SCIENCE CHINA
Chemistry

CrossMark

& click for updates

e MINI REVIEWS o
- SPECIAL TOPIC - Electrochemical Power Sources

December 2017  Vol.60 No.12:1483-1493
10.1007/s11426-017-9120-4

High-capacity lithium-rich cathode oxides with multivalent cationic
and anionic redox reactions for lithium ion batteries
Enyue Zhao, Xiqian Yu®, Fangwei Wang & Hong Li
Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

Received June 15, 2017; accepted August 9, 2017; published online October 20, 2017

Lithium-rich cathode oxides with capability to realize multivalent cationic and anionic redox reactions have attracted much
attention as promising candidate electrode materials for high energy density lithium ion batteries because of their ultrahigh
specific capacity. However, redox reaction mechanisms, especially for the anionic redox reaction of these materials, are still not
very clear. Meanwhile, several pivotal challenges associated with the redox reactions mechanisms, such as structural instability
and limited cycle life, hinder the practical applications of these high-capacity lithium-rich cathode oxides. Herein, we review
the lithium-rich oxides with various crystal structures. The multivalent cationic/anionic redox reaction mechanisms of several
representative high capacity lithium-rich cathode oxides are discussed, attempting to understand the origins of the high lithium
storage capacities of these materials. In addition, we provide perspectives for the further development of these lithium-rich
cathode oxides based on multivalent cationic and anionic redox reactions, focusing on addressing the fundamental problems and

promoting their practical applications.
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1 Introduction

Rechargeable lithium-ion batteries (LIBs) have occupied a
dominant position in the electronics field, and are considered
as the most potential energy storage devices to power elec-
tric vehicles as well as the electricity grid [1-5]. Large-scale
applications of lithium-ion batteries require the increase of
the energy density to a higher level. The currently cathode
materials for commercialized LIBs mainly include layered
structures (LiCoO, LiNi;3Co13Mnyj3) [6-8], olivine LiFePO,4
[9,10] and spinel LiMn,O4 [11,12]. Unfortunately, the spe-
cific capacity of these materials is intrinsically limited due to
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the exchange of at most one Li atom per transition metal dur-
ing the electrochemical process. Thus, developing lithium-
rich (or lithium-excess) cathode materials is a promising op-
tion to further increase the theoretical capacity and realize
high energy density LIBs [13—17].

Multivalent cationic (transition-metal) ions or multi-elec-
tron redox couples (e.g., Cr¥*/Cr®") are necessary to cycle
more than one Li atoms in the lithium-rich cathode oxides,
while not taking the anionic redox reaction (redox activities
on oxygen anions) into account [18-21]. The theoretical ca-
pacity of latent lithium-rich cathode oxides with multi-elec-
tron cationic redox reaction is shown in Figure 1 (blue col-
umn). Besides the multi-electron redox reaction of transition-
metal ions, also, the anionic redox reaction can take place in
some lithium-rich cathode oxides, which plays a critical role
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Figure 1 Theoretical capacity of latent lithium-rich cathode oxides with multi-electron cationic redox reaction (blue column) and anionic redox reaction

assuming that all Li atoms in oxides can cycle (olive column) (color online).

in achieving higher capacity [22-26]. Figure 1 (olive column)
shows the theoretical capacity of latent lithium-rich cathode
oxides with anionic redox reaction assuming that all Li atoms
in oxides can cycle. These high capacity Li-rich cathode ox-
ides seem to be promising candidate materials for high energy
density Li-ion batteries.

In this review, we will focus on several representative
high capacity lithium-rich cathode oxides, and present a
thorough and fine-grained overview of multivalent cationic
and/or anionic redox reaction on them. The pristine crystal
structure, electrochemical characteristic and multivalent
cationic/anionic redox mechanisms of these materials will
be discussed. Finally, promising perspectives for further
development of high capacity lithium-rich cathode oxides
with multivalent cationic and/or anionic redox reaction will
be suggested. We hope that this review will provide valuable
insights for designing high capacity lithium-rich cathode
oxides for lithium ion batteries.

2 Pristine crystal structures

It can be seen in Figure 1 (blue column) that the theoret-
ical capacity of Li-rich cathode oxides with multi-electron
cationic redox couple is much higher than that of the con-
ventional cathode materials. The ultrahigh specific capac-
ity of these materials is associated with multi-electron trans-
fer oxidation/reduction of the transition-metal ions. Among
3d-transtion metals reported so far, anomalous behavior of
chromium ions in the host structures has been found from a
series of studies on the chromium-based materials [20,27,28].
Trivalent Cr** in LiCrO, cannot be reversibly oxidized to Cr**
in lithium batteries [29]. Cr**, however, is reversibly oxidized
to Cr® when the trivalent Cr ion is substituted for Li/Mn in
LixMnO; [30]. Lii2CrosMno4O,, as a representative material
of solid-solution between Li[Lii3Mn;]O, and LiCrO,, pos-
sess high reversible capacity based on Cr**/Cr°* three elec-
trons redox reaction [20,27,28]. Figure 2(a) shows the typical
refined X-ray diffraction (XRD) patterns of Li; ,Cro4Mng4O5.
It can be seen that all peaks are assigned to a rhombohedral

lattice with space group R-3m except broad peaks found in
a 20 range of 20°-25°, which originate from Li and Mn or-
dering in transition metal layers [20]. The aberration-cor-
rected high-angle-annular-dark-field (HAADF) and annular-
bright-field (ABF) images of pristine Li; 2Cro4Mno40; along
the [100] zone axis (based on C2/m space group) are shown
in Figure 2(b, ¢), in which the distribution of atoms can be
clearly seen [20]. The Li>NigsMngsO, structure belongs to
hexagonal symmetry, in which oxygen ions are arranged in
a hexagonally close-packed (hcp) array, Ni and Mn ions are
located in all the octahedral sites of one layer and the Li
ions are located in all the tetrahedral sites of adjacent lay-
ers [19]. The Li,NipsMnosO; is very sensitive to air or mois-
ture, and experimental results have shown delithiated phases
(Li2-+NipsMng sO,) will easily form when expose it to air [19].
Orthorhombic Li;NiO, with the Immm space group, can hold
two Li per formula unit with Ni** and exhibits a higher po-
tential for the Ni**/Ni* redox couple compared to that in the
layered form of Li;NiO,, which is derived from overlithi-
ating LiNiO, [18]. Figure 2(d) shows the structure of or-
thorhombic Li>NiO; [31]. LizCugsNigsO», a solid solution of
orthorhombic Li>NiO; and Li>CuO», has a very high theoreti-
cal capacity based on the Cu**/Cu*" and Ni**/Ni*" multi-elec-
tron redox couples [31-33]. Due to the similar ionic sizes of
Cu*>* (0.73 A) and Ni** (0.69 A), Li,Cu,-.Ni,O; can form an
orthorhombic structure solid solution over the entire compo-
sition range from x=0 to x=1 [32]. It has been reported that
structural evolution in Li;CugsNipsO: closely likes those of
the parent Li;NiO, composition during delithiation process
[32].

Antifluorite-type structure LicCoOs; and LisMnOs have
been investigated as cathode materials for lithium ion bat-
tery [21,34,35]. Based on the Co*/Co*" and Mn*"/Mn*"
multi-electron redox couples, these materials have high
theory capacity. However, it has been reported that 1Li
could be extracted from LisCoO4 whereas LisMnO4 could not
be delithiated [21]. Figure 2(e) shows the antifluorite-type
structure of LisCoO, with the Li ions represented either as
atoms or as LiOj tetrahedra [35]. The two lithium ions’ local



Zhao et al.

Sci China Chem  December (2017) Vol.60 No.12 1485

> obs
—calc
obs-calc
bragg_position

Intensity (a.u.)

|
A

~yr

ZIU 4b éO 8IO 160 12I0 140
26 (Degree)

e e ws S8 G888 B8 S8 46 2e e e =
4 BE BE sE s ge. se Be EE B $5 BE 44 se &

B BB Ae R Bas b e B R

B e

Li(2)0,

Figure 2 (a) Refined XRD patterns for the pristine Li; 2CrosMno4O,. Atomic resolution (b) HAADF and (c) ABF images for the pristine Li; >Cro4Mno 4O, sam-
ple along the [100] zone axis. Reprinted with permission of Ref. [20], copyright 2015 American Chemical Society. (d) The schematic structure of orthorhombic
LizNiO,. Reprinted with permission of Ref. [31], copyright 2015 American Chemical Society. (e) Structure of LisCoO, with the Li ions represented as LiOs
tetrahedra. Reprinted with permission of Ref. [35], copyright 2010 American Chemical Society. (f) Environment for the two Li sites of LisCoO, showing the
local geometry: (top) Li(1) and (bottom) Li(2). Reprinted with permission Ref. [36], copyright 2012 American Chemical Society (color online).

environments in LisCoO, can be clearly seen in Figure 2(f).
The Li(1)O4 tetrahedron shares one edge and two corners with
Co0, tetrahedra, while the Li(2)Os tetrahedron shares only its
four corners with four CoO, tetrahedra [36].

Lithium-rich layered oxides (nominal composition of
Li2M03 or Li[Li1/3M2/3]Oz, M=Mn, Ru, II‘, etc.) Wlth
cation-ordered rocksalt-type structure have been extensively
reported as promising high capacity electrode materials for
LIBs [23,37-41]. These lithium-rich layered oxides possess
a similar structure as that of a-NaFeO, typed LiCoO,, a
commercialized layered cathode material for Li-ion batteries,
with the replacement of a portion of transition metal ions by
lithium ions in the transition metal layers [42,43]. Figure 3(a)
shows the structure of pristine Li[Li;3M253]O; in the [110]
projection, which displays the cubic close-packed O3 stack-
ing of the Li layers and the Li;sM,30; slabs, where each Li
atom is surrounded by six M atoms to form a honeycomb-like
ordering pattern [22]. LiMnO; is almost electrochemically
inert because of its intrinsic insulativity and unachievable ox-
idation of Mn*" during delithiation process. Meanwhile, all
the octahedral sites of the rocksalt structure in the Li-MnO;
are fully occupied, which make the similarly insertion of Li
into Li_MnOs is not feasible [44,45]. However, the fact is
that Li-MnOs is electrochemically active, presumably due

to the contribution of anionic for redox reaction. Due to
the similar structure between Li[Li;sMn,;3]O, and LiCoOs,
further attempts to improve the electrochemical properties
resulted in the discovery of a new series of composite cath-
ode materials such as xLi-MnOs-(1—x)LiMeO, (Me=Ni, Co,
Fe, etc.) which exhibit higher capacity and excellent stability
[46-49]. Nevertheless, these integrated materials present
complex layered structures as there is still ambiguity whether
the pristine structure of them consists of two phases or a
single phase. Figure 3(b) shows the typical XRD patterns of
lithium-rich xLi,MnOs-(1—x)LiMeO, materials, the super-
structure peaks between 20° and 25° is associated with the
ordering of cations (Li, Me and Mn) in the transition metal
layer of the layered lattice [SO]. LiRuO; has a minor struc-
tural difference compared with Li-MnQOs. C2/c space group
is usually used to describe LiRuO; while C2/m space group
is used to describe LixMnOs [41,51]. The difference can be
ascribed to a distortion of the rocksalt oxygen stacking. Also,
Miura et al. [52] suggested Li,RuO; can be better described
in the P2i/m space group due to the formation of Ru-Ru
dimers. Different from Li.MnQOs, deinsertion and reinsertion
of Li" in Li,RuO;s is possible, because of the Ru**/Ru’* redox
couple. Li;RuO; can also form a series of solid solution,
including LizRulfyMIlyOL Lilel]vySIlyO} and LizRU.l—yTiyO3,
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Figure 3 (a) Structure of pristine Li[Li;3M23]O: in the [110] projection. Throughout the figures: M is blue, Li is green, and O is red. Modified from reference
[22], and reprinted with permission of Ref. [22], copyright 2015 American Association for the Advancement of Science. (b) XRD pattern of lithium-rich
layered xLi;MnO;-(1—x)LiMeO, materials with major peaks numbered. The peaks are labeled according to R-3m and C2/m symmetry in the inset table. The
dashes for peaks 2—5 in the R-3m column indicate that there are no allowed reflections at these positions for the R-3m space group. Reprinted with permission of
Ref. [50], copyright 2011 American Chemical Society. (¢) Schematic diagram of disordered rocksalt-type solid-solution compounds between LiNig sTiosO, and
Li;sMo0040,. Reprinted with permission of Ref. [56], copyright 2015 Royal Society of Chemistry. (d) Refined XRD patterns of the cation-disordered rocksalt
structure oxides. Reprinted with permission of Ref. [59], copyright 2015 Elsevier.

with LixMnOs, Li;SnO; and Li; TiO; [41,51,53,54].

It has been reported the anionic redox reaction contributes
capacity for lithium-rich cathode oxides with cation-disor-
dered rocksalt structure [55-58]. Figure 3(c) shows a typical
schematic diagram of disordered rocksalt-type solid-solution
compounds between LiNigsTipsO. and LiisMoo4O> [56].
Figure 3(d) shows the typical XRD patterns of the cation-dis-
ordered rocksalt structure oxides, which belong to the space
group of Fm-3m [59]. In this cation-disordered rocksalt
structure, lithium ions and transition metal ions homoge-
neously distributed in the atomic site 4a, while anionic ions
distributed in the site 4b [59]. Generally, the well-crystallized
cation-disordered rocksalt samples are considered to be elec-
trochemically inactive. Recently, Lee ef al. [55] reported the
formation of a percolating network for lithium diffusion in the
lithium-rich cation-disordered Li;211M0g.467Cro30, material,
also, their calculation results according density functional
theory showed facile macroscopic lithium diffusion in the
lithium-percolating network is energetically possible in the
lithium-excess cation-disordered rocksalt-type structure.
Yabuuchi et al. [57] reported high capacity LisNbOs-based

system electrode materials with cation-disordered rocksalt
structure. LisNbOy crystal structure is composed of four
edge-shared NbOg-octahedras (NbsOe tetramer), and Li ions
are accommodated in a body-centered cubic lattice of the
NbsOys tetramers. Li;3NbosMno4O,, as a solid solution of
LiszNbO, and LiMnO,, possesses the enriched Li amount,
and in which Li ions migration throughout the particle by
site percolation is feasible [57]. Li,VOs, an electrochemical
reduction product of LiVO; in lithium batteries, has also
been reported to be electrochemically active as a lithium-rich
cation-disordered rocksalt phase [60].

3 High-capacity and multivalent cationic/an-
ionic redox mechanisms

Multi-electron cationic redox reaction can provide a way to
overcome the capacity limitation caused by the usual limit
of one electron per transition metal in an acceptable voltage
range that applies to cations in most of cathode materials.
As mentioned above, Li; 2CrosMno4O: possess high theoret-
ical capacity of 387 mA h/g based on multi-electron transfer
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of Cr¥*/Cr®". In addition, it has been proved experimentally
that the reversible Cr**/Cr®" multi-electron redox reaction in
Li; 2Cro4Mn 4O, can only be achieved in a wide voltage range
1.0-4.8 V [20]. During the charge and discharge processes,
there is a reversible migration of the Cr ions between octa-
hedral and tetrahedral sites, which results in a large extent of
cations mixing between transition metal and lithium layers.
Lyu et al. [20] using aberration-corrected high-angle-annu-
lar-dark-field (HAADF) and annular-bright-field (ABF) scan-
ning transmission electron microscopy (STEM) techniques
disclosed the structural evolution of Li; 2Cry4Mng+O, during
the first charge and discharge processes. The structural evo-
Iution schematic is shown in Figure 4.

Similar to Cr**/Cr® redox couple in Li;»CrosMng4O,,
Ni**/Ni** redox couple also has the potential to realize
multi-electron transfer in the Li;NiO, system materials. The
research of the electrochemical properties and phase stability
of the orthorhombic /mmm structure Li,NiO, was conducted
by Kang et al. [18]. Their experimental results and first
principles calculations all indicate that the orthorhombic
Immm structure is rather prone to phase transformation to
a close-packed layered structure during the charge and dis-
charge process. A conclusion that crystal field effects may
not be large enough to stabilize Ni** in a square planar envi-
ronment was obtained by detailed analyzing the crystal field
energy difference between octahedral and square-planar co-
ordinated Ni?". Lithium-rich cathode oxides Li;CuosNigsOa,

Sci China Chem  December (2017) Vol.60 No.12
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which also possesses potential Ni**/Ni*" redox couple with
multi-electron transfer, have a very high theoretical capacity,
and the capacity is nearly 400 mA h/g during the first delithi-
ation, however, only ~125 mA h/g is reversible [31,32]. The
irreversible capacity during the first cycle can be attributed to
the oxygen evolution and structural transformations. Oxygen
evolves before the Cu?"** or Ni***" transitions are obtained.
Ruther et al. [31] found that Li;Cuo sNiosO- loses long-range
order during charge and, similar to Li>NiO,, the phase trans-
formation from orthorhombic to a partially layered structure
also occurred. A complete understanding of the chemical and
structural changes occurred on lithium-rich cathode oxides
with multi-electron redox during the electrochemical reac-
tion process is very important for taking the full advantage
of the multi-electron redox processes.

Numerous research studies have shown that, the high ca-
pacity of some Li-rich cathode oxides is associated with the
anionic redox reaction. The capacity of Li- and Mn-rich lay-
ered cathode materials, for instance, depends not solely on the
cationic redox reactions, but also the anionic redox reaction
[40,61,62]. The future realization of reversible anionic redox
reaction may offer a great opportunity for the development of
high energy density Li-ion batteries. It can be clearly seen in
the Figure 1(b) that, all the lithium-rich cathode oxides show
ultrahigh theory specific capacity assuming all the Li ions in
the oxides can be reversibly intercalated/deintercalated. Ob-
viously, anionic ions must participate in the charge compen-
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sation in the electrochemical reaction to realize the ultrahigh
theory capacity. Numerous literature reports have confirmed
the origin of the high reversible capacity in lithium-rich cath-
ode oxides is closely associated with the anionic ion redox
reaction [22,63,64]. However, how anionic ions involve into
the charge compensation, and how the oxides structure re-
sponds to such anionic activities are still under fierce debate.

As to the traditional layered cathode oxides, including
LiCOOz, LiNiole’lojOz, LiNi1/3CO1/3M1’11/302, etc, the redox
reactions involved in the Li intercalation/deintercalation
mechanism are associated with Co*"/Co*" and/or Ni*/Ni*',
whereas the oxidation of Mn*" does not occurred [65,66].
The reversible capacity of these cathode materials is limited
within 200 mA h/g. However, the reversible capacity of Li-
and Mn-rich cathode oxides, such as Li; 2Mny 54Nio.13C00.1302,
can be higher than 300 mA h/g in the voltage range of
2.0-4.8 V [14,44]. Such high capacity far exceeds the ex-
pected one, which is calculated based on the redox reaction
of transition metal cations (Co*/Co*" and Ni*"/Ni*"). Lots of
research works have concentrated on the understanding of
this abnormal capacity, and the general viewpoint is that this
extra capacity is originated from the reversible oxygen redox
couple. Early reports by Lu ef al. [67,68] suggested that
the loss of oxygen from crystal lattice upon a high degree of
delithiation led to the high capacity. Koga et al. [69] reported
that a mixture of two phases is formed in the high voltage
plateau, and the origin of which is due to the difference
in stability for oxidized oxygen ions between the surface
and the bulk of the lithium-rich Li1_2M1’10454Ni0_13C00_1302
oxides. Meanwhile, they proposed the mechanism that the
reversible oxygen oxidation occurs within the bulk without
oxygen loss and the irreversible oxygen loss occurred at
the surface with densification of the host structure [70].
Armstrong et al. [71] using the differential electrochemical
mass spectrometry technique directly observed the oxygen
gas evolution in lithium-rich cathode oxides during the
first charge process. Also, they demonstrated the forma-
tion of localized oxygen hole without O—O dimerization
which they believed to be accounted for the extra re-
versible capacity in lithium-rich Li; 2Mng 54Nig.13C00.1302 [63]
Wang et al. took the lithium-rich Li;,Mng;s4Nig.13C00.130
(LizMnOs-LiNi;3C0,5Mn;30,) oxides as an example, and
detailed studied its electrochemical working mechanisms
which can be clearly shown in Figure 5(a—d) [15]. Figure 5(a,
b) shows the typical first charge/discharge voltage curves and
the corresponding dQ/dV plots of Li;2MngssNig13C00.130:
at 0.1 and 2.0 C (1 C=250 mA h/g) rates. Process (I) and
Process (II) in Figure 5(c, d) represent the delithiation
of LiNi;53CoisMny; and Lix-MnOs;, respectively.  Process
(II) and Process (IV) in Figure 5(c) show the discharge
process taking no account of reversible oxygen species,
they found the high discharge capacity of Li-rich oxides
cannot be fully accounted assuming only the formation of

Sci China Chem  December (2017) Vol.60 No.12

irreversible oxygen species. They suggested the charge/dis-
charge mechanism with reversible oxygen redox couple can
be assigned into five processes as shown in Figure 5(d). In
short, the Process (II) in Figure 5(d) is irreversible which
is correlated with Process (V). The high capacity of Li-rich
cathode oxides should be ascribed to the Processes (I11), (IV)
and (V). The oxygen activating reactions on the cathode’s
surface during electrochemical cycling have very important
effects on the structural stability and electrochemical perfor-
mances of Li-rich cathode oxides. Hy et al. [72] observed
the oxygen-related surface reactions using the in situ sur-
faced-enhanced Raman spectroscopy technique, and they
confirm the formation of Li>,O during the extended plateau.
The proposed surface reaction mechanism of Li-rich cathode
oxides oxygen activating members is shown in Figure 5(e)
[72].

In recent years, many studies aiming at revealing the new
anionic ions redox reaction mechanism of Li-rich cathode
oxides containing 4d and 5d metals (Ru, Ir, etc.) have been
carried out [23,54]. Tarascon ef al. [41] demonstrated the
oxygen redox process is an integral part of the mechanism
accounting for the high capacity displayed by Li-rich cathode
oxides through the studies of LiRu;,Mn,Os. Later, they
studied the Li;Ru;,Sn,0; series, in which Sn*" (4d'°) is not
easily reducible into Sn** and suggested the reactivity of
Li-rich cathode oxides towards Li entails cumulative cationic
and anionic reversible redox processes, owing to the d-sp hy-
bridization associated with a reductive coupling mechanism
[51]. The reductive coupling mechanism that they proposed,
as well as calculations accounting for superoxo-like species
and experimental results of detected oxygen release are
shown in Figure 6(a—d) [51]. Furthermore, they used Li>IrO;
as a model compound, in which Ir is a 5d metal and can
increase the covalency and minimize the unwanted cationic
migration, to visualize the O—O dimers via transmission elec-
tron microscopy and neutron diffraction [22]. Figure 6(e—h)
shows the TEM results of the charged LiosIrOs; sample,
the O-O pairs with short projected distances are marked
with dumbbells in Figure 6(g) [22]. Their findings deepen
the understanding of peroxo formation and localization, O,
recombination, which are closely related to the reversibility
of the anionic redox reactions.

Ceder et al. [73] identified the structural and chemical ori-
gin of the oxygen redox activity in layered and cation-dis-
ordered Li-rich cathode oxides using ab initio calculations.
They suggested oxygen oxidation in Li-rich oxides mainly
occurs by extracting labile electrons from unhybridized O 2p
states sitting in Li—O-Li configurations and, thus is unrelated
to any hybridized TM—O states. The structural and chemical
origin of the preferred oxygen oxidation along the Li—O-Li
configuration is shown in Figure 7(a—d) [73]. Experimentally,
the high capacity of several cation-disordered Li-rich cathode
oxides (Li1.21M00.467CI‘04302, Li2+2xMH1—xTi1—xO4, Lii 2Niy5Tiys-
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Figure 5 (a) First charge/discharge voltage curves and (b) the corresponding dQ/dV plots of Li; 2Mno 54Nio.13C00.1302 at 0.1 and 2.0 C (1 C=250 mA h/g) rates.
(c, d) Compositional phase diagrams showing two different electrochemical reaction pathways for the Li,MnO;-LiMO, (M=Ni,,3Co,3sMn;3) electrode. Reprinted
with permission of Ref. [15], copyright 2016 Wiley-VCH. (e) Proposed surface reaction mechanism of Li[Ni.Li(23Mn-3]O: for oxygen activating members
during charging and discharging (top) and charging/discharging curve showing the different process (bottom). Reprinted with permission of Ref. [72], copyright

2014 American Chemical Society (color online).

Moy150,, ete.) has been demonstrated to be originated from
both the anionic and transition-metal redox reaction [55-58].
In cation-disordered system Liu-,)3NbisMn;30,, Yabuuchi et
al. [57] clarified the role of anionic ions for the charge com-
pensation by using ab initio calculations. The partial densi-
ties of states of Lig)3Mn;3Nby30; at different delithiation
states were calculated as shown in Figure 7(e), and X-ray ab-

sorption spectroscopy (XAS) with both hard and soft X-rays
provided the experimental proofs. Although there are many
challenges for such oxygen active intercalation Li-rich ox-
ides, all of these theoretical and experimental findings lead to
a deep understanding of the anionic redox reaction which is
favorable for the development of higher-energy density cath-
ode materials.
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Figure 6 (a) The reductive coupling mechanism of two oxo-ligands coordinated to the transition metals leads to a single or double metal reduction depending
on the coordination mode of the O, moiety. (b) Representation of one LiM, honeycomb layer of the Li,RuosSnosOs as obtained from DFT calculations after
full structural relaxation for the lithium compositions x=2 (pristine), 1.5 (4 V) and 0.75 (4.6 V). The Ru, Sn, O and Li atoms are represented in blue, green, red
and yellow, respectively. The yellow bonds are shown to follow the distortion of the oxygen network. (c) Oxygen pressure evolution during the first charge,
first discharge and second charge for a Li,RuosSngsOs cell. (d) Gas profile of the first cycle for the same cell cycled at room temperature. Reprinted with
permission of Ref. [51], copyright 2013 Macmillan Publishers Limited. (e) [010] HAADF-STEM image of the charged LiosIrO; sample, demonstrating the
ordered sequence of the Ir layers corresponding to the O1-type structure. (f) [001] HAADF-STEM and ABF-STEM images of the same sample. (g) Enlarged
ABF-STEM image and (h) ABF intensity profiles along the O—O pairs with long (blue) and short (red) projected distances. Reprinted with permission of Ref.
[22], copyright 2015 American Association for the Advancement of Science (color online).

4 Conclusions and perspective

Lithium-rich cathode oxides are attractive candidate cath-
ode materials for the next generation lithium ion batteries
due to their large capacities based on the multivalent tran-
sition metals redox reaction and potential anionic redox
reactions. Compared with conventional cathode materials,
including Li-CoO,, LiNigsMngs0,, LiFePO,, LiMn,O; etc.,
lithium-rich cathode oxides with multivalent cationic and
anionic redox reactions can cycle >1 Li* per transition metal
and liberate the number of electrons the transition metal
exchanging per unit mass in the electrochemical activities
[1,5,48,74,75]. During the past decades, lithium-rich cath-
ode oxides have received wide attention in experimental
and theoretical researches. Table 1 briefly summarizes the
developed lithium-rich cathode oxides with multivalent
cationic and/or anionic redox reactions. It can be seen Li and

Mn-rich layered cathode materials show the most potential
in practical applications for high energy LIBs, although
there are still some problems need to be overcome, such as
capacity degradation, voltage fade.

In this brief review, several representative high capacity
lithium-rich cathode oxides with multivalent cationic and/or
anionic redox reactions were revisited. We generalized the
pristine crystal structure of these materials, focused on the re-
lationship between electrochemical characteristics and struc-
ture, and reviewed the multivalent cationic and anionic re-
dox reaction mechanisms associated with their high capacity.
With regard to the mechanisms of the multivalent cationic and
anionic redox reactions, it seems to be complex and debat-
able. Taking Li>NigsCuosO, as an example, the capacity of
this material should, theoretically, depend on the multi-elec-
tron Ni>*/Ni** and Cu?*/Cu*" redox couple. However, experi-
ments results show that a reversible Ni*"/** couple and oxy-
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Figure 7 (a) Local atomic coordination around oxygen consisting of three Li-O-M configurations in stoichiometric layered Li metal oxides (Li-M oxides).
(b) Chematic of the band structure for stoichiometric layered Li-M oxides such as LiCoO,. (c¢) Local atomic coordination around oxygen with one Li—-O-Li
and two Li—-O—M configurations in Li-excess layered or cation-disordered Li—M oxides. (d) Schematic of the band structure for Li-excess layered Li-M oxides
such as Li;MnOs. Reprinted with permission of Ref. [73], copyright 2016 Macmillan Publishers Limited. (e) Partial densities of states with electrochemical
charging in Liu,)3Mn;3Nb;;30; as calculated with the DFT method. Reprinted with permission of Ref. [57], copyright 2015 National Academy of Sciences

(color online).

Table 1 The electrochemical performances of Li-rich cathode oxides with multivalent cationic and/or anionic redox reactions

Lithium-rich cathode oxides

Initial specific capacity (mA h/g)

Measurement conditions

Li12Cro4Mno.402

Li; 2Mng54Ni0.13C00.1302

Li:NiO,
LizCuosNips0,
Li; 3Nbo3Mng 40,
Li>Rug 758102503
LizIro.75Sng.2503

~162
~260
~240
~320
~280
~220
~158

2.0-4.8 V, 38.7 mA/g, RT
2.5-4.7 V, 25 mA/g, RT
1.5-4.6 V, 12.5 mA/g, RT
1.5-4.3 V, 70 mA/g, RT
1.5-4.8 V, 10 mA/g, 60 °C
2.0-4.6 V, 15 mA/g, RT
2.5-4.6 V, 10 mA/g, RT

gen redox reaction contribute to the capacity, and almost no
evidence for the formation of Cu®* [31,32]. Multi-electron
transfer cationic redox reaction and anionic redox reaction
may simultaneously participate in the charge compensation
over the electrochemical process. For anionic redox reac-

tion, a reversible oxo- (0O?") transforms to peroxo-like (O2)*
(n=1, 2, 3) during the electrochemical reaction may be a gen-
erally accepted mechanism, in particular for lithium rich com-
pounds containing transition metal cations with strong cova-

lency [23,51,63].
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Figure 8 Challenges and further work for the practical applications of
Li-rich cathode oxides with multivalent cationic and/or anionic redox
reactions (color online).

Despite the tempting prospects of lithium-rich cathode ox-
ides with ultrahigh capacity, there are several challenges re-
stricting their further practical applications. Typically, the ir-
reversible O, gas release can lead to a series of negative ef-
fects on the electrochemical performances of electrode mate-
rials [47,76]. Multifarious challenges for lithium-rich cath-
ode oxides with multivalent cationic and/or anionic redox re-
actions, and the further work for their practical applications
are summarized in Figure 8. The origin of low initial Coulom-
bic efficiency is directly related to the O, gas release. Volt-
age fade during cycling will continuously decrease the energy
density of lithium-rich cathode oxides, and seriously restricts
their practical applications. Various synthesis strategies, ele-
ment substitution, and surface modification have been proven
to be effective approaches to optimize the electrochemical
performance of lithium-rich cathode oxides. For instance,
surface modification could stabilize the electrode-electrolyte
interface, improve the ionic or electronic conductivity when
appropriate surface modification materials are used. They
can also suppress irreversible phase transformation, decrease
cationic disorder in crystal sites, and reduce sensitivity to acid
species (e.g. HF) generated in the electrolyte. Finally, we
believe that the clarification of redox reaction mechanisms
would provide valuable insights for designing high capacity
lithium rich cathode oxides and thus accelerate their practical
applications for high energy density lithium ion batteries.
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