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Abstract: Lithium-rich layered oxides (LRLO) are a wide class of innovative active materials used 

in positive electrodes in lithium-ion (LIB) and lithium–metal secondary batteries (LMB). LRLOs are 

over-stoichiometric layered oxides rich in lithium and manganese with a general formula 

Li1+xTM1−xO2, where TM is a blend of transition metals comprising Mn (main constituent), Ni, Co, Fe 

and others. Due to their very variable composition and extended defectivity, their structural identity 

is still debated among researchers, being likely an unresolved hybrid between a monoclinic (mC24) 

and a hexagonal lattice (hR12). Once casted in composite positive electrode films and assembled in 

LIBs or LMBs, LRLOs can deliver reversible specific capacities above 220–240 mAhg−1, and thus they 

exceed any other available intercalation cathode material for LIBs, with mean working potential 

above 3.3–3.4 V vs Li for hundreds of cycles in liquid aprotic commercial electrodes. In this review, 

we critically outline the recent advancements in the fundamental understanding of the physical–

chemical properties of LRLO as well as the most exciting innovations in their battery performance. 

We focus in particular on the elusive structural identity of these phases, on the complexity of the 

reaction mechanism in batteries, as well as on practical strategies to minimize or remove cobalt from 

the lattice while preserving its outstanding performance upon cycling. 

Keywords: lithium-rich layered oxides; secondary aprotic batteries; positive electrode materials;  

Li-ion; cathodes 

 

1. Introduction 

Developing effective and sustainable energy storage is a key societal challenge for 

the enforcement of reliable collective actions at a world level to mitigate the CO2 concen-

tration increase in the Earth’s atmosphere and possibly to pave the way for its reduction 

in the second half of this century [1]. Currently, various technologically accessible energy 

storage devices are on the market, each tackling a specific need and thus filling a specific 

market niche. As an example, water dams deal with massive energy storage are used to 

supply power to the energy grids in the consumption peaks, lead–acid batteries are una-

voidable power devices used to start internal combustion engines in cars, whereas Li-ion 

batteries feed energy into all of our innumerable electronic mobile apparatuses [2]. On the 

other hand, the market diffusion of electric vehicles, as well as the upgrade to the nation-

wide energy grids to continental-based smart energy networks, is pushing the current 

energy storage technologies to their limits, thus requiring innovative breakthroughs. 

Li-ion batteries (LIBs) are the most remarkable success case in the energy storage 

technology landscape in the last fifty years: [3] their unique configuration allows for a fine 

tuning of performance and properties to meet diversified application needs. This is spe-

cifically thanks to their flexible combination of positive electrodes/electrolyte/negative 

electrodes components [4,5]. Since their market presentation in the early 90s, the most 

limiting performance factors of LIBs deal with costs and the gravimetric-specific capacity 
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limits. To tackle these drawbacks, the international R&D community has been working 

hard over the last thirty years to shift from LiCoO2 to high-capacity positive electrode 

materials, from carbonate-based liquid electrolytes to solid-state ones, and from graphite 

to high-capacity negative electrode materials [3,6]. Recently, the European Union catego-

rized the various battery chemistries into “generations”, starting from the 

(+)LiCoO2/EC:DMC LiPF6/graphite(−) Generation 1 (i.e., EC = ethylene carbonate, DMC = 

dimethyl carbonate), and extending to the innovative Generation 3a and 3b (high capacity 

lithium-ion batteries), Generation 4a (solid-state lithium metal batteries), Generation 4b 

(lithium–sulphur batteries) and Generation 5 (lithium–oxygen and beyond-lithium bat-

teries) [7]. Currently battery manufacturers are addressing the transition from Generation 

2 to Generations 3a and 3b, whereas all next generations are still under development in 

R&D laboratories worldwide. It is important to underline that the most remarkable bot-

tleneck of generation 3a and 3b is the capacity limitation of positive electrodes, that barely 

exceed 150 mAhg−1 in respect to the mass of the cathode active material. Given this meagre 

gravimetric performance, it is not surprising that positive electrodes accounts for the ma-

jority of the sum of the active material mass (negative + positive sides) in any Li-ion bat-

tery (e.g., twice the mass of graphite, five times the mass of tin, twenty times the mass of 

silicon, with C, Sn and Si being popular negative electrode materials for Li-ion batteries). 

Thus, any capacity improvement of positive electrode materials highly impacts the overall 

performance of the entire battery and motivates strong drivers in R&D to develop inno-

vative families of cathode materials (e.g., Ni-rich layered oxides, high-voltage phospho-

olivines, fluoro-phosphates) [8–10]. Among these, lithium-rich layered oxides have 

played a pivotal role in recent years thanks to their compositional flexibility, very high 

practical capacities exceeding 200–220 mAhg−1, satisfactory working potential (3.3–3.6 V 

vs Li), good environmental compatibility and manufacturing processes similar to those 

for standard layered oxides [11,12]. 

Lithium-rich layered oxides (LRLO) are over-stoichiometric oxides rich in lithium 

and manganese, with the general formula Li1+xTM1−xO2, where TM is a blend of transition 

metals comprising Mn (main constituent), Ni, Co, Fe and others. Once formulated in pos-

itive electrode composite films, these materials demonstrate excellent reversible perfor-

mance for hundreds of charge/discharge cycles in aprotic lithium–metal and in aprotic 

lithium-ion batteries: their unique functional properties are rooted in the peculiar compo-

sition, structure, and extended disorder at crystalline level. There have been very intense 

R&D efforts in this field, aiming to develop innovative materials with minor (or even ab-

sent) Co-content (cobalt is a critical raw material), capable of delivering high coulombic 

efficiencies in batteries and high-capacity retentions for thousands of cycles, that can then 

be manufactured using facile and environmentally feasible protocols. 

In this review, we outline the recent advancements in the fundamental understand-

ing of the physico-chemical properties of LRLO as well as the most exciting innovations 

in their battery performance (see Figure 1). Here, we focus specifically on the analysis of 

the elusive LRLO crystal structure and de-lithiation/lithiation mechanism in Li-ion batter-

ies, as well as on the strategies to minimize or remove cobalt from the LRLO lattice with-

out damaging the performance. 
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Figure 1. Schematic diagram of topic discussed in this review. 

2. Structure and Reaction Mechanism 

Li-rich layered oxide (LRLO) cathode materials show an ambiguous crystalline struc-

ture, still debated among researchers. The typical X-ray diffraction (XRD) pattern, exper-

imentally observed for any LRLOs, can be indexed with the α-NaFeO2-type structure (see 

Figure 2a,b) or O3-type. This prototypal structure consists of TMs-based edge-sharing 

TM-O6 octahedral (TM = Ni, Co, Mn etc. in 3b site) transition metals layers, separated by 

layers of Li+ (3a site), where the oxygen planes (6c site) have an ABCABC stacking se-

quences and adopt R3̅m symmetry (hR12) [13]. However, XRD patterns of all LRLOs re-

ported in the literature also show broad and weak peaks in the 20–30° range (excitation 

wavelength, Cu Kα) that cannot be indexed by adopting the hR12 lattice. Currently, these 

diffraction lines are considered clues to the existence of an unresolved superstructure, 

with Li2MnO3 symmetry crystallizing in a monoclinic layered structure, that adopts a 

C2/m space group (mC24) as reported in Figure 2b [14]. In this lattice, Li ions occupy inter-

slab octahedral sites (4h and 2c) and slab octahedral sites (2b and 4g) together with Mn 

ions in (1:2) ratio, whereas oxygen atoms occupies 4i and 8j sites. The layered structure of 

Li2MnO3 is often described by using the notation Li[Li1/3Mn2/3]O2, where Mn ions are par-

tially replaced by Li ions and Li+ and Mn4+ form a locally ordered honeycomb structure 

[15,16]. 

The above-mentioned superstructure peaks originate from the symmetry-allowed X-

ray coherent scattering from lattice-planes, induced by the ordered LiMn6 motifs in the 

TMs layer. Thus, single-phase Rietveld refinement unavoidably fails to fully achieve an 

accurate structural reconstruction when assuming either the 𝑅3̅𝑚 or the 𝐶2/𝑚 proto-

type structures (Figure 2c), the real structure being a hybrid intermediate. 

Due to these structural peculiarities, there is not a general consensus on the way 

LRLO lattice is analyzed and discussed in the literature. In most cases, LRLOs have been 

described by using one between two very popular notations [17]: 

(a) (1-x)Li2MnO3·xLiMO2, as nano-composite of 𝑅3̅𝑚 and 𝐶2/𝑚; 

(b) Li1+xM1−xO2, as a single solid solution. 

According to Thackeray et al. [18], the structure of LRLOs has a composite character 

consisting of nanometer regions with Li2MnO3- and LiTMO2-like features. Bareño et al. 

[19], through a combination of diffraction, microscopy and spectroscopy, proposed a den-

dritic microstructure, where LiCoO2- and Li2MnO4-like structures coexists. The study on 

Li[Li0.2Mn0.6Ni0.2]O2, reported by Gu et al. [20], suggested a nanoscale composite with a 

structural integration of LiMO2  𝑅3̅𝑚  phase with Li2MnO3 𝐶2/𝑚 phase. In particular, by 

the use of atomic-scale Z-contrast imaging, X-ray energy-dispersive spectroscopy (XEDS) 

and electron energy loss spectroscopy (EELS), they observed the Ni segregation at the 

surface layers and grain boundaries, with the concentration increasing gradually from 

<20% in the inner part of particle to 50% in some superficial regions, while Mn is abundant 

in the core and deficient in the surface region. Despite oxygen having a more uniform 
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distribution, an increase in oxygen concentration was observed in the inner part of parti-

cles. Furthermore, Aurbach et al. [21,22] investigated a nanoscale composite structure of 

0.5Li2MnO3–0.5LiMn1/3Ni1/3Co1/3O2, demonstrating that the rhombohedral LiNiO2-like and 

monoclinic Li2MnO3 structures are integrated and interconnected at the atomic level. 

 

Figure 2. (a) XRD pattern of Li1.2Mn0.54Ni0.13Co0.13O2 acquired with a Rigaku SmartLab (Bragg-Bren-

tano geometry, CuKα radiation), (b) pictorial structure of LiCoO2 ( 𝑅3̅𝑚  symmetry; ICSD: 74330) 

and Li2MnO3 (𝐶2/𝑚 symmetry; ICSD: 165686) where Li and metals layers can be seen. Lithium is 

orange, Co is pink, Mn is green, and O is blue.(c) Rietveld refinement, obtained with GSAS-II of 

XRD pattern, assuming  𝑅3̅𝑚  or the 𝐶2/𝑚 symmetry. 

On the contrary, Jarvis et al. [14,20] reported Li[Li0.2Mn0.6Ni0.2]O2 to be a single-phase 

solid solution with long-range lithium ordering, resulting in a 𝐶2/𝑚 symmetry since they 

had no evidence of two-phase behavior. The studies conducted by Lu et al. [23] confirmed 

that these compounds are true solid solutions of an Li2MnO3-like structure. Additionally, 

Koga et al. [24] affirmed that Li1.2Mn0.54Co0.13Ni0.13O2 has a rhombohedral R3̅m structure 

with long-range √3ahex × √3bhex cation ordering using ND and electron diffraction associ-

ated with NMR and Raman spectroscopy. The electron diffraction pattern observed along 

the [1−10] zone axis cannot be considered to be a simple combination or nanocomposite 

of typical Li2MnO3 and LiMO2 materials. These results are in good agreement with the 

work of Jarvis et al. [25], which reported a monoclinic structure with a significant number 
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of thin planar defects along (001) planes based on diffraction STEM (D-STEM). Ates et al. 

[26] confirmed the presence of a single 𝐶2/𝑚 solid solution using selected-area electron 

diffraction (SAED), because some of the diffraction patterns can be solely indexed to this 

phase. 

Overall, the large compositional variety of LRLOs and their high defectivity even 

increases their structural complexity, thus making any facile structure clarification ambig-

uous and incomplete. In fact, several groups demonstrated the presence of multiple planar 

defects across the transition metal layers possibly classified as stacking faults [27,28], or 

interstitials/vancacies/anti-site defects [29,30]. Moreover, structural properties vary with 

the composition and with the synthetic technique used, from precursor mixing and an-

nealing conditions [31,32]. 

The structural ambiguity of LRLOs directly reflects on to the sluggish rationalization 

of the corresponding redox mechanism in batteries and the unsatisfactory comprehension 

of the structural evolution occurring during repeated cycles of electrochemical lithium-

ions extraction/insertion. In Figure 3a, the typical potential profile of the first cycle ob-

tained is shown for an LRLO with the Li1.2Mn0.54Ni0.13Co0.13O2 stoichiometry [33]. The first 

electrochemical process shows a two-step charge profile: a slope up to 4.4 V, where the Li 

extraction is balanced by the oxidation of transition metals (Co3+/Co4+ and Ni2+/Ni3+/Ni4+,) 

and a long plateau above 4.5 V, where the further lithium removal is balanced by the ac-

tivation of the O2−/O− redox couple [34,35]. The manganese is not involved in this first 

electrochemical process due to its stability in +4 oxidation state. The potential profile 

changes drastically after the first charge (Figure 3b), as well as in the following cycles, 

leading to the so-called voltage (or working potential) decay upon cycling and conse-

quently increasing the voltage hysteresis between charge and discharge. Focusing on the 

first cycle, it is important to underline that the electrochemical reaction occurring along 

the 4.5 V vs Li plateau in the first cycle is only partially reversible and disappears during 

the discharge step. In fact, the reinsertion of Li+ into the LRLO occurs not only by the 

exploitation of the Co/Ni/O redox couples but also by the reduction of Mn4+ to Mn3+/2+ near 

2 V [35]. 

The occurrence of lattice oxygen redox has been proposed in the literature to explain 

the extra capacity of LRLOs, which extends well beyond that achievable by exploiting the 

Ni/Co redox couples [36], and the observation of the 𝑂2 release in the first charge high-

voltage plateau [37,38]. However, the products of this anionic redox reaction are still ob-

jects of discussion. Tarascon’s group [39,40] proved the existence of O-O dimers and the 

formation of reversible O2n− by XPS measurements on Li2Ru1−yMnyO3 and Li2Ru0.75Sn0.25O2 

compounds. Then, Li et al. [41] obtained the direct observation of O−-O− dimers bonding, 

mostly along the c-axis of Li1.2Ni0.2Mn0.6O2. Chen et al. [42] confirmed the formation of 

oxygen dimerization and the presence of molecular 𝑂2 in Li2MnO3 using ab initio tech-

niques. On the other hand, many authors reported the formation of electron holes on ox-

ygen atoms, On− (n < 2), instead of dimer species. In this context, Luo et al. [43,44] demon-

strated for the two compounds Li1.2Mn0.54Ni0.13Co0.13O2 and Li1.2Mn0.6Ni0.2O2 that Li+ re-

moval is charge-compensated by the formation of localized electron holes on O atoms 

coordinated by Mn4+ and Li+ ions. Conversely, Gent et al. [45] proposed a novel mecha-

nism in which the oxygen redox with the formation of holes is always coupled with tran-

sition metals migration, {O2– + TM} → {O– + TMmig} + e –. 
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Figure 3. Typical potential profile of LRLOs (a) upon first cycle and (b) during prolonged cycling. 

One direct effect, induced by the molecular oxygen release in the phase composition 

and the structure of LRLOs after the first charge, is the interdiffusion of metal cations from 

the bulk to the surface of the single crystal particles, and the consequent phase reorgani-

zation (Figure 4) [46,47]. 

 

Figure 4. Schematic representation of the reaction mechanism of LRLOs during the electrochemical 

Li de-intercalation/intercalation and resulting structural changes. 

In fact, the oxygen redox activity has different structural effects in the particles bulk 

and on their surface. When it occurs in the bulk, it is reversible and increases the specific 

capacity delivered by LRLOs, as demonstrated by Assat et al. with the use of HAXPES 

technique [48]. Conversely, when the redox activity occurs in proximity to the particle 

surfaces, this facilitates the irreversible release of molecular oxygen, leaving 0D vacancies 

in the LRLO anionic sublattice [49]. As a consequence, and unavoidably, the accumulation 

of oxygen vacancies promotes cation mixing, stacking faults, segregation of new phases 

and irreversible changes in the oxidation state of metals. This structural degradation 

mechanism has been analyzed in detail by Cui et al. Supported by XRD, HRTEM and 

SAED measurement [50], they proposed a multi-step process. The structural degradation 
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of LRLOs consists of an initial stage associated to the irreversible loss of part of lattice 

oxygen and the formation of oxygen vacancies on the surface, followed by the migration 

of transition metal ions into the lithium layer. This interdiffusion results in a further cation 

mixing and triggers a layered-to-spinel structure transformation. The evidence of the for-

mation of a new spinel-like solid phase on the surface of electrodes after the first charge 

has also been proved by other groups. Xu et al. [51] investigated the surface changes of 

the samples before and after electrochemical cycling through electron energy loss spec-

troscopy (EELS) measurements. Converserly, Boulineau et al. [52] reported the first evi-

dence of Mn-Ni segregation, highlighting the motion of Mn ions from the surface to the 

bulk, while spinel distortion occurs on the surface with a thickness of about 2–3 nm. Other 

groups described the phase evolution of LRLOs upon cycling with the occurrence of a 

material densification and phase degradation, as reported by Armstrong et al. in 2006 [38]. 

According to this work, as a consequence of the oxygen release, there is the formation of 

oxygen vacancies near the surface, thus promoting the migration of TM ions from the 

surface to the bulk to occupy the empty Li octahedral sites in TM layers. The net effect is 

the densification of manganese and nickel in the octahedral sites in TM layers. Delmas 

and co-workers [53,54] extensively studied the structural evolution of LRLOs. They con-

firmed the densification model with ex situ X-ray diffraction during the first cycle. The 

densified phase grows from the surface while the inner of the particles does not change. 

Recently, Celeste et al. [55,56] extended the analysis beyond the first cycle on 

Li1.2Mn0.54Ni0.13Co0.13O2 and Li1.28Mn0.54Ni0.13Co0.02Al0.03O2 using XRD and Raman spectros-

copy. From the XRD analysis, the patterns showed the formation of a new phase during 

the first charge, with a very similar structure to the pristine one. Apparently, both pristine 

and densified phases can further reversibly exchange lithium ions cycle-by-cycle, while 

their relative amount changes. Remarkably, Celeste et al. proved using Raman spectros-

copy that the appearance of a peak shoulder could possibly be attributed to the spinel 

distortion. This suggested that even more complex multiphase dynamics are in play, with 

mechanisms operating from the inner core to outer layers of the primary particles of 

LRLOs. 

3. Open Challenges for the Development of LRLOs 

The full comprehension of the structural complexity of LRLOs and of their detailed 

reaction mechanism is essential to making these materials suitable for the commercializa-

tion. As discussed in the previous section, the current consensus is that the extra capacity, 

delivered by LRLOs beyond the tetravalent oxidation state of transition metal ions, is due 

to the anion redox reaction. However, the exact nature and identity of the products of this 

oxygen redox reaction (e.g., superoxidic or peroxidic pairs, de-localized distributed neg-

ative charge loss in the anionic sublattice, localized charged vacancies in the lattice, either 

cationic or anionic) is difficult to reveal and quantify, and is likely interplayed with the 

long-term cycling behavior of any LRLOs [36]. It is likely that the redox mechanisms in-

volving the oxygen redox couples are related to the local and mean composition of the 

LRLO. Indeed, it is the nature of the oxidized species to depend closely on the covalency 

of metal–oxygen bonds [44], the presence of cationic vacancies near the oxygen, the acti-

vation of migrations, the existence of charged vacancies in the negative sublattice, the lith-

ium concentration in the TM layer, etc. Furthermore, and unavoidably, any additional O2 

release in the first charge plateau [37,57] is necessarily interplayed with the formation of 

oxygen vacancies in the structure, the cation mixing, the formation of stacking faults, the 

segregation of densified new phases and/or the irreversible changes in the oxidation state 

of metals [58,59]. Remarkably, it is not still clear if these vacancies, or other 0D defects, are 

either a bulk or a surface phenomenon and if they can migrate from the surface to the bulk 

or vice-versa. Overall, the redox crystal chemistry and phase phenomena occurring in the 

electrochemical de-lithiation/lithiation of any LRLO is a very intricate process and, surely, 

affects the cycling performances and origins of the potential fading upon cycling. 
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From a structural point of view, the main consequences of the exploitation of the 

anionic redox activity are a gradual coordination transformation around the TMs layer 

stacking. The exact degradation mechanisms are not fully understood, and many hypoth-

eses have been discussed and validated on specific LRLO compositions, ranging from a 

structural shift to form a spinel structure [60,61] to the formation of densified layers [62]. 

Furthermore, the oxygen loss from the lattice is also interplayed with side reactions with 

non-aqueous electrolytes during the first de-lithiation, leading to the formation of lithium 

oxide, lithium carbonate, organic species, and the release of protons in the electrolytes 

[63]. These undesired electrochemical processes likely contribute to the large irreversible 

capacity loss and the low Coulombic efficiency observed in the first cycle. 

Overall, the development of effective and reliable LRLOs is challenged by a variety 

of drawbacks which it is important to rationalize and understand in order to improve the 

initial Coulombic efficiency, mitigate the working potential decay upon cycling and in-

crease the rate performance. Nonetheless, the foreseen competitivity of these materials in 

the battery market is challenged by the need for optimized manufacturing procedures to 

reduce the costs of using sustainable supplies of raw materials, and to integrate their pro-

duction into already existing industrial protocols and infrastructures. In this respect, the 

removal of cobalt from the structure of LRLOs is a key issue to improving their environ-

mental compatibility, minimizing the need for critical raw materials in the manufacture 

and reducing the costs [64,65]. Cobalt substitution can be achieved by a balanced blend of 

other metals. However, any alteration of the metal blend in the transition metal layer has 

inevitable effects on the electronic and crystallographic structure of the LRLOs as well as 

on its thermodynamic stability, thus affecting the resulting battery performance. Compu-

tational studies suggest that the reduction in the Co content in the LRLO lattice leads to 

an expansion of the structures due to the greater electronic distortions, i.e., Jahn–Teller 

defects [66,67]. This structural effect can promote the mobility of lithium ions thanks to 

weaker coordination but it also promotes the cation interdiffusion and reduces the elec-

tronic density of states at the Fermi level, possibly negatively impacting the electronic 

conductivity [67]. 

4. Progresses on Doping Strategies for LRLOs 

Doping is one of the most used strategies to improve the structural stability, mitigate 

the voltage fading and reduce the capacity loss of LRLOs. This strategy has also been 

adopted to reduce, or completely remove, cobalt from the structure. In this paragraph, we 

summarize current advancements to outline a comprehensive overview about the use of 

doping to obtain Co-poor or Co-free LRLOs. Table 1 reports the doping strategies and the 

electrochemical performance discussed in the following paragraphs. 

Table 1. Effect of Doping strategies on cathode performance. 

Doping Strategies Stoichiometry 

Specific  

Capacity (mAh g−1) 

1st Discharge Cycle 

Capacity  

Retention (%) at Cycle (X) 

Benchmark Li1.2Mn0.54Ni0.13Co0.13O2 363 
76% 

(200) 
[56] 

Co-poor 

Ni:Co:Mn Ratio 

Li1.15Ni0.32Co0.1Mn0.55O2 282.2 
90 % 

(10) 
[68] 

Li1.2Ni0.32Co0.04Mn0.44O2 225 
85% 

(100) 
[69] 

Li[Li0.2Mn0.6Ni0.1Co0.1]O2 350 
71.4% 

(100) 
[70] 

Li1.2Mn0.51Ni0.0725Co0.0725O2 185.1 98% [71] 
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(100) 

Yb3+ Li1.2Ni0.13Co0.127Yb0.003 Mn0.54O2 219.8 
84.4% 

(100) 
[72] 

Ti4+ Li1.167Ni0.36Mn0.383Co0.05Ti0.04 O2  186.6 
99.4% 

(10) 
[73] 

Al3+ 

Li1.14(Ni0.136Co0.10Al0.03Mn0.544) O2 212 
95.65% 

(100) 
[74] 

Li1.2Ni0.15Mn0.55Co0.05Al0.05O2 231.7 
98% 

(30) 
[75] 

Nb5+ 

Li1.2(Ni0.13Co0.13Mn0.54)0.8Nb0.02O2 287.5 
98% 

(300) 
[76] 

Li1.14Mn0.466Ni0.249Co0.046Al0.015Nb0.02O2 207 
98% 

(200) 
[77] 

Fe3+ 

Li1.2Mn0.56Ni0.16Co0.04Fe0.04O2 330 
82% 

(80) 
[78] 

Li1.2Mn0.56Ni0.16Co0.03Fe0.05O2 108.9 
96.1% 

(100) 
[79] 

Li1.2Ni0.133Mn0.534Co0.118Fe0.016O2 87.2 
79% 

(100) 
[80] 

Cr3+ Li1.2Ni0.16Mn0.56Co0.06Cr0.02 O2 200 
75% 

(50 
[81] 

Al3+/Zr4+ Li[Li0.2Ni0.13Co0.13Mn0.54]0.965Al0.02Zr0.015O2 245.5 
98% 

(550) 
[82] 

Li+/Al3+ Li1.28Mn0.54Ni0.13Co0.02Al0.03O2 264 
82% 

(200) 
[83] 

Ti4+/Zr4+ Li1.2Mn0.53Ni0.13Co0.13Ti0.01Zr0.01O2 204.1 
84% 

(400) 
[84] 

PO43− Li(Li0.17Ni0.20Co0.05Mn0.58)O1.95 (PO43−)0.05 252.4  [85] 

SiO44−/SO42− Li(Li0.17Ni0.20Co0.05Mn0.58)O1.95(SiO4)0.05 282.2 
71% 

(400) 
[86] 

Co-free 

Li:Ni:Mn ratio 

Li1.2Mn0.6Ni0.2O2 155  [87] 

Li1.1Ni0.35Mn0.55O2 160 
80% 

(150) 
[88] 

Fe3+ 

Li1.2Ni0.13Fe0.13Mn0.54O2 200 
80% 

(100) 
[89] 

Li1.2Mn0.585Ni0.185Fe0.03O2 232 
70% 

(200) 
[90] 

Li(Li0.17Ni0.17Fe0.17Mn0.49)O2 231.8 
73% 

(100) 
[91] 

Li1.16Ni0.19Fe0.18Mn0.46O2 259 
83% 

(100) 
[92] 

Cr3+ Li1.2Ni0.175Mn0.575Cr0.05O2 225  [93] 

Mg2+ 

Li[Li0.15Ni0.235Mg0.04Mn0.575]O2 127 
68% 

(50) 
[94] 

Li[Li0.2Ni0.195Mn0.595Mg0.01]O2  140.6 
62% 

(60) 
[95] 

Li+/Mn4+ Li1.25Ni0.125Mn0.625O2 185 
74% 

(150) 
[96] 

F− Li1.2Mn0.6Ni0.2O1.99F0.01 240 95% [97] 
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(100) 

Na+/PO43− Li1.2Mn0.6Ni0.2O2Na0.01(PO4)0.01 264.7 
86.7% 

(150) 
[98] 

Fe3+/Cl− Li1.2Mn0.585Ni0.185Fe0.03O1.98Cl0.02 183.9 
86.4% 

(500) 
[99] 

4.1. Co-Poor LRLOs 

Cobalt substitution is a remarkable challenge that unbalances the electronic structure 

and alters the thermodynamic stability of LRLOs. As an example, Kou et al. [68] showed 

the negative effects of the reduction of cobalt content on the discharge capacities and 

working voltages of a homologous series of LRLOs with general formula 

Li1.2Ni0.2−xCo2xMn0.6−xO2 (x = 0–0.05). In recent years, many different doping strategies or 

compositions have been investigated to prove the feasibility of Co-free or Co-poor LRLOs 

with promising performances from il LIBs. 

One of the most studied stoichiometry of LRLOs is Li1.2Mn0.54Ni0.13Co0.13O2 and it is 

often used as a benchmark point for understanding the impact of the reduction of cobalt 

by changing the Ni:Co:Mn ratio or by introducing new elements. Ramesha et al. [69] pre-

pared a series of LRLOs materials by varying the Ni, Mn and Co contents to identify the 

optimal ratio. In particular, Li1.2Ni0.32Co0.04Mn0.44O2 shows very small voltage decay and a 

capacity retention of 85% after 100 cycles. Redel et al. [70] investigated various stoichi-

ometries, Li[LiyMn1−y−2zNizCoz]O2, aiming at the reduction of cobalt: the stoichiometry 

Li[Li0.2Mn0.6Ni0.1Co0.1]O2 showed the best compromise between Co amount and electro-

chemical properties. In fact, the specific capacities and lithium diffusion coefficients de-

crease too much when cobalt is less than 0.1 in the structure. Hamad et al. [71] studied the 

interplay of cobalt and nickel contents in the LRLO by systematically studying a homo-

logue series of materials with stoichiometry Li1.2Mn0.51Ni0.145+xCo0.145−xO2 (x = 0, 0.0725). De-

spite the initial drop in the specific capacity, the Co-poor sample had an activated trend 

in the first charge/discharge cycles, with better capacity retention at the end of the test 

compared to the Co-rich. The superior performance in Li1.2Mn0.51Ni0.0725Co0.0725O2 was at-

tributed to the continuous activation of the Li2MnO3 lattice. 

Besides altering the Co:Mn:Ni relative ratios, cobalt reduction can be achieved by 

isovalent or aliovalent doping with other cations. As an example, Bao et al. [72] proposed 

a series of Yb-doped lithium-rich materials, Li1.2Ni0.13Co0.13−xYbxMn0.54O2. The best materi-

als obtained, with x = 0.005, exhibited a discharge capacity of 250.3 and 219.8 mAhg−1 at 

0.2 and 1C, respectively. Capacity retentions were 87.3 and 84.4% after 50 cycles at 0.2 C 

and 100 cycles at 1C. Kou et al. [73] prepared a series of Ti-doped, Co-poor, lithium-rich 

Li1.167Ni0.4−xMn0.383Co0.05TixO2 (x = 0, 0.02, 0.04 and 0.08). Ti doping has an impact on elec-

trochemical performance and the doped material with x = 0.04 showed the best perfor-

mance. It had a discharge capacity of 187 mAhg−1, with a capacity retention of 99.4% after 

10 cycles at 0.1 C. 

Among other methods, aluminium doping has been extensively used by many au-

thors. Guo et al. [74] proposed an Al-doped material with formula 

Li1.14(Ni0.136Co0.10Al0.03Mn0.544)O2 in close comparison to the Co-rich 

Li1.14(Ni0.136Co0.136Mn0.544)O2. The doped samples showed a slight decrease in discharge ca-

pacity but also improved cycling stability due to the apparent stabilization of the overall 

structure. Thang et al. [75] used the sol–gel process to synthetize 

Li[Li0.2Ni0.15Mn0.55Co0.1−xAlx]O2 (x = 0, 0.025, 0.05, 0.075), reporting the optimum content of 

Al to be about 0.05. In fact, the Li1.2Ni0.15Mn0.55Co0.05Al0.05O2 stoichiometry can achieve 237 

mAhg−1 and showed an improved structural stability. Additionally, niobium has been 

evaluated as a doping element and proven to be able to mitigate the discharge voltage 

decay, decrease the charge-transfer resistance, and improve the lithium-ion diffusion co-

efficient. Dong et al. [76] used solvothermal method to prepare a homologue series of 

LRLOs with general stoichiometry Li1.2(Ni0.13Co0.13Mn0.54)1−xNbxO2, where x = 0, 0.01, 0.02, 
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0.04. Samples with Nb amounts equal to 0.02 can achieve a specific capacity of 271 mAhg−1 

and a capacity retention of 98% after 300 cycles. Dong et al. also proved that Nb can effec-

tively stabilize the crystal structure and improve the charge transfer resistance upon cy-

cling. Recently, Liu et al. [77] confirmed the beneficial effects of Nb traces in Co-poor 

LRLOs by demonstrating an optimized LRLO stoichiometry, namely 

Li1.14Mn0.466Ni0.249Co0.046Al0.015Nb0.02O2. This material apparently exhibited excellent electro-

chemical performance as Nb doping improved the first cycle reversibility, leading to a 

remarkable capacity retention of 93% after 200 cycles. 

Iron is an earth-abundant element and is one of the best choices to replace cobalt 

thanks to its limited cost and +3 stable oxidation state, like aluminium ions: in fact, many 

authors have demonstrated its ability to stabilize the electrochemical behaviour of LRLOs. 

Nayak et al. [78] used iron to partly replace cobalt, obtaining a material with formula 

Li1.2Mn0.56Ni0.16Co0.04Fe0.04O2. The doped material can deliver a specific capacity of 254 

mAhg−1 and showed better rate capability and better structural stability than the Co-rich 

benchmark. More recently, Yi et al. [79] synthetized a series of materials with general stoi-

chiometry Li1.2Mn0.56Ni0.16Co0.08−xFexO2 (x = 0, 0.01, 0.03, 0.05, 0.08), and observed that the 

reversible capacity of the doped samples is larger compared to the undoped benchmark 

at very high current density. In particular, the sample x = 0.05, Li1.2Mn0.56Ni0.16Co0.03Fe0.05O2, 

showed the best performance with minor charge transfer resistance and enhanced Li-ion 

diffusion. Medvedeva et al. [80] prepared an iron-doped material, i.e., 

Li1.2Ni0.133Mn0.534Co0.118Fe0.016O2 with excellent capacity retention, thus confirming the 

strong mitigation of the voltage decay induced by the incorporation of the isovalent iron 

as a dopant. After 100 charge/discharge cycles, the discharge voltage potentials are 3.3V 

and 3 V, for doped and undoped samples, respectively, indicating the beneficial effect of 

iron in improving the structural resilience of LRLO upon cycling. 

On the other hand, Nisar et al. [81] successfully synthetized various Cr-doped lith-

ium-rich phases, i.e., Li1.2Ni0.16Mn0.56Co0.08−xCrxO2 (where x = 0.00, 0.01, and 0.02), using the 

sol–gel method. Apparently, chromium doping stabilizes the electrochemical perfor-

mance in prolonged galvanostatic tests as well as the interface stability between material 

and electrolyte. 

Co-doping has also been used in recent years to exploit synergistic effects arising 

from the simultaneous presence of two dopants. Ghorbanzadeh et al. [82] proposed Al/Zr 

co-doping in LRLO, i.e., Li[Li0.2Ni0.13−x+y/3Co0.13−x+y/3Mn0.54−x+y/3]AlxZryO2 (x = 0, 0.02, 0.03 and 

y = 0, 0.015, 0.03). They demonstrated that the presence of Al improves the structural sta-

bility, while the Zr enhances the specific capacity and the lithium diffusion. Celeste et al. 

[55] focused on the substitution of cobalt with lithium (over-lithiation) and aluminium, 

leading to a family of materials with general formula Li1.2+xMn0.54Ni0.13Co0.13−x−yAlyO2, 

where 0.03 ≤ x ≤0.08 and 0.03 ≤ y ≤0.05. Apparently, the decrease in the cobalt content leads 

to an expansion of the unit cell due to the enormous difference in the ionic radius of Co3+ 

and Li+. Concerning the electrochemical behaviour, the potential profiles highlight an al-

teration of the two-stage redox reaction in the first charge (slope below 4.4 V followed by 

the long pseudo-plateau at 4.5 V ve Li). Overall, the capacity delivered from the oxidation 

of transition metals decreases due to the redox inactivity of lithium and aluminium, while 

the increase in the ionicity of the metal–oxygen bonds partially decrease the extent of the 

high-voltage plateau. The combination of these two effects leads to a net increase in the 

first cycle coulombic efficiency. Furthermore, despite the reduction in the overall deliv-

ered capacity, all samples can reversibly exchange specific capacities over 200 mAhg−1, 

showing outstanding cycling stability. 

The impact of pseudo n-doping on the LRLO crystal and electronic structures has 

been elucidated by comparing the performance and properties of 

Li1.28Mn0.54Ni0.13Co0.02Al0.03O2 in close comparison with a Co-rich material, namely 

Li1.2Mn0.54Ni0.13Co0.13O2 [83]. The replacement of Co with Al and Li leads to the occurrence 

of native oxygen vacations and changes in the electronic structure. In fact, XANES meas-

urements demonstrated an increase in the net oxidation state of the nickel centres with 



Crystals 2023, 13, 204 12 of 19 
 

 

the formation of a small amount of Ni3+, additionally showing an increase in the 

Jahn−Teller defects compared to the Co-rich sample. The most relevant beneficial effect of 

this strategy is the remarkable reduction in the voltage decay: this behaviour can be cor-

related to the improvement in the LRLO structure stability upon cycling. In fact, post-

mortem XRD patterns and Raman spectra showed the superior structural retention of 

Li1.28Mn0.54Ni0.13Co0.02Al0.03O2 compared to Li1.2Mn0.54Ni0.13Co0.13O2. Feng et al. [84] used Ti 

and Zr co-doping to hinder oxygen losses during the first charge: the optimized material 

has an initial Coulombic efficiency of 84.2% and a suppressed voltage decay. Furthermore, 

the specific capacity is 229 mAhg−1 with a capacity retention of 84% over 400 cycles. 

Also anionic doping has been considered and demonstrated to stabilize Co-poor 

LRLOs. Zhang et al. [85] used PO43− polyanions doping in Li(Li0.17Ni0.20Co0.05Mn0.58)O2 to 

partly replace oxygen. In particular, Li(Li0.17Ni0.20Co0.05Mn0.58)O1.95 (PO43−)0.05 showed im-

provements in stability and in the discharge midpoint potential. Also SiO44− and SO42− pol-

yanions with a large radius have been introduced into LRLOs by Zhang et al. [86] showing 

larger Coulombic efficiencies in the first cycle and enhanced energy retention upon cy-

cling, as confirmed by the minor voltage decay in 400 cycles. In fact, after 400 cycles, the 

discharge capacities of Li(Li0.17Ni0.20Co0.05Mn0.58)O1.95(SiO4)0.05 and 

Li(Li0.17Ni0.20Co0.05Mn0.58)O1.97(SO4)0.03 sample are at 200.4 and 215.4 mAhg−1, respectively, 

approximately 30% larger compared to Li(Li0.17Ni0.20Co0.05Mn0.58)O2 (159.9 mAhg−1). 

4.2 Co-Free LRLOs 

Among all the possible Co-free LRLO stoichiometries, Li1.2Mn0.6Ni0.2O2 [100] is the 

most studied one. Amine et al. [87] proved that this material can exchange 240 mAhg−1 

with anodic potential cutoff as high as 4.6V vs Li, but with limited reversibility since spe-

cific capacity of the first discharge is only of 155 mAhg−1. However, the reversible specific 

capacity showed an activated trend being the discharge capacity at cycle 10 as large as 205 

mAhg−1. More recently, Manthiram et al. [101] demonstrated how the synthesis conditions 

and calcination temperatures/duration can enhance the electrochemical performance of 

Li1.2Mn0.6Ni0.2O2. 

Turning to other Co-free stoichiometries, Prakasha et al. [88] investigated the effect 

of the calcination temperature on the structural properties and the electrochemical perfor-

mance of an LRLO with composition Li1.1Ni0.35Mn0.55O2. This material was synthesized by 

the use of spray-pyrolysis combined with a calcination at 900 °C. Once casted in composite 

electrodes, this active material was able to deliver capacities of 180 and 100 mAhg−1 at 

current rates of C/10 and 1C. A rationalization of the impact of the annealing temperature 

on transport properties was proposed by Tuccillo et al. using DFT and partially-disor-

dered supercells: apparently the formation of large concentration of Ni/Li antisite defects 

between TM and Li layers can easily occur at temperatures larger than 700 °C [29]. 

Additionally, in the case of Co-free LRLOs, isovalent and aliovalent metal doping 

(including Na+, Nd3+, Al3+, Fe3+, F−, S2−, SO42− and PO43−) was used as effective strategy to 

improve structural stability and decrease voltage decay upon long-term cycling. For in-

stance, Manthiram et al. [102,103] reported a systematic study into the influence of cationic 

substitution on the reversible capacity of the first cycle. Manthiram suggested the possible 

inhibition of an oxygen redox reaction by a tailored doping of the LRLO lattice. Specifi-

cally, they considered the substitution of Mn in Li1.2Mn0.6−xNi0.2MxO2 with Ti and Mg and 

the substitution of Mn/Ni in equal amount in Li1.2Mn0.6−0.5xNi0.2−0.5xMxO2 with Fe, Al, Cr and 

Ga. Using this strategy, Manthiram demonstrated that the oxygen redox reaction and the 

extent of the first cycle high-voltage plateau both decrease by increasing the covalency of 

metal–oxygen bonds in the lattice. 

Laisa et al. [89] proved the enhancement of the functional properties in batteries of 

the parent Li1.2Mn0.54Ni0.13Co0.13O2 materials by the complete substitution of Co3+ with Fe3+. 

Both the Co- and Fe- LRLOs showed capacity exceeding 300 mAhg−1 in the first lithium 

de-insertion, but the reversibility of the Fe- LRLO was apparently doubled. In the same 

way, Wu et al. [90] used different contents of iron in a series of LRLOs with general 
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formula Li1.2Mn0.6−x/2Ni0.2−x/2FexO2 (x = 0, 0.01, 0.03, 0.05) to prove that the capacity decrease, 

occurring while removing cobalt, can be compensated by an optimized iron content. As 

such, they obtained an excellent first discharge capacity (~232 mAhg−1) and reduced po-

tential fading upon cycling thanks to the suppression of Ni-ion migration from the TM 

layer to the Li one. Wei et al. [91] determined, using computational and experimental tech-

niques, that the presence of Fe3+ in the LRLO lattice contributes to stabilize oxidized oxy-

gen species in particular by avoiding the accumulation of dimers, thus enhancing the 

structural stability of the de-lithiated LRLO. Recently, Pham et al. [92], by combining op-

erando OEMS (on-line mass spectrometry) and EIS (electrochemical impedance spectros-

copy) experiments, proved the gas evolution of CO2, O2 and POF3 upon the first charge 

and matched the gaseous release with interface resistance modification at the cathode-

electrolyte interface for an iron-doped LRLO with formula Li1.16Ni0.19Fe0.18Mn0.46O2. Their 

study showed that the mitigation of oxygen evolution reaction can decrease the layered-

to-spinel transition on the surface of the active material primary particles, thus leading to 

improved electrochemical performance upon cycling in half-cells. 

Chromium doping was investigated by Dahn et al. [23,93] that systematically ana-

lysed a series of LRLO with general formula Li[CrxLi(1/3−x/3)Mn(2/3−2x/3)]O2 (where x= 0, 1/6, 

1/4, 1/3, 1/2, 2/3, 5/6, and 1). Apparently, by a fine tuning of the chromium content, it is 

possible to stabilize a reversible specific capacity of 230 mAhg−1 with a mitigated loss of 

molecular oxygen. On the other hand, Lee et al. [104] focused on the evaluation of the 

effect of Cr substitution on the voltage decay of the Li1.2Ni0.2−x/2Mn0.6−x/2CrxO2 (x = 0, 0.05, 

0.1, and 0.2) series. Apparently, the substitution of Ni/Mn with the redox active Cr, on the 

one hand, increases the amount of Li+ de-intercalated from the sloping region thanks to 

the contribution of the redox couple Cr3+/6+, but at the same time decreases the LRLO struc-

tural stability due to the formation of Cr6+ centres and the distortion of the local coordina-

tion around the oxidized TM from octahedra to tetrahedra. 

Sun et al. [94] investigated the effect of Mg2+ in replacing the Ni2+ in 

Li[Li0.15Ni0.275−xMgxMn0.575]O2. The Mg-doped LRLO showed an activated potentials profile 

and after 50 cycles the specific capacities are 187, 185 and 183 mAhg−1, respectively, for x= 

0, 0.02, and 0.04. Furthermore, the substitution of Ni2+ with the smaller size Mg2+ ions in-

creased the structural stability without hindering the Li de-intercalation/intercalation 

from/into the lattice. Additionally, Wang et al. [95] focused on the evaluation of the effect 

of Mg doping on a Li1.2Ni0.2Mn0.6O2 cathode and confirmed that the addition of moderate 

amounts of Mg can stabilize the structure, keep high-capacity performance and increase 

ionic conductivity (e.g., the sample with 1% of Mg substitution of the Ni/Mn showed a 

discharge capacity of 226.5 mAhg−1 after 60 cycles). 

The effect of a simultaneous co-doping in a Co-free LRLO has been less thoroughly 

explored. Celeste et al. [96] investigated the substitution of Ni from Li1.2Mn0.6Ni0.2O2 by the 

addition of Li- and Mn-, and optimized a material with formula Li1.25Ni0.125Mn0.625O2. The 

over-lithiation apparently suppressed the first cycle high-voltage plateau without major 

effects on the reversible capacity: during the first 50 cycles, the optimized material showed 

an activated capacity trend and stabilized at 230 mAhg−1 at C/10 (40 mAg−1). 

Moving to anionic doping, Vanaphuti et al. [97] explored the effect of the incorpora-

tion of different anions (F−, S2− and Cl−) in the lattice of a Li1.2Mn0.6Ni0.2O2 LRLO. They 

proved that, among all anionic dopants, F− increases the mean working potential, im-

proves ionic conductivity, reduces cation mixing, and minimizes oxygen release. The 

LRLO phase, doped with 1% of fluorine anions, showed a 95% retention capacity after 100 

cycles. Liu et al. [98] synthetized Li1.2Mn0.6Ni0.2O2 doped with PO43− and co-doped 

Na+/PO43−. Double anion/cation doping promotes cycle stability, with a capacity retention 

of 86.7% after 150 cycles and a good rate performance with 153 mAh g−1 at 5C. The authors 

claimed that this strategy suppresses the spinel transformation and improves the struc-

tural stability upon cycling. Additionally, Nie et al. [99] used cation/anion co-doping of 

Li1.2Mn0.6Ni0.2O2 with Fe and Cl and optimized the Li1.2Mn0.585Ni0.185Fe0.03O1.98Cl0.02 compo-

sition. They demonstrated that balanced co-doping promotes lithium diffusion kinetic 
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and reduces the oxygen redox reactivity, resulting in improved Coulombic efficiency, bet-

ter rate performance and long-term stability. 

5. Conclusions 

Li-rich layered oxides are amongst the best alternative positive electrode active ma-

terials for the design and production of next-generation Li-ion batteries (i.e., generation 

4a), thanks to their possessing large specific capacities (>250 mAhg−1) and the highest spe-

cific energy (up to 900 WhKg−1) among all intercalation cathodes. LRLOs combines these 

excellent electrochemical properties with an improved environmental benignity, derived 

from the large content of manganese in their composition and the facile modification of 

the stoichiometry to reduce or remove cobalt. However, working potential fading, struc-

tural re-organization upon cycling, small Coulombic efficiency and unsatisfactory rate 

performance still hinder their transition from laboratory to manufacture and therefore the 

commercialization. As highlighted above, many of these drawbacks are rooted in the com-

plexity of their crystal structure and the elusive electrochemical reaction mechanisms in-

volved in cycling in batteries. Large efforts are still spent worldwide to shed light on these 

fundamental features of LRLO: currently many discrepancies are still debated in literature 

and various hypothesis have been experimentally validated concerning both the crystal 

structure and the de-lithiation/lithiation mechanism. Apparently, the variability of the 

possible LRLO composition, as well as the thermodynamic facility to incorporate defects 

into their structures, makes the process of generating a unified model for the interpreta-

tion of both aspects complex. 

The most relevant benefit of LRLO compared to stoichiometric layered phases (either 

Mn-rich, Ni-rich or balanced) is the possibility of completely removing cobalt from their 

lattice without there being major impacts on the resulting electrochemical performance. 

This result can be obtained by a synergistic strategy that involves the optimization of the 

material preparation and a balanced cobalt substitution with other isovalent/aliovalent 

redox/non-redox cations. In fact, the use of different metal blends in the TM lattice, the 

optimization of the annealing temperatures, the incorporation of cationic or anionic do-

pants as well as the use of coatings can alleviate the de-stabilization of the lattice induced 

by Co3+ removal. Apparently, many different doping strategies have been proposed in the 

literature, demonstrating various successful strategies to mitigate the fading of working 

potential and to increase the structural resilience upon cycling LRLO. Additionally, in this 

case, a generalized rationale is still missing, which is again likely due to the very wide 

variety of LRLO composition as well as the lack of a clear structural comprehension of 

these materials. 
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