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ABSTRACT

Li-ion batteries (LIBs) are one type of more and more widely used devices for energy storage and power supply in which cathode
materials are playing a relatively more decisive role at current stage. In this review, we start with pioneeringly commercialized
LiCoO, (LCO) with a layered rhombohedral structure (space group R3m) to discuss novel sequentially emerging LCO-derived
layered oxides from the perspectives of both cobalt content reduction and performance improvement. Emphasis is placed on the
improvement of high-voltage performance of LCO and Co-reduced/free layered oxides, including Co-reduced high-nickel layered
oxides, Co-free Li-rich layered oxides, and Ni-based layered oxides cathodes, and their underlying mechanisms via different
strategies. Also, possibly matched carbon and silicon-based anode materials are briefly discussed. The common issues and
prospects of the layered oxides cathodes and their potential anodes are summarized and commented on. This review can help
understand the emergence logics of novel layered oxides with gradually vanishing cobalt involved, provide insights about the
underlying mechanisms of performance enhancement pertaining to particular strategies, and even inspire the discovery of novel

cathode materials with high performance and low cost.
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1 Introduction

The adverse effects of greenhouse gases on climate change are well
recognized world-wide, which requires to develop novel green
energy-generated technologies (solar, wind, etc.) [1, 2]. With their
emergence, corresponding energy storage solutions need to be
proposed as well. Rechargeable lithium-ion batteries (LIBs) as a
very important energy storage technology play a critical role in
power supply for electric vehicles (EVs), portable electronics, tools,
etc. General Motors and Ford as two largest vehicle suppliers from
the U.S. plan to end the production of engine-powered cars and
will exclusively supply EVs by 2035 [1]. Therefore, high
performance and low cost rechargeable LIBs as highly efficient
power supplies for EVs, and portable electronics and tools will still
be the focus of interest for energy storage technologies in the
coming years [3, 4].

Lithium transition metal oxides (LiITMO,) cathodes are playing
an increasingly important role in LIBs for power supply as a result
of high energy density and superior round-trip efficiency [5-7].
To achieve a high energy density, efforts have been focused on
electrochemical activation of transition metal as much as possible
as an active redox center by carefully designing chemical
constituents in layered oxides [8-10]. As a pioneeringly
commercialized cathode material in 1991, LiCoO, (LCO) still
shows a relatively low practical capacity of about 175 mAh-g™
despite a high theoretical capacity of 274 mAh-g” [11, 12]. This
could be theoretically ameliorated by using an effective, direct, and

promising strategy, i.e., increasing charge cutoff voltage, which is
however precluded by irreversible phase transitions, oxygen loss,
and severe side reactions with electrolytes normally [13,14]. On
the other side, the relatively scarce abundance of cobalt on earth
would result in possible insufficient supply for LIBs [8, 15]. In this
sense, to reduce or even abolish the utilization of Co in the
derivatives based on LiCoO, is imperative, which actually has
commenced a couple of years before with several milestones has
been mainstream for the next decades (Fig. 1). Co-reduced layered
oxides (typically high-nickle LiNi;3Coy;Mn,;0, (NCM811) [16,
17], LiNig33C0033Mng3;,0, (NCM111) [18], LiNiysCog3Mny,0,
(NCM532) [19], and so on), Li-rich and manganese-rich
(LMROs) [20-22], high-nickel Li-rich (HNLROs) layered oxides
[23,24], cobalt-free layered LiNiO, (LNOs) [25,26], olivine
LiFePO, (LFP) [27,28], spinel LiMn,0O, [15,29], and novel Li-
excess cation-disordered rock-salt (DRX) (Li;3MngNby;0,,
Li; ,Mny, Ty 405, Li; ,Niy5Ti,sM0,150,, Li,Mn,0Os, and
LiyFeV5Tips0,) oxides [30,31] have sequentially emerged and
grown rapidly. Some of them have been commercialized or taken
as next-generation potential cathode materials owing to their
intrinsically high theoretical and/or practical capacities with a cost
acceptable [9, 15, 32—-34].

Though layered LCOs oxides could deliver potentially high
capacity at high voltages such as 4.6 V, their high-voltage stability
is still far from satisfactory as a consequence of oxygen loss in the
lattice [35, 36], harmful phase transition (CoO, > Co;0,) [37, 38],
crack formation [14], particle pulverization [13,39], and serious
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Figure1 The milestones of layered cathodic materials for LIBs: from Co-containing to Co-free layered oxides. The references of every milestone are shown as follows:
Goodenough, J. B. etc., Mater. Res. Bull., 1980, 15, 783-798; Lee, J. Y. etc., J. Power Sources, 1999, 81, 416-425; Makimura, Y. etc., Chem. Lett., 2001, 30, 642-651;
Macklin, W., J. Power Sources, 2001, 97, 733-742; Sun, Y., J. Power Sources, 2006, 159, 1328-1333; Numata, K., Chem. Lett. 1997, 26, 725-726; Dahn, ]. J. Electrochem.
Soc. 2003, 150, A1637-A1645; Makimura, Y., Chem Lett., 2001, 8, 744-753; Sun, Y., ACS Energy Lett., 2017, 2, 1150-1155; Dahn, J., Adv. Energy Mater., 2022, 12,

2103067-2103075.

interface side reactions [40,41] normally taking place during
cycling. In view of the requirement of 350 Wh-kg™ and 750 Wh-L™
energy density at the cell level for a 500-mile driving range in a
single charge of EVs, as established by the U.S. Department of
Energy (DOE) and U.S. Advanced Battery Consortium (USABC)
[42], Ni-based layered oxides with Ni contents higher than 80%
are considered to be competent due to their high specific
capacities (250-270 mAh-g”), acceptable working voltages
(3.6-3.8 V versus Li/Li*), and relatively low cost [15,43,44].
Nevertheless, high-nickel layered oxides, especially LNOs, have
electrochemical instabilities, environmental sensitivity, and much
worse mechanical stability, especially at relatively high cut-off
voltages (> 4.3 V), due to undesired phase transformations,
intergranular and intragranular cracking, and corrosion and
dissolution of transition metals after prolonged cycling [45-51].
Thus, a compromise between LCOs and LNOs from the
perspectives of chemical constituents and performance led to the
emergence of some typical Co-reduced layered oxides such as
NCM811 [16,17] and NCM532 [19]. Further combining Ni-
based layered oxides with Li,MnOs, Li-rich layered oxides (LROs),
especially LMROs, are designed to exhibit both anionic and
cationic redox due to their high energy storage capacities [21, 52,
53]. Unfortunately, their formidable voltage hysteresis/decay
reduces the energy conversion efficiency of the battery, which is a
critical limitation to their commercial application [22,44, 54].
Increasing nickel content in LMROs can achieve HNLROs, which
is an effective and simple way to address the issue of the rapid
voltage decay of LMROs, but normally accompanies by reduced
capacity and inferior cycling stability [23, 33, 55].

In contrast, commercialized olivine LFPs and spinel LiMn,0O,
show less complicated crystal structures, better cycling stability,
and lower cost despite their lower capacities. Both the relatively
low capacity (~ 170 mAh-g") and voltage plateau (~ 3.3 V) for
LFP determine its relatively low energy density, which, along with
poor electrical conductivity at low temperatures, would greatly
influence large-scale applications in the long run though widely
commercialized at present [9]. Spinel LiMn,O, may undergo a
large volumetric change during cycling since Mn™ is prone to
Jahn-Teller distortion, which together with its low capacity also
limits its large-scale commercialization [15]. Novel DRX with high
energy densities and facile Li transport intrinsically enabled by a
percolating network of Li-rich environments (0-TM or 1-TM
channels) are the newly emerging cathode family members [30,

31]. DRX is expected to be quite potential in the future, despite
possible capacity loss caused by the valence state changes of
transition metal (TM) and the increased impedance of Li*
transport as a result of oxygen loss during cycling [30,31].
Therefore, specific strengths and weaknesses of these cathode
materials developed so far would determine how far they would
go in practical applications with ever-increasing demand for
energy density.

This review will aim to provide a comprehensive overview
about the cathode materials from layered LiCoO, especially at
high voltages to Co-reduced /Co-free layered oxides for LIBs with
emphasis on performance, problems, and potentials from the
perspectives of the challenges of novel structures, surface
modification, and heteroatoms dopants. Furthermore, to optimize
the performance of full-cells, the accurate selection of anodes
materials suitable for different novel cathodes is a key and will be
discussed briefly.

2 Layered cobalt-containing oxides cathodes

2.1 Layered high-voltage LiCoO, cathodes

LCOs with a layered rhombohedral structure (space group R3m)
were discovered by Goodenough in 1980s and firstly
commercialized for LIBs by Sony Company in 1991 [13].
Although LCO shows a theoretical specific capacity as high as
274 mAh-g”, the practical capacities around 175 mAh-g” for a
cutoff voltage of 445 V could be normally delivered because of
cobalt dissolution and oxygen loss, crack formation/particle
pulverization, harmful phase transition (CoO, > Co;0,), and
drastic electrolyte penetration [13,15,35,42]. As a type of
milestone cathode materials, a great many studies have been
devoted to the improvement of performance and the unveiling of
underlying mechanisms, still accompanied by the continuing
emergence of novel strategies [15,32,56]. Main measures for
performance improvement are basically focused on surface
modification, heteroatoms-doping, and morphology control [35,
36,41, 57].

2.1.1 Surface modification

Surface coatings/modifications are generally considered as an
attractive and effective strategy for surface stability enhancement
of numerous cathode materials. The presence of surface modified
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layers or coatings would effectively protect LCOs from the attack
from electrolyte via the parasitic reactions between cathode and
electrolyte [3].

Conventional metallic cation-based modifications/dopants for
LCOs were mostly seen in the past decades [36, 40, 58]. Besides,
polyanion anions-dopants could also be introduced, which are
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expected to suppress oxygen loss at high voltage [39]. Tan X. et al.
proposed an in-situ trace sulfur-assisted one-pot solid-state
approach to successfully synthesize long-term highly stable LCOs
even at a cutoff voltage as high as 4.6 V (Fig.2(a)) [39]. The
superior performance arises from simultaneous realization of
coating coherent spinel Li,Co,O, shells and the sulfur gradiently
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Figure2 Surface modifications of LCOs. (a) One-pot strategy synthesis of SO,-doped LCOs coherently coated with spinel LiCo,O,. (b) Transmission electron
microscopy (TEM) images, selected area electron diffraction (SAED) patterns, and high-resolution TEM (HRTEM) images of LCO-S0 and LCO-S15, respectively. ((c)
and (d)) Rate performances and cycling stabilities of LCO-S0, LCO-S05, LCO-S15, and LCO-S25, respectively. Reproduced with permission from Ref. [39], © Wiley-
VCH GmbH 2022. (e) Schematic illustration of epitaxial growth of LCOs and subsequently coated with binary TM oxides. (f) Cross-sectional scanning TEM (STEM)
images of Li,WO,/LiCoO, core-shell structures grown on different SrTiO; (STOs). Reproduced with permission from Ref. [58], © American Chemical Society 2022.
(g) High-angle annular dark field (HAADF) image of LiyMn;O, (LMO)-LCO materials (scale bar: 5 nm). (h) Cycling stability of LMO-LCOs and LCOs under a
current density of 135 mA-g'. Reproduced with permission from Ref. [40], © Wiley-VCH GmbH 2022. Mapping image (i) and scanning electron microscopy (SEM)
image (inset of (i)) of 2% LCPO coating on LCOs. ((j) and (k)) Cycling performances of bare LCOs and LCPO-LCOs at 1 C, 30 °C within the range of 3.0-4.6 V (j)
and 3.0-4.7 V (k). Reproduced with permission from Ref. [36], © Wiley-VCH GmbH 2022.
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doped into the near-surface of LCO to form SO, polyanions in
terms of in-situ gas-solid interface reactions between metal oxides
and SO, gas generated from sulfur during synthesis (Fig. 2(b))
[39]. At 4.6 V, the LCO thus obtained shows quite high discharge
capacities of 232.4, 215.0, and 139.0 mAh-g™ at 0.1, 1, and 20 C
(1 C =280 mA-g"), respectively, and excellent high-voltage cycling
stability with the capacity retentions of 97.4% (89.7%) after 100
(300) cycles at 1 C (Figs. 2(c) and 2(d)) [39]. This approach,
different ~ from  normal  metallic  cation  surface
doping/modification, is quite unique which is facile, low-cost, up-
scalable, and easily controllable for performance improvement of
other electrode materials as well [39]. However, the low-cost solid
state synthesis approach employed here normally is difficult to
achieve perfect heterostructures at the surface or sub-surface
pertaining to the bulk by prolonging the reacted durations. To
address this issue, new synthesis strategies were explored, as
revealed by the work of Wang L. et al. [58]. A lithiation-assisted
epitaxy approach was proposed to combine different epitaxial
interfaces or surfaces, which is favorable for the discovery of novel
energy materials but also the construction of a well-defined model
system for mechanistic studies of energy storage and conversion
processes [58]. A two-step sequence modification was successfully
realized via the growth of an epitaxial LiCoO, cathode layer
followed by the deposition of a layer of binary transition metal
oxide (Fig.2(e)) [58]. As a solid-state electrolyte, orientation-
controlled Li,WO, could be epitaxially formed by using WO, as
nuclei to react with Li ions from the underlying cathode on
different substrates of STO (001) or STO (111) (Fig. 2(f)) [58]. To
enhance the high-voltage cycling stability, Liu J. et al. discovered
that LCOs passivated with spinel Li,Mn;O,, (spinel Li,Mn;O,,-
coated LCOs) can exhibit a high specific capacity of 194 mAh-g™'
at 0.05 C and a capacity retention of 83% after 300 cycles at 0.5 C
as a result of the formation of an anion-rich inner Helmholtz layer
after charging (Fig. 2(h)) [40]. Because of normal severe structural
and interfacial degradation at the voltages higher than 4.55 V for
LCOs, Yang X. et al. proposed to coat LCOs with lattice-matched
LiCoPO, (LCPO) for the enhancement of long-term cycling
stability for the cut-off voltage as high as 4.7 V (Fig. 2(i)) [36]. The
side reactions between LCO and electrolyte such as O loss/Co
dissolution, irreversible phase transition, or intergranular cracking
were remarkably alleviated because of the introduction of a lattice-
matched LCPO coating [36]. This substantially improved long-
term cycling stability at room temperature (30 °C) within
3.0-4.6 V (Fig. 2(j)), and rate performance even for an ultrahigh
cut-off voltage of 4.7 V (Fig. 2(k)) [36]. Therefore, relative to the
conventional approaches of solid-state surface modifications, the
approach of chemical reaction-driven lattice-coherent surface
modifications here not only can realize surface coherent coatings,
modifications, and/or doping of LCOs with various compounds of
appropriate crystalline structures via proper processes but also
enables to provide ideal models for in-depth mechanistic studies
of electrochemical processes. At the same time, the stable and
compact coherent surfaces via surface modifications are normally
inert to the electrolyte which usually shows far more positive
effects in electrochemical performance compared with the loose
and incoherent modifications. Thus, it is natural to conclude that
the strategy of chemical reaction-driven lattice-coherent surface
modification is expected to play an increasingly important role in
performance breakthrough of LCOs at ultrahigh-voltages
including significant improvement of both capacity and cycling
stability which thus may satisfy the demands of high energy
density for LIBs [36].

Therefore, as far as surface modifications, although significant
capacity escalation and stability enhancement of LCOs at high
voltages, some issues such as non-uniform and non-continuous
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modifications, coating layer cracking during cycling, and/or high
cost due to complicated processes still need to be addressed. Since
surface modifications could normally take place at the surface or
subsurface layers of a LCOs particle, their performance
improvement is reasonably limited as a consequence of most
intrinsic properties of a pristine bulk particle still maintained. In
this sense, other strategies for performance improvement are still
to be developed.

2.1.2 Heteroatoms doping

As already mentioned above, surface coatings, modifications,
and/or doping are not sufficient for performance enhancement of
LCOs. As another type of performance improvement strategy
mostly seen, heteroatoms (bulk) doping is expected to be capable
of modifying the electronic structure of electrode materials which
would probably vary their chemical and physical properties and
thus improve electrochemical performance more remarkably
compared with surface and/or subsurface modifications only.
Technologically, lanthanide (Ln)-doped LCOs with Ln being rare
earths such as La, Pr, Nd, Sm, Eu, Gd, Er, and Lu were successfully
realized and revealed to display remarkably improved cycling
stability [59]. Other electrochemically inactive single- or multi-
cation doping such as Zr*, Mg*, Al*, Ba*, and Ti* could also
enhance the cycling stability effectively, especially at high voltages
over 445 V [57,60-62]. One should bear in mind that the
replacement of Co in LCOs by proper amount of
electrochemically-active Ni could also effectively stabilize the
layered structure to enhance the electrochemical performance at
46 V. This is quite different from the doping of those
electrochemically inactive heteroatoms above because the active
Ni* dopants could be oxidized to higher states during charging
and thus may contribute to both capacity escalation and cycling
stability with remaining Co™ capable of improving electron
conductivity and suppressing cationic mixing [16, 19,43, 63].
Therefore, the doping of nickel with different quantities into LCOs
can be actually taken as a measure to develop a new type of
layered oxide cathodes with Co-reduction which will also be
discussed in the following.

Usually, the heteroatomic dopants are considered to occupy Li
sites or TM sites in LCOs. Jia K et al employed
LiNiysMny,3C0,,0, as Ni/Mn sources to realize the co-doping of
Ni/Mn into LCO by direct mixing followed by heat treatment
[19]. The co-doping of Ni/Mn into the Co layer can enhance the
Co-O bonding for suppression of oxygen release and harmful
phase transformations and thus stabilization of the layered
structure  during delithiation, which leads to superior
electrochemical performance at 4.6 V (Figs. 3(c) and 3(d)) [19].
Clearly, the replacement of the majority of Co by Ni/Mn can
enhance the energy density and electronic conductivity of LCO by
effectively interacting with Co to vary the properties of LCO
greatly. This not only provides an effective route of improving the
performance of LCO but also establishes a model platform for the
exploration of underlying mechanisms and points out a right
direction for cost reduction by decreasing the percentage of Co
significantly. Different from the Li-sites occupation, Xia J. et al.
doped Ln into LCO by partially replacing Li in the Li sites to
enhance the structure stability for the improvement of high-
voltage performance via tuning the lattice strains in terms of the
lanthanide contraction (Figs. 3(a) and 3(b)) [59]. Huang Y. et al.
thought of the dopants of Mg ions as pillars in the Li-slab of LCO
to prevent slab sliding in a delithiated state, thereby suppressing
unfavorable phase transitions (Figs. 3(e) and 3(f)) [57]. The
doping of Mg into the Li site led to a capacity as high as
204 mAh-g™ at 0.2 C, and a capacity retention of 84% at 1.0 C for
100 cycles within a potential window of 3.0-4.6 V (Fig. 3(g)), in
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Figure3 Heteroatom-doped of LCOs. (a) Elemental mappings of an (Ni, Mn)-dope LNCMO particle (scale bars: 500 nm) and (b) comparison of voltage profiles of
pristine P-LCO (top) and doping-modified LNCMO-1 (bottom) cycled after different times at 0.5 C within a potential range from 2.5 to 4.6 V. Reproduced with
permission from Ref. [19], © American Chemical Society 2022. (c) X-ray diffraction (XRD) patterns of Ln-doped LCOs and pristine LCOs and (d) their cycling
performance within a potential range of 3.0-4.6 V. Reproduced with permission from Ref. [59], © Wiley-VCH GmbH 2022. (e) Intensity plot corresponding to (f) the
lattice fringes shown by HADDF and STEM-ABF images of LMCOs. (g) Comparison of rate capability, charge/discharge profiles at 0.2 C, and cycling performance at
1 Cfor pristine LCOs and modified LMCOs within a potential range of 3.0-4.6 V. Reproduced with permission from Ref. [57], © Wiley-VCH GmbH 2020.

sharp contrast with only 14% for pristine LCO [57]. The much
improved performance could be ascribed to the pillaring effect of
Mg which can effectively stabilize the structure of LCO to prevent
the formation of cathode-electrolyte interphase (CEI) and phase
transformation in the surface and sub-surface regions [57]. The
Mg-pillar in Li sites instead of traditional in Co sites would
stabilize the bulk structure and consequently enhance the cycling
performance even at a high voltage (4.6 V), which is a novel
viewpoint for structure-engineering.

It is clear that the doping replacement of Co in the transition
metal site and of Li in the Li site by alien elements in the lattice of
LCO can both enhance the electrochemical performance
significantly. However, their underlying mechanisms for
improving the performance may be totally different, even for
different alien elements with different valence states and/or
electrochemical activities. Furthermore, different doping strategies
even for the identical alien elements would also produce totally
different effectiveness of performance enhancement since their
thermodynamics and/or kinetics may differ as well to lead to the
formation of modified LCOs with quite different microstructures,
morphologies, dimensions, defects, and even crystallinity.
Therefore, selection of both alien elements and preparation
strategies and their processes are quite critical for electrochemical
performance improvement.

2.2 Cobalt-reduced ternary cathode materials

It has been demonstrated that both surface coating/modifications
and heteroatom doping can enhance the performance of LCOs by
different degrees with the Co in LCOs as both electrochemically
active centers and electrically conductive promoters. However, the
high cost and scarcity of cobalt resources would undoubtedly
restrict large-scale production and applications of LCOs.
Therefore, the decrease of Co portion in LCOs is taken as a goal to
develop Co-reduced layered oxides, such as those representatives
of NCMI111, NCM532, LiNiyCop,Mny,0, (NCM622), and
NCMS811 [9,15,32]. However, these Co-reduced and nickel-
increased layered oxides also suffer from microstructural and

electrochemical  instability =~ caused by parasitic phase
transformations, stress-driven cracking, and corrosion and
dissolution of transition metals after prolonged cycling [45, 46].

Similar to LCOs, surface coatings/modifications and alien
element doping can also be employed for performance
enhancement of the Co-reduced layered oxides. Zou L. et al
coated NCM532 with 1 wt.% graphite layer via a heat treatment
process, which revealed a discharge capacity of 132.96 mAh-g*
with a capacity retention of 91.51% after 40 cycles at 1 C
compared with the bare NCM532 [66]. Wang J. et al. successfully
realized a compact bilayer coating composed of a cyclized
polyacrylonitrile outer layer and a rock-salt bridge-like inner layer
by simply mixing and heating polyacrylonitrile and NCM811 in a
proper ratio via a thermochemical cyclization strategy (Fig. 4(a))
[16]. The compact bilayer coating can lead to a high reversible
capacity of 183 mAh-g™ and a high capacity retention of 83% after
300 cycles at 1 C for NCM811 (Fig. 4(b)) [16]. This facile and
scalable surface engineering strategy makes Ni-rich cathodes
potentially viable for commercialization for high-energy Li-ion
batteries [16]. Jamil S. et al. achieved a Li/Ni antisite-induced
disordered  passivation layer onto the surface of
LiNig¢,C0g,4sMny 30, by Ta and Al co-doping (Fig. 4(c)) [43]. The
ultrathin disordered layer is helpful for improving the electronic
and ionic conduction, stabilizing lattice oxygen, and alleviating the
Ni/Co dissolution and irreversible phase transition [43].
Therefore, superior cycling stability (retention of 90.09% at 0.5 C
between 2.7-4.3 V), excellent rate capability, and improved Li*
diffusion were achieved (Figs. 4(d) and 4(e)) [43].

The work above reveals that regular surface modification can
enhance the performance of Ni-rich NCM, but is accompanied by
an intrinsic and inevitable anisotropic volume variation because of
the insertion and extraction of interlaminal ijons upon
charge/discharge. To suppress the volume change to stabilize
NCM oxides, some novel structures or morphologies like
perovskite phase rivet and high-entropy oxides have also been
proposed and realized [64,65,67]. Tan X. et al. introduced a
spinel-like mortise-tenon (MT) architecture into the structure of
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Figure4 (a) Computational models of super cells of NCM811 cathodes. (b) Cycling performance of pristine NCM811 and two different NCM811 samples modified
with polyacrylonitrile at 1 C within a potential range of 2.8-4.36 V. Reproduced with permission from Ref. [16], © American Chemical Society 2022. (c) TEM images
of LiNijg,C0ysMng;0, (NCM) and Al/Ta co-doped NCM (NCMTA). (d) Cycling performance of NCM, Al-doped LiNijg,C0y03Mn,;0, (NCMA), Ta-doped
LiNiy94C0003Mn,,30, NCMT), and NCMTA. (e) Rate capabilities of NCM and NCMTA. Reproduced with permission from Ref. [43], © Elsevier B.V. 2021. (f) Initial
charge/discharge profiles at 0.1 C for pristine NCM811 and NCM811-MT. ((g) and (h)) Schematic of particles with coupled MT structures (g) and a plain layered
structure (h). Reproduced with permission from Ref. [64], © Wiley-VCH GmbH 2023. (i) Cross-sectional electron-probe micro-analysis (EPMA) of 1% LYTP@SC-
NCMB88 with the corresponding selected area LYTP mapping results of Ni, Co, Mn, Ti, and P elements. Cycling tests of half cells (j) and pouch cells (k) of SC-NCM88
and 1% LYTP@SC-NCM88. Reproduced with permission from Ref. [65], © Fan, X. M. et al. 2021.

NCM811 (NCM811-MT) to achieve a discharge capacity of
215 mAh-g" and an initial coulomb efficiency (ICE) of 97.5% at
0.1 C, and a capacity retention of 82.2% after 1200 cycles at 1 C
(Fig. 4(e)) via incorporating lithium sulfate during synthesis [64].
The MT structure shown in Figs. 4(f) and 4(g) as a novel strain-
retardant can effectively suppress the volume variations and
provide a high way for fast lithium-ion transport as well [64].
With the architectural MT joints as perfect connection, the layers
of NCM811 are wedged into each other through the jagged ends
at the spinel-like MT zones [64]. As a consequence, the MT
structure can effectively regulate the detrimental anisotropic
volume change to stabilize the structure and achieve a high
capacity as well.

EZS L0

Tsinghua University Press

Furthermore, Fan X. et al. reported a strategy of in-situ
constructing an Li; ;Y Ti, 4(PO,); (LYTP) ion/electron conductive
network at the surface of single-crystal LiNijgsCog0oMny;0, (SC-
NCMS88) particles to form a uniform and conformal three-
dimensional (3D) conductive network connecting the active
particles (Fig. 4(h)) [65]. The LYTP-modified SC-NCMS88
cathodes display a capacity of 130 mAh-g™ after 500 cycles at 5 C
within a voltage window of 2.75-4.4 V at 25 °C (Fig. 4(i)), and
their pouch cells paired with graphite anodes present a capacity
retention of 85% after 1000 cycles at 0.5 C (Fig. 4(j)) [65]. The
enhanced cycling stability of NCM-based cathodes can be
attributed to the crosslink network structure which mitigates the
mechanical instability by preventing the detrimental phase
transformation [65].

@ Springer | www_.editorialmanager.com/nare/default.asp
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For the representative type of Co-reduced layered oxides above,
surface modifications via regular or unusual approaches have been
demonstrated to be capable of enhancing performance
significantly. Generally speaking, these modification strategies can
normally be applied for large-scale production with acceptable
cost though different mechanisms may take effect in performance
improvement. As regards heteroatoms-doping, these particular
types of layered oxides derived from LCOs with well-defined
stoichiometric design may be just permitted for slight variations in
chemical constituents and their relative portions for performance
enhancement [3, 38, 68]. Therefore, surface modifications may be
more preferred for these NCM111, NCM532, NCM622, and
NCM811 cathodes from the perspective of practical applications,
i.e, cost and performance.
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3 Cobalt-free Li-rich layered oxides

As discussed above, the introduction of nickel and/or other
elements into the transition metal lattice site of layered LCOs can
improve the performance and decrease the content of cobalt for
cost reduction as well. In contrast, another representative type of
layered structure oxides, Li-rich layered oxides (LROs) composed
of LiCoO, R3m and Li,MnO; C2/m phase components, was
pioneeringly prepared by Numata group in 1997 [71]. LROs could
be described as xLi,MnO;-(1-x) LiTMO, (0 < x < 1) (TM = Nj,
Co, Mn, etc.) with LiTMO, and Li,MnO; as the hexagonal and
monoclinic layered structures, respectively (Figs. 5(a) and 5(b))
[20, 33, 52]. As pointed out above, in reality, a consensus has been
reached that LROs are composed of atomically integrated
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Figure5 The structure of LMROs. (a) XRD pattern of pristine LMROs. Reproduced with permission from Ref. [53], © He, W. et al. 2019. (b) Energy dispersive
spectroscopy (EDS) line scans and HAADF-STEM image of S-LLOs. Reproduced with permission from Ref. [21], © Wiley-VCH GmbH 2022. (c) Crystal structures
near the surfaces of Li-rich layered oxides during the charge-discharge process and the structure changes which caused the voltage decay. Reproduced with permission
from Ref. [69], © Kim, S. et al. 2016. (d) Structural representation of O3-type the layered oxides. Reproduced with permission from Ref. [70], © The Electrochemical

Society 2015.
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Li,MnO; and LiTMO, phases with the octahedral sites of LiOg4
and TMOy occupied by Li and TM atoms, respectively, showing
an O3-type layered structure rather than a continuous and
uniform single phase [70,72]. The complication of crystal
structure also brings about the controversy that LROs are a solid
solution composed of Li,MnO; and LiTMO, layered components
with the arrangement of oxygen in a hexagonal close packing
array and the alternative arrangement of Li layers and TM/Li
mixed layers (Fig. 5(c)) [16, 73-75]. Here, two kinds of LROs, i.e.,
LMROs and HNLROs, are discussed in detail including their
progress, peculiarities, and modifications.

31 LMROs

LMROs are considered the most promising cathode candidates for
next-generation high-energy lithium-ion batteries because of their
high specific capacity [20, 21]. The theoretical capacity of LMROs
can reach up to 460 mAh-g' with a high energy density
(> 1000 Whkg") which is much higher than that of the general
layered oxides cathodes, say, LCOs, etc., because of the special Li-
rich structure with extra oxygen for electronic compensation
during charge/discharge [73,76,77]. The ratios of the LiMnO;-
and LiTMO,-like components in LMROs would have a significant
influence on their properties and further electrochemical
performance. Therefore, the species of TM in and the portion of
the LiTMO,-like phase, along with element doping, surface
modifications, and morphological design and control, are
normally explored extensively for performance improvement and
underlying mechanisms [74-76].

(1-x)Li,MnO;-xLiTMO, (TM refers to Co, Fe, Ni, Cr, Nb, Ti,
Mo, and Al) is a typical and well-accepted formula of LMROs,
which displays high capacities (> 280 mAh-g") [73,75]. In the

(@)
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TM/Li mixed layer, lithium and TM atoms are arranged to form a
super lattice structure in an ordering way [22, 78]. The reaction of
LMRO:s of the initial charge process is regarded as follows

LiTMO, ¢ Li, ,TMO, +xLi* +xe” (20—4.5V) (1)

Li,MnO; — MnO, + Li,0 (4.5—4.8V) 2)

or

1
Li,MnO, + Li,MO,+ (2 —x)Li" + 502 +(2—x)e” (45—4.8V)
3)

Although LMROs could show quite high capacities, LMROs
normally suffer from severe voltage decay originating from TM
migration and structural transitions from a layered to spinel
and/or rock salt phase, low ICE, and poor rate capability upon
cycling caused by oxygen release (Fig.5(d)) [24,75,77,79,80].
Therefore, from a viewpoint of practical applications, these salient
issues have to be addressed via proper strategies as stated above
[23]. In past decades, some of them, along with design of chemical
constituents of LMROs, have been well demonstrated to show
superior cycling performance in terms of different mechanisms [9,
21,77, 81].

Shao Q. et al. achieved the cycling stability of
Li; 5Ni13C0g13Mny5,0, with a typical structure of LMROs
substantially enhanced with the assistance of the §/SO; redox
couple by adding Na,S-9H,0 into the cathodic slurry and followed
by doctor-blade casting onto aluminum foil (Fig.6(a)), say, a
retention of 100% after 700 cycles at 1 C (Figs. 6(a) and 6(b)) [75].
The surface peroxide ions (O,”) are readily chemically reduced
back to immobile O by §* during charging, accompanied by the
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Figure 6 (a) HADDF-STEM images and element mappings of a typical LMRO structure Li; ,Ni, ;3Co;3Mny 5,0, with 3 wt.% Na,S. (b) Electrochemical performance
of Li, ,)Niy ;3C0p,3Mny 5,0, with §*/SO5* redox couples of different quantities , including initial charge/discharge curves and cycling performance at 20 mA-g" within a
range of 2.0-4.8 V and cycling stability at 200 mA-g". Reproduced with permission from Ref. [75], © Wiley-VCH GmbH 2022. (c) EDS mappings and XRD patterns
of S-LLO. (d) Electrochemical performance of pristine LLO and S-LLO, including the first chargedischarge curves (0.1 C, 2.1-4.8 V), cycling performance at 1 C,
cycling performance at 80 °C, rate capabilities, and average voltage evolution. Reproduced with permission from Ref. [21], © Wiley-VCH GmbH 2022.
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formation of SO;”, which plays a critical role in stabilizing the
oxygen lattice and eventually inhibiting the release of oxygen [75].
Another important sulfurization process for
Li; ,Niy;3Co0q,13Mny 5,0, (S-LLOs) was proposed by Zhang K. et al,,
in which sulfur anions could be incorporated into the oxygen
lattice sites and form polyanions at the surface (Fig.6(c)) [21].
Density functional theory (DFT) calculations also confirmed the
contribution of S polyanions in the interior lattice and/or at the
surface which would participate in the redox processes of LMROs
(denoted as S-LLO) [21]. S polyanions at the surface formed a
protection layer for interfacial stability, and those in the lattice
promoted the structural stability by mitigating undesired oxygen
redox [21]. The as-prepared S-LLO delivered a high discharge
capacity of 307.8 mAh-g™ and an outstanding capacity retention of
91.5% after 200 cycles, along with excellent voltage stability, rate
capability, and thermostability (Fig.6(d)) [21]. Liu Q. et al
reported that 0.5Li,MnO;-0.5LiMn,¢Ni,,Co,;O, (Fig.7(a)) could
be successfully prepared by using sol-gel (SLC), sucrose-chelating
sol-gel (SLS), and oxalate co-precipitation (OCP) assisted methods
[73]. The discharge specific capacities are 261.6 and 138 mAh-g™ at
0.05 and 5 C (Fig. 7(b)), respectively, with a voltage decay of only
210 mV and a capacity retention of 94.2% after 100 cycles at 1 C
(Figs. 7(c) and 7(d)) [73]. Figure 7(e) displays that the corrosion of
Li;,Niy,3C003Mny5,0, by the electrolyte was effectively
suppressed by doping Na* to generate abundant stacking faults
using sodium dodecyl sulfate as surfactant [82]. The doped Na,
which is verified by both Raman spectroscopy and HRTEM
images, is uniformly distributed in the lattice of particle instead of
just segregation or coating on the surface, as shown in Figs.
7(f)-7(h) [82]. The Na*-doped LMROs show a high discharge
specific capacity of 221.5 mAh-g* at 5 C and a capacity retention
as high as 85.7% after 500 cycles, far better than 64.8% for the
pristine-LMROs (Fig. 7(i)) [82]. Luo D. et al. also improved greatly
the voltage and capacity stability of LMROs with a capacity
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retention of 85% after 500 cycles at 1 C and a voltage decay rate of
only 0.72 mV per cycle from 30" to 500" cycle through Ti-based
modifications (Figs. 7(j)—7(1)) [74]. This work proves that Ti-based
modifications can enhance both the voltage and capacity stability
which would undoubtedly promote the practical applications of
LMROs cathodes in the near future [74].

It has been well revealed that the modifications from
heteroatom doping via a small quantity to element substitution by
a large quantity can improve both the structural stability and
capacity of LMROs [78,81]. Bruce et al. reported the effective
enhancement of structure stability of LMROs by tuning the
contents of Mn, Ni, and Co to suppress oxygen loss, as shown in
Figs. 8(a)-8(c) [78]. LMROs with three different substitution
manners such as Li;,Ni;,Mn,,0, (LNMO), Li,,Coy,Mn,,0,
(LMCO), and Li, ,Nij;5Mn, 5,C04 130, (LNMCO) were revealed to
have different behaviors and electrochemical performances [78,
81]. The Ni-substituted Li,MnO; provides surface protection by
forming a relatively thick Ni-rich/Li-poor rock-salt shell, which
can impede oxygen evolution from lattice oxygen. In contrast, the
Co substitution plays a less critical role in suppressing oxygen loss
relative to the Ni-substituted or Ni/Co co-substituted which
however can escalate effectively the capacity of LMROs [78].
Beyond the Ni and Co substitutions, Cr was also employed as an
effective substitution element to form Li, ,Cr, ,Mn,,O, (L-LCMO)
with the remarkable mitigation of voltage hysteresis and the
superior reversibility of the Cr*/Cr* redox couple [81].
Li, ,Cry,Mn,,O, with partial cation disorder (PD-LCMO) shows a
high reversible capacity of > 200 mAh-g” for 100 cycles at
100 mA-g" due to the inhibition of Cr collective migration (Figs.
8(d)-8() [81].

Except for element dopings and/or substitutions above, some
surface modification strategies were also employed to prevent
direct contact between LMROs and electrolyte against being
attacked by the electrolyte and suppress irreversible phase
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Figure7 (a) XRD patterns, (b) initial charge/discharge curves, and (c) voltage and (d) specific against cycling for 0.5Li,MnO5-0.5LiMn,Ni,,Co,,O, with SLC, SLS,
and OCP methods. Reproduced with permission from Ref. [73], © Liu, Q. M. et al. 2021. (e) Schematic illustrations of local atomic coordination around O and TM. (f)
Raman spectra. (g) Images along the [010] direction of rhombohedral LITMO, (R3m) for Na*-doped LMROs. (h) The distribution of Na". (i) Cycling performances
and corresponding Coulombic efficiencies at 5 C (activated at 0.2 C for the first cycle). Reproduced with permission from Ref. [80], © Wiley-VCH GmbH 2021. (j)
Schematic illustration, (k) charge/discharge curves, and (1) cycling stability of modified LMROs based on Ti. Reproduced with permission from Ref. [74], © Wiley-

VCH GmbH 2021.
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Reproduced with permission from Ref. [81], © Huang, J. P. et al. 2023.

transformations as much as possible for improvement of rate
capability and long-cycle stability [16,44,70]. Ding X. et al
reported the enhanced performance of Li-rich oxide LLO using a
facile NaF surface modification approach (Fig.9(a)) [82]. The
coating layer of LLOs, which can be observed by a TEM image,
consists of a gradient Na, LiF and Li,, ,NaNiy;;Co,;3;Mn,5,0,
bilayer via a Li//Na* exchange reaction, as shown in Fig. 9(b) [82].
The LLO displays markedly improved cycle life and rate capability
as well as suppressed voltage decay, say, a capacity retention of
85% for 1000 cycles at 10 C and a voltage decay of only 2.1 mV
per cycle at 0.5 C (Fig.9(c)) [82]. Furthermore, the N-doped
carbon was coated at the surface of Li; ,Mny¢Ni,,O, (LRMNO) via
the pyrolysis of urea, which can consequently enhance the voltage
and capacity stability of LRMNO (Fig. 9(d)) [22]. Oxygen vacancy
and spinel phase integration can suppress irreversible O, release
and promote lithium ion diffusion, while the N-doped carbon
nanolayer mitigates the corrosion of electrolyte with excellent
conductivity [22]. The rate capacity of LRMNO retention after
500 cycles at 1 C is 89.9% with a voltage fading rate as low as
1.09 mV per cycle (Fig.9(e)) [22]. This three-in-one surface
treatment strategy can effectively suppress the voltage decay and
capacity fading of LLOs which renders it possible to be practically
applied [22].

The voltage decay is a key issue for pristine LMROs, as stated.
By alien doping, element substitutions, and/or surface
modifications, this issue could be addressed by different degrees.
However, the degradation mechanisms and solid-state-phase-
formed behaviors of LMROs still need to be unveiled.
Conventionally, the formation of Li,O [83], the localization of O
2p electron holes [84], and/or layered-to-spinel phase transitions
were proposed for explaining the degradation mechanisms.
Recently, a novel viewpoint about the voltage-decay was presented
by Hua W et al. [85]. The results based on Li[Li;,Niy,Mn,4]O,
revealed that the cubic spinel phase (space group Fd3m) is
thermodynamically stable for very low Li concentrations (0.00 < x
< ~ 0.40) [85]. The increase of Li content (~ 0.04 < x < ~ 1.2)
would lead to the presence of a triphases-coexistent region, i.e., Li-
containing spinel (Fd3m), Li-containing rock-salt-type (Fm3m),
and Li-rich layered phase (C2/m) [85]. Higher portions of lithium
ions (~ 1.2 < x < ~ 1.52) would stabilize the monoclinic layered
phase (C2/m) with a formula of Li[Liy,,,(Nigx;Mnge),_; 5] O, [85].
This study presents unique and new standpoints about the
interplay ~of lithium and oxygen during lithium
insertion/extraction which would promote the discovery of novel
alkali-rich transition-metal oxides with enhanced electrochemical

performance for energy storage applications. Also, in-situ high-
temperature XRD (HT-XRD) was adopted to reveal that Li species
could react with CO, to form Li,CO; at high temperatures
(100-700 °C) in air which play a peculiar role in the formation of
intermediates during the synthesis of Li-rich layered
Li[Liy,Niy,Mnyc]O, (C2/m) [86]. The Li,CO; induced a
transformation from the rhombohedral structure (R3c) to the fully
disordered Li-containing rock-salt-type [Li,TM,_]O (0 < x < 0.5)
(Fm3m) and finally to the monoclinic layered LMROs (C2/m)
phase as Li/O ijons were incorporated upon annealing [86]. These
valuable and new findings can provide a robust guidance for the
large-scale commercial production of layered LMROs electrodes.

It is shown that a lot of studies about LMROs are focused on
the design and tailoring of chemical constituents, followed by
surface modifications/coatings, dopings of minute elements, and
even element substitutions in large quantity for the discovery of
novel oxides, performance improvement, and underlying
mechanisms. The design of chemical constituents along with
numerous synthesis and modification approaches proposed has
led to the discovery of various types of layered oxides with
different properties and thus electrochemical performance. All of
this partially or fully addressed some critical issues intrinsic to
LMROs, which would push their practical applications forward
greatly and thus enable LMROs to be one of competing next-
generation candidate cathode materials. Of course, with the
electrochemical performance to satisfy the demands of
applications, safety is the most critical and common issue, as
required for other electrode materials. Therefore, safety
improvement via stabilizing the structure and other strategies
would be another indispensable exploration field for LMROs.

3.2 HNLROs

Although LMROs can be taken as potential cathode materials
from the perspectives of both chemical constituents and intrinsic
performance, LMROs have not yet gone into commercialization
since relatively low ICE, poor rate capability, and voltage decay
upon cycling couldn’t be well addressed [23, 24, 33,43, 77]. It has
been demonstrated that the increase of Ni content could
effectively improve the voltage stability upon cycling as a result of
the decrease of layered Li,MnO; component content and the
effective suppression of lattice oxygen evolution [32,33,87].
Furthermore, Ni ions tend to reversibly migrate among the TM
layers during the lithiation—delithiation processes, which can
suppress the formation of a spinel phase to improve the cycle
stability [43,75,79]. Despite the superior electrochemical
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stability of HNLROs, the reduction in capacity is easily seen
(1925 mAh-g" for Li;,Nij,Mny,0, versus 244 mAhg" for
Li; ,Nig,Mn 0, at 0.1 C) [72,88]. The capacity decrease of
HNLROs could be attributed to the deteriorated side reactions
between Ni* and electrolytes as a consequence of the reduced
reversible anionic redox associated with the decreased Li,MnO;-
like component and/or the difficulty of electrochemical activation
(16,44, 89]. In addition, HNLROs normally show a relatively
lower ICE and a far higher charge potential (~ 4.8 V) compared
with conventional LiMO, oxides (~ 4.3 V) [33]. Thus, a high
potential is required to activate the anionic oxygen redox of the
Li,MnO;-like component in HNLROs for higher capacity, which
would also cause a large irreversible capacity loss and thus a low
ICE [23, 24, 55].

Therefore, escalating irreversible capacity and ICE of HNLROs
is the primary target to pursue from the perspective of
performance improvement. Generally, lattice doping [23, 24, 90],
surface modification [16,43,80], new electrolyte additives
exploration [18], and single crystal synthesis [32,77, 91, 92] were
proposed as effective ways to address the issues above.

3.2.1 Single element modifications

Mao D. et al. proposed a novel anti-evaporation loss engineering
idea to increase the content of lattice lithium by doping trace Na*
or K into Lij,Nij;,Mnyg0, for significant performance
improvement via a facile expanded graphite template-sacrificed
approach (Figs. 10(a)-10(d)) [24]. Both the Na- and K-doped
samples exhibited excellent rate capability such as 217, 201, 162,
and 141 mAh-g" as well as 212, 191, 162, and 133 mAh-g™ for 0.5,
1, 5, and 10 C, respectively, and high capacity retentions such as
93% and 89% after 200 cycles at 1 C, respectively, in sharp contrast

with 74% for the pristine sample, which are quite outstanding for
HNLOs (Fig. 10(e)) [24]. The greatly improved performance
could be attributed to the increased effective Li content and C2/m
component in the lattice via Li anti-evaporation-loss engineering,
the expanded Li slabs, and the pillaring effect (Fig. 10(f)) [24]. The
differences in performance are believed to be associated with their
different doping behaviors and threshold doping amounts caused
by different radii between Na* and K* [24]. Guo L. et al. employed
a facile sol-gel route to synthesize Mo-doped HNLROs for
simultaneous achievement of both high reversible capacity and
minor voltage decay (Fig. 10(g)) [55]. The superior performance
could be ascribed to the reduced size of primary particles, the
enhanced stability of lattice oxygen, and more Mn*/Mn* redox
couples effectively activated via Mo doping during the
electrochemical reactions (Fig. 10(h)) [55]. The trace dopings into
the Li and Mn lattice sites endowed the modified HNLROs with
steady discharge potential and high reversible capacity via different
mechanisms and manners such as tailoring of morphologies,
structures, and chemistries, which makes HNLROs very
competent as next generation cathodes of LIBs (Fig. 10(i)).
Similarly, a trace replacement of Mn by W for Li, ,Ni,,Mn,,O,
also led to significant performance improvement via elevating
both the Li,MnOs-like superlattice component and Ni*
proportion as a result of high valence W* (Fig. 11(a)) [23]. The
increase in both capacity and ICE for a potential window of
2.0-4.8 V resulted from the reversible redox of more oxygen
anions and reduced sizes of primary particles caused by trace W
doping, as shown in Fig. 11(b) [23].

3.2.2 Multiple element dopings

Multiple element dopings into the same or different lattice sites are
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also a commonly employed strategy of modifying the properties of
various types of cathodes and anodes materials and further
improving the performance. Trace co-doping of Fe cations and F
anions into the transition metal and oxygen lattice sites of
HNLRGOs, respectively, was proposed for remarkable performance
improvement via an effective, simple, and up-scalable expanded
graphites template-sacrificed approach (Fig. 11(c)) [90]. The co-
doping effectively increased the Li-O bonds and the components
of lower valence TMs for more effective activation of redox
reactions relative to the doping of individual Fe cations or F
anions, which therefore improved both rate capability and cycling
stability in a synergistic manner (Fig. 11(f)) [90]. The Fe/F co-
doped HNLROs exhibited an excellent cycling stability with a
superior capacity retention of 90% after 200 cycles at 1 C, much
higher than 64% for the pristine samples [90].

3.2.3  Surface modifications

As next generation promising candidate cathodes, surface
modifications on HNLROs have been rarely reported in the past
years, which are expected to be capable of enhancing the high-
voltage performance including the escalation of both capacity and
cycling stability at high voltages. HNLROs with a proper coating
shell, such as coating HNLROs with LMROs shells, were
controllably prepared to effectively improve their high-voltage
cyclability (Fig. 11(e)) [93]. Taking Ni(OH),@Mn(OH), as
precursors and followed by a simple precipitation approach at
750 °C for 12 h, Jing Z. et al. successfully prepared a cathode
material of layered HNLROs (R3m) cores coated with thin
monoclinic LMROs shells (C2/m) (CS-750) [93]. CS-750 thus
prepared showed an outstanding high-voltage cycling stability
(Fig. 11(f)) with a capacity retention as high as 96% after

I~ %
I EEERL L

Tsinghua University Press

100 cycles at 0.1 C [93]. In-situ high-resolution synchrotron-based
XRD (HT-SXRD) technique revealed a continuous change in both
position and intensity of reflections (003, 104, 018) and the
absence of the splitting of reflections during the
lithiation—delithiation processes for highly stable core-shell
structures, as shown in Figs. 11(g) and 11(h). This unambiguously
indicates quasi-solid-solution reactions during the electrochemical
processes [93]. Moreover, all the reflections for CS-750 shifted to
higher angles within the voltage range from 4.2 to 4.6 V during
charging, implying a continuous shrinkage of unit-cells with the
changes of —1.8% for ¢ lattice constant and —5.9% for cell
volume [93].

Since HNLROs have been derived primarily from LMROs by
elevating the content of nickel, some of their natures, properties,
and performances are quite similar. Therefore, many modification
strategies capable of improving the performance of LMROs can be
lent for HNLROs as well. With these approaches, the progress in
performance improvement for HNLROs has been greatly made,
including the suppression of voltage decay and the escalation of
both capacity and high-voltage stability. For HNLROs, one of the
primary targets may be focused on the escalation of capacity and
high-voltage stability by increasing the cutoff voltage properly, as
done for LCOs. Once the capacity of HNLROs is comparable with
that of LMROs, the strengths would be more clearly seen. In this
sense, HNLRO:s still have a long way to go, including the design of
their chemical constituents and the exploration of novel
modification strategies.

4 Cobalt-free layered LNOs cathodes
As discussed above, the Co-free cathode oxides with high

@ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2023, 16(12): 1298313007

(a) (003)
o Observed
(104) —— Calculated
— — Difference
s (018)
s (015) (107) {110) PL
2
[}
[
3
£
WL
10 20 30 40 50 60 70 80 90 100

(9)

15 +
<
Q 4
£ 10
=
5_
0 +——4
3 4
Voltage (V)

24 26
20 (°, A = 0.2073 A)

82 84

20 40 60
Cycle number

—h
h

5.0

Votage (V)

0 50
Specific capacity (mAh-g™)

100 150 200 250

Charge Discharge
Lymraing e —0.1°//o'
1443
< 14.10; N o 7
©13.77 Ac = -3.0% Ac=0.4%
«’?101 -
L 97| av=-509% AV=0.1%
> 93
© 46
£S5 38 ——/\\
;? 3{CS-750
0 5 10 15 20
Time (h)

12995

Figure 11 (a) XRD patterns and the enlarged views of the (003) peaks and the superlattice peaks in the insets for HNLROs (black) and W-doped HNLROs (green),
and (b) their cycling performance at 10 C. Reproduced with permission from Ref. [23], © Elsevier Ltd. 2021. (c) HRTEM, SAED images, and element mappings of
Fe/F co-doped HNLROs. (d) TEM, HRTEM, and FFT images of pristine HNLROs, Fe-doped HNLROs, F-doped HNLROs, and Fe/F co-doped HNLROs after
200 cycles at 1 C. Reproduced with permission from Ref. [90], © American Chemical Society 2023. (¢) SEM image, element mapping, and (f) high-voltage cycling
performance between 2.7 and 4.6 V, and ((g) and (h)) crystallographic changes during the initial cycle within a voltage range of 2.7-4.6 V at 0.1 C for CS-750 s.
Reproduced with permission from Ref. [93], © Elsevier B.V. 2023.
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performance are undoubtedly the target to reach. Ni-based layered
oxides with a high Ni content (Ni > 80%) by replacing most Co
based on LCOs are currently one of mainstreams for both
fundamental research and practical applications because of their
lower cost, higher specific capacities, and energy densities [15, 42,
94-96]. However, many issues would also arise for LNOs such as
morphological damage [47,97], structural transformation from
layered to spinel-like, and/or rock salt-type phases, especially at the
surface [15,48, 56,98, 99], parasitic reactions with electrolyte and
thermal instabilities associated with high reactivity of Ni ions [56,
100]. Similar to other Co-based/Co-reduced layered oxides,
elemental doping/substitutions (W [26, 100, 101], Fe [49], Ti [34],
and Al [102]), surface modifications (ZrO [103], AL,O; [104], and
SiO, [105]), and morphology design are the most effective and
common ways capable of easing these issues.

4.1 Heteroatoms doping

Trace or minute element doping is one of the most common ways
of improving the performance of LNOs. Trace Al or/and Co could
be introduced into LNOs to form LiNije5C040:0, (NC95),
LiNig 5Aly 50, (NA95), and LiNiy95C0503Al50,0, (NCA95) with
similar particle morphologies for investigations of the roles played
by Al and Co. (Fig. 12(a)) [106]. Individual trace Al or Co doping
led to close capacity retentions for 500 cycles at 2C within a
voltage window of 2.5-4.2 V in full cells at 45 °C, such as 54.1%
for NA95 and 56.5% for NC95 [106]. The increase of Al amount
would improve the capacity retention up to 75% (Fig. 12(b)) as a
result of more effective suppression of charge transfer resistance
increase, side reactions, and surface degradation [106]. Also, less
severe cracking of particles was observed for NA92, suggesting the
effective prevention of both surface and bulk degradation by the
increased Al [106]. Therefore, LiNi Al,_ O, doped with Al may be
one of promising Co-free Ni-rich layered oxide electrodes because
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of their outstanding performance [106]. Although Co substitution
is effective in suppression of bulk degradation and Al substitution
is effective in suppressing surface degradation, their total quantity
and ratio upon co-doping also need to be taken into
considerations carefully and optimized, which is very important
for performance improvement [107]. W was also doped into
LiNiO, successfully to modify both crystal structure and primary
particle morphology via an ammonium tungstate flux [100]. W
dopants were revealed to occupy the Ni site and could
concurrently induce the migration of Ni** to the Li site (Fig. 12(c))
[100]. At lower temperatures of synthesis, tungsten was found
capable of inhibiting the growth of primary particles [100]. The
substitution of W* for Ni* at the 3a site would trigger the
presence of Ni** at the Li site for the sake of requirement of charge
neutrality (Fig. 12(d)) [100]. Manthiram A. et al. pioneeringly
performed the challenging work on rational compositional design
of high-Ni layered oxides within a limited range of doping
concentrations (< 10%) by exploring the intrinsic roles of critical
dopants such as Co, Mn, and Al in LNOs [97].

4.2 Surface modification

Surface modifications/treatments with the introduction of proper
active materials can be normally used for the suppression of
oxygen loss by different degrees during electrochemical processes.
However, upon introducing a coating layer with a proper
thickness at the surface of LNOs particles, whether the layer is
coherent or incoherent with LNOs would be dependent on the
similarity of their crystalline structures and the match degree of
their lattice parameters [25]. Normally, with a coherent interface
between the coated layer and LNOs, the ionically conductive layer
with great inertness to electrolyte is much more preferred, which
would be favorable for ionic transport and surface stabilization
and thus improve the performance more significantly [25, 51].
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Figure 12 (a) SEM images of LNOs, NC95, NA95, and NCA95 and (b) their cycling performance within a potential range of 2.5-4.2 V at 2 C and at 45 °C.
Reproduced with permission from Ref. [106], © The Royal Society of Chemistry 2021. (c) SEM images of W-doped LNOs with different W amount and EDX spectra
for the 1 mol% W-doped sample. (d) XRD profiles of W-doped LNOs prepared with varied synthesis temperature (top) and W contents (bottom). Reproduced with
permission from Ref. [100], © The Royal Society of Chemistry 2022. (e) Cycling performances of LNOs, NC, NM, and NA within a potential range of 2.8-4.4 V at
0.3 C, and (f) comparisons of their capacity, energy density, capacity retention, energy efficiency, and ICE. Reproduced with permission from Ref. [97], © Wiley-VCH
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Chen et al. explored the formation of a disordered layered
Li,_Ni;,, O, (R3m) at the surface of LNOs primary particles with
the controlled Li contents during high-temperature solid-state
reactions (Fig. 13(a)) [25]. An ordered surface (LNO-OS) for a
macroporous architecture within the agglomerates of LNO
primary particles was demonstrated using synchrotron-X-ray 3D
imaging and spectroscopic techniques after only 40 cycles,
accompanied by the reduction of nickel ions at the surface of
primary particles across the entire secondary particle (Fig. 13(b))
[25]. Such chemimechanical degradation accelerates the
deterioration of LNO-OS cathodes [25]. In contrast, the
disordered surface, which serves as a self-protective layer to
alleviate the oxygen loss, possesses the same layered rhombohedral
structure (R3m) as the inner core of primary particles of the
Li,_Ni;,, O, (x = 0) [25]. Only slight changes in the nickel valence
state and interior architecture of LNO with a thin disordered
surface layer (LNO-DS) after cycling were observed, which mainly
arose from an improved robustness of the oxygen framework at
the surface [25]. By introducing small amount of niobium, the
surface and structure degradation of LNOs could be effectively
suppressed via a facile solution-mediated Nb incorporation
method [48]. Full cells of niobium-treated LNO paired with a
graphite anode retained 81.8% of their initial capacities after
500 cycles for 0.5 C charge and 1 C discharge compared with
73.2% for untreated LNO (Fig. 13(c)) [48]. The introduction of Nb
was demonstrated to form Nb-contained oxide layers which can
enhance lithium-ion diffusion kinetics and reduce the loss of
active materials against long-term cycling (Figs. 13(d) and 13(e))
[48]. The enhanced structural integrity and thus electrochemical
performance of the niobium-treated LiNiO, are correlated to
decreased nanopore defects formed during cycling compared with
the untreated LiNiO, [48].

4.3 Morphology design

Surface modifications strategies are normally difficult to achieve
the desired morphologies of primary and secondary particles not
only for LNOs but also for other electrode materials. By designing
a desired architecture such as porous aggregates composed of
primary nanoparticles, a proper preparation approach needs to be
carefully selected for realization of the morphology, say, a
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conventional co-precipitation method [5, 15]. Undoubtedly, the
performance of an electrode material would be determined by not
only the intrinsic natures of primary particles but also the
properties of secondary particles assembled by primary particles,
such as particle sizes and their distribution, porosity, and grain
boundaries which are difficult to be separated from one another
for investigations of individual roles [4,5,32,42]. Kim M. et al.
prepared uniform and well-faceted SC-LNO particles with
different shapes for exploring the dependences of rate
performance and cycling stability on particle morphology and
surface [99]. Octahedron-shaped SC-LNO with the (012) facets
was revealed to show the better rate capability and improved
stability during kinetically slow anodic processes in the region up
to 3.5V, and cubic-shaped SC-LNO with the (104) facets had the
superior cycling stability, especially upon cycling at a high upper
cutoff voltage of 4.6 V (Fig. 14) [99]. Improvement in cycling
stability is correlated with reduced surface reconstruction and
preferential LiF formation through the interaction with the
electrolyte at the (104) surface [99]. These studies not only
demonstrate the important roles of morphology and surface
design for primary particles but also provide in-depth
understanding about achievement of desirable properties and
electrochemical ~ performance of LNO-based derivatives
cathodes [99].

With the increased interest in high nickel layered oxides
cathodes in recent years, the world-wide research on layered
LiNiO,-based derivatives has been rekindled again because of
potentially high capacity and relatively low cost, especially
compared with LCOs. However, their complicated phase
transitions and structure/surface instability during electrochemical
processes are sufficiently recognized as well. Fortunately, both
capacity and cycling stability have been remarkably elevated via
surface modifications, trace element doping, and proper
morphological design. However, at present, their practical
applications may be restricted predominantly by the most critical
issue, safety. In this sense, upon developing novel strategies, not
only performance improvement but also high enough safety need
to be required.
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Figure 13 (a) Schematic of the cross-section of a Li;_Nij,,O, primary particle for LNOs-DS. (b) Mechanochemical degradation of two cathodes in the discharged
state after over 40 cycles at 0.1 C for LNOs-DS (top) and LNOs-OS (bottom). Reproduced with permission from Ref. [25], © Chen, ]. N. et al. 2022. (c) Cycling
performance of pristine LNOs and Nb-LNOs. (d) X-ray diffraction patterns of LNOs and Nb-LNOs. (e) Impedance spectra of Nb-LNOs in pouch full cells.
Reproduced with permission from Ref. [48], © American Chemical Society 2023.
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and (i) capacity retention as a function of cycle number (i). Reproduced with permission from Ref. [99], © The Royal Society of Chemistry 2022. Figure 14 adapted

with permission from Ref. [99], © 2022 The Royal Society of Chemistry.

5 Potential anodes for layered oxides

For high-performance LIBs with high capacity, energy density,
and superior cycling stability, not only cathode materials with
desired performance but also proper anodes to pair with are
indispensable [96]. With the progress of novel cathodes with high
performance, potential anodes with great safety, stability, and high
capacity to pair with are also explored [107-110]. In reality, it is
greatly challenging to hunt for proper anodes which can well
match with different cathodes [111-113]. Some of the
representative anodes are shown in Fig. 15.

5.1 Carbon-based anodes

Of all the types of anode materials discovered so far, the carbon-
based anodes seem to be the most promising and are already
commercialized [114, 115]. However, traditional graphitic carbon
anodes have a relatively low theoretical capacity of 372 mAh-g™
with a low lithiation potential which corresponds to a saturated
lithium composition of LiC, regardless of a low Li-ion transport
rate (10>-10™ cm?s™) due to the regular arrangement of graphite
layers [116,117]. Carbon anodes with this capacity appear to be
quite good for layered LiCoO, cathodes, but not qualified for
those novel cathodes of Li-rich layered oxides with theoretical
capacities higher than 400 mAh-g’. To address the issue of
insufficiently high capacities of anode, great endeavor was made to
explore novel anodes with both high capacity and power such as
hard carbons (HCs) which are potential for future LIBs
technologies [118—120]. HCs have a structure of “house of cards”
with randomly packed graphite layers which allow Li ions to
reside into their nanovoids or to be absorbed at the surfaces of the
graphite sheets, and thus contribute to an excess Li storage

capacity [110, 114]. Aside from this larger utilizable capacity, HCs
have a larger interplanar distance (0.36-0.38 nm) than that of
graphite (= 0.33 nm), which can further facilitate fast transport of
Li ions in the graphitic lattices, thereby enabling high-rate
capability particularly desirable for power Li-ion batteries [120].
Despite these attractive advantages, HCs still have a serious
drawback of ICE as low as 50%-60% [121, 122], arising from a
large initial capacity loss, due to the large surface area of its
disordered graphitic texture [117]. This large initial capacity loss
consumes the Li ions in the electrolyte and needs to be
compensated by loading an excess amount of cathode materials,
and thus considerably weakens its capacity strength again [116,
123]. Consequently, this low ICE can significantly affect negatively
the cycling stability which would give rise to serious challenges for
practical applications of LIBs [124].

Therefore, it is imperative to develop new carbon-based
materials to meet the requirements of both the ICE and rate
capability. In fact, various prelithiation strategies have been
proposed to escalate the ICE of HCs and thus improve the
performance of LIBs upon employing LCOs as a cathode [19,
120]. However, few studies are reported to increase ICE without
prelithiation from a viewpoint of structure engineering. This
would be expected to be one of important promising aspects
which will be discussed on the basis of high ICE prelithiation-free
HC-based carbon anodes prepared with some potential synthesis
methods. Upon pairing with some cathodes, the full cells show
excellent performance.

Similar to cathodes materials, morphology control, surface
modifications, and heteroatoms doping are still three types of
effective approaches for performance improvement of novel
carbon-based anodes normally with a tradeoff between ICE and
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Figure 15 The milestones of anodic materials for LIBs.

rate-capacity [125]. Chen K. et al. fabricated hybrid anodes with
uniform mixtures of graphite and hard carbon, using industrially-
relevant multi-layer pouch cells (> 1 Ah) and electrode loadings
(3 mAh-cm™) [126]. By controlling the graphite/hard carbon
ratios, the performance of batteries can be systematically tailored
to achieve both high-energy density and highly efficient fast
charging [126]. Pouch cells with the optimized hybrid anodes
retained 87% and 82% of their initial specific energies after 500
cycles at high rates of 4 and 6 C, respectively (Figs. 16(a) and
16(b)) [126]. This is significantly higher than 61% and 48%, the
specific energy retentions with graphite anodes only under the
same conditions [126]. The enhanced performance is attributed to
the improved homogeneity of the reaction current throughout the
hybrid anode, which is supported by continuum-scale modeling
[126]. This process is directly compatible with existing roll-to-roll
battery manufacturing, representing a scalable pathway to fast
charging [126]. Xu H. et al. developed hierarchical carbon-based
hollow frameworks embedded with cobalt nanoparticles for
performance enhancement through pyrolyzing core-shell ZIF-
8@ZIF-67 polyhedrals synthesized via a seed mediated growth
method (Fig. 16(c)) [127]. The resultant hollow frameworks are
composed of the N-doped carbon as the inner shells and the
porous graphitic carbon embedded with cobalt nanoparticles as
the outer shells (Fig.16(d)) [127]. Benefiting from the unique
hollow architecture with large surface area and good electrical
conductivity, the anode materials exhibit good electrochemical
performance with improved specific capacities, high-rate
capability, and cycling stability [127]. More importantly, the
quantitative kinetic analysis revealed the crucial contributions of N
doping and the porous structure of graphitic carbon with cobalt
nanoparticles for boosting the performance of carbon-based
materials [127]. The rational design of the unique carbon-based
architecture and the understanding of the underlying mechanism
for the charge storage process are crucial to construction of
advanced carbon-based materials for high-performance LIBs (Fig.
16(e)) [127]. The transition from layered graphite to 3D crumpled
graphene (CG) was demonstrated to effectively trigger the surface-
controlled charge storage, which thus dramatically improved the
Li-ion charge storage kinetics and structural stability at low
temperatures [128]. The structure-controlled CG anodes prepared
via a one-step aerosol drying process showed a remarkable rate-
capability by delivering about 206 mAh-g” at a high current
density of 10 A-g™ at room temperature (Fig. 16(f)) [128]. At an
extremely low temperature of —40 °C, CG anode still exhibits a
high capacity of about 154 mAh-g™ at 0.01 A-g™ with excellent rate-
capability and cycling stability (Figs. 16(g) and 16(h)) [128].
Furthermore, both theory and experiments revealed that the
superior performance of CG anode stems predominantly from the
surface-controlled charge storage mechanism at various defect
sites [128]. This study supported the effective utilization of the

1990
Dahn,
Less graphitic anodes
Until now/

surface-controlled charge storage for improvement of both charge
storage kinetics and stability at low temperatures in terms of a
promising strategy of structure-controlled graphene.

As a typical and already commercialized anode material, great
progress has been made in carbon which can be paired with
multiple cathodes. Although ion-intercalation-type
commercialized graphitic carbon with different morphologies
could even deliver the capacities close to their theoretical value, for
commercial applications, the capacities are still an obstacle to the
escalation of energy-density for LIBs. Therefore, the emergence of
HC may bring about the promise for high energy density LIBs as a
candidate anode. However, several issues regarding solid-
electrolyte interphase (SEI), ICE, and safety remain to be
addressed. This may bring about great challenges for
commercialization and practical applications of HC-based LIBs.

5.2 Silicon-based anodes

Silicon (Si)-based anodes have been the promising candidates as
another type of most prospective alternative for commercial
graphite because of their ultrahigh theoretical capacity of
4200 mAh-g' corresponding to fully lithiated Liy,Sis alloys
[129-131]. However, their challenges for practical applications are
mainly focused on large volume expansion as high as about 420%
during Li* insertion/deinsertion and low intrinsic conductivity
which leads to materials pulverization, electrodes failure, and
unstable SEI [132, 133]. To address the typical issues of Si anodes,
especially volume expansion, massive efforts have been made to
avoid materials pulverization via designing silicon nanostructures
[134-136], improve cycling stability through adopting novel
structures of SiO/SiO,-based anode materials [137-139], and
increase electronic/ionic conductivities through utilizing advanced
electrolyte additives and novel binders [140, 141].

Porous silicon can be divided into nano-sized structures and
micron-sized structures [136, 142, 143]. Nano-sized silicon anodes
with large specific surface areas can effectively relieve the volume
expansion of silicon to avoid cracking of materials and thus
enhance the cycling performance, which is one of mainstreams for
silicon anodes [125,129]. Si with micro-sized structures receives
much less attention because of much poorer performance relative
to that for Si with nanosized-structures, and will not therefore be
discussed extensively here. Collins et al. achieved Si nanowires
(NWs) with high loading (> 1.6 mg-cm™) by seeding the growth
from a dense array of Cu;sSiy NWs using tin seeds (Fig. 17(a))
[142]. A one-pot synthesis approach involves the direct growth of
CuSi NWs on Cu foil that acts as a textured surface for Sn
adhesion and Si NW nucleation [142]. The high Si NWs loading
can be realized by using high surface area CuSi NWs followed by
secondary growth of Si NWs as branches from both Si and CuSi
NW stems to form a dense Si active layer which was
interconnected by an electrically conducting CuSi array (denoted
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GmbH 2021.

as Si/CuSi) [142]. When employed as Li-ion battery anodes, the
Si/CuSi nest structure demonstrated impressive rate performance
with 41 mAhcm? at C/20, 31 mAhcm® at C/5, and
0.8 mAh-cm™ at 6 C (Fig.17(b)) [142]. Also, Si/CuSi showed
remarkable long-term stability with a steady areal capacity of
2.2 mAh-cm™ after 300 cycles (Fig. 17(c)) [142]. Tian Y. et al
addressed the challenge by in-situ preparing magnesium-doped
SiO, (SiMg,O,) microparticles with stable structural evolution
against Li uptake/release [136]. The homogeneous distribution of
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magnesium silicate in SiMg,O, (Figs. 17(d) and 17(e)) contributed
to building a bonding network inside the particle which raised the
modulus of lithiated state and restrained the internal cracks due to
electrochemical agglomeration of nano-Si [136]. The prepared
micrometer-sized SiMg,O, anode showed high reversible
capacities, stable cycling performance, and low electrode
expansion at high areal mass loading [136]. 21,700 cylindrical-type
fall cells based on SiMgO,-graphite as anode and
LiNiy5Coyg5ALs0, as cathode demonstrated a 1000-cycle
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of Si/CuSi NWs with a Si loading mass of 1.02 mg-cm™. Reproduced with permission from Ref. [142], © Collins, G. A. et al. 2021. (d) SEM images of SiMg,0,@C, (the
inset is a magnified image for single particle). (¢) XRD patterns SiO, and SiMg,0,. (f) Cycling performance of SiMg,0,@C-/LiNi;3Coy;5Al,s0, pouch full cells.
Reproduced with permission from Ref. [136], © Wiley-VCH 2022. (g) Structure illustration of Si/C nanocomposites. (h) Cycling performance for different Si loadings
at 0.2 C. (i) Cycling performance of different Si/C samples at 1 C. Reproduced with permission from Ref. [133], © Wiley-VCH 2022. ((j) and (k)) TEM images of two
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[135], © Wiley-VCH 2023.

operation life using industry-recognized electrochemical test
procedures, which meets the practical storage requirements for
consumer electronics and electric vehicles (Fig. 17(f)) [136]. This
work provides insights into the reasonable structural design of
micrometer-sized alloying anode materials toward realization of
high-performance LIBs [136].

Furthermore, increasing the mechanical strength of anode
materials and constructing rigid conductive networks can also

minimize the effect of volume changes, which can improve the
performance of Si-based anodes [132,133,144,145]. The
introduction of carbon-based materials with high mechanical
strength and superior conductivity can enhance the conductivity
of Si anode on one side, and alleviate the detrimental effect of
silicon expansion as a protective layer on the other side [146, 147].
Hierarchical structures combining carbon coatings with other
carbon-based conductive materials, such as carbon nanotubes
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[131], carbon nanosheets [130,148], and graphene [144], have
been proposed to construct a robust protection layer to
accommodate the volume change and a conductive network to
maintain the integrity of electrode structures, which however
usually sacrifices high capacity of Si [133, 149]. A hierarchical Si/C
nanocomposite of robust carbon coatings and a firmly connected
carbon framework on the silicon surface was synthesized by
controlling the concentration of asphaltenes as carbon source and
hence desired phase separation during the subsequent
carbonization (Fig. 17(g)) [133]. The electrode made using this
special Si/C nanocomposite exhibits a high reversible capacity of
1149 mAh-g' after 600 cycles (Fig. 17(i)) with a capacity retention
of 98.5% and an area capacity as high as 23.8 mAh-cm™ for a high
mass loading over 10 mg-cm™ (Fig. 17(h)), which is one of the
highest area capacities reported with much more stable and
prolonged operations [133]. Xiao Z. et al. explored in detail the
mechanisms of surface modifications which enhanced the Si-
based anodes performance in combination with carbon
nanostructures [135]. The coating integrity may be a critical
parameter influencing the performance of core-shell structure
electrode materials (Figs. 17(j) and 17(k)) [135]. The coating
integrity of SiO,@C composite could be quantitatively described
by an index of alkali solubility a proposed by using a selective
alkali dissolution developed for tests. In detail, SiO, dissolution
loss had a significant impact on the overall electrode structure
stability and interface properties, i.e., the coating integrity and thus
the performance [135]. Because of the side reactions between
uncoated active SiO, and electrolyte, the quadratic decrease of
initial Coulombic efficiency and increase of solid electrolyte
interphase thickness with the rise of alkali solubility are closely
related to the generated F content induced by active material loss.
This was supported by the obvious linear rise of Li,SiF, fraction
which leads to the linear increase of interface impedance and
volume expansion rate and thus accounts primarily for the
performance deterioration (Fig. 17(1)) [135]. This work promotes
the fundamental understanding about the interface failure
mechanism and inspires rational high-performance electrode
material design [135].

Lots of studies have been focused on the nanostructuring of Si
for anodes materials because of its sufficiently high theoretical
specific capacity. However, the combination with carbon via
different manners to form various C/Si structures/architectures is
indispensable for significant improvement of performance which
not only can promote the electrical conduction but also alleviate
the expansion of volume effectively. This would facilitate the
adequate delivery of its capacity and the stabilization of long-term
cycling via accommodating the volume changes to prevent from
pulverization effectively. One should bear in mind that low ICE is
one of the most critical points for C/Si nanostructures to be
commercially applied. Novel strategies of prelithiation and
prelithiation-free surface/structure engineering are still in urgent
need. The C/Si nanostructures thus developed with desired
performance could be well paired with LNOs/LCOs-derived
layered oxides cathodes which would further increase the
performance of LIBs and also promote the discovery of novel
layered oxides cathodes simultaneously.

6 Conclusions and prospects

6.1 Layered LCO cathodic materials

Since the pioneering commercialization of LCO in 1991, especially
for portable electronic devices, search for novel cathode materials
with high energy density and low cost based on LCO has been
continuing. Meanwhile, the research on the high-voltage
performance of LCO, albeit with high Co content, is rekindled.
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The stabilization of structure at high voltages such as 4.5 V (vs.
Li*/Li) or above becomes the primary target in which more severe
lattice oxygen loss, phase transition (CoO, > Co;0,), crack
formation and particle pulverization, and interface side reactions
at high voltages need to be addressed. Structural stabilization via
various approaches including multi-element surface modifications
and dopings was realized by different degrees to show much
improved high-voltage performance, especially escalation of both
capacity and cycling stability. Some of the approaches are cheap
and up-scalable which can be employed for mass production.
Moreover, novel approaches capable of improving the
performance of LCOs are continuously to be hunted for. LCOs
with superior high-voltage performance would still be the
dominant cathodes for portable devices to promote the energy
density of LIBs further. This would still be the focus of
investigations about LCOs in near future.

6.2 Layered Co-reduced/Co-free cathodic materials

The scarcity and cost of cobalt really hinder large-scale
applications of LCO, and numerous novel layered Co-reduced/Co-
free cathodes with much lower cost have been discovered such as
LNCMO series (NCM532, NCM622, NCM8L11, etc.), LNCAO,
LMROs, HNLROs, and LNOs. Though the performance of these
oxides has been improved by careful design of chemical, surface
modifications, alien element dopings, and morphological and
structural control, their insufficiently high safety and energy
densities far from satisfactory still preclude their practical
applications.

For LNCMO series, the capacity and energy density still need to
be elevated though NCM532, NCM622, and NCM811 have been
commercialized with a relatively small portion of market.
However, the urgent point precluding their large-scale practical
applications is still safety which originates from the instability of
their structures leading to the abrupt heat release at relatively low
temperatures. With the resolution of this issue, the NCMO series
is expected to increase in the market rapidly and is the dominant
target for commercialization at present. Also, the design of
chemical constituents, surface and bulk modifications, and
preparation approaches are still receiving much attention, which
undoubtedly ~ promotes  in-depth  understanding about
electrochemical processes and thus triggers the emergence of
novel strategies for performance improvement.

LMROs could deliver quite high capacities but show a severe
voltage decay which is one of the most critical obstacles to their
commercialization. In terms of chemical constituents tuning,
surface and bulk modifications, and even structural and
morphological tailoring via various effective approaches, the ICE
and cycling stability have been enhanced remarkably which
renders it possible to be applied in the future. However, HNLROs
derived by replacing Mn by Ni with different quantities can
effectively mitigate the voltage decay but deliver relatively low
capacities and ICE. The potential of elevating capacity and cycling
performance is giant because of large design flexibility of chemical
constituents with a wide range along with various promising
modification approaches. Moreover, as already done for LCOs,
high-voltage strategies may hold for HNLROs to increase their
capacities dramatically, which has been actually seen. Therefore,
the leap in capacity achieved in the future may drive HNLROs
faster for practical applications, which makes them very promising
and competing for future generation cathode materials. Another
new type of cathode materials may originate from structurally
disordered Li-rich oxides based on LMROs by largely or fully
substituting for Mn with alien multi-elements alongside with
novel synthesis philosophies which may be revolutionized for
cathode materials and thus LIBs in the future.

) rf ?7‘\ i’é ik @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2023, 16(12): 1298313007

The interest in LNOs was rekindled owing to their higher
capacities and far lower cost compared with LCOs. Their relatively
low ICE and poor cycling stability as well as rate capability are
seen to be improved obviously as well which are however far from
satisfactory. The issue of safety characterized by large heat release
at relatively low temperatures is probably paramount which
cannot be circumvented as far as applications of LNOs. In reality,
this issue may be closely related to the complicated multiple phase
transitions during electrochemical processes. Accompanied by
performance improvement via diversified strategies proposed,
safety seems to receive less attention. Although LNOs were
extensively explored via surface modifications, trace element
dopings, morphological design, and adoption of efficient synthesis
approaches, in-depth and thorough understanding about their
complicated electrochemical processes still has a long way to go.
Nevertheless, LNOs-based high nickel layered oxides are quite
promising target cathodes for power LIBs in near future.

Although different cathodes above are encountered with
different issues, some problems are quite common as well. First of
all, their improved electrochemical performance is still far from
satisfactory from the perspective of practical applications which
needs to be further explored. Then, efficient and effective strategies
for dramatic performance improvement, along with synthesis
approaches, are normally difficult to be applied for mass
production and commercialization. Also, their complicated
electrochemical processes with underlying mechanisms for
different modification and synthesis strategies are not fully
understood, which may originate from the complexity of multiple
phase transitions involved and the restriction of currently-
available research paradigms and characterization methodologies.
Finally, safety is of paramount issue for all the cathodes which
needs to be well addressed via exploring novel approaches,
especially for power LIBs.

6.3 Novel potential matched anodes

To match novel cathodes, novel potential anode materials are also
quite in urgent need. The capacities of commercialized graphitic
carbon are quite narrow for next-generation LIBs, which thus
triggers the emergence of novel HC-based anodes with much
higher capacities. Although capacities even higher than
1000 mAh-g" and superior cycling stability could be achieved,
their common fatal shortcoming, ie., quite low ICE (< 70%
usually), is the biggest obstacle to their practical applications.
Therefore, novel efficient and effective prelithiation strategies and
surface engineering approaches are highly anticipated, which
would be the primary target of research. Similarly, nanosized Si
structures are faced with not only this issue but also large volume
changes during electrochemical processes and far poorer
conduction despite a very high theoretical capacity. The
combination of carbon and nanostructured silicon including one-
dimensional (1D) nanowires, two-dimensional (2D) nanosheets,
and 3D hierarchically porous architectures, is definitely preferred
for developing current and next-generation anode materials for
high-energy-density LIBs. In addition, nanostructured C/Si-O
composites are also promising anode materials for future high-
performance LIBs. As a full system, proper match between
cathodes and anodes with high safety and electrochemical
performance is also quite important for the performance of LIBs.
This requires not only analyzing the properties and natures of
both cathodes and anodes and thus designing both LIBs structures
and their fabrication processes but also carrying out a great many
experiments to test their effectiveness.
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