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Recent achievements toward the development of
Ni-based layered oxide cathodes for fast-charging
Li-ion batteries

Yuxuan Zhang,? Jae Chul Kim,” Han Wook Song® and Sunghwan Lee () *?

The driving mileage of electric vehicles (EVs) has been substantially improved in recent years with the
adoption of Ni-based layered oxide materials as the battery cathode. The average charging period of EVs
is still time-consuming, compared with the short refueling time of an internal combustion engine vehicle.
With the guidance from the United States Department of Energy, the charging time of refilling 60% of the
battery capacity should be less than 6 min for EVs, indicating that the corresponding charging rate for the
cathode materials is to be greater than 6C. However, the sluggish kinetic conditions and insufficient
thermal stability of the Ni-based layered oxide materials hinder further application in fast-charging oper-
ations. Most of the recent review articles regarding Ni-based layered oxide materials as cathodes for
lithium-ion batteries (LIBs) only touch degradation mechanisms under slow charging conditions. Of note,
the fading mechanisms of the cathode materials for fast-charging, of which the importance abruptly
increases due to the development of electric vehicles, may be significantly different from those of slow
charging conditions. There are a few review articles regarding fast-charging; however, their perspectives
are limited mostly to battery thermal management simulations, lacking experimental validations such as
microscale structure degradations of Ni-based layered oxide cathode materials. In this review, a general
and fundamental definition of fast-charging is discussed at first, and then we summarize the rate capa-
bility required in EVs and the electrochemical and kinetic properties of Ni-based layered oxide cathode
materials. Next, the degradation mechanisms of LIBs leveraging Ni-based cathodes under fast-charging
operation are systematically discussed from the electrode scale to the particle scale and finally the atom
scale (lattice oxygen-level investigation). Then, various strategies to achieve higher rate capability, such as
optimizing the synthesis process of cathode particles, fabricating single-crystalline particles, employing
electrolyte additives, doping foreign ions, coating protective layers, and engineering the cathode architec-
ture, are detailed. All these strategies need to be considered to enhance the electrochemical performance
of Ni-based oxide cathode materials under fast-charging conditions.

sector is the largest contributor (28%) to U.S. greenhouse gas
emissions, according to the Environmental Protection Agency,

Innovation in transportation is key to stopping climate change.
The Energy Information Administration reported that 37% of
the total energy produced in the United States in 2021 was
from petroleum sources." The vast majority (91%) of these
sources were consumed in the transportation end-user sector
such as cars, trucks, and aircraft. Indeed, the transportation
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in 2021.> Reducing the petroleum reliance in transportation
will, therefore, make a direct impact on immediately reducing
the entire carbon footprint, shaping a sustainable future.

In light of this clear motivation, the transportation sector is
getting electrified. For example, General Motors and Ford, the
two largest car makers in the U.S., plan to end their pro-
duction of engine-powered cars and trucks and will offer elec-
tric vehicles (EVs) exclusively by 2035.>* The key enabler of
EVs is, undoubtedly, rechargeable batteries. Among the many
types of battery, Li-ion batteries (LIBs) that adopt a lithium
transition metal oxide (LiTMO,) cathode govern the modern
EV battery technology with their high energy density and good
round-trip efficiency.>”
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As the market for EVs is expanding rapidly, the need for
high-performance batteries continues to grow.*’

To enable a high energy density, research efforts to design
transition metal compositions for layered oxide cathodes have
centered on implementing nickel as a redox center. Ni-based
layered oxides such as LiNi,Co,Mn,0, (NCM, x +y + z = 1) and
LiNi,Co,AlL,O, (NCA, x +y + z = 1) have been gradually replacing
LiC00,."°** In order to meet the energy density goal of 350
Wh kg™ " and 750 Wh L™" at the cell level, as established by the
U.S. Department of Energy (DOE) and U.S. Advanced Battery
Consortium (USABC),"? Ni-based layered oxides with a high Ni
content (Ni > 80%) are considered suitable for EV applications
due to their high specific capacities (200-250 mA h g—'), high
working voltages (3.6-3.8 V) and relatively low cost."**® The
driving mileage of EVs that adopt these Ni-rich cathodes has
been substantially improved, comparable with that of internal
combustion engine vehicles (ICEVs), thus increasing the
market penetration of EVs."®

However, the average charging time required for EVs
(recharging 80% of their capacity in about 1 h) is incompar-
able with the short refueling time of ICEVs (refueling can be
done in less than 10 min)."”™*° According to the recent guide-
lines of fast-charging released by the U.S. DOE, the ultimate
goal for fast-charging is to refill 60% of the full battery capacity
in 6 min or less, which indicates that the charging rate for the
battery is greater than 6C.>° In general, the fast-charging capa-
bility of LIBs is limited by the mechanical and electrochemical
properties of Ni-based layered oxide cathodes.”'** First, the
structural instability of highly oxidized Ni-based layered oxides
makes it hard for them to accommodate rapid volume changes
upon fast-charging.”>** This results in micro-cracks generated
throughout the secondary particles of Ni-based cathodes,
creating excess surface areas that facilitate the formation of
cathode-electrolyte interphases.”®*® Second, poor charge
transport kinetics of Ni-based layered oxides can induce high
cell impedance.?”"*® Especially for the polycrystalline Ni-based
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layered oxide materials, low electronic and ionic conductivities
of the primary crystals can limit the rate capability.”>*°
Consequently, the Ni-based layered oxide cathodes can
degrade faster at fast charging (e.g., 6C) than at slow charging
(e.g., 0.5C).% 733

In this review, we highlight recent progress in the develop-
ment of Ni-based LiTMO, for EV applications. We will first
define fast-charging, discuss the rate capability practically
required in EVs, and summarize the electrochemical and
kinetic properties of Ni-based layered oxide cathode materials.
Then, a comprehensive discussion of the major degradation
mechanisms of Ni-based layered oxide cathode materials
under fast charging conditions will follow. The state-of-the-art
approaches to address cathode degradation and enhance the
rate performance of Ni-based layered oxides will be discussed.
Finally, an outlook on future directions of designing Ni-based
layered cathodes for LIBs for superior fast-charging perform-
ance will be presented.

2. Features of fast-charging and
Ni-based oxide cathode materials
2.1 The definition of fast-charging

Technologies to enable fast-charge or extreme fast-charge
(XFC) to recharge batteries in a few minutes have drawn exten-
sive research interest and exhibited a great market prospect. A
comparison, available in the literature,®® of 525-mile intercity
travel from Salt Lake City, Utah to Denver, Colorado between
internal combustion engine vehicles (ICEVs) and battery elec-
tric vehicles (BEVs) is illustrated in Fig. 1A. As the baseline for
the comparison, it takes 8 h and 23 min for the ICEV to travel
525 miles with one 15 min refueling stop. For the 300-mile-
range BEV, it takes 9 h and 16 min to cover the same distance,
53 min more than ICEV, due to a recharging time of 68 min at
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Fig. 1 (A) Comparison of intercity travel from Salt Lake City to Denver.3* (B) Charging profiles for BEVs with direct-current fast-charging capabilities

on the market.®

120 kW. In the case of a 200-mile-range BEV equipped with
400 kW XFC, the total travel time is 8 h and 46 min, 30 min
less than the 300-mile BEV, even with two recharge stops.
Furthermore, the estimated travel time of the 300-mile BEV
with 400 kW XFC is 8 h and 31 min, which is only 1.6% longer
than the ICEV, with one recharge stop of 23 min at 275 miles.
To finish the recharge in 23 min to go for another 250 miles,
the charging speed should be faster than 11 miles min™". Of
note, the fast-charging goal set by the U.S. DOE is 20 miles
min~' on average or recharging up to 80% of the battery
capacity in 10 min or less.>® However, the charging speed of
most BEVs (e.g., Mitsubishi i-MiEV,?® Nissan Leaf,’” BMW i3,®
and Chevy Bolt*°) remains below 3 miles min™" as indicated in
Fig. 1B. The Tesla Model S has achieved a charging rate of
5.6 miles min~" with its state-of-the-art 120 kW
supercharger,’®*! but this charging speed still does not meet
the fast-charging requirement proposed by the DOE. Thus far,
the typical charging rate demonstrated practically is in the
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ballpark of 2C or even less,**** corresponding to a charge with
a power of 50 kW for most BEVs as well as 120 kW for
Tesla.>®*? The higher charging speed may require the voltage
rating of BEV to increase from 400 to 1000 V, which augments
the charging rate from 1.5 to 6C for the battery as exhibited in
Table 1.>°

2.2 The electrochemical properties of Ni-based layered oxide
materials

LiNiO, that is isostructural to LiCoO, was investigated as a
cathode material to increase the energy density and lower the
materials cost for LIBs.?**™® However, LiNiO, destabilizes
upon delithiation at high voltage, undergoing irreversible
phase transformations involving O, release.’®™*® To improve
the electrochemical stability of LiNiO,, Co,**>° Mn,****? and
AI*™° were incorporated into LiNiO,.°’® It has now been
proved that AI** and Mn*" do not participate in the redox
process but enhance the structural and thermal stability of the
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Table 1 Timeline of BEVs and battery C-rate to support XFC3*

Charger

voltage 400-1000 V

Charge inlet
Vehicle

XFC designed inlet (s) for 1000 V @400 A
600V, 400 A, 800V, 400 A, 1000V, 400 A,

240 kW 320 kW 400 kw
1000V, 210-280 A, 210-280 kW
Battery 2.0-3.3C 3.3-4.6C 4.6-6C

material. Co®* contributes to stabilizing the layered structure,
improving the rate capability of the layered oxide
cathodes.”” ™ Many studies confirmed that the high Ni
content will lead to a concomitant increase in specific capacity
at the expense of the electrode stability, as indicated in
Fig. 2A.°°7°% This trade-off effect of a high Ni content in the
cathode can be understood by the increased high-valence state
Ni ions (ie, Ni*') that readily react with the electrolyte,
although these high valence state Ni ions benefit the specific
capacity of the cathode.®*"%°

According to the in situ XRD measurements (not shown) of
various Ni-based oxide cathode materials, the c-lattice para-
meter varies substantially with the cathode composition.®” The
c-lattice parameter in Fig. 2B decreases substantially at high
voltage as the Ni fraction increased. The variation of the lattice
parameters results from complex phase transitions upon Li
extraction.®” As shown by the dQ/dV-plots in Fig. 2C-F, NCM
materials undergo different phase transitions with the
different Ni contents. Upon charge, all NCMs phase-transform

View Article Online
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from hexagonal (H1) to monoclinic (M) at ~3.7 V. Ni-rich (80%
or more) NCM cathodes show an additional phase transition,
M-to-hexagonal (H2) at ~4.0 V and H2-to-hexagonal (H3)
phases at ~4.2 V. The H2-to-H3 transition is more evident in
LiNig 95C00.025MNg.0250, at  lower voltage than in
LiNiy §C091Mny;0,. No significant H2-H3 transition is
observed in LiNi, ¢Cog,Mn,,0, as it requires 4.6 V, which is
higher than the charge cutoff voltage. Here, it should be
emphasized that the shrinkage of the c-lattice parameter
mainly originates from the H2-H3 transition at high voltage,
leading to a substantial volume change of NCM.%*® Thus, the
electrochemical and mechanical stability of Ni-rich NCM
largely depend on their high-voltage characteristics.”® 7>

2.3 The kinetic properties of Ni-based layered oxide materials

It is critical to understand the kinetic properties of Ni-based
layered oxide materials to further optimize the rate perform-
ance. Typically, the transport of Li ions within Ni-based
layered oxide materials can be categorized into several mecha-
nisms: diffusion in bulk, diffusion across the grain bound-
aries, and diffusion along the grain planes. For bulk diffusion,
there are two Li-ion transport pathways in the layered
structure.”*’* Li-ions diffuse from one octahedral site to the
next octahedral site through an intermediate-tetrahedral site
(Fig. 3A) or an oxygen dumbbell (Fig. 3B). Specifically, Li-ions
prefer to migrate through oxygen dumbbell hopping at the
start of the charging process. Then, when more than 1/3 Li-
ions are extracted from the cathode, the tetrahedral site
hopping plays a dominant role in Li-ion transport.”* The acti-
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Fig. 3 (A) Tetrahedral site pathway and (B) oxygen dumbbell pathway for Li-ion diffusion in an NCM layered structure.”* (C) The lattice of the NCM
layered structure.” (D) Li diffusion across (top) and within (bottom) the grain boundary.”® (e) First cycle GITT curves (bottom) and the corresponding

Dy, (top) of NCM811.7°

vation energy for Li-ion transport in the suggested pathways is
closely associated with the volume of Li-O tetrahedra and octa-
hedra in the Li slab.”>”® In Fig. 3C, the stacking of Li slabs
and transition metal (TM) slabs alternates, and d; and d, are
the height of the TM and Li slabs, respectively. As a result, the
high Li-ion diffusivity with low activation energy along the
diffusion pathway is mainly ascribed to the large Li slab
spacing. Meanwhile, Li ions can also diffuse along the grain
boundaries and across the grain boundaries, as indicated in
Fig. 3D.”® Grain boundaries with specific orientations such as
>2(1104) and X3(1102) and hence different microstructures
regulate Li migration in different ways, which leads to different
Li diffusivities and overall conductivities.”® In most cases, Li-
ion diffusion at grain boundaries can be facilitated, compared
with that in the bulk, due to the kinetically favorable Li-ion
transport environment (i.e., reduced energy Dbarrier for
migration) at/near the grain boundaries.””””® The thicker dis-
ordered phases at/near the grain boundaries of NCM cathode
materials generally lead to 10 times higher Li transport than
that in bulk.”®

In addition, the state of charge (SoC) of the NCM cathode
dictates the Li kinetics.”® As shown in Fig. 3E, at the beginning
of the charging process, Dy;, gradually increases from 107°
em” s~ and reaches 107% em® s at Li = 0.5 upon delithiation.
Then it decreases back to 102 em” s~ at Li = 0.1. At the end
of charging, Dy;, rapidly decreases to 10™° . The slug-
gish Li kinetics at the initial SoC of the cathode are mainly
ascribed to the H1 phase that contains the high Li content
with a few Li vacancies and a narrow Li slab spacing.”®”® As
charging continues, new Li vacancies are generated and the
spacing of Li slabs gradually increases, facilitating Li
diffusion. At the end of the charge, the transition metal ions
are in the highest valence state, which attracts the electron
cloud from oxygen and decreases the O-O repulsion, leading
to the sharp volume decrease of the unit cell.”’ Thus, Dy, is
generally small at the start of the charging process and at the
overcharging state. Upon discharge, Dy;, remains high at 1077~
107% em® s and decreases to 10~ cm?® s~ at the end of dis-

cm? st

This journal is © The Royal Society of Chemistry 2023

charge. High Dy;; in the beginning of discharge reflects the
high concentration gradient across the cathode-electrolyte
interface, and sluggish diffusion at the end of discharge
results from Li redistribution in the bulk, as is commonly
observed in Li cathodes.?*®"

3. Degradation mechanism under
fast-charging

Charging batteries in a shorter time inevitably requires a
higher current density than the usual. Therefore, batteries at
fast charging experience severe operation conditions (e.g.,
high voltage) that likely accelerate their degradation. Indeed,
the degradation of Ni-based layered oxide cathodes is a critical
obstacle to achieving capacity retention (i.e., a long cycle life)
for practical applications.®*®* This section discusses the effect
of Li transport kinetics and surface oxygen loss to further
understand the degradation mechanisms of Ni-based layered
oxide cathodes.®> %’

3.1 Kinetic inhomogeneity at the multi-scale

3.1.1 Inhomogeneity at the electrode-scale. The LIB
cathode consists of multiple components (i.e., the active
material, carbon additive, and binder), which need to be
coherently interoperated to obtain a desirable battery perform-
ance. The complex, heterogeneous construction makes it
difficult to probe the cathode at various length- and time-
scales. The morphological and chemical characteristics of Ni-
based layered oxide at the microscale have been recently inves-
tigated by Yang et al.®® They leveraged hard X-ray phase-con-
trast nanotomography to compare the morphology of more
than 600 particles in the NCM622 cathode cycled 10 times
with a 5C rate (Fig. 4A). Three representative particles were
marked in red, green, and blue, as shown in Fig. 5A, corres-
ponding to the severely damaged, mildly damaged, and least
damaged particles, respectively. The coexistence of differently
damaged particles implies the inhomogeneity of the NCM

Nanoscale, 2023, 15, 4195-4218 | 4199
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Fig. 4 (A) 3D rendering of micro-/nanotomography images of an NCM electrode and three of the representative particles highlighted in red, green,

and blue, indicating severely damaged, mildly damaged, and least damaged particles, respectively.®® (B) Slices over two particle layers that are close
to the ten-cycled electrode’s top surface (near the separator) and the aluminum current collector (bottom of the ten-cycled electrode).®® (C) The
spatial distributions of the severely damaged particles measured by nano-holotomography in the 10-cycled and 50-cycled electrodes and the prob-

ability distributions of the distance between two neighboring severely

damaged particles in 10-cycled and 50-cycled electrodes.®® (D) Particles

sampled from fast-cycled (2C) cells and slow-cycled (0.05C) cells during the second cycle at states-of-charge corresponding to average lithium

fractions of 0.75 — 0.50 — 0.75 — 1.00, respectively.*

particles in the cathode. They also observed that particles
located near the separator are likely damaged more than those
near the current collector, as illustrated in Fig. 4B. Li et al.®’
monitored the dynamic evolution of the chemical and
morphological characteristics of thousands of individual NCM
particles through nano-holotomography at different cycles and
SoCs. In Fig. 4C, the concentration of severely damaged par-
ticles (marked in red) increases, while the distance of neigh-
boring particles considerably reduces, as the cycle number
increases from 10 to 50. These variations likely disintegrate
and distort the cathode due to different mechanical properties
of the NCM particles (elastic modulus, E ~ 140 GPa) and
carbon/binder domains (E ~ 2 GPa).®° The transport of Li ions
and electrons across the interfaces between active materials
and carbon/binder domains can be disrupted, leading to a
poor percolation of charge transport pathways. Mistry et al.*°
indicated the inhomogeneous electrode would lead to the pre-
ferential intercalation of the NCM materials, which may
induce detrimental heat spots in the electrode and trigger
safety issues (e.g., fire or explosion) of the entire cell.”®

To explain the electrode-level inhomogeneity and under-
stand the degradation mechanisms at fast charge, Park et al."
exploited autocatalytic and autoinhibitory reactions to prepare

4200 | Nanoscale, 2023, 15, 4195-4218

NCM particles with compositional variation. Fig. 4D shows the
Li content in the cathode particles at two different rates. They
found that many particles remain lithiated at 2C unlike the
uniform delithiation observed at 0.05C. This rate-dependency
is attributed to the different Li kinetics of NCM particles with
different compositions, leading to inhomogeneous Li distri-
bution (i.e., non-uniform SoC) over multiple particles upon
galvanostatic delithiation.’” This can polarize the cell substan-
tially, limiting capacity at the charge cutoff voltage.

3.1.2 Inhomogeneity at the particle-scale. In addition to
the inhomogeneity at the electrode level, the heterogeneous
distribution of the charge in a single particle is observed.
Chueh and coworkers used a synchrotron-based transmission
X-ray study to show depth-dependent SoC in a secondary par-
ticle and found more than 10% variation of Li concentration
within the particle.”® This uneven charging of the secondary
particles is attributed to the anisotropic volume change of the
primary particles.’® In addition, the higher current density
may intensify the local inhomogeneity of the charge distri-
bution and chemical environment (e.g., valence state of tran-
sition metals) over a secondary particle. Xu et al.>® suggested
two types of inhomogeneous charge distribution (rod- and
gravel-like) in NCM particles, as shown in Fig. 5A. Both rod-
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Fig. 5 (A) 3D Ni valence state distribution, and 2D nanodomain valence gradient of the rod-NCM and gravel-NCM.?* (B) The 3D rendering of the
particles in the pristine state and after 50 cycles at 1C, 2C, 5C, and 10C, and the corresponding 2D virtual slices of the particles.®* (C) The 3D render-
ing of the segmentation results and the calculated charge distribution over two regions of interest with the carbon/binder domain set to be trans-
parent for better visualization of the NCM particle (orange) and the voids (gray-blue).®®

(upper) and gravel-like (bottom) NCM particles show more oxi-
dation in the surface regions than in the bulk due to the
greater electrical and ionic conductivity near the surface. In
addition, they specified the spatial distribution of Ni oxidation
states in both NCM particle models. Rod-type NCMs show a
linear, parallel configuration of oxidized Ni, while the gravel-
NCM has a random arrangement of the 2D nanodomain
valence gradient vectors. The two distinct Ni valence patterns
correspond to different crystalline orientations that determine
the redox reaction pathway and charge distribution in the sec-
ondary particles. This inhomogeneity at the particle-scale illus-
trates that the overcharged regions in a particle are susceptible
to oxygen loss at a high SoC, which will be discussed later.

In order to further investigate the morphology degradation
of the particle in terms of the charging rate, Xia et al®
depicted the 3D rendering of the particle through X-ray micro/
nano tomography before and after 50 cycles under different
rates (0.5C, 1C, 2C, 5C, 10C) In Fig. 5B, 2D virtual cross-sec-
tional images at the center of the particles exhibit morphologi-
cal defects. The degree of particle fracture observed is pro-

This journal is © The Royal Society of Chemistry 2023

portional to the charge rate. The particle fracture can be
ascribed to the oxygen loss from the unstable H3 phase due to
the partially overcharged region in the cathode. The detailed
mechanism of the oxygen loss and related capacity degra-
dation will be provided in the following section (3.2). They also
demonstrated that large secondary particles have a low toler-
ance against crack formation compared with small particles at
fast charge. Generally, crack formation in cathode particles at
a high rate is irreversible, one of the main reasons for the
capacity fade upon fast-charging.”>®” Through the combi-
nation of machine learning and high-resolution hard X-ray
nano-tomography, Jiang et al.°® found the detachment of inac-
tive materials (i.e., additives and binders) from NCM particles
in the cathode. Fig. 5C shows a reconstructed 3D model that
reflects the physical contact between the NCM particle and the
surrounding conductive carbon/binder domain matrix. The
detachment of the active NCM particles from the carbon/
binder domain was observed at the particle level and marked
as blue void regions. This results from uneven anisotropic
volume change during repetitive charge-discharge processes,

Nanoscale, 2023, 15, 4195-4218 | 4201


https://doi.org/10.1039/d2nr05701h

Published on 24 Sunguti 2023. Downloaded by Fail Open on 2025-05-07 08:15:30.

Review

increasing the impedance across the surface of the NCM
particle.

3.2 Oxygen loss due to thermodynamic instability

It has been broadly reported that high-voltage instability of the
H3 phase of NCM leads to unfavorable oxygen evolution, tran-
sition metal dissolution, and irreversible phase transformation
(Fig. 6A).°%°%1%° Charge compensation at high voltage can
involve not only transition metal redox but also oxygen redox.
Especially, oxidized Ni** in NiOg octahedra can be stabilized
by oxidizing the surrounding oxygen. The increasing amount
of overcharged (at high SoC) particles/regions with a high
current density, as discussed above, is thus susceptible to
severe oxygen loss in the Ni-based layered oxide cathode. At a
high voltage, lattice oxygen may have several forms, including
singlet oxygen ('0,), peroxide anodic radicals (0-O7), and per-
oxide bonds between transition metal ions (MO-OM), all of
which have been experimentally identified.®®"*'%3

3.2.1 Phase transformation. Phase transitions from layered
to spinel and from spinel to rock-salt result from oxygen loss.
These transitions become evident with large delithiation.®®
Oxygen evolved from the cathode oxidizes the electrolyte,
forming carbon dioxide (CO,) exothermically, the sign of
battery failure. The effect of the gas generation on battery
degradation will be detailed in section 3.2.2. Layered NiO,
(Fig. 7A) in a highly delithiated state can transform to spinel
NizO, (Fig. 7B) by oxygen loss with the formation of active
oxygen intermediates.’* Oxygen vacancies formed by oxygen
loss at high voltage could significantly decrease a Ni migration
barrier to the adjacent, empty Li site (Fig. 7C), leading to the
Ni/Li intermixing. This eventually alters the surface structure
from the layered to the rock-salt (Fig. 7D)."* Without exception,
the oxygen evolution reaction for all Ni-based layered oxides in
the cathode was observed near the start of the H2 to the H3
phase transition, corresponding to the 75-80% SoC. Generally,
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these active oxygen intermediates can react with the electrolyte
immediately. Also, the spinel and rock-salt phases are loca-
lized near the surface of NCM particles.'®® According to elec-
tron energy-loss spectroscopy (EELS), Yang et al.®® argued that
the phase transition can further extend to the bulk of NCM
particles as a result of fast charging. In Fig. 7E, the O pre-K-
edge peak completely disappears deep in the particle (~30 nm)
at a high rate. High-resolution transition electron microscopy
(HRTEM) in Fig. 7F shows that the thick rock-salt phase was
indeed formed on NCM811. This irreversible phase transform-
ation can generate local stress along the grain
boundaries.'®'% The stress concentration may accelerate the
particle fracture. As the fractured surface of the NCM particle
allows the liquid electrolyte to infiltrate, the newly exposed
surface also undergoes the irreversible phase transitions
associated with oxygen loss."”’

3.2.2 Gas release. Gas release from the Ni-based layered
oxide cathode is one of the main causes of the thermal
runaway of Li-ion batteries. The generated gaseous products
mainly consist of O,, CO,, and CO (Fig. 8A)."°® As discussed pre-
viously, fast-charging can develop non-uniformity of Li compo-
sition from a particle to an electrode level, leading to local over-
charge in the NCM cathode. According to electrochemical reac-
tion pathways described in Fig. 8A, oxidized ethylene carbonate
(EC) can generate CO (and/or CO,) and protic species (R-H")
and release electrons at the particle/electrolyte interface upon
charging when the cell voltage is higher than the electro-
chemical stability limit of the carbonate electrolyte. To maintain
the charge balance, Li ions should be extracted from the electro-
Iyte and reinserted into the Ni-based layered oxide cathode. This
self-discharge reaction at overcharge substantially decreases the
coulombic efficiency of the cell.

The gas generation from the charged NCM811 cathode was
investigated by differential electrochemical mass spectrometry
(DEMS).'%® In Fig. 8B, O,, CO, and CO generation corresponds

A layered B stable region  instable region

HoM H2 > H3&

= 05 | M = Hg OXYFgn redox
. >
active oxygen s
W
2

g 0.0 | om—
05 L 2 i
spinel or rocksalt 29 34 39 44

E (Vvs. LilLi*)

Fig. 6 (A) Schematic illustration of oxygen loss and the related effects.®® (B) Correlation of oxygen evolution with SoC, potential, and differential
capacity of an NCM811 cathode, where the pink shaded area corresponds to the H2 — H3 transition region while the green area indicates the stable

region of H1 and H2.%8
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(B) Cell voltage vs. time of an NCM811-graphite cell over four charge/discharge cycles and evolution of CO, (dark blue), H, (green), C;H,4 (orange),
CO (blue), and O, (black, 10-fold magnified) as a function of time.1°®

to the H2-H3 phase transition at ~4.2 V. Oxygen oxidation in and/or rock-salt structures as discussed in section (3.2.1). Note
the overcharged H3 phase at high rates leads to oxygen gas that overcharged regions in the cathode may release oxygen
evolution that reduces the Ni,'*® forming the surficial spinel and generate CO, CO, and H,O chemically (Fig. 8A). H,O gen-
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erated can accelerate transition metal dissolution from Ni-
based layered oxide (see section 3.2.3).

3.2.3 Transition metal dissolution. Owing to the harsh
conditions of fast-charging, the erratic H3 phase can be accu-
mulated in the cathode. It is generally accepted that the tran-
sition metal ion dissolution accelerated by H,O generation
would result in capacity fading due to the deficiency of the Li-
ion insertion sites in Ni-based particles.'*®™*'?> H,O can hydro-
lyze LiPF¢ in the electrolyte, producing HF that continuously
corrodes the cathode surface. This corrosion process is
described as follows:

LiPFs + H,0 = LiF + HF + POF;, (1)
HF + Li,TMO, = MF + H,O + LiF (2)

The dissolved transition metal ions further migrate to the
anode and will be reduced to metal that makes the solid-elec-
trolyte interphase (SEI) electronically conductive. As the anode
cannot be fully passivated, SEIs will continuously grow upon
repetitive charge and discharge, depleting Li ions and electro-
lyte molecules. The cathode/anode ratio would be altered by
the Li ion loss due to the extracted Li ions being unable to
intercalate into the anode, which leads to the overcharging of
the cathode. Ko et al.'*® investigated how the transition metal
composition of a Ni-rich NCM particle changes over cycles
through EDS mapping. Compared with pristine NCM in
Fig. 10A, the transition metal content decreases as the cycle
number increases in Fig. 9B and C. Notably, the transition
metal ions are more likely released from the cracked NCM par-
ticle. Using operando X-ray absorption spectroscopy, Jung

View Article Online

Nanoscale

et al.'** found increasing transition metal concentration at the
graphite anode when the NCM622 cathode was cycled at >4.5
V, associated with the H3 phase formation, in Fig. 9D.

4. Approaches to improve the
electrochemical properties of
Ni-based layered oxide cathodes

Approaches to improving the electro-chemo-mechanical stabi-
lity of Ni-based layered oxide cathodes at fast charge has cen-
tered on various strategies to engineer charge carrier kinetics
and suppress oxygen evolution.*>'*>''¢ In this section, we will
highlight effective approaches that can successfully modify the
physical, chemical, and morphological properties of NCM
cathodes to achieve high reversible capacity.

4.1 Single crystalline particles

Ni-rich NCM undergoes anisotropic volume change at fast
charge, leading to particle microcracking that creates a surface
newly exposed to the electrolyte, susceptible for gas evolution
reactions."*”*® Thus, controlling the orientation of NCM crys-
tallites can be an effective means to preserve particle integ-
rity."™ Single crystalline NCM cathodes have demonstrated
improved mechanical and thermal stability."*°"**> Ma and co-
workers engineered the particle size of single-crystal NCM622
to find a balance between rate capability and cycling stabi-
lity."*® They synthesized single-crystal NCM622, in which the
average particle size is 2 pm, by a molten-salt method, as
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Fig. 9 Elemental mapping of Ni, Co, and Mn in LiNig g7C00.0sMng 0402 particles in the (A) pristine, (B) cracked, and (C) broken states.'* (D) Effect of
operating voltage on transition metal ion dissolution observed from the graphite side of an NCM622 Li-ion cell.***
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Fig. 10 (A) Band-contrast EBSD maps and (B) the EBSD orientation (Euler angles) map of the single-crystal NCM622 particles.*®* (C) SEM image of
the as-synthesized single crystal NCM622 particles.'?® (D) STEM-EDS mapping of the particle showing the homogeneous distribution of Ni, Co, and
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hedron-shaped and (G) polyhedron-shaped single-crystalline NCM811 particles, with their schematic inserted.?* (H) The rate capability of polycrys-
talline NCM811, octahedron-shaped, and polyhedron-shaped NCM811.3%* (I) High-resolution TEM microstructure of polyhedron-shaped NCM811

after 100 cycles at a 6C rate.**

observed by SEM in Fig. 10A. Electron backscatter diffraction
(EBSD) of the cross-sectional particles in Fig. 10B indicates
that as-synthesized NCM622 indeed consisted of single crystal-
line particles. EDS mapping in Fig. 10C and D shows a
uniform distribution of Ni, Co, and Mn in each particle. In
Fig. 10E, the single crystal NCM622 cathode exhibited an excel-
lent rate capability of 135 mA h g™ at 20C, which is 75% of
the capacity at 0.1C, while the polycrystalline NCM622 retained
80 mA h g™, 45% of its 0.1C capacity.

However, the morphology of single crystalline NCM par-
ticles is often non-spherical, making the cathode calendering
process difficult. Additionally, the single crystals tend to have a
larger particle size that leads to a longer solid-state Li
diffusion length, and thus sluggish Li kinetics, than the poly-
crystalline. Note that achieving a high Ni fraction in an NCM
single crystal is non-trivial due to the low synthesis tempera-
ture insufficient to promote grain growth.'*” By hydrothermal
synthesis, Lu et al."** obtained octahedron- (Fig. 10F) and poly-
hedron-shaped (Fig. 10G) single-crystal NCM811 particles with
a controlled surface orientation and 1 um average particle size.
Fig. 10H demonstrates the rate capability of the two NCM811
particles and compares them with polycrystalline NCM811.
While all NCM811 cathodes deliver a similar charge capacity of
~200 mA h g™ " at 0.1C, the two single-crystal NCM811 outper-
forms the polycrystalline at higher rates. Fig. 10I shows that

This journal is © The Royal Society of Chemistry 2023

polyhedron-shaped NCM811 does not develop surface phases
after 100 cycles at 6C. The authors claimed that enhanced
stability of single-crystal NCM811 at fast charge is attributable
to a good rate capability. Density-functional theory (DFT) cal-
culations further confirmed that (104) facet-dominated polyhe-
dron-shaped particles have higher thermodynamic stability.
The surface reconstruction is more likely to occur on the (012)
facets compared with (104) facets, which is associated with the
segregation of Ni to the surface and driven by the local distor-
tions due to the mixing of Li ions and Ni ions."*

4.2 Engineering particle morphology

The surface structure of Ni-based layered oxide particles is one
of the factors that dictate Li kinetics.'*®'®” Co-precipitation
and subsequent solid-state reactions is the most common
method to prepare Ni-based layered oxides,'*® and a wide
variety of high-Ni NCM can be obtained by precisely control-
ling the precursor stoichiometry and calcination
parameters.'?>'** To achieve novel particle morphology that is
unachievable by the conventional co-precipitation method for
the Ni-based cathode, Su et al.'*' employed two-step (second-
ary) co-precipitation that can lead to core-shell-structured
NCM, as illustrated in Fig. 11A. The core structure was gener-
ated through the first co-precipitation process and then the
active-plane-exposing shell was anchored on the core via the

Nanoscale, 2023, 15, 4195-4218 | 4205


https://doi.org/10.1039/d2nr05701h

Published on 24 Sunguti 2023. Downloaded by Fail Open on 2025-05-07 08:15:30.

Review

View Article Online

Nanoscale

BEcoTA

Ultrasound
. Hydration layer
@ Metal-EDTA chelates

@ Metal ions

TSurfactant

- N
g 8

g

Specific capacity (mAh g™')
o
o

0 10 20 30 40 50 60 70
Cycle number
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of plasma treatment.’*® (G) The rate capability of plasma-treated NCA and bare NCA cathode.

secondary co-precipitation. A cross-sectional SEM image and
the associated schematic in Fig. 11B show this core-shell
structure. The core particle was constructed by tetragonal-
shape primary particles that can have high packing density
while the surface shell exhibited a loose sheet-like structure
with increasing surface area that can promote Li transport and
charge transfer. This core-shell NCM811 delivered 160 mA h
¢ " at 10C.

Lai et al."*> employed ultrasound-triggered cation chelation
to produce one-dimensional (1D) NCM622. For an aqueous
solution of precursors, the ultrasonic wave can remove the
hydration layer surrounding the metal ions (step 1 in Fig. 11C)
and promote a chelating reaction between the metal ions and
ethylenediaminetetraacetic acid (EDTA) (step 2). The chelates
can be separated from the EDTA (step 3) and assembled into
fiber-like structures by continuous ultrasonication (step 4), as
shown in Fig. 11D. The obtained 1D NCM622 has the layered
structure, as identified by HRTEM in Fig. 11E. This fibrous
morphology provides continuous, percolated Li diffusion path-
ways on a nanometer scale, leading to high rate capability
(122 mA h g™* at 10C).

4206 | Nanoscale, 2023, 15, 4195-4218
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Yuan et al'®® reported improved cyclability for the

LiNi gC0¢ 1541050, (NCA) cathode by tailoring the surface
characteristics of the precursors using nondestructive plasma
treatment with a mixed gas of O,/Ar, as illustrated in Fig. 11F.
The plasma treatment can expose pre-existing microvoids
between primary precursor particles and form a layer of
NiOOH with an ordered crystal structure on the surface, ensur-
ing good layeredness of the entire particle. This plasma-treated
precursor was mixed with Li and calcined at 750 °C for 12 h
under an O, atmosphere to obtain modified NCA. Fig. 11G
shows the rate capability of plasma-treated NCA (PTNCA), out-
performing conventional NCA especially at high current
density, which delivered ~170 mA h g™" at 5C. The improved
rate capability can be plausibly explained by the effect of
plasma treatment that creates the continuous layered structure
throughout the particle, from bulk to surface, facilitating Li
diffusion.

4.3 Cation doping

Doping has been considered an effective way to enhance the
electrochemical properties and chemical stability of the
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Table 2 Summary of doping elements reported as promoting the rate performance of LIBs
Cathode Test parameter/ Mass Rate Cycle

Dopant Function material cell structure Electrolyte loading capability retention Ref.

Mg Improve the structural NCM90 2.7-4.3 V/NCM90|Li 1 M LiPF in EC: EMC = 12.0 + ~165mAh 80 (350 cycles 140
stability 3:7 (VIV) + 2 wt% VC 0.5mgem™> g~ (3C) under 0.33C)

Nb Improve the structural NCMS811 2.8-4.6 V/NCM811|Li 1 M LiPF; in EC: DMC = 15.0 mg ~160 mAh 92 (60 cycles 141
stability 1:1 (V) em™ g7 (20) under 0.33C)

Fe Improve the structural LiNiO, 3.0-4.5 V/LiNi02|Li 1 M LiPFg in EC: DMC = — ~150 mA h 96 (60 cycles 142
stability and decrease the 1:1 (v/v) g7 (5C) under 1C)
particle size

Cr Improve the structural LiNiO, 3.0-4.5 V/LiNiO,|Li 1M LiClO,in EC:DMC=  — ~135mAh 95 (50 cycles 143
stability and decrease the 1:1 (v/v) g~ (10C) under 1C)
particle size

Sn Improve the structural NCM622 2.5-4.3 V/NCM622|Li 1 M LiPF; in EC: DMC = — ~120mAh 90 (150 cycles 144
stability 1:1 (V) g7 (5C) under 1C)

Ga Improve the structural NCM811 2.8-4.3 V/NCMS811|Li 1 M LiPFg in 2.21 mg ~120 mAh 90 (100 cycles 145
stability and Li ion transition EC:DMC:EMC=1:1:1  em™ g~ (10C) under 1C)
kinetics (vivIv)

Zr Improve the structural NCMS811 2.8-4.3 V/NCM811|Li 1 M LiPF, in EC: EMC = 4mgem™ ~135mAh 85 (50 cycles 146
stability and Li ion transition 3:7 (Vv) g7 (20) under 0.2C)
kinetics

Ti Improve the Li ion transition NCM622 2.8-4.3 V/NCM622|Li 1 M LiPFg in — ~130mAh — 147
kinetics EC:DMC:EMC=1:1:1 g7' (50)

(VIvIv)

Sb Improve the structural NC89 2.7-4.3 V/NC89|Li 1.2 M LiPFs in EC:EMC= — ~195 mA h 84 (1000 cycles 148
stability 3:7 (V/v) + 2 wt% VC g7 (20) under 1C)

Mo Improve the structural NM90  2.7-4.3 V/NM90|Li 1.2 M LiPFsin EC:EMC=  4-5mg ~180 mA h 86 (1000 cycles 149
stability 3:7 (vIv) + 2 wt% VC em™? g7 (3C) under 1C)

cathode.'*™'3® Table 2 summarizes the list of reported cation
dopants. Intuitively, electrochemically inert elements, such as
Mg>*, AI**, and Zr**, as well as Mn** and Ti*", that do not par-
ticipate in the redox reaction can stabilize delithiated struc-
tures and thus are favorable in general for battery materials
design.137—139

Kim and Sun ef al. investigated the effect of doping (Mn, Al,
B, W, and Ta) on the microstructure of LiNig 0;C00.090,.">° In
Fig. 124, it can be seen that morphology of the primary par-
ticles depends on the doping elements: large equiaxed par-
ticles with Mn and Al and fine needle-like (preferred [003]
orientation) particles with B, W and Ta. DFT was employed
to theoretically confirm the surface energy modified by Ta
and Al, through which the surface energies of (003) and
(104) facets from both Ta-doped and Al-doped Ni-rich
models were calculated. The results suggest that inducing
ions with a larger ionic radius (i.e., Ta) leads to an increase
of the surface energy on the (104) facets rather than (003)
facets, which indicates the higher stability of (003) facets in
NCTa90 than in NCA90 cathode materials. Note that the
equiaxed primary particles are also obtained in the pristine
NCA. This needle-like morphology is expected to effectively
dissipate the strain energy of the Ni-rich layered oxide
cathode upon charge and discharge as a significant amount
of grain boundaries associated with ultrafine grains can
deflect crack propagation compared with the large equiaxed
particles.”>""'>*> These authors also explored mechano-chemi-
cal stability of Ni-rich cathodes upon Nb doping.'*® Nb was
incorporated into NCA at the lithiation process of synthesis.
As the doping content increases, the aspect ratio of NCA
increases, transforming the equiaxed to elongated particles,

This journal is © The Royal Society of Chemistry 2023

as denoted in Fig. 12B. Specifically, Nb-doped Ni-rich
primary particles are less than 400 nm wide with an average
aspect ratio (particle length divided by width) of 6.3,
whereas pristine Ni-rich primary particles are 200 nm -
1 pm wide with an average aspect ratio of 1.5. The orien-
tation of the layered planes is parallel to the long axis of the
elongated primary particles in Fig. 12C, implying that Nb-
doped NCA has a strong crystallographic texture. According
to EDS line mapping across multiple particles, Nb was
mostly found at the grain boundaries that likely function as
Nb diffusion pathways.”® Grain boundary pinning of Nb
may stabilize the surface structure of NCA mechanically by
suppressing lattice distortion and/or phase transformations
of the layered phase. Indeed, Nb doping leads to a high-
capacity retention of 93.1% (~170 mA h g™") for 500 cycles
at a 3C rate.

It should be highlighted that cation doping has been
sought to stabilize Co-free Ni-rich cathodes for high-power
applications of Li-ion batteries. Park et al. used high-valence
Mo°®" as a dopant to enhance the electrochemical stability of
LiNig oMn, 10, (NM90) upon delithiation and its Li kinetics."*®
As observed by TEM and the corresponding fast Fourier trans-
form (FFT) in Fig. 12D, LiNijgoMngy1M0g 010, (M0o-NM90)
charged at 4.4 V maintained the layered structure without
signs of surface damage and intragranular fractures. To
compare the rate capability, LiNiy¢C0g0sMng 050, (NCM90),
NM90, and Mo-NM90 were charged at two different rates alter-
nately between 0.5C and 3C. In Fig. 12E, Mo-NM90 demon-
strates higher capacity retention rates (~200 mA h g™" at 0.5C
and ~174 mA h g7 at 3C) after 100 cycles at both rates than
the others. Li diffusion can be 3 to 5 times faster along the
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Fig. 12 (A) Scanning TEM image of a cross-sectional cathode particle and the corresponding schematic of the primary particles (Li
[Nio.90C00.05Mng 05102, LilNip g95C00.09B0.015102, LilNig.90C00.00Al0.01102, LilNig.90C00.09W0.01102 and LilNig.90C00.09Ta0.01102, denoted as NCM90,
NCB90, NCA90, NCW90 and NCTa90, respectively).'*° (B) The aspect ratio of the primary particle.*>® (C) Plan-view TEM image of a Nb-doped

NCAB85 cathode and associated EDS line scans evaluating the Nb concentrations of the primary particles in the region marked with a yellow box.
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(D) TEM image and SAED pattern of the primary particle marked in D.*° (E) Cycling performances of half-cells featuring NCM90, NM90, and Mo—

NMO90 cathodes alternately charged at 0.5C for four cycles and 3C for three cycles at a time.

grain boundaries than in bulk.*® Given that Mo-NM90 exhi-
bits fine primary particles, the improved charged state stability
and high rate capability can be attributable to high grain
boundary density as a result of Mo doping. However, introdu-
cing dopants may lead to the reduction of the discharge
capacity such as Mg”*, AI>* and Ti*" which are considered inac-
tive in the layered structure of Ni-based oxide cathode
materials. In addition, dopants like W®" and Co®" are expen-
sive and, therefore, may result in higher costs of battery manu-
facturing."* Accordingly, cost-effective dopants that improve
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the overall electrochemical performance without reducing the
discharge capacity need to be investigated and developed in
the future.

4.4 Coating

Coating has been widely used to tailor the properties of
cathode particles. Coating processes can also be compatible
with other cathode optimization techniques such as cation
doping and particle/grain size engineering by systematic
experimental design. A wide variety of materials listed in
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Table 3 Summary of coating materials reported as promoting the rate performance of LIBs

Cathode Test parameter/ Mass Rate
Coating material material cell structure Electrolyte loading capability Cycle retention  Ref.
LiF NCM111 2.5-4.5 V/NCM111|Li 1M LiPF,in EC:DMC=1:1 (v/v) — ~140 mAh 89 (50 cycles 155
g7 (10Q) under 1C)
Li;PO, NCA 2.7-4.3 V/NCA|Li 1MLiPFs in EC:DEC=1:1(v/v) 4.5mgem™> ~125mAh  88(100cycles 156
g~' (10C) under 0.5C)
Ce¢HoO6La-H,0, NCMS811 2.7-4.3 V/NCMS811|Li 1 M LiPF, in EC: DMC: EMC = 2.3 mg ecm™> ~160 mA h 90 (200 cycles 157
C16H3604Ti (Dual) 1:1:1 (v/vv) g™ (10Q) under 1C)
TiO, NCM622 3.0-4.5 V/NCM622|Li 1 M LiPF, in EC:DMC=1:1 (vv) — ~145mAh 89 (50 cycles 158
g1 (50) under 1C)
Li, TiO,-silica NCM622 2.75-4.3 V/ 1 M LiPF, in EC: DMC: EMC = 4 mg ecm™  ~140mAh 91 (100 cycles 159
NCM622|Li 1:1:1 (v/vv) g7 (50) under 0.5C)
MgO NCM523 3.0-4.3 V/NCM523|Li 1M LiPF, in EC:DEC=1:1(v/v) — ~120mAh 80 (180 cycles 160
g~' (10C) under 1C)
MOF-derived alumina NCM622 3.0-4.5 V/NCM622|Li 1M LiPFsin EC:DMC=1:1 (v/v) 2-3mg ~150 mA h 92 (100 cycles 161
(MDA) em™ ¢~ (10Q) under 1C)
PEDOT NCMS811 3.0-4.3 V/NCMS811|Li 1 M LiPF, in EC: DMC : EMC = 3.6 mg ecm™ ~170 mA h 80 (300 cycles 162
1:1:1 (Vvv) g1 (70) under 1C)
Co,B NCMS811 3.0-4.4 V/NCMS811|Li 1 M LiPF, in EC: DMC : EMC = 10.5 + ~200 mA h 82 (200 cycles 163
3:3:4 (v/v/v) + 5 wt% FEC 0.2mgem™ g7 (7C) under 7C)

Table 3 can be used to coat primary particles (nanoscale), sec-
ondary particles (microscale), and the entire cathode (macro-
scale) using different methods.

Li et al. employed atomic layer deposition (ALD) to directly
apply a thin layer of LiTaO; coating on the surface of the
NCM111 cathode.'® Fig. 13A compares the surface texture of
the NCM particles before and after the ALD coating process
and shows a uniform and conformal ALD layer. The EDS result
in Fig. 13B clearly indicates that a Ta-rich coating (~5 nm) is
formed on the particle. Fig. 13C shows the rate capability tests
of ALD-coated NCM cathodes. Optimized ALD-coated NCM111
delivers high capacity, cyclability, and high rate capability. At
700 mA g~', NCM111 coated with five ALD layers (NMC-5 in
Fig. 13C) achieves a high discharge capacity of 125 mA h g™,
77% of the capacity obtained at 100 mA g~'. While a thin
coating is unlikely to impede Li diffusion across the cathode-
electrolyte interface, a thick ALD coating leads to poor rate
capability for the NCM cathode (e.g., NMC-10 in Fig. 13C).

Oxidative chemical vapor deposition (0CVD) that leverages
deep penetration of vaporized phases into porous media is
another effective method to conformally coat NCM particles.
As illustrated in Fig. 13D, Xu et al. used oCVD to apply a poly
(3,4-ethylenedioxythiophene) (PEDOT) coating on primary and
secondary NCM particles simultaneously.'®® At high-voltage
charging in 4.3-4.6 V, the in situ XRD in Fig. 13E shows con-
tinuous peak shifting but no peak splitting, indicating the
integrity of the layered phase as a result of the PEDOT coating,
likely dissipating the strain energy associated with the volume
change of the H3 phase. Zhang et al. demonstrated that
PEDOT coating by oCVD can be directly applicable to cathodes
on a larger scale (Fig. 13F).'®> NCM811 cathodes with PEDOT
coating outperform pristine NCM 811 for high rate capability
and cyclability. In Fig. 13G, the discharge capacities of PEDOT-
coated and pristine NCM811 obtained at 7C are 170 and
150 mA h g™, respectively. In a subsequent 0.1C discharge,

This journal is © The Royal Society of Chemistry 2023

coated NCM recovers the full initial capacity, while pristine
NCM shows substantial capacity loss, indicative of structural
and chemical damage in the particles.

Similarly, Cho and coworkers developed a coating-plus-infu-
sion method to passivate both primary and secondary par-
ticles.'®® They demonstrated that as-synthesized Co,B can
completely coat the secondary particles and subsequently infil-
trate into interfaces between the primary particles (Fig. 13H).
The cycling stability of NCM811 was dramatically improved by
this infused microstructure at high discharge rates (up to
1540 mA g ). It should be pointed out that these tests were
performed at 45 °C, which generally shows fast Li kinetics
unless the structure is unstable. The rate performance of Co,B-
coated NCM811 and pristine NCM811 at 25 °C is shown in
Fig. 131. The Co,B-coated NCM811 cathode delivers a specific
capacity ~175 mA h g™' at 10C compared with ~140 mA h g™*
for pristine NCM811, indicating that Co,B coating-and-infu-
sion can enhance the rate capability and cycling stability of
NCM. To reveal the functionality of the amorphous Co,B
coating layer on the electrochemical performance of the
NCMS811 cathode material, DFT calculations were conducted
to unveil that the strength of Co-O and B-O bonds is stronger
than Ni-O bonds. The results indicate the strong covalent B-O
and Co-O bonds stabilized the interface O, which enhanced
the electronic-structure stability, and hence the rate capability
and cycling stability. The coating layers achieved by novel
methods such as ALD and oCVD are conformal and the thick-
ness controllable. However the overall cost leveraging the ALD
and oCVD techniques may increase and the precursor
materials of these methods are limited, depending on the reac-
tion mechanisms. More economical strategies such as hydro-
thermal, solid state, and sol-gel processes are available on
large-scale electrodes with an easier selection of coating
materials. However, the coating layer by these conventional
approaches is less uniform and conformal (or low step cover-
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Fig. 13 (A) Typical morphologies of pristine and ALD LiTaOz-modified NCM111 and (B) linear EDX scan of ALD-modified NCM.*®* (C) The rate capa-

bility of various ALD-modified NCM cathodes.'®* (D) An illustration of the
coating via oCVD after long-term cycling.'®® (E) Selected in situ high-energ
(4.3-4.6 V) region during the charge process.'®® (F) Schematic of the vapor

structural stability of both the primary particle and secondary particle
y XRD patterns from oCVD PEDOT-coated cathodes in the high-voltage
-phase synthetic process of a Ni-rich cathode modified with highly con-

formal oCVD PEDOT.*%2 (G) The rate capability of various kinds of PEDOT coated NCM cathode.'®? (H) Schematic coating-plus-infusion microstruc-

ture in which Co,B uniformly coats the surface of NCM secondary particles and infuses grain boundaries between the NCM primary particles.

(I) 7C cycling tests in the range of 3.0-4.4 V versus Li/Li* at 45 °C.163

age) for Ni-based layered oxide particles, compared with those
by novel techniques."®* The uncoated regions due to the non-
uniformity of the conventional approaches will be directly
exposed to the electrolyte and result in performance fading
due to electrolyte oxidation. Therefore, affordable coating
methods realizing high coverage and uniformity are required.

4.5 Electrolyte additives

The localized inhomogeneity at the particle and electrode
levels induced by fast-charging can lead to partial over-
delithiation in Ni-rich NCM (section 3.1). Highly oxidized Ni
ions (Ni**) are unstable by nature and can be readily reduced
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to Ni** and Ni** by oxidizing the surrounding oxygen (i.e.,
oxygen gas evolution). If Ni*" oxidizes electrolyte molecules,
electrolyte decomposition products known as cathode-electro-
Iyte interphases (CEIs) that increase cell impedance can form.
Functional additives to the electrolyte can address problems
associated with undesirable Ni reduction by increasing the
anodic stability of the electrolyte as well as changing the com-
position of the CEIs. Indeed, designing uniform cathode-elec-
trolyte interphases (CEI) that have a self-limiting thickness to
provide robust particle passivation while permitting facile Li
diffusion is key to developing next-generation cathodes for
high-voltage, fast-charging Li-ion batteries. Table 4 summar-

This journal is © The Royal Society of Chemistry 2023
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Table 4 Summary of electrolyte additives reported as promoting the rate performance of LIBs
Cathode Test parameter/ Rate Cycle

Additive material cell structure Electrolyte Mass loading  capability retention Ref.

[4,4-Bi(1,3,2-dioxathiolane)]2,2- NCM532  3.0-4.6 V/ 1 M LiPF, in EC: EMC = 22.5mgem > ~160mAh 92 (100 cycles 166

dioxide NCM532|Li 3:7 (VIv) g~ (10C) under 0.5C)

p-Toluenesulfonyl isocyanate NCM532  3.0-4.6 V/ 1 M LiPF, in EC: EMC = 1.8 mg cm™> ~120mAh 86 (100 cycles 167
NCM532|Li 3:7 (VIv) g~ (10C) under 1C)

Qisophorone diisocyanate NCM532  2.5-4.6 V/ 1 M LiPF, in PC: DMC = — ~150 mAh 83 (200 cycles 168
NCM532|Li 1:1(v/v) g7 (50) under 1C)

Lithium difluorophosphate NCM532  2.8-4.6 V/ 1 M LiPF, in EC: DEC = 31.38mgem™> ~120mAh 62 (160 cycles 169
NCM532| 1:3 (wt/wt) g7 (50) under 0.5C)
graphite

Tris(trimethylsilyl)phosphite NCM622  2.8-4.45V 1 M LiPF, in 11.7mgem > ~130mAh 79 (300 cycles 170
NCM622| EC:DMC:EMC=1:1:1 g7! (5C) under 1C)

MCMB (viviv)

Diphenyldimethoxysilane NCM622  2.8-4.3V/ 1 M LiPF, in 1.52mgem > ~143mAh 99 (200 cycles 171

NCM622|Li EC:DMC:EMC=1:1:1 g7' (10C) under 2C)
(VIvIv)

3-Isocyanatopropyltriethoxysilane NCM622  2.5-4.5V/ 1 M LiPF; in 2.76-3.46 mg ~120mAh 73 (159 cycles 172

NCM622 |Li EC:DMC:EMC=1:1:1 cm™> g7 (10C) under 0.3C)
(viviv)

Succinic anhydride NCM811  2.8-4.3V/ 1 M LiPF, in EC: EMC = 10 mg em™> ~150 mAh 94 (400 cycles 173
NCM811| 3:7 (VIv) g7 (50) under 1C)
graphite

N-allyl-N,N-bis(trimethylsilyl) NCAS85 3.0-4.2 V/ 1 M LiPF, in 3.68mgem > ~100mAh 86 (300 cycles 174

amine NCAS85|Li EC:DEC:EMC=3:2:5 g7 (7C) under 1C)

(viviv)

1,2,4-1H-triazole NCM90 3.0-4.3 V/ 1 M LiPF, in EC: DEC = 3-4mgem™> ~175mAh 87 (150 cycles 175
NCM90|Li 3:7 (VIv) g~ (10C) under 1C)

LiDFOB LiNiO, 2.7-4.4V/ 1 M LiPF; in 3 mg cm™? ~120mAh 80 (400 cycles 176
LiNiO, |Li FEC:FEMC:HFE=2:6:2 g7 (50) under 0.5C)

(wt/wt/wt)

izes electrolyte additives used to improve the electrochemical
properties of Ni-rich layered oxide cathodes.

Sun and coworkers reported that succinic anhydride (SA)
addition to the carbonate electrolyte enhances the rate capa-
bility of Li/NCM811 cells."”® A DFT calculation was conducted
to compare the highest occupied molecular orbital (HOMO)
energies of SA molecules and molecules of the electrolyte
solvent. Through Gauss fitting, the values of the HOMO ener-
gies of SA, EC, and EMC were determined to be about —6.45
eV, —8.50 eV, and —8.20 eV, respectively, indicating that the SA
molecules are oxidized preferentially at the cathode during the
charging process. They found that SA induces uniform CEIs
that prevent internal cracking from the inside of secondary
particles (Fig. 14A). Electrochemical impedance spectroscopy
(EIS) in Fig. 14B shows that impedance, as a lump sum of
interphase and charge transfer resistance contributions, for
the cell with SA after 100 cycles is much smaller than for the
cell without it. This result suggests that SA-related CEIs can
passivate and stabilize the high-voltage structure of NCM811
particles at fast charge (~150 mA h g~ at 5C). For a Ni-rich
(Ni>0.9) layered oxide cathode, LiNig¢C0¢95sMng 050,
(NCM90), Zou et al. used 1,2,4-1H-triazole (HTZ) as the electro-
lyte additive that can reduce solution resistance and tailor CEL
compositions.'” Similarly, the HOMO/lowest unoccupied
molecular orbital (LUMO) values of EC, DEC, and HTZ were
compared through DFT calculations. The higher HOMO value
and lower LUMO value of HTZ suggest that HTZ would be pre-

This journal is © The Royal Society of Chemistry 2023

ferably oxidized at the cathode and reduced at the anode com-
pared with the EC and DEC molecules in electrolyte, generat-
ing a CEI and SEI layer on the cathode and anode respectively.
Fig. 14C plots the specific capacity of the NCM90 cathodes
with the baseline electrolyte and 0.3% HTZ-containing electro-
Iyte as a function of the discharge rates for multiple cycles. By
introducing HTZ to the electrolyte, the NCM90 cathode
demonstrates improved rate capability (~175 mA h g™* at 10C)
and capacity retention (87% after 150 cycles). This result corro-
borates with the SEM and TEM images in Fig. 14D and E,
which show clean NCM90 particles with uniform CEI after
cycling with the HTZ-added electrolyte.

In addition to oxidation stability against the cathode, the
judicious selection of additives can enhance the electrolyte’s
reduction stability against the anode. Lu and coworkers
reported the effect of lithium tetrafluoroborate (LiBF,) and
lithium nitrate (LiNO;) on electrochemical stability of a carbo-
nated-based electrolyte.'”” These dual-salt additives can form
stable CEIs on the primary particles of NCM811, as observed
by HRTEM in Fig. 14F, and possibly form stable solid-electro-
Iyte interphases (SEIs) on the anode surface (Fig. 14G), pro-
moting Li kinetics across the entire cell and cycling stability.
In Fig. 14H, conventional ethylene carbonate (EC)/diethyl car-
bonate (DEC) does not sustain the high voltage cutoff (4.4 V)
of a Li/NCM811 half-cell at rates higher than 0.3C. In contrast,
the cell with fluoroethylene carbonate (FEC)/ethyl methyl car-
bonate (EMC) shows respectable rate capability even without

Nanoscale, 2023,15, 4195-4218 | 4211
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Fig. 14 (A) Schematic illustration of the protection mechanism of CEl formed by SA.”® (B) Nyquist plots of Li/NCM811 cells after 100 cycles.”® (C)
Rate performance of the HTZ-additive and baseline cells at 30 °C.77° (D) SEM and (E) TEM images of NCM90 electrodes after 150 cycles.'”® (F)
HRTEM images of NCM811 cycled in electrolyte with dual additives after 100 cycles.'’”” (G) Schematic of dual-salt-additives working on both

cathode and anode.”” (H) Charging at an increasing C rate but discharging at a constant 0.5C rate.

additives. Fluorides are favorable interphase compositions due
to their high reduction and oxidation stability,"”®'”® and thus
the fluorination of CEIs and SEIs by decomposing FEC likely
enables reversible Li intercalation at high rates. While LiBF,
addition to the FEC/EMC electrolyte alone does not improve Li
intercalation kinetics much, the dual-salt additives lead to a
substantial increase in high rate capacity, showing 185.6 mA h
g7 " at 5C (~10 mA cm™?). It is likely that electrically conductive
nitrides may form in the interphases, reducing the charge
transfer kinetics at high rates. Noteworthy, the electrolyte addi-
tive (e.g., salt-type) may be reduced and decomposed at the
anode side in full cells due to the low LUMO level of these
additives and will not form a suitable CEI on the cathode.
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Besides, some types of electrolyte additive are detrimental to
the anode material (e.g., Si-based), which should be utilized
with other compounds to build a F-donating SEI protection
layer for the Si anode.®°

4.6 Electrode architectures

While a conventional cathode construction that mixes active
NCM particles uniformly with activated carbon and a binder is
non-directional at a macroscopic scale, the electric field devel-
oped in the cathode upon charge and discharge is directional
at a microscopic scale. Thus, the SoC for individual NCM par-
ticles (i.e., different Li concentrations) may be different from
each other, especially if the charge carrier and electron con-

This journal is © The Royal Society of Chemistry 2023
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duction pathways are poorly percolated, developing local
inhomogeneity in the cathode upon charge and discharge.
This kinetic limitation known as polarization increases as the
charging rate increases (i.e., fast-charging). Therefore, the fast
charge performance of NCM cathodes can be improved by tai-
loring the electrode architectures.

To develop thick electrodes for high energy density, Wood
et al. investigated how the particle size distribution of a Ni-
based layered oxide cathode and the graphite anode affects
specific capacity as a function of rates.’®" Fig. 15A shows five
different electrode configurations: (1) single-sized small (6 um)
particles, (2) random mixing of small and large (12 pm) par-
ticles, (3) layer-by-layer where large particles are near the
current collector, (4) layer-by-layer where small particles are
near the current collector, and (5) single-sized large particles.
In Fig. 15B, although the rate capability is poor for all cases
due to the thick electrode construction, cathode configuration
(3) provides the highest 2C capacity of 100 mA h g™ in combi-
nation with anode configuration (4), compared with the
others. This result can suggest that the tortuosity of the porous
electrode and the particle size distribution play a critical role
in Li kinetics, while clear understanding is lacking. Hu et al.
argued that cathode calendering can physically enhance Li
transport and electron conduction in the cathode.'®* As shown
in Fig. 15C, Li ions can migrate inside the cathode through the
porosity where a large free volume for electrolyte penetration
exists. In this case the cathode is charge transfer-limited as
electronic conduction is not percolated. Calendering provides
a high packing density, leading to an effective percolation of
both Li and electron pathways. Note that over-calendering may
lead to particle cracking and/or reduce electrolyte penetration
that decreases the number of accessible Li at fast charge.
These exercises suggest that a balance between high energy
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density (packing fraction) and high power (tortuosity) can be
achieved by engineering the electrode configurations.

5. Summary and outlook

Rapidly increasing EV production demands next-generation Li-
ion batteries. Ni-based layered oxides are the strongest cathode
system for future EV technology due to the potential for high
capacity at a reasonable cost. Many car makers have
implemented the Ni-rich cathode in battery packs for their
EVs. However, pushing to the limit of the Ni content in the
layered oxide cathodes faces challenges due to electrochemical
degradation especially at fast-charging and high voltage.

This review discusses the degradation mechanisms of Ni-
based cathodes at fast charge in various length scales.
Chemical and mechanical inhomogeneities developed in
charged Ni-rich layered oxides are critical to determining the
rate capability and cyclability of the cathode. The electrode
level inhomogeneity is attributed to the non-uniform SoC in
individual particles, leading to microcracks in particles and
local delamination of the electrode. The single particle-level
inhomogeneity results in the different degrees of delithiation.
Local overcharge leads to oxygen loss from layered oxides,
inducing electrolyte oxidation, irreversible phase transform-
ations (from layered to spinel and to rock-salt phase), and tran-
sition metal dissolution, all of which lead to sudden cell
failure. Of note, the fast charging process will accelerate the
oxygen loss due to large polarization.

Strategies to improve the rate capability and cyclability of
Ni-rich layered oxide cathodes include, but are not limited to,
synthesis optimization (modified co-precipitation), single
crystal growth, engineering of electrolyte additives, cation
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doping, protective surface coating, and cathode architecture
design. To summarize recent progress, the development of Ni-
based layered oxide cathodes can be envisioned as below:

(1) Tailoring the size, shape, and combination of primary
particles of Ni-based layered oxides to reduce local
overcharging;

(2) Functional coating, doping or designing zero-strain com-
positions to enhance the electrochemical and chemical stabi-
lity of Ni-based layered oxides by suppressing oxygen loss;

(3) Electrode construction with engineered thickness and
tortuosity to promote rate capability and energy density.

It should be emphasized that addressing complex problems
present in modern cathodes by one approach is highly unlikely
as electrochemical and physicochemical properties are
strongly coupled. A holistic approach leveraging multiple strat-
egies is therefore required to enable fast charging Ni-rich
layered oxides for emerging EV applications.
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