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Abstract

Nowadays, the development of high-voltage LiCoO, (lithium cobalt oxide, LCO) cathodes has attracted the
widespread attention from both the academic and industry fields. Among the multiple concerns, researches on the
surface issues would provide the most effective performance optimization pathway for the synthesis of high-voltage
LCO. In this work, the issues of high-voltage LCO, including the phase transitions and crack formation, the oxygen
redox related issues and side reactions, as well as the surface structure degradation, have been systematically
reviewed. Then, we further clarify the surface modulations, and the interplay between the surface modulation and
electrolyte tuning. Finally, we propose our prospects for developing the more advanced LCO cathodes, including the
low-cost and high-quality manufacturing, designing suitable LCO cathodes in some extreme conditions (such as high-
temperature, high-rate charging, low temperature, etc.) and achieving stabilized capacity release of about
220 mAh-g ' of LCO, etc. We hope that this work can serve as a reference to promote the development and appli-
cation of high-voltage LCO in future.

Keywords: Lithium cobalt oxide; Interface structures; Phase transition; Surface modulation; Cathode electrolyte
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elevating the charge cut-off voltage is a promising
approach to unlock its full potential. For instance,
when charged to 4.6 V vs. Li/Li", the available
discharge capacity reaches around 220 mAh-g*
(850 Wh-kg™") [3]. However, applying higher

1. Introduction

In the past 30 years, the Li-ion batteries (LIBs)
with LiCoO, (lithium cobalt oxide, LCO) cathodes
have dominated the application for the usage in 3C

products, including the computer, communication,
and consumer electronics, etc., mainly due to its
favorable features of high compacted density, high
Li"/electron conductivity, and excellent cycle life
and reliability. Nowadays, the reversible capacity
of LCO in practical applications has been limited to
around 180 mAh-g ', which is much lower than
the theoretical capacity of 274 mAh-g " [1,2]. To
build better batteries with higher energy density,

voltage poses significant challenges for LCO cath-
odes, including the detrimental phase transitions,
oxygen redox, and electrode/electrolyte interface
reactions, etc. The intrinsic relationship among
these issues is complex and interactive, and un-
derstanding the reaction routes and mechanisms
of these issues is vital for optimizing the LCO
performances. In recent research, scholars have
explored various strategies to enhance the overall
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performance of batteries with LCO cathodes [4,5].
However, they primarily focus on the structure and
properties of LCO itself under high voltage
conditions.

When the charging cut-off voltage exceeds
4.55 V, the irreversible phase transition from O3
phase to detrimental H1-3 phase occurs. Due to the
significant lattice variation and mismatch between
the two phases, this phase transition leads to
obvious Co-O slab slippage, and promotes the
formation of micro-cracks inside the LCO particles
[6,7]. The fragmentation of LCO particles inevi-
tably brings the electrolyte infiltration into the
interior of LCO, triggering more interface side re-
actions and gas release, leading to the severe
voltage attenuation. In addition, the surface insta-
bility is of critical importance at high voltages. Due
to the overlap of Co3d and O2p orbitals, the lattice
O redox becomes active under deep delithiation,
and part of the lattice oxygen near the surface re-
gion can be released in the form of O, which
aggravate the interface side reactions, resulting in
more electrolyte decomposition, gas release, and
Co dissolution. The O loss in the surface region
further causes the structure collapse or the phase
transition from layer to spinel or rock-salt (RS),
which gains the interface resistance, and leads to a
deteriorated Li" transport [8,9]. As the cycle pro-
ceeds, the degradation of structural integrity oc-
curs progressively, especially in the surface region.
Thus, the above issues exacerbate the LCO failure,
and eventually result in the capacity decay.

To extend the cycle stability of LCO at high
voltages, some optimization strategies have been
proposed in recent years, including the element
doping, surface modulation, and electrolyte design.
Element doping notably tunes the basic physical
properties of materials, however, it introduces some
inactive elements into the LCO cathodes, which
leads to the lowered capacity release, and cancels
the advantages of high voltage [10,11]. Thus, the
composition design of LCO requires a compre-
hensive consideration of cycle stability, rate per-
formance, and capacity release, etc. Besides,
utilizing the single crystalline LCO materials is
regarded as a feasible way to enhance the cycle
stability, however, it usually requires long-term
high temperature sintering process, which causes
the increase in manufacturing costs. Since the
structure deterioration of LCO is usually originated
from the surface, stabilizing the LCO surface is of
vital importance for enhancing the cycle stability of
LCO cathodes [12]. The surface degradation issues,
including the cathode/electrolyte side reactions,
formation of the cathode electrolyte interface (CEI)
layer, surface O loss, Co dissolution, surface

structure collapse, and various defects formation,
etc, can be greatly optimized or reduced via
introducing the surface modulation. Forming a
robust CEI is critical for stabilizing the surface
structure, which can be tune form both the LCO
surface design aspects, and the electrolyte aspects
[13]. The most significant role of this robust CEI is
to completely isolate the active LCO from the
electrolytes, which helps to stabilize the surface Co-
O framework of LCO. The cations mixing in the
non-optimized LCO may lead to irreversible phase
transitions and the transition metal (TM) ions
dissolution [14]. The free TM ions can catalyze
harmful interfacial reactions, promoting the growth
of unstable CEIL After cycles, the heterogeneous
CEI may affect the lithiation and delithiation pro-
cesses of LCO, causing uneven lattice expansion,
ultimately resulting in the intragranular cracks [13].
During the charge and discharge processes, the
dynamic formation and dissolution of CEI may also
impact the stability of the CEI structure [15,16].
Besides, the CEI must be low resistance for fast Li*
transport, and high electronic conductivity to pre-
vent impedance growth between particles, miti-
gating power losses, and in turn, promoting the
kinetic processes of ions [17,18]. Furthermore, the
CEI also must be chemically stable enough with
less fluctuation of composition upon cycle. The
above goals can be achieved via regulating the
surface coating compositions or the electrolyte
compositions, which will be discussed in the
following sections.

Herein, the structures and properties of high-
voltage LCO are summarized. Firstly, we illustrate
the failure mechanism of LCO upon high voltages,
including the phase transition beyond 4.55 V, the
formation of crack, the lattice oxygen redox, the
structure collapse, and side reactions, etc. Sec-
ondly, we emphasize the significant roles of the
surface modulations on optimizing the surface
integrity, including surface coatings, the rein-
forcement of surface Co-O frameworks, and the
effects of foreign elements, etc. Thirdly, we clarify
the beneficial mechanisms of electrolyte tuning
from both solvents and electrolyte addictive spe-
cies. Fourthly, we summarize the multiple opti-
mization strategies, which are more practical, and
can provide some guidance for designing the next-
generation LCO cathodes. Finally, we propose our
prospects for developing the more advanced LCO
cathodes, including the more advanced sintering
process  for low-cost and  high-quality
manufacturing, the exploration for designing suit-
able LCO cathodes in some extreme service con-
ditions (such as high temperature, high rate
charging, low temperature, etc.), and achieving
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stabilized capacity release of about 220 mAh-g ™" of
LCO cathodes, etc. We hope that this work can
serve as a reference to promote the development
and application of high-voltage LCO in both the
academia and industry.

2. Failure mechanism

LiCoO; belongs to the hexagonal crystal system
with the space group R-3m. It adopts a layered
structure composed of CoO, layers and Li layers
stacked alternately. Within the CoO, layers, Co
ions form a six-coordinated octahedral structure,
while Li* ions are situated in the interlayer spaces
of the layered structure. In ambient air conditions,
the surface oxygen atoms of LCO are typically
stable when exposed to the surroundings. During
the charging process, the following reaction occurs:

LiCoO, — Li;_,CoO, +xLi* + xe~ (1)

where Li" ions migrate from the positive electrode
to the negative electrode. This process is often
accompanied by an increase in the oxidation states
of surface O and Co, especially at high voltages. In
the discharging process, Li* ions can migrate back
to the positive electrode, and the reaction is rep-
resented as

Li;_,CoO, +xLit +xe~ — LiCoO, (2)

Throughout the charge-discharge cycling, a solid
electrolyte interface (SEI) layer accumulates on the
surface of LCO. The CEI layer predominantly
contains decomposition products of the electrolyte,
effectively insulating LCO from direct contact with
the electrolyte.

The structure failure of LCO upon high voltages
distributes from the bulk to the surface of LCO
particles, and the surface failure is usually more
severe than that in the bulk. Typically, the failure
forms include mainly the crack formation and the
surface structure degradation. The formation of
crack is mainly due to the large internal stress
originated from the detrimental O3/H1-3/01
phase transitions beyond 4.55 V (vs. Li/Li"), and
the uneven distribution of the state of charge
(SOC) across the whole LCO particles upon cycles
[19]. The surface structure degradation is basically
attributed to the Co dissolution and O loss from
the surface, which leads to the increased interfacial
impedance. The side reaction can promote the Co
dissolution from the surface, which in turn accel-
erates the structure collapse process.

At high voltages, there exists a close interplay
among various issues in LCO, where the internal
stress induced by the phase transition process is
directly associated with the formation of cracks.

The oxygen reduction-oxidation reaction leads to
the release of surface oxygen, and Co dissolution
resulting from surface side reactions induces
degradation in surface structure, thereby promot-
ing the initiation and propagation of cracks.
Additionally, electrolyte decomposition side re-
actions form a CEI on the surface of LCO,
increasing interface impedance and further exac-
erbating the electrochemical performance degra-
dation of LCO.

In general, the application of LCO beyond 4.6 V
faces the above complicated issues, and the com-
bination and interaction of the issues promote the
structure failure of LCO [19,20]. Understanding the
failure mechanism is crucial for seeking suitable
optimization strategies, which is the focus of this
work.

2.1. Phase transitions and cracks formation

As the Li" ions are gradually removed from
Li,CoO,, a progressive structure evolution occurs,
as shown in Fig. 1a. In the region of 0.45 < x < 1, the
structure evolution contains a solid solution reac-
tion process, with three first-order phases trans-
formations. Further removing Li* ions from
Li,CoO, (¥ < 0.45) causes phase transitions from
O3 to H1-3 and to O1 phases. The H1-3 phase has
been confirmed to be a hybrid of the O1 and O3
phases structures [20]. As the structure evolves
from the O3 to H1-3, the Co-O slabs shift along
with the Li* rearrangement occurs, leading to the
internal stress generation and structure damage.
The shift of CoOg slabs upon the delithiation pro-
cess of LiCoO, has been confirmed to be a collec-
tive and quasi-continuous migration process over a
wide range of charge/discharge before the “Layer
to Rocksalt” phase transition (Fig. 1b) [21]. The
stripe-shaped O1 phase in the grain boundaries
has been confirmed upon voltages over 4.7 V,
acting as the main reason for the irreversible
structural changes [22]. In addition, upon high
voltage operation, the diffusion coefficient of Li"
ions in LCO lattice can be regulated via tuning the
Li/Co ratio of the pristine LCO and elemental
doping [23,24].

The phase transition behaviors above 4.55 V
bring very drastic changes in lattice volume, which
causes  significant anisotropic = dimensional
changes, and yields some mechanical fractures,
such as lattice disorder, Li/Co antisites, oxygen
vacancies, and microcracks, etc. These mechanical
fractures gradually evolve into large voids and
cracks across the LCO particles as the internal
stress accumulates after long-term cycles. Two
kinds of cracks are confirmed upon high voltage
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Fig. 1. (a) Diagram of LCO structure distribution during the entire phase transition process. Reproduced with permission [20]. Copyright 2023,
ACS. (b) Collective glide of CoOg slabs in Li;_,CoO,. Reproduced with permission [21]. Copyright 2022, PNAS. (c) Nucleation and propagation of
cleavage cracks and decomposition cracks. Reproduced with permission [25]. Copyright 2020, Elsevier.

cycling of LCO, including the cleavage crack and
the decomposition crack (Fig. 1c) [25]. The former
is a typical deformation induced mechanical fail-
ure, while the latter is formed due to thermody-
namic decomposition, acting as the main cracking
nucleation form upon high voltage cycle. As the
cycle proceeds, the electrolyte will penetrate into
the interior of LCO particles along these cracks and
voids, which can induce more side reactions, and
leads to the loss of active materials and the in-
crease in charge transfer impedance. Therefore,
the bulk structure degradation is one of the
important reasons for capacity loss upon cycles. To
break through the voltage limit of 4.55 V, it is
crucial to suppress the detrimental structural
changes upon cycle.

There are multiple factors which affect the
nucleation and growth of cracks inside the LCO
particles, including the internal lattice stress, the
LCO particle size, the charge/discharge rates, the
charging procedures, as well as the lattice defects,
etc. The above influence factors play a significant
role on affecting the cycle stability of LCO, mainly
via modulating the homogeneity of phase transi-
tions, especially upon a high voltage of >4.55 V,
which promotes the formation of O3 and O3/H1-3
phase transitions. Kim et al. reported the sub-
stantial role of internal lattice strain on the oxygen
release, lattice amorphization, and the subsequent
crack formation, and they also demonstrated the

energetically favorable formation of oxygen va-
cancies under shear strain (Fig. 2a) [26]. Jena et al.
revealed the substantial differences in cycle per-
formances of LCO cathodes with average particle
distributions of 8 pm (LCO-A) and 11 um (LCO-B)
(Fig. 2b) [27,28]. They found that, for LCO-A, it
followed a purely solid solution reaction during
cycling, rather than the solid solution and two-
phase reaction mechanism in LCO-B. As a result,
the distribution of Li throughout the LCO-A par-
ticle was more homogeneous than that in LCO-B,
leading to a more stabilized particle integrity, as
well as the reduced crack formation. The influence
of particle size on crack generation is more pro-
nounced when operated under high voltage. Hitt
et al. conducted the nanotomographic observation
and statistical analysis of the overcharging induced
cracks inside the LCO single crystalline particles
[29]. They observed a strong particle size depen-
dence on both nucleation and growth of cracks,
specifically, the percentage of cracked particles,
crack size, and crack surface area per unit volume,
all increasing significantly with the increased par-
ticle sizes. A crucial fact is that the larger LCO
particles contain more and larger cracks, mainly
due to the increases in the pre-existing defects and
energy release rate from crack advancement in
larger particles.

The charging/discharging rates also present a
significant impact on the high-voltage structure
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Fig. 2. (a) Lattice-strain-induced oxygen release and crack formation. Reproduced with permission [26]. Copyright 2023, Wiley. (b) Delithiation
mechanism of LCO with different particle sizes. Reproduced with permission [36]. Copyright 2019, Wiley. (c) The in-situ monitoring of the
chemical heterogeneity in a single LCO particle. Reproduced with permission [30]. Copyright 20117, ACS. (d) High-resolution TEM analysis on
crack areas of LCO. Reproduced with permission [31]. Copyright 2023, Elsevier. (e) Twin-like grain boundary of the wedge-shaped crack.

Reproduced with permission [32]. Copyright 2022, Wiley.

stability of LCO. Generally, the high charging/
discharging rates tend to decrease the homogene-
ity of Li*-ion's distribution inside the LCO parti-
cles, causing great internal stress to promote the
crack formation. Xu et al. reported the uneven Li
distribution and evolution of inactive domains in a
single LCO particle upon cycles (Fig. 2¢) [30]. They
found that the evolution of the inactive regions
inside the LCO is closely related to the cycling rate,
and increasing the cycle rate could cause serious
morphological degradation and the chemical in-
homogeneity, thus leading to serious capacity

decay. A better design of LCO requires conformal
coating to prevent the Co dissolution and to realize
homogeneous delithiation. Zhu et al. conducted a
microscopic investigation of the crack and strain of
LCO cathode cycled under high voltage (Fig. 2d)
[31]. They demonstrated that, the fast charging
could induce large cracks which can evolve into
particle fractures, and the regions near cracks still
retained a layered structure, while operated at low-
rate charging, the generation of micro-cracks was
observed, around which the irreversible phase
transformation to rock-salt phases took place
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through the Li/Co antisite and O loss. Besides, the
crack formation is also affected by the lattice de-
fects inside LCO. Oh et al. reported that the phase
inhomogeneity of LCO could provoke the crack
formation due to the stress relaxation (Fig. 2e) [32].
For an overcharged LCO, numerous voids in the
crack boundary were observed after the crack
formation, which acted as a path for electrolyte
permeation, as well as the degradation of LCO
structures. Yaqoob et al. revealed that, the forma-
tion of oxygen vacancy could be a reason for the
crack formation in LCO [33]. They found that, the
oxygen vacancy could introduce about 3% local
stress-strain, which is much higher than the pure
electrochemically-induced stress-strain, and is
responsible for the crack formation. Besides, they
also revealed that the formation of oxygen vacancy
became more favourable with Li" extraction by
exceeding 50%.

2.2. Oxygen redox related issues and side reactions

The lattice O oxidation (0> to O*, 0 < o < 2)
contributes capacity of LCO at voltages beyond
4.3 V. He et al. reported that, the electron locali-
zation function around the lattice O kept
increasing upon delithiation, and it was increased
significantly after more than 62.5% delithiation
(Fig. 3a) [34]. This result indicated that the lattice
oxygen participates in the charge compensation
upon high voltage charging, and it became the
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main contributor to the charge compensation at a
high delithiated state comparing with Co. Hu et al.
concluded that, the oxygen redox took place
globally inside the LCO, rather than just forming
localized O—O dimerization [35]. They found that,
the O—O pair distance was considerably shortened
in the highly delithiated LCO, and no O—O bonds
were formed in LiCoO, (Fig. 3b), which was very
different from the lithium-rich system with for-
mation of O—O bonds. The results toughly iden-
tified the possibility of applying highly reversible
O redox to achieve high energy density of LCO
cathodes. Further, Geng et al. performed the ex-situ
70O NMR experiments to monitor the evolution of
local O environments in LCO upon charging [36].
They revealed that, the O3(I)-O3(Il) phase transi-
tion was driven by the electron delocalization
within the Co-O layer, with the increased cova-
lency of Co—O bonds, and the local lattice O en-
vironments were not uniform in the O3(III) and
H1-3 phases with existence of a few local domains.

Owing to the overlap of O 2p and Co®>'/*" 3d
electronic bands, a deep delithiation triggers the
lattice O oxidation, which causes the O release
from the surface lattice of LCO [3,6]. Specifically,
the Li" extraction from LCO leads to the increase
of hole density in O 2p orbitals. Due to the reduced
ionic radius and electrostatic force, O*~ has higher
mobility than O®~, which can move from bulk to
the surface and release on the interface. The O
release contributes to a series of cascading effects,
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Fig. 3. (a) The O-O interlayer distance across the Li layer upon different delithiation states. Reproduced with permission [34]. Copyright 2023,
RSC. (b) mRIXS of ex-situ LiCoO,. Reproduced with permission [35]. Copyright 2021, Elsevier. (c) Quantitative maps of the Li/Co ratio in the
charged LixCoO,. Reproduced with permission [44]. Copyright 2015, ACS. (d) Thermal behavior of the high-voltage-cycled LiCoO,. Reproduced
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including promoting the electrolyte decomposi-
tion, forming thick CEI layer, promoting phase
transition from layer to the spinel, and even the
rock-salt phases [36,37]. Accompanying with the
surface O release, some Co?* ions can be dissolved
into the electrolyte, which brings terrible catalytic
impact to compel more side reactions between the
electrode and electrolyte.

The lattice O release is one of the main causes for
the surface structural decay of LCO, and reducing
the O release from the surface lattice of LCO is the
key in developing the more advanced LCO with
high cycle durability. Kikkawa et al. observed the
overcharging induced Co®>"/Co®" reduction with
oxygen extraction from the LCO particle surface to
the interior (Fig. 3c), with the presences of Co304-
like and CoO-like phases at the surface regions
after charging of 60% delithiation [36]. Hu et al.
revealed the dynamic correlations between the Co
ion migration and the oxygen dimer formation,
and found that the formation of Co vacancy cluster
is the prerequisite for the oxygen dimer generation
[38], and the Ti doping could significantly reduce
the Co migration and thus suppress the formation
of Co vacancy cluster. Chung's team reported that,
the oxygen release took place not only at the crystal
surface but even inside the crystals [26]. DFT
calculation results revealed that, the oxygen-va-
cancy formation value did not vary considerably
under the compressive and tensile strains, while it
became negative when the shear strain along the
(001) plane basal was above a critical degree for
LCO. That is to say, the LCO lattice with the sub-
stantial shear strain was energetically favorable for
the formation of oxygen vacancies. Sun et al. re-
ported a novel LCO degradation via oxygen va-
cancy facilitated Co migration and reduction,
which leaves the undercoordinated oxygen and
gave rise to the O release (Fig. 3d) [39]. This kind of
LCO degradation is dominated by the kinetics of
Co ions migration, and is closely related to the high
voltage cycling defects in the LCO surface.
Nowadays, although there existed a controversy on
“whether it was the O loss promoted by Co
migration, or the Co migration promoted by O
loss”, the close relationship between the O loss and
Co migration and even dissolution was toughly
confirmed. Therefore, stabilizing the lattice O was
an important consideration in the design of high-
voltage LCO cathodes.

The occurrence of O loss can further promote the
side reactions, including the electrolyte decompo-
sition and the formation of cathode electrolyte
interface (CEI). Lu et al. reported that the forma-
tion of CEI layer was observed at the LiCoO, edge
plane, not at the basal plane (Fig. 4a) [40]. Further,

they revealed that applying the Al,O; coating layer
can improve the high voltage cycle stability of LCO
via completely suppressing the formation of CEI at
the edge planes. Rinke et al. reported that, the
chemical oxidation (with an onset voltage of 4.7 V
vs. Li/Li" for LCO) dominated the electrolyte
decomposition process on the LCO surface, rather
than the electrochemical reaction [41]. The reason
can be ascribed to the reactive oxygen release at
higher states-of-charge (SOC) of LCO, indicating
that the reactions of the electrolyte on LCO surface
are intrinsically linked to surface reactivity of the
active material. Thus, regulating the interface
chemistry of LCO materials can be an effective
strategy to enhance the stability of high voltage
cycling performance.

2.3. Surface degradation

For LCO cathodes charging over 4.55 V, not only
the interface electrolyte decomposition aggravates
rapidly due to the highly oxidative Co*" and O~ on
the LCO surface, but also the severe surface
structure decay along with O loss and Co disso-
lution propagates from the surfaces into cores of
LCO particles, leading to the dramatic capacity
degradation. The previous report of our team
revealed that, the curvature of the Co-O layers
occurring near the surface dictated the structural
stability of LCO cathodes at high potentials
(Fig. 5a) [42]. Specifically, upon charging, the LCO
had a larger layer curvature due to the removal of
Li" ions, which continuously deteriorated and
introduced higher structural stress and oxygen
loss. These structure degradation in turn caused
the aggravated layer curvature and further layer
breakage, structure collapse and crystal fragmen-
tation, which are more serious in the near-surface
region. The curvature of Co-O layers is directly
generated by the layer-stacking disorder from the
possible mixed stacking modes, CoO, distortion
and/or imperfect crystal growth, which could be by
the crystal growth kinetics during synthesis.

It was reported that, the irreversible phase
domain regions became larger as increasing the
cycling voltage and cycle numbers. Takamatsu
et al. reported that, the surface Co®" is reduced to
Co?" immediately as long as the LCO contacts with
the electrolytes [43]. Charging to a high voltage
intensified the local distortions at surface of LCO,
which propagated to the interior subsequently
upon cycles. Besides, the severe O loss and Co
dissolution from the LCO surface further promote
the local structure damage and even form corro-
sion cavities at surfaces. Kikkawa et al. noticed
that, the high voltage charging process can lead to
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Fig. 4. (a) AFM images of in-situ monitoring of the CEI film formation and decomposition on the edge plane of LiCoO, crystal. Reproduced with

permission [40]. Copyright 2017, ACS. (b) The electrolyte decomposition

reactions that occur at high voltages (or high SOC) initiated at the

positive electrode. Reproduced with permission [41]. Copyright 2020, ACS.

the inhomogeneous Li/Co distribution and Li-poor
phase formation at the surface [44]. These Li-poor
phases contained the CoO phase and Li-inserted
Co304. Qin et al. studied the structural and
chemical properties of the surface phase transition

layer of LCO cycled at a cut-off voltage of 4.7 V
(Fig. 5b) [45]. Structurally, the surface presents a
spinel-like structure and contains high density of
corrosion pits. Chemically, the LCO surface suffers
substantial losses of O and Li, resulting in the Co
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valence reduction, migration, and dissolution.
They found that, the surface phase transition layer
featured porous morphology and the spinel-like
structure displays a negligible blocking effect on
Li" ion diffusion, thus leading to the capacity
decay. Yano et al. also reported the similar results
of pitting corrosion on LCO surface upon high
voltage of 4.7 V (Fig. 5c) [46]. They reported the
occurrence of pitting corrosion and the formation
of spinel-like layer on the surface of the cycled
bare LCO. The pitting corrosion caused intrinsic
capacity fading by Co dissolution, and the forma-
tion of the spinel-like layer resulted in the capacity
decay due to the increased polarization. Further-
more, both the pitting corrosion and the formation
of the spinel-like layer could be markedly sup-
pressed by the surface coating.

Seong et al. systematically studied the intrinsic
reversibility of LCO beyond 4.6 V, and concluded

that the continuous formation of spinel phase sur-
face layer was the main cause for the rapid capacity
decay of LCO [47]. Notably, the spinel phase surface
layer displays poor stability and can be easily etched
as charging to 4.8 V. Lu et al. revealed that, the deep
delithiation could induce some Co migrating to Li
sites, leading to the formation of some incomplete
rock-salt phase [48]. They also reported that, in the
highly delithiated LiCoO,, the unique charge
compensation process leads to a spatial charge
gradient of Co®"/Co®"/Co*" ions from surface to
bulk, which can be further manipulated by the
structural distortion, Li" extraction, and surface side
reactions. Hirooka et al. examined the LCO degra-
dation upon floating charge process in LCO/
Graphite cells (45 °C and 4.4 V) [49] and concluded
that: (1) the HF generated by the decomposition of
LiPF¢ reacts with the charged LiCoO; electrode, (2)
the charged LiCoO, electrode is disproportionated
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into CoO, and Co*" ions, and (3) the CoO, with an
O1 structure is decomposed into cobalt oxides
containing cobalt ions in a lower oxidation state,
accompanying with the oxygen gas evolution. Yan's
group [50] reveals that the exposed surface facets
can significantly influence the surface stability.
Specifically, the surface facets perpendicular to the
(002) planes suffer more severe cracking and
corrosion, while other surface facets are much more
stable. The surface facets oblique to the layered-
planes are intrinsically more resistant to mechanical
cracking and chemical corrosion due to the
modulated stress release by transition metal
condensation.

The formation of CEI layer also plays significant
roles on the capacity decay of LCO. Aurbach et al.
investigated the surface chemistry of LCO upon
different voltages and temperatures [50].
Comparing with the bulk structure destruction, the
LCO surface degradation might play more signif-
icant roles on the capacity decay of LCO, and the
surface chemistry of LCO could be to tuned with
electrolyte additives that are decomposed on the
electrode surfaces (e.g., polymerization) to form
stable and steady CEI layers. Zhang et al. per-
formed a quantitative analysis on the CEI layers on
both LCO cathode and Li anode [51]. They found
that, the evolution of CEI layer was mainly due to
the continuous reactions of electrolyte and physical
migration of SEI fragments from the lithium
anode. For LCO/graphite cells, the CEI layer on
LCO surface was not significantly changed because
of the relatively stable SEI layer formed on the
graphite anode. Yan et al. further reported the
retarding effect of CEI layer of LCO on the trans-
portation of Li" ions upon high voltage [22]. The
decomposition of organic electrolytes and the for-
mation of CEI became inevitable as charging over
45 V, and achieving a high-performance CEI
layers with high stability and ionic conductivity
was very important for the enhanced cycle stability
of LCO cathodes.

3. Surface modulation

Surface modification is regarded as an effective
approach to enhance the electrochemical perfor-
mance of LCO. It enables the optimization of the
surface structure of LCO, leading to the formation
of a protective layer that resists the corrosion from
HF, suppresses Co dissolution, and inhibits O
release. Besides, a well-engineered surface struc-
ture can also facilitate the surface ion transport,
thereby enhancing reaction kinetics. The explora-
tion of surface modulations has been massively
reported, including the surface coatings with

oxides or solid electrolytes, the polyanion's mod-
ulations, as well as the reinforced surface Co-O
frameworks with spinel or RS phases. Table S1
compares the electrochemical performance
improvement promoted by various surface mod-
ulations for LCO. The following section is the
detailed discussion to address these iuuses.

3.1. Surface coating with oxides or solid electrolytes

In the initial stages, lots of attempts have been
made to form simple coating layers using oxides or
solid electrolytes. Cho et al. employed the sol-gel
method to initially coat Al,O; on LCO, forming a
LiCo4.,Al,O; solid solution on the surface (Fig. 6a).
This enables LCO to exhibit a capacity of
174 mAh-g ' at 44 V and 0.5 C conditions, main-
taining 97% capacity after 50 cycles [52,53]. Based
on this result, Feng et al. has successfully achieved
a capacity of 180 mAh-g ' at 45 V and 0.5 C with
73% capacity retention after 500 cycles, by con-
trolling the thickness of the Al,O; coating layer
[54]. MgO is also commonly used for surface
coating of LCO. Huang et al. has coated a layer of
MgO on commercial lithium cobalt oxide,
achieving stable cycling at 4.3 V/4.5 V and obtain-
ing a capacity of 210 mAh-g ' at 47 V and
0.1 mA-cm~2 [55]. Currently, it has been widely
believed that the mechanisms of action for Al,Oj3
and MgO are similar. On one hand, they serve as
protective layers to stabilize the surface structure
(Fig. 6b), and on the other hand, during cycling, the
diffusion of AI*"/Mg®" into the lattice of LCO acts
as a support (Fig. 6¢) [56—59]. In addition to Al,O3
and MgO, extensive explorations have been con-
ducted on other oxides. ZnO has a hexagonal
structure similar to LCO [60], with alternating
layers occupied by Zn and O atoms, facilitating the
ZnO epitaxial growing on the surface of LCO.
Furthermore, ZnO doped with elements such as Al
and Ga exhibit excellent electronic conductivity
[61], which is beneficial for improving the rate
performance of LCO. Gao et al. utilized the sol-gel
method to coat Al-doped ZnO on the surface of
LCO, achieving 98.2% capacity retention after 50
cycles at 4.5 V and 0.5 C, along with a reversible
capacity of 156 mAh-g ' at 8 C [62]. TiO, possesses
good structural and thermal stabilities, and can
react with HF to form a more stable and conductive
interface layer containing TiF,, significantly
improving the electrode performance of LCO. Li
et al. has directly sputtered TiO, on surface of
LCO, and the prepared LCO electrode maintained
86.5% capacity after 100 cycles at 4.5V and 1 C [63].
Despite the above benefit effects, most metal
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Fig. 6. (a) Schematic diagram of the interaction between Al,O3 and LCO. Reproduced with permission [58]. Copyright 2017, ACS. (b) Schematic
diagram illustrating the effect of MgO coating on LCO surface. Reproduced with permission [57]. Copyright 2014, ECS]. (c) Schematic diagram
illustrating the supporting role of Mg”* occupying Li sites [57]. Copyright 2014, ECSJ.

oxides are not good Li"-ion conductors, which may
hinder the transmission of Li* ions during cycling,
thereby affecting the electrode performance.
Therefore, the use of solid electrolyte coatings
which is capable of rapid Li* conduction has been
developed, such as Li; ,AlTi; (POg4); (LATP).
Chen et al. has prepared an ultra-thin LATP
coating on the surface of LCO using a solution
method, achieving 93.2% capacity retention after
50 cycles at 4.5 V and 0.2 C [64]. Yang et al. has
replaced Ti in LATP with Ge, and prepared the
electrode by ball milling, which maintained 88%
capacity after 400 cycles at 4.5 V and 1 C [65].

3.2. Surface modulations with inert anions

Although the surface modulations with oxides or
solid electrolytes can improve the cycle stability to
some extent, the benefit effect is not sufficient at
more higher voltages, such as 4.6 V. As the voltage
requirements for LCO continue to rise, when the
voltage reaches 4.6 V, LCO undergoes a more
destructive O3 to H1-3 phase transition, accom-
panied by complicated phase transitions and
numerous surface side reactions, leading to the
irreversible surface structure degradation and un-
limited CEI growth. The serious Co and O losses
can reduce the amount of Li* storage sites and
hinder the transport of Li" ions, resulting in the

rapid capacity decay. Therefore, simply using ox-
ides or solid electrolytes for surface modification is
not able to resist capacity decay at 4.6 V [1,3].

In order to achieve stable cycling of LCO at high
voltages, researchers have initiated efforts via
introducing some inert elements such as F, P, B, Se,
S, etc., to achieve better surface modifications. LiF,
for instance, can stabilize the surface of LCO with F
without introducing additional elements (Fig. 7a)
[66]. Lu et al. have constructed a three-layer
structure containing F on the surface of LCO,
namely, a surface LiF layer, a transition layer, and a
gradient-doped layer with F, having a total thick-
ness of approximately 100 nm. This structure can
act as a physical barrier, stabilizing lattice oxygen,
while establishing a robust and complete Li"
transport pathway. They have achieved a capacity
retention of 82.5% after 100 cycles at 4.6 V and
0.5 C, mainly attributing to the reduced Li"
migration energy and the stabilization of lattice
oxygen by F [67]. Aurbach et al. utilized a hydro-
thermal method to form a protective Li-Al-F
coating on the surface of LCO, effectively sup-
pressing the irreversible O3 to H1-3 phase transi-
tion. The electrode exhibited a capacity retention of
over 78% after 500 cycles at 4.6 V and 0.5 C [68].

Phosphorus (P) can help to form phosphates
on surface of LCO, exhibiting excellent Li* con-
ductivity and chemical stability. Once the strong
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covalent P-O tetrahedron is formed at the inter-
face, it can effectively reduce the surface oxygen
activity of LCO, and suppress the oxygen release.
Lu et al. have introduced 2% LizAl(PO,), on the
surface of LCO, and the capacity retention values
of 88.6% and 78.6% were obtained at 30 °C and
45 °C, respectively, after 200 cycles at 4.6 V and
0.5 C. They attributed the enhanced performance
to the crucial role of Liz;PO, which can effectively
improve the mobility of Li* ions [69]. Huang et al.
has designed a Zr;(POy4), coating layer, effectively
enhancing the electrode performance of LCO in
the temperature range of —25 °C—25 °C. The
electrode maintained 91% capacity retention after
300 cycles at —25 °C, 4.6 V and 1C [70]. Yang et al.
have epitaxially grown a lattice-matched LiCoPO4
layer outside the LCO lattice, and the strong P—O
bond significantly reduces the surface oxygen ac-
tivity. The electrode maintained 87% capacity after
300 cycles at 4.6 V and 1 C, and operated stably at
4.6 V/55 °C and 4.7 V/30 °C [71]. Furthermore, re-
searchers have explored the combination of sur-
face phosphate modification and element doping
to enhance the electrode performance of LCO.
Cheng et al. have utilized LiMg,Ni, PO, for sur-
face modification with Mg and Ni doping,
achieving 78% capacity retention after 200 cycles at
4.7V and 0.5 C. They suggested that the Mg/Ni can
occupy the Li sites to inhibit the harmful O3/H1-3

phase transition, and the LiMg,Ni;_ PO, contrib-
utes to the formation of a uniform and stable CEI
(Fig. 7b). Moreover, the strong covalent bond be-
tween P and surface oxygen can further improve
the electrode performance [72]. Huang et al. have
designed a super wettable LCO with shallow sur-
face Zr doping and surface Li,Zr(PO,), modifica-
tion, which achieves a 94% capacity retention after
100 cycles at —25 °C, 4.6 V and 1 C. The Zr doping
agent plays a significant role on enhancing the
crystal structure stability, promoting the Li"
diffusion, and suppressing the lattice oxidation.
Besides, the surface phosphate modification can
facilitate the formation of a stable and highly Li"
conductive CEI [73].

Boron (B) can also form strong B—O covalent
bonds when combined with the lattice oxygen of
LCO. Xiao et al. have introduced the LiBH, onto the
surface of LCO using a wet chemistry method. The
highly oxygen-affine B>" is rapidly combined with
the LCO surface, accompanying with the reduction
of Co>" (Fig. 7c). After the LiBH, modification, LCO
maintained 95% and 85% of its capacity after 100
cycles at 4.6 V and 1 C, and 500 cycles at 5 C,
respectively [74]. Ji et al. have introduced a Co,B,
coating on the surface of LCO, combining with Mg
doping, which achieves 94.6% capacity retention
after 100 cycles at 4.6 V and 1 C. They proposed that
the interface bonding effect between the Co,B, and
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the LCO surface can enhance the formation energy
of oxygen vacancies, thereby significantly reducing
the lattice oxygen losses [75].

Selenium (Se) also exhibits strong interactions
with O. Li et al. have used Se to replace some of the
O on the surface of LCO, achieving a capacity
retention of 77% after 550 cycles under full-cell
conditions at 457 V and 100 mA-g~"'. They pro-
posed that, Se can capture the oxygen escaped from
the LCO, and simultaneously, Se can substitute for
some of the O generated during the charging
process, extracting its charge and reducing it back
to O*~ (Fig. 7d) [76]. Zheng et al. have shared a
similar perspective with Li, suggesting that Se can
interact with O*~ 2p in the deep delithiation state.
With the combination of Se coating and Mg doping,
the LCO can achieve a capacity retention of 72.9%
after 1000 cycles at 4.6 V and 1 C [77].

Compounds containing sulfur (S) have been
commonly used in high nickel layered oxide
cathodes. Previous studies have shown that S-
containing species can convert surface residual
lithium contaminants into Li, SO, The stable
Li,SO, can act as a physical barrier, preventing
direct contact between the cathode material and

the electrolyte [78,79]. Zheng et al. have introduced
the sulfur compounds into the LCO system. They
used Ti(SOy), to interact with LCO, forming a
Li,SO, and Li,CoTi3Og coating layer on the surface
of LCO. Under conditions of 4.6 V and 1 C, the
obtained LCO electrode maintained 77.85% of its
capacity after 100 cycles [80].

3.3. Reinforced surface Co-O framework

In the above mentioned studies, the surface of
the modified LCO retains its layered structure.
However, in some surface modifications, there
may exist a transformation of the surface structure
of LCO from the original layered phase to spinel or
rock salt phases, mainly due to the doping of ele-
ments near the surface. Lu et al. have prepared a
ternary lithium aluminum fluoride surface-modi-
fied LCO, and the coating layer exhibited a stable
and conductive surface (Fig. 8a). The modified
LCO showed a capacity retention of 81.8% after 200
cycles at 4.6 V and 27.4 mA-g . They observed
that, in addition to the surface coating layer, a thin
doping layer was formed near the surface of LCO,
primarily consisting of Li-Al-Co-O-F solid
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solution. They suggested that this layer can sup-
press the phase transition of LCO when the oper-
ating voltage exceeds 4.55 V [81]. Our research
group further introduced P into the Li-Al-F system
to modify the LCO. We observed the formation of a
spinel phase in the subsurface (Fig. 8b), and
believe that this spinel phase can contribute to the
structural enhancement. The electrode achieved a
capacity retention of 83.2% after 500 cycles at 4.65 V
and 1 C and 74.6% after 500 cycles at 4.6 Vand 1 C
under a temperature of 45 °C [82].

Li et al. have introduced a complete spinel phase
on the surface of LCO via a solid-state electrolyte
coating of LATP, and a heat annealing strategy
(Fig. 8c). Additionally, the Liz;PO, was generated in
the outermost layer. They suggested that the
oxidation ability of oxygen in the spinel phase
lattice is much weaker than that in the layered
structure, resulting in excellent high-temperature
stability. The electrode achieved a capacity reten-
tion of 88.3% after 100 cycles at 4.6 V and 0.5 C, and
after elevating the temperature to 45 °C, it main-
tained 72.9% after 100 cycles. This result represents
a significant improvement of cycle stability
comparing with the previous solid-state electrolyte
coating [83]. Using a similar strategy, they have
uniformly coated TiO, and LiPO,F, on surface of
LCO, and then followed by sintering to induce a
reaction with LCO, leading to the in-situ forma-
tions of LiCoTiO,4 and LizPO,. A transition of the
LCO surface structure from layered to spinel has
been observed, which achieves a capacity retention
of 96.7% after 100 cycles at 4.6 V and 0.5 C [84].

Furthermore, Li et al. have constructed a LiF layer
on the outer surface of LCO using LiNO;, NaF, and
H3;BOj3. Upon the above synthesis, a spinel structure
with gradient doping of B and F near the surface of
LCO was obtained. They considered that, B can
occupy the Co sites (Fig. 8d), forming stable B—O
bonds, and a small amount of B can enter into the
interstitial sites to provide higher lattice stability. F
can occupy the O sites, forming Co—F bonds with
significant bond energy, stabilizing the lattice
structure. Ultimately, they have achieved a capacity
retention of 95.2% after 800 cycles at 4.6 V and 1 C
[85]. Chu et al. have proposed an in-situ sulfur-
assisted solid-phase method, utilizing the gas-solid
interface reaction between metal oxides and sulfur
to construct a gradient-doped surface of Li,C0,04
spinel and SO~ polyanions on the surface of LCO
(Fig. 8e). The electrode has achieved a capacity
retention of 89.7% after 300 cycles at 4.6 Vand 1 C
[86]. Using a similar strategy, they have employed
sulfur-containing expanded graphite as a template
to prepare a surface with Li,C0,0O; spinel and trace
sulfur doping near the surface. The electrode

achieved a capacity retention of 88% after 100 cycles
at4.6 Vand 1 C [87].

4. Interplay between surface modulation and
electrolyte tuning

The CEI is a layer formed on the LCO surface
upon cycles, and it has been regarded as a crucial
factor influencing the electrode reactions. A uni-
form, stable, and Li* conductive CEI is essential for
stabilizing the cathode structure and ensuring the
reversible Li* ions transport. The study about
forming a qualified CEI can be approached from
two perspectives: a) the CEI modulations from the
LCO materials aspect; b) the in-situ construction of
CEI via electrolyte tuning. Table S2 compares the
electrochemical improved performance promoted
by CEI modulations.

4.1. CEI modulations from the materials aspect

Firstly, from the material's aspect, electrolyte
solvents such as EC, will undergo oxidation on the
surface of LCO, forming organic-rich CEI at the
charged state [88]. Although some researchers
believe that the organic components have advan-
tages in reducing the conduction impedance of Li"
ions [13], the electrochemical stability of organic
CEI is unsatisfactory. It tends to undergo repeated
generation and dissolution during charging and
discharging processes [51]. Therefore, the regula-
tion of CEI needs to focus on the stability of CEL
which can effectively protect LCO [89]. From the
material's aspect, researchers have optimized the
CEI composition on surface of LCO generally
using the following two strategies, a) the surface
modification can affect the electrolyte decomposi-
tion pathway, and then influence the CEI film
species; b) the in-situ transformation of surface
coatings, i.e., transforming to new species which is
favorable for enhancing the physicochemical
properties of CEL

For the first strategy, researchers mainly focus on
the altered electrolyte decomposition process due
to the surface modification. For example, Liu et al.
have coated LCO with a layer of Li;Mn50;, (LMO)
[90], which alters the adsorption species on the
lithium-depleted LCO surface Hemlholtz layer
(IHL) from EC to PFg, and induces the formation of
more LiF in the CEI layer (Fig. 9a). The resulting
CEL enriching in the inorganic LiF components,
demonstrates superior stability, higher Young's
modulus, and thermal stability. They also per-
formed an in-situ heating TEM analysis of the CEI,
and found that, the optimized CEI maintained a
dense structure even heated to 500 °C. Wang et al.
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have designed LCO with Mg-rich surface and bulk
doping of Al and Ti [91]. The Mg-rich surface layer
stabilized CEI can suppress the decomposition of
LiPFs into Li,F,PO. and enhance the electronic
and ionic conductivities. Thus, it achieved a first
discharge capacity of 224.9 mAh-g™' at 3—4.6 V
and retained 78% of capacity after 200 cycles.
Zhuang et al. have designed LCO with LiMg,.
Ni; PO, coatings, which reduces the decomposi-
tion of electrolyte carbonate solvents and alkyl
lithium salt (ROCO,Li), and inhibits the conver-
sion of LiPFs to Li,PF,O. [72]. The LiMg,Ni; PO,
coating has been believed to help maintain the
stability of CEI of LCO upon cycling. Even after 200
cycles at 4.7 V, it could still provide 78% reversible

capacity. Zhang et al. have proposed that between
the surface-dispersed ZrO, nano-rivets and LCO
(Fig. 9b), there is a high interfacial energy, serving
as the favorable nucleation sites for the uniform
formation of CEI layer [92]. This continuous and
dense CEI ensures an 80% capacity retention for
LCO after 700 cycles at 4.6 V.

For the second strategy, researchers have
focused on the in-situ conversion of surface coat-
ings upon cycling, exploring how the derived Li"
conductive species improve the CEI properties. For
example, Ye et al. have coated LCO with a layer of
uniformly distributed amorphous Zr;(PO,), with a
thickness of about 5 nm [70]. The amorphous
Zr3(POy)4, after cycling, can facilitate the formation
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of more inorganic components containing LiF and
P—O bonds, resulting in the stable and low-
impedance CEI (Fig. 9¢). The optimized LCO dis-
played a capacity of 179.2 mAh-g ' at —25 °C
(0.2 C, 4.6 V) after cycling. Wang et al. have also
investigated the role of P—O bonds in CEI,
designing a coating layer on the surface of LCO
using Li1.5A10.5Ti1.5(PO4)3 (LATP) [83]. After sin-
tered at 700 °C, the coating formed olivine LizPO,
phase and spinel (Co;04 CoAl,O4 and Co,TiO4)
on the LCO surface. This coating can regulate the
CEI layer after cycling, inducing more LiF and
LizPO,4 productions in CEIL The high conductivity
and chemically stable LizPO, significantly reduces
the CEI impedance, and shows high thermal sta-
bility. Wang et al. have designed an artificial CEI
by a cross-linked structure obtaining from 3-ami-
nopropyltriethoxysilane (APTES) on the surface of
LCO [93]. This artificial CEI can strengthen the
surface Co—O bonds, and reduce the oxygen
release from the lattice. In contrast, bare LCO with
shortened Co—O bonds upon charge can lead to
the transition from O3 to O1. Zhou et al. have
grown Li,ZrO; layer on surface of LCO. The in-situ
neutron reflectometry (NR) results showed that
the electrolyte can fill the cavities in the CEI layer
during the initial cycles (Fig. 9d) [94]. Li,ZrO; can
react with electrolyte substances and impurities
like HF and H3;PO, in the cavities, generating LiF
and Li;PO,, and forming a dense inorganic CEIL
The high density CEI forces the Li" ions to un-
dergo an desolvation process to diffuse to the
inner layers through the solid-solid interface
within CEI, which can accelerate the desolvation
of Li* ions, resulting in the excellent rate perfor-
mance (the average voltage exceeding 3.8 V at
100 C).

4.2. CEI modulations from the electrolyte aspect

From the perspective of regulating CEI proper-
ties, in addition to focusing on the material's
aspect, the regulation of electrolytes cannot be
ignored. Traditional carbonate-based electrolytes,
such as EC, with a lower oxidation potential [95],
tend to form a porous and unstable CEI layer when
the voltage exceeds 4.3 V (vs. Li/Li") [96]. This
unstable CEI layer undergoes repeated decompo-
sition/regeneration during charge/discharge pro-
cesses [9], causing continuous damage to the LCO
surface. Additionally, the dehydrogenation reac-
tion of EC-based electrolytes at high voltages
triggers the decomposition of LiPF¢ into corrosive
HF acid [97], further inducing damage to the LCO
surface structure. Therefore, regulating electrolytes
to suppress side reactions are crucial for the

optimized interface chemistry, especially the con-
struction of a protective CEI layer.

The previous strategies achieving stable CEI of
LCO via electrolyte regulation mainly focus on the
following aspects: a) adding low-potential decom-
posable additives to traditional carbonate-based
electrolytes to inhibit continuous oxidative
decomposition at high voltages or to preferentially
form a robust CEI on LCO surface, effectively
isolating the LCO from electrolyte, b) designing
new electrolyte system using solvents with higher
oxidation potentials than EC-based electrolytes to
match the high-voltage LCO. Besides, the practical
application of batteries also requires the design of
novel wide-temperature-range electrolytes.

The presence of trace water in batteries is fatal
because trace water provides hydrogen when
LiPF6 is decomposed into HF acid [98]. The pres-
ence of HF accelerates the degradation of the LCO.
Researchers, such as Bizuneh et al., have focused
on the role of electrolyte additives on removing
water [99]. They have reported the utilization of 4-
nitrophthalic anhydride (NPA) to inhibit HF gen-
eration in electrolytes, and the —NO, groups on
NPA can further introduce LiN,O, to the CEI on
surface of LCO, which significantly reduces the
CEI impedance. The dehydrogenation reaction of
EC has been considered as the key factor in
inducing HF production at high voltages [100]. Yan
et al. effectively suppressed EC dehydrogenation
by adding potassium (4-methylsulfonylphenyl)
trifluoroborate (SPTF) in the traditional EC-based
electrolytes [101]. They confirmed the inhibitory
effect of SPTF on HF generation, and showed that
the SPTF can affect the nature of the CEI on LCO
surface. Compared to CEI formed with traditional
EC-based electrolytes, the CEI assisted by SPTF
had a thinner, higher Young's modulus, and more
stable characteristics.

In addition to inducing HF acid, carbonate-based
electrolytes, when in contact with highly deli-
thiated LCO surface, tend to form Li"-insulated
CEI rich in organic fluorides as the main compo-
nents [102], especially in the presence of PFs (a
decomposition product of LiPFs). Guo et al. have
reported that the bis-(benzenesulfonyl) imide
(BBSI) additive presents the highest binding en-
ergy with PFs under the influence of hydrogen
bonding, resulting in the stabilized PFs and regu-
lated CEI composition (Fig. 10a) [103]. Specifically,
BBSI can be decomposed preferentially on the
LCO surface, forming a CEI enriched with the Li*-
conductive components (Li,S-rich, low-content
LiF). The adsorptive ROSO,Li is considered to be
beneficial for forming a dense CEI, thus inhibiting
the reduction decomposition of carbonates [104].
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Fig. 10. (a) The BBSI additive constructed a uniform and high Li* conductive CEI on the surface of LCO. This CEI layer is composed of LiF and
conductive Li™ moieties (such as Li,S and Li3N), which can improve Li* migration. Reproduced with permission [103]. Copyright 2023, Wiley. (b)
DPD-F constructs F- and B-rich CEI on the surface of LCO, inhibiting the dissolution of transition metal ions and nucleophilic reactions between
the electrolyte and cathode. Reproduced with permission [106]. Copyright 2023, ACS. (c) A stable and dense SEI/CEI membrane constructed by
adding trace KSeCN to traditional carbonate electrolytes through synergistic effects of -Se and -C=N groups. Reproduced with permission [108].
Copyright 2023, ACS. (d) A fluorine sulfur electrolyte designed by using IF as an antifreeze to achieve low coordination number, high solvent
removal energy. The formation of abundant F radicals can construct a stable LiF rich CEI layer. Reproduced with permission [111]. Copyright
2022, RSC. (e) The open-loop polymerization of DOL eliminates trace water in an electrolyte, ensuring that LCO has good low-temperature
performance. The addition of Si-NCO promotes the formation of thin and inorganic rich CEL Reproduced with permission [112]. Copyright 2023,

Wiley.

Yang et al. have proposed that, the cyano group
(—CN) preferably coordinates with Co*" on the
LCO surface, reducing the true valence of Co, and
ultimately inhibiting the catalytic decomposition of
high-valent Co in carbonate-based electrolytes
[105]. The synergy of nitrile and FEC can regulate
the morphology and chemical composition of CE],
forming a dense, thin, and LiF-containing electron-
insulated CEIL The cells achieved 75% capacity
retention after 300 cycles at 3—4.6 V,30°C, and 1 C,
and 63% retention after 200 cycles at 55 °C. Sun
et al. have reported that the 1-(5,5-Dimethyl-1,3,2-
dioxaborinan-2-yl)-2-fluorobenzene (DPD-F) had a

lower oxidation potential than carbonate solvents
(EC, DMC, DEC), and could be preferentially
decomposed to form a CEI film on LCO surface
(Fig. 10b), which is dense, thin, and enriched with
LiF-rich inorganic components and boron-rich
organic components [106]. The function mecha-
nism is as follows, i.e., upon oxidation, the C—C
bonds in DPD-F break into radicals, following
with spontaneous polymerization, forming a
unique structure with an outer organic layer and
an inner inorganic layer, which is beneficial to Li"
conduction and capacity retention, enhancing the
cycle performance at 4.6 V or 70 °C.
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Furtherly, Liu et al. have introduced the 3-
(trifluoromethyl) phenyl isocyanate (3-TPIC) into
carbonate-based electrolytes, where the cleavage of
the C—F bonds in the —CFj; groups of the additive is
facilitated by the polar —NCO groups [107]. This
process results in the generation of more LiF. The
additive groups can interact with each other,
forming a heterogeneous structure on the surface of
LCO with polar amide groups and the coexistence
of LizN/LiF. In this structure, the lone pair electrons
of O atoms in the amide groups can facilitate the
Li" ions desolvation, thus accelerating the rate
performance. XPS studies and DFI/MD calcula-
tions further indicate that the enrichment of LizN at
the top of the CEL coupled with the enrichment of
LiF at the bottom, can favor the induction of Lit
transport from top to bottom in the CEI film,
thereby inducing uniform Li" transport dynamics.
Zhang et al. have added the impure mixtures of
LiDFBP containing 40wt% LiOTFP to the carbonate-
based electrolytes, to construct a double layer CEI
on LCO surface. Specifically, the outer CEI film is
enriched in characteristic compounds such as LiF,
P-B, and P-F, and the inner Co;O4 phase (2 nm),
which further suppress the phase transition of LCO
and Co dissolution.

Fu et al. added the potassium selenocyanate
(KSeCN) in the carbonate (EC/DEC) electrolytes
(Fig. 10c) [108]. The —C=N group in KSeCN has
lone pair electrons and can be easily coordinated
with Co*", forming a strong interaction with R-
C=N°-Co™"*, This interaction can delay the
oxidation and leaching of transition metal ions.
The -Se in additive can be easily combined with
Li*, forming a protective CEI layer on the cathode
and anode surfaces containing Se. Furtherly, Yang
et al. have achieved the in-situ polymerization of a
robust CEI on the cathodes (LCO and NCM) by
adding aluminum isopropoxide (AIP) to commer-
cial electrolytes [109]. The in-situ formed polymer
CEI with strong Al—O bonds ensures a stable CEIL
Furtherly, the organic-inorganic composite CEI
with polycarbonate, Al,O3; and AlF; components
plays a significant role on inhibiting the TMs
dissolution and electrolyte decomposition.

In addition to adding additives to traditional
carbonate-based electrolytes, researchers have
innovatively modulated the solvents of electrolytes
to meet the stability of electrolytes at higher
voltage or other harsher conditions, such as high
and low-temperature conditions. Zhang et al. have
designed a fully fluorinated electrolyte (1 mol-L™"
LiPF¢ in fluoroethylene carbonate/methyl (2,2,2-
trifluoroethyl) carbonate/1,1,2,2-tetrafluoroethyl-
2,2,3,3-tetrafluoropropylether ~ (FEC/FEMC/TTE)
[denoted as AFE] + 2wt% tris(trimethylsilyl)borate

(TMSB) [denoted as AFTB]) [110]. Comprehensive
TEM, TOF-SIMS, and XPS results have confirmed
the formation of a robust and inorganic-rich CEI
on the LCO surface, consisting of B-, Si- com-
pounds, and F-rich inorganic components. Liu
et al. have added the iso-butyl formate (IF) as an
anti-freezing agent to a fluorine-sulfur electrolyte
to design an electrolyte that can be used in the
extremely cold regions (Fig. 10d) [111]. The

designed electrolyte presented an ultra-low
melting point (—132 °C), ultra-low viscosity
(03 Pa's), and a high Li" concentration

(1.40 x 107" mol-s™"), achieving excellent cycling
performance at —70 °C. The electrolyte constructs
a stable LiF-rich CEI on the LCO surface. Jiang
et al. have replaced ester-based electrolytes with
cyclic ethers, specifically 1,3-dioxolane (DOL), to
design LCO batteries that can be operated in
extremely low temperatures (Fig. 10e) [112].
However, due to its tendency to be polymerized in
the presence of inorganic lithium salts and trace
water, the authors used trimethylsilyl isocyanate
(Si-NCO) as a water scavenger to eliminate water
through nucleophilic addition. This strategy ach-
ieves an in-situ formed robust CEI through poly-
merization, with strong Al-O bonds, ensuring
stable CEI. Additionally, the organic-inorganic
composite CEI with polycarbonate, Al,O; and
AlF; components inhibited TM-ion dissolution
and electrolyte decomposition.

Whether from the perspective of the material or
electrolyte engineering, the mechanism is to
regulate the electrochemical reactions on the sur-
face of LCO, thereby achieving the effective con-
struction of CEI during the cycling process. Surface
regulation of LCO, such as coating, may undergo
an in-situ transformation into customized CEL
Electrolyte engineering, on the other hand, in-
volves controlling the electrolyte decomposition
pathways and promoting the growth of specific
CEI on the surface of LCO. Both approaches share
the same goal and can be used in combination.
However, due to the diversity of combinations and
the uncertainty of electrochemical reactions arising
from different operating conditions, the mecha-
nism of interplay needs to be individually analyzed
in specific situations [113]. For example, Fan et al.
coated LizAlFs on LCO, simultaneously designing
a highly compatible fluorinated electrolyte to
jointly achieve high stability in LCO [68]. The
synergistic effect of the two resulted in the for-
mation of more Li,F PO,, which is considered to
have better interface stabilization capabilities.
Combining surface modification with the devel-
opment of new electrolyte formulations can effec-
tively passivate electrodes.
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5. Conclusions and prospects

In summary, we have systematically reviewed
the capacity decay issues and the related surface
modulations for developing more advanced LCO
cathodes. Based on the above reviews, some
prospects for the future research and development
of LCO materials are as follows:

(i) Since the current synthesis of the high-voltage
LCO is high-cost, time-consuming, and laborious,
more researches need to be conducted to explore
low-cost and high-quality manufacturing proced-
ure of the high-voltage LCO.

(ii) Researchers need to focus on developing
some specific LCO products to meet various re-
quirements in some extreme conditions, such as
high-rate discharging and/or charging, high-tem-
perature, and low-temperature conditions, etc.

(iii) To achieve the goal of developing LCO/Li
full batteries having a cut-off voltage of 4.55 V or
realizing a highly reversible capacity of
220 mAh-g ' of LCO seems to be a very difficult
task. More fundamental research works need to be
done to reveal the mechanism of stabilizing the
layered structure of LCO upon the highly deli-
thiated state.
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