vacancy mitigates the undesirable effects of high
oxygen 2p hole. Specifically, the Sr, Y, ;CoO; s catalyst among Sr,,Y,CoO,
system has an ideal balance between oxygen 2p hole and oxygen vacancy,
catalyzes OER via LOM, showing the optimal intrinsic activity. The proposed
dual-parameter descriptor offers a coherent explanation for the OER activity
of cobaltite perovskites, and more importantly, it would shed light on future
design of efficient OER electrocatalysts under the classic Sabatier principle.

1. Introduction

vital electrochemical applications, for ex-
ample, hydrogen (H,) production via wa-
ter splitting.'3] There are three typical
electrolyzers for water splitting, proton
exchange membrane (PEM), alkaline lig-
uid electrolyte (ALE), and anion exchange
membrane (AEM) electrolyzers. The com-
mercial PEM electrolyzer enables fast re-
sponse to intermittent renewable energy
and produces high-purity H, using ex-
pensive IrO, as OER catalysts. The com-
mercial ALE electrolyzer can use non-
precious metal catalysts, but the start-up
response to intermittent renewable energy
is slow, and the produced hydrogen is im-
pure. Combining the advantages of ALE
and PEM systems, the AEM electrolyzer
can produce high-purity hydrogen with a
quick response to intermittent renewable
energy under alkaline conditions, allow-
ing the use of non-noble metal catalysts.
However, the development of anion ex-
change membrane electrolyzer is in the
early stage, and there is still a large room
for improvement in device efficiency when
non-noble metal catalysts are employed.[*]

Electrocatalytic oxygen evolution reaction (OER) driven by exter-
nally applied potentials is the efficiency-limiting factor for many

Identifying the physicochemical properties that affect OER ac-
tivity and accordingly tailoring catalysts to optimize their OER
performance are crucial to advancing anion-exchange membrane
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electrolyzer technology.>°! Cobaltite perovskites (ACoO; 5, A =
alkaline or rare earth elements, and § represents the value of
oxygen vacancy) with tunable structure and decent OER perfor-
mance have played a landmark role in correlating physicochem-
ical property and OER activity.”"!!/ The physicochemical prop-
erty can be regarded as an activity “descriptor” for designing
new efficient catalysts. For instance, Shao-Horn and coworkers
have found that the e, filling of Co close to unity has moder-
ate binding strength to oxygenated intermediates, which could
help predict the highly active Ba, ;Sr,5Co,4Fe,,0; ; catalyst.”]
Further, the Keith and Shao-Horn groups have demonstrated
that the lattice O in La;_,)Sr,Co0O5_ ; with strong Co-O covalency
is more active than Co site for OER, and SrCoO, ; with con-
siderable Co-O covalency provides the best OER activity among
the La ,,Sr,CoO; ; electrodes.®"” With the discovery of lattice
oxygen involvement, the lattice oxygen-participation mechanism
(LOM) is established alongside the conventional adsorbate evo-
lution mechanism (AEM). As LOM would break the scaling re-
lationship in conventional AEM and lead to better OER activity,
the oxygen site has become the center of attention in OER study.
Meanwhile, Keith and colleagues have proposed oxygen vacancy
as a decisive factor for OER activity via LOM.'% Recently, Emil-
iana and coworkers have unveiled the quantitative relation be-
tween the content of oxygen vacancy in PrBaCo,Os, ; and the
corresponding OER activity, in which more oxygen vacancy cor-
responds to higher OER activity.!*?]

Inspired by the above findings, many studies have focused on
developing catalysts with rich oxygen vacancies or strong metal-
oxygen covalency to improve OER activity.'*'?] Nevertheless,
when these two factors are considered simultaneously, the situa-
tion becomes confused. Typically, Co-O covalency refers to the
orbital overlap of Co 3d and O 2p. In the condition of strong
covalency, an electron on O site would transfer to Co, resulting
in an electron-defective (hole-rich) state on O.[2] The content of
the oxygen 2p hole is positively correlated to the degree of Co-
O covalency. Oxygen 2p hole refers to the loss of electrons from
the outer-shell orbital of oxygen atoms, whereas oxygen vacancy
refers to the loss of oxygen atoms from the perovskite lattice. In-
creasing Co valence state enlarges the content of the oxygen 2p
hole, which would lift the risk of structural instability, resulting
in the creation of an oxygen vacancy. Consequently, the valence
state of Co should decrease to maintain charge balance, thereby
in turn reducing the oxygen 2p hole. In a word, in perovskite,
oxygen vacancy and oxygen 2p hole are competing factors, and
the content of oxygen vacancy increases at the expense of oxygen
2p holes and Co-O covalency. In this regard, notions that both
enhance Co-O covalency and oxygen vacancy to improve OER ac-
tivity seem conflicting. Considering two extreme cases: 1) when
the degree of Co-O covalency reaches the maximum value, it will
cause an extremely weak hydroxide affinity;?!! 2) excessive oxy-
gen vacancies will enlarge the bandgap and lower the O 2p band
center,??] both of which are inconsistent with the prediction for
optimum catalysts under the Sabatier principle.

Herein, we use a series of cobaltite perovskites (St Y,CoO;
(* =0,0.1, 0.2, 0.3, 0.5, and 1)) and CoO as a model material
system to establish the relationship between oxygen vacancy/2p
hole and OER activity/mechanism. The St ,,Y,CoO; ; system
was employed as a model catalyst platform due to its large tunable
region of both oxygen vacancy and oxygen 2p hole. Among them,
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St(1.5 Y, C0Oy 5 (x = 0, 0.5, and 1, denoted as SC-HP, Sq5Y,5C-
HP, and YC-HP, respectively) with minimal oxygen vacancies
were prepared under high pressure; St;.,,Y,CoO; ; (x =0, 0.1,
0.2,and 0.3, denoted as SC, S,,Y,,C, S,,Y,sC, and S,,Y,,C, re-
spectively)) with large content of oxygen vacancies were synthe-
sized under atmospheric pressure. By using surface-sensitive soft
X-ray absorption spectroscopy (XAS) measurements and density
functional theory (DFT) calculations, we conclude that balancing
the degree of oxygen 2p hole and oxygen vacancy in cobaltite per-
ovskites is the key to achieving optimal OER activity. We further
assemble an anion exchange membrane electrolyzer using the
optimal S, Y, ; C as anode and Pt as cathode, which outperforms
the state-of-the-art IrO, /Pt catalyst pair. Our findings unify the
factors governing anionic redox in electrocatalysis and provide a
criterion that complies with the golden Sabatier principle for the
rational design of OER catalysts in the LOM pathway.

2. Results and Discussion

X-ray diffraction (XRD) was conducted to reveal the structure of
the as-prepared samples. The XRD pattern (Figure 1a) reveals
that the SC-HP sample synthesized under high pressure adopts
a cubic structure with a space group of Pm-3m, which differs
from the common brownmillerite structure (SC) synthesized un-
der atmospheric pressure.?’] The XRD patterns of S;:Y,;C-HP
and YC-HP could be indexed to cubic and orthorhombic struc-
tures, respectively, as illustrated by the previous study.?*] The
SYC (x = 0.1, 0.2, and 0.3) samples have a tetragonal structure
with a space group of 14/mmm, which is consistent with the ear-
lier report.?’! As indicated by the asterisk, the as-synthesized
Sty7Y03C005 5 (Sp7Yo;C) sample contains a small amount of
Y, 0, impurity, most likely due to the evaporation of cobalt ele-
ment at high temperatures.[®») CoO has a cubic phase.

Soft XAS was used to reveal the surface electronic structure of
the catalysts. Figure 1b displays the Co L-edge XAS spectra and
their average valence state of all synthesized cobalt oxides. The
curve fitting of Co L-edge XAS spectra (as illustrated in Figure S1-
S6, Supporting Information) was performed by superposing ref-
erence spectra including SrCoO, for intermediate-spin (IS) Co**,
Sr,Co0,Cl for high-spin (HS) Co**, EuCoO, for low-spin (LS)
Co** and CoO for HS Co?*. The fitting result indicates an av-
erage covalence state of +3.35, +3.3, +3.25, and +3.21 for SC,
S01Y09C, S9,YsC, and S ;Y ,C, respectively. The valence states
derived from XAS spectra are lower than their nominal values
(6 — the average valence state of A), signifying the presence of
oxygen vacancies in the SC and SYC samples generated under
atmospheric pressure. As a sharp contrast, the samples prepared
under high pressure show valence states that are almost close to
their nominal values (Figures S5 and S6, Supporting Informa-
tion). The Co-L XAS spectra of CoO and SC-HP are consistent
with previous reports that Co** and Co*" have a HS and IS state,
respectively.2627]

We further analyzed the corresponding O K-edge spectra,
which convey information about the oxygen 2p hole (also the
degree of covalency of Co 3d and O 2p states).[?®] As revealed
from the O K-edge spectra of the four references including CoO
(HS-Co?*), LaCo0,-20K (LS-Co**), LaCo0,;-650K (HS-Co**) and
SrCoO; (IS-Co**) in Figure S7 (Supporting Information), with
the increase of Co valence, the pre-edge peak of the O K-edge
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Figure 1. a) XRD patterns, b) Co L, ;-edge spectra, and c) pre-edge peaks of O K-edge spectra of the as-synthesized samples. d) The content of the
normalized O 2p hole and oxygen vacancy of the as-synthesized samples. The asterisk in (a) indicates a small amount of Y,O5 impurity.
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Figure 2. a) The intrinsic OER activity of the cobalt oxides. b) A summary of two competing parameters (oxygen vacancy and normalized O 2p hole) and
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shifts to lower energy and the peak intensity increases, which in-
dicates the increasing content of oxygen 2p hole. Although hav-
ing the same Co oxidation state, the content of oxygen 2p hole
of Co** (HS)-O is larger than that in the Co** (LS)-O (Figure S7,
Supporting Information). This is attributed to more electron fill-
ing in the higher-energy e, orbital in the electron configuration
of HS-Co?*. Figure 1c shows the pre-edge peak of the O K-edge
of the tested cobaltite oxides. The content of the O 2p hole in each
cobaltite oxide can be estimated by integrating the pre-edge peak
of the O K-edge. The integrated area can be used as an indicator
of the O 2p hole.

Furthermore, we quantified the oxygen vacancy and O 2p hole
of these cobalt oxides based on the above XAS results. The value
of oxygen vacancy, i.e., §, can be calculated via 6 = 0.5 X (6-A-
B), where A and B represent the average valence state of A-site
and B-site cations, respectively. The average valence state of A-
site cations is calculated by [2 X (1-x) + 3x], where x represents
the ratio of Y?* in the A site. The average valence state of B-site
cations is obtained from the XAS results as shown in Figure 1b.
To make sure the content of the O 2p hole is equivalent to the
valence state, the integrated area obtained in Figure 1c was con-
verted into a normalized value as the following procedures:

1) The Co 3d electrons can be described by the wave function of
® = ¢|3d" > +p|3d"*! > L, where L represents the oxygen
ligand hole. According to previous reports,[?*-3!l the values of
p for Co?*, Co**, and Co** are approximately equal to 0.1, 0.5,
and 0.9, respectively.

2) Divide the g value by the corresponding integral area to get
a coefficient. The average coefficient derived from the above
three sets of data is 0.15.
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3) By timing the coefficient 0.15, the integral area could be con-
verted into a normalized O 2p hole value, which is an equiva-
lent value to the valence state.

The content of oxygen vacancy and the normalized O 2p hole
are shown in Figure 1d. Except for CoO, samples synthesized
under atmospheric pressure contain higher oxygen vacancies,
which increase as the Y content decreases, whereas those synthe-
sized under high pressure exhibit marginal oxygen vacancies. No
obvious oxygen vacancy was observed in CoO owing to the large
oxygen vacancy formation enthalpy in cobalt oxide with a low va-
lence state.[®! As for oxygen 2p hole, samples synthesized under
high pressure exhibit oxygen 2p holes that are nearly equivalent
to their nominal levels. In contrast, those synthesized under at-
mospheric pressure display oxygen 2p holes that are below the
nominal values, with their content showing an upward trend as
the Y content diminishes. In a perovskite where the A-site valence
remains constant, oxygen vacancy and oxygen 2p hole compete
with each other. However, in the four samples synthesized under
atmospheric pressure, the decrease in the average valence of the
A-site leads to an increase in cobalt valence. On one hand, this en-
hances the covalency of Co—O bonds, and on the other hand, it
reduces the enthalpy of oxygen vacancy formation. Consequently,
both the content of oxygen vacancy and oxygen 2p hole increase.

The OER activity of the as-prepared catalysts was evaluated in
0.1 m KOH adopting a three-electrode configuration. Figure 2a
exhibits the intrinsic activity (normalized to the BET surface area,
Table S1, Supporting Information) of the studied electrodes. It is
observed that catalysts with negligible oxygen vacancy (SC-HP,
YC-HP, S,5Y,5C-HP, CoO) show worse OER activity than cata-
lysts with have a larger content of oxygen vacancy (SC, Sy,Y,;C,
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S05Y02C, Sy,Y,5C). This observation unequivocally supports the
critical role of oxygen vacancy in enhancing OER activity. How-
ever, despite SC having a higher oxygen vacancy content than
S0 Yo, C, its intrinsic OER activity is weaker, indicating that OER
activity is not solely determined by the oxygen vacancy content. A
similar conclusion can be drawn from the O 2p hole perspective.
S0 Yo.1C, which shows the highest OER activity, does not have the
highest O 2p hole content. The variation trend of intrinsic OER
activity does not follow the trends of changing the oxygen 2p hole
Or OXygen vacancy.

Figure 2b depicts a contour plot to uncover the underlying con-
nections between oxygen vacancy/oxygen 2p hole and intrinsic
OER activity of the examined cobalt oxides and a few cobalt-based
perovskites reported by different groups. The overpotential that
achieves a current density of 10 mA cm—2 ox (@10 mA cm—2
ox) was used as the indicator of the intrinsic OER activity. From
the contour plot, it is evident that the sample with the highest
OER activity is located within a specific region, characterized by
the conditions 0.60 < O 2p hole < 0.64 and 0.28 < oxygen va-
cancy < 0.32. Specifically, S, ,Y,;C catalyst shows the highest in-
trinsic OER activity among the studied cobalt oxides and compet-
itive turnover frequency (TOF) compared with other state-of-the-
art OER catalysts (Figure S8, Supporting Information). Our find-
ings reveal that the cobalt oxides exhibiting optimal OER activ-
ity have moderate oxygen vacancy and O 2p hole contents rather
than their limit levels. It should be noted that the arrangement
of oxygen vacancies also affects the OER activity.l'?] It has been
demonstrated that the ordered arrangement of oxygen vacancies
affects oxygen ion diffusion, thereby leading to lower OER activ-
ity. SC adopts a brownmillerite structure whose oxygen vacancies
are arranged in a highly ordered fashion, providing a straightfor-
ward structural reason for its slightly inferior performance than
S09Y0.1C.

DFT calculations were performed to illuminate the interplay
between oxygen vacancy and O 2p hole, offering valuable insights
into their combined impact on OER performance. We investi-
gated three different pathways, i.e., adsorbate evolution mecha-
nism (AEM), lattice oxygen-mediated mechanism at metal site
(LOM-M), and LOM at oxygen site (LOM-O). Since CoO and SC-
HP with the smallest and highest Co-O covalency prefer the AEM
and LOM routes, respectively, no DFT calculations are performed
for CoO under LOM routes and SC-HP under the AEM route.
During the AEM process, only the surface Co centers serve as
catalytically active sites on which the OH~ undergo four con-
certed proton-electron transfer steps to yield O,. Figure S9 (Sup-
porting Information) presents the calculated Gibbs free energy
diagrams for the CoO and S;,Y,,C catalyst via AEM, respec-
tively. It is found that the potential-limiting step (PLS) is the O-
O coupling for the CoO catalyst with a reaction Gibbs free en-
ergy change (AG) of up to 2.43 eV, whereas the hydroxide ad-
sorption step remains the PLS for the S,,Y,,;C (AG = 0.66 eV).
As a sharp contrast, the AG of hydroxide adsorption on CoO
catalyst is —2.29 eV. This result is in good agreement with the
previous investigation that metals with high valence and less
out shell electrons have weak hydroxide affinity."'*!] Meanwhile,
the LOM involves a lattice-oxygen oxidation and nonconcerted
proton-electron transfer. Figure 3a,b display the proposed OER
pathway on the S;,Y,,C/ SC-HP catalyst with LOM at Co and
O site, respectively, and the corresponding free energies of each
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step were also calculated. Figure 3c,d reveal that S, Y, ;C and SC-
HP prefer the LOM-O and LOM-Co route. As can be seen from
Figure 3c (step 3) and Figure 3d (step 4), both the PLS for S, ,Y,,C
in LOM-O and SC-HP in LOM-Co are the oxygen vacancy refill-
ing. Since S,,Y,,C possesses a lower valence state (and a lower
content of normalized oxygen 2p hole) than SC-HP, its hydrox-
ide affinity and PLS value are superior to those of SC-HP. Fur-
thermore, AG of oxygen vacancy filling via LOM is smaller than
that of hydroxide adsorption via AEM on the S;,Y,,C catalyst
(Figure 3 vs Figure S9, Supporting Information), confirming that
the presence of an oxygen vacancy decreases the Gibbs free en-
ergy of PLS. The results from the operando O'® isotope labeling
experiment detected the presence of **O, but not 30O, (Figure
4), indicating the existence of the single-vacancy lattice oxygen
mechanism, which is consistent with the models in DFT calcula-
tions. Furthermore, S;,Y,,C produced more 3O, than SC-HP,
demonstrating that the former has superior OER activity.

Based on the above findings, it is evident that the O 2p hole
dictates the OER mechanism and the hydroxide affinity. As the
O 2p hole content increases from low to high, the OER mecha-
nism transitions from the AEM to the LOM. Concurrently, the
PLS of OER shifts from O-O coupling to OH™ adsorption via
AEM (or oxygen vacancy filling via LOM). The presence of oxy-
gen vacancy can reduce the O 2p hole content, thereby enhancing
the hydroxide affinity and lowering the PLS of OER. This com-
prehensive understanding highlights the intricate interplay be-
tween O 2p hole and the oxygen vacancy in influencing OER effi-
ciency. We therefore suggest that S, Y, ; C has an optimal balance
between oxygen vacancy and oxygen 2p hole is key to achieving
superior OER activity. Prior research concluded that a cobalt va-
lence state of +3.3 or +3.4 is optimal for OER activity in cobalt
oxides.[?] This is a criterion satisfied by several high-performing
catalysts, including S, Y, ; C. Nevertheless, this valence-state de-
scriptor solely correlates with Co-O covalency (or oxygen 2p hole)
while neglecting the critical role of oxygen vacancy. Our proposed
combination of O 2p hole and O vacancy clearly provides a more
precise description of OER activity.

To verify the pivotal influence of the interplay between the O 2p
hole and oxygen vacancy on OER activity, we delved into a detailed
discussion of several samples that were featured in Figure 2b.
The discussion proceeds in the direction of decreasing O 2p hole
content. Catalysts like SC-HP, SC, and S,,Y,;C with adequate
oxygen 2p hole prefer to catalyze OER through the LOM route,
which has a PLS of oxygen vacancy refilling. This is in good agree-
ment with the previous reports.[1%3¢] SC-HP with a nearly max-
imum oxygen hole but a minute oxygen vacancy suffers from
weak hydroxide affinity and poor OER activity. When the oxygen
vacancy grows to 0.3, the oxygen 2p hole of SC decreases, result-
ing in improved hydroxide affinity and OER activity. In compar-
ison with the SC catalyst, the SrCoO, 5 catalyst exhibits a small
drop in OER activity as oxygen vacancy is further increased to 0.5.
This is also witnessed by another research.®®! Note that SrCoO,
has the same level of oxygen 2p hole as LaCoO;, on which, theo-
retically, LOM is thermodynamically unfavorable. However, pre-
vious experiments revealed significant and minimum lattice oxy-
gen release on SrCo0, s and LaCoO,, respectively.[%! This is be-
cause the presence of oxygen vacancy favors hydroxide adsorp-
tion and in situ oxidation of SrCoO, s during the OER, result-
ing in improved Co-O covalency and activated lattice oxygen
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Figure 5. a) Polarization curves and b) Stability test at a current density of 200 mA cm=2 of the anion exchange membrane electrolyzers with 1rO, //Pt

and So4Y1C//Pt.

(hole-rich oxygen). Nevertheless, the in situ oxidation is confined
to the surface regions, leaving the subsurface lattice oxygens of
SrCoO, s to stay in the inactive state. This will undermine the
contribution of bulk lattice oxygen to the OER since the diffusion
of bulk hole-rich lattice oxygen is also crucial to improved OER
activity via the LOM.’7] Therefore, excessive oxygen vacancies
do more harm than good to the OER. When the oxygen 2p hole
falls below 0.5, catalysts prefer to catalyze OER via the conven-
tional AEM, which typically possess larger overpotentials. Cata-
lysts with a small oxygen hole have poor conductivity and low
chemical potential.[*®! The O-O coupling is no longer a chemical
step but instead becomes the PLS, as suggested by DFT Calcu-
lations conducted on CoO (in this study) and LaCoO; in ref.[10]
In a word, the optimal catalyst should have a balanced oxygen
hole and oxygen vacancy, which prefers the LOM-O route with
improved hydroxide affinity. S,,Y,;C possesses a trade-off con-
tent between oxygen 2p hole and oxygen vacancy, located between
those of SrCoO, s and SC samples, thus showing the highest OER
activity.

Considering the excellent intrinsic OER activity exhibited by
SooYo,C in the traditional three-electrode system, we further
evaluated its water splitting performance by coupling it with Pt
cathode (a good hydrogen evolution reaction catalyst) in an anion
exchange membrane electrolyzer (Figure S10, Supporting Infor-
mation) at a temperature of 50 °C. The S, ,Y, ; C//Pt catalyst pair
achieved a large current density of 700 mA cm~2 at 2.01 V at 50 °C
(Figure 5a), outperforming the state-of-the-art IrO,//Pt catalyst
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pair (2.13 V @ 700 mA cm™2). Furthermore, the S,,Y,,C//Pt
electrode stably delivered a current density of 200 mA cm~2 for
~180 h with a potential increment of only 159 mV, much better
than that of the IrO, / /Pt catalyst pair (Figure 5b). The water split-
ting performance exhibited by S, ,Y, ; C//Pt catalyst is also better
than the well-known BSCF catalyst (coupled with Pt cathode),*!
demonstrating the superiority of balanced oxygen hole and oxy-
gen vacancy in catalyzing the water oxidation.

3. Conclusion

In conclusion, by analyzing a series of cobaltite perovskites,
we were able to establish a correlation between OER activ-
ity/mechanism and oxygen hole/vacancy. We argue that a pair of
competing factors, oxygen 2p hole and oxygen vacancy, simulta-
neously determine the intrinsic OER activity. The increase in oxy-
gen 2p hole facilitates direct O-O coupling by activating the lattice
oxygen, but reduces hydroxide affinity. The moderate increase in
oxygen vacancy lifts the hydroxide affinity, while excessive oxy-
gen vacancy will impede the bulk oxygen involved in the OER. A
balance between oxygen 2p hole and oxygen vacancy results in a
superior LOM-O pathway and appropriate hydroxide affinity on
S0 Y01C, hence the best OER intrinsic activity. In addition, these
findings can be used to explain the OER intrinsic activity of previ-
ously reported cobaltite perovskites. More importantly, since the
debate regarding the underlying reason for the favorable OER
performance has been ongoing for years, we believe that the

© 2025 Wiley-VCH GmbH
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viewpoint raised in this study offers a more reasonable descrip-
tor for the design of superior OER electrocatalysts. The long-term
persistence of the LOM mechanism under extended OER opera-
tion needs further exploration.

Supporting Information

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