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Abstract. The metastable O2-type cobalt-free lithium-rich layered oxide Li0.84Ni0.14Mn0.72O2 

was successfully prepared by a new all solid-state ion-exchange reaction from the P2-type 

sodium layered oxide precursor Na0.7[Li0.14Ni0.14Mn0.72]O2 using lithium chloride at moderate 

temperature. The particular oxygen stacking in the resulting O2-type structure is assumed to 

suppress the detrimental layer-to-spinel phase transition usually observed upon cycling in 
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conventional O3-type lithium-rich layered oxides due to the irreversible migration of transition 

metal cations, causing substantial voltage decay and capacity fading. Despite the existence of 

stacking faults originating from the P2-to-O2 topotactic reaction during the Na+-to-Li+ 

exchange, evidenced by X-ray diffraction simulation and high-resolution microcopy, the 

electrochemical tests conducted on the faulted O2-type positive electrode material revealed a 

greatly improved reversible (de)intercalation mechanism along with high specific capacity 

values. An operando X-ray diffraction study indicated that there are only small structural 

changes upon cycling and that they are stable and reversible. Moreover, operando X-ray 

absorption spectroscopy experiments showed that a large part of the capacity relies on the 

oxygen redox which is also reversible upon cycling.   

Introduction 

The main limitation to power portable devices and electric vehicles comes from the positive 

electrode side, for which the current available commercial materials (LiCoO2, LiFePO4, 

LiMn2O4 etc.) are suffering from low specific capacities (<180 mAh/g) and then low 

gravimetric (Wh/kg) and volumetric (Wh/l) densities. Therefore, the development safe and 

mostly high energy density cathodes (> 300 Wh/kg) is key to the implementation of large-scale 

rechargeable lithium-ion batteries. Apart from their electrochemical properties, the cost and the 

environmental impact of raw materials are increasingly taken into consideration. Although 

cobalt has been extensively used in lithium-ion batteries, this transition metal (TM) cation has 

not only become rare and consequently expensive, it is also harmful to health and the 

environment, and implies both political and ethical issues1. This element is now listed as one 

of the strategic raw materials defined by the European Union (EU) commission and may be 

subject to regulations in EU in the coming years. For those reasons, research has been dedicated 

to finding alternative materials to LiCoO2, leading to the development of cheaper NCA (Nickel, 
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Cobalt, Aluminum) or Ni-rich NMC (Nickel, Manganese, Cobalt) lithium layered oxides with 

lower Co content, along with other new cobalt-free layered oxides. 

Among the currently reported layered metal oxide positive electrode materials, lithium-rich 

layered oxides Li1+xM1-xO2 (M : 3d TM cations) are promising candidates for next generation 

lithium-ion batteries. The larger amount of lithium ions contributes to provide higher specific 

capacity (> 280 mAh/g) with batteries operating at a higher voltage (>3.5V vs. Li+/Li in 

average) than conventional lithium layered oxides LiMO2 due to the activation of the anionic 

redox2-4. The most famous and extensively studied lithium-rich layered oxide is probably 

Li1.2Ni0.13Mn0.54Co0.13O2
5-9. This positive electrode material can deliver a very high specific 

capacity of more than 300 mAh/g during the first charge, attributed not only to the TM cations 

Ni2+/4+ and Co3+/4+ redox but also to the participation of anionic oxygen redox O2-/δ-. However, 

practical applications are partly hindered by some major drawbacks including fast voltage 

decay and continuous capacity fading. The unstable nature of the oxidized oxide ions is 

responsible for detrimental structural changes upon cycling such as the irreversible layer-to-

spinel phase transition originating from partial oxygen loss at high voltage. Therefore, the 

battery has poor cycling performances (low rate capability) and low energy efficiency (large 

voltage hysteresis)10-12. 

A recent study by Eum et al. suggests that the main cause of voltage decay at a low lithium 

content is not necessarily the migration of TM cations itself, but rather that the TM ions 

permanently occupy Li sites during the subsequent charge/discharge cycles, preventing the 

successful return of Li ions within the interslab13. The study of the migration pathway in typical 

O3-type lithium-rich layered oxide structure further reveals that the oxygen stacking and the 

TMO6 environment are probably responsible for the easy intra-layer movements of small TM 

cations. Most lithium-rich layered oxides adopt an O3-type structure according to the 

classification proposed by Delmas et al.14, where the oxide ions pack in an ABCABC sequence 
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with lithium ions occupying octahedral sites in the interslab space, and TMO6 octahedra 

sharing edges with adjacent LiO6 octahedra.  

In contrast, in O2-type structures, the unique oxygen stacking sequence ABCBAB (or 

ABACAB) leads to octahedral sites for lithium sharing edges with one TMO6 octahedron on 

one side, but also one face with another TMO6 octahedron on the other side15. The migration 

of TM cations would inevitably occur but the strong electrostatic repulsions would restrict the 

movement of TM ions in the lithium interslab space and enhance their reversible return within 

their own original layers13. Paulsen et al. reported that the layered-to-spinel structural transition 

did no longer occur in O2-type Li2/3[Li1/6Mn5/6]O2
16; more recently, Umeno et al. studied the 

O2-type Li-rich layered ruthenium oxide Li1.22-xRu0.78O2 where the Ru migration is 

successfully blocked owing to the nature of the O2 stacking17.  

O2-type Li-rich layered oxides are metastable and cannot be obtained by common high 

temperature solid-state lithiation methods (>600°C). Their synthesis requires much lower 

temperatures of 120-300°C that can only be achieved by soft chemistry routes. They are 

obtained from a sodium-based P2-type structure by the Na+-to-Li+ exchange thanks to the 

planar and local gliding of the oxygen stacking layers. During this P2-to-O2 topotactic reaction, 

TMO2 layers made of edge-sharing TMO6 octahedra glide and the sodium prismatic sites in the 

interslab space gradually convert into octahedral sites where lithium ions are more stabilized. 

Most of the ion exchange reactions have been conducted with lithium salt (LiCl and LiNO3, 

mostly) in solvothermal conditions13,18,19,20 or via molten salts methods20,21,22. On the other 

hand, very few paper report solid-state ion-exchange reaction23. Herein, we developed a new 

all solid-state ion-exchange reaction using little excess of lithium chloride precursor at 

moderate temperature to prepare the metastable O2-type cobalt-free lithium-rich layered oxide 

Li0.84Ni0.14Mn0.72O2 from the sodium-based analogue P2-Na0.7[Li0.14Ni0.14Mn0.72]O2. The 

structural and electrochemical properties of the lithiated layered oxide were then studied. 
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Experimental Section 

Syntheses. Nickel oxide NiO and manganese oxide MnO2 precursors were both obtained 

from nitrates decomposition at 450°C for 15 hours under oxygen atmosphere. Sodium and 

lithium carbonates were dried under vacuum at 200°C for 15 hours. All chemical compounds 

were stored in an Ar-filled glovebox to avoid any air contamination. Sodium layered oxide P2-

Na0.7[Li0.14Ni0.14Mn0.72]O2 was prepared by solid state synthesis. Stoichiometric amount of 

Na2CO3 (Alfa Aesar, 99.5%) Li2CO3 (Aldrich, 99.99%) , NiO and MnO2 were grinded in an 

agate mortar in an Ar-filled glovebox (H2O and O2 < 0.5 ppm) at room temperature. Sodium 

and lithium carbonates were introduced with a 5% and 3% excess, respectively, in order to 

balance alkaline evaporation during thermal treatment. The mixture was packed in a golden 

crucible and introduced in a tubular furnace for a one-step calcination at 850°C for 10 days 

under air atmosphere. This very long heat treatment time for the synthesis of the P2-type phase 

was chosen in order to obtain a very well crystallized O2-type phase after the ion-exchange 

reaction, as proposed by Paulsen et al.24 After the heat treatment, the P2-

Na0.7[Li0.14Ni0.14Mn0.72]O2 phase was always stored in the Ar-filled glovebox.  

Lithium layered oxide O2-Li0.84Ni0.14Mn0.72O2 was obtained by ion-exchange reaction from 

P2-Na0.7[Li0.14Ni0.14Mn0.72]O2 by an all solid-state route. 250 mg of the sodium P2-phase were 

mixed with LiCl (Acrocs Organics, 99%) (1.5 moles of LiCl for 1 mole of P2-

Na0.7[Li0.14Ni0.14Mn0.72]O2) in an agate mortar in the Ar-filled glovebox at room temperature. 

The ion exchange was achieved by solid state reaction with LiCl rather than LiI which had 

been used by J. M. Tarascon23 as a redox reaction was found to occur with LiI with the 

production of gaseous I2.  The mixture was shaped into a 13 mm diameter and 400 mg pellet 

pressed under 5 tons. The pellet was then heated at 300°C for 4 hours in a glass tube under 

dynamic vacuum (P < 10-3 mbar). Once cooled down to room temperature, the glass tube was 

introduced back in an Ar-filled glovebox and the pellet was ground into powder, then washed 
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and filtered three times with anhydrous methanol (8 mL each time). The remaining solvent was 

evaporated overnight at room temperature directly in the Ar-filled glovebox.  

Powder X-ray diffraction. The solid-state ion-exchange reaction was monitored using 

variable temperature powder X-ray diffraction. The experiment was conducted in an Xpert3 

diffractometer (Malvern) with an Xcelerator detector using a Co Kα1-Kα2 source (λ = 1.7889 

Å) in the 2θ-range 16°-80° with a 0.016° step size. The mixture containing the same LiCl:P2-

Na0.7[Li0.14Ni0.14Mn0.72]O2 molar ratio (1.5:1) was first loaded in a alumina crucible as a powder 

in the Ar-filled glovebox. The alumina crucible was then quickly installed in an Anton Paar 

HTK 1200 oven chamber filled with helium to limit any reaction of the mixture with the 

atmosphere. The diffraction patterns were recorded every 25°C during 2 hours. A 5°C/min 

heating rate was used and a waiting time of 15 minutes was applied prior to the measurements 

to ensure a good homogenization of the temperature within the sample.  

Phase purity was always checked using laboratory powder X-Ray Diffraction on an Xpert3 

diffractometer with an Xcelerator detector using a Cu Kα1-Kα2 source (λ = 1.5418 Å) in the 

2θ-range 10°-80° with a 0.016° step size. The samples were loaded in a glovebox in a 0.3 mm 

diameter borosilicate glass capillary sealed under argon. The same capillaries were used to 

perform Synchrotron Powder X-ray diffraction during two different beamtimes at MSPD 

beamline at Alba synchrotron (Spain) using the MYTHEN detector. Synchrotron X-ray 

diffraction pattern of P2-Na0.7[Li0.14Ni0.14Mn0.72]O2 was recorded using a wavelength λ = 

0.6191 Å in the 2θ-range 0°-82° with a 0.006° step size, whereas that of O2-Li0.84Ni0.14Mn0.72O2 

was recorded using a  wavelength λ = 0.7286 Å in the 2θ-range 0°-72° with a 0.006° step size.  

Chemical analyses. Chemical compositions were confirmed by Inductively Coupled Plasma 

– Optical Emission Spectroscopy (ICP-OES) for elemental analysis on Na, Li, Ni and Mn using 

a Varian Model 720-ES spectrometer. The powders were first dissolved into a concentrated 

aqua regia (HCl/HNO3) solution and then diluted with distilled water.  
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Morphological features of the different samples were observed on a Zeiss EVO 50 scanning 

electron microscope at an acceleration voltage of 15kV and on a JEOL JSM-6700 F scanning 

electron microscope at an acceleration voltage of 5kV. In order to avoid charging effects, a 2-

nm thick layer of platinum was deposited by cathodic sputtering on the samples. 

X-ray absorption spectroscopy. (XAS) was performed in transmission mode using the 

Si(111) double-crystal monochromator at SAMBA beamline, Soleil Synchrotron facility 

(France). Reference samples were diluted in boron nitride and pelletized with a mass loading 

calculated so that the edge jump at Mn and Ni K-edge is equal to 0.8. Pellets were packed in 

Ar-filled plastic bag to avoid air exposure. A Mn and Ni metal foils were used for the energy 

calibration of all samples. Fastosh software was used to process the spectra25. 

Electrochemical properties were measured in CR2032-type coin-cells. Positive electrodes 

of 15 mg and 10 mm diameter were made of active material (88 weight %), graphite/carbon 

black 50:50 (10 weight %) as electronic conductor and polytetrafluoroethylene (PTFE) (2 

weight %) as binder, together mixed in an agate mortar in an Ar-filled glovebox at room 

temperature. Metallic lithium foil of 12 mm diameter and 135 µm thick was scrubbed on both 

sides and it was used as negative electrode. The positive and negative electrodes were separated 

by one Viledon and two Celgard separators. The electrolyte solution was 1M LiPF6 dissolved 

in PC:EC:DMC (1:1:1 volume %).  The assembled cells were cycled in galvanostatic mode 

using VMP-3 (Biologic) at a C/20 current rate (theoretical (de)intercalation of one lithium ion 

per formula unit in 20 hours). For operando X-ray diffraction experiments, the same 

formulation for the positive electrode was used, whereas it was optimized for operando X-ray 

Absorption spectroscopy to allow the best possible measurement conditions both at the Mn and 

Ni K-edges. The electrode composition was then a mixture of 65 weight % of active material, 

30 weight % of graphite/carbon black 50:50 and 5 weight % of PTFE. For both operando 

experiments, the same electrolyte, separators and lithium foil as in the coin cells were used. 
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Finally, specific electrochemical cells were used for these experiments: a lab-made cell was 

used for X-ray diffraction working in reflection mode and a Leriche-type cell was used for the 

X-ray absorption spectroscopy working in transmission26. In both cases, beryllium windows 

were used as current collector to allow X-ray transmission trough the cell.  

Transmission electron microscopy (TEM) was performed with JEOL ARM-200F operated 

at 200 kV. Thin foil for TEM observation was carried out using focused ion beam (FIB) system 

(Hitachi X Vision) and Ar-ion milling (Gatan PIPS2). All sample preperations and observations 

were carried out in Ar atmosphere or in vacuum without air exposure. 

 

Results and Discussion 

Crystal structure of the sodium-based layered oxide P2-Na0.7[Li0.14Ni0.14Mn0.72]O2 was 

studied by synchrotron X-ray diffraction. The diffraction pattern of the sodium phase can be 

first indexed in the conventional P63/mmc space group, indicating the successful synthesis of 

the sodium-based phase. This material crystallizes with a P2-type stacking with an ABBA 

oxygen stacking: sodium ions occupy trigonal prismatic sites whereas Li, Ni and Mn can be 

found in octahedral sites in the TM layers. Additional diffraction peaks in the lower 2θ-range 

were also visible. They originate from the long range in-plane ordering of large Li/Ni and small 

Mn cations (the ionic radii for the different ions are: r(Li+) = 0.76 Å, r(Ni2+) = 0.69 Å and 

r(Mn4+) = 0.53 Å27) in order to minimize the structural strains as well as to optimize the charge 

distribution, creating a honeycomb structure in the TM layers. Those well-known superlattice 

diffraction peaks can be taken into account in a larger cell a√3  a√3  c.  

The synchrotron X-ray diffraction pattern of the sodium phase was then indexed in the P63 

space group and a Rietveld refinement of its structure was undertaken. The cell parameters and 

the atomic positions determined from this refinement are given in Table S1 and the calculated 

synchrotron X-ray diffraction pattern is in good agreement with the experimental one (Figure 
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1). One can however notice that the experimental intensity of the additional reflections, 

resulting from the in-plane TM ordering and visible in the 2θ-range 8-13°, is much lower than 

that calculated ones. This could come from the presence of faults in the stacking of the TM 

layers along the c axis. The three-dimensional description of the structure obtained from the 

P63 space group imposes a regular sequence of the TM layers which is not totally respected in 

reality28.   

The Rietveld refinement also shows that Na+ ions occupy both edge- and face-sharing 

prismatic sites in the ratio 2 :1 which is commonly observed in P2-type sodium layered oxides 

and a schematic representation of the structure is shown in Figure 1. Surprisingly, these results 

show a slight sodium deficit compared to the theoretical chemical formula 

Na0.7Li0.14Ni0.14Mn0.72O2 and the experimental formula Na0.66Li0.15Ni0.13Mn0.71O2 determined 

by ICP-OES chemical analysis. This has not been understood yet. The synchrotron X-ray 

diffraction pattern of this sodium layered oxide also exhibits features of Li2MnO3 impurity (1.2 

weight %) at 2θ ≈ 7°. In addition, diffraction peaks of Na2CO3 impurity are also detected on 

the synchrotron X-ray diffraction pattern (1.0 weight %). 

 

Figure 1. (a) Experimental (black line) and calculated using the Rietveld method (red line) 

synchrotron powder X-ray diffraction patterns of the P2-Na0.7[Li0.14Ni0.14Mn0.72]O2 phase. The 
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blue line shows the difference between the experimental pattern and the calculated ones. Green, 

orange and purple vertical bars represent Bragg reflection positions for P2-

Na0.7[Li0.14Ni0.14Mn0.72]O2 (Space group: P63, a = 4.969 Å, c = 11.139 Å), Li2MnO3 (Space 

group: C2/m, a = 4.931 Å, b = 8.528 Å, c = 5.028 Å and β = 109.40°) and Na2CO3 (Space 

group: C2/m, a = 8.909 Å, b = 5.240 Å, c = 6.049 Å, β = 101.30°). (b) Three-dimensional 

representation of the structure of the P2-Na0.7[Li0.14Ni0.14Mn0.72]O2 phase. The two sodium sites 

are both partially occupied.  

The solid-state ion-exchange reaction from the sodium P2-type phase to the lithium O2-type 

phase was monitored by variable temperature X-ray diffraction from room temperature to 

400°C. Only part of the diffraction patterns recorded during this experiment is shown in Figure 

2(a). This part corresponds to the 2θ-range from 16°-24° which shows the characteristic 

reflection of the interlayer distance in layered oxides. The full diffraction patterns are shown 

in Supporting Information (Figure S1).  
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Figure 2. Variable temperature X-ray diffraction patterns recorded in a helium flow during (a) 

the ion-exchange reaction between 1 mole of P2-Na0.7[Li0.14Ni0.14Mn0.72]O2 and 1.5 mole of 

LiCl and  (b) the irreversible structural transition from the O2-Li0.84Ni0.14Mn0.72O2 to the O3-

Li0.84Ni0.14Mn0.72O2  phase. The O2-Li0.84Ni0.14Mn0.72O2 phase was obtained prior to the 

variable temperature X-ray diffraction experiment and the residual salts LiCl and NaCl had 

been washed away using methanol. In (a) and (b), “P2”, “O2” and “O3” labels are used to 

identify the different diffraction peaks belonging to the P2-Na0.7[Li0.14Ni0.14Mn0.72]O2, O2-

Li0.84Ni0.14Mn0.72O2 and O3-Li0.84Ni0.14Mn0.72O2 phases, respectively. The “Int.” label is used 

to highlight the existence of an intermediate layered phase, containing sodium and lithium in 

its interlayer space.  

In addition to the diffraction peak at [2θCo] ≈ 18.6° (d = 5.52 Å) associated with the 002 

reflection of sodium P2-type phase, it is worth noticing that the X-ray diffraction pattern 

recorded at 30 °C in dark blue already exhibits the presence of a second phase with a reflection 

at a higher angular position ([2θCo] ≈ 19.6°, d = 5.25 Å). The calculated interlayer distance in 

this second phase happens to be an intermediate distance between the interlayer distances 

commonly observed in sodium layered oxides (5.4 Å < d < 5.7 Å) and those of lithium layered 

oxides (4.7 Å < d < 5.0 Å). Its value is also close to the interreticular distance d004 of the OP4-

(Li0.42Na0.37)CoO2 phase whose structure is built of TMO6 layers, separated alternately by 

layers of sodium ions in prismatic sites and layers of lithium ions in octahedral sites29,30. 

Therefore, it is assumed that the Na+-to-Li+ ion-exchange reaction is already initiated during 

the grinding of the sodium P2-type phase with lithium chloride with the use of the mortar and 

pestle in the Ar-filled glovebox at room temperature. The existence of this intermediate layered 

phase, containing both sodium and lithium, has already been observed during the Na+-to-Li+ 

ion-exchange from Na2/3[Ni1/3Mn2/3]O2
21. The intermediate phase is unlikely to be unique and 
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a wide range of intermediate compositions should be present in the mixture as shown by the 

broad shoulder in the 20-21° 2θ-range. 

When the temperature increases, this broad shoulder gets narrower to become a single 

diffraction peak at 200 °C at [2θCo] ≈ 21°. This gives an interlayer distance of d = 4.90 Å for 

this new phase, which is consistent with that of an O2-type phase. Simultaneously, the intensity 

of the reflection related to the P2-type phase and the intermediate phase decreases, in good 

agreement with the growth of a new layered phase. From 300°C, a new diffraction peak appears 

at [2θCo] ≈ 21.5° (which corresponds to an interlayer distance of 4.79 Å) and it can be attributed 

to the growth of an O3-type phase as a smaller interlayer distance is expected for an O3-type 

structure of the same composition. For example, the interlayer distance is d = 4.69 Å in O3-

LiCoO2, whereas it is 4.76 Å in O2-LiCoO2
15. Indeed, in the O2-type phases, the lithium ions 

occupy octahedral sites sharing both a face and edges with the TMO6 octahedra, whereas they 

occupy sites sharing only edges with these same octahedra in the O3-type phases. Therefore, 

there are strong electrostatic repulsions between the lithium ions and the transition metal 

cations located in close proximity in O2-type phases and the interlayer space is larger to 

attenuate these repulsions. 

At 400°C, the diffraction peak characteristic of the O3-type phase largely dominates, 

showing the metastability of the O2-type phase. This irreversible transformation from the O2-

type phase to the O3-type phase was confirmed by a new variable temperature X-ray diffraction 

experiment. For this experiment, a pure O2-type phase was heated without the presence of LiCl 

salt. The X-ray diffraction patterns recorded during this experiment clearly show that the O2-

type phase transforms into the O3-type phase from 325°C to completely disappear at 425°C 

(Figure 2(b)). These two experiments clearly show that the optimum temperature for obtaining 

the pure O2-type phase by solid-state ion-exchange is approximately 300°C. 
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Whereas the existence of the O2-type phase alone had not been observed during the variable 

temperature X-ray diffraction experiment, the heat treatment used for the ion-exchange at 

300°C for 4 hours in the glass tube under vacuum was sufficient to obtain the pure O2-type 

phase. Chemical analysis performed by ICP-OES further confirmed that each sodium ion was 

indeed removed from the structure and replaced by the same amount of lithium ions; in 

addition, the Ni/Mn ratio remained identical, leading to the experimental formula of 

Li0.84Ni0.14Mn0.72O2.  The chemical formula of the sodium phase is written 

Na0.7[Li0.14Ni0.14Mn0.72]O2 to separate the prismatic sites occupied by sodium and the 

octahedral sites occupied by Li, Ni and Mn. In the lithium phase, all Li+ ions occupy octahedral 

sites. Therefore, its chemical formula is written O2-Li0.84Ni0.14Mn0.72O2, where 0.84 mole of 

lithium per formula unit represents the sum of Li+ ions in the (Li,Ni,Mn)O2 layers and in the 

interslab space.  X-ray absorption spectroscopy (XAS) at the Mn K-edge was also performed 

to determine the oxidation state of manganese ions in both the sodium and lithium layered 

oxides. XANES spectra at the Mn K-edge indicate that manganese ions are in their tetravalent 

state Mn(+IV) in the pristine sodium layered oxide as well as in the pristine lithium phase, 

suggesting that the oxidation state of this transition metal cation was not affected by the solid-

state ion-exchange.  



 14 

 

Figure 3: Scanning electron microscopy images of particles of: (a), (b) and (c) the P2-

Na0.7[Li0.14Ni0.14Mn0.72]O2 phase; (d), (e) and (f) the O2-Li0.84Ni0.14Mn0.72O2 phase.  

As mentioned in the introduction, ion-exchange is a topotactic reaction which involves only 

a slight reorganization of the crystal structure. The shape and the size of the particles after the 

exchange are therefore mostly preserved as shown in Figure 3. The crystallites in the P2-type 

sodium layered oxide exhibit hexagonal platelets (Figure 3(a)), in good agreement with their 

crystal structure. Their dimensions vary from 0.5 to 5 µm in width and from 0.1 to 1 µm in 

thickness (Figure 3(b)). Their surface and their edges are smooth, characteristic of a crystalline 

material without apparent defects or impurities (Figure 3(c)). An elemental analysis by Energy 

Dispersive X-ray Spectroscopy (EDS) mapping highlighted a homogeneous chemical 

composition in all the particles. By comparison, the crystallites in the O2-type lithium layered 

oxide show a similar morphology: the hexagonal pellet-shaped particles remain, and the grains 

are still of micrometric dimensions (Figures 3(d) and 3(e)).  

However, one can notice that the surface of the particles is different: the hexagonal particles 

in the O2-type lithium layered oxide show some smaller particles at their surface (Figure 3(f)). 
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An EDS mapping on several areas of the sample shows that these are not residual NaCl salts. 

It is assumed that the ion-exchange reaction may have generated mechanical strains strong 

enough to cause the crystallites to crack and small fragments to break off. This hypothesis is 

further supported by the exfoliated aspect of the platelet edges: originally very smooth on the 

P2-type sodium phase (Figure 3(c)), they appear strongly uneven and damaged on the lithium 

phase with a step-like structure (Figure 3(f)). The O2-type lithium phase probably nucleates at 

different points of the same particle. Its growth imposes glides of the (Li,Ni,Mn)O2 layers 

which start at different nucleation points. At the junction of two growth fronts, these 

displacements can generate mechanical strains throughout the material, which are then 

responsible for microscopically visible changes.  

The structural rearrangements occurring at the atomic scale during the ion-exchange were 

studied by synchrotron powder X-ray diffraction. The pattern of the O2-type lithium phase is 

shown in Figure 4(a). The main diffraction peaks can be indexed with the cell parameters a = 

2.865(9) Å and c = 9.637(6) Å in the P63mc space group (n°186) of conventional O2-type 

structures18,19,22,28. The synchrotron X-ray diffraction pattern of O2-type phase still exhibits the 

Li2MnO3 impurity which remained inert during the ion-exchange and the washing process. The 

diffraction peaks of Na2CO3 impurity are no longer visible on the diffraction pattern. However, 

a new Li2CO3 impurity was formed. Li2CO3 being less soluble in methanol than Na2CO3, it is 

supposed to have precipitated during the washing step from CO3
2- anions resulting from the 

dissolution of Na2CO3 and Li+ ions resulting from the LiCl introduced in excess.  

A strong anisotropic broadening of the diffraction peaks of the O2-type phase is clearly 

observed on the synchrotron X-ray diffraction pattern. This is commonly observed for O2-type 

layered oxides obtained by ion-exchange and it is associated with the presence of stacking 

faults along the c-axis. Previous works have already reported the theoretical ion-exchange 

mechanism from a P2-type sodium phase to an O2-type lithium phase15,16,28. Since the ionic 
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radius of Li+ is smaller than that of Na+, lithium ions are not stabilized and cannot occupy 

trigonal prismatic sites. For that reason, the ion-exchange results in the planar and local 

translation of (Li,Ni,Mn)O2 layers towards various directions to create octahedral sites for 

lithium ions where they are more stabilized. The gliding of (Li,Ni,Mn)O2 layers can occur 

along 6 different directions (Figure S2 in Supporting information). Among these 6 glides, 3 

lead to the same oxygen packing (ABAC), the 3 others to another one (ABCB). It can be 

assumed that none of these glides is much more favorable than the others. Therefore, they are 

not necessarily cooperative and they can occur along all 6 directions with similar probability. 

They do not lead to an ideal O2-type structure. Indeed, the formation of the latter would require 

that one (Li,Ni,Mn)O2  layer out of two glides exactly along the same direction, or at least, 

along a direction leading to the same oxygen packing.  

In order to better estimate the nature and the amount of stacking faults present in the O2-type 

lithium-rich layered oxide obtained by ion-exchange, several series of SRXD patterns were 

simulated with the Faults program attached to the Fullprof suite31. Approximately one hundred 

diagrams were simulated considering probabilities of faults ranging from 0% to 100%. All the 

details of the simulations are given in Supporting Information. The simulated synchrotron X-

ray diffraction pattern that best matches the experimental one in terms of relative intensities 

and peaks broadening is shown in Figure 4(a). It was obtained by considering a probability of 

stacking fault of 40%. The structure of the Li0.84Ni0.14Mn0.72O2 compound studied here is 

therefore far from an ideal O2-type structure. The weak diffraction peak visible at 2θ ≈ 10° on 

this experimental synchrotron X-ray diffraction pattern is well simulated, indicating that the 

in-plane ordering of cations in the (Li,Ni,Mn)O2 layers is maintained after the ion-exchange 

reaction. In addition, its tailed-shape suggests that the cations in these layers are randomly 

distributed along the c-axis.  
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Figure 4. (a) Experimental (black line) and simulated using Faults program (red line) 

synchrotron X-ray diffraction patterns for O2-Li0.84Ni0.14Mn0.72O2 phase. Li2MnO3 and Li2CO3 

impurity diffraction peaks are highlighted with * and ¤ symbols, respectively. (b) ABF-STEM 

image. (c) Projection and (d) three-dimensional representation of the structure determined from 

the ABF-STEM image: Li,Ni and Mn atoms located in the (Li,Ni,Mn)O2 layers are shown in 

purple, lithium in the interlayer space is shown in green. (e), (f) and (g) Possible local 

environments for (Li,Ni,Mn)O6 octahedra. For (b), (c) and (d), please note that the interlayer 

space is supposedly only partially occupied by lithium ions, but for simplicity all sites possibly 

occupied by lithium are shown in green. Stacking fault occurrence is represented with a black 

dashed line.  

The existence of stacking faults in the compound was confirmed by High-resolution 

Transmission Electron Microscopy. The ABF-STEM image shown in Figure 4(b) indicates that 
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the Li0.84Ni0.14Mn0.72O2 compound contains some domains where the O2-type stacking is 

perfect, but these domains are made of only a few (Li,Ni,Mn)O2 layers. It appears that the 

direction of the glidings of these layers is not cooperative and they occur randomly according 

to one of the 6 directions defined above. Statistical analyses of the three ABF-STEM images 

recorded on different particles of the Li0.84Ni0.14Mn0.72O2 compound show that the probability 

of stacking faults occurring with respect to an ideal O2-type structure is about 40%, in good 

agreement with the results previously obtained in the Faults simulation. 

The random gliding of the (Li,Ni,Mn)O2 layers has the consequence of creating various 

environments for the TM ions. Indeed, TMO6 octahedra can either share edges on one side and 

a face on the other side with LiO6 octahedra (as it is the case in the ideal O2-type structure), or 

share only edges with LiO6 octahedra (like in O3-type structure), or share only one face on 

each side with two LiO6 octahedra. The lithium ion environment, on the other hand, is always 

the same: the LiO6 octahedra share edges with an TMO6 octahedron on one side and a face 

with another TMO6 octahedron on the other side.  

The O2-Li0.84Ni0.14Mn0.72O2 phase was then used as the positive electrode material in a 

lithium battery to study its electrochemical properties. The charge/discharge galvanostatic 

curves recorded at C/20 between 2.6V and 4.6V are shown in Figure 5. At first, upon the first 

charge, nickel ions were thought to be oxidized from Ni2+ to Ni4+, contributing to the 

deintercalation of 0.28 mole of Li+ per formula unit LixNi0.14Mn0.72O2. Then, the 

electrochemical curve exhibits a potential “plateau” starting at approximately 4.4V vs. Li+/Li 

and associated with the oxidation of oxygen O2- to Oδ- (where  < 2) (the exact nature of the 

oxidized species of oxygen not having been studied within the framework of this work, that is 

why this one is noted O-), which is a typical feature of the first charge in Li-rich layered oxides. 

The derivative curve dQ/dV (Figure 5.c) shows two distinct peaks at 3.9V and 4.4V 

respectively, indicating that those two redox reactions are successive upon first charge.  
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Figure 5. 20 galvanostatic cycles of charge and discharge of a lithium battery cell using the 

O2-Li0.84Ni0.14Mn0.72O2 phase at the positive electrode. The first cycle is shown in red. (a) 

Evolution of the cell voltage V as a function of the lithium content x in O2-LixNi0.14Mn0.72O2. 

(b) Evolution of the cell voltage V as a function of the capacity of the battery. (c) Evolution of 

the derivative curve dQ/dV as a function of the cell voltage V.  

During the consecutive discharge, lithium ions are intercalated up to 1.04 moles of Li+ per 

formula unit, beyond the initial lithium content of 0.84 mole Li+, which was expected 

considering that the starting material O2-Li0.84Ni0.14Mn0.72O2 contained vacancies in the 

interlayer space. Consequently, the positive electrode material delivers a large specific capacity 

of 225 mAh/g. The reduction of nickel ions to Ni2+ state and the partial reduction of manganese 

ions to Mn3+ is visible on the dQ/dV curves with two peaks at 3.8V and 2.7V, respectively. An 

additional peak is also observed at 3.2V (Figure 5(c)). In light of recent XAS results reported 
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by Kawai et al.32 on a similar O2-type Li-rich layered oxide, this third anodic dQ/dV peak is 

attributed to the reversible reduction of oxygen ions upon discharge. While the oxygen-redox 

reactions occur simultaneously with the cationic-redox reactions for most O3-type Li-rich 

layered oxides, the redox reactions in this O2-type Li-rich layered oxide appear to be 

successive.  

The following charge/discharge curves significantly deviate from the first cycle. In 

particular, the large voltage plateau upon charge is no longer visible, indicating that the redox 

mechanisms involved in the first cycle are different than those occurring in the following 

cycles. However, the dQ/dV curve seems to show that the O2-/O- couple is still active during 

this second charge, with the residual presence of a low intensity peak at 4.5 V in oxidation/ 4.4 

V in reduction. It would therefore be likely that the anionic redox of oxygen is at least partially 

reversible. The progressive loss of intensity of these oxidation and reduction peaks upon 

cycling highlights the loss of capacity coming from the oxygen redox. This could be due, for 

example, to structural rearrangements, or even to the loss of oxygen at the surface of the 

material. Eventually, the specific capacity decreases down to 175 mAh/g at the 20th cycle (i.e. 

a decrease of approximately 30% compare to the first discharge). A C-rate test was conducted 

for C-rates from C/50 to C/2 and it showed that this specific capacity considerably decreases 

when the current reaches C-rates of C/2 or more (Figure S5 in Supporting Information).  

In order to better understand the structural mechanisms induced during battery cycling, 

operando X-ray diffraction experiments were performed during the first charge and discharge 

cycles. The X-ray diffraction patterns recorded in our laboratory during the first charge and 

discharge are given in Figure 6. The lab-made electrochemical cell which was used for the 

experiment has a much higher resistance that the coin cells used for galvanostatic cells. 

Therefore, the polarization was very high and voltage floating wasapplied at the end of the 

charge and discharge to force the lithium electrochemical deintercalation and intercalation, 
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respectively. Due to preferred orientation of the particles in the self-supported electrode used 

for this experiment and the broadness of the other diffraction peaks, only the “002” reflection, 

corresponding to the interlayer distance, was visible on the X-ray diffraction pattern and 

recorded. Moreover, to limit the duration of the use of the diffractometer for this experiment, 

the battery was discharged first, off the diffractometer, and it was placed in the diffractometer 

once the discharged state was reached. During the first charge, the interlayer distance decreases 

continuously as the “002” reflection continuously shifts towards higher 2θ values. Such an 

evolution goes against the behavior generally observed for O3-type layered oxides for which 

an increase in the interlayer distance is usually observed when the lithium deintercalation starts. 

When the lithium content becomes low (xLi+ < 0.25 in LixMO2), the O3-type layered oxides 

undergo a phase transition towards a O1-type structure by the gliding of the MO2 layers, 

causing a sudden and sharp drop in the interlayer distance33,34. In the case of the O2-

Li0.84Ni0.14Mn0.72O2 phase, another feature dominates. As the lithium is deintercalated from the 

interlayer space, there are fewer transition metal cations located in the (Li,Ni,Mn)O2 layers 

facing a Li+ ion of the interlayer space. Therefore, there are less electrostatic repulsions and the 

interlayer distance decreases. Moreover, no sharp decrease in the interlayer distance is 

observed at the end of charge as the transition from a O2- to O1-type structure is not possible 

at room temperature. The smooth variation in the interlayer distance also indicates that the O2-

Li0.84Ni0.14Mn0.72O2 phase does not transform into a T#2-type structure phase upon lithium 

deintercalation, which would have significantly larger interlayer distance, unlike O2-LiCoO2
35. 



 22 

 

Figure 6. Operando X-ray diffraction experiment. (a) X-ray diffraction patterns collected 

during the first charge and the first full discharge of a lithium battery cell using the O2-

Li0.84Ni0.14Mn0.72O2 phase at the positive electrode. (b) Galvanostatic electrochemical curve 

recorded at a rate of C/50 during the operando experiment. The colored dots highlight the state 

of charge of the different LixNi0.14Mn0.72O2 phases whose X-ray diffraction patterns are shown 

in (a). To force the lithium electrochemical deintercalation and intercalation, voltage floating 

was applied at 4.6 V and 2.5 V at the end of the charge and discharge, respectively.  
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At the end of the charge, the “002” diffraction line is very broad and it seems to present two 

peaks. This indicates the presence of two phases at the end of the lithium deintercalation; 

however, these two phases could not be clearly identified. The X-ray diffraction patterns 

collected during battery discharge follow the opposite trend: the “002” diffraction line moves 

reversibly towards smaller 2θ values, indicating an increase in the interlayer distance. This 

operando X-ray diffraction experiment shows that the O2-type structure is stable after a first 

cycle of lithium electrochemical de- and intercalation. Finally, ex situ full X-ray diffraction 

patterns recorded after 3 cycles of charge and discharge confirm that the O2-type structure was 

stable upon cycling. 
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Figure 7. Operando X-ray absorption spectroscopy experiment. (a) Galvanostatic 

electrochemical curve recorded at a rate of C/20 during the operando XAS experiment of a 

lithium battery cell using the O2-Li0.84Ni0.14Mn0.72O2 phase at the positive electrode. The 

colored dots highlight the state of charge of the different LixNi0.14Mn0.72O2 phases whose X-

ray absorption spectra are shown in (b) and (c). (b) and (c) Spectra recorded at the Mn and Ni 

K-edges, respectively, for the four different phases highlighted in (a). Spectra for different 

reference compounds containing Mn3+ or Mn4+ ions and Ni2+ and Ni3+ ions are also shown.  
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The redox mechanisms occurring during this first cycle of lithium electrochemical de- and 

intercalation were studied by operando X-ray absorption spectroscopy (XAS) at nickel and 

manganese K-edge. In the initial state, before the first charge, the XAS spectra recorded on the 

O2-LixNi0.14Mn0.72O2 phase at Ni and Mn K-edge confirm that these two transition elements 

are at oxidation state +II and +IV, respectively (Figure 7(b) and (c)). During the first charge, 

the absorption spectra at Mn K-edge barely evolve as shown in Figure 8(b) (the evolution of 

Ni- and K-edges for two specific absorption intensities are shown in Supporting Information). 

This confirms that the manganese remains electrochemically inactive throughout the first 

charge. On the other hand, the nickel absorption edge gradually shifts towards higher energies 

during the lithium electrochemical deintercalation, showing the continuous oxidation of nickel. 

When the lithium content reaches x  0.6 in the O2-LixNi0.14Mn0.72O2 phase, the evolution of 

this edge is much less marked. This composition is close to the limit composition expected if 

the electrochemical deintercalation of lithium was only compensated by the successive 

oxidation of nickel ions to Ni3+, then Ni4+. However, the last spectrum recorded at the end of 

the charge is close to the spectrum recorded for LiNi(III)O2 (Figure 7(c)). It therefore seems 

that the oxidation of nickel stops at oxidation state +III. This is in agreement with the 

electrochemical curve shown in Figure 5(a): the plateau associated with the oxygen oxidation 

indeed appears for a lithium content x  0.67 in O2-LixNi0.14Mn0.72O2, far from the content 

expected after complete oxidation of Ni2+ to Ni4+, x  0.56.  
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Figure 8. Operando X-ray absorption spectra recorded at the (a) Ni and (b) Mn K-edges during 

the first lithium electrochemical de- and intercalation cycle of the O2-Li0.84Ni0.14Mn0.72O2 

phase. (c) Galvanostatic electrochemical curve recorded at a rate of C/20 during the operando 

experiment. The colored dots correspond to the different acquisitions of the spectra. 

The limited oxidation of nickel up to oxidation state +III only seems to be specific to this 

O2-type lithium rich layered oxide as several ex situ and operando XAS experiments on 

different compounds having similar compositions but with an O3-type structure showed that 

nickel is oxidized to Ni4+ at the end of charge36,37.  This tends to confirm the participation of 
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the oxygen oxidation in order to extract the lithium ions from the layered structure to reach the 

composition Li0.52Ni0.14Mn0.72O2 at the end of the first charge. During the first electrochemical 

deintercalation of lithium from the compound with an O2-type structure, there would therefore 

be the successive oxidation of nickel and then of oxygen, thus confirming the results provided 

by electrochemistry (Figure 5(c)). The electrical resistance of the electrochemical cell used for 

the operando XAS experiments was unfortunately larger than that of coin cells used in the 

laboratory, further lithium extraction was not possible. 

During the first discharge, the Ni absorption edge shifts progressively and reversibly towards 

lower energies (Figure 8(a)), indicating that the nickel ions are reduced to the composition 

Li0.91Ni0.14Mn0.72O2, composition from which the position of the Ni absorption edge stops 

shifting. Their oxidation state determined at the end of the discharge is +II, as expected (Figure 

7(c)). While it had remained unchanged throughout the first part of the first discharge, the Mn 

absorption edge begins to shift towards lower energies from the composition 

Li0.87Ni0.14Mn0.72O2. The evolution of the two absorption edges, Ni and Mn K-edges, clearly 

show that the couples Ni3+/Ni2+ and Mn4+/Mn3+ are successively electrochemically active 

during the discharge. However, the absorption spectrum recorded at the Mn K-edge at the end 

of the discharge (Figure 7(b)) is very close to that recorded for the pristine material. This shows 

that the manganese was only very partially reduced. The reduction alone of 0.14 mole of Ni3+ 

to Ni2+ and of very small amount of Mn4+ to Mn3+ does not explain the intercalation of more 

than 0.5 mole of lithium per formula unit during the discharge. The reintercalation of lithium 

is therefore made possible thanks to the reversible reduction of oxygen. During the second 

charge, the evolution of the Ni and Mn K-edge absorption spectra shows that the oxidation of 

the transition metal ions is successive (Figure 8), the oxidation of manganese at the start of the 

charge is followed by that of nickel. At the end of the second discharge, it appears that the Ni 

absorption edge is located at lower energies (Figure 7(c)) than that recorded for approximately 
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the same composition at the end of the first charge (Figure 7(a)). This difference could indicate 

that the oxidation of oxygen started before the end of the oxidation of nickel, contrary to what 

was observed during the first charge. The oxidations of nickel and oxygen during the second 

charge and beyond would therefore be at least partially concomitant. This could explain the 

large peak observed in oxidation on the derivated curve dQ/dV around 4.0 V which could be 

the overlap of the oxidation peak of Ni2+ ions into Ni3+ and of some oxygen ions O2- into O-. 

Finally, even if the operando X-ray absorption spectroscopy experiments were only carried out 

on the first charge and the second charge, the redox processes occurring during the following 

cycles must be very similar, the shape of the electrochemical curve no longer changing after 

the first charge. It showed that a large part of the capacity obtained upon cycling relies on the 

oxygen redox which is also reversible upon cycling.   

 

Conclusion 

In this article, a new synthesis route of lithium-rich layered oxide with an O2-type structure 

has been reported: it is a solid-state ion-exchange consisting of mixing a P2-type sodium phase 

with LiCl. The structure of the O2-type phase thus obtained contains numerous stacking faults 

linked to the structural mechanisms involved during the ion exchange: the layers formed by 

MO6 octahedra (with M = Li, Ni and Mn) slide in a non-cooperative way to generate octahedral 

sites that lithium ions can occupy. The use of the O2-Li0.84Ni0.14Mn0.72O2 phase used as positive 

electrode material in a lithium battery has shown that the latter can deliver a high specific 

capacity (more than 220 mAh/g), based on the reversible redox reactions of the couples 

Ni2+/Ni3+, Mn3+/Mn4+ and O2-/O-. The exact nature of the oxidized species has not been 

determined but will be the subject of further study in the future. The good capacity retention is 

therefore not only based on a good reversibility of the redox reactions (anionic and cationic 

redox) but also on a good structural stability at room temperature of the O2-type structure 
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which does not undergo any significant structural transitions upon cylcling involving abrupt 

unit cell parameter changes. 
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