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1. Introduction

The aggressive consumption of fossil fuels has resulted in 
the uncontrolled release of greenhouse gases such as carbon 
dioxide and methane into the atmosphere, trapping heat and 
causing havoc to the environment. With this in mind, the 
development of sustainable energy is imperative. Renewable 
energy will fail to reach the anticipated impact unless more 
efficient way to store and use electricity is found. Therefore, 
high-performance energy-storage devices with high energy 
and power density are required for renewable energy sustain-
ability and storage security. Electrochemical batteries have 
been long considered as one of the most qualified candidates 
for providing reliable energy storage. Taking into account the 
safety, power density, cost, longevity and efficiency, recharge-
able lithium-ion batteries (LIBs) are the most successful 
electrochemical storage systems available. The extensive 

Lithium-ion batteries (LIBs) have become one of the most prevailing tech-
niques for rechargeable batteries. Lithium transition metal oxides are 
prevalent cathode materials currently, but they face great challenges due to 
unsatisfactory energy density, chemical/electrochemical instability, and ele-
mental scarcity concerns. Surface/subsurface is the interface where lithium 
ions cross between the electrolyte and the cathode materials. Its properties 
and complicated nature are unambiguously regarded as a crucial controlling 
factor for the overall performance. Tremendous efforts have been made in 
the exploration of surface modification methods with remarkable progress 
hitherto. The purpose of this work is to review these surface behaviors in 
order to understand their fundamental origins and provide a summary of 
various surface modification methods that can be used to address impeding 
issues. Finally, a rational method of surface modification is proposed for use 
in cathode materials.
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Batteries

application of LIBs is not limited to the 
portable electronics market, but is also 
expediting the paradigm shift in the 
transportation sector toward the use of 
electric vehicles. Although hybrid vehicles 
utilizing LIBs are already commercially 
available by automotive manufacturers, a 
great deal of innovation is still required 
in order to achieve the energy density, 
safety and cost stated by the United States 
Advanced Battery Consortium Goals for 
Advanced Batteries for EVs—CY 2020 
Commercialization.[1,2]

LIBs have attracted massive attention 
after being commercialized by SONY 
in 1991 due to their high energy den-
sity, good performance and long cycling 
life compared to conventional Ni–H, 
Ni–Cd, and Pb–acid batteries.[3] The 
growing demand for LIBs during the last 

two decades have stimulated enormous investigations on the 
development of high performance electrode materials. A LIB is 
typically comprised of three major components, the cathode, 
anode and electrolyte. Primary prototype LIBs were based  
on the LiCoO2/Li system, where LiCoO2 was the cathode material 
and lithium metal was the anode material. Charge/discharge 
cycling was achieved on the basis of lithium intercalation  
and de-intercalation from the LiCoO2 layered structure. The 
metallic lithium was later replaced by carbonaceous mate-
rials in secondary LIBs due to safety concerns. In addition 
to carbonaceous materials, a myriad of other materials were 
reported to be eligible as potential anode materials, such as 
Sn, Si, Li4Ti5O12, metal oxides, etc.[4] In sharp contrast to the 
diversity of anode materials available for use, the number of 
applicable cathode materials is significantly underdeveloped. 
Despite the fact that the intercalation chemistry has been com-
prehensively studied over centuries, the categories of cathode 
materials are rather scarce.[5] Primary groups of cathode mate-
rials include the layered LiCoO2, spinel LiMn2O4, poly-anion 
LiFePO4, and their derivatives. Within these classes of cathode 
materials, LiFePO4 was a very hot topic in the late 2000s and 
early 2010s. In recent years, lithium transition metal oxides 
became the prevalent research topic because they offer much 
higher energy density than LiFePO4. This review paper concen-
trates on the surface and subsurface issues of lithium transition 
metal oxides. Figure 1 shows the cost breakdown of a sample 
PHEV20 battery pack, materials cost 61% of the pack. Within 
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the seven major components of the materials, cathode mate-
rials cost 38%,[2,6] the most critical reasons are the difficulty of 
materials manufacturing and the low abundance of lithium, 
cobalt, manganese, and nickel that dominate the current LIBs 
market. As a result, the relatively slow development of cathode 
materials serves as a major hindrance toward lowering the cost 
and efficiency of future LIBs.[7]

In order to maximize the efficiency of a cathode material, 
researches have explored the use of advanced materials along 
with the development of various synthetic methods and modi-
fication of existing materials.[8] While all of these directions 
have been under rigorous investigation, the topic will always 
end up with a critical concern—the materials surface. The sur-
face is where lithium ions or electrons diffusion through in  
the material ends and transfer into the electrolyte or conductive 
agent, thus the majority of the side reactions happen here due to  
nonequilibrium diffusion reactions.[9] Attempts of surface 
modification aimed at adjusting the chemical or physical prop-
erties of the surface have been made within the past decades, 
but the underlying mechanisms governing these reactions have 
yet to be completely realized. It is therefore of great importance 
to review the latest progress, especially in emerging areas such 
as lithium-rich and Ni-rich cathode material surface modifi-
cations and surface modification techniques such as atomic 
layer deposition (ALD) and molecular layer deposition (MLD). 
In this work, rather than chronicling experimental results, 
we present a comprehensive review of surface modification 
methods on lithium metal oxide cathode materials by starting 
with an understanding of the fundamental origins of surface 
behaviors, followed by possible explanations to how surface 
modification works and a prospect of advanced surface modi-
fication methods.

2. Surface Behaviors of Cathode Materials

2.1. Surface Phase Reconstruction

2.1.1. Layered LiMeO2 (Me = Co, Mn, Ni)

Owing to the considerable voltage, capacity, and easy of scal-
ability, LiCoO2 has been by far the most successful cathode 
material for use in LIBs. Layered LiCoO2 belongs to a rhombo-
hedral space group R 3 m with edge-sharing CoO6 octahedra, 
which gives CoO2 sheets.[10] Lithium ions reside in octahedral 

sites between the CoO2 sheets so that electrochemical deinter-
calation forms LixCoO2.[11] Despite having a calculated theoret-
ical capacity of 272 mAh g−1, LiCoO2 can only be deintercalated 
to Li0.5CoO2 within a cutoff voltage of 4.2 V without severe 
degradation, and reduces the available reversible capacity to 
half of its theoretical value .[11] This diminished capacity value 
stems from LiCoO2 undergoing a phase transition from a 
layered structure to a quasi-spinel (QS) one when half of the 
lithium is deintercalated. It is suggested that the transition is 
a result of Co migration into Li planes due to elevated thermal 
diffusivity.[12] Dahn et al. initially reported the synthesis of QS-
LiCoO2 (or in some cases written as Li1+yCo2O4) in a space 
group of Fd 3 m under low temperature (400 °C), the ther-
modynamic stability of which is lower than that of layered 
LiCoO2.[13] Various approaches to synthesizing LiCoO2 with 
both layered and quasi-spinel configurations were reviewed by 
Antonelli.[14] A comprehensive study of the two phases revealed 
that the QS-LiCoO2 possesses much lower capacity and higher 
polarization compared to layered LiCoO2, thus turning out to 
be an inferior candidate for use in LIBs.[13] X-ray absorption 
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Figure 1. Breakdown of the material cost in a typical PHEV20 battery 
pack. (Data were adapted from ref. [2]).
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near-edge spectra (XANES) confirmed that there are interme-
diate phases between the layered and spinel structures due to 
the higher oxidation state of spinel LiCoO2,[15] it was thereafter 
found to be LixCo1−x[Co2]O4 by Thackeray et al.[16]

The formation of spinel phase in layered LiCoO2 initiates 
at the surface and extends to the bulk under severe conditions 
such as prolonged intensive cycling, operation in an extended 
voltage window and use under high temperature. Transmis-
sion electron microscopy (TEM) studies revealed the formation 
of dislocations and internal strains within the lattice of LiCoO2 
even at low cycle numbers. The accumulation of these defects 
was found to be directly responsible for long term capacity 
fade, which is related to crackings that will be introduced  
in Section 2.2.[17] The presence of strains indicates that the 
interlayer spacing within LiCoO2 lattice has been altered, 
which is in accordance with the in situ X-ray diffraction (XRD) 
studies carried out by Dahn et al.[12] A later study found  

that post-thermal treatment of LiCoO2 forms a thin spinel 
LixCo2O4 film on the surface and improves the performance 
significantly due to the conductive nature of the spinel 
phase.[18] This report is however in contradiction to previous 
studies, probably due to the different formation mechanisms 
of this phase.

The phase transformation of a layered structure to a spinel 
one has also been observed in other metal oxide cathodes such 
as LiNiO2 and LiMnO2, which are analogous to layered LiCoO2 
as shown in Figure 2a.[19,20] Each of these ending members of 
LiMeO2 (Me = Ni, Co, Mn) possesses its unique advantages as 
a cathode material. Nevertheless, apart from structural transi-
tions, these materials suffer from severe Jahn-Teller distortion, 
which is another major contributing factor toward capacity 
decay.[21,22] In the case of LiNiO2, the low spin Ni3+ ion has 
a 2

6 1t eg g 3d electronic configuration. The Jahn-Teller distor-
tion can be induced by the eg energy level, which results in 
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Figure 2. a) Compositional phase diagram of LiMnO2-LiNiO2-LiCoO2.Reproduced with permission.[20] Copyright 2017, Royal Society of Chemistry.  
b) Reconstructed surface layer of NMC333 after 100 cycles within 2.0–4.8 V. Reproduced with permission.[27] Copyright 2017, American Chemical Society 
2017. c) Degradation mechanism of Ni-rich LiNi0.5Co0.2Mn0.3O2. Reproduced with permission.[28] Copyright 2014, Wiley-VCH.
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the disproportionation reaction of Ni3+ and the formation 
Ni2+ and Ni4+ that have two eg electrons and no eg electron 
respectively.[22] Initial observation of the Jahn-Teller distortion 
occurring in LiNiO2 was reported by Delmas et al. in 1995.[21] 
Through the application of extended X-ray absorption fine 
structure (EXAFS) studies, two NiO bond lengths with 1.91 
and 2.09 Å were found to exist in LiNiO2. Unlike Ni3+, the 3d 
electronic configuration of Co3+ is t eg g2

6 0, with one less eg elec-
tron, therefore, the Jahn-Teller distortion in LiCoO2 absent.[22] 
As a result, plenty of effort has been dedicated to the investiga-
tion of dopants induced suppression, such as the inclusion of 
Al, Co, Mn, Cr, etc.[23] The fundamental principle behind this 
is to lower the concentration of the Jahn-Teller effective ions. 
For instance, doping LiNiO2 with Co to form LiCo0.5Ni0.5O2 has 
been suggested to change the Ni electronic configuration from 

2
6 1t eg g  to 2

6 2t eg g, which is Jahn-Teller inactive.[24]

Attempts toward doping layered metal oxides intro-
duced numerous derivatives, which are of remarkable 
value now. Among them, LiNixMnyCo1−x−yO2 (NMC) and 
LiNi0.8Co0.15Al0.05O2 (NCA) have found applications in current 
electrical vehicles. The high operational voltage and specific 
capacity have made these materials outperform many other 
cathode materials.[25,26]

Within the category of NMC layered cathode materials, 
LiNi1/3Mn1/3Co1/3O2 with a ratio of 1:1:1 (NMC111) has been 
intensively studied since it combines the rate performance 
of LiCoO2, safety of LiMnO2 and capacity of LiNiO2. The sur-
face reconstruction upon aggressive exposure to electrolyte 
has, however, also been reported in these materials, as shown 
in Figure 2b.[26,27] In an attempt to achieve high energy den-
sity cathode materials for EVs, Ni-rich NMC with high capacity 
has become a focus in recent years. The rich Ni content in the 
material, however, involves safety issues, preparation difficulty 
and storage concerns.[28,29] Due to the similar ionic radii and 

oxidation state with Li+, Ni2+ in Ni-rich NMC materials has been 
found to show very high degree of interlayer mixing between 
these two elements, resulting in strong phase segregation and 
capacity fade.[30] Figure 2c shows a schematic illustration of 
the degradation mechanism of a Ni-rich LiNi0.5Co0.2Mn0.3O2 
(NMC523) material. In this study, different degradation mecha-
nisms from NMC111 are proposed, specifically, the O3 to O1 
phase transformation at highly delithiated conditions, which 
involves the gliding of the TMO2 layers. This mechanism was 
found to be a primary reason for rapid capacity fade in NMC532 
due to the formation of stacking fault. However, no such phase 
transformation was observed in NMC111, probably due to the 
lower Ni–Li site exchange. These studies have unambiguously 
demonstrated that stabilization of Ni in Ni-rich NMC cathodes 
is imperative to enable stable and reliable energy storage per-
formance. A possible strategy is to design a Ni rich bulk and 
Mn rich surface NMC material. This concentration gradient 
has been proven to be effective in controlling the surface Ni 
disorder.[31,32] An extreme case reported recently synthesized 
a core–shell structure with LiNiO2 as the core encapsulated 
by a LiNi0.87Co0.065Mn0.065O2 shell, which achieved a capacity 
of more than 230 mAh g−1 and 74.2% capacity retention after  
100 cycles.[33]

2.1.2. Layered Lithium-Rich Oxides

Layered Li-rich NMC can be written as xLi2MnO3•(1-x)LiMeO2 
(Me = Ni, Co, Mn), it is regarded as the combination of a 
LiMeO2 phase (trigonal, R 3 m) and a Li2MnO3 phase (mono-
clinic, C2/m) as shown in Figure 3a.[34] Compared to conven-
tional layered LiMeO2, the Li2MnO3 material has lithium ions 
occupying part of the transition metals in the transition metal 
layer and they form LiMn6 units, therefore the Li2MnO3 phase 
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Figure 3. Structures of a) layered trigonal LiMeO2 and b) layered monoclinic Li2MnO3 viewed from the [100] crystallographic direction. Adapted with 
permission.[36] Copyright 2013, Wiley-VCH. c) Schematic diagram showing the charge/discharge curves of a typical Li-rich NMC with the evolution of 
structure during cycling. d) STEM-HAADF image of a cycled Li-rich Li1.2Ni0.2Mn0.6O2 showing the presence of a spinel phase on the surface. Adapted 
with permission.[37] Copyright 2015, American Chemical Society.
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can be also reformulated as Li[Li1/3Mn2/3]O2, where 1/3 of the 
Mn sites are occupied by lithium ions.[35]

Though the fact that the structure of Li-rich NMC material 
is formed by the combination of LiMeO2 and Li2MnO3 is clear, 
the mixing of these two phases has recently been intensively 
contested. The main argument is whether the final structure is 
a solid-solution as a result of Li2MnO3 integrated into the trig-
onal structure of LiMeO2 or the formation of nanodomains of 
these two phases and Li2MnO3 helps stabilize the structure of 
LiMeO2. Ikuhara et al.[36] used electron diffraction and annular 
bright field (ABF) scanning transmission electron microscopy 
(STEM) combined with high-angle annular dark-field (HAADF) 
STEM techniques to investigate the phase components of 
Li-rich NMC material synthesized via a solid-state reaction 
method. They found that two phases that can be ascribed to 
rhombohedral (rh) LiMeO2 and monoclinic (mon) Li2MnO3-like 
structure coexist in the observed domain. The two phases were 
found to have been separated by the (001)rh/(103)mon plane, 
revealing that they presented independently as nanodomains 
in the Li-rich NMC material. On the other hand, many other 
researches have unambiguously found that these two phases 
form solid solutions by telling that the material is made up of 
a single phase.[38,39] The reason why different researchers have 
obtained strikingly different results may be ascribed to the fact 
that the materials they studied were not synthesized from the 
same method and that the composition was not essentially the 
same, where transition metal ratios vary.[39]

The high capacity of Li-rich NMC derives from its 
unique structure. In the Li-rich NMC with a composition of 
xLi2MnO3•(1  −  x)LiMeO2 (Me = Ni, Co, Mn), conventional 
LiMeO2 and Li2MnO3 are activated individually. As shown in 
Figure 3c, in region I, delithiation occurs within the LiMeO2 
phase, alongside the oxidation of Co and Ni. The subsequent 
long plateau marked as II corresponds to the activation of the 
Li2MnO3, the reaction can be summarized as follows

2Li MnO 4Li 2MnO O e2 3 2 2→ + + ++  (1)

The oxygen release in the first charge process, together with 
the removal of lithium ions in the transition metal layer, yield a 
net loss of Li2O and the formation of layered MnO2. In the fol-
lowing discharge process, the following reaction occurs

MeO Li e LiMeO2 2+ + →+  (2)

Clearly, compared to conventional LiMeO2, an extra reversible 
lithium ions insertion into layered MnO2 has taken place in the 
Li-rich NMC materials, which allows for a discharge capacity of 
over 250 mAh g−1.[40] The concomitant removal of oxygen and 
lithium ions from the Li2MnO3 leaves lithium vacancies in the 
transition metal layer with O vacancies occurring at the octa-
hedral edges. This structure is inherently unstable and results 
in the adjacent transition metals, especially Ni, to drop into 
Li vacancies in the Li layer.[41] The mechanism is similar with 
the aggregation of spinel phase in conventional layered NMC  
materials surfaces. Nevertheless, in the case of Li-rich NMC, this  
reaction is more intense due to the higher instability of the 
transition metals. The consequence of the growth of spinel 
phase can be found in Figure 3c as well. Region III represents the 

capacity delivered from a layered phase and region IV stands 
for the spinel phase. It can be seen that upon extended cycling, 
more of the capacity stems from region IV, indicating that the 
spinel phase gradually grows and the layered phase diminishes. 
A STEM-HAADF image of a cycled Li-rich NMC clearly shows 
spinel phase on the surface, as shown in Figure 3d. The average 
voltage of the spinel phase is normally only 2.8 V, which is 
much lower than the layered phase, therefore the mean voltage 
of the whole cell drops.[42] On the other hand, the spinel phase 
consists of Mn in a lower valence state, it is known that Mn3+ 
undergoes Jahn-Teller distortion and forms Mn2+ and Mn4+. 
Furthermore, Mn2+ is soluble in the electrolyte, resulting in 
loss of active material and rapid capacity fading. In summary, 
structural transformations in Li-rich NMC is detrimental to its 
Li storage performance and, finding a method to stabilize the 
surface of the material is of paramount importance. A recent  
study investigated the spinel phase formation on Li-rich NMC 
particles with various morphologies and found that it is indeed 
facet-dependent, with the least formation in the direction where 
transition metal layer stacks.[43]

Oxygen participation in the charge compensation process is 
another problem that plagues this material. The higher than 
expected capacity of Li-rich NMC has lead thorough investi-
gation pertaining to the behavior of oxygen during electro-
chemical cycling. In situ XAS was employed to systematically 
track the valence and bond length changes of transition metals 
within the material during electrochemical cycling. It was 
found that the valance change during the initial discharge pro-
cess was not able to account for the high discharge capacity.[44] 
Furthermore, the electrolyte decomposition product with the 
presence of oxygen is different from regular cases. The oxygen 
anion redox charge compensation tends to result in more 
Li2CO3 formation.[45]

2.1.3. Spinel LiMn2O4

Spinel type LiMn2O4 belongs to the space group symmetry of Fd
3  m, in which Mn shows an average valence of 3.5, indicating 
the coexistence of Mn3+ and Mn4+.[46] However, the equilibrium 
can be easily broken by Li+ insertion or temperature change, 
causing Jahn-Teller distortion of Mn3+ at the octahedral sites. 
The onset of Jahn-Teller distortion at 4.0 V has been regarded 
as a primary source of capacity loss.[47] Studies conducted on 
the surface structure of LiMn2O4 revealed that a net valence 
difference is present between the surface and bulk, with more 
Mn3+ present on the surface due to the nonequipoised dynamic 
of Li+ insertion (C-rate controlled) and extraction (diffusion-
controlled).[48,49] This was suggested to result in the formation 
of Li2Mn2O4, which is much less electrochemically reactive.[50] 
Nonetheless, the phase transition from cubic to tetragonal, 
induced by the Mn3+ Jahn-Teller distortion, was speculated to 
generate a phase boundary on the particle surfaces and severely 
limits lithium-ion diffusion. Similar to strategies involving the 
doping of elements in layered LiMeO2, doping of LiMn2O4 has 
also been a vastly studied topic aimed at suppressing the Jahn-
Teller distortion.[46,49] Of various possible doping elements, 
Ni has been employed to form P4332 LiNi0.5Mn1.5O4 and was 
found to be successful due to the electrochemical reactivity of 
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Ni2+ and the disappearance of Mn3+.[51] Furthermore, the incor-
poration of Ni2+ provides two voltage plateaus at about 4.7 V 
(Ni2+/Ni3+, Ni3+/Ni4+), making it a very promising high power 
cathode material. Although trace amount of Mn3+ was reported 
in oxygen-deficient LiNi0.5Mn1.5O4−δ with a space group Fd 3 m,  
the Jahn-Teller distortion is significantly suppressed.[52]

2.2. Stress-Induced Cracking

Mechanical cracking has been primarily reported for anode 
materials that undergo large volume expansion upon lithiation, 
such as Si and Sn. Cathode materials, however, have also been 
found to develop cracks upon high rate cycling when the lithium 
ions do not have sufficient time to diffuse homogeneously, 
ending up with extra stress in particles.[53] For a brittle cathode 
material, the C-rate that is required to initiate cracks decreases 
with increasing particle size.[54] The residual internal stress of 
electrode materials during preparation and phase change (such 
as Jahn-Teller distortion, O2 release) induced stress can also aid 
in the development of cracks in the materials surface and even-
tually propagate to the bulk.[55,56] In a broader scope, cracks can 
be defined as both intergranular crack and intergranular crack 
depending on the cracking locations. Figure 4a–f shows a typ-
ical intragranular crack lattice. The crack was developed from 
dislocations that are universal in as-prepared materials, upon 
cycling, the TMO2 layers became loosely connected due to the 
propagation of the dislocations, resulting in a wider interslab 
distance, which will eventually turn into a macroscopic crack.[56] 
A recent study has revealed that the thermal stress and pres-
sure increase generated during the battery operation can lead to 
very strong phase inhomogeneity, which is also a direct reason 
for the abrupt intragranular cracks development.[56,57] On the 
other hand, if the volume change of the cathode materials is 
nonelastic deformation, it will lose contact with the binders and 
conductive carbon, forming intergranular cracks. The occur-
rence of intergranular cracks segregates part of the materials 
from the electrolyte and leads to the increase of impedance 
and subsequent battery failure. In situ SEM studies conducted 
on LiNi0.8Co0.15Al0.05O2 shows direct visual evidence of cracks 
developing and separating the active materials from the elec-
trolyte, as shown in Figure 4g,h. Surprisingly, the development 
of cracks was found to occur in the first cycle, indicating the 
necessity to develop strategies that can prevent the cracking of 
cathode materials. A schematic diagram showing the conse-
quence of the cracking toward lithium diffusion is presented in 
Figure 4i. Zhang et al. investigated the formation of cracks in 
on lithium rich layered Li[Li0.2Ni0.2Mn0.6]O2.[58] Following long 
term cycling, microcracks were found in the particles due to 
the large stress caused by simultaneous removal of lithium and 
oxygen, resulting in pulverized surface structures. Mn ions on 
the surface were found to be reduced, as revealed by electron 
energy loss spectroscopy (EELS), indicating an inhomogeneous 
surface chemistry.

In addition to the cracking at the materials level, there is also 
cracking problems when it comes to thick electrode with high 
mass loading. The thick electrode results in heterogeneous state 
of charge (SOC) from the surface to the bulk, leading to polariza-
tion of the cell and delamination from the current collectors.[59]

2.3. Electrolyte Decomposition and Transition Metal Dissolution

2.3.1. Electrolyte Decomposition

Electrolytes for LIBs are generally liquid or solid with electrical con-
ductivity below 10−10 S cm−1 and lithium-ion conductivity above 
10−4 S cm−1.[1c] In conventional nonaqueous electrolyte, organic 
carbonate esters based blends, including ethylene carbonate 
(EC), diethylene carbonate (DEC), propylene carbonate (PC),  
dimethylene carbonate (DMC) and ethylmethyl carbonate (EMC) 
are widely used as electrolyte solvents,[61] with the employment  
of LiPF6 salt.[62] The operational voltage windows of these sol-
vents are typically between 1.0 V and 4.7 V versus Li/Li+,[63] 
therefore any cathode materials that require a voltage cutoff 
value above 4.7 V (in practical 4.5 V due to the catalytic effect 
of cathode materials) inevitably involve decomposition of 
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Figure 4. a,b) HAADF and ABF images showing a loose lattice in cycled 
LiNi1/3Co1/3Mn1/3O2 along the [010] axis; c) the corresponding lattice 
model. d,e) HAADF and ABF images showing a crack tip; f) the corre-
sponding lattice model. Reproduced with permission.[56] Copyright 2017, 
Springer Nature. SEM images of LiNi0.8Co0.15Al0.05O2 particle intergran-
ular cracking after g) 1, h) 4 electrochemical cycles. Reproduced with 
permission.[60] Copyright 2013, Wiley-VCH. i) Schematic illustration of 
the segregation consequences of cracks toward the lithium-ion diffusion.
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electrolyte via oxidation reaction. The consequence of electro-
lyte decomposition is the formation of a passivating cathode 
electrolyte interphase (CEI) layer, comprised of inorganic salts 
such as Li2CO3, LiF, and organic species such as poly(ethylene 
carbonate).[64–66] Recent progress of lithium metal batteries has 
extended the concentration of the electrolyte to close to the sat-
uration point using lithium bis(fluorosulfonyl)imide (LiFSI) as 
the salt and bis(fluorosulfonyl)imide (BTFE) as the cosolvent to 
produce a localized high concentration electrolyte.[67] However, 
the decomposition mechanism on the cathode side is not yet 
fully investigated. The CEI layer is normally electrically insu-
lating yet lithium conductive.[68] A great deal of research effort 
has been dedicated toward expanding the electrolyte redox 
window.[69] The CEI formation causes irreversible lithium/ 
capacity loss during the first several cycles, in this sense, it is 
unfavorable to the battery performance.

The intricacy of CEI growth is far from being resolved thus 
far.[65] Despite the capacity consumption during the electrolyte 
decomposition, the oxidation of electrolyte on the surface of 
cathode materials requires continuous electron transfer,[1c,70] 
the electrically insulating layer can keep the electrolyte from 
being further oxidized, a CEI layer with certain thickness and 
good stability is therefore desired.[61,71] In order to mitigate elec-
trolyte decomposition, sacrificial electrolyte additives have been 
employed.[72]

Even though CEI formation is a side reaction pertinent to the 
electrolyte side, heterogeneous and thick CEI has been found 
to facilitate the degradation of the cathode material structure 
as well. First, nonuniform coverage of the cathode may lead 
to leaching of the transition metals out of the structure (see  
Section 2.3.2 for details). Second, it has been found that thick 
CEI accelerates the surface phase change due to an uneven 
lithium diffusion rate on the surface. Third, a thick and non-
uniform CEI affect the local delithiation and lithiation levels 
after prolonged cycling, leading to nonuniform contraction and 
expansion of the lattice, which eventually turns into intragran-
ular cracks.[73]

2.3.2. Transition Metal Dissolution

Decomposition of the electrolyte is not the only issues that 
plague this vital component of LIBs. Although electrolytes are 
supposed to be nonaqueous, traces amounts of moisture in the 
electrolyte or on the surface of cathode materials is commonly 
found. As a result, the LiPF6 salt may undergo the following 
dissociation reaction: LiPF6 ⇌ LiF + PF5, followed by the 
hydrolysis of PF5: PF5 + H2O → POF3 + 2HF according to Aur-
bach and Heider’s theory.[74] Production of HF from the hydrol-
ysis of PF5, along with the inherent HF in the LiPF6 salt, triggers 
obscure side reactions on the cathode materials.[61,75] Studies 
have shown that the dissolution level follows a trend with  
Mn>Co>Ni.[76]

Taking spinel LiMn2O4 as an example, it was found that cathode 
materials containing more Mn3+ tend to suffer from higher 
manganese dissolution into the electrolyte.[77] The Mn3+ tends 
to undergo a disproportional reaction: 2Mn3+ → Mn2+ + Mn4+,  
where the Mn4+ remains on the material surface and Mn2+ dis-
solves into the electrolyte. Aoshima and colleagues studied the 

mechanism of capacity fading in manganese spinels and con-
cluded that the dissolved Mn2+ preferentially forms a layer of 
MnF2 and ramsdellite-Li0.5MnO2 on the surface of the cathode, 
along with a layer of deposited metal Mn on the anode. These 
two the synergistic processes were responsible for the fade in 
capacity for manganese spinels.[50,78–80] A more recent study 
by Kanno and coworkers found that the Mn dissolution is 
dependent on which crystal plane is exposed to the electrolyte, 
with (110) plane being less thermodynamically stable than the 
(111) plane.[81] The dissolution of Mn is, however, more intense 
in cathode materials that operate at higher voltage such as 
LiNi0.5Mn1.5O4 and under elevated operation temperatures.[82] 
The side effect of Mn dissolution, aside from the loss of active 
materials, also involves degradation of the anode. An “ion-
exchange model” was proposed to explain the reaction of Mn 
on the anode surface.[79] In detail, Mn2+ dissolved into the elec-
trolyte is thought to react with the solid electrolyte interphase 
(SEI) by undergoing an exchange reaction with the Li+. This 
results in the anode SEI to become Mn-rich while simultane-
ously hindering lithium diffusion channels, thereby increasing 
the impedance.

Although Mn dissolution is prevalent among these transi-
tion metals, it is necessary to overview the dissolution behav-
iors of Co and Ni as well. The dissolution of Co is believed to be 
related to the phase transition at high voltage, as the Co diffuse 
to Li sites and eventually leach out from the parent structure.[66] 
This process can also be accelerated by the generation of HF at 
such a high voltage. Ni, however, has been found to be more 
stable than Mn and Co. It is believed that the suppressed Ni 
dissolution could be related to the stable NiO-like rock salt 
phase formed on the surface due to phase transition.[80] In 
addition, Al-containing Ni-rich LiNi0.8Co0.15Al0.05O2 mate-
rial was substantially more stable than Mn-containing Ni-rich 
LiNi0.7Co0.15Mn0.15O2 materials, this is partially because that 
when Mn dissolves, the surface structure destabilizes and leads 
to the instability of Ni.[83]

2.4. Surface Instability in Air and Moisture

Storage of Ni-rich and Li-rich NMC materials has been a hassle 
practically. When exposed to humid air, the Ni3+ in these mate-
rials spontaneously get reduced to Ni2+, accompanied by the 
loss of lithium, which accumulates on the material surface in 
the form of Li2CO3 and LiOH through reaction with CO2 and 
water.[84] These impurities deteriorate the performance of the 
cathode material from several aspects. First, the surface of the 
cathode materials becomes basic with a PH close to 11, which is 
detrimental for the slurry preparation process since the binder 
PVDF undergoes a defluorination process under basic environ-
ment,[85] this leads to further accumulation of impurities on the 
material surface and the loss of binding functionality, the slurry 
becomes gel like and is difficult for uniform casting. Second, 
it has been found that impurities such as Li2CO3 decompose 
under high voltage, generating gas such as CO2 and CO, which 
is detrimental for practical batteries.[86] They also react with the 
LiPF6 and consume the available electrolyte.[87] Third, the loss 
of lithium on the surface induces irreversible phase transitions, 
which may block the channels for lithium-ion diffusion.[88]

Adv. Energy Mater. 2018, 1802057
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3. Roles of Surface Modifications

3.1. Surface Modification as Phase Transition Inhibitor

3.1.1. Surface Structural Design

Bulk doping of cathode materials has been extensively studied 
over the past few decades. The aim of this process is to con-
trol the phase change or enhance the diffusion rate within a 
particle. However, bulk doping elements, usually Ti, Al and so 
on, are normally electrochemically inactive. In regard of this, 
restricting the doping to the material surface has therefore 
become a prevalent topic since minimum capacity sacrifice 
is expected in this scenario. Cho et al conducted a number of 
detailed studies pertaining to the surface protection of LiCoO2. 
The majority of their work concluded that metal ions in the 
coating materials, such as Al, Zr, and Sn were found to migrate 
into the near surface lattice of the cathode material, forming 
a solid solution.[89] His early work in 2000 demonstrated that 
when the surface of LiCoO2 was slightly doped with Al, the c 
axis would have 1.7% shift during the first cycle whereas the 
ones with solid solution on the surface showed only 0.14%, 
which was also observed in their later report on Zr doped sur-
face. This opinion was however opposed by Dahn et al. They 
conducted a ZrO2 coating study on LiCoO2 with careful exami-
nation on the structural change, no difference was observed 
on the coated and bare samples.[90,91] Therefore, closer investiga-
tion on the mechanism through which surface doping works to  
suppress phase reconstruction is needed. Park et al. reported 
an alternative explanation by depositing inhomogeneous MgO 
onto the surface of LiCoO2 followed by heat treatment under 
different temperatures.[92] Prior to electrochemical cycling, 
the near surface and bulk structures were identical. However, 
following electrochemical cycling, additional selected area 

diffraction points can be observed on the noncoated areas and 
the bulk. These weak reflections were proposed to stem from 
lithium and vacancy ordering and were not observed in coated 
regions of the sample. Therefore, they concluded that incorpo-
ration of Mg into the LiCoO2 actually occupied Li sites rather 
than Co sites, resulting in an inhibition of phase transition. 
Similarly, Cho also reported another possible design for surface 
solid solution reactions through the use of Ni2+ ions to residing 
within Li slabs near the surface of LiNi0.62Co0.14Mn0.24O2, with 
a thickness of about 10 nm. This material showed exceptional 
structural stability, especially at elevated temperatures.[93] A 
later study by Cabana and coworkers adopted Al2O3 to modify 
the surface of LiMn2O4 nanoparticles. The researchers observed 
an epitaxially grown Mn3+-depleted phase on the surface of the 
active material. The replacement of Mn3+ by nonsoluble Al3+ on 
the surface reduced the risk of surface destruction and resulted 
in significant performance enhancement. Dahn et al. estimated 
the diffusion of Al and Mg into LiCoO2 upon sintering by Fick’s 
Law and concluded that the interdiffusion distance of Al and 
Mg with Co increases with the heating temperature. Arrhenius 
equation was used to calculate the activation energy barrier, the 
Al3+/Co3+ couple was found to be 88 kJ mol−1 and the Mg2+/Co3+  
couple was 100 kJ mol−1.[94] A similar study has also been 
reported by Amine and co-workers.[95] Recent work by our group 
utilizing the combination of atomic layer deposited TiO2 coating 
and postannealing process on spinel LNMO revealed that the 
titanium ions partially diffuse into the tetrahedral sites that were 
previously occupied by lithium ions, resulting in the formation 
of a epitaxially grown TiMn2O4-like structure, as can be seen 
from Figure 5. It was found that with a properly adjusted thick-
ness of TiO2 coating followed by annealing, the capacity and sta-
bility can be significantly improved, which was ascribed to the 
suppression of the migration of transition metals into the empty 
16c octahedral sites that is essential for lithium-ion diffusion.[96]

Adv. Energy Mater. 2018, 1802057

Figure 5. a) HAADF-STEM image of LNMO/250TiO2A particle acquired near the surface, the corresponding region is shown in the inset image.  
b,c) Atomic-resolution HAADF-STEM images showing the lattice structure of the outermost layer and the inner region of the particle, respectively.  
d,e) Processed images corresponding to the HAADF-STEM images shown in (b) and (c) with a band-pass filter applied. f,g) Simulated HAADF images 
of LiMn2O4 and TiMn2O4. Reproduced with permission.[96] Copyright 2017, Wiley-VCH.
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The use of surface doping has also resulted in the reduc-
tion of Jahn-Teller distortion-caused phase transitions. Taking 
LiMn2O4 as an example, as has been discussed above, the Jahn-
Teller distortion predominantly occur at the material surface 
where the charge equilibrium is broken by lithium diffusion. 
With respect to this, many researchers believe that modifying 
only the surface of LiMn2O4, to replace part of the Jahn-Teller 
active ions, can alleviate performance fade at lowest expense 
of capacity loss.[97] Chung et al. adopted a coating material 
composed of LiM0.05Mn1.95O4 (M = Co, Ni) to deposit onto the 
surface of LiMn2O4.[98] The slightly doped LiM0.05Mn1.95O4 was 
anticipated to suppress the Jahn-Teller distortions. Similar spec-
ulation was also proposed by Xiong et al.[99] They found that 
when Al2O3 coated LiMn2O4 was subject to annealing, the Al 
that diffused into the surface lattice will help suppress the Jahn-
Teller distortion and the remaining crystalline Al2O3 shielded 
the electrolyte from attacking the Mn.

Surface doping has also been shown to be an effective 
strategy in suppressing the evolution of gaseous O2 in lithium-
rich cathode materials. Previous discussion has implied that 
the release of O2 resulted from simultaneous leaching of Li2O 
from the layer of Li2MnO3. When hetero atoms are introduced 
to the surface layers, imported ions may impose extra stress 
to the Li2MnO3 and change its behavior under cycling. This 
speculation was placed under investigation by Park et al.[100] in 
their attempt to improve the performance of a lithium-rich Li[
Li0.167Ni0.233Co0.100Mn0.467Mo0.0333]O2. With the expectation of 
Al diffusing into the surface lattice, a layer of Al2O3 or AlPO4 
was deposited onto the particle surface followed by heat treat-
ment under 600 °C for 3 h, the Al was found to have diffused 
into the surface lattice. By applying a pressure sensor in the 
battery, they found that when the surface was modified, the 
pressure dropped noticeably, which is due to the suppressed O2 
release. The basic reason was that the Al incorporated into the 
surface bonds strongly with the O and simultaneously creates 
smaller domains of LiMn2O3.

A “pillar effect” was proposed by Cho et al.[101] The 
researchers found that by annealing Mg2(PO4)3 coated 
Li1.17Ni0.17Co0.17Mn0.5O2, Mg can be introduced into the Li (4 h)  
site. The replacement of Li by Mg was responsible for sup-
pressing voltage fade due to its ability to hinder the migration 
of transition metals into the Li slab. In this case, the electro-
chemically inactive Mg act as the pillars. Similarly, Na has been 
studied as a doping element, as Na ions enlarged the Li+ slab 
and helped realize the pinning effect with stabilized structure 
and faster Li+ diffusion rate.[102]

Previous strategies involving solid doping design were almost 
exclusively focused on diffusing metal ions into the bulk. How-
ever, another possible consequence may also occur during this 
process such as the diffusion of lithium-ions into the coating 
layer to form a second phase, as proposed by Wu et al.[103] When 
a layer of electrochemically active MnOx was applied to the 
surface of Li[Ni0.2Li0.2Mn0.6]O2 and subject to post annealing, 
improved performance was reported and was associated with 
the occurrence of lithium vacancies on the surface diffusion 
into the MnOx. The partially lithium-depleted surface resulted 
in oxygen depleted region, and therefore decreased the chance 
of O2 formation. In addition, the MnOx layer provides addi-
tional lithium diffusion channels.[104] Croy et al. carried out a 

delicate study using X-ray absorption spectroscopy (XAS) at the 
metal K-edges.[105] They used a Li-Ni-PO4 composition along 
with annealing to modify the surface of Li1.2Mn0.4Co0.4O2 and 
found that the Ni was not contained within the phosphate and 
was instead replaced by Li to form a NiMn6 unit that made the 
Li2MnO3 phase more stable.[106]

Other methods for surface modification involving treating 
lithium-rich material with mild acid and hydrazine to partially 
replace the surface Li+ with H+ or incorporate N into the sur-
face.[107] In a typical example, Meng et al. designed a gas–solid 
interfacial reaction modification (GSIR) method on Li-rich 
NMC materials as shown in Figure 6.[108] The modification was 
carried out by mixing Li-rich NMC powder with NH4HCO3 and 
heat in an oven placed in the glove box. The decomposition of 
NH4HCO3 under high temperature generates CO2 gas, which 
reacts with the surface of the Li-rich NMC powder and creates 
oxygen vacancies with a depth of 20 nm. Such a treatment was 
found to boost the performance of the Li-rich NMC material 
as shown in Figure 6b,c. DEMS study revealed that the O2 and 
CO2 gas release was suppressed in the GSIR-treated sample. 
On the other hand, by triggering more oxygen reactions in the 
form of O2−/O− in the bulk material, the lithium-ion diffusion 
was found to be much faster, which accounts for the high per-
formance as well.

Since the activation of Li2MnO3 during the initial charge pro-
cess is the main reason of the structural complexity in Li-rich 
NMC, preactivation of this phase during preparation is devel-
oped. Converting the surface of a Li-rich cathode material to 
an integrated layered (R3m)—layered (C2/m)—spinel (Fd3m)  
(LLS) composite phase is another important surface modifi-
cation approach. Layered-spinel composite structures were 
initially proposed by Thackeray et al.[109] It can be written as 
xLi2MnO3·(1-x)Li1+yMn2−yO4 (0 < x < 1, 0 ≤ y ≤ 0.33). The layered 
phase can achieve high capacity and the spinel phase can provide 
high rate-capability. The formation of cubic Li4Mn5O12 from a 
net loss of Li3O6 from 3 Li2MnO3 has been extensively reported 
from reduction of the material surface via an ion exchange reac-
tion.[110] Li4Mn5O12 is a type of spinel phase with a space group 
of Fd3m, in which 1/3 of the lithium ions reside in octahedral 
sites. The structural stability of this spinel phase enables the LLS 
material to possess outstanding performance without severe 
structure degradation.[111] In other cases, reduction of lithium 
rich cathode materials has been shown to result in the partial 
formation of an artificial spinel phase on the surface that pro-
vides both lithium and electron conductivity.[85,110,112] Figure 7 
shows an example of the use of ALD to deposit a layer of AlPO4 
onto Li-rich NMC (HENMC), it was found that the surface Mn 
and Co underwent reduction reaction upon reaction with the 
trimethyl aluminum precursor, which was responsible for the 
formation of a spinel phase on the surface.

3.1.2. Surface Coating

The role of surface coating toward suppressing surface phase 
transition is a debated topic. Both CEI accumulation and O2 
release can lead to phase transitions on the surface. The use 
of an AlF3 coating to increase structural stability is one of  
the few methods that have been reported to effectively  

Adv. Energy Mater. 2018, 1802057
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mitigate the transition from layered to spinel phase in Li-rich 
cathode materials by increasing the structural stability.[113] A 
recent study by Wang’s group provided visualized evidence 
toward the suppression of a layered to spinel phase transi-
tion in Al2O3 coated Li1.2Ni0.2Mn0.6O2 as shown in Figure 8. In 
a typical uncoated particle, the valence of Mn on the surface 
decreases after only 40 charge/discharge cycles, whereas the 
coated particles demonstrate a negligible surface Mn reduc-
tion. The uncoated particle also displays surface reconstruc-
tion with a depth of about 5 nm, however, the coated sample 
remained unchanged. In another study, the effect of sodium 
carboxymethyl cellulose (CMC) binder on the performance 
of Li1.2Ni0.13Co0.13Mn0.54O2 was evaluated, which can also be 
regarded as a type of surface coating.[114] The improvement was 
ascribed to three aspects, the stabilization of the active mate-
rials from delamination from the Al current collector, the sup-
pression of voltage fade by the intercalation of Na+ ions in the 
CMC binder through ion exchange and the inhibition of transi-
tion metal dissolution. While numerous studies have obtained 
mitigated phase transition results based on surface coating, 
discrepancy has also been reported by others. For the phase 

transition that happened intrinsically within the cathode mate-
rial itself, such as those induced by O2 release in Li-rich NMC 
materials, surface coating effect was supposed to be marginal 
and the voltage fade problem cannot be efficiently addressed.[115] 
In theory, surface phase changes that result from oxygen release 
is an intrinsic behavior, therefore simple coating is supposed to 
be not as effective in alleviating the phase transition that occur 
upon electrochemically cycling.[115] Therefore, the role of sur-
face coating is more complicated than it seems to be and hence 
more investigations are needed to better address the voltage fade 
problem.

3.2. Surface Modification as a Mechanical Buffer Layer

While there have been a tremendous amount of scientific 
reports published pertaining to coating materials aimed at sup-
pressing mechanical cracks in anode, the same scientific inves-
tigation has not been adequately applied toward the cathode 
part. The surface modification required for an intergranular 
cracking surface should be able to accommodate the strain that 

Adv. Energy Mater. 2018, 1802057

Figure 6. a) Schematic of GSIR between Li-rich layered oxides and carbon dioxide. b,c) Cycling performance of the pristine and GSIR LR-NCM at 
55 °C by applying a constant current density of 0.5 C rate and 1.0 C rate (250 mA g−1), respectively. Reproduced with permission.[108] Copyright 2016, 
Springer Nature.
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was generated upon electrochemical cycling. Grain bounda-
ries within spherical secondary particles are regions where 
intergranular crackings happen predominantly, since liquid 
electrolyte may permeate into the gaps and ameliorate the side 
reaction. Approaches aimed at suppressing the cracks on these 
grain boundaries are limited, most often people work on the syn-
thesis of more condense secondary particles. In a recent study, 
a Li3PO4 solid electrolyte was deposited onto a Ni-rich cathode 
material followed by heat-treatment as shown in Figure 9.  
The Li3PO4 solid electrolyte was found to have infused into 
the interior of the secondary particles and solidified on grain 

boundaries, these solid electrolyte facilitates the lithium-ion 
diffusion across the grain boundaries. More importantly, as 
shown in Figure 10b–e, without the treatment, liquid electro-
lyte permeate into the gaps and facilitate the formation of inter-
granular cracks. On the other hand, the infusion of Li3PO4 was 
able to prevent the permeation of the liquid electrolyte and sup-
press side reactions from happening on the grain boundaries, 
which is essential to avoid intergranular crackings and achieve 
high performance.[117]

Some metal oxides and fluorides such as Al2O3 and AlF3 
have been studied aimed at suppressing the crack formation 

inside of particles and were found to be effec-
tive.[118] However, additional problems arise 
from coating materials as they are brittle and 
weak adhesion may result in film delami-
nation, thereby diminishing performance. 
Taking this into consideration, polymers with 
better suited mechanical properties may be 
more ideal.[119] Attempt on coating on anode 
materials aimed at suppressing cracks using 
self-healing polymers has been reported by 
Cui et al.[120] Also, a molecular layer deposi-
tion (MLD) designed for polymer coating 
at the molecular level has been reported, 
this can be a potential method to adjust the 
cathode surfaces.[121] In addition, since the 
primary reason for the cracking formation 
in cathode material stems from surface level 
phase transition, the strategies discussed pre-
viously may help to alleviate the occurrence 
of local cracking, as has been mentioned in 
the Li3PO4-infusion study.

Adv. Energy Mater. 2018, 1802057

Figure 7. Soft XAS data of a) HENMC Co L3,2 edges and b) HENMC-20AP Co L3,2 edges fitted to standard CoO and LiCoO2, the surface Co was reduced 
by 22.6% after ALD. c) Mn L3,2 edges (the HENMC-20AP sample is fitted to the HENMC sample and standard MnO, the surface Mn was reduced by 
17.8% after ALD). d) Ni L3,2 edges (L3 edges are marked with yellow color and L2 edges are marked with purple color). e) O K edge (all of the XAS results 
in this figure are collected at total electron yield (TEY) mode). f) HRTEM image showing the different phases in the HENMC-20AP sample (inset: fast 
Fourier transform patterns). Reproduced with permission.[114] Copyright 2017, Elsevier.

Figure 8. STEM-EELS study of Li1.2Ni0.2Mn0.6O2 and Al2O3 coated Li1.2Ni0.2Mn0.6O2 and their 
corresponding lattice images. Reproduced with permission.[116] Copyright 2016, American 
Chemical Society.
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3.3. Surface Modification as HF Scavenger

The use of surface modification techniques as an HF scavenger 
agent is quite straightforward. Metal oxides are often employed 
as surface coating materials in order to neutralize HF origi-
nated within the electrolyte as follows[90,122]

MgO 2HF MgO H O2+ → +  (3)

ZnO 2HF ZnF H O2 2+ → +  (4)

TiO 4HF TiF 4H O2 4 2+ → +  (5)

ZrO 4HF ZrF 4H O2 4 2+ → +  (6)

Al O 6HF 2AlF 3H O2 3 3 2+ → +  (7)

More importantly, metal fluorides formed in these reactions 
are very stable in nonaqueous electrolytes and thus protect the 
cathode materials from further corrosion following complete 
consumption of the metal oxides.[123] As a result, direct use of 
these metal fluorides, as well as metal phosphates, has been 
extensively reported owing to their stable nature.[104,125]

As mentioned before, generation of HF in the electrolyte 
solution often results in transition metal dissolution. Addi-
tionally, transition metal reduction, in particular Mn, is often 
related to metal dissolution. A study from our group on ALD 
derived LiTaO3 coated LiNi1/3Mn1/3Mn1/3O2 has demonstrated 
that transition metal dissolution can be suppressed by coating. 
The bare sample demonstrated 20 times higher transition metal 
dissolution than the sample with only 10 ALD cycles coating 
after 100 charge/discharge cycles.[76] Another study conducted 
by our group explored the use of protecting LiNi0.5Mn1.5O4 with 
atomic layer deposition derived FePO4. Through the use of X-ray 
absorption spectroscopy, this study revealed that following elec-
trochemical cycling, the use of surface coating can significantly 
affect the chemical state of Mn on the surface. Transition metal 
L3,2-edge XAS measurements probe the unoccupied density of 
states for transition metal 3d and oxygen 2p bands, providing 
information of the oxidation state, spin state and metal oxide 
covalence.[125] As shown in Figure 10a, following electrochem-
ical cycling, the XAS data obtained for the Mn L3,2 edge XAS 
demonstrates an obvious peak shift toward lower energy. The 
uncoated samples display much less sharp peak at 646.5 eV 
as indicated by the red arrow. The higher intensity indicates 
that the Mn in the coated sample are at higher oxidation state 
after cycling. Figure 10b shows the stability tests, the sample 
with higher final Mn oxidation state demonstrates much less 
intense capacity fade. Therefore, surface coating is effective in 
suppressing the Mn reduction and subsequent dissolution. A 
prelithiation method that enables electrolyte reduction reaction 
manually by charging the cell from relatively lower voltage was 
reported by Wu and co-workers.[126] They found that the process 
generates a desirable CEI layer and provided ample protection 
for NMC532/CNTs composites from metal dissolution.

3.4. Metal–Oxygen Bond Stabilization via Surface Modification

The dissolution of transition metals originates from the 
cleavage of metal–oxygen bonds. Therefore attempts aimed at 
strengthening this bond at the surface are one strategy to pre-
vent transition metal dissolution from occurring. A regular 
coating diminishes the contact between the cathode materials 
and the electrolyte to prevent metal dissolution. The electron 
and ion diffusion is, however, restricted by the coating material. 
Numerous investigations have reported using a doping method 
to avoid the insulating effect of coating materials. However, 
concerns regarding the loss of active components in the cathode 
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Figure 9. a) Schematic illustration of the ALD-derived Li3PO4 infusion pro-
cess. b–e) Cross-section SEM image, STEM-HAADF image, C and F EDX 
mapping of a pristine Ni-rich cathode after 200 cycles. f–i) Cross-section 
SEM image, STEM-HAADF image, C and F EDX mapping of a Li3PO4-
infused Ni-rich cathode after 200 cycles. j) Specific capacity retention after 
200 cycles. k) Specific capacity as a function of cycle numbers when cycled 
at 60 °C. Reproduced with permission.[117] Copyright 2018, Springer Nature.



www.advenergymat.de

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1802057 (13 of 27)

www.advancedsciencenews.com

materials arise when it comes to the bulk scale. The principle 
of surface doping design is more effective in this regard. Sur-
face doping uses two principles to suppress metal dissolution. 
The first one is the stabilization of the metal–oxygen bond and 
the second one is to minimize the amount of susceptible metal 
ions without affecting structural integrity.

Synchrotron soft XAS was used to study the role of Mg on 
LiNi0.5Mn1.5O4 cathode material by probing the transition 
metal L3,2-edges and oxygen K-edge.[128] The LiNi0.5Mn1.5O4 was 
charged to a voltage as high as 5 V and shown to undergo very 
intensive chemical alteration centered around the NiO bond 
as it becomes highly oxidized and is forced into an unstable 
state that is prone to be reduced by the electrolyte. These 
experiments revealed the existence of a new NiO bond due to  
electron depletion for Mg doped surface with peak intensity 
ratio changing for both Ni L3,2-edges and O K-edge in the 
surface sensitive total electron yield (TEY) spectra, suggesting 
that Mg doped surfaces retain a more oxidized surface upon 
electrochemical cycling. As a result, a more robust NiO 
bond is formed and adversely resists electrolyte reduction. It is 
worthwhile to note that this research was focused primarily on 
the state of the NiO bond. Additional studies should be per-
formed at the Mn L3,2 edges since the reduction of surface Mn, 
and subsequent Jahn-Teller distortion effect can be tracked. 
The combination of these observations present important 
guidelines for principle through which surface doping aids in 
the stabilization of metal–oxygen bonds.

The mechanism through which surface doping design works 
also involves the replacement of soluble metal ions on the sur-
face, as has been mentioned before. A representative example 
is the formation LiCo1−xAlxO2 solid solution on the surface of 
LiCoO2 cathode material. Previous discussions have mentioned 
the role of Al in suppressing surface phase transition in LiCoO2. 
The incorporation of Al as an insoluble source in nonaqueous 
electrolyte has been shown to also reduce the dissolution of 
Co. The fundamental principle was presented by Dahéron 
and coworkers in 2009.[129] They tracked surface acid-base  
properties of the LiCo1−xAlxO2 while adjusting the value of x. 
To be more specific, NH3 and SO2 gases were adsorbed onto 
the surface of LiCo1−xAlxO2. Depending on the way the N and S  
are bonded on the Lewis acidic sites, Lewis basic sites and 
Brönsted acidic sites, different binding energies for N 1s and S 

2p could be identified by XPS. The results showed that surface 
basicity drops drastically with the incorporation of Al into the 
surface to form solid solution. The lower basicity the surface is, 
the less vulnerable it is to be etched by HF.

3.5. Surface Modification as Electronic/Li+ Conductivity Facilitator

Surface coating does not change the inherent electronic and 
lithium-ion conductivity of cathode materials, it actually 
provides conducting network among individual particles so as 
to guarantee consecutive mobile channels to maximize the utili-
zation of active materials. The way through which surface mod-
ification enables enhanced performance is highly dependent on 
the properties of the materials and how they are deposited.

3.5.1. In Situ Deposition of Electronic Conductivity Facilitators

The first category of the coating materials involves the sub-
stances that are intrinsically electronically conductive. Metals 
such as Ag, Cu and Al have been studied, but their high cost is 
not acceptable for mass productions. Furthermore, deposition 
of metallic coatings often form incoherent films that do not 
completely cover the surface of the active particle. Addi-
tionally, the acidic nature of the electrolyte will dissolve the 
metallic coating and cause further contamination to the active 
materials.[130] Similarly, coating some compounds that pos-
sess considerable electronic conductivity such as TiN and 
RuO2 is also feasible regardless of the cost.[131] Rutile TiO2 is 
another possible carbon-free coating material that can promote 
electrical conductivity and has been reported as a coating for 
Li4Ti5O12 by Wang et al.[132]

Alternatively, the in situ growth of conductive polymers 
has been widely reported. Polymers such as polyaniline 
(PANi), polypropylene (PPy), polythiophene (PT), poly(3,4-
ethylenedioxythiophene) (PEDOT), polyimide have been 
employed as electronic conductive coatings for cathode 
materials.[119,133] The benefit of in situ grown polymers is that 
monomers can be easily nucleated on the surface of powders 
and become polymerized through the use of catalyst, thereby 
forming coatings with uniform thickness. However, for cathode 

Adv. Energy Mater. 2018, 1802057

Figure 10. a) XAS results of different LNMO samples and standard manganese oxides. b) Cyclic stability tests of LNMO with various FePO4 coating 
thicknesses. Reproduced with permission.[127] Copyright 2014, Wiley-VCH.
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materials that operate at high voltage, the electrochemical sta-
bility of the coated polymer should be taken into consideration.

Carbon-based materials such as graphene, carbon nano-
tubes (CNTs), graphite and amorphous carbon have also been 
employed to form composites with the cathode materials. These 
carbon-based materials generally help construct a 3-D conduc-
tive network as opposed to a traditional conductive coating. For 
materials that do not suffer from dissolution, such as LiFePO4, 
using graphene or CNTs to form composites an effective 
strategy toward improving the electronic conductivity.[134] 
Song and coworkers used a high speed ball milling method 
to tether very thin and porous graphite layers onto LiMn2O4. 
Their studies revealed that this conformal layer can double the 
capacity of LiMn2O4, as shown in Figure 11a,b.[135] Besides, a 
novel concept of hybrid coating, i.e., a composite coating layer 
that contains both electronic and lithium conductive substances 
has been reported, Figure 11c–e shows the mechanism of the 
hybrid coating. In this study, a coating layer that is composed 
of Li3PO4 and carbon has been investigated, with this type of 
coating, conductivity and surface stability can be enhanced 
simultaneously. Therefore the performance of the sample with 
hybrid coating was significantly improved.

Another category for enhancement of performance by 
surface modification is the deposition of lithium conductive 

coatings. Compounds that are often considered as candidates 
for solid state electrolyte such as LiAlO2, Li2ZrO3, Li3PO4, 
LaPO4, Lipon, lithium boron oxide glass, LiTaO3 et al. have 
been utilized in order to facilitate transfer of lithium ions at the 
surface of cathode materials.[137–142]

3.5.2. Deposition of Conductivity Facilitators via Post-treatment

Pyrolysis of carbon containing organics via a solid state method 
or chemical vapor deposition method has been a proven strategy 
to improve the performance of cathode materials, particularly 
for materials with poor intrinsic electronic conductivity and are 
resistant to reduction, such as LiFePO4 and LiMnPO4, and has 
been comprehensively reviewed by our group.[143] Carbon coating 
for LiMeOx (Me = Ni, Mn, Co, etc.), however, remains a major 
challenge due to the oxidation nature of the metal oxides, which 
will be reduced by carbon under high temperature and often 
resulting in diminished performance. Many researchers have 
attempted to achieve pyrolysis of organic carbon at temperatures 
as low as 350 °C in a short time so as not to burn up the carbon, 
the feasibility of this method is under debate.[135,144]

Methods employing surface doping is another strategy 
to increase surface ionic conductivity. For example, 
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Figure 11. a) Porous Graphite coating of LiMn2O4. b) Discharge capacity of porous graphite coated LiMn2O4 with a voltage range of 2.4–4.3 V. Repro-
duced with permission.[135] Copyright 2014, Wiley-VCH. c) Rate capability test and d) stability test of the LNCMO, Li3PO4 coated LNCMO, and Li3PO4/C 
coated LNCMO. e) Mechanism of the hybrid coating. Reproduced with permission.[136] Copyright 2015, Royal Society of Chemistry.
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Manthiram et al.[145] coated 5 V class cathode material 
LiMn1.42Ni0.42Co0.16O4 with Al2O3 followed by heating at 
400–600 °C for 3 h. Despite the insulating nature of Al2O3, 
Al2O3 was found to react with the cathode surface during 
annealing resulting in the formation of LiAlO2, which 
is a good lithium conductor. Similar behavior was also 
observed by Zhang et al.,[146] in their attempt toward coating 
Li(Ni1/3Co1/3Mn1/3)O2 with ZrO2 via post annealing of 
ZrO(NO3)2. Near surface Zr was found to exist in the form of 
Li2ZrO3, which is also a good lithium conductor. In a more 
complicated case, as shown in Figure 12, Yang et al.[147] found 
that utilizing a AlPO4 coating on LiCoO2, followed by heat treat-
ment, gave rise to a dual phase of LiCo1−yAlyO2 at the ≈10 nm 
region and Li3PO4 at ≈100 nm region near the surface due to 
Li2CO3 reacting with the AlPO4. The layer of LiCo1–yAlyO2 was 
found to effectively suppress metal dissolution while Li3PO4 
improves lithium-ion diffusion. The presence of Li3PO4 is one 
reason why AlPO4 is more effective than Al2O3 in improving 
the capacity retention of LiCoO2 especially at extended voltage 
ranges.

3.5.3. Formation of Conductivity Facilitators during  
Lithiation/Delithiation

When the surface coating material can accommodate revers-
ible insertion/desertion reaction of lithium ions, they tend to 
turn into good lithium facilitators. For example, Ta2O5 has been 
reported to undergo the following reaction when cycled[148]

Ta O 10Li 2 Ta 5Li O2 5
5

2+ → ++ +  (8)

Li O Ta O 2 LiTaO2 2 5 3+ →  (9)

At reduced dimensions, LiTaO3 is a favorable solid-state elec-
trolyte. Heitjans et al.[149] proved that the LiTaO3 with a particles 

size of 20 nm demonstrates a lithium-ion conductivity of about 
3 × 10−6 S cm−1. Our group has successfully synthesized con-
formal LiTaO3 film via atomic layered deposition through a 
combination of Li2O and Ta2O5 deposition subcycles.[76]

TiO2 is another widely studied coating material that can be 
reversibly lithiated/delithiated under the appropriate voltage 
range. The resulting lithiated LiTiO2, has indeed been shown to 
be is a good electron conductor with poor lithium-ion conduc-
tivity, which has been theoretically proven by Wagemaker et al.[150]

In an attempt to theoretically predict the criteria of screening 
coating materials, Wolverton and co-workers calculated the lith-
iation enthalpies required for cathode coating materials, such 
as metal oxides and metal fluorides. By assuming the overall 
conversion reaction of metal oxides and metal fluorides as

M O Li xM 1/ 2Li O; M F Li xM LiFx 1/2 2 x+ → + + → +  (10)

respectively, they calculated the density function theory (DFT) 
voltages of oxides and fluorides compared to the experi-
mental voltages, as shown in Figure 13. The higher the 
lithiation voltage, the more likely the coating gets lithiated  
during electrochemical cycling. It can be seen that fluorides 
generally have much higher lithiation voltage compared to 
oxides. This phenomenon can be attested to the increased 
electronegativity of fluorine compared to oxygen. This study 
illustrates the importance of screening methods when selecting 
appropriate coating materials.

3.6. Surface Modification to Shield the Cathode Material  
from CO2 and Water

Using surface modifications to protect the surface from reacting 
with CO2 and water is quite straightforward. In theory, any of 
the aforementioned methods that can generate a layer of mate-
rial stable in CO2 and water can achieve this goal. However, 
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Figure 12. XPS spectra of a) Al 2p and b) P 2p of AlPO4 coated LiCoO2; c) schematic illustration of the AlPO4 surface modification mechanism. Repro-
duced with permission.[147] Copyright 2007, American Chemical Society.
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a complete protection requires the layer to be uniform with 
full coverage. In many cases, the material was subject to bulk 
doping or concentration gradient (lower Ni3+ on the surface) 
designs,[152] these are pertinent to bulk modifications and will 
not be elaborated in this review. Surface coating has been uti-
lized to address this challenge. Oh et al. coated the Ni-rich 
LiNi0.7Co0.15Mn0.15O2 with spinel LiMn1.9Al0.1O4 and found 
that it can maintain high capacity even after long-time storage 
in air.[153] In a more detailed study, Chen et al. adopted a dual-
conductive coating comprised of polypyrrole (PPy) and Li3PO4 
to protect the LiNi0.7Co0.15Mn0.15O2, in the coating process, 
(NH4)2HPO4 was used as the source of PO4

3− without further 
addition of lithium sources, it reacts with the Li2CO3 and LiOH 
impurities on the cathode material surface and forms insoluble 
and ionically conductive Li3PO4. PH values of the pristine and 
coated samples were found to be 11.97 and 10.81, respectively, 
which is attributed to the consumption of lithium residuals and 
protective role of PPy.[154]

4. Surface Modification Methods

4.1. Conventional Methods

Conventional surface modification techniques are often real-
ized from methods that are easily achievable such as sol–gel, 
solid state reaction, pulsed laser deposition, chemical vapor 
deposition (CVD) and so on. The basic experimental steps 
of these methods are depicted in Figure 14, Cho et al. have 
also summarized these techniques in their recent progress 
report.[155] However, regardless of the scalability and effective-
ness, the films yielded from these conventional techniques are 
always lack of controllability on thickness and uniformity.[156] A 
table of typical coating materials on typical cathodes is listed 
in Table 1. It can be seen that metal oxides, phosphates, fluo-
rides, solid-state electrolyte, polymer and carbon are the major 
coating materials. A great deal of efforts have been devoted 
to investigating coating materials for cathode materials but 

unfortunately, lots of them are simply reporting this observa-
tion without attempting to understand the underlying mecha-
nism rooted in the cathode material surface.

4.2. Atomic Layer Deposition

Atomic layer deposition (ALD) is a technique used to fabri-
cate conformal coatings with controlled thickness. Using the 
widely applied Al2O3 as an example, a representative sche-
matic of the ALD process is shown in Figure 15a. In a typical 
ALD process, the surface of the substrate is initially func-
tionalized with hydroxyl groups, and a saturating dose of tri-
methylaluminum (TMA) is pulsed in and purged out. This 
is subsequently followed by a saturating dose of H2O that is 
purged and byproducts are also purged out. The surface reac-
tions occur as follows:

AlOH Al CH Al O Al CH CH a3 3 3 2 4( ) ( ) ( )+ → − − +  (11)

Al O Al CH 2H O Al O Al OH 2CH b3 2 2 2 4 ( )( ) ( )− − + → − − +  (12)

Each of these reactions represents a half reaction and pro-
vides the unique advantage of enabling the self-limited growth, 
i.e., deposition in a controllable manner. In addition, the 
bottom-up growth employed by ALD allows for ultrauniform 
and conformal deposition.[142,174]

Though the development of ALD has been several dec-
ades, its application in lithium-ion batteries is not long.[175] 
The application of ALD in battery materials has been exten-
sively reviewed by our group.[176,177] Table 2 summarizes the 
reported ALD derived surface modifications for cathode 
materials. In addition, direct synthesis of cathode materials 
via ALD has been investigated recently, and provides a route 
toward the enablement of ultrathin flexible batteries.[178] 
Nevertheless, ALD is found to have restrictions at a technical 

Adv. Energy Mater. 2018, 1802057

Figure 13. Calculated average voltages for oxides and fluorides versus voltages estimated from experimental formation enthalpies. Reproduced with 
permission.[151] Copyright 2014, Wiley-VCH.
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Figure 14. Schematic diagram summarizing conventional coating techniques.

Table 1. Conventional coatings for cathode materials (LCO: LiCoO2. NCM:Li1+nNixCoyMn1−x−y−nO2, LNMO: LiNi0.5Mn1.5O4. LMO: LiMn2O4).

Base material Coating material Experimental Test condition Performance Note Ref.

LCO LiAlO2/Al2O3 (C9H21O3)Al

LiOH

600 °C

3 h

2.8–4.3 V, 0.1 C 98.4% capacity retention after  

20 cycles using LiAlO2 coating

Ionically conductive LiAlO2 favors 

better kinetics than Al2O3

[157]

Y3Al5O12 (YAG) Al(OC4H9)4

723K

823K

923K

5 h

2.75–4.4 V, 0.2 C Seven times more stable than 

pristine LiCoO2

Prevents rapid increase in 

impedance

[140]

FePO4 Fe(NO3)3

(NH4)2HPO4

550 °C

10 h

2.75–4.3 V, 1 C 90.6% capacity retention compared 

with 72.5% for pristine sample after 

400 cycles

Restrains the impedance growth of 

the LiCoO2

[158]

Polyimide/C Polyamic acid, sucrose

Temperature ramp up  

to 400 °C under N2

3.0–4.4 V,

1 C

87% capacity retention compared 

with 42% for pristine sample after 

50 cycles

Polyimide is lithium-ion conductive, 

a synergistic coating provides both 

high conductivity and protection

[159]

AlF3 NH4F

Al(NO3)3

400 °C

5 h

3.0–4.5 V,

20 mA g−1

98% capacity retention compared 

with 17% for pristine sample after 

50 cycles

Decrease charge transfer resistance 

and prevents Co dissolution by 

reducing the formation of LiF

[160]

NCM MnO2 MnSO4

900 °C

12 h

2.0–4.8 V,

0.2 C

94.5% capacity retention compared 

with 91.5% for pristine, increased 

capacity and coulombic efficiency

Suppresses CEI formation [161]

Metal–organic  

frameworks (MOF)

MnCl2, 2,5-dihydroxyterephthalic acid

200 °C

5 h

2.0–4.75 V,

30 mA g−1

Over 300 mAh g−1 discharge 

capacity and 91.1% Coulombic 

efficiency was obtained

Porous structure of MOF can 

absorb released oxygen.

[162]

AlF3 Al(NO3)3

NH4F

400 °C

5 h

2.0–4.6 V,

24 mA g−1

91.6% capacity retention com-

pared with 73.4% for the pristine 

electrode

Facilitates the Li chemical leaching 

and improved the initial Li2MnO3 

layer transformation to spinel phase

[103]
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Base material Coating material Experimental Test condition Performance Note Ref.

Al2O3 + LiF Al(NO3)3, NH4F

400 °C

5 h

2.0–4.8 V,

1 C

Initial discharge capacity was  

15 mAh g−1 larger than bare sample.

The dual coating simultaneously 

promotes the chemical stability 

and electrochemical performance 

simultaneously

[163]

Gradient 

Li(Ni0.46Co0.23Mn0.31)

O2

Ni-deficiency solution feed,

780 °C

20 h

2.0–4.4 V,

0.5 C

96.5% capacity retention  

compared with 80.4% for the  

pristine electrode

Concentration-gradient from surface 

to bulk stabilizes the cathode

[32]

Li2ZrO3 Zr(NO3)4

CH3COOLi

650 °C

5 h

2.5–4.8 V,

0.1 C

89% capacity retention compared 

with 77% for the pristine electrode

Stabilizes the crystal structure and 

increases lithium-ion diffusion

[137]

Al2O3 + RuO2 Al(NO3)3

RuCl3
450 °C

3 h

2.0–4.6 V,

0.05 C

60% capacity retention compared 

with 40% for the pristine electrode 

when cycled from C/20 to 5C rate

Suppresses oxygen evolution 

and electrolyte decomposition, 

RuO2 provides good electronic 

conductivity

[164]

LiNi0.5Mn1.5O4 LiAc

Mn(Ac)2

Ni(Ac)2

500 °C

5 h

2.0–4.8 V,

5 C

94.4% capacity retention compared 

with 58.6% for the pristine  

electrode at 5C

Protects the cathode from the 

electrolyte and facilitates lithium-ion 

transportation

[165]

LNMO Li3PO4 760 °C

200 h

3.0–5.0 V,

5 C

80% capacity retention after  

650 cycles compared with 20% after 

250 cycles without coating

Minimizes decomposition of  

electrolyte and prevents ordered 

crystal structure growth

[141]

SiO2 with reactive 

vinyl groups

Vinyltrimethoxysiline

NH4OH

110 °C

12 h

3.0–4.9 V,

0.5 C

Up to 83.9% capacity retention 

compared with 77.0% for pristine 

sample after 100 cycles

Vinyl groups on SiO2 form  

cross-linking sites and better  

protect the electrode

[166]

LiAlO2 Aluminum isopropoxide

Li2CO3

900 °C

15 h

3.5–5.0 V,

0.1 C

Increased stability especially at high 

temperature operation

Strengthened by the Al incorporated 

into the surface provides a stable 

interface

[139]

Polyimide Stepwise imidization of polyamic 

under nitrrogen

3.5–5.0 V,

1 C
120 mAh g−1 capacity compared 

with only 98 mAh g−1 for pristine 

sample after 50 cycles

Polyimide is ion-conductive, it pro-

vides continuous surface coverage 

and retards the Mn dissolution

[167]

BiOF Bi(NO3)3

NH4F

450 °C

5 h

3.5–5.0 V,

1 C
114.1 mAh g−1 capacity compared 

with only 41.4 mAh g−1 for pristine 

sample after 70 cycles under 55 °C

BiOF nanolayer is an HF scavenger. 

Also inhibits the metal dissolution

[168]

LMO graphene Liquid-polyacrylonitrile 3.5–4.4 V,

100 mA cm−3

Significantly improved discharge 

capacity and stability

Graphene-like coating suppresses 

Mn dissolution and decreases the 

impedance

[169]

FeF3 Fe(NO3)3

NH4F

400 °C

5 h

3.5–4.2 V,

0.2 C

Up to 68.2% capacity retention 

compared with 42.5% for pristine 

sample

The FeF3 coating suppresses Mn 

dissolution, impedance growth and 

improves the thermal stability

[170]

FePO4 Fe(NO3)3

(NH4)2HPO4

400 °C

6 h

3.5–4.3 V,

0.2 C

Up to 68% capacity retention com-

pared with 45% for pristine sample

The FePO4 separates the electrolyte 

and increases the conductivity of 

the CEI layer

[171]

[Li,La]TiO3 La(NO3)3

Ti(OC4H9)O4

400 °C

5 h

3.0–4.2 V,

30 mA g−1

Up to 87% capacity retention com-

pared with 37% for pristine sample

[Li,La]TiO3 stabilizes the surface 

and suppresses the growth of 

impedance

[172]

V2O5 Acetyl acetone vanadium

400 °C

2 h

3.0–4.5 V,

2 C

Up to 92.82% capacity retention 

compared with 75.08% for pristine 

sample under 2 C

V2O5 provides both good lithium 

and electrical conductivity and 

stabilize the surface

[173]

Table 1. Continued.
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view. Lee et al.[179] found that when Al2O3 
was directly deposited onto the cathode 
material LiCoO2 powders, the conformal 
but insulating Al2O3 will block the trans-
portation of lithium ions and electrons seri-
ously. Alternatively, the Al2O3 deposited 
onto as-prepared electrode sheets was found 
to be much more effective. Another way to 
avoid the severe impedance of ALD coating 
on powders is postannealing, as has been 
found in our recent study, postannealing the 
TiO2 coated LiNi0.5Mn1.5O4 can bolster the 
capacity with a value of 30% without the loss 
of stability compared to simply TiO2 coated 
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Figure 15. Schematic illustration of a) ALD process of Al2O3 synthesis and b) MLD process 
for deposition of alucone.

Table 2. ALD derived coatings on cathode materials.

Coating material Base material Experimental conditions Substrate Note Ref.

Al2O3 LiCoO2 Trimethylaluminum

H2O

180 °C

Powder Capacity drops nearly to zero when ALD cycle 

number increases to only 10

[183]

LiCoO2 Trimethylaluminum

H2O

180 °C

Electrode ALD on electrodes undermines the insulation 

on conductive carbon

[182]

LiCoO2 Trimethylaluminum

H2O

120 °C

Electrode Al2O3 does not grow on binders without 

hydroxyl functional group

[184]

LiCoO2 Trimethylaluminum

H2O

180 °C

Electrode Exceptionally high durability with 250% 

improvement

[185]

LiCoO2 Trimethylaluminum

H2O

<120 °C

Electrode Impedes the redox current at the cathode 

surface

[186]

LiCoO2 Trimethylaluminum

H2O

180 °C

Powder Reduces the interfacial resistance  

development between the  

cathode and solid state  

electrolyte

[187]

LiMn2O4 Trimethylaluminum

H2O

120 °C

Electrode Reduces the dissolution rate of Mn, 10 ALD 

cycle number shows best performance

[188]

LiNi1/3Mn1/3Co1/3O2 Trimethylaluminum

H2O

180 °C

Powder 4 ALD cycle of Al2O3 provides great help 

without losing conductivity

[189]

Trimethylaluminum

H2O

180 °C

Powder + Electrode Heat treatment on electrode  

can result in enhanced lithium-ion  

conductive surface

[190]

LiNi0.5Mn1.5O4 Trimethylaluminum

H2O

90 °C

Electrode The Al2O3 coating effectively suppresses the 

formation of Mn2+.

[191]

ZrO2 LiMn2O4 Zirconium tert-butoxide

H2O

120 °C

Powder Epitaxial growth of ZrO2 was observed after 

annealing the ZrO2 coated sample

[109,192,193]

ZnO LiNi0.5Co0.2Mn0.3O2 Diethylzinc

H2O

100 °C

Powder The ultrathin ZnO does not block lithium-ion 

diffusion

[194]

LiMn2O4 Diethylzinc

H2O

120 °C

Powder + Electrode ZnO coating can improve the performance 

especially at high temperature

[193,195]
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LiNi0.5Mn1.5O4.[96] The reason for this difference is schemati-
cally shown in Figure 16. Another good example is the infu-
sion mechanism as has been introduced in Figure 10. This 
method solves the surface phase transition, electrolyte decom-
position and intergranular cracking simultaneously.[117] These 
studies remind us that the conformal nature of ALD has spe-
cial requirement on the coating material and the substrate. In 
other words, if the coating material is insulating, deposition 
on electrode is preferred, but concerns regarding the binder 
decomposition at elevated deposition temperatures arise. On 
the other hand, direct deposition on powders is feasible only 
when the coating is extremely thin or the coating material 
is conductive. In this respect, developing binders with high 
thermal stability and coatings with high conductivity is the pri-
mary future direction for ALD on cathode materials.

4.3. Molecular Layer Deposition

Molecular layer deposition (MLD) is another technique analo-
gous to ALD, in which an all-organic coating can be deposited. 
Furthermore, combining the ALD with an MLD one can be 
used to produce a hybrid organic–inorganic coating. The pro-
cess of a typical hybrid MLD coating of alucone (aluminum 
organic) is shown in Figure 15b. Rather than pulsing in water, 
ethylene glycol is introduced to form an inorganic–organic 
hybrid film.[200] Though no references can be indexed about 
the application of MLD in cathode materials surface modifi-
cations, its versatile design will certainly find potential in this 
field. With the fast development of conductive polymer coat-
ings using MLD,[201] and the pyrolysis of a polymer coating into 
conductive carbon,[202] it is rationally predicable that MLD will 
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Coating material Base material Experimental conditions Substrate Note Ref.

TiO2 LiCoO2 Titanium isopropoxide

H2O

<120 °C

Electrode Conformal TiO2 coating may decompose and 

fail to protect the cathode

[186,196]

MgO LiNi0.5Co0.2Mn0.3O2 Bis(ethylcyclopentadienyl) magnesium

H2O

200 °C

Powder MgO coated cathode shows improved  

energy retention compared to ZrO2  

coating and reduced overpotential  

compared to Al2O3 coating.

[197]

LiAlO2 LiNi0.5Mn1.5O4 Trimethylaluminum

Lithium tert-butoxide

H2O

225 °C

Electrode LiAlO2 as a lithium conductor prohibits 

transitional metal deposition on the graphite 

counterpart

[198]

LiTaO3 LiNi1/3Mn1/3Co1/3O2 Tantalum ethoxide

Lithium tert-butoxide

H2O

225 °C

Electrode LiTaO3 as a solid state electrolyte improves 

the performance of NMC especially at 

expanded voltage region

[120]

FePO4 LiNi0.5Mn1.5O4 Trimethylphosphate

Ferrocene

H2O

130 °C/75 °C

Powder Amorphous FePO4 can accommodate Li+ and 

enables fast Li+ transportation

[123]

AlPO4 Trimethylaluminum

Trimethylphosphate

H2O

250 °C

Powder Alters the surface structure and suppresses 

the O2 release

[107]

LiNi0.5Mn1.5O4 Trimethylaluminum

Trimethylphosphate

H2O

250 °C

Powder The coating suppresses the transition metal 

dissolution and enhances the thermal stability.

[199]

MgF2 LiNi0.5Mn1.5O4 Hexafluoroacetylacetone

Bis(ethylcyclopentadienyl)-magnesium

275 °C

Powder Prevents the excessive formation of 

byproducts

[200]

AlWxFy LiCoO2 Tungsten hexafluoride

Trimethylaluminum

200 °C

Powder This film allows for chemical inertness of AlF3 

and high electrical conductivity of a metal

[201]

LiAlF4 LiNi0.8Mn0.1Co0.1O2 lithium tert-butoxide

Titanium tetrafluoride

Aluminum tricholoride

250 °C

Electrode LiAlF4 is stable and lithium conductive [202]

Li3PO4 LiNi0.76Mn0.14Co0.10O2 lithium tert-butoxide

Trimethylphosphate

300 °C

Powder The post-annealing treatment allowed for 

Li3PO4 infusion, which protected the grain 

boundaries from cracking.

[85]

Table 2. Continued.
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be a powerful technique targeting at cathode materials surface 
modifications.

4.4. Industrialization of ALD/MLD Techniques for LIB Applications

While there is a plentiful researches demonstrating the effec-
tiveness of ALD techniques for cathode surface modifications, 
speculations arise when it comes to the large-scale deposition 
in practical applications. In the quest for the industrialization 
of ALD technique, spatial ALD (SALD) has been developed by a 
couple of companies.[203] As illustrated in Figure 17a,b, the SALD 
is based on spatial separation instead of temporal (precursors are 
introduced pulse by pulse) separation. Compared to conventional 
ALD processes that fix the substrate and introduce the precursors 
one by one, SALD allows the substrate to move between different 
reaction chambers (Figure 17c). Each of the reaction chambers 
contains one type of precursor and is physically separated from 
other chambers, thus preventing intercontaminations. Such a 
design allows for continuous deposition without intermittent 
gas filling and purging. Also, there is no interruption caused by 
sample loading/unloading and system heating/cooling, making 
the whole process time-efficient.[204] More importantly, in con-
ventional ALD processes, the unreacted precursor is purged 
away by inert gas or deposited on the chamber wall when the 
other precursor is introduced, leading to a major loss of pre-
cursors. However, in the SALD technique, the precursor is not 
purged away, instead, it stays in the chamber and participates in 
the deposition half reaction whenever fresh substrate is moved 
into the chamber. Besides, with only one type of precursor in a 
given chamber, there is no loss due to deposition on the reaction 
chamber walls. These benefits of the SALD technique makes 
the industrialization of ALD/MLD technically and economically 
feasible.[203] With respect to the application of SALD in LIBs, a 
roll-to-roll SALD configuration (Figure 17d) developed for flex-
ible substrate works well for electrode coatings. In this setup, the 
precursors are kept in a drum with the substrate pulling over it. 
The thickness is dictated by the rotation speed of the drum and 
the speed at which the substrate moves.[203,205]

In the case of deposition on powder samples in large scale, 
tremendous efforts have been made on designing economically 

feasible and easy-to-operate reactors. Powdered cathode mate-
rials are less sensitive to the size of the reaction chamber, hence 
the most critical parameter that needs to be concerned is the 
uniformity of deposition. Regarding this, many reactor designs 

Figure 16. Schematic illustration of the difference between ALD coating on a) powders, b) directly on electrodes, and c) postannealed ALD coated 
cathode materials.

Figure 17. Schematic illustrations of a) a conventional ALD with the vari-
ation of time and position of the substrate (black line), and b) a spatial 
ALD with the variation of time and position of the substrate (black line). 
c) Principle of a close proximity spatial ALD reactor using the deposition 
of Al2O3 as an example. d) Roll-to-roll concept for ALD coating of flexible 
substrates using the deposition of Al2O3 as an example. Reproduced with 
permission.[203] Copyright 2012, American Vacuum Society.
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such as fluidization in bed reactors, rotary reactors and cen-
trifugally accelerated fluidization have been developed. These 
reactors fulfills the target of uniform coating by agitating the 
powder during deposition.[206]

5. Conclusions and Outlook

5.1. Conclusions

We have covered surface and subsurface issues on cathode 
materials such as phase transition, mechanical cracking, elec-
trolyte decomposition, transition metal dissolution, conductivity 
and air instability in this review (Figure 18). These surface and 
subsurface issues do not occur independently but work syn-
ergistically leading to material failure. Although a number of 
various surface modification strategies have been outlined, the 
question of an ideal modification technique still remains elu-
sive. Undoubtedly, the surface modification method employed 
is dependent on the problem that is set out to be addressed. 
Simple coating might work moderately in suppressing metal 
dissolution, electrolyte decomposition and improving conduc-
tivity, but is of less use when the intrinsic phase change is the 
issue. The application of a rough, inconsistent coating will not 

impede electronic or ionic conductivity badly 
but is insufficient in protecting against attack 
by acids generated in the electrolyte. Surface 
doping has been shown to mitigate surface 
phase transitions, improve the conductivity 
and decrease the metal dissolution. However, 
this technique is restricted by available ele-
ments and the control over doping amount 
is difficult. Moreover, the doping process 
is still not fully understood and requires 
further scientific investigation. Conformal 
coatings using ALD or MLD can protect the 
electrode effectively, but the dense nature of 
these coatings inhibits electron and lithium-
ion diffusion and coating thickness plays a 
pivotal role. One method of overcoming the 
inherent denseness of ALD and MLD coat-
ings is to deposit directly on the electrode but 
it also requires the use of a binder that can 
withstand high temperature processing. In 
addition to this, the electrochemical stability 
of the ALD/MLD-derived coating materials 
must be taken into consideration, in case of 
the loss of functionality.

5.2. Outlook

With these schemes in mind, we envisage 
that surface modification method should be 
developing in a way of integrating the advan-
tages of these methods. For example, surface 
doping design with ALD modified cathode 
materials and direct fabrication of conformal 
conductive and electrochemically stable 

polymer coating via MLD. In a more sophisticated scenario, 
hybrid coatings that comprise of both good electrical and ionic 
conductivity would be very promising. These approaches are 
also highly dependent on the development of advanced coating 
materials derived from ALD/MLD, which is a major challenge 
due to the relative scarcity and high cost of precursors that can 
fit into the ALD/MLD chemistries.[177,207] On the other hand, 
full utilization of advanced surface-sensitive characterization 
techniques such as HRTEM, STEM-HAADF, TOF-SIMS, AES, 
XPS, XANES, and so forth and the combination with in situ 
capability will undoubtedly promote a deeper understanding 
of surface behaviors of cathode materials. Thirdly, new redox 
chemistries, such as anionic redox reaction involved in Li-rich 
NMC systems and phase transition involved in high Ni-con-
taining NMC cathode materials may induce unexpected surface 
issues, fundamental understandings on the origin, reaction 
routes and consequences are urgently needed, computational 
simulations have been proven effective in predicting the par-
ticipation of oxygen, yet more efforts are to be devoted to better 
utilization of this mechanism.[208] Fourth, recent advancement 
of LIBs pursues high energy density by utilizing lithium metal 
as the anode. Progress has been made by using high concen-
tration electrolyte.[67,209] However, there is very limited informa-
tion regarding the cathode surface/subsurface reactions within 

Figure 18. Schematic illustrations of the surface behaviors of cathode materials and modifica-
tion methods.
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this particular combination, hence future direction should 
include detailed analysis of this topic. Overall, a proper design 
of surface coating that fulfills these criteria, together with solid 
evidence on how it works toward performance improvement, 
will undeniably lay milestones in the further development of  
high-power LIBs.
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