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An ever-increasing market for electric vehicles (EVs), electronic devices and others has brought
tremendous attention on the need for high energy density batteries with reliable electrochemical
performances. However, even the successfully commercialized lithium (Li)-ion batteries still face
significant challenges with respect to cost and safety issues when they are used in EVs. From a cathode
material point of view, layered transition-metal (TM) oxides, represented by LiMO, (M = Ni, Mn, Co, Al,
etc.) and Li-/Mn-rich xLi,MnO3;-(1-x)LiMO,, have been considered as promising candidates because of
their high theoretical capacity, high operating voltage, and low manufacturing cost. However, layered
TM oxides still have not reached their full potential for EV applications due to their intrinsic stability
issues during electrochemical processes. To address these problems, a variety of surface modification
strategies have been pursued in the literature. Herein, we summarize the recent progresses on the
enhanced stability of layered TM oxides cathode materials by different surface modification
techniques, analyze the manufacturing process and cost of the surface modification methods, and
finally propose future research directions in this area.
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cycling stability, calendar life, and safety, while reducing the cost
of lithium (Li)-ion batteries (LIBs) (which are the dominant
power source for EV propulsion) become increasingly imperious.
However, cathode materials, the largest component by both
weight and cost in state-of-the-art LIBs, are still the main bottle-

Introduction

An ever-increasing market for electric vehicles (EVs), portable
electronic devices, drones, internet of things, etc. has brought
tremendous attention to the need for high energy density batter-
ies with reliable electrochemical performances. EVs, especially,

are penetrating transportation worldwide market in an increased
rate due to their high energy efficiency and environmental ben-
efits. The total number of global electric cars exceeded 5.1 mil-
lion in 2018, an increase of 62% from 2017, and is expected to
reach 23 million in the New Policies Scenario in 2030 [1]. Driving
range, price, and safety are always the primary concerns for EV
markets. Therefore, improving specific energy, power density,
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neck to reach these goals [2].

An ideal cathode for EV LIBs should exhibit the following fea-
tures: (1) high operating voltage; (2) high reversible capacity; (3)
high electronic/ionic conductivities to ensure high power den-
sity; (4) suitable structural stability for continuous Li* de-
intercalation and intercalation; (5) good compatibility with elec-
trolyte to ensure cycling stability, calendar life, and safety; and
(6) affordable price of raw materials and facile synthesis [3-6].
Generally, cathode materials can be structurally categorized as
layered, spinel, and olivine types, among which, layered
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transition-metal (TM) oxides have solidified their status as the
major choice of cathode materials in LIBs for EVs today [7,8].
Here, layered TM oxides refer to LiMO, (M =Ni, Mn, Co, Al,
etc.,, LMO) and Li-/Mn-rich xLi,MnO3-(1-x)LiMO, (LMR). LMO
cathodes have been widely developed for commercial LIBs due
to their comprehensive advantages regarding theoretical capac-
ity, operating voltage, and manufacturing cost [9,10]. LMR lay-
ered oxides are regarded as one of the most promising cathodes
and have attracted increasing attention in recent years due to
the high theoretical capacity of >280 mAh g~! and a high work-
ing potential of ~3.7 V, thus a high gravimetric energy density of
~900 Wh kg ! [11-13].

Despite the promising progress over the past years, these tech-
nologically important cathode materials have not yet fully met
the expectation for EV applications due to their intrinsically
physical and chemical drawbacks, as well as the dynamic struc-
tural transition during the electrochemical processes. First, the
intrinsic instabilities in the delithiated state of the layered TM
oxides, including side reactions with electrolytes, phase transi-
tion, structural degradation, TM cation dissolution, oxygen (O)
evolution, and cracking, considerably contribute to the voltage
and capacity decay and limited cycle life, which greatly hinder
their full success [14-18]. Especially, the side reaction on the sur-
face of the layered TM oxides with the electrolyte triggers others.
Residual moisture existing in the electrolyte hydrolyzes LiPF, to
generate hydrofluoric acid (HF), which can attack the surface of
the layered TM oxides, leading to TM cation dissolution. In addi-
tion, the electrolyte penetration from the surface to the inside of
cathode particles severely damages the structure and causes
cracking. Second, gas generation, mainly originating from the
decomposition of residual Li species, such as Li,CO3; and LiOH
on the cathode particle surface [19-21], and oxygen release from
the cathode material, leads to performance deterioration and
safety issues [22-24]. With the emergence of anionic redox reac-
tion (O*” - 0*) in LMR as a new paradigm to increase the
energy density, oxygen redox is always accompanied by irre-
versible oxygen release mainly at the surface, leading to inferior
rate capability and serious voltage and capacity fade, and even
triggering a thermal runaway event [25-27]. Third, the sensitivity
to air and moisture exposure makes the storage of LMO a hassle
practically [28,29]. Besides, the residual Li species generated by
exposure to air and moisture could act as conductive barriers
on the surface. Last but not least, kinetic processes including
Li* and electron transport and interfacial ion transfer are also
key factors in controlling the rate capability, polarization, and
usable capacity of the layered TM cathodes [30-32].

Global efforts have been devoted to addressing the above
mentioned issues, and surface modification has been proven to
be one of the most promising approaches. Scheme 1 summarizes
the issues deriving from the surface instabilities of LMO and LMR
cathode materials and the corresponding remedying approaches
reported in the literature. The cathode surface is chemically/elec-
trochemically active, which makes it severely prone to various
stability problems when in direct contact with the electrolyte.
As summarized in Tables 1-4, which are categorized by the types
of materials, surface control can be multi-functional and act as
inhibitors of phase transition, oxygen release and gas generation,
protective barriers for electrolyte decomposition and TM

dissolution, mechanical buffers, moisture and air shields, HF
scavengers, and electronic/ionic conductivity facilitator, greatly
enhancing the energy density, rate capability, cycle life, and
safety [33]. Defining the chemical/physical/structural changes
of the outer and inner surfaces as surface modification, three
types can be categorized: (1) surface coating, the dominant
strategies, including electrochemically inactive compounds coat-
ing (e.g., metal oxides, fluorides, and phosphates) [34-38], Li
impurities-reactive coating (Co3z0O4) [39] and Li-reactive coating
(MoO3) [40], Li ion conductive coating (LiTi,O4, Li;ZrO3 and Lis-
Mn;0;;) [41-43], conducting polymer coating (e.g., polypyrrole
(PPy), polyaniline (PANI) and poly(3,4-ethylenedioxythiophene)
(PEDOT)) [44-46], and other materials coatings, such as MXene
(e.g. Ti3C,Ty) [47] and conductive graphene matrix [48]; (2) gra-
dient structure design, including core-shell structures [49-52],
hierarchical architectures (i.e., multi-shell) [53-55], and concen-
tration gradient (CG) structures [56-58]; and (3) other surface
treatments, such as rinsing with water to form an oxygen-
depleted surface layer [59,60], utilizing atomic surface reduction
to alter the electronic structure of the surface [61], and surface
doping to form an enriched extrinsic ions surface [62].

There are a few review papers summarizing the issues and mit-
igation approaches for Ni-rich layered TM oxides or Li-/Mn-rich
layered TM oxides in the past years [14,17,18,63-67]. We provide
in this review a more comprehensive account of the strategies
employed in a unified manner for both Ni-rich and Li-/Mn-rich
layered TM oxides, which are promising cathode candidates for
LIBs and Li metal batteries, considering the work during the past
decade. With the understanding of the roles of surface control in
improving the electrochemical performances, we discuss the cri-
teria for proper designs of surface modifications regarding every
intrinsic interfacial issue. Finally, we present our perspective on
the future strategies being suitable for realizing a maximized sur-
face protection of layered TM oxide cathode materials to meet
the requirements for EV power sources in view of process and
cost.

Surface modification strategies to mitigate the

stability issues

Coating the surface of cathode particles with certain materials is
considered to be an easy and effective way to prevent side reac-
tions. Most of the coating materials basically have a physical pro-
tection effect that reduces the direct contact of cathode particle
surface with the electrolyte. Further, to avoid the limitation of
inhibiting charge transfer on the cathode surface by the coating
layer, an optimized content of the coating material and a homo-
geneous coating morphology are required. Based on the coating
materials applied for surface modification of the cathode materi-
als, shown in Tables 1-4, their functions are discussed in the fol-
lowing sections.

Strategies for reducing side reactions with electrolyte

HF scavenging

Trace amount of HF is always present in conventional LiPFe-
based liquid electrolytes because residual moisture is inevitable
in liquid electrolytes and the LiPFs salt is easily hydrolyzed
through reaction (1):

2
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Schematic illustration of the stability issues and the surface modification strategies.

LiPFs + H,O — LiF| + POF; + 2HF (1)

In addition, the high surface area electrodes also adsorb some
moisture during electrode and cell fabrication processes, which is
hard to be removed. Therefore, when the LiPF¢-based electrolyte
contacts moisture on electrode surfaces, more HF may be formed.
On the other hand, HF can also be generated through reactions
(2) and (3) at elevated temperatures:

LiPFs — LiF| + PFs (2)

PFs + H,O — POF; + 2HF (3)

It is well known that acidic species like HF in electrolytes can
attack the surface of TM oxide cathode materials, triggering the
dissolution of TM ions and capacity decay by the generation of
more soluble byproducts on the surface of the cathode as shown
in reactions (4), (5) and (6). Additionally, the TM ions dissolved
in electrolytes will move to and deposit on the surface of anode,
leading to increased cell resistance [15,68-70].

MnO + 2HF — MnF, + H,0 (4)
CoO + 2HF — CoF, + H,0O (5)
NiO + 2HF — NiF, + H,O (6)

To solve this issue, HF scavenging materials, which are mainly
based on the reaction with HF, have been widely employed to
form a coating layer on the surface of TM layered cathodes.
TiO, and SiO, are considered as good HF scavengers through
the following reactions accompanying with the formation of
Ti/Si—O-F and/or Ti/Si-F layers:

TiO, + 4HF — TiF4 + 2H,0 (7)
Si0, + 4HF — SiF, + 2H,0 (8)
SIOZ + 6HF — HleFG + ZHzO (9)

TiO, coated LiNig C00-Mng 0, (NCM622) [71] and LiNig g-
Coo.15Al 0502 (NCA) [72] exhibit improved cycling performance
even at high temperature (55 °C) after coating (Table 1), benefit-
ing from the HF scavenging ability of TiO,. Cho et al. [73] indi-
cated that the SiO, coating layer on the surface of NCM622
shows a superior absorption of HF, being effective in improving
cycle life even though with an electrolyte containing 1000 ppm
of water. SiO, coated Li; »Nip ,Mng O, cathode showed remark-
ably improved cycling stability compared to the bare one in elec-
trolytes with 1000 and 2000 ppm water separately due to the HF
scavenging capability of SiO, [74]. However, the abovemen-
tioned oxide-type HF scavengers are based on their sacrificial
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TABLE 1

HOdV3s3d

Summary of the surface modification using metal oxides.

Coating material Function Cathode active material Mass loading Voltage range Electrolytes Capacity retention after x cycles at Capacity [mAh g '] Ref.
[mg cm 2] [V vs. Li/Li*] charging/discharging C-rate at discharging C-rate
AlL,O; Thermal stability, LiNig5C00.15Al0.050> 28-44 1 M LiPFs EC/EMC/DMC 90.0%,100th at 1C/1C M2
Mitigating structural degradation (1:1:1 v/v/v)
Mitigating structural degradation LiNigsMng3C0,,0, 3.0-45 1 M LiPFg EC/DEC/EMC 85.0%, 100th at 0.5C/0.5C [113]
(1:1:1 viviv)
Mitigating structural degradation, LiNi;/5C01/sMny 50, 1 M LiPFs EC/EMC/DMC 96.0%,100th at 1C/1C 114]
Alleviating crack generation (1:1:1 v/v/v)
Alleviating crack generation 1 M LiPFg EC/DEC (1:1 v/v) 92.0%, 70th at 1C/1C (55 °C) [148]
Co30,4 Suppressing gas generation LiNiggC0g.15Al0.0502 28-43 91.6%, 100th at 1C/1C 39]
TiO, HF scavenging LiNigC002Mng 0, 25-43 85.9%, 100th at 1C/1C; 71
80.8%, 100th at 1C/1C (55 °C)
LiNio.80C00.15Al0.0s02 2.8-4.5 1 M LiPFs EC/DMC (1:1 w/w) 90.2%, 100th at 1C/1C; [72]
73.2%, 100th at 1C/1C (55 °C)
Mitigating structural degradation LiCoO, 98.4%, 50th at 1C/1C [121]
1 M LiPFg EC/DMC (1:1 v/v) 86.5%, 100th at 1C/1C [122]
Improving ion transport Li; 2Mng 54C00,13Nig 1302 82.1%, 200th at 0.5C/0.5C 200.1 at 5C 471
Si0y HF scavenging LiNig6C002Mno 0, 1M LiPFs EC/DMC (1:2 v/v) 97.0%, 50th at 0.5C/0.5C [73]
Si0, HF scavenging, Thermal stability Liy 2Nig,Mno,60; 1 M LiPFg EC/DMC (1:1 v/v) [74]
SnO, Thermal stability LiNig5C0g2Mng 30, 4.0 1 M LiPFg EC/DEC (3:7 v/v) 93.4%, 100th at 1C/1C [88]
+5wt.% LiDFOB
Thermal stability LiNig915C00,075Al0.0102 6.0-7.0 3.0-43 1.15 M LiPFs EC/DMC/EMC (1:2:2 v/v/v) 90.7%, 50th at 1C/1C [89]
Mitigating structural degradation LiCoO, 3.0-4.5 1M LiPFs EC/EMC/DMC > 60.0%, 500th at 1C/1C [115]
(1:1:1 viv/v)
MoO; Mitigating structural degradation LiNigsC001Mno,0; 17 1 M LiPF EC/EMC/DMC 94.8%, 100th at 1C/1C [40]
MoO; Alleviating crack generation Lis ;Mg s6Nio 16C00.080> (1:1:1 vAvv) 91.5%, 100th at 1C/1C [139]
Cr,0; LiNig.5C0015Alo 0502 1 M LiPFg EC/DEC (1:1 w/w) 92.4%, 50th at 0.5C/0.5C e
Nb,0s LiNiy3C0y/5Mn, 50, 102 1 M LiPFg EC/DMC (3:7 v/v) 70.0%, 100th at 1C/1C [125)
Zno Lis 2MNo 54Ni13C00.130; 25 1 M LiPFg EC/DMC (1:1 w/w) 97.5%, 100th at 0.2C/0.2C [140]
Zn0O LiNiggC00.15Al0.0502 30 1M LiPFs EC/DMC (1:1 v/v) 88.0%, 50th at 1C/1C [149]
z10, Alleviating crack generation LiNig5C001Mng 0, 105 1 M LiPFg EC/DEC (1:1 v/v) 89.4%, 100th at 0.3C/0.3C [150]
Al-Ti-oxide Mitigating structural degradation LiCoO, 1 M LiPF¢ EC/PC/DMC/EMC/VC 96.9%, 100th at 1C/1C 1171
AZO” Improving electronic conductivity LiCoO, 1 M LiPFg EC/DMC (1:1 v/v) 80.0%, 650th at 0.2C/0.2C 95.6 at 8C [202]
LiBO, Mitigating structural degradation LiNigsC0op;Mng 30, 20 1 M LiPFg EC/EMC/DMC 78.2%, 100th at 1C/1C 18]
(1:1:1 vvv)
LiBO, Alleviating crack generation LiNigsCog;Mng 30, 25-46 1 M LiPFg EC/DMC (1:2 v/v) 78.5%, 150th at 0.1C/0.1C (51
LBo” Alleviating crack generation LiNig5C00 15Al0.050> 42 275-43 1 M LiPFg EC/DEC/DMC 85.2%, 200th at 2C/2C [152]
Improving ion transport (1:1:1 v/viv)
LiNigC00 15Alg.050; 27-43 1 M LiPFg EC/EMC/DMC 91.5%, 50th at 1C/1C 145.0 at 5C 1167
LiCoO, (a VIVIV)
LBO® Improving ion transport 15mgcm 3.0-45 1 M LiPFs EC/DEC/DMC 84.4%, 100th at 1C/1C 95.0 at 10C [169]
LiCeO, Enhancing oxygen redox (1:1:1 viviv)
Liy 5Mng 5aNig 13C001305 1 M LiPFg EC/DMC (1:1 v/v) 84.3%, 200th at 1C/1C [157]
LiTio, Improving ion transport LiNig 315C00,15Al0,03505 40-50 23-43 1 M LiPFs EC/EMC/DMC 90.8%, 100th at 1C/1C 163.8 at 10C [168]
(1:1:1 vAV/v)
Li,TiOs Improving ion transport LiNigsC00.15Alp 0502 20 27-43 1 M LiPFg EC/DEC/DMC 84.0%, 400th at 0.5C/0.5C 107.0 at 10C [170]
Mitigating structural degradation, Thermal stability (1:1:1 v/v/v)
Li,TiOs LiNig sCop,Mno 30, 50 3.0-46 1 M LiPFs EC/DMC (1:1 w/w) 92.4%, 100th at 1C/1C 119
Li,ZrO5 Thermal stability, LiNigsC0p1Mn;0, 28-45 83.2%, 200th at 1C/1C 164.7 at 10C [43]
Improving ion transport
Li,ZrOs Mitigating structural degradation LiCoO, 4.0 3.0-4.5 1M LiPFs EC/DMC 85.2%, 100th at 5C/5C [120]
Li,CO; Alleviating crack generation LiNig 7C0g.15Mng 150, 4.0 1.2 M LiPFg EC/EMC (3:7) 92.8%, 100th at 0.33C/0.33C [153]
Improving ion transport LiNigC00,Mng 0, 37 1M LiPFg EC/DMC (1:1 v/v) 85.5%, 100th at 0.2C/0.2C 157.9 at 10C 71
Li,SiO3 Improving ion transport Liy 2Mng 54Nig.13C00.1302 25 85.1%, 100th at 1C/1C 146.5 at 2C [172]
Li,SiO5 Interfacial stabilization, Lir.13Nig 30Mno.570, 1 M LiPFs EC/DMC 67.3%, 300th at 1000 mA/g/1000 mA/g 123.0 at 400 mA/g 73]
Reducing oxygen redox Liy 2MnggNig .05 20 98.0%, 200th at 1C/1C [158]
LiAIO, Improving ion transport Li(Lig.17Nio.2C00 0sMNg 58)O2 1 M LiPFg EC/DMC (3:7 v/v) 91.3%, 70th at 5C/5C 144.5 at 5C [174]
LiAlO/LiCo4_,AlO> Mitigating structural degradation LiCoO, 1M LiPFs EC/DEC/EMC 73.0%, 500th at 1C/1C [123]
(1:1:1 v/v/v)
LiTaOs Improving ion transport Li1 2Nio.17Mn.56C00.0702 1 M LiPFg EC/DMC (1:1 v/v) 80.3%, 200th at 0.1C/0.1C 172.4 at 3C [30]
LLTO® Improving ion transport Li; 52Nig2Mng 60, 1 M LiPFg EC/DEC (1:1 v/v) 86.5%, 100th at 1C/1C 114.1 at 5C [175]
LLTO? Suppressing gas generation LiNig sC02Mno 0, 1 M LiPFs EC/DMC/EMC 83.5%, 100th at 1C/1C [105]

(3:3:4 v/V/v)

a) AZO: Aluminum doped zinc oxide, b) LBO: Lithium boron oxide, c) LLTO: Lithium lanthanum titanium oxide
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reactions with HF to form fluoride compounds and H,O, so they
will later still face the original challenges because more water is
generated during HF scavenging and this newly formed water
can continue to hydrolyze LiPF¢ salt to generate new HF. There-
fore, such scavenging method by using metal oxides as coating
materials is not efficient although it may give protection to the
cathode materials for a certain period of time.

Alternatively, inorganic phosphate compounds like LizPOy4
have been applied as a HF scavenger without generating extra
H,O. Jo et al. [75] suggested that the concentration of HF
detected in the electrolyte after cycling was significantly reduced
with a LizPO,4 coating layer on the surface of NCM622 cathode
through the following manner:

Li;PO, + HF — Li,H,PO, (or PO H,) + LiF (10)

The dissolved TM ions were also greatly decreased in LizPOy-
coated NCM622 benefiting from the reduced amount of HF in
the electrolyte, which is well known to accelerate the gradual
degradation of cathode active materials. Fig. 1a shows the HF
titration and TM dissolution results for the electrolytes from
the cells with bare and LizPO,4 coated NCM622 (1 wt.%) cathodes
after 150 cycles. The concentration of HF was greatly reduced to
92 ppm for the coated cathode, compared to 239 ppm for the
bare cathode. Due to the reduced HF in the electrolyte of LizPOy4-
coated NCM622 cell, the amount of dissolved TM ions was also
significantly decreased. For these reasons, the LizPO,4 coating
layer led to good cycle performance, suppressed side reactions,
and good structural stability, as shown in Fig. 1b.

Besides the replacement reaction with coating materials to
consume HF, Lewis basicity of some polymers has also been uti-
lized to scavenge HF. Kim et al. [76] developed a semi-
interpenetrating polymer network (semi-IPN), which composes
thermally stable cross-linked polyimide (PI) and polyvinylpyrroli-
done (PVP), on the surface of LiCoO, (LCO) cathode materials.
The PI/PVP coating layer exhibits significant HF-scavenging capa-
bility through the Lewis basic sites of pyrrolidone ring in PVP
(Fig. 1c), as evidenced by the broadened X-ray photoelectron
spectroscopy (XPS) peak corresponding to the nitrogen (N) atoms
of pyrrolidone rings after the electrolyte absorption, which indi-
cates the formation of N-H bonds. Such a chemically functional
polymeric coating layer greatly improves the electrochemical per-
formance. In addition, the contents of contaminated species (e.g.
Li,F*) on the LCO surface and deposited Co compounds (pre-
sented by yellow dots in Fig. 1d) on the graphite anode surface
after cycling are significantly decreased by suppressing the
unwanted interfacial side reactions. Accordingly, surface modifi-
cation strategies using HF-reactive metal oxides, phosphate com-
pounds, and polymers including the Lewis basic sites have been
successful in enhancing the cycle stability of TM layered oxide
cathodes by mitigating the formation of acidic species.

Stabilizing cathode-electrolyte interphase

Some coating layers can act as an artificial cathode electrolyte
interphase (CEI) on the surface of cathode materials to suppress
electrolyte invasion and enhance the interfacial stability. Yim
and coworkers [77] designed a sulfonate (SO3)-based organic
CEI layer on LiNipgCop1Mng 10, (NCM811) cathode material.
The CEI layer was synthesized by a quaternization reaction of sul-

fonate precursor, which was immobilized on the surface of cath-
ode material by a wet-coating process. The developed SO3-based
CEI layer not only enhances the long-term cycling performance
of NCM811 cathode but also improves the rate capability due to
a suppression of undesired electrochemical reactions between
NCMS811 and electrolyte by the sulfonate functional groups (-
S=0- and -S-0O-) and the improved Li ion migration by the par-
tially negative charges on the sulfonate functional groups that
can bind with Li*. According to a study by Son et al., [78] a uni-
form and thin artificial CEI layer (~10 nm) consisting of LiICO3R
and Li,COj is conformally generated on LiNipsCop1Mng 30,
(NCM613) surface through a reaction with CO, and CH4 mixed
gas by a chemical vapor deposition (CVD) process in a self-
limited manner. Benefiting from this gas phase coating, the arti-
ficial CEI layer has penetrated deep inside the core of each sec-
ondary particle as demonstrated by transmission electron
microscopy (TEM) and energy dispersive X-ray spectroscopy
(EDS) analysis (Fig. 2a and 2b). This artificial CEI layer exhibits
superior interfacial stability in terms of greatly mitigated side
reactions with electrolyte, and suppressed oxygen evolution,
maintaining the structural stability during cycling. Thus, the arti-
ficial CEI coated NCM613 cathode shows improved battery per-
formance at different cut-off voltages and temperature
conditions (Fig. 2¢) and clearly diminished metal-ion dissolution.

As for the LMR cathode materials, their high specific capacity
of >280 mAh g~ ! can only be achieved at voltages above 4.5V
(vs. Li/Li") after the electrochemical activation of monoclinic Li,-
MnOs;. However, in this process, LMR cathode materials suffer
from formidable challenges like low initial Coulombic efficiency
(CE) and phase transition from layered to spinel, triggering volt-
age decay [7,79]. Furthermore, interfacial side reactions of LMR
cathodes with liquid electrolytes severely occur, causing elec-
trolyte decomposition and depletion as well as TM dissolution
from LMR cathodes. Considering the continuous formation of
spinel structure during the cycling of LMR at high voltages,
researchers purposely generated a spinel layer on LMR particles
to delay the fading of LMR cathodes. The preformed spinel layer,
which is generated by the chemical removal of Li* from Li,-
MnOj3, has a three-dimensional (3D) lattice structure. This 3D lat-
tice structured spinel layer provides enhanced kinetics for Li*
transport, correspondingly improving the CE during the first
charge/discharge cycle. In addition, the preformed spinel layers
prevent not only the interfacial side reactions between inner lay-
ered structure and electrolytes but also further phase transforma-
tions (layered to spinel) which cause structural disruption during
cycling [80-82]. Liu et al. [83] coated CaF, on Li; ;Mng s4Nig 13-
Co00.1302, which results in enhanced cycling performance and
reduced charge-transfer resistance. The CaF, coating layer seems
to promote the formation of inactive O, molecules by accelerat-
ing phase transformation to spinel structure during coating pro-
cess, thus it acts as a buffer layer between the cathode and the
electrolyte, suppressing the degradation of the interface. It is
indicated that such preformed spinel layers on LMR cathodes
can improve the interfacial stability between the cathode and
the electrolyte.

Moreover, the preformed spinel phase on LMR cathode sur-
face can also be achieved by coating strategies involving a chem-
ical extraction of Li ion from the LMR surface [84,85], or relying
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TABLE 2

HOdV3s3d

Summary of the surface modification using phosphates and fluorides.

Coating material Function Cathode active material Mass loading Voltage range Electrolytes Capacity retention after x cycles Capacity [mAh g '] Ref.
[mg cm 2] [V vs. Li/Li*] at charging/discharging C-rate at discharging C-rate
LizPO, HF scavenging LiNigC0g,Mng 0, 3.0-43 1 M LiPFg EC/DMC (3:7 v/v) 94.1%, 150th at 1C/1C 150.0 at 10C [75]
Improving ion transport 2.0-3.0 28-47 1 M LiPFg EC/DMC (1:1 v/v) 79.7%, 100th at 1C/1C [92]
LiCoO, 3.0-4.5 79.3%, 100th at 1C/1C; [93]
78.2%, 100th at 1C/1C (50 °C)
LiNio.815C00.15Al0.03502 4.5 2.75-43 1M LiPFg EC/DEC (1:1 v/v) 92.7%, 100th at 0.5C/0.5C [94]
Alleviating crack generation LiNig76Mng 14001002 4.0-5.0 27-45 1 M LiPFg EC/DMC (1:2 v/v) 91.6%, 200th at 0.33C/0.33C 371
LiNig gC00.1Mno 102 19 1M LiPFg EC/EMC (3:7 v/v) 85.0%, 200th at 0.33C/0.33C [156]
Alleviating crack generation, 25-43 96.0%, 100th at 95 mA/g/95 mA/g [159]
Inhibiting moisture/air exposure
Inhibiting moisture/air exposure LiNio.04C00.0602 1 mAh cm™2 1 M LiPFg EC/EMC (3:7 v/v) 80.0%, 1000th at 0.5C/0.5C [163]
+2wt.% VC
Improving ion transport LiNig gC0g.1Mng 10, 20 3.0-44 1M LiPFs EC/DEC/DMC 92.6%, 100th at 1C/1C 159.4 at 8C nz71
Li(Lio2Mno 54Nig.13C00,15)0; 35 20-48 (1:1:1 VAVAY) 85.0%, 100th at 0.5C/0.5C 129.1 at 2C [185]
LisPO,L/C Improving ion transport Liy 2Nig13C00.13MNo 5402 20-46 1 M LiPFg EC/DMC (1:3 V/v) 75.1%, 200th at 0.5C/0.5C 98.5 at 33.3C 11761
LisPO4~ CNT Thermal stability, LiNi.6C00.,Mno 0, 3.0-45 84.8%, 500th at 0.5C/0.5C [96]
Inhibiting moisture/air exposure
MnPO, Improving ion transport LiNig 4C00,Mn040; 3.8-62 3.0-43 1 M LiPFg EC/DMC (1:1 v/v) 102.7%, 100th at 10C/10C 101.5 at 10C [178]
LiNig6C00,Mng0, 1.8-22 30-46 1 M LiPFg EC/DMC (1:1 v/v) 70.7%, 50th at 10C/10C 114.5 at 10C [179]
+1wt.% VC
LaPO, LiNig §C0p1Mng ;0, 3.0-4.3 91.2%, 100th at 1C/1C 124.0 at 10C [180]
YPO, Mitigating structural degradation LiNig 55C00,09Al0,0302 ~20 27-45 1 M LiPFs EC/EMC/DMC 88.9%, 100th at 1C/1C [128]
(1:1:1 V)
AIPO, Thermal stability LiNig 33C0033Mno 330, 85 2.75-45 1 M LiPFg EC/EMC (3:7 v/v) 87.2%, 100th at 1C/1C [95]
+2wt.% VC
Al,O5-AIPO, Inhibiting moisture/air exposure LiNig sCog,Mng30; 3.0-46 1 M LiPFg EC/DMC (1:1 v/v) 95.5%, 50th at 0.2C/0.2C [61]
Amorphous phosphate Mitigating structural degradation LiNig gC0g 15Alg,0502 3.0-4.5 68.8%, 300th at 5C/5C 271
Mn3(PO,), Thermal stability, LiNio¢C0o,Mng 05 1.1 30-43 1 M LiPFg EC/DMC (1:2 V/v) 92.6%, 50th at 0.5C/0.5C [971
Mitigating structural degradation
NaTi,(POy4)3 Improving ion transport 15.0 3.0-4.6 1 M LiPFs EC/EMC/DMC 85.3%, 100th at 0.5C/0.5C 165.6 at 10C 81l
LiZr,(PO)s LiNig52C00.15Al0030> 3.0-40 27-43 (1:1:1 V) 84.6%, 100th at 1C/1C 151.7 at 5C 182
Lis 3Alo3Tiy 7(PO,)s Li; 5Nig2Mno60, 20-438 1 M LiPFg EC/DMC (1:1 v/v) 89.1%, 80th at 0.2C/0.2C 68.9 at 10C [183]
LAGP? Mitigating structural degradation, LiCoO, 3.0-4.5 1 M LiPFg EC/DEC (1:1 w/w) 91.8%, 300th at 0.3C/1C 163.0 at 6C [124]
Improving ion transport
CaF, Interfacial stabilization Li; 5Mng saNig 13C001305 50-64 20-438 1 M LiPFs EC/DMC/DEC 91.2%, 80th at 0.2C/0.2C (83
(1:1:1 viviv)
AlF; Thermal stability, LiNigsC00.15Al0 0502 27-43 1 M LiPFg EC/DEC (1:1 v/v) 86.2%, 1000th at 1C/1C [90]
Alleviating crack generation
Thermal stability Li(Lig15Nig.16C00.05Mno.57)0; 20-46 1 M LiPFg EC/DMC (1:3 v/v) 91.6%, 100th at 0.5C/0.5C [91]
Thermal stability, Li(Lig >Nig 17C00.07Mno.56)05 20-438 1 M LiPFg EC/DMC (1:1 v/v) 83.1%, 50th at 0.1C/0.1C 1421
Mitigating structural degradation
Mitigating structural degradation Li(Lio.17Nio.25sMno 58)O2 1 M LiPFg EC/DMC (3:7 v/v) 83.0%, 200th at 5C/5C [144]
LiF Liy 2Nig13C00.13MNg 5405 1 M LiPFg EC/DMC (1:1 v/v) 93.0%, 1000th at 10C/10C [38]
LiF/Li,PF,0, 20-46 1 M LiPFs EC/EMC/DMC 91.2%,100th at 1000mAh/g /1000mAh/g [43]
(1:1:1 viviv)
NaF 32 20-4.8 1 M LiPFg EC/DMC (1:1 v/v) 85.0%, 1000th at 10C/10C [35]
LiAIPO; o3F1 07 Improving ionic/electronic conductivity LiCoO, 2.75-4.55 1 M LiPFg EC/DEC/EMC 91.7%, 50th at 0.5C/0.5C 161.0 at 4C [184]

(1:1:1)

a) LAGP: Li; sAlosGeq 5(POy)s.
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on an acid treatment of LMR to allow an ion-exchange reaction
between Li* and H* [86,87]. Song et al. [84] studied graphene
oxide (GO) wrapped Li; ;2Mng 54Nig.13C00.1302 (LLNCM) with L-
ascorbic acid (LAA) aqueous solution immersion and heat treat-
ment to generate a graphene-spinel double protecting layer on
the surface of LLNCM cathode material. The acidic environment
provided by GO and LAA results in some ion exchanges between
Li* and H* ions, and the removal of H* ions from the surface dur-
ing heating process leads to the formation of both reduced GO
(rGO) and vacancies and consequently the thermodynamically
stable spinel phase. Besides, rGO may lead to the reduction of
TM ions with high oxidation states during the heating process
and such reduction effects also contribute to spinel formation
on the surface of LLNCM. The newly formed spinel surface as
an interfacial protective layer effectively suppresses further phase
transition in LLNCM upon cycling. In a similar way, rGO coating
0.4Li,Mn0O3-0.6LiNi;;3C0;,3Mn; 30, (HGO) by sol-gel process
with hydrazine solution was also proposed [85]. It is demon-
strated by high-resolution TEM (HR-TEM) that not only
~1.14 nm of rGO layer but also ~3 nm of chemically activated
layer are formed on the cathode surface by this modification
(Fig. 2d). Fig. 2e shows that rGO coated cathode produces
improved initial CE by the stabilization effects. As shown in
Fig. 2f, the combination of the thin rGO coating layer and the
activated layer via the chemical treatment effectively enhances
the surface electronic conductivity, suppresses the side reactions,
and maintains structural stability during the cycling for HGO
cathode. These results prove that forming a thin spinel layer
on LMR surface through surface modification with ion-
exchange can provide interfacial stability to LMR cathodes. How-
ever, caution should be paid to avoid the possibility that acid
treatment may cause a structural disruption of the LMR cathode,
resulting in subsequent loss of electrochemical sustainability.
Artificial CEI layers are mostly generated by the interfacial reac-
tion between the coating material and the elements on the sur-
face of cathodes. The stabilized surface of layered TM oxides
cathodes benefiting by an artificial CEI layer can not only inhibit
undesirable side reactions but also prevent structural degradation
from spreading to the inner layered structure.

Ref.
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8
9
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186
126]
[155]

137.0 at 3C

at discharging C-rate
180.0 at 5C

Capacity [mAh g ']
106.3 at 10C

113.0 at 12C

162.8 at 5C

147.0 at 7C

Capacity retention after x cycles
at charging/discharging C-rate
83.1%, 300th at 0.2C/0.2C

78.7%, 100th at 1C/1C

94.4%, 100th at 5C/5C

85.4%, 50th at 0.5C/0.5C

89.9%, 100th at 0.2C/0.2C
91.0%, 100th at 0.5C/0.5C
90.0%, 60th at 0.2C/0.2C;

72.6%, 60th at 0.2C/0.2C (55 °C)
89.4%, 200th at 2C/2C

95.0%, 100th at 0.5C/0.5C
94.4%, 100th at 5C/5C
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87.0%, 300th at 0.5C/1.0C
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85.8%, 40th at 5C/5C

LiPFs EC/DMC/DEC

(1:1:1 viviv)

1 M LiPFs EC/EMC/DMC (3:6:1 v/v/v) 1 wt.%

VC 0.5 wt.% 1,3- propane sultone
1.15 M LiPFs EC/DMC/DEC(3:4:3 v/v/v)

1 M LiPFg EC/DMC/DEC
(1:1:1 v/v/v)
1 M LiPFg EC/EMC (3:7 v/v)

1 M LiPFg EC/DMC (1:1)
2 wt% VC 5 wt% FEC

Electrolytes

Voltage range
IV vs. Li/Li*]
20-47
275-45

4.8

4.5
28-45
3.0-45
27-43
3.0-45
3.0-43

Mass loading

[mg cm ]
3.0-5.0
5.0-6.0
~12.0
~12.0
~8.0

0.4Li;Mn03-0.6LiNiy3C01,5Mn; 50,

LiCoO,
Li1.17Nio 2C00,0sMNo 5602

Cathode active material
Li1 2MNg.54C00.13Nig.1302
LiNio 85C00.09Al0.0302
Al-doped LiCoO,

LiNig 5C002Mng 30,
LiNig8C00.1Mng 102
LiCoO,

LiNio gC00.15Al0.0502

LiNig gC00.1Mng ;0,
LiNig§C00.15Al0.0502

Enhancing thermal stability

Layered TM oxide cathode materials have safety concerns result-
ing from thermal runaway especially at the charged state because
of structural instability and electrolyte decomposition. In terms
of controlling the surface of the cathode, coating strategy has
been considered as an effective way to provide thermal stability.
Among a variety of candidate materials [88-97], metal phos-
phates [92-97] have been preferred because of their strong P-O
bonding. Ming and coworkers [95] introduced a uniform and
ultrathin AIPO, coating layer on the surface of LiNi;/;3C0q,3-
Mn;,30, (NCM111) cathode material via an in-situ coating
approach based on an organic ligand coordination complex.
The coating layer delivers an extraordinary anticorrosive and
antioxidation capability which benefits from the strong covalent
bond between AI** and PO}, enabling superior thermal stability
in the cells with AIPO4 coated NCM111 cathode as confirmed by
both overcharge experiment (Fig. 3a) and high-temperature stor-
age performance (Fig. 3b). As shown in Fig. 3a, during overcharge
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Thermal stability,
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Alleviating crack generation
Improving ion transport
Alleviating crack generation
Alleviating crack generation,
Improving ion transport

Thermal stability,
Improving ion transport

Thermal stability
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Thermal stability

Function

nanostructured stabilizer

Spinel (Co30,4-Li,Co0,) Layered LiCoO,
LiCoO, glue layer

Spinel LiNigsMn; sO4-shell
Spinel LiNigsMn; 504
Spinel Li,C0,04

Spinel LisMnsO,,
LiTisO»

Coating material
Li5V2(POy); (LVP)

LiFePO,

Summary of the surface modification using spinel, olivine, and layered active materials.

TABLE 3
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TABLE 4

HOdV3s3d

Summary of the surface

modification using organic materials and some special surface treatments.

Coating material Function Cathode active material Mass loading Voltage range Electrolytes Capacity retention after x cycles Capacity [mAh g '] Ref.
[mg cm 2] [V vs. Li/Li*] at charging/discharging C-rate at discharging C-rate
Polyimide Thermal stability LiNi;3C04/3Mn; 50, 28-4.8 1 M LiPFg EC/DMC (1:1 v/v) 66.0%, 50th at 1C/1C 98]
LiCoO, 3.0-44 1 M LiPFg EC/EMC (1:2 v/v) 85.0%, 50th at 0.5C/0.5C [99]
Liz 2Nig.13Mng 54C00 130, 20-48 1 M LiPFs EC/DMC (1:1 V/V) 90.6%, 50th at 0.1C/0.1C [100]
PI/PVP? HF scavenging, Thermal stability LiCoO, 16.0 3.0-44 1 M LiPFg EC/EMC (1:2 v/v) 85.0%, 80th at 0.5C/0.5C [76]
PDMS® (-OH) Inhibiting moisture/air exposure LiNiogC00.1Mng 10, 22-24 1 M LiPFg EC/EMC/DMC 75.3%, 200th at 0.5C/0.5C [164]
(3:4:3 v/v/v)
OPA? ~4.0 28-43 1M LiPFg EC/DMC/EMC 74.3%, 197th at 0.5C/0.5C [165]
PMMA Improving ionic conductivity 45-5.1 (1:1:1 viviv) 91.2%, 100th at 1C/1C 157.8 at 20C [193]
PANI? Improving electronic conductivity Li(Lio 2Mno,54Nig13C00.13)02 20-438 1 M LiPFs EC/DMC (1:1 V/V) 1986 at 10C [194]
PANI-PVP® Improving ionic/electronic conductivity LiNig5C001Mng 10, 44-46 28-43 1 M LiPFs EC/DMC/EMC 88.7%, 100th at 200mAh/g/200mAh/g 152.0 at 1000 mAh/g [44]
(1:1:1 vVN)
PANI-PEG” 4.0 1M LiPFs EC/DMC/DEC 92.4%, 100th at 1C/1C; 156.7 at 10C [195]
(1:1:1 v/iviv) 81.4%, 100th at 1C/1C (55 °C)
PEDOT? Thermal stability, LiNi;/3C01/3Mny30;, 3.0-46 1 M LiPFs EC/EMC (3:7 V/V) 91.1%, 200th at 1C/1C [45]
Alleviating crack generation, LiNig 5C00 1Mn,0505 27-43 91.0%, 100th at 1C/1C
Mitigating structural degradation Li; ;Mg saNig13C00 1305 20-48 93.0%, 100th at 0.1C/0.1C
PEDOT:PSS" Improving electronic conductivity Liy 5Nig,Mno O, 1 M LiPFs EC/DMC (1:1 V/V) 51.6%, 100th at 1C/1C 146.9 at 2C [203]
NPPy” Mitigating structural degradation Liy 4Mng gNig 2C0005.4 20-46 89.0%, 200th at 0.5C/0.5C [146]
L13P04,PPy" Improving ionic/electronic conductivity LiNig gC0g.1Mng ; 0, 28-45 86.5%, 200th at 1C/1C 159.7 at 10C [46)
1GOY Improving electronic conductivity LiNig ¢C0p;Mng 50, 3.0-46 1.15 M LiPFs EC/DMC/DEC (3:4:3 V/V/V) 98.1%, 100th at 0.1C/0.1C 1326 at 10C [196)
Improving ionic/electronic conductivity LiNig 515C00,15Al0,03502 275-43 1 M LiPFs EC/DMC/DEC 91.7%, 100th at 1C/1C 127.0 at 5C [197)
(1:1:1 v/viv)
rGO-LAA" Interfacial stabilization, Thermal stability Li1 sMng 5aNig 13C001302 40-50 20-438 1 M LiPFs EC/DEC (1:1) 125.0 at 10C [84]
Improving electronic conductivity
rGO-hydrazine Interfacial stabilization, 0.4Li;Mn0O5-0.6LiNi; sMn, 3Co,,30, 4.0-4.2 20-4.6 1.15 M LiPFs EC/DMC/DEC (3:4:3 v/v/v) 78.0%, 100th at 0.1C/0.1C 160 at 12C [85]
Improving electronic conductivity
rGO-KH560 polymer Thermal stability, LiNiggC0g1Mng;0; 3.0-45 1 M LiPFg EC/DEC/equilibrium moisture content (1:1:1 v/v/v) 95.2%, 150th at 1C/1C 1406 at 1C [198]
composite layer Improving electronic conductivity
Grephene Improving electronic conductivity LiNio.8C00.15Al9.0502 28-43 1.2 M LiPFg EC/DEC/EMC (1:1:1 v/v/v) 82.1%, 100th at 5C/5C 153.6 at 5C [199]
Porous active carbon LiNi;/3C04/3Mn; 30, 5.0 25-45 1M LiPFg EC/DMC (1:1 v/v) 90.3%, 100th at 1C/1C 54.6 at 40C [200]
Carbon fiber LiNio55C00.06MNo 0602 20 28-43 1.2 M LiPFg EC/EMC (3:7) 67.3%, 150th at 0.5C/0.5C 137 at 10C [201]
SO; Interfacial stabilization LiNiosC0p1Mno0, 95 3.0-43 1 M LiPFs EC/EMC (1:2) 97.4%, 50th at 1C/1C 771
CVD with mixed CO,/CH, gases LiNiosC0p1Mno 50, 54-162 25-45 1.3 M LiPFg EC/DEC/FEC (2:6:2 V/V/V) 99.5%, 100th at 1C/1C (78]
0.1 M H;SO,4 Suppressing gas generation Liy.16Nio.20C00.20MNg 4402 25-48 1M LiPFg EC/DEC (3:7) 80.0%, 100th at 0.2C/0.2C [106]
TMA™ 0.35Li,MNn03-0.65LiNio 3sMNg.45C00.2002 20-47 [61]
[1071
Soaking in H,0 LiNio¢C0oMng0; 28-48 1 M LiPFs EC/DEC [59]

a) PI/PVP: Polyimide-Polypyrrolidone, b) PMDS: Polydimethylsiloxane, c) OPA: Octadecylphosphonic acid, d) PANI: Polyaniline, e) PANI-PVP: Polyaniline-Polypyrrolidone, f) PANI-PEG: Polyaniline-Polyethylene glycol, g) PEDOT: poly(3,4-ethylene-

dioxythiophene), h) PSS: polystyrene sulfonate, i) NPPy: Naphthalene sulfonic acid-doped polypyrrole, j) PPy: Polypyrrole, k) rGO: reduced graphene oxide, I) L-ascorbic acid: LAA , m) TMA: trimethylaluminum.
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(a) HF titration and TM dissolution results for the electrolytes from the cells using bare and Li;PO4 coated NCM622 after cycling; (b) Schematic illustration of
byproducts on the surfaces of bare and LisPO, coated NCM622 after cycling. Reproduced with permission [75]. Copyright 2015, Springer Nature. (c) A
conceptual illustration depicting multifunctional benefits of PI/PVP nanoencapsulating layer on the interfacial stability between delithiated LCO and liquid
electrolyte; (d) TOF-SIMS depth profile (up) of Li,F* concentration on LCO surface and EDS images (down) showing Co elements (represented by yellow dots)
deposited on anode surface for a cell incorporating pristine LCO (inset image is for PI/PVP-LCO) after 80 cycles. Reproduced with permission [76]. Copyright
2014, Springer Nature.

to 10.0V of 1.0 Ah pouch cells, the cell with AIPO, coated
NCM111 exhibits a temperature of ~36 °C at 5.5 V, while the cell
with pristine NCM111 shows severe thermal runaway at 5.06 V
with a sharply increased temperature of 90 °C within a few sec-
onds. In Fig. 3b, during the storage of the batteries at fully
charged state under 100 °C, the battery with the coated cathode
presents a much suppressed voltage decay with the battery volt-
age maintained at 4.0 V for 6 days, but the voltage value drops to
3.93 V for the battery with the pristine NCM111 (Fig. 3b). More-
over, the AIPO4 coating significantly enhances the cell perfor-
mance of NCM111 at high voltage with preserved structural
stability.

As a thermally stable organic material, PI has been introduced
onto the surfaces of several cathode materials via in situ thermal
imidization of the related precursors [98-100]. Park et al. [98]

studied the thermal behavior of NCM111 cathode coated with
a thermally cross-linked PI thin layer. As observed in differential
scanning calorimetry (DSC) thermograms, PI coated NCM111
shows a noticeable reduction in the total amount of heat gener-
ation and a higher exothermic peak temperature when compared
to the pristine NCM111 during charging to 4.6 and 4.8 V. The
DSC results indicate the thermally stabilized interface between
the cathode and liquid electrolyte in PI-coated NCM111 cathode,
which should be ascribed to the effective protection enabled by
the highly wrapped PI layer on the cathode surface. In addition,
the PI coating layer can provide the coated cathode a high ionic
conductivity of 0.15 mS cm~' when swelling with the carbonate
liquid electrolyte. Consequently, the chemically stable PI-coated
NCM111 cathode delivers an improved capacity retention even
with a 4.8 V cut-off voltage.
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(a) TEM images and (b) EDS analysis of CO, + CH, coated NCM613. The green arrow in TEM images indicates the direction of EDS scan; (c) the discharge
capacity retentions of the pristine and CO, + CH, coated NCM613 with different upper cutoff voltages at 25 and 60 °C, respectively. Reproduced with
permission [78]. Copyright 2015, American Chemical Society. (d) HR-TEM images of the rGO coated sample (up) and HAADF-STEM images of hydrazine
treated sample (down); (e) Voltage profiles of pristine (PS) and HGO cathodes in coin-type half cells between 2.0 and 4.6 V at 0.1C rate; (f) Schematic views of
coated surface morphologies constructing hybrid surface layers consisting of rGO and chemically activated phase. Reproduced with permission [85].
Copyright 2014, Wiley-VCH.

On the other hand, spinel [41,50,101] and olivine [102,103] ered cathodes, were also selected as coating materials [104].
electrode materials, such as LizMnsO;,, LisTisO,, and LiFePO, Zhang et al. [41] reported a hetero-structured spinel Li;MnsO1,-
(LFP), which possess relatively better thermal stability than lay- coated Li; ,Mngs54C0g 13Nig 130, cathode (HETE). The HETE
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Copyright 2019, American Chemical Society. (c) A scheme illustrating the effects of LFP coating layers on NCA cathodes; (d) DSC exothermic peaks at a fully
delithiated NCA cathode (4.2 V). Reproduced with permission [103]. Copyright 2019, Elsevier.

shows improved safety as demonstrated by the higher onset tem-
perature than the pristine sample in the DSC testing of delithi-
ated samples. Moreover, the Li;MnsO;, coating could alleviate
the undesirable phase transformation and suppress the incre-
ment of charge transfer due to its thermodynamic stability. Thus,
the spinel phase surface provides an enhancement in cycling per-
formance even at 55 °C. LFP coating is also an effective method
to enhance safety because of its high thermal and chemical sta-
bility. In the work of Chen et al. [103], the NCA cathode coated
with LFP nanoparticles gives excellent cell performance includ-
ing higher initial capacity and capacity retention after cycling
due to the formation of a thinner CEI layer (Fig. 3¢), which could
be attributed to the mitigated electrolyte decomposition on the
surface of LFP-coated NCA at higher charging voltage. This thin
CEI layer can not only effectively preserve the layered structure
but also reduce side reactions, resulting in a shifted exothermic
peak to higher temperatures at charged state in the DSC measure-
ment (Fig. 3d). According to the aforementioned results, when
the intrinsically thermally stable materials, such as phosphates,
polyimides, spinels, and olivine metal oxides, are applied as coat-

ing materials, it could accordingly allow improved thermal stabil-
ity on the surface of the cathode.

Suppressing gas generation

Residual Li compounds, such as Li,CO3; and LiOH, on the surface
of layered TM oxide cathodes give rise to gas evolution by elec-
trochemically oxidized reactions and chemical reactions as
shown below, which causes a series of safety issues.

2Li,CO3 — 4Li* + 4e™ + ZCOZT+ OzT (11)
Li;CO3 + 2HF — 2CO, 7+ H,O + 2LiF (12)

C3HsO3(carbonate) + Li;CO3 + 2HF — C3HsO3Li + CO»1+ H,O + LiF
(13)

4LiOH — 4Li* + 4e~ + 2H,0 + O,7 (14)

Therefore, preventing the contact of the cathode with the
electrolyte is a straightforward approach to suppress gas genera-
tion. At this point, surface modification, which can remove resid-
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ual Li compounds or suppress TM-O bond cleavage during
charging, is suggested as a very effective way for mitigating gas
generation. It is reported that covering the surface of LiNig s-
Cop2Mnp 30, (NCMS523) cathode by lithium lanthanum tita-
nium oxide (LLTO) [105] can suppress gas release during
storage under 85 °C even on charging at 4.45 V. Another simple
way is to reduce the amount of Li,CO3 and LiOH on the cathode
surface. McCloskey and coworkers [59] studied the effect of soak-
ing or washing NCM622 in water on outgassing under high
charging voltage (>4.4 V). In that work, by soaking in water,
which can remove the Li,CO5; and LiOH species and allow partial
delithiation of the lattices, the treated NCM622 shows the lowest
gas evolution during a 4.8 V hold (Fig. 4a). This result indicates
that reducing residual Li species on the surface of cathode can
effectively prevent electrolyte reactivity, leading to decreased
gas evolution. However, soaking or washing layered oxide cath-
odes in water carries a risk of being harmful to sustain electro-
chemical performances, especially for Ni-rich layered TM oxide
cathodes, such as NCM622 and NCM811. Recently Zhang et al.
[106] reported a simple approach to remove residual Li species
like Li,O, LiOH and Li,CO3 formed on NCM811 particle surfaces
during material storage by ball milling the NCM811 powder with
a small amount of LiPFs (0.5-1.0 wt.%) in N-Methyl-2-
pyrrolidone (NMP) solvent. During the milling process, these
residual Li species on the cathode surface would react with the
acidic LiPF¢ to form Li;POy, LiF and/or H,O, and CO, through
the following reactions.

LiPFs + 8 LiOH — Li3PO4 + 6 LiF + 4 H,O (16)

LiPFs + 4 Li,CO; — LizPO4 + 6 LiF + 4 CO, 1 (17)

Since LizPO4 and LiF are scarcely dissolved in NMP, they
would precipitate and cover the NCM811 particle surface as a
coating layer, while the H,O and CO, would be removed during
the filtration or milling processes. It has been reported that Lis-
PO, and LiF are favorable to build a robust CEI on cathodes
[107,108]. Therefore, the obtained NCMS811 gave improved
cycling stability and rate capacity after this simple pretreatment.

LMR cathode materials which consist of Li,MnO3 and layered
TM oxides release O, gas during not only the initial cycle by elec-
trochemical activation but also the oxygen redox reaction in the
subsequent cycling. As mentioned in Section of Stabilizing
cathode-electrolyte interphase, the acid treatment for LMR cath-
odes can induce Li* extraction by ion exchange. It is demon-
strated by McCloskey and coworkers that the surface treatment
of Lij 16Nigp.20C00.20MnNg 440, with 0.1 M H,SO4 not only pro-
vides chemical removal of Li* from Li,MnOj3 and a partial reduc-
tion of Mn (Mn** to Mn®*), but also removes ~58% of the
residual Li,CO3 on the surface of the cathode particles, resulting
in a substantial suppression of CO; (~92%) and O, (~100%) evo-
lution during the first charge up to 4.8V [109]. More impor-
tantly, the acid treatment effectively suppresses O, release
occurring from oxide anion oxidation at the cathode surface
without destroying the reversibility of oxygen redox in the parti-

LiPF; + 4 11,0 — Li;PO4 + 6 LiF (15) cle bulk. Consequently, the acid treated LMR shows improved
(a) () s
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(a) Schematic illustration of soaking effect on gas evolution during the 4.8 V hold [59]. Copy right 2019, American Chemical Society. (b) Schematic illustration
of ASR treatment by TMA to maintain 0.35Li,MnO3-0.65LiNig 35Mng 45C00 200, particle; (c) comparative in-operando OEMS analysis of H,, CO, and O, evolved
as a function of applied potential during galvanostatic cycling. Reproduced with permission [61]. Copyright 2019, American Chemical Society.
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rate and long-term cycling performance with small overpotential
regarding interfacial reaction.

Interfacial atomic surface reduction (ASR) has been reported
to be an effective approach to alter the electronic structure of
cathode surface, resulting in a surface layer with reduced TM
valance. In the studies by Noked and coworkers [61,110], ASR
with trimethyl aluminum (TMA) as a volatile reducing agent
was utilized to treat 0.35Li,MnO3-0.65LiNig35Mng 45C0g 200>
for the purpose of protecting structure and reducing oxygen evo-
lution (Fig. 4b). Density functional theory (DFT) calculation
demonstrated that the TMA molecules can bond onto both T™M
cations and O anions, resulting in improved surface stability
[110]. The ASR treatment leads to a highly uniform ~3 nm thick
amorphous layer composed of an altered electronic structure of
Mn and Ni on the surface of the cathode. These are speculated
to be responsible for the suppression of TM-O bond cleavage
during charging, consequently resulting in lower O, evolution
as indicated in the online electrochemical mass spectrometry
(OEMS) curves in Fig. 4c. The ASR treated surface can also act
as a buffer layer to delay the exposure to electrolyte and thus
to suppress the parasitic reactions, which can be clearly evi-
denced from lower CO, and H, evolutions in Fig. 4c. The higher
stability and reduced parasitic reactions in ASR treated cathode
enable significant improvement in battery performance, includ-
ing enhanced capacity and rate capabilities, narrowed voltage
hysteresis, and doubled Li* diffusion ability [61]. These results
present that reduced TM valance on the surface of cathode with-
out introducing foreign materials will be a promising solution to
alleviate gas generation.

In addition, spinel LiyMnsO;, coating, which can be achieved
by a controlled oxidation of TM ions (principally Mn) near the
surface of LMR cathodes by KMnO,, followed by transformation
to a spinel phase driven by the higher thermodynamic stability
of the Mn-based spinel structure, has been reported to be effec-
tive in suppressing oxygen release [41]. The uniform covering
of the heterostructured Li;MnsO;, layer is demonstrated to be
inherently stable in the lattice framework to prevent oxygen
release from Li; ;Mngs54C00.13Nip.130, at the deep delithiated
state, leading to the superior cycling stability, good voltage stabil-
ity, and favorable kinetics of spinel LisMnsO;, coating cathode.

Strategies for alleviating instability at high voltages
Mitigating structural degradation
In general, a higher charge cut-off voltage allows layered T™M
oxide cathodes, such as LCO, LiNiyCo,Mn;.,,0, (NCM), and
NCA to deliver a higher specific capacity because of the increased
amount of deintercalated Li ion [7,104,111]. However, most of
the cathode materials suffer structural instability including phase
transition due to the large amount of Li ion vacancies [66,69]. To
address the unavoidable challenges of structural instability at
high voltages, various strategies such as coating, doping, core—
shell, and concentration-gradient have been reported [112-
133]. In this subsection, we focus on coating strategies, which
have been demonstrated to be effective in overcoming these for-
midable issues for LMO and LMR cathode materials.

LCO has been a promising cathode because of the high theo-
retical capacity of 274 mAh g~', while this is hard to reach due to
the chemical instability of LiyCoO, when more than 0.5 Li ion

per unit (>4.2 V vs Li/Li") is deintercalated during the charging
process. The chemical instability is due to the overlap of the
Co®*/**:3d band with the top of the O*":2p band, removal of
electron density from the band, and the consequent release of
oxygen from the lattice [134,135]. TiO, has been considered as
an effective coating material, which inhibits the structural degra-
dation of LCO after charging because some Ti atoms could dif-
fuse into the bulk of LCO, enabling the formation of a solid-
state phase LiTiyC0,,02,05, during the heating process
[121,122]. Wang et al. [121] reported that TiO, coating reduces
the activity of 2-coordinated oxygen and increases the oxygen
vacancy formation energy on the surface of TiO, coated LCO,
which are mainly because Ti can donate more electrons than
Co. Therefore, the TiO,-coated LCO can delay the phase transfor-
mation from layer structure to spinel or rock-salt phase in the
surface of LCO during cycling. Further, Zhou et al. [122] demon-
strated the structural stability of TiO,-coated LCO by comparing
the X-ray diffraction (XRD) patterns after 50 cycles. The cycled
bare LCO presents a broadened (003) peak while the (003) peak
for the TiO,-coated LCO exhibits a relatively high intensity.
Deep Li ion extraction from LCO beyond 50% may form O
vacancies especially on the surface, resulting in parts of the phase
change to spinel or rock-salt.

In another effort, a LiAlO,-LiCo,;_,Al,O, double-layer, which
has a hexagonal structure like LCO, was applied as a protective
material to inhibit structural change [123]. In this double-layer,
LiCo;_Al,O; is easily combined with the surface of LCO through
solid-state diffusion during thermal treatment. The increase of c-
axis length in double-layer coated LCO was observed to be lower
than that of Al,O3 single-layer-coated LCO after 500 cycles. This
is because LiCo;_,Al,O, supplies not only suppressed phase
transformation through preserving the Li ion content in the lat-
tice but also high Li ion conductivity, which are different from
the electrochemically insulating Al,Os. In addition, chemically
inert LiAlO, layer isolates the direct contact between LCO and
electrolyte. Therefore, the double-layer-coated LCO delivers
much improved cycling stability compared with the single-
layer-coated one at the charge voltage of 4.5V. In a similar
way, the Li-ion conductive solid-state electrolyte Li; sAlp sGeq s(-
PO4); (LAGP) was demonstrated an effective coating material for
LCO by Yang and coworkers [124]. The LAGP coating layer plays
a role in stabilizing the LCO structure since the Ge ions can sta-
bilize oxide ions on the surface of LCO by surface substitution as
revealed by DFT simulation. Based on their functions, LAGP-
coated LCO shows well-preserved crystal structures in both edge
and inside of the cathode after cycling.

In the case of NCM cathode materials, Ni** cation can occupy
the Li* site because the radius of Ni** cation (0.69 A) is quite sim-
ilar to that of Li* cation (0.76 A). These phenomena induce sub-
sequent structural changes, including phase transformation from
layered to defect spinel and disordered rock-salt, greatly blocking
the Li* ion migration [111,136,137]. Besides, these structural
issues are severe at higher cut-off charge voltages with increased
Li ion extraction. Uchida et al. [125] reported homogeneously
coated NCM111 with ultra-thin Nb,Os nanosheets. Raman spec-
troscopy indicates that Nb,Os nanosheet-coated NCM111 pre-
serves the layered phase after 100 cycles at 4.6 V charging
while the bare NCM111 suffers from a noticeable growth of spi-
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nel phase. This result verifies that the homogeneously deposited
Nb,Os nanosheets not only prevent the direct contact of elec-
trode surface with electrolyte but also suppresses the phase trans-
formation even at the high charging voltage. Kim et al. [126]
constructed an intensified structure by nanostructured stabilizer
on the surface of NCM811 cathode material. As shown in Fig. Sa,
Co(OH),, as a stabilizer precursor, reacts with the residual Li com-
pounds, such as LiOH and Li,COs3, and generates a nanostruc-
tured stabilizer during the sintering process. The resulting
stabilizer is epitaxially changed from the spinel to the layered
structure toward the core direction like a gradient. It is observed
that the growth of the stabilizer precursor along the grain bound-
ary creates a TM concentration gradient inside the cathode parti-
cle by scanning TEM (STEM). The nanostructured stabilizer and
homogeneously distributed TM gradient stably maintain the
TM composition in the cathode surface without Ni defects even
after prolonged cycling, showing structural stability. The
improved structural stability of gradient stabilizer coated
NCMS811 cathode is also observed by TEM with suppressed for-
mation of cation mixing layer and Ni?>* ion dissolution after
500 cycles at 45 °C (Fig. 5b—d).

Additionally, inorganic phosphate compounds have been
proven to be effective coating materials to overcome the struc-
tural stability issues of layered TM oxide cathode materials. Wang
and coworkers [127] reported an wultrathin amorphous
phosphate-coated NCA via a one-step H3POy4-ethanol corrosion
process. As it has been reported that the diffusion of Li* from
the NCA bulk to the surface could lead to the formation of sur-
face residual Li species and induce an increase in Ni** concentra-
tion in NCA, correspondingly resulting in an increase in the Li*/
Ni** mixing and the polarization resistance [127,137]. The
decreased cation mixing ratio in phosphate-coated NCA implies
the effective maintenance of the bulk structure and the decrease
of the surface residual Li species attributing to the trace doping of
PO3 ions into the NCA crystal lattice during the coating process.
The zero shift of the (003) peak in the XRD patterns regarding
the preserved length of the c-axis after 300 cycles further demon-
strates the effect of the phosphate coating layer on the structure
stabilization.

LMR cathodes face the challenge of structural degradation
from monoclinic Li,MnOj. After the first charge, which involves
the extraction of Li ions from Li,MnO3, the average discharge
voltage decay could be observed during prolonged cycling
because of consequent layered-to-spinel phase transition. As
reported, such phase transition begins at the surface and grows
toward the bulk during cycling [79,138,139]. Besides, the gener-
ated insulating rock-salt phases cause sluggish kinetics on the
surface. To address these structural issues, various oxides [140—
142] and fluorides [35,38,143-145] have been contributed as
coating materials for LMR cathode materials. Ding et al. [35]
reported NaF as a coating material that can establish a gradient
Na;_,Li,F layer on the surface of Li; »Nig 13C00.13Mng 540, cath-
ode. During the coating process, Na* ions were doped into Li*
sites by Li*/Na* exchange as presented in Fig. Se. The structural
stability of NaF modified Li; ;Nip 13C00.13Mng 540, is demon-
strated by XRD patterns after cycling (Fig. 5f). The gradient Na*
doping layer effectively suppresses the TM ions migration, result-
ing in the preserved layered structure. According to the coating

advantages, the coated cathode shows 85% of capacity retention
after 1000 cycles at 10C rate (Fig. 5g). Jiang et al. [146] reported
that the spinel phase formed on the surface of Li; 4Mng ¢Nig»-
C0p2024 (LMNC) cathode material through chemical Li-ion
extraction during naphthalene sulfonic acid-doped polypyrrole
(NPPy) coating can effectively enhance the structure stability of
LMNC. During the first charge/discharge process, the NPPy
coated LMNC shows not only a short plateau at ~4.5 V regarding
electrochemical activation of Li,MnOj;, but also a plateau at
~2.6 'V, indicating the spinel phase. This newly formed spinel
phase suppresses further phase transformation and operating
voltage decay during 200 cycles by preserving their structure.

It should be noted that most of the surface coating strategies
for structural stability accompany with doping or pillar to pre-
serve crystal lattice during the high-temperature annealing, thus
the cathode structural stabilization through surface coating in
the above discussion may be more complicated.

Alleviating crack generation

Cracking in primary and/or secondary particles due to the aniso-
tropic change of lattice parameters during cycling, especially at
high voltages, long cycles and high temperatures, is an intrinsic
problem for both LMO and LMR cathode materials. To make
matters worse, the penetration of liquid electrolyte into cracks
can accelerate side reactions on the grain boundaries, thus trig-
gering severe capacity decay [136,137,147]. To address this terri-
ble issue, many efforts have been focused [45,141-155]. Among
the efforts, developing coating layers on the grain boundary by
infusion is a feasible strategy to suppress the generation of cracks.
Kim et al. [155] reported coating NCA with a glue nanofiller
spinel-like LiyCoO, layer. Coating on both inside and outside
of the secondary particles is possible through the infiltration of
ionized coating sources into the secondary particles via the gaps
between each primary particle as exhibited in Fig. 6a. This well-
developed glue-layer (G-layer) on the grain boundary was con-
firmed by HR-TEM images (Fig. 6b). Molecular dynamics (MD)
simulations confirm the larger interfacial binding strength
between the NCA host and the coating layer than that of the
NCA/NCA interface, implying the key role of the G-layer in
enhancing mechanical strength. Correspondingly, the G-layer-
coated cathode delivers an outstanding cyclability with a capac-
ity retention of ~87% after 300 cycles at both 25 and 60 °C
(Fig. 6¢). The G-layer-coated NCA cathode maintains the operat-
ing voltage during cycling at 60 °C, indicating a steady mainte-
nance of the layered structure. Moreover, the G-layer-coated
NCA cathode retains the pristine morphology of the secondary
particle without any collapse after 300 cycles at 60 °C. LizPOy4
thin coating layer can also infuse into grain boundaries during
the annealing process [37,156]. The studies of LizPO4-coated
LiNig 76Mng 14C00.1002 [37] and NCM811 [156] found that the
grain boundary engineering effectively enables the protection
of surface degradation and the suppression of intergranular
cracking. This unique structure successfully prevents additional
penetration of liquid electrolyte, leading to a stable interface
which can contribute to the enhancement of structural and elec-
trochemical properties. Following these advantages, Li3POj,-
coated samples maintain a dense packing of the layered primary
particles within the secondary particles after cycling.
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(a) Schematic of the synthetic process for the nanostructured stabilizer on NCM811 (NS-NCM), showing that the decomposition of the cobalt hydroxide
compounds creates a nanostructured stabilizer with an epitaxial structure at the cathode and stabilizes surface TM oxidation states; (b) Magnified STEM
images of the surface of the NCM, showing severe propagation of the cation mixing layer with a thickness of ~50 nm; (c) a magnified HAADF-STEM image of
the NS-NCM with the line EDS result, indicating a robust surface compositional profile and (d) a magnified STEM image from site A. Reproduced with
permission [126]. Copyright 2018, The Royal Society of Chemistry. (e) The schematic diagram of Li*/Na* exchange process of Li; 5Nig 13C00.13Mng 540, cathode
material. (f) The ex-situ XRD after 100 cycles; (g) the ultra-long cycling performance at 10C rate. Reproduced with permission [35]. Copyright 2019, Elsevier.
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PEDOT coated NCM111 cathode after 200 charge/discharge cycles at 1C in the range of 3.0-4.6 V. Reproduced with permission [45]. Copyright 2019, Springer

Nature.

Very recently, Chen and coworkers [45] established a confor-
mal, highly electronically conductive and ionically permeable
PEDOT skin on the secondary and primary particles of
NCM111, LiNigg5C0.1Mng 050z, and Li; ;Mng 54Nig 13C00.1302
with an oxidative chemical vapor deposition (oCVD) technique
(Fig. 6d). This electroconductive thin layer provides not only sta-
bilized crystal structure but also a fast transport path of electrons
and Li ions during cycling. According to their merits, PEDOT
coated NCM111 cathode shows negligible intragranular cracking
after 200 cycles in the voltage range of 3.0-4.6 V as presented in
Fig. 6e. In addition, the PEDOT skin coated on secondary and pri-
mary particles of NCM111 brings improved thermal stability and
structural stability due to the inhibition of the parasitic reactions
between the delithiated layered cathode and the electrolyte.
Moreover, the PEDOT skin is still well preserved without break-
ing or detaching after cycling as an evidence of its stable and suf-
ficiently robust properties.

Enhancing oxygen redox

In the case of LMR cathodes, the irreversible release of lattice
oxygen occurring with the extraction of Li ion during the first
cycle at the surface inhibits the reversibility of the anionic redox
(0%~ - 0""), which can also induce a large irreversible capacity
loss and voltage decay [7,79]. LiCeO,-coated Li; ,Mng 54Nig 13-
Coy.1302 was reported to be rich in O vacancies originating from

the LiCeO, coating layer and such oxygen vacancies can effec-
tively alleviate oxygen loss, stabilize lattice oxygen and enhance
the reversibility of oxygen redox reactions, accordingly acting as
a buffer for the migration of lattice oxygen in Li; ;Mng 54Nig 13-
Co0¢.130, [157]. Moreover, LiCeO,-coated cathode exhibits lower
irreversibility of oxygen loss as indicated by cyclic voltammetry
curves, thus contributing to the stable cycling performance. By
avoiding irreversible oxidation of lattice oxygen, the charge-
transfer resistance and TM-ion dissolution are also decreased. Li,-
SnO3 coating has been reported to be able to fabricate a small
amount of spinel phase on the surface of LMR cathode because
of the diffusion of Sn ions into the cathode material during lithi-
ation [158]. This integration of coating layer and spinel phase
enhances the reversible anionic redox activity and suppresses
the lattice oxygen loss from the surface. It is demonstrated by
X-ray absorption spectroscopy (XAS) and TEM that the Sn dop-
ing exists near the surface. Li,SnOj3 coating layer with Sn doping
and spinel phase provides a synergetic effect on the improved
cell performance and structural stability with enhanced reversi-
ble oxygen redox reaction.

Strategies for increasing stability against moisture and air
Degradation by air and moisture during storage is a primary con-
cern for Ni-based TM layered oxide cathodes, especially with Ni
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contents higher than 60% [159]. The reactions with H,O and
CO, from air on the cathode surface result in an accumulation
of LiOH, which can react with LiPF in the electrolyte, and Li,-
CO3, which decomposes and generates gas under high voltage
as shown in the reactions from (8) to (11). In addition, such
undesired chemicals formed through an exposure to air result
in high resistance and polarization and low capacity for the cath-
odes. Therefore, the air-sensitive cathode materials need to be
better protected for storage and transportation to avoid detri-
mental effects for practical batteries.

In general, any coating layers on the surface of cathode mate-
rials can act as shields to minimize the exposure to moisture, air,
and other vaporized chemicals in environment. However, coat-
ing layers that effectively overcome the sensitive challenges
without sacrificing the original electrochemical performances
are more favorable. As one of the approaches to remove Li resi-
dues, some precursors of coating materials react with residual
Li species on the cathode surface during the coating process as
shown in reactions (18) and (19) [73,160].

6LiOH + Al(PO3); —AIPO, + 2Li3PO,4 + 3H,0 (18)

3Li,CO3 + Al(PO3); —AIPO4 + 2Li3PO4 + 3CO, T (19)

Several strategies, including coating with Li residue-reactive
inorganic materials [96,161-163] and hydrophobic polymeric
materials [164,165], are going to be introduced due to their
effects on increasing the surface stability of cathodes against
moisture and air. Zhao et al. [161] coated NCM523 with Al,O3—
AIPO, double layers (Fig. 7a), which can prevent the attack of
O, and H;O in air as well as the HF in electrolyte. In addition,
Al,O3 and AIPO4 can react with Li,CO3 to generate some com-
pounds such as LiAlO, and LizPO,, which are beneficial for Li*
transport from the bulk material to the electrolyte.

These coating effects contribute to benefits, including
enhancement in cycling performance and thermal stability by
mitigating the side reactions and superior rate capability after
storing the cathode materials for 60 days in air, compared to
the bare and the single layer coated NCM523 (Fig. 7b). Phos-
phate treatment to convert the undesirable Li residues on the
surface of pristine high-Ni LMO to a protective LizPO4 coating
layer is also a simple but an effective approach to mitigate
storage-induced degradation. Yang et al. [96] utilized phosphoric
acid to form a LizPO4 coating layer with extra carbon nanotubes
(CNTs) penetrating, consequently constructing a multifunc-
tional dense Li3PO,~CNT coating layer on the surface of
NCMS811. After exposing to air with high humidity for two
weeks, the pristine NCM811 presents severe capacity decay dur-
ing cycling while the Li;PO,~CNT coated NCM811 delivers quite
similar capacity retention to the sample not exposed. Ryu et al.
[162] reported a (NH4),HPO, treatment on the surface of
NCMS811, which not only eliminates the Li residues on the cath-
ode surface, thus inhibiting the formation of undesirable impuri-
ties, but also produces a thin Liz;PO4 nanolayer protecting from
H,O and CO; infiltration during storage. After storing in a highly
humid atmosphere (relative humidity: 70%) at 30 °C for 100 h,
the pristine NCM811 shows severe cracking, which indicates
the generation of residual Li compounds that reduce particle-
to-particle adhesion among the primary particles by the penetra-

tion of moisture and air. In contrast, the LizPO4-coated NCM811
effectively perseveres particle integrity from undesirable byprod-
ucts. These results prove that the dense and multifunctional
coating layers greatly improve the stability of sensitive cathode
materials against moisture and air. Recently, Xie and Manthiram
have demonstrated that the treatment of an ultra-high-nickel
cathode LiNip 94C0¢ 0602 with phosphoric acid helps to maintain
the morphology, rate capability, and cycle stability over 1000
cycles even after exposure to air for 450 days [163].

Constructing a hydrophobic surface on TM layered cathodes
is another effective way to avoid the contact with moisture and
air. Lee and coworkers [164] suggested that surface engineering
using hydrophobic organic molecules, such as polydimethyl-
siloxane (PDMS) can result in a hydrophobic NCM811 cathode,
as shown in Fig. 7c. The hydroxyl functional groups of PDMS
can react with the hydroxyl groups on the NMC811 surface,
forming TM-O-Si bonding during heating process. As shown
in Fig. 7d, after storing in a humid chamber at 50% humidity
and 25 °C for 1 week, a large amount of LiCOg3, one of the resid-
ual Li compounds, is observed on the surface of bare NCM811,
indicating the serious reactions between the Li* on the surface
of NCM811 and the H,O and CO, in air. Whereas the PDMS-
coated NCM811 shows a negligible amount of LiCO3 because
the hydrophobic surface inhibits the contact with moisture.
Besides, the PDMS coated NCM811 enables negligible changes
in the initial reversible capacity and cycle performance even after
storage for 2 weeks. Gu et al. [165] reported using octadecyl phos-
phonic acid (OPA) based hydrophobic self-assembled monolayer
(SAM) to coat the NCM811 cathode materials (Fig. 7e). OPA con-
sists of hydrophobic long alkyl chain and phosphonic acid,
which can interact with the surface hydroxyl groups on the cath-
ode surface. The effects of the hydrophobic coating layer were
investigated by Fourier Transform Infrared Spectroscopy (FT-IR)
and XPS after ambient air exposure for 7 and 14 days (Fig. 7f).
Compared with bare NCM811, the peak intensity of Li,COj3 spe-
cies in XPS spectra significantly decreases in OPA-coated NCM
811. Furthermore, the OPA-coated NCM811 preserves structural
stability with a negligible shift of the (003) peak after ambient-
air exposure. While the (003) peak of the bare NCM811 is found
to shift to lower angles, indicating a structural expansion along
the c axis, which results from the extraction of Li ions by the for-
mation of Li,COj3. This hydrophobic surface passivation strategy
also delivers superior cell performance maintenance through sta-
bility against ambient air. The surface modification to mitigate
the moisture and air sensitivity provides a robust interface which
can control technical challenges during both electrode fabrica-
tion and cell operation.

Strategies for kinetics

According to the aforementioned instability issues, the increase
in interfacial resistance by the formation of byproducts and
structural collapse usually triggers the inhibition of Li ion and
electron transport during cycling. A lot of efforts regarding
increasing the kinetics have been made. However, some of the
coating materials usually have only one function because they
can barely cover both ion and electron conductivity simultane-
ously. For example, an excellent ionic coating may lead to a
decrease in the electronic conductivity, and vice versa [166]. To
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overcome these problems, coating strategies aiming to increase
ionic conductivity have been developed and will be discussed
in this subsection.

Improving ion transport

Solid-state Li ion conductors such as lithium boron oxide,
lithium titanium oxide, lithium zirconium oxide, lithium silicon
oxide, and metal phosphates as protective coating materials
[30,43,167-186| have been demonstrated to be effective in over-
coming these unavoidable challenges. As shown in Fig. 8a, Li,-
ZrO3 coating layer provides not only high ionic conductivity,
but also gradient Zr** doping on the surface of NCM811 cathode
material [43]. Li;ZrOs-coated NCMS811 cathode exhibits a
boosted capacity retention of 83.2% after 200 cycles because of
the improved Li ion diffusion kinetics and both suppressed side
reactions and structural degradation. In addition, a superior
capacity of 164.7 mAh g~! was obtained at 10C rate in a wide
voltage window of 2.8-4.5V (Fig. 8b). As reported by Liu et al.
[168], LiTiO,-coated NCA exhibits a high capacity retention of
90.8% after 100 cycles at 1C rate and a reversible capacity of
163.8 mAh g~! at 10C rate in the voltage of 2.7-4.3 V. This
improvement is attributed to the high Li ion diffusivity by the
Li*-conductive LiTiO, coating. In addition, the decrease in the
residual Li compounds on the surface of Ni-rich cathode, con-
sumed by the Li-Ti-O oxide coating process, should also be a
contributor. LiTaO5; has been selected as a coating material for
enhancing the Li ion transport and stabilizing the surface struc-
ture of Li; »Nip 17Mng 56C00.0702 due to the piezoelectric prop-
erty [30]. The diffusion coefficients of Li ion for LiTaO3-coated
samples exhibit negligible changes after cycling, resulting from
the optimized Li* ion Kinetics at the cathode surface, while the
bare sample shows obviously a degraded value.

LisPOy is a popular coating material due to its high ionic con-
ductivity (~10° S m™!) as an Li-ion conductor. For this reason,
LizPOy4-coated NCMS811 cathode exhibits greatly improved Li
ion diffusion and smaller charge-transfer resistance, resulting in
superior interfacial kinetics [177]. In addition, LizPO4-coated
NCMS811 cathode is demonstrated to have decreased amount of
residual Li species (which are detrimental to Li ion transport)
on the surface of the cathode particles. MnPOy, is also suggested
as a favorable coating material for its natural abundance and envi-
ronmental benignity as well as its high structural and thermal sta-
bility, as well as the ability to enhance charge transfer at the
cathode/electrolyte interface [178,179]. Accordingly, MnPO,
coating layer leads to a substantially enhanced cycling stability
of the LiNig4C0p,Mng 40, (NCM424) cathode even under a
high-rate condition of 10C during 100 cycles [178]. Moreover,
the full cells of MnPO4-coated NCM424 cathode and graphite
anode provide a capacity retention of 74.1% after 2000 cycles at
1C rate, allowing for energy and power densities of 376 Wh
kg~! and 1841 W kg™, respectively, on the active material level.
NASICON:-type solid electrolyte LiZr,(PO4); (LZP) has also been
applied on the surface of NCA cathode to enhance the Li* diffu-
sion in the interface of electrode/electrolyte and to prevent the
side reactions of cathode with electrolyte [182]. This advantage
is demonstrated by that LZP-coated NCA shows a higher Li* diffu-
sion coefficient than pristine NCA even after 300 cycles. Addi-
tionally, the electrode polarization and voltage degradation of

NCA cathodes are also effectively alleviated because of the LZP
coating. Li3V,(POy); (LVP) is chemically stable and electrochem-
ically active in terms of partial oxidation of V** to V°* at 4.6 V
[186]. Therefore, employing it as a coating material, LVP will
not only be a good Li ion conductor in cathode materials but also
can deliver additional reversible capacity. These are well demon-
strated with LVP-coated Li; 17Nig2C000sMngsgO, cathode,
which obtains sustainable cycling performance with higher rever-
sible capacity and better thermal stability than the uncoated one.

As one of the strategies for improving interfacial ion trans-
port, spinel-type electrode active materials that have a 3D trans-
port channel have been investigated as coating materials [187-
191]. LisTisOq, (LTO), as a well-known anode material, has a
Li* transference number of 0.99 and a high Li* diffusivity of
1 x 1075 cm? s7! (at ~900 °C) [192]. Zhou et al. [189] reported
LTO-coated LCO cathode material by a sputtering process. The
LTO-coated LCO delivers a reversible capacity of 113 mAh g!
at 12C rate, which is 70% higher than that of the uncoated cath-
ode due to the high intrinsic Li* diffusivity of LTO. Spinel-type
LiNip sMn; 504 (LNMO) coating has been reported not only to
prevent side reactions with electrolytes but also most impor-
tantly to greatly facilitate Li ion transport in the 0.4Li,MnO3-
-0.6LiNi;;3C01/3Mn4,30, cathode as revealed by the improved
structural/electrochemical behaviors [187]. Subsequently, the
intrinsic 3D Li* diffusing channels of LNMO enable the coated
sample to deliver a capacity of 170.7 mAh g~' with a capacity
retention of 94.4% after 100 cycles at 5C rate [187]. Very
recently, Han et al. [193] reported poly(methyl methacrylate)
(PMMA) nanolayer coated single-crystal (SC) NCM811 cathode.
The ester group in PMMA, as an electron-absorbing group, is able
to interact with the interfacial Ni**, resulting in the formation of
a nickel-polymer robust interface. The PMMA coating layer on
SC NCMS811 allows improved Li ion diffusion and inhibits the
dissolution of Ni cation from the high specific surface area. The
PMMA coated SC NCM811 shows a discharge capacity of 157.8
mAh g~' even at a 20C rate.

Improving electronic conductivity

In this subsection, for the ability of improving electronic conduc-
tivity, electronic conductive materials, such as carbon-based
compounds and conducting polymers, will be introduced. More-
over, surface modification using materials combining electronic
and ionic conductivities will simultaneously be presented as a
multifunctional coating strategy.

Electronic conductive materials which provide electron trans-
port networks on the surface of the cathode when acting as a
coating layer, can help reduce the interfacial resistance
[44,84,85,194-201]. rGO sheets are considered as preferred coat-
ing candidates due to their highly conductive property and their
ability to completely wrap the surface of cathode materials, as
reported in several studies [84,85,196,197]. The electrical con-
ductivity of rGO-encapsulated NCM622 surface is confirmed
with atomic force microscopy (AFM) technique through current
image with increasing applied voltage [196]. This highly elec-
tronic conductive sheet provides not only improved electro-
chemical performance but also better thermal stability resulting
from reduced interfacial side reactions with the electrolyte under
coating. Very recently, Chen and coworkers reported aluminum-
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(a) Schematic diagram of Li,ZrO3; coated NCM811 cathode; (b) C-rate properties for bare and Li,ZrO; coated NCM811 cathodes at 2.8-4.5 V. Reproduced with
permission [43]. Copyright 2018, Wiley-VCH. (c) Schematic illustration of the preparation of PANI-PVP coated NCM811 and possible reactions among NCM811,
PVP, and PANI; (d) Diffusion coefficients calculated from galvanostatic intermittent titration technique (GITT) potential profiles as a function of potential
during lithiation and delithiation. Reproduced with permission [44]. Copyright 2019, American Chemical Society. (e) Rate performance of PANI-PEG coated
NCM811, PANI coated NCM811, and bare NCM811 cathodes; f) Schematic illustration of the synthesis and coating effects of PANI-PEG coated NCM811.
Reproduced with permission [195]. Copyright 2018, American Chemical Society.

doped zinc oxide (AZO)-coated LCO cathode [202]. AZO is a well-
known conducting oxide with suitable electronic conductivity to
stand a chance of improving C-rate capability. The uniform AZO
coating layer generated by wet-mixing delivers higher electronic
conductivity for AZO-coated LCO (3.92 x 10~* S cm ™) than for
bare LCO (7.32 x 10° S cm ™). The enhanced rate capability is
proven to be due to an advantage of this coating layer. Further
AZO-coated cathode achieves long-term cycling stability based

on surface protection and superior kinetics of the AZO coating
layer.

Compared to carbon-based materials, electron conducting
polymers such as PPy, PANI, and PEDOT could be preferable
coating layers on the surface of cathode materials because of
their high electronic conductivity and electrochemical/thermal
stability [44,45,194,195,203]. Their metallic conductivity is usu-
ally obtained by doping, in which the dopant can not only with-
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draw electrons from the conducting polymers but also add elec-
trons to the backbones of the conducting polymers [204] Lu and
coworkers [44] reported a uniformly anchored NCM811 cathode
by the bonding effect between the pyrrolidone rings of PVP and -
NH- groups of PANI as presented in Fig. 8c. Due to the bonding
effect, the electroconductive PANI layer can be uniformly
anchored onto the cathode surface with the help of PVP when
compared with the randomly distributed PANI-only coating.
This stable PANI-PVP coating layer not only serves as the rapid
channel for electron conduction but also relieves the volume
expansion of the NCM811 cathode material to deliver higher
rate capability and better capacity retention upon cycling than
the pristine and the PANI-only-coated samples. In addition, the
coating layer stably preserves upon the repeated charging-
discharging process. In-situ XRD and in-situ Raman results during
the extraction/insertion of Li ions further confirm the crystalline
structure stability of the PANI-PVP-coated cathode. In addition,
PANI-PVP-coated NCM811 cathode exhibits much higher diffu-
sion coefficients, demonstrating that the PANI-PVP coating layer
can facilitate the diffusion of Li ions (Fig. 8d).

Besides the coating layer formed by sole electronic conductive
polymers, the combination of electronic conductive polymers
and ionic conductive materials has also been reported as coating
layers to improve the charge transfer on the surface of layered
TM oxide cathodes, though the electronic conduction of the
combination layers is reduced compared to that of the coating
layers with sole conductive polymers. For instance, Cao et al.
introduced the poly(ethylene glycol) (PEG) as an ionic conduc-
tive polymer into the PANI coating layer [195]. The electronic
conductivity of PANI-PEG-coated NCM 811 cathode is tested to
be 2.85x107% S cm™', much higher than that of bare
NCMS811 cathode (1.74 x 1073 S cm ™). It can be clearly observed
that the rate capability of the PANI-PEG-coated NCM811 (156.7
mAh g~! at 10C rate) is better than that of the bare NCM811
(139.4 mAh g~! at 10C rate) in the voltage range of 2.8-4.3 V
(Fig. 8e). Besides, the PANI-PEG coating layer suppresses TM dis-
solution, resulting in an enhancement in the cycling perfor-
mance at 55 °C. The PANI-PEG-coated NCM811 cathode also
exhibits the lowest amounts of dissolved TM after the same stor-
age time because PEG can complex with PFs, consequently pre-
venting the hydrolysis of PFs to generate HF that triggers TM
dissolution (Fig. 8f). In a similar way, LizPOy4 as a high ionic con-
ductor is combined with electronic conductive PPy for a coating
layer on NCMS811 cathode [46]. According to the synergetic
effects, the PPy-Li;PO,4 coating layer not only prevents side reac-
tion through HF scavenging but also brings superior rate perfor-
mance due to the high electronic conductivity. Moreover, PPy-
LizPO4-coated NCM811 cathode materials greatly suppress the
crack generation during cycling while maintaining the coating
layers during cycling.

The above results suggest that most of the approaches with
electronic conductive polymers have shown highly improved
electrochemical performances. However, it should be indicated
that for achieving a stable surface at high voltage, the electro-
chemical stability of electron conducting polymers should also
be considered because they commonly have a narrow gap
between the lowest unoccupied molecular orbital (LUMO) and
the highest occupied molecular orbital (HOMO).

Surface modification methods

Currently, the often-used surface modification methods include:
(1) conventional chemical coating methods, such as co-
precipitation, sol-gel, hydrothermal, and solid-state; (2) physical
techniques such as spray dry method, pulsed laser deposition
(PLD), physical vapor deposition (PVD) and CVD; and (3)
advanced deposition methods, such as atomic layer deposition
(ALD) and some modified ALD like ASR and molecular layer
deposition (MLD). The starting bulk materials for surface modifi-
cations are mostly the pristine cathode powders, while the ones
for concentration gradient structures mainly begin with the raw
chemical sources of the cathodes, and a few are synthesized
based on the precursors of the cathode materials. The basic
experimental steps of the main methods are depicted in Fig. 9.

Conventional chemical coating methods

Co-precipitation, sol-gel, hydrothermal, and solid-state methods
have been widely used in cathode materials to achieve surface
coatings. In these methods, the raw coating materials are nor-
mally not the finial chemical composition of the coating layer.
A calcination step is essential at the end of the coating procedure
for all these methods (in some cases, this is not needed as in a
hydrothermal coating method) to finalize the coating layer with
the expected chemical formula. The differences lie in the mixing
way and the status of the raw coating materials. Among them,
solid-state method is the easiest way to realize coating because
it just needs to mix the coating materials with cathode precursor
and Li source or cathode powder and then to conduct calcina-
tion, but it is hard to control the thickness and uniformity of
the coating layer. Sol-gel coating method is to mix the raw coat-
ing material with cathode precursor or cathode powder in a sol
state, which will be in favor of the uniform distribution of the
coating material due to the low fluidity of the sol solution and
the following gel state. After calcination, whose heating temper-
ature is usually lower than that in a solid-state method, a rela-
tively uniform coating layer can be formed on the surface of
cathode particles. However, the thickness of the coating layer is
still hard to be controlled precisely. Hydrothermal coating
method is based on the operating mechanism of hydrothermal
reaction, in which the raw coating materials are mixed with
the raw materials or the precursors of cathodes and undergo
chemical reactions in solution state under low temperatures
(mostly lower than 200 °C) to achieve cathode materials with
coating layers. Compared to other coating methods, hydrother-
mal coating method is more economic due to the low operating
temperature and less procedures, but it is limited by the special-
ized reactor and the high pressure reaction environment, making
it difficult to be applied in large scale production. The major coat-
ing materials of layered TM oxides used in these conventional
chemical coating methods are metal oxides, phosphates, fluo-
rides, solid-state electrolytes (ion conductors), polymers, and car-
bon materials (electron conductors). AlF3 and LiAlF, have been
reported to coat on Li; ;Nip,Mng O, by post-calcination treat-
ment [205]. Lag gSrg2MnO3_y, has been introduced as a protective
and phase-compatible surface layer on Li; 2Nip.13C00.13Mng 540,
cathode by a solid-state method [206]. F-doped Li,SnO5; [207]
and Zr-containing phosphate [208] coated Li[Lip»Nip 17C00.07-
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Schematic diagram summarization of surface modification techniques. In general, High-temperature (High-T), Moderate-T and Low-T heating indicate the
operating temperature higher than 400 °C, around 200-400 °C and lower than 200 °C, respectively.

Mny 56]O, can be obtained by a sol-gel method. Recently, Ding
et al. designed a three-in-one surface treatment via a solvent
hydrothermal reaction to enable oxygen vacancies, spinel phase
integration, and N-doped carbon nanolayer synchronously built
on the surface of Li; ;Mng ¢Nip 20, microspheres [55].
Co-precipitation coating method is based on a co-
precipitation reaction, followed by high temperature calcination.
It is the dominating synthesis method for core-shell compounds,
including hierarchical architectures and CG structures, which
have been demonstrated as a significant breakthrough in high
energy LIBs with superior cyclability and thermal stability
[56,209,210]. Kim et al. have developed a differential co-
precipitation process to synthesize a multi-compositional partic-
ulate LiNig9CogosMng 050, cathode in which LiNig94Co0g 035-
Mnp 0220, at the particle center is encapsulated by a 1.5 pm
thick CG shell with the outermost surface composition LiNig g41-
Co00.077Mnp 0520 [211]. Sun et al. utilized the co-precipitation
method to realize nano-functional full-gradient LiNig 75C00 10~
Mny 150, with the Ni concentration decreasing linearly, whereas
the Mn concentration increasing linearly from the center to the
outer layer of each particle [58]. Besides co-precipitation, core—
shell compounds also have been synthesized through pre-
treating the precursor of cathode materials with NH3-H,O and
followed by a solid-phase reaction process [212]. Although co-
precipitation method to realize the core-shell materials can
achieve dense and highly conformal surface layer, and the com-
positions of the core and the shell as well as the ratio of the core
to shell can be precisely controlled, it requires more complicated

processing procedures, and the enhancement of cathode perfor-
mance is subject to the composition of the coating material.

These conventional techniques mostly offer important advan-
tages of easy operation, less limitation on coating materials, and
low cost, enabling the suitability for commercialization. How-
ever, they still face critical technical challenges to precisely con-
trol the thickness of the coating layer and to ensure a
homogeneous distribution of the coating layer on the surface
of cathode particles, since the uncoated sections will be exposed
to the electrolyte, causing undesirable performance decay of
LIBs. In addition, the high-temperature calcination (>600 °C)
inevitably leads to a deterioration of the bulk structure of the
materials.

Conventional physical coating methods

Conventional physical coating methods include in-situ formed
coating technologies, such as spray drying [213], and deposition
methods, mainly PLD, PVD and CVD [65,214]. Spray drying for
coating has a simple preparation process, in which the coating
material and cathode powder are mixed in solutions and then
rapidly dried with a hot gas. It is a suitable technology applicable
for large-scale production with various coating materials, but the
thickness and the uniformity of the coating layer is difficult to
control. PLD is typically a PVD technique and often used to
deposit coating layers on cathode electrode. In a PLD coating, a
high-power pulsed laser beam is focused inside a vacuum cham-
ber to strike the coating material, then it is vaporized from the
target (in a plasma plume) and deposits as a thin film on the sub-
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strate (i.e., the cathode). However, the PLD coating method suf-
fers from poor interface compatibility between the active mate-
rial substrate and the surface layer, which will lead to a
detachment of the coating layer from the bulk material during
repeated cycling.

CVD employs a single step to convert the vapor phase mono-
mers to solid polymeric thin films. Generally, a CVD process con-
sists of the exposure of the substrate (i.e., cathode material here)
to one or more volatile compounds (i.e., the coating materials
here), the gasification of the coating material and subsequently
the chemical reaction or decomposition on the substrate surface
to produce the desired thin film deposits. It is uniquely poised for
growing layers of insoluble macromolecules and the deposited
layer could be monocrystalline, polycrystalline, amorphous,
and epitaxial. oCVD technique is developed based on CVD. In
analogy to CVD methods for inorganic thin films, varying the
conditions of the oCVD process permits a systematic tuning of
film characteristics, including electrical conductivity, optical
transparency, work function, and crystallite orientation. Chen
et al. reported an oCVD technique to build an ultra-conformal,
protective and electronically conductive PEDOT skin at both sec-
ondary and primary particle levels of both NCM and LMR [45].
Through CVD and oCVD, a more compact and uniform surface
layer can be established, and the thickness can be tuned and pre-
cisely controlled, but it is hard for them to be commercialized
due to the high dependence on expensive apparatus.

ALD and ALD-based deposition methods
ALD is a unique vapor-phase technique capable of producing
thin films of a variety of materials and has been widely used in
surface modification of cathode materials. A general ALD coating
process is based on sequential and self-limiting reactions, in
which the coating material is pulsed into a chamber under vac-
uum to fully react with the cathode material surface through a
self-limiting process, followed by the counter-reactant coating
material pulse and purge, creating up to one layer of the desired
coating material. This process is then cycled until the appropriate
film thickness is achieved. With the assistance of ALD, metal oxi-
des such Al,O3, TiO, and ZrO, [211,215-217] and solid-state
electrolytes with high ionic conductivity and thermal stability,
such as LiAlF, [218] and LiTaOj3; [219] can be homogeneously
deposited on the surface of LMO and LMR cathode materials.
Moreover, Zhang et al. combined ALD followed by a calcination
process at 600 °C to enable a uniform Li3PO, layer coated on the
secondary particles of LiNig 76Mng 14C0¢.1002 and the infusion of
LizPO,4 along the grain boundaries of the primary particles, thus
achieving fast channels for Li-ion transport and simultaneously
preventing penetration of the liquid electrolyte into the bound-
aries [37]. This coating approach provides designing ideas for
advanced cathodes. In ALD method, the thickness of the depos-
ited layer can be controlled by adjusting the ALD cycles, corre-
spondingly an atomic-scale ultrathin coating with excellent
uniformity, flexibility, and conformity can be easily obtained.
However, one of the major drawbacks of the ALD method is its
high cost and extremely low efficiency, which is difficult for
mass production.

ASR is a surface modification method developed based on
ALD. It is a simple, facile, and non-conventional vapor phase

chemical treatment with a reactive species that will selectively
reduce the interface of the functional material, without changing
the bulk structure [110]. Noked and coworkers reported that uti-
lizing the vapor phase of reactive organometallic compounds (e.
8., TMA) at relatively low temperatures, ASR can alter the elec-
tronic structure of surface Mn and Ni in 0.35Li;MnO3-
-0.65LiNig 35Mng 45C00 2002, leading to higher stability and
reduced parasitic reactions [61]. Compared to ALD, extremely
conformal coating with controllable thickness can also be
obtained by ASR, but with less time-consumption and no alter-
nating precursor sequence. However, since sharing the similar
operating mechanism with ALD, ASR is still subjected to a vac-
uum reacting environment and vapor phase chemical treatment,
which makes the ASR coating process harder and costlier than
the aforementioned conventional coating methods.

MLD is another technique analogous to ALD, in which
organic-inorganic hybrid films and all-organic coating can both
be deposited. The coating process of MLD is in a similar fashion
to ALD, in which the coating materials are pulsed on a sequen-
tial, cyclical manner, and all gas-solid reactions are self-
limiting on the cathode substrate. In an ideal case, the repeated
MLD cycle could build up an organic/inorganic monoatomic
layer at a time, enabling highly conformal coatings with precise
thickness control and purity. Similar to ALD, the operating cost
is relatively high and it has rather strict chemical limitations
for coating materials to be suitable for this coating method.
Recently, Kong et al. reported a uniform C-Al,O3 composite coat-
ing with homogeneous thickness on NCM622 by the pyrolysis of
molecular layer deposited alucone in argon [220]. In the MLD
coating process, the pyrolysis of hybrid film could easily form a
nanoporous oxide layer with large specific surface area and
simultaneously the pyrolysis of alucone in inert atmosphere
can lead to a conformal C-Al,O3 composite coating layer [221],
which has a much lower sheet resistance than the pure Al,O3
film [222]. Up to now, the reports of hybrid organic-inorganic
or all-organic coating on TM layered oxides cathodes are still
extremely limited.

Definitely, ALD and the ALD-derived coating methods offer
exceptional advantages of excellent uniformity and conformity,
thickness control at atomic-scale, and tunable film composition,
as well as low growth temperatures, which are difficult to realize
simultaneously by other coating techniques. However, when it
comes to large-scale deposition in practical applications, design-
ing economically feasible and easy-to-operate reactors for ALD
methods are required. It is also a critical challenge to obtain a
multipurpose coating that comes with two or more functionali-
ties to solve the surface stability issues in one modification
process.

Summary

The abovementioned surface modification methods can be
divided into different categories depending on the specific prop-
erties required. The conformity and thickness of the coating layer
are key factors for the performance of coated materials. If a uni-
form coverage is needed, CVD, ALD and MLD are absolutely rec-
ommended because they allow the fabrication of uniform layers
on the surface of cathode materials with controllable thicknesses.
The limitations of these techniques are high cost and time-
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consuming process, which greatly inhibit their applications on a
large scale. On the other hand, sol-gel, hydrothermal and solid-
state methods can provide easier processes and lower costs than
the aforementioned ones. However, it is hard for them to achieve
controllable uniformity and thickness as shown in Fig. 9. Hence,
further efforts are required to find out advanced surface modifica-
tion technologies to cover all the conditions.

Perspective
The instability of layered TM oxides cathode materials can lead
to an early failure of LIBs. Surface modifications have been
well-established as effective strategies to improve their physical,
chemical, and electrochemical stabilities. An ideal protocol of
surface modification should meet the requirements that improve
the stability and electrochemical behavior of cathode materials
without sacrificing the performances. It should be pointed out
that the thickness and dense condition of the coating layers have
great impacts on the battery performance of the coated materials.
If the coating layer is too thin, the protection on the cathode
materials is not robust enough to promise good battery perfor-
mance during prolonged cycling as expected. However, if the
coating layer is too thick, the increased resistance of the coating
layer will lead to high polarization during the charge/discharge
processes, thus lowering the cell capacities (although the cycling
stability of the cathode materials may be achieved). On the other
hand, the impact of the density or dense condition of the coating
layer on the battery performance has seldom been reported. It is
reasonable to speculate that if the coating layer is of a porous
structure, the protection of this layer to the cathode materials
would not be effective. Then, the battery performance of the
cathode materials could be improved a bit but not much. There-
fore, for a conventional surface coating, a uniform and dense
coating layer with an optimized thickness and continuous distri-
bution will be always favorable for maximally protecting the
cathode materials without impeding electronic or ionic conduc-
tivity. Additionally, when choosing coating species, it is neces-
sary to take the bonding strength between the resulting coating
layer and the surface of the cathode into consideration. Inferior
bonding of the coating layer to the cathode surface will result
in particle collapse by the high-pressure during the electrode cal-
endaring process and/or boundary discontinuity contributed by
the lattice volume changes during long-term cycling, both of
which will lead to drastic decline in the battery performance
[223,224]. When it comes to industrial application, the cost of
the coating materials should also be taken into consideration
as the consumption will no longer be underestimated. For exam-
ple, the polymer coating materials, such as PMMA and PVP, have
a relatively affordable price of ~$300 per kilogram while con-
ducting polymers like PEDOT and PANI have a much higher
price of ~$10,000 per kilogram according to chemical vendors
when selling at small quantities. Inorganic materials have also
a range of prices in the market depending on their precursors
and synthesis methods. Therefore, the cost of coating materials
should be an additional criterion when choosing coating species
for surface modification in industrial production.

Undoubtedly, a variety of surface modification strategies have
been demonstrated to considerably address the instability issues

of cathode materials. Modification strategies, such as surface
coating and core-shell structure, are effective in addressing part
of surface problems, including phase transformation, TM ion dis-
solution, electrolyte decomposition, and particle cracking, but
are insufficient to cover all destructive challenges to enable satis-
factory electrochemical performance for commercialization.
Moreover, favorable effects in the reported surface strategies are
always accompanied with some undesirable consequences. For
instance, inert surface coating is an effective remedy for undesir-
able interfacial reactions but always accompanied by the imped-
iment of charge transfer on the cathode surface [17]; core-shell
structure can enable superior thermal stability, but prone to
boundary cracks between the core and the shell after cycling
because of the different degrees of the lattice volume changes
[224]. Therefore, combining different surface treatment methods
in one modification protocol is expected to involve individual
merits of each method to exhibit cooperative or synergistic
effects on addressing multiple stability issues on the surface of
cathodes.

Although many coating materials are multifunctional, they
cannot be expected to have a universal coating effect for all the
layered TM oxide cathodes because each of them has its specific
problems as mentioned in the above section. Recently, several
reports have mentioned the chemical cross talk between anode
with cathode that could be a universal problem for all batteries
[225-227]. Some species such as fluorinated compounds includ-
ing HF, CHF;, and POF,(OH), as well as carboxyl (>C = O) com-
pounds can dissolve in electrolytes, then move across the
separator and react with or deposit on the cathode surface, result-
ing in thick and resistive CEI layers. In addition, dissolved TM
cations from the cathode cause high overpotentials and also lead
to a non-uniform distribution of Li deposits. In this regard,
although there are now no reports about the effect of cross talk
of reduced species from Li anode on the coating materials on
the cathodes, the side reactions between the coating materials
and the cross talk species should be considered when using the
cathode coating materials in the future. Meanwhile, as one of
the efforts to achieve high energy density battery, cathode mate-
rials with high operating voltages have garnered as a candidate
for next generation batteries [10,228]. The coating materials,
which have inferior electrochemical oxidation stability than
the operating cathode, may cause unexpected irreversible reac-
tions, leading to diminishing cell performance. Thus, the oxida-
tion stability of coating materials should be considered as well;
otherwise additional issues will arise.

The hybrid modification strategies would be promising for
further development of cathodes applied in commercial LIBs.
However, the following aspects should be considered when a
proper hybrid modification strategy is designed. First, it is not a
process by simply mixing several surface treatment methods. Sec-
ond, more efforts of surface modifications should be devoted to
remedying the unexpected instabilities induced by more aggres-
sive surface chemistry with the increase in Ni content in LMO
and by new redox chemistry, oxygen redox reaction, involved
in LMR systems. This is urgently needed because Ni-rich LMO
and LMR are two series of cathode materials that have attracted
worldwide attention as potential next-generation cathodes for
EV batteries [147,229-231]. Third, single crystalline particles
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are greatly beneficial to the volumetric energy density and simul-
taneously possess higher mechanical strength than polycrys-
talline cathode particles [231]. While few studies have been
reported on the surface modification of single crystalline layered
oxides cathodes, such work is urgently needed. Fourth, it is cur-
rently limited to verify the feasibility of the surface engineering
for the commercialization under the industrial manufacturing
conditions. The effects of most surface modifications are verified
under low electrode density and cathode loading. However, the
scale-up feasibility of surface treatment process and the electrode
pressing process, which involves high-pressure calendaring, are
largely ignored in most reports. These may give rise to large devi-
ations when applying the surface modification strategies or sur-
face modified cathodes in industrial manufacturing. Hence, the
future direction in surface modification studies should include
the evaluation of various surface modification strategies under
practical conditions. An optimized surface modification in indus-
trial manufacturing should achieve a balance among coating
material cost, processing cost (including time consumption,
operational complexity and machining precision or effective
conversion rate) and the ultimate effects on enhancing the
specifically required performance of cathode materials in practi-
cal applications. Overall, surface engineering is all about getting
layered TM oxides consistently to give the best performances,
motivating them to grow to their fullest potential and enabling
them to apply in EV markets.
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