
Journal of
Materials Chemistry A

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ar
ch

 2
02

1.
 D

ow
nl

oa
de

d 
on

 5
/1

6/
20

26
 1

:3
8:

43
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Designing positiv
aDepartment of Chemical System Engineerin

Tokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo 113-8

u-tokyo.ac.jp
bElemental Strategy Initiative for Catalysts

Nishikyo-ku, Kyoto 615-8510, Japan

Cite this: J. Mater. Chem. A, 2021, 9,
7407

Received 21st October 2020
Accepted 29th December 2020

DOI: 10.1039/d0ta10252k

rsc.li/materials-a

This journal is © The Royal Society o
e electrodes with high energy
density for lithium-ion batteries

Masashi Okubo, ab Seongjae Ko,a Debasmita Dwibedia and Atsuo Yamada *ab

The development of efficient electrochemical energy storage devices is key to foster the global market for

sustainable technologies, such as electric vehicles and smart grids. However, the energy density of state-of-

the-art lithium-ion batteries is not yet sufficient for their rapid deployment due to the performance

limitations of positive-electrode materials. The development of large-capacity or high-voltage positive-

electrode materials has attracted significant research attention; however, their use in commercial

lithium-ion batteries remains a challenge from the viewpoint of cycle life, safety, and cost. In this review,

after summarizing the limitation issues associated with large-capacity/high-voltage positive electrodes

and already attempted technical solutions, a machine-learning technique is applied to analyze the

reported dataset to hierarchize various technical solutions by their effectiveness in improving

performance. The proposed study highlights the importance of integrating systematic experimental data

collection with modern data analysis techniques for rational development of large-capacity/high-voltage

positive electrodes. The scope is extended to important technical issues with other cell components,

such as electrolytes and additives, binders, conductive carbon, current collectors, and impurity control

for total optimization.
1. Introduction

Lithium-ion batteries (LIBs) have been widely used in consumer
electronics, which has resulted in the rapid growth of the LIB
market in the 2000s. In the 2010s, the deployment of electric
vehicles (EVs), which was accelerated by favorable governmental
policies, reached a global stock of 5 million EVs in 2018, which
further increased the LIB production to greater than 100 GW h
per year.1 As the EV stock is predicted to reach 250 million in
2030, the automotive industry is eagerly seeking LIB technology
that realizes long drive distances, low cost, and a robust cycle
life for EVs, bearing inmind the second use of LIBs as stationary
energy storage.

The EV drive distance is linked to the energy density of the
LIB. While the existing LIB cells possess an energy density of
approximately 200–250 W h kg�1, the national targets of most
leading countries are greater than 300 W h kg�1 for EV market
growth.2 However, LIBs comprising conventional positive and
negative electrodes have already approached their performance
limits, and they can hardly reach these national targets due to
the relatively moderate capacities/voltages of the electrodes.3

Battery engineers are attempting to exploit the large-capacity or
high-voltage positive electrodes or large-capacity negative
g, School of Engineering, The University of
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electrodes for increasing the energy density of LIBs. Indeed, the
capacity of negative electrodes in the recent commercial LIBs
has been successfully increased using silicon or silicon oxides
as electrode additives.4

In contrast, despite decades of intensive research, the use of
large-capacity or high-voltage positive electrodes remains chal-
lenging. Positive-electrode materials are typically classied into
three categories, i.e. layered oxides (LiTMO2, TM: transition
metal), spinel oxides (LiTM2O4), and polyanionic compounds
(LixTMy(XOn)z, X: P, S, B, Si, etc.).5–10 For example, the layered
oxide, LiCoO2, delivers a specic capacity of approximately 140–
150mA h g�1 at an average voltage of 3.9 V vs. Li/Li+ when cycled
with an upper cut-off voltage of 4.2 V vs. Li/Li+.5 Meanwhile,
LiMn2O4 is a conventional spinel oxide that delivers a specic
capacity of approximately 120–130 mA h g�1 at an average
voltage of 4.0 V vs. Li/Li+ (upper cut-off voltage of 4.2 V vs. Li/
Li+).6 Finally, LiFePO4 is a typical polyanionic compound that
can deliver a specic capacity of approximately 160–
170 mA h g�1 at an average voltage of 3.4 V vs. Li/Li+.7,11

Although all these electrode materials have been used in
commercial LIBs, their available specic capacity is far below
the requirement of the EV industry (Fig. 1a), which has devoted
considerable efforts in developing large-capacity/high-voltage
positive electrodes.

Nickel-rich layered oxides are the most promising large-
capacity positive electrode, as they deliver a specic capacity
greater than 200 mA h g�1 (Fig. 1b).12–14 Lithium-rich layered
oxides are another important family of layered oxides with
J. Mater. Chem. A, 2021, 9, 7407–7421 | 7407
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Fig. 1 (a) Plot of the capacities and averaged voltages of positive-electrode materials during the first discharge. The performance metrics of
conventional materials (LiMn2O4, LiCoO2, and LiFePO4) are also plotted for comparison. Dotted lines are the expected energy densities of
lithium-ion batteries (negative electrode: graphite). Discharge curves of (b) nickel-rich layered oxides (LiNiO2 and NCM811 (LiNi0.8Co0.1Mn0.1O2))
and conventional layered oxides for comparison (LiCoO2 and NCM333 (LiNi1/3Co1/3Mn1/3O2)), (c) lithium-rich layered oxides (Li1.2Ni0.13Co0.13-
Mn0.54O2 and Li1.2Ni0.2Mn0.6O2), and (d) high-voltage spinel oxide (LiNi0.5Mn1.5O4) and polyanionic compounds (LiCoPO4 and Li2CoPO4F). The
expected energy density of each cathode material (negative electrode: graphite) is noted for reference.
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a large specic capacity of >250 mA h g�1 (Fig. 1c).15–17 High-
voltage positive-electrode materials, such as spinel oxides and
polyanionic compounds, operating at an average voltage of
>4.7 V vs. Li/Li+ have also been studied intensively (Fig. 1d).18–21

Theoretically, their effective adoption in LIBs will result in
energy densities greater than 300 W h kg�1 (Fig. 1a).

However, even when we intuitively consider the intercalation
chemistry of a positive-electrode reaction as nLi+ + ne� + A /

LinA (where A is host), a large capacity corresponds to a large n,
whereas a high voltage corresponds to a low lithium chemical
potential (mLi) of the host. For both the cases, electrode reac-
tions are associated with a large standard reaction Gibbs energy
of the electrode material (|DrG

o| ¼ Sn|mLi|), which generally
leads to the formation of unstable (de)lithiated phases and/or
large change in the unit cell volume during (de)lithiation;
this, in turn, rapidly degrades the reversible capacity upon
cycling. Further, a large difference between the standard reac-
tion Gibbs energies of positive and negative electrodes, which
are separated by a ammable organic electrolyte, can trigger
thermal runaway and re explosion accidents. When using
large-capacity/high-voltage positive electrodes, another impor-
tant requirement is an electrolyte with high stability against
oxidation. As the EV industry must achieve a high energy
density and should simultaneously reduce the costs, the
potential candidates for chemical components of positive-
electrode materials, electrolytes, and binders are severely
limited. For example, reducing the content of expensive and
7408 | J. Mater. Chem. A, 2021, 9, 7407–7421
scarce cobalt is a primary requirement, whereas a long calendar
life should also be obtained. Under these multiple severe
restrictions, only an atomistic understanding of the degrada-
tion mechanisms of each component and their interfaces/
interphases can enable the rational electrode developments
and improvements.

Although several complementary reviews have summarized
the practical limitations associated with some positive-
electrode materials and their technical solutions,22–34 in this
review, we aim to establish a multiscale (micro/meso/
macroscopic) overview of large-capacity/high-voltage positive-
electrode materials. A machine-learning technique is applied
to analyse and obtain the most efficient technical approaches
towards higher energy density with minimal trade-offs.
2. Origins of large capacity/high
voltage

Let us consider an electrode reaction:

nLi+ + ne� + A / LinA,

where A is the host material. The specic capacity (Q) under an
operating voltage window, DE, is expressed as follows:

Q ¼ nF

M
¼ F

M

ð3F
3F�FDEþDmLiþ

Dð3Þd3
This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) Predicted versus actual discharge capacities of nickel-rich
layered oxides during the first cycle. (b) Importance of each of the five
features (Ni, Co, and Mn contents, upper cut-off voltage, and charge–
discharge C-rate).
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where F is the Faraday constant,M is the molecular weight of A,
3F is the Fermi energy of A, DmLi+ is the difference between the
lithium-ion chemical potentials of A and LinA, and D(3) is the
density of states of A, respectively. The average reaction voltage,
Eav [vs. Li/Li

+], is given as follows:

Eav ¼ � 1

nF

ðn
0

fmLiþðn0Þ þ me�ðn0Þgdn0

where mLi+ and me� are the lithium-ion and electron chemical
potentials of LinA, respectively. According to these expressions,
using electrode materials with a large D(3) for 3F > 3>3F � FDE +
DmLi+) achieves a large capacity, whereas those with low mLi+ or
low me� achieves a high voltage.

One of the most promising positive electrode materials for
achieving high energy density is a nickel-rich layered oxide, i.e.
LiNixTM1�xO2 (TM: Mn, Co).12,13,35–37 For example, LiNi0.8Co0.1-
Mn0.1O2 (NCM811) typically delivers a large specic capacity of
approximately 200 mA h g�1 at an average voltage of 3.8 V vs. Li/
Li+ (Fig. 1b; operation voltage: 3.0–4.5 V vs. Li/Li+).33,34 In
general, increasing the nickel content by replacing cobalt
increases the specic capacity (e.g. LiCoO2 vs. LiNiO2, LiNi1/
3Co1/3Mn1/3O2 (NCM333) vs. NCM811) (Fig. 1b).5,12,38–41 As the
frontier energy level of Ni eg–O 2p antibonding bands is higher
(i.e. higher me�) than that of Co t2g nonbonding bands, the
reaction voltage of LiNiO2 (3.8 V vs. Li/Li+) is lower than that of
LiCoO2 (4.1 V vs. Li/Li+) (Fig. 1b). Consequently, nickel-rich
layered oxides exhibit a large amount of (de)lithiation, even
under a low upper cut-off voltage (larger integrated D(3) for 3F > 3
> 3F � FDE + DmLi+). Meanwhile, replacing manganese with
nickel (altering Mn3+ to Mn4+

0.5Ni
2+

0.5, then to Ni3+) decreases
the number of strong Jahn–Teller Mn3+ ions,42,43 thereby sup-
pressing large structural distortions and enabling a large
capacity with somewhat better reversibility.

To conrm the inuence of the nickel content on the specic
capacity, we applied a machine-learning technique to a data-set
assembled from the reported capacities of nickel-rich layered
oxides.38,41,44–112 The supervised learning of the reported
discharge capacities during the rst cycle was conducted using
a random forest regression with ve simple features, i.e. Ni, Co,
and Mn contents, upper cut-off voltage, and charge/discharge C
rate. Fig. 2a compares the predicted and actual discharge
capacities (R2 ¼ 0.82 and 0.70 for the training and test data,
respectively), suggesting the reasonable generalization perfor-
mance of the model, even with only ve simple features. As
shown in Fig. 2b, except for the extrinsic experimental condi-
tions (upper cut-off voltage and charge/discharge C rate), Ni
content is the most important feature for explaining the trend
in the specic capacity of nickel-rich layered oxides (Fig. 3a),
which supports the above discussion. Conversely, the Co
content is a negative explanatory variable for the discharge
capacity.

Another important class of layered oxides capable of a large
storage capacity is lithium-rich layered oxides, Li1+xTM1�x-
O2.15–17,25–27,113 For example, Li1.2Ni0.13Co0.13Mn0.54O2 and
Li1.2Ni0.2Mn0.6O2 deliver specic capacities greater than
250 mA h g�1 (Fig. 1c).114,115 As the transition metals are
partially replaced by lithium ions, the coordination
This journal is © The Royal Society of Chemistry 2021
environment of oxide ions involves a specic axis of Li–O–Li,
along which an oxygen 2p orbital remains nonbonding near 3F
to contribute to the charge compensation for (de)lithiation
(additional D(3), Fig. 3b).116–118 Although the chemical state of
oxidized oxygen aer delithiation has long been debated,119–124

accumulative redox reactions by both the transition metals
(cationic redox) and oxide ions (anionic redox or oxygen redox)
provide large specic capacities.125 Unlike nickel-rich layered
oxides, a machine-learning technique applied to the reported
capacities of lithium-rich layered oxides with simple features
(such as Li, Mn, Co, and Ni contents, upper cut-off voltage, or
charge/discharge C rate) could not provide a reasonable
prediction model with good generalization performance.
Presumably, other complicated factors, such as particle
morphology, carbon additive, electrolyte composition, and
initial activation process, which were not considered in the
supervised learning, could inuence the capacities of the
lithium-rich layered oxides.

LiNi0.5Mn1.5O4 is a representative high-voltage spinel oxide
for positive electrodes, wherein Mn3+ in LiMn2O4 is replaced by
Ni (Mn3+ /Mn0.5

4+Ni0.5
2+), and the two-electron redox reaction

of Ni4+/Ni3+/Ni2+ occurs.18,126,127 Unstable Jahn–Teller Ni3+

increases the reaction voltage of Ni3+/Ni2+, while lowering the
reaction voltage of Ni4+/Ni3+, thereby leading to a continuous
potential prole for the two-electron redox capacity. Lithium
J. Mater. Chem. A, 2021, 9, 7407–7421 | 7409
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Fig. 3 Origins of the high performance of (a) nickel-rich layered
oxides, (b) lithium-rich layered oxides, (c) high-voltage spinels, and (d)
high-voltage polyanionic compounds.
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ions occupy tetrahedral 8a sites, which are located away from
the transition metals in octahedral 16d sites. The coulombic
repulsion between lithium ions and transition metals is lower
than that of layered oxides (where lithium ions occupy octahe-
dral 3a sites near the transition metals in octahedral 3b sites),
which in turn yields a lower mLi+, resulting in a high voltage of
approximately 4.8 V vs. Li/Li+ (Fig. 3c). Indeed, similar high
reaction voltages have been reported for other spinel oxides
LiTM0.5Mn1.5O4 (TM: Co, Cr) with little dependence on
TM.127–129

Polyanionic compounds such as LiCoPO4 are another family
of high-voltage positive-electrode materials.20,130 Transition
metals in polyanionic compounds are mainly coordinated by
the oxygen atoms of oxyanions (XOn

m�, X: P, S, B, and Si),
wherein the oxygen atom predominantly donates the electrons
to X atom (a covalent X–O bond), resulting in a highly ionic TM–

O bond. The energy levels of TM–O antibonding states
composed of predominantly TM 3d orbitals under ionic coor-
dination environments (small TM–O bonding–antibonding
splitting) are much lower (i.e. lower me�) than those under more
covalent coordination environments, such as those of
transition-metal oxides.10,131 In addition, the large interstitial
7410 | J. Mater. Chem. A, 2021, 9, 7407–7421
spaces for lithium ions decrease lithium-ion chemical potential
(low mLi+). Owing to these combined effects, polyanionic
compounds generally exhibit high reaction voltages (Fig. 3d). In
particular, as the redox couple of Co3+/Co2+ has a signicantly
low me� owing to the electronic conguration of high-spin Co3+

(t42ge
2
g), LiCoPO4 operates at a high average voltage of approxi-

mately 4.8 V vs. Li/Li+. The redox couples of Ni3+/Ni2+ (stable
Ni2+ (t62ge

2
g)) and Cr4+/Cr3+ (stable Cr3+ (t32g)) are also expected to

have low me�, leading to high reaction voltages.132–137 In addition,
incorporating a highly ionic uoride ion into the coordination
environment of transition metals (e.g. Li2CoPO4F) further
lowers me� and raises the reaction voltage.138–143

3. Oxidation stability of electrolytes

The oxidation stability of electrolytes is crucial for the stable
operation of large-capacity/high-voltage positive electrodes.144

Fig. 4 shows systematic linear sweep voltammetry results of
various electrolytes with an aluminium current collector,
conductive carbon (acetylene black), oxide electrode (LiMn2O4),
and polyanionic electrode (LiCoPO4).

The rst requisite for electrolytes is to suppress aluminium
corrosion at high voltages. Imide anions (such as bis(-
uorosulfonyl)imide (FSI�) and bis(triuoromethanesulfonyl)
imide (TFSI�)) severely corrode aluminium below 4.2 V vs. Li/Li+

because of the formation of soluble Al(FSI)3 and Al(TFSI)3
complexes (Fig. 4a).145,146 Although employing a high salt
concentration can hinder the dissolution of these complexes to
suppress aluminium corrosion,147 imide anions may not be
a primary option for large-capacity/high-voltage electrodes. In
contrast, the BF4

� anion does not exhibit anodic current ow
below 5.3 V vs. Li/Li+,148 which is compatible with large-capacity
positive electrodes. As the PF6

� anion possesses the best
oxidation stability up to 6.0 V vs. Li/Li+,148,149 it is the best anion
for large-capacity/high-voltage positive-electrode materials. For
both BF4

� and PF6
� anions, insoluble AlF3 forms, which

passivates the current collector surface.150

The second requisite is to suppress the parasitic oxidation of
the electrolyte components. Conductive carbon additives in
large-capacity/high-voltage positive electrodes possess a large
specic surface area, which generally results in nontrivial
parasitic oxidation. Fig. 4b shows that a conductive carbon
(acetylene black) electrode exhibits a small anodic current ow
at 4.1 V vs. Li/Li+ with conventional electrolytes. This current
ow is attributed to the oxidation of electrolyte solvents rather
than that of the conductive carbon,151–153 because the current
does not ow with an oxidation-durable uorinated solvent, i.e.
uoroethylene carbonate (FEC). However, the further oxidation
of carbonate electrolytes is suppressed up to 4.7 V vs. Li/Li+,
suggesting the formation of a cathode-electrolyte interphase
(CEI) at approximately 4.1 V vs. Li/Li+.155 In contrast, continuous
anodic current above 4.1 V vs. Li/Li+ for ether electrolytes, such
as dimethyl ether (DME), indicates their incompatibility with
large-capacity/high-voltage electrodes.154 As identical results
were obtained for an oxide electrode (LiMn2O4) containing
a carbon additive (Fig. 4c), the active site for CEI formation
should be the electrophilic surface of the conductive carbon,
This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Anodic stability of electrolytes. Linear sweep voltammetry at 30 �C of (a) an aluminum current collector with 1 M LiX/EC (X: FSI�, TFSI�,
BF4

�, and PF6
�), (b) conductive carbon (acetylene black) electrode, (c) LiMn2O4 electrode, and (d) LiCoPO4 electrode with LiPF6/X (X: DME, DMC,

EC, and FEC). The concentration of the electrolytes is 1.0 M except for DME (0.5 M). (e) Summary of the anodic stabilities of 1 M LiPF6 electrolytes
(solvents: linear ether (DME)), linear carbonate (DMC), cyclic carbonate (EC), and fluorinated cyclic carbonate (FEC).
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which abstracts the electrons from solvent molecules. In
particular, the electron abstraction of carbonates generates the
radical cations of alkyl carbonates (R+–OCOOc; R¼ alkyl group),
forming CEIs via their polymerization.150 Owing to this protec-
tive CEI formation, carbonate electrolytes are compatible with
large-capacity electrodes (typically up to 4.4 and 4.7 V vs. Li/Li+

for nickel-rich layered oxides and lithium-rich layered oxides,
respectively). Indeed, the major electrolytes for large-capacity
electrodes are 1.0–1.2 M LiPF6 in a mixture of cyclic and
linear carbonates.

To stably operate high-voltage electrodes, an electrolyte
should be electrochemically stable above 4.8 V vs. Li/Li+.
However, even relatively oxidation-resistant linear/cyclic
carbonates exhibit sluggish but continuous oxidation above
4.7 V vs. Li/Li+ (Fig. 4d). As uorinated carbonates, such as FEC,
slightly suppress the anodic oxidation, perhaps owing to their
low highest occupied molecular orbital (HOMO) levels and/or
the formation of uorine-rich CEI, the uorination of electro-
lyte solvents can be a practical option for improving the
reversibility and capacity retention of high-voltage elec-
trodes.88,156 For example, an electrolyte consisting solely of
uorinated solvents (FEC/methyl(2,2,2-triuoroethyl)carbonate
(FEMC)/1,1,2,2-tetrauoroethyl-20,20,20-triuoroethyl ether
(HFE)) was proposed for high-voltage electrodes.88 However,
achieving an intrinsic oxidation stability above 4.7 V vs. Li/Li+ is
still a major challenge (Fig. 5a).
This journal is © The Royal Society of Chemistry 2021
4. Issues and technical solutions
4.1. Intrinsic degradation

Cations (lithium and transition-metal ions) in a positive-
electrode material occupy interstitial (e.g. octahedral/
tetrahedral) sites in an array of anions (oxide ions or oxy-
anions), and lithium ions are deintercalated to generate
lithium-ion vacancies V

0
Li (Kröger–Vink notation) upon charge

as follows:

Li�LiTM
�
oct/V

0
LiTM

�

oct þ Liþ þ e�;

where attractive forces between V
0
Li and TM�

oct tend to drive the
migration of TM to lithium-ion vacancies (cation migra-
tion).157–160 A large capacity generates a large amount of V

0
Li upon

charging, whereas high voltage forms vacant sites with low mLi+

(i.e. an unstable vacancy), both of which accelerate the migra-
tion of TM. Because TM ions at lithium-ion sites hinder lithium-
ion diffusion, cation migration is a common atomistic degra-
dation mechanism in most positive electrode materials
(Fig. 5a).

From a meso/macroscopic viewpoint, layered oxides
comprise alternating stackings of Li+ and TMO2 slabs. Although
a pristine layered structure is stabilized by Li+–O2� coulombic
attractions, signicantly weaker van der Waals force between
the TMO2 slabs becomes dominant in deeply delithiated
(charged) states, thereby triggering a damaging phase transition
(e.g. hexagonal 2 phase (H2)/ hexagonal 3 phase (H3)), during
J. Mater. Chem. A, 2021, 9, 7407–7421 | 7411
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Fig. 5 (a) Issues with large-capacity/high-voltage positive electrodes,
and (b) solutions to these issues.
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which the unit cell volume considerably changes by over 7%.161

This large volume change, along with gliding of the TMO2 slabs
upon deep charging, can delaminate the TMO2 slabs and crack,
fracture, and/or pulverization LiTMO2 particles, which severely
degrades the electrode composite (Fig. 5a).157,161

For lithium-rich layered oxides, a large capacity is achieved
by the additional redox reaction of oxide ions. An oxidized oxide
ion has an unstable electronic conguration (2p5) and may
easily dimerize, for instance, to form a peroxide-like ion
(O2

2�).119,122,162 Such dimerized ions should be further oxidized
to O2 at a high voltage, resulting in a large amount of oxygen
vacancies, which predominantly form on the particle surface. In
turn, these vacancies cause the formation of cation-densied
phases that are electrochemically inactive (Fig. 5a).116,123,163

High-voltage spinel oxides possess a three-dimensional
framework of TM2O4, through which lithium ions diffuse
three-dimensionally. Because this framework is rigid, the unit
cell volume changes by less than 6% during delithiation,164,165

limiting crack formation. Therefore, the migration of TM is the
major intrinsic mode of degradation in high-voltage spinel
oxides.165,166

Generalizing the structural features and degradation mech-
anisms of a wide range of polyanionic compounds is difficult,
but changes in their unit cell volume are usually large (>6%)
during delithiation owing to the ionic nature of the TM–O
7412 | J. Mater. Chem. A, 2021, 9, 7407–7421
bonds, i.e. approximately 7% for high-voltage olivine Li1�x-
CoPO4.167 Particularly in the bi-phasic electrode reactions that
proceed with phase boundary movement, large mechanical
strain arises in the region between lithium-rich and lithium-
poor phases, occasionally causing cracks during (de)lithiation
(Fig. 5a).168

In any cases, an effective way to suppress cation migration
and cracks upon cycling is to use dopants that are electro-
chemically inactive at the expense of the specic capacity in
three scenarios: (i) redox-inactive dopants typically suppress
over-delithiation at high voltages, (ii) while also disturbing the
cooperative behaviors (e.g. phase transition) of the delithiated
states. In parallel, (iii) heterodoping can modulate the
morphology of secondary particles. Scenario (i) should decel-
erate cation migration, whereas scenarios (ii) and (iii) may
relieve mechanical strain at domain boundaries (Fig. 5b).
Because the redox-inactive dopants prevent the over-oxidation
of oxide ions in lithium-rich layered oxides, the release of O2

gas can also be suppressed. Indeed, various cations and anions
(such as B, F, Mg, and Al) have been investigated as dopants for
positive-electrode materials with high energy density, all of
which improved capacity retention during charge/discharge
cycling.71–77,92,93,102,103,106–109,169–173 For example, doping B into
a nickel-rich layered oxide was reported to increase capacity
retention aer 100 cycles from 83% to 92% by suppressing crack
formation.92
4.2. Interfacial degradation

Synergistic degradation occurs at the interface between a posi-
tive-electrode material and electrolyte (Fig. 5a). For example,
hydrouoric acid, which is generated by H2O contamination or
anodic dissociation, such as PF6

� 4 Fc + PF5 + e�, reacts with
most positive-electrode materials to generate LiF and TMFn.153

Then, TMn+ dissolves into the electrolyte and migrates to the
negative electrode. Finally, TMn+ is reduced and deposits on the
negative electrode, where it causes unfavorable catalytic
decomposition of the electrolyte and increases the internal
resistance of the cell.174–178 Subsequently, TM dissolution
generates active pits on the positive-electrode surface, causing
the additional oxidation of the electrolytes.175 In parallel,
oxidized electrolyte solvents have been postulated to accelerate
TM dissolution.180

Analogously to the solid-electrolyte interphases (SEI) of
negative electrodes, the formation of a CEI is a natural way to
suppress interfacial degradation via TM dissolution. The
chemically and electrochemically stable CEI that uniformly
forms on positive electrodes is expected to passivate the elec-
trode surface from damaging chemical reagents such as
HF.84,181,182 However, the naive CEI of high-energy-density
positive electrodes with conventional carbonate electrolytes
cannot effectively protect the electrode surface. Intensive
research has revealed the complex components of CEI in high-
energy-density positive electrodes, such as Li2CO3 (mainly
from an initial contaminant), polycarbonates (from oxidation
of linear/cyclic carbonates), POxFy (from oxidation of PF6

�),
TMFn (from HF attack), and LiF (from PF6

�

This journal is © The Royal Society of Chemistry 2021
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dissociation).169,171,183–185 Importantly, the CEI composition
depends on the electrode potential (i.e. electrochemically
unstable).40,186,187 In addition, a non-uniform CEI is formed by
damage (cracks or pits) on the surface of positive-electrode
materials. Meso/macroscopic cracks generate new reactive
surfaces that cause parasitic oxidation of electrolytes.179,188 All
these drawbacks associated with naive CEIs make the effective
passivation of the positive electrodes difficult, thus calling for
technical solutions.

To address the aforementioned interfacial issues, coating
positive-electrode materials is a popular approach (Fig. 5b) for
(i) suppressing electrophilic attack from an electrode to an
electrolyte while allowing ion transfer, (ii) protecting them from
damaging chemical reagents such as HF, thus preventing TM
from dissolving to the electrolyte, and (iii) forming a rigid shell
to restrict crack formation upon cycling. Indeed, several mate-
rials, including ionic conductors,50,51,54,66,67,189 mixed conductors
(active materials),46,56–58,60,190–192 organic compounds,58,60,193,194

and electrochemically inactive oxides/polyanionic
compounds44,45,47–49,52,53,55,59,61–65,68–70,195–201 have been investi-
gated as coatings for passivating the active surface of large-
capacity/high-voltage electrode materials. For example, a B2O3-
coated nickel-rich layered oxide retained 85% of its capacity
aer 200 cycles, signicantly more than that of a pristine
compound (68%).70

Another effective approach for the formation of a CEI is to
utilize the oxidative decomposition of electrolytes or its addi-
tives that contain specic elements, such as boron,41,78–82,202–207

silicon,203,206,208–212 phosphorous,83–86,207,209–211,213–221

sulfur,87,204,205,211,222–233 and uo-
rine.41,78,82,83,85,86,88,89,156,182,188,205,207,213–215,217,219–221,234,235 Additives
that are vulnerable to oxidation and contain nucleophilic B, Si,
P and S elements are expected to preferentially oxidize to form
a uniform CEI at the positive-electrode surface. In the presence
of uorine-containing components or additives, a uorine-rich,
electrochemically stable, ion-conducting surface lm forms,
composed of complex deposits of Li–X–O/F (X ¼ B, Si, P, and S)
that effectively behave as a CEI. The mechanisms underlying its
functionality are as follows: (i) XOxFy

n� scavenges oxidized
radicals and hydrouoric acid, (ii) microporous/amorphous Li–
X–O/F enables fast Li+ transfer while (iii) hindering interfacial
electron transfer. For instance, when 0.6 M LiTFSI + 0.4 M
lithium bis(oxalato)borate (LiBOB) + 0.05 M LiPF6 in ethylene
carbonate (EC)/EMC (4 : 6 by weight) was used as an electrolyte
for LiNi0.76Mn0.14Co0.1O2, a low impedance CEI comprising ion-
conducting/electronic-insulating components (polycarbonates,
Li–B–O, and Li2CO3) formed that achieved a capacity retention
greater than 80% aer 1000 cycles.81
4.3. Electrode disintegration

Using a functional polymer as a binder also effectively
improves the electrochemical properties of large-capacity/
high-voltage positive electrodes, as its functional groups,
such as carboxyl and hydroxyl groups, scavenge damaging
radicals or hydrouoric acid. In addition, adhesive polymers
acting as an articially deposited uniform CEI could
This journal is © The Royal Society of Chemistry 2021
mechanically suppress crack formation and particle disinte-
gration in positive-electrode materials, while simultaneously
preventing TM from dissolving into the electrolyte. Typical
examples include engineering polymers such as poly-
imides,90,91,236–239 commodity polymers such as poly-
acrylates,240–242 and semisynthetic polymers such as styrene–
butadiene rubber/carboxymethyl cellulose,242–245 etc.246–249 For
example, polyimides possess heterocyclic imide rings that
strongly interact with the surface of positive electrodes, thus
forming a uniform protective lm. These rigid imide rings also
provide mechanical strength to composite electrodes for
minimizing their disintegration due to the pulverization of the
active materials. Using a polyimide as a binder for a NCM811
electrode increased the capacity retention aer 100 cycles from
30% to 79%.90 Furthermore, the uorination of the polyimide
binder improved both oxidation and thermal stability,
enabling the stable operation of lithium-rich layered oxide
Li1.13Mn0.463Ni0.203Co0.203O2.240
5. Technical priority analysis

As positive-electrode materials with high energy density suffer
from severe performance degradation arising from both bulk
(i.e. cation migration and cracking) and interfacial (i.e. TM
dissolution and non-uniform CEI formation) issues, several
technical solutions including doping, coating, electrolyte addi-
tives, electrolyte uorination, and functional binders have been
intensively investigated (Fig. 6a), as explained in previous
sections. Although each technical solution was demonstrated to
improve the electrode performance, hierarchizing their effec-
tiveness is important for prioritizing technical solutions. We
applied a machine-learning technique to the reported capacity
retentions of large-capacity/high-voltage positive-electrode
materials.38,41,44–112,169–173,189–249 The supervised learning of
capacity retention aer 50 cycles was conducted using a random
forest regression with six simple features, i.e. coating, doping,
electrolyte additives, functional binders, cut-off voltage, and C-
rate. Target data (capacity retention) was transformed to its
improvement index (the ratio of the capacity retentions with/
without coating, doping, electrolyte additives, and functional
binders).

Fig. 6b compares the predicted and actual improvements in
cycle stability (R2 ¼ 0.75 and 0.52 for the training and test data,
respectively), which suggests a relatively high variance in the
model due to the limited number of data. However, the
prediction model clearly indicates that the use of functional
binders is the most effective strategy for improving the capacity
retention aer 50 cycles (Fig. 6c). Functional binders can form
uniform articial CEIs, which offer multiple functions (HF
scavenging, protection from TM dissolution, and mechanical
integration of the composite) in retaining the electrode perfor-
mance. Fig. 6c also indicates that coating does not signicantly
contribute towards improving the capacity retention, relative to
doping and electrolyte additives. Thus, if a coating process is
costly, it may not be the rst choice for enhancing electrode
performance.
J. Mater. Chem. A, 2021, 9, 7407–7421 | 7413
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Fig. 6 (a) Previous attempts to improve the performance of large-capacity/high-voltage positive electrodes. (b) Predicted versus actual
improvements to the capacity retention of large-capacity/high-voltage positive electrodes after 50 cycles. The improvement is the ratio of the
capacity retention after 50 cycles with/without coating, doping, additives, and binders. Circles and triangles are the training and test data,
respectively. (c) Feature importance in the prediction model from the random forest regression.
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6. Summary and perspectives

This review summarizes the issues associated with large-
capacity/high-voltage positive-electrode materials for high-
energy-density LIBs and their technical solutions. Both a large
capacity (large D(3) for 3F > 3 > 3F � FDE + DmLi+) and high voltage
(low mLi+ or low me�) are intrinsically prone to accelerating
performance degradation in the bulk and at the interface.
Several technical solutions have been proposed to address these
issues. Electrode materials have been typically doped to resolve
bulk issues, whereas electrode coating, electrolyte additives,
and functional binders have been used to mitigate interfacial
issues. However, the machine-learning analyses of reported
data clearly indicate that the use of functional binders is most
effective for improving capacity retention, and hence, the
further exploration of novel binders that can retain either
a large capacity or high voltage should be prioritized.

In addition to the above-mentioned technical solutions,
a less explored approach for achieving a longer calendar life is
the development of novel large-capacity or high-voltage positive-
electrode materials, which possess functionalities that stabilize
the electrode during cycling. For example, O2-type layered
oxides LiTMO2 and Li1+xTM1�xO2 (O2: lithium ions occupy
octahedral sites in a close-packed oxide-ion array of ABCBA)
mitigate TM migration due to TM–TM coulombic repulsion,
which suppresses capacity fade and voltage decay during
cycling.250–252 In addition, a layered structure self-organizes
upon cycling via coulombic attractions between ions and
vacancies in Na2�xRuO3, which can effectively retain a large
capacity.253,254 Transition-metal vacancies can generate
nonbonding O 2p states, leading to a highly reversible and
7414 | J. Mater. Chem. A, 2021, 9, 7407–7421
stable oxygen-redox capacity, as reported for Na2�xMn3O7.255

Essentially, precisely controlling the arrangement of transition
metals, transition-metal vacancies, and oxide ions could yield
novel functionalities that ameliorate the unsatisfactory perfor-
mance of the present high-energy-density positive electrodes.

As for other important performance such as safety, rate
capability, and coulombic efficiency, the amount of reported
data is limited; therefore, identifying the most effective tech-
nical solution is difficult at this point. For example, the use of
functional binders, which most effectively helps in retaining
a large capacity, should degrade the rate performance because
the articial CEI of the binders decelerates interfacial ion
transfer. However, the trade-off between rate performance
degradation and capacity retention is not clearly mentioned in
most reports, making systematic data analysis futile. Another
considerationmissing from this work is that the performance of
the positive-electrode materials can be highly susceptible to the
counter electrode; the data analysed in this work were only from
the results of half cells. In addition, several important features,
such as separator, electrolyte composition, and temperature,
were not considered. Thus, although the present machine-
learning techniques provide a rm proof of concept, they are
still not enough to provide an overall protocol for accurate
predictions together with hierarchical features behind.

Notably, owing to the limited amount of experimental data,
which is far smaller than the usual amount used in ‘big data’
analyses, it is unrealistic to develop an accurate prediction
model with multiple features that fully describe the chemical
structures and properties of battery components. For instance,
rationally designed uorinated cyclic phosphate serves as a re-
extinguishing solvent for highly safe electrolytes, as organic
This journal is © The Royal Society of Chemistry 2021
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phosphates can trap hydrogen radicals and prevent combus-
tion.256–259 Although such molecular design is a promising
approach for high-energy-density batteries, it is highly chal-
lenging to choose informative features from their complex
chemical structure and properties for predicting and evaluating
additional functionalities. Thus, carefully selecting discrimi-
nating features and target functionalities is crucial for reliable
data analysis and prediction.

Aer collecting systematic experimental data, machine
learning plays an essential role in data analysis. Indeed, various
machine-learning techniques have recently been applied to
predict battery performance metrics, e.g. voltage, cycle life, and
state of charge.260–266 Once feature importance is identied with
hierarchical and quantitative accuracy and reliability, the
underlying chemical/physical relationships between electrode
performance and several controllable parameters can also be
claried. This comprehensive understanding would enable the
rational development of optimal large-capacity/high-voltage
positive electrodes.267

7. Methods

Electrolytes were prepared by dissolving lithium salts in
solvents in an Ar-lled glove box. Lithium bis(uorosulfonyl)
imide (LiFSI) and lithium bis(triuoromethanesulfonyl)imide
(LiTFSI) salts were provided by Nippon Shokubai. Other salts
(LiBF4 and LiPF6) and solvents (ethylene carbonate (EC),
dimethyl carbonate (DMC), 1,2,-dimethoxyethane (DME), uo-
roethylene carbonate (FEC)) were purchased from Kishida
Chemicals. LiMn2O4 was purchased from Hohsen. LiCoPO4 was
synthesized using a sol–gel process. Specically, LiNO3,
Co(NO3)2$6H2O, NH4H2PO4, and citric acid were dissolved in
distilled water at a molar ratio of 1 : 1 : 1 : 2. The mixture was
stirred at 80 �C for 30 min and then dried at 120 �C overnight in
an oven. LiCoPO4 was obtained by heating the resultant brown
gel at 350 �C for 3 h and then 800 �C for 12 h. For the carbon
coating, LiCoPO4 powder was ball-milled with acetylene black
(Li400, Denka) in a weight ratio of 9 : 1, followed by heating at
400 �C for 1 h under owing Ar. All the chemicals were
purchased from Wako. For the carbon electrodes, acetylene
black and polyvinylidene diuoride (PVdF, Kureha) binder were
mixed in N-methylpyrrolidone (NMP, Wako) in a weight ratio of
50 : 50. For the LiMn2O4 and LiCoPO4 electrodes, the active
materials, acetylene black, and PVdF binder were mixed in
a weight ratio of 80 : 10 : 10 in NMP. The prepared slurries were
cast onto Al foil (Fuchikawa Rare Metal) and dried at 80 �C in an
oven. The loading level for LiMn2O4, LiCoPO4, and carbon
electrodes were controlled to be 1.8–2.1, 2.9–3.0, and 0.3–0.4 mg
cm�2, respectively. The oxidation durability of electrolytes with
Al, carbon, LiMn2O4, and LiCoPO4 electrodes was evaluated via
linear sweep voltammetry from open circuit potential to 6 V (vs.
Li/Li+) at a scan rate of 0.1 mV s�1 at 30 �C using VMP3
potentiostat (BioLogic) and 2032-type coin cell with Li metal as
the counter electrode.

All themachine learning was conducted using scikit-learn on
Python. A random forest regression was selected as the
prediction model based on nested cross-validation (k-fold cross-
This journal is © The Royal Society of Chemistry 2021
validation and grid search for hyperparameter optimization) of
several regression models. The determination coefficient (R2)
was calculated as follows:

R2 ¼ 1�
Pn
i¼1

ðyi � uiÞ2

Pn
i¼1

�
yi � ui

�2

where yi, ui, and u�i are the predicted, actual, and averaged
values, respectively. The features were simplied to avoid high
variance due to the limited amount of data. For example, the
chemical information (elements and structures) of the coating,
doping, electrolyte additives, and binders was not explicitly
considered (one-hot encoding), whereas the electrolyte compo-
sition (solvents, anion, and concentration) was ignored in the
predictions. The predictions considered both an upper cut-off
voltage and charge/discharge C-rate.
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