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evolution reactions and aqueous Li-ion batteries

Yohan Kim, *

Eunjin Choi, & Seunggu Kim“ and Hye Ryung Byon
This perspective paper comprehensively explores recent electrochemical studies on layered transition
metal oxides (LTMO) in aqueous media and specifically encompasses two topics: catalysis of the oxygen
evolution reaction (OER) and cathodes of aqueous lithium-ion batteries (LiBs). They involve conflicting
requirements; OER catalysts aim to facilitate water dissociation, while for cathodes in aqueous LiBs it is
essential to suppress water dissociation. The interfacial reactions taking place at the LTMO in these two
distinct systems are of particular significance. We show various strategies for designing LTMO materials
for each desired aim based on an in-depth understanding of electrochemical interfacial reactions. This

paper sheds light on how regulating the LTMO interface can contribute to efficient water splitting and

rsc.li/chemical-science

1. Introduction

Electrochemical conversion and storage systems are currently
receiving significant attention for utilizing green and sustain-
able energy sources. Carbon dioxide emissions from fossil fuels
are the primary driver of the climate crisis. Thus, it is imperative
for society to shift towards alternative and clean energy sources
while also developing effective means of storing them as elec-
trical energy.

Among the promising energy sources, hydrogen (H,) stands
out prominently."* Extensive research efforts have been dedi-
cated to exploring green H, production through electrochemical
water splitting. However, the water-splitting process faces
a significant hurdle in the form of the sluggish oxygen evolution
reaction (OER), which acts as the counter-reaction to hydrogen
production in electrolyzers.>* Consequently, the development
of efficient OER catalysts becomes a critical undertaking in
realizing the vision of efficient and sustainable green H,
production.

Meanwhile, rechargeable batteries are quintessential energy
storage systems, offering unparalleled capabilities in storing
and releasing energy. At the heart of these batteries lies the
lithium-ion (Li*).>® This charge carrier with light weight and
high electrochemical reduction potential holds promise for
achieving high energy density. In order to maximize energy
density, it becomes critical to develop electrodes that can
accommodate a greater influx of Li* ions alongside the flow of
electrons. Layered, spinel, and olivine structures have emerged
as notable electrodes.”® Among them, layered oxides provide
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economical energy storage, all with a single material.

superior capacity and stable cyclability, thus being investigated
considerably for achieving high energy density.>'® In particular,
lithium cobalt oxide LiCoO, (referred to as LCO) and lithium
nickel cobalt manganese oxide (LiNi,CoyMn,0,, x +y + z = 1,
denoted as NCM) as members of layered transition metal oxide
(LTMO) are commercially successful cathodes of LiBs. Further,
beyond their utilization in non-aqueous media, new research
approaches have recently been explored in aqueous media.
Aqueous lithium-ion batteries (LiBs) are cheaper and have a low
fire risk, making them suitable for grid-scale energy storage
systems (ESSs) linked to sustainable energy devices.™

These demands and scientific curiosity have spurred
numerous material studies for OER catalysts and cathodes of
aqueous LiBs. In particular, LTMO shows intriguing charac-
teristics when applied for both purposes. The LTMO is vulner-
able and prone to deformation in water. However, the resulting
surface or bulk structural transformations can manifest OER
activity. For example, after Li" extraction from LCO, the oxidized
transition metals facilitate the OER.!?> Continuous Li" removal
further activates the oxide (consisting of 0>~ anions) of LCO by
tuning the electronic structure, eventually providing multiple
OER active sites. Importantly, these enriched parameters are
attractive to understanding the origin of OER active sites and
rendering better activity. As a cathode in aqueous LiBs, LTMO is
seemingly undesired due to extreme water sensitivity and the
corresponding structural distortion. In particular, protons (H")
are inserted into LTMO during the charging and discharging
process which significantly exacerbates structural degradation
and cell failure.” Therefore, regulating electrochemical inter-
facial reactions for selective Li* inflow while preventing H'
access is essential to protect LTMO structures in aqueous LiBs.

Interestingly, two vital applications require conflicting
properties for LTMO, which presents a challenge.*'*"” An
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efficient OER catalyst necessitates a high affinity and fast
adsorption of OH™ to facilitate oxidation to O,, while reversible
Li" storage requires minimizing the incorporation of water
molecules to prevent irreversible H' insertion. Addressing these
contradicting demands calls for novel approaches that involve
a profound understanding of the interfacial regions through
a combination of in situ/ex situ electrochemical analyses and
computational simulations. This approach enables a compre-
hensive examination of electrochemical reactions and facili-
tates the design of LTMO materials tailored to specific
electrochemical conditions.*®*

In the following sections, we discuss these different
purposes separately and the versatile tuning of LMTO according
to the target aims. The crystal and electronic structure back-
ground of LTMO is introduced in Section 2. In Section 3, we
present various strategies for designing OER catalysts through
structural modifications of LTMO. Section 4 focuses on the
origin of cathode degradation in aqueous LiBs. In addition, we
introduce various in situ/ex situ observations and computational
simulations to provide insight into the interfacial reactions
where Li" intercalation competes with H" insertion.

2. Layered transition metal oxide
(LTMO)

The development of LTMO reached significant milestones after
demonstrating LCO with the reversible extraction and incor-
poration of Li" ions. This breakthrough led to the successful
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implementation of LCO as the cathode in conjunction with
a graphite anode, giving rise to the first commercially viable
LiBs in 1991.*°

Structurally, LTMO consists of an alternating alkali metal ion
layer and transition metal (M) oxide layer, denoted as MO,, and
crystallizes in the R3m (no. 166) space group* (Fig. 1(a)). The
MO, layers consist of edge-sharing MOy octahedral units.
Within the layered arrangement, alkali metal ions are coordi-
nated with the oxygen lattice in the MO, layer, adopting octa-
hedral, tetrahedral, or prismatic configurations. The oxygen
atoms can also occupy three possible sites on a hexagonal
lattice. For example, LCO adopts an O3-type structure, indi-
cating octahedral (O) oxygen coordination for Li* and three (3)
transition metal layers in the stacking unit.>**-**

For electrochemistry, an oxidation process (i.e., an anodic
reaction) enables the extraction of Li’, which is indicated as
delithiation, Li* deintercalation, or Li* deinsertion. This
process increases the valence state (n+) of the M*' to balance the
overall charge (eqn (1)).>* For instance, during the charging
process, LCO undergoes delithiation, accompanied by the
oxidation of Co®" to Co*" at approximately 4.0 V vs. Li/Li*
(equivalent to 0.96 V vs. SHE). The amount of extracted Li' is
restricted to 50% of the total Li" quantity for LCO when the
hexagonal O3 phase is transformed to the monoclinic O1
phase,'>? and the Co ions exist in a mixed valence state, Co®"/
Co™. Further extensive delithiation (x > 0.5 in eqn (1)) triggers
an irreversible phase transition, which is undesired.”**
Conversely, the reverse reduction (i.e., cathodic) reaction occurs

(a) (b) aig’
g oty
Co4px3
3+ . —_
M € i 7 Codsx1
o / e
L ) MO~ unit —H | TCodd(egx2
6
i tyg I — non-bonding
c Li*— O2px6 ~ Co 3d (tg) X 3 orbital
O O o HH o) X3
MO,— ® ‘ _H_ _tﬂ_ _H_ J/— O 2p Bonding orbital
19
b ™) t .
aig
c d
( ) _ ( ) Mn3*4+:eg
’ Co¥*/4*eg
Co3+4+: Mn+4+,
§ ° % § ......... n » Ni2+4+-e
g g Ni2+4+-e ] .
2 .......... E: g .......... .
o - Er E o Co3*/4*:tzg 003*/4*3129 tZg E
8 CO% g Co"ityg c:o.3.‘;“*:t:g E i2+ia ’
w i} NiZ4%: tag Ni2+4%: tyg Nizeise: by,

LiCoO,

LipsC00, Co0,

Density of states

) Li* extraction

LiNi,Co,Mn,0, Lis sNi,Co,Mn,0, Ni,Co,Mn,0,
Density of states
) L extraction

Fig.1 Crystal and electronic structures of LTMO. (a) R3m layered LTMO. (b) Molecular orbital hybridization of an MOg octahedral unit in LiCoO,
(LCO). (c and d) Electronic band structures of (c) LCO and (d) LiNi,Co,Mn,O5 (x + y + z =1, NCM) by Li* extraction.
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during discharge, and Li' incorporation, indicated as Li"
intercalation, Li* lithiation, or Li* insertion, restores LCO to its
original state. As another LTMO, NCMs involve redox events of
Ni**/Ni*" along with Co®*/Co®", contributing to higher capacity
electrodes in LiBs.

LiM"™0, 2 Li,_ M""_ M"*D* 0, + xLi* + xe~ (1)

Understanding the electronic structure of LTMO is pivotal
for designing electrochemical and interfacial properties during
the charging and discharging process. Considering the minimal
unit of an MOg octahedral structure, the O 2p orbitals are fully
occupied by electrons in the O 2p-M nd hybridization in the
molecular orbital diagram (where n is the principal quantum
number of d-orbital, typically 3 for d-block elements), indicating
a bonding character (Fig. 1(b)). On the other hand, because of
the higher energy level of the M 3d orbital than O 2p, the
occupancy of t,, and e, orbitals exclusively depends on the
valence states of M. The redox events occur primarily in these
t,g and e, orbitals, underpinning the close association between
Li" deintercalation/intercalation and the nature of the M 3d
orbitals.”®

The molecular orbital concept extends to band theory when
bulk LTMO crystals composed of arrays of edge-sharing MOy
units are considered. In the band diagram, the O 2p band,
located at a low energy level, is fully filled, while the t,; and e,
bands originating from the M character are positioned at higher
energy levels (Fig. 1(c)). The crucial aspect is the comparison
between the position of the Fermi level (E¢) and the upper
boundary level of the electron-filled state (i.e., valence band).
During the anodic (delithiation) processes, the depletion of
electrons from the t,; bands leads to a downward shift of Eg. In
the case of LCO, where 50% of the total Li" is extracted, Er is
lowered towards the t,; band.” Continued oxidation drives Eg to
lower energy levels, eventually reaching the O 2p band. The Eg
lying in the O 2p band activates the oxygen lattice in LCO to
participate in the redox process. However, severe activation
compromises the structural stability of the material and exac-
erbates irreversible phase transitions.>**

In the band diagram for NCM, both Ni** and Co®" are
involved in the redox reaction. Ni**/Ni*" undergoes a two-
electron transfer process in the e, band, while Co*'/Co*"
participates in a one-electron transfer process in the t,, band
(Fig. 1(d)). The Mn**/Mn®** band, located at a lower energy level,
is fully occupied with electrons and remains inactive during the
charging and discharging processes. Severe delithiation
induces cation mixing, with M"" occupying the Li vacancy sites
and causing deformation of the layered structure to spinel
(space group Fd3m (no. 227)) or rock-salt phases (space group
Fm3m (no. 225)).?° This structural transformation is particularly
prominent at the surface and is more serious at higher Ni ion
contents due to the instability of phases derived from Ni**.3°

The deformation of LTMO in LiBs has traditionally been
considered undesirable due to irreversible and unstable elec-
trochemical reactions. However, recent studies have explored
structure designs of LTMO by deformation to gain insights into
new interfacial reactions. In aqueous electrolyte solutions,
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harsh anodic reactions not only facilitate the extraction of the
original alkali metal ions (e.g., Li') but also allow the insertion
of foreign cations, including H', into the Li vacancy sites.
Activating the oxide under stringent conditions leads to the
participation of the oxygen lattice in the electrode reaction.
These approaches have deepened our understanding of the
characteristics of LTMO and broadened the scope of
applications.

3. LTMO as an electrocatalyst for
oxygen evolution

The OER from an aqueous electrolyte solution has been devel-
oped as the counterpart reaction of green-fuel processes such as
hydrogen evolution (HER), carbon dioxide reduction, and
nitrate reduction. The OER has gained wide utilization due to
the availability of simple and low-cost anodic processes that can
be coupled with green fuel in the aqueous electrolyte solution.
However, the sluggish nature of the OER governs the overall
kinetics in green-fuel electrochemistry. For instance, in the
production of green hydrogen through water splitting, one H,
molecule is formed via a two-electron transfer reduction. In

Oxygen evolution reaction
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Fig. 2 Two principal OER processes. (a) Schematic illustration of the
water splitting cell and /-V curve for the HER and OER. Mechanism
scheme of the 4-electron transferring oxygen evolution reaction by (b)
the adsorbate evolution mechanism (AEM) and (c) lattice oxygen
mediated (LOM) pathway. Schematic band diagram of (d) low covalent
and (e) high covalent transition metal oxides. The concerted and non-
concerted one-electron transfer processes are illustrated,
respectively.
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comparison, the OER process involves a four-electron transfer
for the evolution of one O, molecule (Fig. 2(a)). These multiple
electron-transfer processes in the OER limit the overall effi-
ciency of the process.*** Therefore, electrocatalysts are neces-
sary to improve the OER kinetics. While RuO, and IrO, are
known to be efficient OER catalysts, their high costs make them
impractical for widespread use. Alternatively, various transition
metal oxides, including LTMO (e.g., Li,CoO, and Na,CoO, (0 <x
<1)),***¢ spinel, and perovskite structures, have been developed
and utilized as OER catalysts. These cost-effective catalysts can
be tailored through alkali metal ion extraction,” element
doping,*” and surface reconstruction.** Although we focus on
the LTMO catalyst for the OER in this perspective (Section 3.3),
the fundamental mechanisms and descriptors of the OER are
first introduced in Sections 3.1 and 3.2, and are applied for all
transition metal oxide catalysts in the OER.

3.1. OER processes: adsorbate evolution vs. lattice oxygen-
mediated mechanisms

Alkaline electrolyte solutions, which are enriched in hydroxide
ions (OH™), have been extensively utilized for the OER due to
the instability of most transition metal oxide catalysts in acidic
conditions and the slower electrochemical kinetics in neutral
conditions. In alkaline environments, the OER occurs through
four steps involving OH™ adsorption and electron transfer
processes, as depicted in eqn (2)-(5)**** (Fig. 2(b)). Provided
that the oxide surface of transition metal oxide catalysts is very
stable and inert during the OER, we only consider the adsorp-
tion of OH™ (or H,O) above M of the catalysts as a key
descriptor. Following electron transfer is faster than the
adsorption as typically accompanied by the proton coupling
process.>*® Thus, the M"™" acts as the active site, where OH™ is
bound via the one-electron transfer (eqn (2)). The subsequent
OH™ adsorption steps and proton-coupled electron transfer
form M-O with H,O leaving, followed by formation of M—-OOH
as the intermediate (eqn (3) and (4)), and the last step evolves O,
gas with H,O leaving (eqn (5)). This process was indicated to
follow the ‘adsorbate-evolution mechanism’ (AEM). The activity
of OER catalysts is typically predicted from the free energy
difference between M-OH and M-O intermediates (eqn (2) and
(3)) in density functional theory (DFT) calculations and showed
a scaling relationship with different catalytic materials and
intermediates.*®

M+ OH (aq) - M-OH + e~ 2

M-OH + OH (aq) — M-O + H,O(l) + ¢~ (3)
M-O + OH (aq) » M-OOH + e~ (4)
M-OOH + OH (aq) = M + O,(g) + HO(l) + e~ (5)

Unlike the assumption of the AEM for the ideal catalyst
structures, practical transition metal oxide structures are
imperfect and have many defects in the as-prepared states and
during OER processes. These crystal defects in oxide**™** play
a significant role as the active sites and in surface

© 2023 The Author(s). Published by the Royal Society of Chemistry
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reconstruction®***** during the OER also change the activity.
This suggests that the oxide is also involved in OER activity and
has developed an alternative mechanism. As the transition
metal oxide surface comprises O-M-OH in the alkaline solu-
tion, the first electron transfer and OH™ adsorption form O-M-
O and H,0. Concurrently, the lattice oxygen of the oxide
diffuses to the deprotonated oxide to participate in O-O
coupling, while leaving behind the oxygen vacancy, denoted as
Vo. Thus, the oxide surface becomes Vo-M-0O (eqn (6)). The
subsequent electron-transfer process produces O, gas through
the removal of the O-O lattice, called ‘lattice oxygen redox
activation (0®7/0,). The catalyst surface retains HO-M-V, by
adsorption of OH™ (eqn (7)). The vacancy is then filled with
another OH™ and electron transfer, resulting in HO-M-OH (eqn
(8)). The subsequent deprotonation with the fourth electron
transfer recovers the catalyst to the original form (eqn (9)). A
substantial difference from the AEM is the participation of
lattice oxygen in the OER and the formation of a V interme-
diate. This process is indicated to follow the ‘lattice oxygen-
mediated mechanism’ (LOM), and the above processes are
summarized in the following four consecutive equations.****

(Fig. 2(c))
O-M-OH + OH (aq) —» Vo-M-00 + H,0() +¢~  (6)
Vo-M-00 + OH (aq) —» HO-M Vo + Ox(g) + ¢~ (7)
HO-M-V, + OH (aq) — HO-M-OH + ¢~ (8)
HO-M-OH + OH (aq) = O-M-OH + H,O(l) + e~ (9)

For the LOM, the lattice oxygens (in other words, oxygen
ligands for M"") should be activated, and this activation is
determined from the Er position lying in the O 2p band.
Namely, as the oxidation lowers Ep, a part of the O 2p band
below the Ef initiates the ligand oxygen redox activation.*® This
concept is applied for catalyst designs to modulate electronic
structure. For example, the O 2p band upshifts close to Ex by
lattice distortion,**” or the transition metal d band and Eg
downshift using the high valence state of transition metals.***
These approaches cause a significant band overlap between
the M 3d and the O 2p (without considerable extraction of alkali
metal ions in the case of LTMO) and enhance the hybridization
between M™" and the oxygen ligand, indicating strong ‘cova-
lency’ of the M"'-O bond.

The concept of covalency is developed to explain the
enhanced OER kinetics based on the oxide surface. It refers to
hybridized orbitals that mix the M 3d t,, and O 2p molecular
orbitals. A large energy gap between M and O orbitals leads to
shallow hybridization and causes low covalency (Fig. 2(d)).
This indicates more ionic property in the orbital and low O
character in =* orbitals in hybridization. A typical transition
metal oxide catalyst shows low covalency and stronger ionic
character. In addition, as the Er and the thermodynamic OER
potential (Eggr) are close to the occupied M 3d t,, band, the
M"" character determines the catalyst property. However,
hybridized orbitals are altered when the M 3d t,, band moves

Chem. Sci., 2023, 14, 10644-10663 | 10647
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downward and close to the O 2p band; when the M 3d t,,
orbitals overlap with the O 2p deeply, the covalency becomes
stronger (Fig. 2(e)). The 7* orbitals have a strong O character
in the hybridization, thus making the oxygen lattice partici-
pate in the redox reaction. The LOM is predominant as the Er
lies in the O 2p band and is lower than EQgr while the elec-
tronic conductivity is high.

When the Ey is located below EQgg, the surface charge is built
in equilibrium with the electrolyte solution. The negative
charges, e.g., electron (from the electrode) and OH™ (from the
electrolyte solution), are accumulated at the metal oxide catalyst
surface. In the presence of the highly electronic conductive
catalysts (e.g., semi-metal or metal), the OH™ adsorption rate
becomes the rate-determining step due to deprotonation or
acid-base pre-equilibrium process* (Fig. 2(e)). However, this
OH"™ adsorption process becomes faster with increasing OH™
concentrations at high pH.**** Thus, the LOM is highly sensitive
to the solution pH; low OH™ concentrations at lower pH limit
the OER kinetics relative to the electron transfer in the elec-
tronically conductive catalyst.**

The above two mechanisms, AEM and LOM, rely on different
key factors determining OER activity and guiding the design of
OER catalysts. Conversely, the OER process of new catalysts can
be addressed by the valence state (n+) of M"", pH-dependent
OER activity, isotopic labeling of oxygen in catalysts or

U d-orbital structure of M"*
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water,*® oxygen stoichiometry of catalysts,*®* structural defects

of catalysts,*** and so on.

3.2. Descriptors of OER activity

Identifying OER descriptors is pivotal to predicting the activity
trend and guiding catalyst design principles. Here we introduce
four descriptors of transition metal oxide catalysts.

3.2.1 d-Orbital structure of the metal centre (M""). The
electron occupancy in the anti-bonding e, orbital is the critical
descriptor for the OER, demonstrated by perovskite and spinel
oxide catalysts.***~>* As more electrons occupy the e, orbital by
increased d-electron number of M, the anti-bonding character
in the M-O bond is enhanced while the binding strength of the
OER intermediates weakens.** Shao-Horn and coworkers
investigated the correlation between the e, orbital occupancy
and the adsorption of OER intermediates and demonstrated the
improved OER Kkinetics when the average e, occupancy
approaches near unity in perovskite materials® (Fig. 3(a)).

The valence and spin states of M"" in the d orbital also
determine M and oxygen ligand interactions. Another impor-
tant aspect is the valence state (n+) of M. The OER activity is
typically better with higher valence states of M. The delithiated
LCO (Lip 5C00,), where Co** and Co*" co-exist, improves elec-
trophilicity, electrical conductivity, Co-O bond covalency, and
OH™ binding affinity compared to the pristine LCO where Co®*
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only exists.”” This is attributed to the downshift of the d band
and Er level with the increasing valence state of Co. The lowered
d band can be overlapped with the O 2p band and enhances the
Co-O covalency. In addition, the lowered Ey activates the lattice
oxygen.* Thus, the higher valence state of M"" increases OER
activity via the LOM.

The valence state can also be tuned by cation doping*® or
anodic potential increase.**>%® The extraction of Li’ or Na’
from LTMO is a good example, where the valence state of M is
increased.””* Zhang and coworkers reported that spontaneous
delithiation on spinel Li,Co0,0, oxidized Co®" to Co*" below or
at OER potentials and created an OER active surface®” (Fig. 3(b)).

To observe the alternation of the valence state of M"" during
the OER, in situ/operando X-ray absorption near edge structure
(XANES) spectroscopy is a suitable tool.®® In addition, extended
X-ray absorption fine structure (EXAFS) spectroscopy also
identifies the local structures of catalysts, including the
neighbor atom distance and the coordination numbers, which
are sensitively changed under the OER conditions. Thus, these
X-ray absorption spectroscopies have been widely utilized to
address the d-orbital structures.

3.2.2 O 2p band centre. Along with the d orbital of M"* 3472
the O 2p band structure should also be considered as the
descriptor of OER activity.”>”* The degree of electron delocal-
ization over the oxide is critical and determined by the Eg
position; the position of the O 2p band ‘centre’ relative to that of
the Ey affects the electronic structure, the surface-oxygen
exchange rate, the formation energy of oxygen vacancies, and
the vacancy concentrations.”””>’® Grimaud and coworkers
modulated the O 2p band position in Co-based double perov-
skite oxide” (Fig. 3(c)). The uplift of the O 2p band centre
typically formed the stronger Co-O covalency and facilitated the
OER. However, if the O 2p band centre was very close to the Ey,
the oxide of the catalysts formed many oxygen vacancies and
became an amorphous structure, which caused a diminishing
OER activity and stability.”” Thus, the position of the O 2p band
centre relative to the Er should be optimized*® (Fig. 3(d)).

3.2.3 Covalency of the metal-oxygen bond. The orbital
hybridization between M 3d and O 2p orbitals produces the
covalent bond. This covalency concept is applied to the M-O
bond character beyond the simple ionic model and is consid-
ered the critical OER descriptor. The electronic band structures
control the M-O covalency, and the greater M-O covalency
typically facilitates the OER rate. To enhance band hybridiza-
tion, the valence state of M"" can be increased” or dopants with
high electronegativity are added for downshifting the M d-
band.” However, the strong hybridization also leads to the
formation of many oxygen vacancies® and reduces the electron
transfer barriers.'**

XANES in O K-edge reveals the electron transition from the O
1s to the M 3d-O 2p hybridized band and addresses the M-O
bonding character. Shao-Horn and coworkers identified the
origin of the OER activities of metal oxide catalysts, attributing
them to their different covalency, although they have the same
e, occupancy based on XANES® (Fig. 3(e)). The energy gap
between the unoccupied M 3d-O 2p band centre and the
occupied O 2p band centre is also estimated to be the charge

© 2023 The Author(s). Published by the Royal Society of Chemistry
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transfer energy. The partial density of states for each M 3d-O
2p and O 2p band was obtained by O Ko X-ray emission and O K-
edge X-ray absorption, respectively. The smaller charge transfer
energy indicates stronger covalency and improves OER kinetics
(Fig. 3(f))-

3.2.4 Crystal defect. The faults of crystal structures often
act as active sites and increase OER activity. The oxygen vacancy,
Vo, is the representative anionic defect affecting the OER in the
transition metal oxide catalysts (Fig. 3(g)). The desired Vo, is
thermodynamically stable and generated through low-valent
cation doping,*® thermal heating,” or plasma treatment.** By
forming the Vo, the M"" is surrounded by the electron-deficient
oxide and acts as the OH™ adsorption site.***' Breaking the six-
coordinated MOy octahedral unit also alters the M d-orbital
configuration and spin state.*” In addition, the M-O covalency
becomes stronger in the presence of V,.** Similarly, cationic
M™" vacancies can also serve as the OER active sites by modu-
lating the electronic structure,®** water adsorbing site,** and
intermediate stabilization.®® Importantly, because numerous
ionic vacancies weaken the catalyst stability, the vacancy
concentrations should be optimized.***¢

Distortion of the MOg unit is also critical. Distortion defects
are generally formed by lattice mismatches on grain bound-
aries,*" lattice expansion/compression,*>*”*”% and A-site cation
vacancies on perovskite.*” The distortion of the octahedral
structure engenders the d-orbital splitting according to ligand
field theory. It changes the spin state and band structure to
expedite the charge transfer to the OER intermediates. For
instance, the surface lattice expansion of Co;0, induced a high
spin state Co>" (ty,"e,”) and increased e, occupancy, which
optimized the binding strength of intermediates to the catalyst
surface®” (Fig. 3(h)).

3.3. Applications of LTMO as an OER electrocatalyst

This section focuses on the LTMO structure and various LTMO
designs to improve OER activity. The representative LTMO
examples are LCO and NaCoO,. Shao-Horn and coworkers
investigated the OER of LCO in different pH electrolyte solu-
tions®® (Fig. 4). Using cyclic voltammetry (CV), the Li" extraction

E (V vs. RHE!
(a) 12 Wy THE) 1s
15} LiCoO,
_ Delithiation ~ OFR1
510 !
< ]« :
= 101 "
5 507 9
L 100 s
OF 0.1 M KPi (d) LicoO,
08 10 12 _ 14 Cycled
E (V vs. NHE) pPH7
(b) E (V vs. RHE)
on10 1 14 16
LiCoO, OER ! 5nm
60 1
_ (e) Licoo,
= 40, s Cycled
=2 Delithiation / PH 13
o4 0.1 M KOH
02 10 L HEA

0.4 0.6 0.8
E (V vs. NHE)

Fig. 4 Cyclic voltammogram (CV) of LiCoO, (LCO) in (a) neutral and
(b) alkaline electrolytes. (c—e) TEM image of LCO (c) pristine, (d) after
cycling at pH 7, and (e) after cycling at pH 13. Adapted with permission
from ref. 89. Copyright 2012 American Chemical Society.
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Table 1 Summary of LTMO catalytic activity and stability for the OER
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Tafel slope

Electrocatalyst Overpotential (mV)/j* (mV dec™) Stability” Electrolyte Substrate Ref.
LiCoO, 440/10 mA cmge(,’2 98 — 0.1 M KOH Glassy carbon 47
LiCoO, 430/10 mA cmgeo’2 89 — 0.1 M KOH Glassy carbon 37
LiCoO, 360/0.1 mA cmge(f2 48 — 0.1 M KOH Carbon paper 12
De-LiCoO, 295/0.1 MA cmye, 50 1000 cycles 0.1 M KOH Carbon paper 12
LiCoy.33Nig 33F€g 330, 320/0.1 mA cmgeo’2 45 — 0.1 M KOH Carbon paper 12
De-LiCoy 33Nig 33Feq.330, 240/0.1 mA cmgw’2 35 1000 cycles 0.1 M KOH Carbon paper 12
NaCoO, 388/10 mA cmgeo’2 51 — 1 M NaOH Glassy carbon 61
NaCoO, 380/10 mA cmge(,’Z 113.4 — 1 M KOH Carbon paper 62
Nag_6;C00, 290/10 mA cmge(f2 39 5.56 h @ 1.6 Vvs. RHE 0.1 M KOH Glassy carbon 33
Nag 75C00, 370/10 mA cmgeo’Z 49 5000 cycles 1 M NaOH Glassy carbon 61
NaycCo0, 392/10 mA cmgeo’2 53 — 1 M NaOH Glassy carbon 63
Mg-doped LCO-NS 329/10 MA cmye, ° 33.8 — 1 M KOH Glassy carbon 64
LiCoy gFe,0, 350/10 MA cMmge, > 50 5h @ 10 mA cmge, > 0.1 M KOH Glassy carbon 37
Nay.g6C00.95F€0.0502 450/10 MA cmye, ° 60 3h @5 mA cmye, ° 0.1 M KOH Glassy carbon 65
Nag.6;Mng sCog 3Feq 0, 390/10 MA cmge, > 67 2h @ 5 mA cmye, 0.1 M KOH Glassy carbon 66
Ag-doped Na, ;C00, 236/10 mA cmgeo’2 48 30 h @ 1.522 V vs. RHE 1M KOH Carbon paper 62
1% La-doped LCO 330/10 MA cmge, > 48 10 h @ 10 mA cmge, 0.1 M KOH Glassy carbon 47
LCO-NS 410/10 mA crngeo’Z 88 6 h @ 1.7 Vvs. RHE 0.1 M KOH Glassy carbon 67
AD-LCO 184/10 mA cmye, - 35.4 200 h @ 50 MA cmye, 1M KOH Glassy carbon 68
LCO-NS/NS 289/10 mA cmgeo’2 75.8 20 h @ 1.52 Vvs. RHE 1M KOH Carbon cloth 69
Pt-LCO-NS 285/10 mA cmgen’2 46.8 20 h @ 10 mA cmgeo’2 1M KOH Glassy carbon 70
Cs'-inserted LCO 392/10 MA cMmye, ° 47.1 8 h @ 10 mA cmy,, ° 0.1 M CsOH Glassy carbon 36
K'-inserted LCO 416/10 MA cmye, 60.0 2h @ 10 mA cmye, 0.1 M KOH Glassy carbon 36
0-LiyIrO; 290/10 MA cmgy > 50 40 h @ 10 mA cmy, 2 0.1 M KOH Glassy carbon 71
LiCo0, ¢Cly ., 270/10 mA cmge(,’2 55.4 500 h @ 20 mA cmge(f2 1M KOH Glassy carbon 34
Co50, 460/10 MA cmye, ° 76 — 1M KOH Glassy carbon 33
1ro, 408/10 mA cmgeo’2 109.3 — 1 M KOH Glassy carbon 68
1rO, 450/10 mA cmgeo’2 83 5h @ 10 mA cmgeo’2 0.1 M KOH Glassy carbon 37
1rO, 310/10 mA cmge(,’2 57 — 1M KOH Glassy carbon 33

“J: current density at the overpotential. ‘ge0’ = current normalization with the geometrical surface area of the substrate. ‘ox’ = current
normalization with oxide surface area. ? Stability tests were examined using CV cycling, chronopotentiometry (CP), or chronoamperometry (CA).

(eqn (1)) was observed at 0.9 V vs. NHE in neutral K,H; ,PO,
solutions (pH 7) and at 0.7 V vs. NHE in alkaline KOH (pH 13)
solution®***** (Fig. 4(a and b)). After the delithiation, the OER
engaged at 1.7 V (pH 7) and 1.5 V vs. RHE (pH 13). Unfortu-
nately, OER activity was reduced during cycling due to surface
deformation, from the layered structure to the non-active spinel
structure at pH 7 (Fig. 4(c and d)) or amorphousness at pH 13
(Fig. 4(e)). Further, the OER activity and the catalytic stability of
LTMO have been improved through doping foreign elements,
nanostructuring catalysts, and in situ surface reconstruction
during the OER. Table 1 shows representative examples of
LTMO catalysts and summarizes their overpotential, Tafel
slope, and stability.

3.3.1 Valence states of transition metals by alkali metal
extraction. The intriguing LTMO characteristic is the tunable
valence state of M"" by extracting alkali metal ions, such as Li*
and Na', from the LTMO*?*! (Fig. 5(a)). This modulation of M""
valence states tunes catalytic activity by altering the d-orbital,
electronic band structure, and M"*-O bond covalency, as dis-
cussed in Section 3.2. Cui and coworkers reported that deli-
thiated LCO nanoparticles, denoted as De-LCO, obtained by
50% Li" extraction in organic electrolyte solutions, dramatically
improved OER performance.'>** They suggested that the high-
index crystalline surface, such as (104) of LCO, provided an

10650 | Chem. Sci, 2023, 14, 10644-10663

Li" extraction path, and the formed Co*" acted as the main
active site.”™” This behavior is associated with electronic
structure changes upon forming Co*", such as enhancement of
Co-O* electrophilicity (eqn (3)), Co-O covalency, and electronic
conductivity (Fig. 1(c)). Delithiation of LCO in an organic
medium or an aqueous electrolyte solution showed different
OER activity. De-LCO prepared in an organic medium typically
showed a lower overpotential (Fig. 5(b)), which was supported
by identical results from various Li'-incorporating LTMO
(Fig. 5(b) inset). Among these LTMO, the equivalent mixed-
layered oxide structures, incorporating Co, Ni, and Fe (De-
LiCoy 33Nij 33Fe( 330,), outperformed the others with a small
Tafel slope (35 mV dec™ ") and a low overpotential (295 mV @ 5
mA cm %) and better OER activity than the benchmark
commercial Ir/C catalyst (46 mV dec™ " and 315 mV).

Similarly, the OER kinetics of NaCoO, was enhanced by
forming Co** through the Na" deintercalation.?**** Cheng and
coworkers suggested the increased Vo concentrations and
improved electronic conductivity in Na® deintercalation. In
addition, the optimum design was suggested to be ~40% Na"
deintercalation states (i.e., NayC00,).** Ren and coworkers
highlighted the role of Co-O covalency in Na,C00,.** The O 2p
band upshifted toward Eg with lower Na' content, resulting in
stronger Co-O hybridization and participation of the oxygen

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Local structure modulation for OER enhancement of LTMO. (a) Schematic illustration of alkali metal ion extraction. (b) Linear sweep
voltammograms (LSVs) of delithiated LCO (De-LCOs) and pristine LCO. The inset indicates the potential value at 0.1 mA cm ™2 for various LTMO
compositions before and after delithiation. Adapted with permission from ref. 12. Copyright 2014 Springer Nature. (c) Schematic illustration of
foreign cation doping. (d) O 1s spectra from XPS analysis indicating the formation of highly oxidative oxygen species by Fe doping. Adapted with
permission from ref. 37. Copyright 2015 John Wiley and Sons. (e) DFT simulation of the projected density of states and local geometry for LCO
with and without La doping. Adapted with permission from ref. 47. Copyright 2019 American Chemical Society.

lattice in the OER. They are the central OER descriptors, as
described in Section 3.2. Another important aspect was the
short O-O distance in the CoOg unit, observed from
Na, ¢,C00,.% Due to the strong Co**~0>~ bond in the R3¢ space
group, two O~ ligands had <2.4 A distance and easily formed
the peroxide ion (0,”7) in leaving behind the Vo, which was
similar to the LOM path in eqn (6). This peroxide evolved O, gas,
and the OER overpotential was only 290 mV at 10 mA cm ™.
3.3.2 Elemental doping. Foreign metal-ion doping can
increase the active cations ratio and make new active sites on
the transition metal oxide***7® (Fig. 5(c)). It affects the valence
state of the host M"'3%6* the electronic structure,’®*® the
chemical properties of oxygen ligands,” and the symmetry of
the lattice.*”*> The electrochemically inert AI** doping into the
layered LiNiO, structure stabilized Ni** in the NiO, slab and
avoided undesired Ni*" reduction and phase transition.*® In the
absence of AI’*, the Ni** of LiNiO, underwent disproportion-
ation to Ni** and Ni*", causing a cation mixing disorder between
Ni** and Li*.*” Thus, the stable Ni**/Ni** redox process was the
reason for the improved OER activity. As another example,
doping LCO nanosheets with divalent Mg>* preserved the Co**
state. The existing Co** increased the Co-O covalency as the Co

© 2023 The Author(s). Published by the Royal Society of Chemistry

3d and O 2p bands were largely overlapped, showing a 329 mV
overpotential at 10 mA cm 2.

The impurity of Fe ions in the electrolyte solution often
significantly improved the OER, and this behavior developed
the idea of Fe ion doping to layered double hydroxide (LDH) or
perovskite oxides.?”*>% In the LDH electrocatalysts (e.g., nickel
(oxy)hydroxide, NiOOH), the Fe dopant served as dynamic OER
active sites as Fe ions were dissolved and deposited in LDH
repeatedly during the OER.?*' For the perovskite LaNiOs, the
incorporation of Fe ions distorted the local lattice structures,
and the occupied Fe 3d states beneath the Er accelerated charge
transfer from M**-O(OH*)~ to M""—00**~.%1" Shao and
coworkers showed that substituting 20% Co with Fe in LCO,
thus forming LiCo, gFe,,0,, reduced the overpotential to 350
mV at 10 mA em 2% X-ray photoelectron spectroscopy (XPS)
revealed partial oxidation of Co®" to Co*" and an increased
amount of O,>~ or O~, which might be generated from partial
oxidation of the O*>~ ligand near 530.1 eV (Fig. 5(d)). The elec-
trophilicity of the oxygen ligand and V, generation at the
surface caused enhancement of OER activity (Section
3.2.4).°99%1027104 1py addition, the Fe dopant increased the elec-
tronic conductivity, demonstrated by the reduced charge
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transfer resistance. Similar effects from the Fe dopant were also
found in Najg6C00.95F€0.050, (ref. 65) and Nay;Mng 5C0g 3-
Fe, ,0,,° where both Co and Fe acted as OER active sites.'*>¢
Because the dopant size was often mismatched to the host
M"™" size of catalysts, the foreign ion doping imposed the strain
on the surface lattice. La doping to LCO shortened the Co-O
length (<2 A) in the CoOg octahedral unit and distorted the
symmetry*” (Fig. 5(e)). This mechanical strain upshifted the O
2p band centre and induced stronger Co-O covalency. As
aresult, La doping in LCO resulted in a 330 mV overpotential at
10 mA cm 2, which was better than that of LCO (440 mV). A
similar effect was also observed from Ag-doped Na, ;C00,.*
3.3.3 Nanostructuring. Nanostructured catalysts provide
higher surface areas and enlarged active sites. Thus, surface
modifications modulate the electronic structure significantly.
Two-dimensional LCO nanosheets denoted as LCO-NS were
synthesized by hydrothermal lithiation of Co(OH), or COOOH,
or exfoliation of bulk LCO particles®” 7> (Fig. 6(a)). These
synthetic processes imposed mechanical stress and caused
defects to develop. Li and coworkers synthesized a 2-3 nm
thickness LCO-NS that included 5-6 CoO, layers (Fig. 6(b)) and

Q Synthetic scheme of LiCoO, nanosheet (LCO-NS)
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demonstrated the formation of numerous Vo using XPS and
electron paramagnetic resonance (EPR).”” High and low spin
states of Co were mixed in LCO-NS by forming Co*" (Fig. 6(c)).
As a result, the enhanced electronic conduction and electro-
philicity contributed to a 410 mV OER overpotential at 10 mA
cm 2 (Section 3.2).

Sun and coworkers designed atomic-layered defect-rich LCO,
denoted as AD-LCO, using a mechanical shear-assisted exfoli-
ation method.®® The 3-5 nm thick AD-LCO contained cationic
Co vacancies and distorted CoOg (Fig. 6(d and e)). In addition,
as the Co valence states became higher (4+), the Co-O covalency
became stronger. Modulating the electronic structure decreased
the OER overpotential to 280 mV at 10 mA cm ™ > (Fig. 6(e and f)).

Along with the nanostructured OER catalysts, the effects of
micro-structured substrates® or decorated nanoparticles were
investigated.”®'”” Hierarchical growth of LCO-NS on carbon
cloth formed microstructures and showed a 289 mvV over-
potential of the OER at 10 mA cm > after delithiation.®® Sun and
coworkers attached Pt nanoparticles (around 2.2 nm diameter)
to LCO-NS (10-25 nm thickness) and demonstrated a 285 mV
OER overpotential at 10 mA cm™? (ref. 70) (Fig. 6(h-k)). The
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Fig. 6 Nanostructuring of LCO. (a) Schematic illustration of an LCO nanosheet (LCO-NS) obtained by an exfoliation and hydrothermal lithiation
method. (b) Atomic force microscopy analysis of LCO-NS. (c) Schematic illustration of LCO-NS with rich Vo and multiple spin states of Co.
Reproduced with permission from ref. 67. Copyright 2017 American Chemical Society. Scanning TEM image of atomic-layered and defect-rich
LCO (AD-LCO) for (d) the edge step and (e) basal plane. (f) Corresponding LSV analysis with various reference materials. (g) Schematic illustration
of the cation vacancy effect on AD-LCO for the OER. Reproduced with permission from ref. 68. Copyright 2022 John Wiley and Sons. (h-j)
Structure analysis of Pt-decorated LCO-NS and TEM analysis of (h) LCO-NS and (i) anchored Pt nanoparticles. (j) Corresponding STEM image. (k)
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70. Copyright 2020 John Wiley and Sons.
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charge transfer between Pt and Co*" was presumed to form Pt**
Co?", and V. This Vo and under-coordinated Co in LCO-NS
served as the active OH™ adsorption site (Fig. 6(1)).

3.3.4 Regulating surface reconstruction. Understanding
surface reconstructions of LTMO before and during the OER is
pivotal to addressing the active sites.** Surface reorganization
can be controlled by modulating the active cation ratios, which
adjusts the O 2p band centre and the valence state of M"" (see
Section 3.2). In addition, OER-active phases were newly formed
during the OER and performed stably.*****”'°® Thus, in-depth
analyses of the newly formed amorphous phases were neces-
sary to identify the new catalytic sites.

Byon and coworkers demonstrated the surface reconstruction
of De-LCO by inserting foreign alkali metal ions such as Na', K",
and Cs" during the OER process and investigated the related
mechanisms.*® Using NaOH or KOH electrolyte solutions,
hydrated Na" or K" was inserted into De-LCO, creating the
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Lig 25Nag 33C00,° (H20)0.04 and Lig 33Ko.17C00," (H;0)3, struc-
tures, respectively. The OER activity of Lij 33Ky.17C00, " (H,0)o.37
was better than that of Lij,5Nay 3300, (Hz0)0.,04, because less
K" insertion induced higher Co*" concentration (Fig. 7(a)). These
bulk structural reconstructions enhanced the Co** concentration
and the Co-O covalency, and the AEM governed the OER process.
In comparison, little Cs” was intercalated into De-LCO in the
CsOH electrolyte solution, and the resulting Lij 55CSg.03C00,-
(HyO)00; underwent negligible bulk phase transition. This
shallow Cs" insertion preserved the bulk LCO structure, causing
better OER stability than the K* and Na" intercalations. In addi-
tion, Liy 55CS0.03C00,° (H,0)007; showed the best OER activity
despite the small Co*" concentrations (Fig. 7(b)). This was
attributed to the surface strain caused by large-size Cs’, leading
to the CoO, slab edge bending (Fig. 7(c and d)). Its strong pH
dependency indicated LOM as the main OER mechanism,
distinguished from the above K" and Na" intercalated catalysts.
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ref. 36. Copyright 2022 Royal Society of Chemistry. (e) Schematic illustration of hydrated K* intercalation on a-Li,IrOs3. (f) Operando XRD analysis
for birnessite phase formation during the OER of a-Li,IrOs. Reproduced from ref. 72. Copyright 2020 Springer Nature. (g) Crystal structure of Cl-
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Grimaud and coworkers also reported similar phenomena
for the layered o-Li,IrO; (ref. 7) (Fig. 7(e)). The delithiated o-
Li,IrO; produced an a-Li;IrO; structure, which had a high-
valence state (5+) of Ir’*, and induced hydrated K* insertion,
promoting chemical OER. During this process, o-Li,Kq 3IrO3-
-0.7H,0 was entirely converted to a birnessite structure and
showed OER activity'® (Fig. 7(f)). The hydrated K* continuously
underwent reversible deintercalation and intercalation during
the OER process, and this behavior was not observed in Li" and
Na" electrolytes.

Lim and coworkers doped CI™ into LCO, forming LiC0oO; g-
Cly,, and induced structural reconstruction® (Fig. 7(g)). The
introduction of CI~ reduced Co** to Co®" and caused the irre-
versible Co**/Co*" redox at <1.4 V vs. RHE through delithiation.
As a result, a low redox potential developed a new pathway of
surface reconstruction (Fig. 7(h)). The LiCoO, ¢Cl, , formed an
amorphous and Cl-doped cobalt (oxy)hydroxide surface during
the OER, which prevented the Li' extraction from the bulk
structure and terminated the reconstruction process. This
result contrasted with the continuous surface reconstruction of
the LCO, becoming the spinel phase of Li,;,C0,0, (Fig. 7(i)).
Thanks to the highly OER-active Cl-doped cobalt (oxy)hydroxide
and the increased conductivity of LiCoO; gCly, in the bulk
structure, the reconstructed catalysts exhibited a 270 mV over-

potential at 10 mA cm 2.

4. LTMO as cathodes for aqueous
LiBs

In this LiB section, we discuss the Li" intercalation and dein-
tercalation process in LTMO electrodes, which competes with
H' intercalation in an aqueous electrolyte solution.

In non-aqueous media, LTMO serves as the stable cathode in
LiBs. The representative LCO electrode provides a capacity of
140 mA h g by extracting 50% of total Li*, which occurs at
around 4.0 V vs. Li/Li".’** Layered NCM further improves Li"
storage capacity by storage of two Li moieties through Ni**/Ni**
redox chemistry. Mn helps maintain the thermal stability of
NCM, while Co provides high electronic conductivity.”® In
addition, a small Co content in NCM compared to that in LCO
diminishes the cost and toxicity. NCM811 (811 represents the
ratio of transition metals Ni, Co, and Mn) has 200 mA h g~*
capacity and 3.88 V (vs. Li/Li") charging voltage.'****” Nonethe-
less, non-aqueous LiBs suffer from the risk of catching fire and
the high cost of electrolyte solutions. They are particularly
unsuitable for grid-scale ESSs.

An aqueous electrolyte solution has been introduced in LiBs
to tackle this issue. Dahn and coworkers first reported
rechargeable aqueous LiBs with 5 M LiNO; electrolyte in
1994."*® However, the narrow electrochemical potential window
of water, thermodynamically in the range of 2.62-3.85 V vs. Li/
Li" (converted from 0.0-1.23 V vs. RHE), restricts the use of
graphite and metallic Li electrodes operating at 0-0.1 V vs. Li/
Li'. It is also the reason for the significantly low energy density.
For the cathode side, LTMO is unstable in water because Li"
intercalation competes with H' intercalation, which originates
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from the dissociated water in neutral and weakly alkaline
conditions. Thus, the interfacial reaction of LTMO with water
provides significant challenges in aqueous LiBs. Here, we focus
on the LTMO-based Li'/H" insertion chemistry in aqueous
cathodes.

4.1. H intercalation competing with Li" intercalation in
salt-in-water electrolyte solutions

The layered-structure LCO undergoes Li' intercalation and
deintercalation below the OER potential and forms Li;_,CoO,
where x is between 0.5 and 1. However, LiV;04|LCO cells with
a saturated LiNOj; electrolyte in water provided only 55 mAh g~*
capacity at an average charging/discharging potential of 4.38 V
vs. Li/Li*, where LiV,;0g and LCO are the anode and cathode,
respectively***'** (Table 2). Water causes low capacity and rapid
capacity fading for cycling. As another example, NCM electrodes
had higher theoretical capacity than LCO and comparable
charging/discharging voltages. However, an LiNig g1C0¢ 190, Or
NCM111 electrode coupled with an LiV;05 anode delivered only
45 mA h g ' with 1-2 M Li,SO, aqueous solution.”'® Low
NCM capacities relative to LCO were due to their extreme water
sensitivity and severe Ni ion dissolution."*

There were several demonstrations of adverse water effects
on LTMO. Thin LCO electrodes suffered from H,O vapor in all-
solid-state Li cells, resulting in 21 mA h g~ capacity for the first
cycle, which was only 20% of the capacity for the H,O vapor-free
LCO capacity® (Fig. 8(a and b)). The depth profile evaluated by
resonant nuclear reaction analysis showed the presence of
hydrogen in 20-30 nm depth of LCO (Fig. 8(c)). In addition,
when NCM532 (without delithiation) was stored at high
humidity over one month, its capacity was reduced;** galva-
nostatic testing in the non-aqueous electrolyte solution exhibi-
ted a lower charging capacity of this NCM532 at 166 mA h g™*
(vs. 198 mA h g~ for the fresh NCM532) and lower coulombic
efficiency (CE, indicating reversibility during charging and
discharging processes) at 86.9% (vs. 90.4% for the fresh one).
This was attributed to Li* exchange with H' during the storage
period. Li" migrated outward of NCM and formed LiOH and
Li,CO; on the electrode surface, while H" from humid air
moved inside LCO. The resulting structural deformation
destabilized NCM. However, the H' insertion rate for non-
delithiated NCM was slower than for the delithiated one."'”'®
It should also be noted that H' intercalation is preferred in the
close-packed hexagonal stacking LTMO compared to spinel
(e.g., LiMn,0,) and olivine (e.g., LiFPO,) structures.**®

The first-principles density functional theory (DFT) calcula-
tions showed that when H" is inserted between the CoO, layers
of the delithiated LCO, it is bound to the CoO, lattice and forms
an O-H covalent bond**"*** (Fig. 8(e and f)). H' and Li" are
stabilized at different stacking sites; H' is inserted into the
prismatic sites, while Li" is located in the octahedral sites of the
delithiated LCO."™* Unfortunately, the O-H bond formation at
the prismatic sites raises the energetic barrier of Li* diffusion
and restricts the Li* diffusion pathway.'*> Conversely, it is also
predicted that the O-H bond prevents the oxidation of the
oxygen lattice, suppressing OER activity related to LOM (see

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Adverse water effect on LCO. (a) Schematic illustration of H,O-
vapor treatment of the LCO electrode. (b) Discharge voltage profile of
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current of 2 and 200 pA cm™2 for solid and dashed lines, respectively.
LizPOy4 solid electrolyte and metallic Li anode were used. (c) Hydrogen
depth profile of 40 nm LCO film from resonant nuclear reaction
analysis. Reproduced with permission from ref. 13. Copyright 2023
American Chemical Society. (d) Energies above hull calculated by PBE
+ U for the phase diagram (0 K) of the H,Li,CoO, (x + y = 1) structure.
(e) Oz structure of LCO. (f) Partial stacking displacement of Lig7s-
Hp.125C00, with Co (blue), O (red), and Li (green). Adapted with
permission from ref. 133. Copyright 2021 American Chemical Society.

Section 3)."*' The computational model reveals the phase tran-
sition from O3 to P3 when Lig 55Hg 1,5C00, is formed. However,
this transformation is incomplete because the octahedral site of
Li" is pronouncedly distorted, and a high concentration of
vacancies appears (Fig. 8(d)). It turns out that the total
concentrations of Li* and H' cannot become unity by forming
vacancies.'*?

In aqueous LiBs, water (~55 M) is an unlimited H' source in
an aqueous medium compared to a limited Li* from the elec-
trolyte (typically ~1 M in a salt-in-water system). Because H' has
a smaller volume size and faster mobility than Li*, it damages
the LTMO structure seriously. The fatal H' effect was found in
low pH solutions and even in neutral conditions.® LCO
underwent significant capacity loss in the initial cycles at pH <
7. In contrast, better charging and discharging cyclability in
LCO were observed at pH > 9 with 1 m (mol kg™ ') Li,SO,.17*32
However, because a strong alkaline solution engendered the
OER and the LTMO served as OER catalysts in this condition,
the pH of the aqueous electrolyte solutions was typically
adjusted to a mildly alkaline condition (pH 9-11).*¢

To shed light on the H' insertion contending with Li", it is
imperative to understand interfacial reactions at the aqueous
electrolyte solutions/LTMO surface. Above the point of zero
charge (PZC) or applied positive bias, water and anions sit on
the topmost LTMO surface, called the inner Helmholtz plane
(IHP), and form a few interfacial layers regime. The water
molecules are the majority in the IHP and become the potential
source of H'. By comparison, anions of electrolyte salt are minor
in the typical salt-in-water electrolyte solution. Byon and
coworkers recently revealed that anions protected the LTMO
surface from the H' insertion. To demonstrate the anionic

10656 | Chem. Sci, 2023, 14, 10644-10663
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electrolyte effects, sulfate (SO,>7), nitrate (NO;~), perchlorate
(Clo,7), and bistriflimide (TFSI™) were examined with 0.5-1 m
concentrations.” None of these anions either formed a cathode
electrolyte interface (CEI) or significantly changed the solution
pH. However, LCO cell performances were significantly
different. Cyclability with 0.5 m Li,SO, outperformed, revealing
the constant capacity for 10 cycles (Fig. 9(a)). Electrochemical
impedance spectroscopy (EIS) showed a single semicircle,
indicating the Li" charge-transfer resistance during the
charging and discharging process (Fig. 9(c)). In contrast, TFSI™
exhibited a pronounced capacity decay under the same condi-
tion (Fig. 9(b)). Interestingly, EIS demonstrated additional
semicircles at the low-frequency region, which belonged to H*
insertion into LCO (Fig. 9(d)). NO;~ and ClO,~ also showed H"
charge-transfer resistances in EIS, which were, however,
moderate compared to TFSI_. These H' inserting resistances
corresponded to capacity decays for 100 cycles, verifying that H"
was the central source for LCO degradation (Fig. 9(e)). The
anion-dependent LCO stability is presumably explained by the
Hofmeister series and kosmotropic traits. SO,>~ has a strong
kosmotropic character,'” namely, the presence of SO,>~ in water
preserves the hydrogen-bond strength and induces the ordered
ice-like structure. Thus, the H" dissociation is likely difficult due
to the strong hydrogen-bonding water network. In sharp
contrast, the weak kosmotropic TFSI™ (i.e., the strongest cha-
otropic anion) attenuates the hydrogen-bond strength in water
and induces disordered water structures, where H" dissociation
is possibly more favorable.

Further, in situ electrochemical surface-enhanced infrared
absorption spectroscopy (SEIRAS) revealed the role of SO4*~
adsorption at the LCO surface and IHP. SO, was coordinated
with the LCO surface to form bidentate coordination (C,, point
group), distinct from a typical tetrahedral (T4) free SO,>~ in the
bulk solution (Fig. 9(f), Ca: 951, 1136, 1200 cm ™" and Ty:
1095 cm™ ). It demonstrated the complete SO,>~ adsorption on
the LCO surface, where the water contacts and possible H"
access were prevented. By comparison, TFSI™ adsorption was
not evidenced in the IHP using electrochemical SEIRAS.
Another concern was the H' access at slightly below the PZC
when SO,>~ was desorbed from LCO. This condition was often
included before reaching the cut-off potential of galvanostatic
tests and reasoned for severe capacity loss. Indeed, the S0,>~
vibration from the Ty structure (1095 cm ') was enhanced,
while C,,-associated vibrations were attenuated below 0.2 V vs.
Ag/AgCl during discharge in electrochemical SEIRAS (Fig. 9(f)).
Mean-field quantum mechanics/molecular mechanics (QM/
MM) simulation predicted that SO, was more concentrated
on the LCO surface than other anions (Fig. 9(g)). Below the PZC,
Li* is primarily distributed on LCO and hard Lewis base SO,>~
easily forms ion pairing with hard Lewis acid Li* according to
the hard and soft acids and bases (HSAB) concept. Thus, SO4>~
stays on the LCO surface and avoids H' insertion. In sharp
contrast, the soft Lewis base TFSI™ is not closely associated
with Li', resulting in the exposure of delithiated LCO to water
and H'.

From the above lesson, we can also understand the better
performance of LTMO in aqueous LiBs with higher

© 2023 The Author(s). Published by the Royal Society of Chemistry
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concentrations of electrolyte salts."®*** The increased anion
concentrations give rise to an anion-rich IHP and suppress the
H' insertion. A 3 m Li,SO, solution extended the electro-
chemical potential window towards the positive potential
compared to a 0.5 m Li,SO,. Further, a 3 m Li,SO, had the
widest potential window compared to 6 m LiNO;, 5 m LiClO,,
and 6 m LiTFSL. This was attributed to the strong SO,>~
adsorption which led to forming bidentate coordination with
the LCO surface compared to other anions.” LCO with 3 m
Li,SO, electrolyte solution showed 87% capacity retention for
1500 cycles, which was better than the 66% retention with 7.5 m
LiNO;.*** It was also reported that a 2-3 nm CoO layer was
formed on LCO after 500 cycles with 3 m Li,SO, solution,
because of a chemical reaction between LCO and water. This
surface layer delayed the LCO structural degradation. In

1 m LiTFSI

0.5 m Li,SO,

View Article Online
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comparison, LCO with 1 M LiNO; electrolyte created a thicker
(5-6 nm) and amorphous CoO layer."**

A similar approach was attempted at NCM. The electro-
chemical performance of NCM111 was examined with 1 M
LiNOj; and saturated (7.5 m) LiNOj; in water.""® The anodic and
cathodic peak separating potential (E},,) in CV was 0.356 and
0.25 V for 1 M and saturated LiNOjs, respectively. It revealed
more undesirable chemical reactions with lower electrolyte
concentration. LiV, gNig osMng ¢5s0g|NCM111 cells with the
saturated LiNO; solution delivered an initial capacity of
98.2 mA h g ' at 0.5C and 62.8 mA h g at 3C.

Apart from anions, artificial protective layers were also
developed.® The coating of the lithiated Nafion layer protected
the LCO during the initial cycles. The hydrophobic domain of
Nafion prevented water access to LCO, while the hydrophilic
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Li,SO4at pH 9.6 and (b) 1 m LiTFSI at pH 8.5. (c and d) Corresponding Nyquist plot obtained from EIS measurement during the 10th cycle in (c) 0.5
m Li,SO4 and (d) 1 m LiTFSI. EIS was measured during charging at 0.66 V, 0.7V, and 0.8 V and subsequent discharging at 0.7 V, 0.66 V, and 0.63 V
(Li,SO4 only). (e) The capacity retention of LCO for 100 cycles with different electrolytes. (f) In situ electrochemical SEIRAS spectra with 0.5 m
LioSO4. Ice-like water structures are designated as S; and S,, liquid-like water structures as Sz, and disordered free water molecules as Sy,
respectively. The peak at 1095 cm™ is assigned to the T4 point group of a free anion, SO4%~, and the peaks at 951, 1136, and 1200 cm™* are
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from ref. 17. Copyright 2023 American Chemical Society.
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part, including the sulfonate group, played the role of the Li*
ion channel, which enhanced cyclability for the first 30 cycles
with 1 m LiTFSI in water. However, the Nafion layer eventually
underwent water swelling during long-term cyclability, causing
inevitable LCO deformation. Polypyrrole (PPy) conducting
polymer was utilized as a protective layer on NCM111."° It
showed an initial capacity of 70 mA h g~' and 70% capacity
retention for 50 cycles, compared to PPy-free NCM111 which
exhibited 60 mA h g ' initial capacity and ~33% capacity
retention for 40 cycles. The formed 2 nm thick spinel-Coz;0,
layer on layered LCO also served as a protective layer and pre-
vented Co ion dissolution.”®® The Co0;0,-LCO delivered a 1st
cycle capacity of 83.6 mA h g " at 0.1 A g~ " and 84.5% capacity
retention for 100 cycles with 1 M Li,SO, in water. In compar-
ison, Co;04-free LCO exhibited a capacity of 84.8 mA h g’1 and
70.5% retention.

4.2. Diminishing water activity in water-in-salt electrolytes

Despite numerous attempts at electrode surface protection,
LTMO underwent structural deformation and poor long-term
cycling performance. An alternative and more fundamental
strategy is to significantly diminish the source of H', i.e., water.
Dissolving extremely high electrolyte concentrations can reduce
water volume remarkably, which causes decreased water activity
(i.e., concentration). This concept was developed by discovering
the dissolution of 21 m LiTFSI in water.**® It seemingly forms
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a water-in-salt electrolyte (WiSE), where the Li" solvation
structures are entirely changed, and Li* and anion interactions
are stronger.

As water activity is significantly reduced, most water mole-
cules solvate numerous Li* ions, while the concentration of free
water is low** (Fig. 10(a)). In addition, Li" is coordinated with
a few water molecules instead of being shielded by primary and
secondary water shells, which leads to strong Li* and TFSI~
attraction and the formation of aggregated ion pairs. Compu-
tational simulations and femtosecond IR spectroscopic obser-
vations demonstrated two separated domains, water channel
and aggregated ion networks, in the bulk electrolyte'*”-*%
(Fig. 10(b)). In this heterogeneous solvation structure, Li"
transport occurred in a bulk-like water molecule channel,
explaining the higher ionic conductivity (~9.5 mS ecm ™" at 25 ©
C) than expected due to high viscosity.’*® At the electrode
surface, molecular dynamics (MD) simulations envisioned that
the aggregated ion pairs are mostly occupied in the IHP while
the water molecules were located away from the electrode
surface*** (Fig. 10(c)). Experimentally, atomic force micros-
copy (AFM) force measurements detected two layers of thick-
ness on gold electrodes, 4.3 and 6.4-6.7 A at 0.3 V vs. Ag/Ag".
They were assigned to the TFSI -rich layer and aggregated ion
pair clusters ([Li(H,O),]"([TFSI]),), respectively** (Fig. 10(d)).
These aggregated ion pairs had large sizes and were loosely
bound to the surface. In comparison, the negatively charged

“Water” in LiTFSI

The diffusion of Li* in
‘Water channel’ and ‘lon network’

(e)

TFSI

N ﬂ /\; |
= =
' I V

0.0 1.0 20 3.0

I(mAcm™)

00 10 20 30 40 50
Potential (V vs Li)

Fig. 10 Water-in-salt electrolytes in bulk solution and at the interfacial region and electrochemical voltage. (a) Schematic illustration of the Li*
primary solvation sheath in salt-in-water (left) and water-in-salt electrolytes (right). Reproduced with permission from ref. 136. Copyright 2015
The American Association for the Advancement of Science. (b) Nano-heterogeneous domain of H-bond networks in water and ion networks
obtained by 2D-IR measurements. Reproduced with permission from ref. 137. Copyright 2018 American Chemical Society. (c) Molecular
dynamics (MD) simulation of 21 m LiTFSI with a positively charged (100) gold electrode. Reproduced with permission from ref. 142. Copyright
2018 American Chemical Society. (d) Diagram of layer thickness vs. force imposed by AFM for 21 m LiTFSI on (111) textured Au at OCP, 0.3V, and
—0.4V (left). Schematic illustration of chemical species in the electrochemical double layer at 0.3 V (right). Reproduced with permission from ref.
141. Copyright 2020 American Chemical Society. (e) CV of various anode and cathode materials (top) and LSV of hydrate-melt electrolyte, water-
in-salt electrolyte, and water (bottom). Reproduced with permission from ref. 144. Copyright 2016 Springer Nature.
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surface was shielded by a hydrated Li‘-rich layer.!* Both ionic
layers push free water away from the electrode and extend the
potential window to 3 V on stainless steel electrodes'**
(Fig. 10(e)).

With a WiSE (20 m LiTFSI), NCM622 delivered 152 mAh g~*
capacity for the first cycle and maintained its capacity for the
3rd cycle. This result was compared to the same electrode with
9 M LiNOj;, showing a 1st cycle capacity of 132 mA h g* and
only ~79% capacity retention for the subsequent three cycles.'**
In addition, introducing additives to WiSE further stabilized
LCO. Tris(trimethylsilyl) borate (TMSB) was sacrificially
decomposed and formed a CEI layer.** With 21 m LiTFSI and
0.1 wt% TMSB, a 2.5 V-class of MoSg|LCO cells provided a 1st
cycle capacity of 40 mA h g™' at 2.5C after electrochemical
activation, and the average capacity fading rate was 0.013% per
cycle for 1000 cycles.

To mitigate water activity further, bisalts,'® miscible non-
aqueous solvents,**® or ionic liquid was utilized."** LiTFSI was
blended with LiBETI (BETL: N(SO,C,Fs), , Dbis(penta-
fluoroethanesulfonyl)imide anion) to make Li(TFSI) (-
BETI)o;-2H,0. It was a room-temperature hydrate-melt
electrolyte, where the eutectic LiTFSI and LiBETI composition
greatly limited water content.*®® A 2.4 V Li; TisO1,|LCO cell with
Li(TFSI)o ,(BETI)o5-2H,0 achieved 50 mA h g~" capacity and
75% capacity retention after 200 cycles at 10C. A total 60 m
electrolyte salt (40 m LiTFSI plus 20 m 1-ethyl-3-
methylimidazolium TFSI (EMIMTFSI)) attenuated Ni** disso-
lution and retarded capacity loss from NCM811, demonstrating
better electrode stability than 21 m LiTFSI electrolyte.**’
However, the significant cost associated with the large quanti-
ties of electrolyte is a considerable burden, as it is currently
more expensive than the non-aqueous electrolyte solution.

Artificial solid-state protective layers were implemented
along with WISE to inhibit electrode deterioration and limit
electrolyte concentrations. A gel polymer electrolyte consisting
of WIiSE and UV curable polymer extended the cathodic limit to
1.41 V and the anodic limit to 4.86 V, leading to a 3.86 V
potential window.**® This approach was vital, in particular for
the anode. Thus, graphite|LCO cells were first demonstrated
using a gel electrolyte where 11 m LiTFSI in water and trime-
thylphosphate (TMP) was mixed with UV-curable monomers of
poly(ethylene glycol) methyl ether acrylate (MPEGA), hydrox-
yethyl acrylate (HEA), and poly(ethylene glycol) diacrylate
(PEGDA700), exhibiting a 3.8 V cell and 17 mA h capacity, which
was 62% of the theoretical capacity.'* Developing advanced
artificial protective layers has mitigated a rapid cell failure,
which has addressed challenges in aqueous LiBs effectively in
conjunction with electrolyte engineering.

145

5. Conclusions and perspectives

LTMO demonstrated tunable properties in an aqueous elec-
trolyte solution and extended its applications for the OER.
There are three controlling factors: alkali-metal-ion vacancies,
transition metal states, and oxygen lattices. Moderate formation
of alkali-metal-ion vacancies increased the valence state of the
transition metal in the oxide layer. If OER-active transition

© 2023 The Author(s). Published by the Royal Society of Chemistry
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metals constituted LTMO, they became active sites for the OER
with suitable valence states. Besides, O 2p band engineering
activated the oxygen lattice of the oxide layer. Notably, when the
oxygen lattice of LTMO participated in the OER, the activity was
enhanced to a greater extent than with the activation of tran-
sition metals alone. However, the number of oxygen vacancies
should be optimized to prevent severe oxide degradation.
Further, introducing dopants improved OER activity, and
nanostructuring the LTMO catalyst increased the surface area
and enhanced the current density.

In addition to the above LTMO designs, we underlined that
LTMO structures were often reconstructed during the OER due
to the continuity of the deformed oxygen lattice and cation
mixing. New crystalline or amorphous surfaces unexpectedly
emerged and imposed strain and stress on LTMO. Various in
situ X-ray and microscopy analytical tools were utilized to
identify the reconstructed structures and address their OER
activity linked with electrochemical evaluations. More impor-
tantly, even though the newly formed structure exhibited better
OER activity, continuous structural transformation resulted in
poor catalytic stability and reduced OER activity for long-term
operation. For these reasons, the stability and consistency of
the OER activity of LTMO have not yet become satisfactory for
the practical level of water-splitting electrolyzers. Scrutinizing
the time-dependent degradation mechanisms of LTMO and
surface reconstruction trends associated with the above three
controlling factors will help unveil the LTMO aging process. In
this perspective, we showed several promising approaches to
stabilize LTMO catalysts. The shallow insertion of Cs* into
delithiated LCO negligibly changed the bulk LCO structure,
while surface strains improved OER activity.*® The cation
electrolyte-mediated surface activation demonstrated improved
catalytic stability compared to delithiated LCO. In another
study, doping Cl™ into LCO formed a new surface layer during
the OER, which protected the bulk structure while performing
OER activity.>* These studies will guide the design of practical
OER catalysts for H, production when considering electro-
chemical rebuilding processes.

On the other hand, investigations of LTMO cathodes for
aqueous LiBs have been undertaken to enable cheap and grid-
scale energy storage systems. However, vulnerability to water
is a significant challenge for LTMO. Although the pH of the
aqueous electrolyte solutions was selected at around 9 to avoid
both the OER and H" attacks, H' permeation continued and led
to electrode deformation and capacity fading in aqueous LiBs.
To gain a better understanding of the interfacial reaction
between LTMO and aqueous electrolyte solutions, various in
situ and ex situ spectroscopic analyses have been conducted.
These fundamental studies revealed that certain anions of the
electrolyte, such as sulfate, chemically adsorbed onto LCO,
acted as a barrier that prevented water and H' from accessing
the electrode surface. A water-in-salt electrolyte was developed
to form protective aggregated ion pair layers on LTMO cathodes
and diminish the water activity, which eliminated the source of
H'. However, the insertion of water or H" into LTMO was not
reasonably suppressed, particularly during slow charging and
discharging processes and long-term cyclability. Their
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performances were still inferior to non-aqueous LiBs, and the
high cost of the massive amounts of electrolyte salts has not
been resolved yet. Therefore, ground-breaking ideas are
required for practical research approaches in aqueous LiBs.

We have exhibited the versatility of LTMO in two crucial
applications in aqueous environments. We have gained
a profound understanding of material properties through
a wide range of approaches encompassing material designs,
investigation of electrochemical processes, and evaluation of
device performances. These efforts also highlighted key factors
that need to be addressed to overcome the existing challenges.
By leveraging the insights gained from these studies, we can
drive forward the development of novel LTMO materials and
technologies that will propel us toward a cleaner and more
sustainable energy future.
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