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Lithium-ion batteries (LIBs) are one of the most promising energy storage technologies for many
applications, such as environmentally friendly transportation. The cathode is the most important
material in LIBs and determines mainly their energy density, life and cost. Li-rich layered oxides
XLi2MnO3-(1-x)LiMO2 (M=Mn, Ni, Co) have been recognized as the most attractive candidates for
next-generation cathode materials due to their extremely high reversible capacity. However, severe
technical issues (mainly, the low initial Coulomb efficiency, poor rate capability, and voltage decay
during cycling) need to be addressed. In this review, we summarize recent research progress on Li-rich
layered oxide cathode materials. We focus on new strategies for tackling the technical challenges of
Li-rich layered oxide cathode materials, which include exposing preferential crystal planes, inducing
oxygen/lithium defects, forming spinel-layered or olivine-layered heterogeneous structures and tuning
the lattice structure. Future research directions for Li-rich cathode materials are finally proposed for
commercial applications.

Keywords: Lithium-ion batteries, Cathode materials, Li-rich layered oxides, Heterogeneous structures,
Cycling stability

1. INTRODUCTION

With the rapid development of electric vehicles and energy storage devices, the demand for Li-
ion batteries (LIBs) with high energy density and high power density has largely increased[1]. The
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energy density, long-term cycling stability and safety of LIBs are mainly determined by the
electrochemical performance of the electrode materials, particularly the cathode materials[2].
Conventional cathode materials such as LiCoO», spinel oxides (LiMn2Os), olivine phosphates
(LiFePOa), and layered oxides (LiMO2 (M=Mn, Ni, Co, etc.)) have attracted much attention[3, 4].
However, a low capacity density cannot satisfy the requirements of electric vehicles (EVs) and hybrid
electric vehicles (HEVs), which have longer driving ranges[5]. Li-rich layered oxide (LLO) cathode
materials, either as a solid solution or as a composite of layered LioMnOz and LiMO, (M=Mn, Co, Ni,
etc.), not only show superior reversible capacities exceeding 250 mAh g but also offer the advantages
of low cost, stability and safety. Therefore, Li-rich oxide cathode materials are regarded as the most
promising cathode materials for next-generation high energy-density LIBs[6-9].

The intrinsic structure of LLO materials consists of layered LiMO, (R3m) and LizMnOs
(C2/m), as shown in Fig. 1a. The monoclinic Li2MnOs structure can be considered a particular case of
LiMO: with an M layer consisting of an aperiodic sequence of one Li and two Mn atoms. Therefore,
both of these structures can be indexed by layered a-NaFeO2-type rock salt structures, where all the
octahedral sites of their closely packed oxygen arrays are occupied. For example, in the XRD pattern
(Fig. 1b) of 0.5Li2Mn0O3-0.5LiNiosMnos02, most peaks can be indexed to a single phase of a-NaFeO>
with a space group of R3m, while the splitting peaks of (018) and (110) and of (006) and (012) are
thought to be evidence for the degree of ordering of the layered structure. Furthermore, the wide and
slight peaks from 20°-25°are attribute to the monoclinic super-lattice structures of LiMne.
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Figure 1. The crystal structure of LLO materials. (a) Li-MnOg3 (space group: R3m) and LiMO- (space
group: C2/m). Reprinted with permission from The Royal Society of Chemistry. (b) XRD
pattern of 0.5Li2MnQO3-0.5LiNiosMnosO2. Reprinted with permission from the Electrochemical

Society[6].
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To understand the charge-discharge process associated with the complicated electrochemical
reaction mechanism, a classic two-dimensional phase diagram (Fig. 2) is used to show the
electrochemical reaction pathways of LLOs[6]. During the initial charge process, when the voltage is
charged to approximately 4.4 V, Li is extracted from the LiMO2 component with a simultaneous
oxidation of M3* to M**. When the voltage is up to approximately 4.5 V[6, 10-12], 2Li are extracted
from the Li.MnO3s component[13, 14], accompanied by the irreversible loss of oxygen to compensate
for the diffusion of lithium to tetrahedral sites in the lithium-depleted layer, thereby providing
additional capacity to maintain the structural stability. This mechanism has been confirmed by
scientists using MAS, NMR[15] and theoretical calculations[16]. However, only 1Li can be reinserted
into the Li layer, resulting in an inferior initial Coulombic efficiency. At the same time, the oxidation
of oxygen causes partial oxygen evolution accompanied by structural rearrangement, which leads to a
gradual change from the layer structure to the spinel-like or rock-salt structure in the redox reactions,
along with cycling[17-19].
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Figure 2. Compositional phase diagram showing the electrochemical reaction pathways for a
XLi2MnO3z-(1-2x)LiMO; electrode. Reprinted with permission from The Royal Society of
Chemistry[6].

Recent investigations on the electrochemical mechanism have revealed that anion redox might
supply additional capacity[20-22]. Pearce et al.[23] found that during the charge process of Li2lrOg,
there are some co-existing reversible cationic and anionic redox reactions. Simultaneously, this
phenomenon was visually observed by transmission electron microscopy (TEM) neutron diffraction
and X-ray photoelectron spectroscopy (XPS) experiments, which were consistent with the theoretical
calculation. This discovery opened up a new means for exploring the reaction mechanism of LLO
cathode materials.

However, LLO materials still face some obstacles for the real commercial application of LIBs:
(1) the Li2MnOs component in the xLi2MnOs-(1-x)LIMO, (M=Mn, Ni, Co, etc.) composite has low
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ionic/electronic conductivities, resulting in a large charge transfer impedance and thus inferior rate
stability; (2) during the charge/discharge process, side reactions between LLO materials and
electrolytes at high potentials likely occur, which transform the layer structure to the spinel/rock salt
phase, leading to poor cycling performance; (3) the traditional hexagonal layered structure can supply
only a 2D Li* diffusion plane, reducing the Li* transfer efficiency.

Researchers have made great efforts to overcome these obstacles of LLOs, and substantial,
promising progress has been made. In this review, we provide a detailed summary of the recent
research progress on LLO cathode materials with a focus on the strategies for performance
enhancement. The conventional methods, including element doping and surface coating, have been
well summarized by some reviews and are introduced briefly in this paper. We pay much more
attention to more recent and new efforts to increase the electrochemical properties of LLO cathode
materials, mainly the rate capability and cycling performance. These effective strategies include
exposing preferential crystal planes, inducing oxygen/lithium defects, forming spinel-layered or
olivine-layered heterogeneous structures, and tuning the lattice structure. Some of the strategies have
become hot topics and are seeing great progress in improving the structural stability and
electrochemical properties of layered Li-rich cathode materials. Finally, future research directions
regarding Li-rich cathode materials for L1Bs are proposed.

2. ELEMENT DOPING AND SURFACE COATING

Researchers have made great efforts to overcome these challenges of LLOs, such as element
doping and surface coating. These efforts have been well summarized by some reviews, and therefore,
we will introduce them only briefly. Elemental doping is thought to be a meaningful solution for
expanding the Li* diffusing channels and decreasing the amount of degradation because the elements
doped in the crystal structure of LLO materials play an important role in stabilizing the layered crystal
structures[21, 24-26]. A large number of publications reported that this method was feasible[27-38].
For instance, Wang et al.[27] doped large Sn*" into the transition metal layer of
Li2MnO3-LiMngsNios02 to broaden the Li* diffusion channels and enlarge the interplanar spacing of
the (003) plane. In addition, the doping elements did not change the pristine layer structure of LLO
materials; thus, they will not hinder Li* intercalation/de-intercalation and improve the electrochemical
performance. Similarly, Li et al.[28] reported that doping ‘super-large’ Y®* could expand the Li*
diffusion pathway, stabilize the crystal structure and enhance the cycling stability of Li1.2MnosNio.20a.

Building a surface protecting layer is also very meaningful and the most common method for
enhancing the electrochemical stability and improve the electronic or ionic conductivity of LLO
materials. A certain thickness of the homogeneous coating layer can restrain the side reactions between
the electrode and electrolyte, alleviating the metal-Li mixing in the crystal structure of LLO materials.
Many compounds coated on the surface of Li-rich cathode materials have been investigated, such as
various metal oxides[39-47], fluorides[48-53], phosphates[54-59], active cathode materials and some
organic materials[60]. Oh et al.[61] reported a new surface treatment method for the Li-rich cathode
material 0.4Li>MnO3-0.6LiNi13C013Mn1302, in which a hybrid coating layer is constructed, including
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a graphene oxide layer and a reduced graphene oxide layer, via hydrazine treatment on the surface of a
Li-rich cathode material. The resulting material had a higher electronic conductivity, and the surface
treatment stabilized the structure of Li-MnOgz and prevented the transition metal migration from the
transition metal layer to the Li slab during the cycling process because hydrazine could react with only
the Li2MnOs phase of 0.4Li2MnQOs-0.6LiNi13Co13Mny302. In addition, this surface treating method
can form a uniform coating layer and control the thickness of the graphene-oxide-coated material.
Therefore, the coated materials had excellent initial Coulombic efficiency (99.5%) (Fig. 3a) and
excellent rate performance (Fig. 3b). Liu et al.[62] aimed to reduce the voltage and capacity decay by
combining the doping and coating methods for Li1.17Nio.17C00.17Mngs02. They doped Mg?* in the bulk
Li layer of Li-rich materials because the ion radii of Mg?* and Li* are similar. Mg?* could enter the Li
site to avoid transition metal migration from the transition metal layer to the Li layer during cycling.
Meanwhile, coating LiMgPO4 on the surface of the material suppressed the decomposition of the
electrolyte. The hybrid treatment method improved the initial Coulombic efficiency and rate capacity,
showing good structure stability and slower voltage deterioration even at high temperatures (Fig. 3c
and d).
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Figure 3. (a) Voltage profiles of PS and HGO cathodes in coin-type half-cells between 2.0 V and 4.6
V with a 0.1 C-rate (=20 mA g ) at 24 °C. (b) Rate capabilities of coin-type half-cells with C-
rates increasing from 0.1 to 12 C between 4.6 V and 2.0 V at 24 °C. (c and d) Charge-
discharge profiles of bare and surface-modified Li-rich cathode materials at different cycle
numbers. Reprinted with permission from Wiley VCH[62].

3. EXPOSING PREFERENTIAL CRYSTAL PLANES

Despite the encouraging progress, the traditional doping and surface coating methods cannot
satisfactorily improve the electrochemical performance of LLO cathode materials, and they cannot
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meet the stringent requirements of electric-vehicle applications. To address these issues, some more
effective approaches must be explored to increase the comprehensive electrochemical properties. The
exposure of particular preferential planes could offer a fast intercalation/deintercalation pathway to
improve Li* transport efficiency and thus attract attention towards LLO cathode materials.

It is very important that Li ions be transported unimpededly in the layered structure of Li-rich
cathode materials[63]. The hexagonal layer structure with the R3m space group is indexed mainly by
the (001) plane arranged with a MOs (M=Ni, Co, Mn, etc.) octahedron, parallel to the Li* layers along
the a (or b) axis[64, 65]. However, the closely packed (001) plane hinders Li* transport along the ¢
axis, being electrochemically inactive for Li insertion/reinsertion during the charge/discharge
process[66, 67]. It was reported that Li-rich LLO materials with an exposed (010) plane on the surface
that is perpendicular to the (001) plane could supply a thoroughfare for Li-ion transport (Fig. 4)
compared with the other five facets of the hexagonal crystal structure[63, 68, 69]. Nevertheless, the
(001) face has lower surface energy; thus, LLOs easily expose the (001) plane on the surface.
Designing a Li-rich cathode material to promote growth along the ¢ axis would result in the exposure
of (010) facets more easily.
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Figure 4. Schematic illustration of two kinds of nanoplates and the microstructure of their surfaces.
Reprinted with permission from Wiley VCH[69].

Chen et al.[70] proposed a novel quasi-sphere hierarchical structure of Li-rich materials with
Li12Nio2MngeO2 nanoplates self-assembled during the conventional co-precipitation process, and they
confirmed the exposure of the (010) plane on the surface of materials (Fig. 5b) by high-resolution
transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED). This three-
dimensional network structure could provide excellent ion and electron transport channels for Li*
insertion/extraction. Therefore, the materials exhibited a superior rate capacity of up to 141.7 mAh g*
at 20 C (1 C=250 mA g) and excellent cycling performance (Fig. 5a). However, the high-temperature
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calcination of chemical lithiation would destroy the nanoplates and cause agglomeration, although high
temperature is essential for transition metals to achieve superior crystallinity[68, 71]. Recently, Xu et
al.[72] designed LLO nanoplates with (010)-oriented orthogonal arrangements via a hydrothermal
method, alleviating the tendency of nanoplates stacking on the high-energy exposed (010) plane
surface. At the same time, they found a spinel phase in the Li-rich layered structure by combining
XRD and TEM, which supplied Li* transport tunnels, improving the Li* transport kinetics and
stabilizing the crystal structure. Therefore, the materials presented a Coulombic efficiency of 93% and
excellent rate stability (Fig. 5c).
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Figure 5. (a) Comparison of the initial charge/discharge curves. Reprinted with permission from The
Royal Society of Chemistry. (b) Schematic illustration of hierarchical-structure lithium-rich
material. Reprinted with permission from Wiley VCH. (c) Rate capability at different rates of
LRLO-E2 with the OAN-ST structure and LRLO-E4 with the stacked nanoplate structure.
Reprinted with permission from the American Chemical Society[70,71].

4. INDUCING OXYGEN/LITHIUM DEFECTS

Vacancies play an important role in determining the electronic and ionic transfer performances
of Li-rich cathode materials[73, 74]. Qiu et al.[75] fabricated oxygen vacancies on the surface of a Li-
rich cathode material via a gas-solid interface reaction (Fig. 6), which was achieved by carrying out a
gas-solid reaction between Li-rich layered oxides and carbon dioxide to form Li.COs. At the same
time, the presence of oxygen vacancies could suppress the generation of O. gas, avoiding irreversible
Li>O loss from the structure, which leads to transition metal ion migration and structural phase change
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at high potentials of the initial charge process, further promoting voltage decay for the subsequent
cycling process. In addition, they proposed that the O*/O or O2 2 reversible redox reaction during Li*
insertion/reinsertion decreases Oz gas loss. This modified Li-rich cathode material showed excellent
electrochemical performance with an initial discharge capacity of 301 mAh g*! and an initial
Coulombic efficiency of up to 93.2% at 25 mA g. After 100 cycles at the same current density, the
capacity retention was almost 100%, and no obvious voltage decay was observed (Fig. 7a and b). Even
at the high temperature of 55 °C, the modified Li-rich cathode material also showed superior structural
stability, with a capacity retention of 93.27% after 150 cycles at a 1 C-rate (Fig. 7c).
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Figure 6. Schematic of GSIR between Li-rich layered oxides and carbon dioxide. Reprinted with
permission from Nature[75].

Almost at the same time, Chen et al.[76] reported that nano-SnO>-coated
Li12Mnos4Ni0.13C00.1302 would surprisingly improve the cycling performance and rate capacity. This
phenomenon was explained by the existing oxygen vacancies in the nano-SnO; coating layer, which
supplied a fast Li* transfer pathway because the high-valence-state oxygen would go through the
coating layer and improve the activation of LiMnQOs.

In addition to the oxygen vacancies that are profitable for Li-ion transfer in Li-rich cathode
materials, reducing the content of Li during the lithiation process, which dominates the Li vacancy,
could regulate the Li-rich layered structure. Xu et al.[77] prepared porous carbonate precursors by a
hydrothermal method and then incorporated different quantities of LIOH in the process of chemical
lithiation. This method generated the hetero-epitaxial layer-spinel structure of LLOs. The materials
showed a superior discharge capacity of 307 mAh g at 0.1 C and excellent rate stability. They
conjectured that at high-temperature calcination, a Li-deficient environment would cause transition
metal migration from 3b to 16d octahedron sites, along with Li* moving from 3a to 8a tetrahedron
sites, producing an epitaxial spinel structure in the layer structure (Fig. 8).
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Figure 7. (a) First charge—discharge profiles of pristine and GSIR LR-NCM at a 0.05 C-rate. (b)

Discharge-rate capacity after galvanostatic charging at a 0.1 C-rate before each discharge. The
capacity retention when performing charge—discharge cycles at a 0.1 C-rate for 70 cycles after
all the rate tests is shown. (c) Cycling performance of pristine and GSIR LR-NCM at 55 °C
achieved by applying a constant current density with a 1.0 C-rate. Reprinted with permission

from Nature[75].
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Figure 8. A possible mechanism leading to the hetero-epitaxial nanostructure in the S/LLO composite.

5. LAYERED-SPINEL HETEROGENEOUS STRUCTURE

Since the 2D layered structure of Li-rich materials suffers from poor electrochemical

electrochemical performance.

performance, a rational architecture design has been considered as an effective avenue for further
enhancing their

Composite cathode materials with different
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characteristics are always attractive because they can combine the advantages of different components.
It is meaningful to controllably synthesize Li-rich cathodes with desirable compositions and
hierarchical structures. A number of researchers have constructed hetero-structures for Li-rich cathode
materials. Thackeray et al.[78] first proposed the layered-spinel XLi2MnOs-(1-X)Liz+Mno. [
composite, which could vary the composition of the layered-spinel composite and the length of the
voltage plateau at ~4.5 V during the initial charge. This layered-spinel composite showed a superior
specific capacity and cycling performance. Spinel structure cathode materials such as LiM204 (M=Ni,
Co, Mn, etc.) facilitate 3D Li* diffusion and offer superior rate performance, which could offset the
drawbacks of Li-rich cathode materials[79-82]. Therefore, incorporating spinel Mn-based cathode
materials into/on Li-rich layered oxides to construct layered-spinel hetero-structure composites would
address the poor rate stability of LLOs and provide surprising capacity and cycling performance even
at high voltages[83-85].

Bhaskar et al.[86] incorporated Li[Nio5Mn15]O4 into
0.6Li2Mn03-0.4[LiC00.333Mno.333Ni0.333]O2 for different stoichiometric ratios, with the aim of
presenting the structural characteristics of Li-rich and spinel phases. The physical characterization
confirmed that the composite samples were successfully synthesized by combining gravimetric
analyses and XRD. At the same time, for different spinel contents, the electrochemical properties
appear prodigiously distinctive, although all the composites have a reasonable capacity.
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Figure 9. Rate performance of x LIR-(1 — x)LNMO (x=0.0, 0.3, 0.5, 0.7, 0.1). Reprinted with
permission from Wiley VCHI[86].

Among these materials of x{0.6Li2Mn0O3-0.4[LiC00.333Mno.333N1i0.333] O2}- (1
X)Li[NiosMn15]Os, the composites with x=0.5 and 0.7 exhibited superior cycling and rate
performances (Fig. 9), which resulted from the increased structural stability and fast Li*
intercalation/deintercalation pathways. Therefore, they concluded that optimizing the proportion of
composite materials was worth further investigation. Analogously, Chen et al.[87] coated spinel
LiNiosMn1502 on the surface of a Li-rich cathode material by a facile and low-cost method. This
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spinel coating layer could prevent the interface side reaction between the electrode and electrolyte and
be conductive towards Li-ion fast diffusion. Accordingly, the initial discharge capacity and rate
stability were strikingly improved.

The calcination temperature has an important effect on the transformation of the crystal
structure and thus the electrochemical performance[88,89]. Luo et al.[90] synthesized
Li1.2Mno.4C00.402 via a solvothermal-precursor method, which introduced the spinel-like phase in the
layer structure during the heating treatment process.

/// layered component spinel-like component

Figure 10. Schematic illustration of Li-ion diffusion within the assembled spheres of the electrode
materials (a) T8 and (b) T7 (T7:700 °C for 12 h; T8 800 °C for 12 h). Reprinted with
permission from Wiley VCH[90].
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The layered-spinel intergrowth structure was detected when calcined at 700 °C. This 3D
structure shortened the transfer pathway of Li" in the bulk of the resulting materials (Fig. 10) and
reduced the thickness of the solid electrolyte interface layer, leading to a lower charge transfer
resistance. Therefore, this layer-spinel material presented a highly improved rate capacity and cycling
stability, and its discharge capacity could reach 185.1 mAh g* even though the current density was
1200 mA g. However, the authors did not give a detailed quantitative analysis. Later, Pei et al.[91]
synthesized Li12MnosNio.2O2 by a polyol method with a calcination temperature from 500 °C to 900
°C, which would induce the formation of a spinel phase. They proposed that the electrochemical
performance was associated with the content of the spinel phase in layered-spinel-structure cathode
materials. Importantly, the ratio of the spinel phase to the layer structure was calculated by XRD
Rietveld refinement (Fig. 11). They found that the material showed the best cycling and rate
performances at 700 °C because the appropriate content of the spinel phase at this temperature could
minimize the influence on the intergranular structure.

Our group has also made some progress in the aspect of forming spinel structures in Li-rich
layered materials. We prepared a Li12Nio.13C00.13Mnoss02 material, which further reacted with
NHsHF> by a facile solid-phase reaction[92]. This reaction triggered the transformation from a layer to
a spinel structure and finally led to the formation of layered-spinel composite materials. This
heterogeneous structure, mainly on the surfaces of Li-rich particles, could suppress the side reaction
between the electrode and electrolyte, enhancing the cycling stability. Moreover, the presence of the
spinel phase supplied fast three-dimensional Li* diffusion channels, thus leading to superior rate
capacity. Meanwhile, it shortened the voltage plateau at approximately 4.5 V and increased the plateau
length by approximately 2.8 V during the initial charge—discharge process, resulting in an ultrahigh
initial Coulombic efficiency, which reached nearly 100%.

Carbon materials are ideal electronic conductors, which could offset the drawback of low
electronic conductivity in LLOs if carbon and Li-rich cathode materials are combined[93-95].
However, it is difficult to coat carbon on the surfaces of LLOs because carbon always shows a
tendency to reduce the transition metal ions at high-temperature calcination, which has a negative
effect on the crystal structure of materials[96, 97]. Xia et al.[98] fabricated a layered @ spinel @
carbon hetero-structure for Li-rich cathode materials by a novel method called bio-inspired coating.
This method employs a biomolecule dopamine as the carbon source, which is deposited on the surfaces
of LLOs by self-polymerizing in an alkaline solution to form a uniform polydopamine layer. The
subsequent carbonization process triggers the phase transition from layer to spinel, resulting in a multi-
layer hetero-structure material with facile electron transport pathways and 3D Li* diffusion channels.
This novel material has an extremely high discharge capacity of 334.5 mA h g* and excellent rate
stability.

6. OLIVINE-LAYERED HETEROGENEOUS STRUCTURE

In addition to Mn-based spinel cathode materials, olivine LiFePO4 as a cathode material has
great advantages with satisfactory structural stability and desirable electron/ion transfer pathways.
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Integrating LiFePO4 and Li-rich layered oxides will result in excellent electronic and ionic
conductivity, effectively improving the electrochemical performance. For example, Zheng et al.[99]
coated electrochemically active nano-LiFePO4 on the surfaces of LLOs by a facile sol-gel method.
They proposed that Fe would occupy the Li site to prevent transition metal migration after the surface
treatment of citric acid on the LLOs at high-temperature calcinations. PO4> would occupy the cubic
closely packed oxygen sites to change the local environment of the layer structure and stabilize the
transition metal, which immensely suppressed the voltage fade (Fig. 12b-d). In addition, LiFePOg as
the electronic and Li* conductors offered a fast charge transport pathway on the surfaces of the LLOs,
presenting an outstanding discharge capacity of 282.8 mAh g at 0.1 C and a superior cycling property
(Fig. 12a). In a similar way, Martha et al.[100] used solid electrolyte LiPON to coat LLOs by an RF-
magnetron sputtering method. This nanometre-thick Li* conductor endowed the LLO materials with
excellent rate stability and cycle performance.
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Figure 12. (a) Cycling performance and (b-d) charge-discharge curves of batteries based on LLMO,
LLMO-LFP3, and LLMO-LFP5 cathode materials at 0.5 C between 2.0 and 4.8 V (vs. Li/Li+)
at room temperature. Reprinted with permission from Wiley VCH[99].

7. TUNING THE LATTICE STRUCTURE

Since the O 2p band in polyanions has lower energy compared to the lattice O of Li-rich
cathode materials, polyanions could improve the structural stability if they partially substitute the
lattice O of Li-rich cathode materials. Additionally, the central element in polyanions would affect the
bond length of the transition metal and oxygen, regulating the electronic structure. Li et al.[36]
reported a novel strategy to decrease the M-O covalency (Fig. 13) and lower the O 2p band top by
incorporating the (BO4)™-like polyanion or its derivatives to substitute the lattice O, which could
stabilize the oxygen closely packed structure, improving the electrochemical performance. This
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modified material exhibited a superior initial reversible capacity of 319 mAh g? and an excellent
capacity retention of 94% after 80 cycles and 89% after 300 cycles of charge/discharge.
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Figure 13. DFT-simulated structure of Bx-LRM. Schematic diagram of the optimized crystal structure
of Bx-LRM with (a) BO4 and (c) BOgz; (b) and (d) show their local structures around the
polyanions, respectively. (e) Schematic diagram of the charge compensation mechanism before
and after boracic polyanion substitution. Reprinted with permission from Wiley VCH[36].
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Figure 14. Comparison of HAADF-STEM images, corresponding line profiles and crystallographic
model of as-prepared LLOs with and without PO4*>~ doping. (a) Pristine material along the
[010] zone axis. (b) 5% P@LLO material with a spinel surface and the layered bulk along the
[011] and [010] zone axes, respectively. Reprinted with permission from Wiley VCH[37].

In addition to (BO4)™, other polyanions such as PO4% and SiO4* were also explored to modify
the Li-rich cathode materials [37, 101]. For example, Zhao et al.[37] incorporated gradient polyanion
PO4* into Li-rich cathode materials by an ordinary co-precipitation method. They discovered a spinel-
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like layer of approximately 2 nm on the surface, which stabilized the closely packed oxygen structure,
facilitated Li* transfer, and prevented the side reaction between the electrode material and electrolyte
during the cycling process.

The presence of PO4* along the (010) zone axis was verified by high angle annular dark field-
scanning transmission electron microscopy (HAADF-STEM) (Fig. 14) and XPS. It was also found that
P occupied tetrahedral interstitial sites, inducing changes in the M-O and Li-O lattices. At the same
time, gradient POs> would cause the partial replacement of Mn by Ni or P on the surface of the Li-rich
cathode material, reducing the irreversible capacity loss during the initial Li insertion/reinsertion
process, leading to a high initial Coulombic efficiency of 86% compared to 72% of pristine Li-rich
cathode materials.

8. CONCLUSIONS

In this review, we briefly introduce the structure and charge—discharge mechanism of LLOs.
Some efforts and results of designing new Li-rich cathode materials to overcome technical challenges,
such as a low initial Coulombic efficiency, poor rate capacity and cycling stability, are summarized.
These efforts have yielded great progress in improving the electrochemical performance of Li-rich
materials, such as layered-spinel composite materials and 3D spheres self-assembled by nanoplates.
However, the detailed mechanism is not clear for these strategies, and the electrochemical performance
of Li-rich materials can be further increased. Based on recent progress, we believe that future research
directions for Li-rich cathode materials should focus on the following aspects: 1) precise and facile
control of the composition and structure of heterogeneous Li-rich cathode materials such as layered-
spinel oxides and clarification of their mechanism will be helpful in developing novel structures with
high electrochemical performance and structural stability; 2) because LLOs could show a high
discharge capacity in the voltage window of 2.0-4.8 V because of their unique charge—discharge
mechanism, which, however, leads to severe electrolyte decomposition, the development of LLOs with
a lower operating voltage range and superior electrochemical performance will be a significant
contribution to Li-rich cathode materials; and 3) exposing preferential crystal planes or forming 3D
porous structures to offer unobstructed Li* transfer pathways and improve the electrochemical
performance. However, these materials are usually inferior from the point of view of commercial
application in terms of their tap density and surface area. Hence, it will be helpful to increase the tap
density and lower surface area of these materials for practical applications.
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