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Abstract 

 

Li and Mn-rich layered oxides, i.e. Li1+xM1-xO2 (M = Mn, Ni and Co), are attractive positive electrode 

materials for Li-ion batteries due to their promising high specific capacities. Unfortunately, these 

materials provide an energy-density fading due to a continuous voltage decay resulting from chemical 

instability of their surface structure upon cycling. The purpose of this paper is to discuss the main 

insights got from syntheses of materials targeted to be concentration-gradients of global compositions 

Li1+x(Mn0.47Ni0.26Co0.17)1-xO2 with: (i) Li and Mn-rich layered oxides in the core to deliver high capacity, 

and (ii) layered oxides enriched in Ni and in Co moving to the surface of the spherical aggregates to 

promote improved chemical and thermal stability for the electrode material. Concentration-gradient, 

core-shell or re-homogenized materials were obtained depending on the temperature and excess of 

lithium used for the high temperature thermal treatment (i.e. the second step of the synthesis). Despite 

complex to master, the engineering of layered oxide materials was shown to be a track to follow to 

optimize the performance of an electrode material. 
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Introduction 

 

Batteries with ever higher energy densities are required for energy storage for portable electronic 

devices, electric and hybrid vehicles and renewable energies produced from sun, wind or waves. 

Lithium-ion batteries have been used for portable devices for more than two decades and they remain 

the favorite candidates for most of the applications. Among all the possible alternatives as positive 

electrode materials, the Li and Mn-rich layered oxides Li1+xM1-xO2 (M = Mn, Ni and Co) currently 

attract, with the high voltage spinel oxides such as LiNi1/2Mn3/2O4, a strong interest in the scientific 

community. Indeed, the Li and Mn-rich layered oxides exhibit very high reversible capacities (around 

250 mAh/g), at an affordable cost.1–3 A common feature for all these oxides is their long voltage 

“plateau” (i.e. high capacity), observed only during the second part of the first charge. This behavior has 

been associated to the reversible participation of oxygen anions in the redox processes.4 While it is clear 

that the largest advantage of the Li-rich layered oxides lies in their outstanding capacities, they suffer 

from a continuous voltage decay upon cycling.5-6 This is induced by irreversible structural modifications 

occurring at the outer part of the particles (that determines the potential measured) and giving rise to 

densification of the metal-oxygen framework.7–9 One of the tracks we are following to modify the 

surface chemistry of the Li and Mn-rich layered oxides towards a better stabilization of the anionic 

redox, and to create synergies between properties (for instance, energy density and thermal stability), is 

the formation of concentration gradients within the spherical aggregates. The goal is to promote the 

formation of the Li and Mn-rich layered oxides in the bulk and, moving to the surface, to enrich the 

layered oxides composition in Ni and Co: the target is to combine high energy density and chemical 

stability as was reported for Ni-rich layered oxides.10–14  

A full concentration-gradient carbonate Ni0.29Mn0.53Co0.18CO3 was synthesized as a precursor, and the 

corresponding positive electrode materials Li1+x(Ni0.29Mn0.53Co0.18)1-xO2 were obtained at different 

temperatures (700°C, 800°C and 900°C) and with different lithium excesses (i.e. x = 0, 0.05 and 0.20). 

Their composition, structure, morphology and electrochemical performance will be discussed in detail 

in the following, in comparison with those of a homogeneous material with the composition of the core 

of the aggregates, Li1.2Ni0.2Mn0.6O2. The aim of this paper is first to highlight that the mastering of the 

concentration-gradients is complex. High temperature is required to form a Li-rich layered oxide with a 

lithium-transition metal ordering in the slabs to promote the most efficient reversible oxygen redox and 

high capacity. But, in parallel, high temperature promotes also cation diffusion within the bulk and thus 

compete intrinsically with the formation of a gradient. This paper supports also that the formation of 

core-shell layered oxide materials is a track of optimization of the properties of an electrode material.  
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1. Experimental 

 

To synthesize the conventional Lithium-rich layered oxide material Li1.2Mn0.6Ni0.2O2 (i.e. showing a 

homogeneous distribution of the cations within the aggregates, from the surface to the bulk), 

MnSO4.H2O (Sigma-Aldrich, < 99 %) and NiSO4.6H2O (Sigma-Aldrich, 99 %) are used as precursors 

to prepare the mixed transition metal carbonate Ni0.25Mn0.75CO3 by the co-precipitation method. An 

aqueous mixed solution of MnSO4.H2O and NiSO4.6H2O (0.75:0.25 in molar ratio) with a total transition 

metal ion concentration of 2 mol/L was pumped slowly into a continuously stirred reactor (CSTR). At 

the same time, a 1.8 mol/L aqueous solution of Na2CO3 (Sigma-Aldrich, ≥ 99.5 %), used as precipitant, 

and the required amount of NH4OH (J.T Baker, 28-30 %) aqueous solution used as chelating agent, were 

separately fed into the reactor in order to maintain the pH value at 7.5. The temperature was kept at 50°C 

during the overall reaction and the final solution was aged for 7hrs. Afterward, the conventional 

carbonate was recovered by filtration, washed several times with hot water in order to remove residual 

sodium and sulfate species, and finally dried overnight in an oven at 80°C. To obtain the final 

conventional Lithium-rich layered oxide Li1.2Mn0.6Ni0.2O2, the carbonate was intimately mixed with an 

excess (5%) of lithium carbonate (Li2CO3 (Alfa Aesar, 99 %)) and the mixture was fired in air at 900°C 

during 24hrs.15-16 

To prepare a Lithium-rich layered oxide material exhibiting a cation concentration-gradient within its 

aggregates, it is necessary to synthetize first a carbonate with a concentration-gradient. Figure 1 shows 

the experimental setup used for the co-precipitation process. We chose to enrich the composition in Ni 

and in Co (vs. Mn) all along the reaction, starting with the composition Ni0.25Mn0.75CO3 within the bulk 

of the carbonate. Only the differences with the synthesis just described above will be mentioned 

hereafter. MnSO4.H2O, NiSO4.6H2O and CoSO4.7H2O (Sigma-Aldrich, ≥ 99 %) were used as 

precursors. The aqueous solution of MnSO4.H2O and NiSO4.6H2O (0.75:0.25 in molar ratio), with a 

total transition metal ion concentration of 2 mol/L, corresponds to solution A in Figure 1. The aqueous 

solution of MnSO4.H2O, NiSO4.6H2O and CoSO4.7H2O (1:1:1 in molar ratio), with a total transition 

metal ion concentration of 2 mol/L, corresponds to solution B. At the beginning of the synthesis, solution 

A was pumped into the CSTR reactor and was stirred at 200 rpm. After a few minutes, solution B was 

pumped into solution A in order to change continuously its concentration in transition metal ions before 

it was injected into the reactor. Similarly to what was described before, the pH was maintained at 7.5 

during the overall reaction, the temperature at 50°C and the solution aged for 7 hrs. To obtain the 

lithiated oxide materials, the recovered concentration-gradient carbonate was intimately mixed with 

lithium carbonate (Li2CO3). Different thermal treatments were performed with the initial goal to obtain 

layered oxide materials with concentration-gradients: different temperatures were used (700°C, 800°C 

and 900°C) as well as different excesses of lithium (0%, 5% and 20%). 
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The chemical composition of the supernatants, of the carbonates and of the lithiated oxides was 

evaluated using inductively coupled plasma/optical emission spectrometry (ICP-OES) after their 

complete dissolution into a mixture of hydrochloric and nitric acids; this allows determining the Li, Ni, 

Mn and Co contents within the solutions and powders, the absolute error was estimated to be 3%. As 

oxygen could not be titrated, the relative chemical composition of the lithiated materials will be given 

considering the cations only. TGA analyses were performed using a commercial TA instruments Q600 

to get more insight into the decomposition temperature of the carbonate and to determine the 

corresponding mass loss and thus the composition and purity of the powder. The TGA analysis was 

performed under air, at a heating rate of 2°C/min up to 900°C and with 7hrs at 900°C, and a cooling rate 

of 20°C/min. The crystalline phases present in the prepared materials were identified by X-ray 

diffraction (XRD) using a PANalytical X’Pert MPD Pro diffractometer in the [10-80° 2θCu] angular 

range, with steps of 0.016° and a total acquisition time of 34 min. Refinement of the XRD data was 

performed by the Le Bail method using the Fullprof software, and considering the presence of two 

phases when required. The morphological features and particles sizes were observed by scanning 

electron microscopy (SEM, Jeol 6700F microscope). The powders were previously metallized by gold 

deposition.  

The cross-section of the electrodes containing the concentration-gradient materials was performed with 

a cross section polisher (llion+ll model 697 Gatan) and the changes in Ni, Mn and Co compositions 

were examined along different lines across the section with an electron microbeam probe (CAMECA 

SX 100). The samples were prepared by mixing the active materials with the conductive additive Super 

P carbon and the binder polyvinylidene fluoride (PVdF) (80:10:10 wt.%) in the solvent N-methyl-2-

pyrrolidone; the slurry was cast on an aluminum foil to obtain an electrode and in fact a rigid sample. 

These electrodes were fixed on a titanium holder and were then introduced into the cross section 

polisher. The polishing was carried out during 2 hrs at 5 kV and the cleaning during 30 min at 1 kV in 

a continuous flow of argon ions. The cross-section of the samples was examined with the electron 

microbeam probe with a voltage of 12 kV and a current of 20 nA.  

The electrochemical tests were performed using coin type R2032 cells that consisted of a positive 

electrode and of a lithium foil as negative electrode, separated by a Celgard® 2400 porous polypropylene 

film and a Viledon®
 separator. The positive electrodes were prepared by coating a slurry made of the 

mixture of the active material, Super P carbon and PVdF (80:10:10 wt.%) in N-methyl-2-pyrrolidone 

on an aluminum foil. The electrolyte was 1 mol/L LiPF6 dissolved in a mixture of ethylene carbonate 

(EC), propylene carbonate (PC), and dimethyl carbonate (DMC) in a 1/1/3 volume ratio. The coin cells 

were assembled in an argon-filled glove box and were cycled using a VMP (Biologic) in galvanostatic 

mode. Charge and discharge were performed at the rate of C/10 in the voltage range of 2.5 V- 4.8V or 

2.5 V - 4.55 V at room temperature (C corresponding to the theoretical exchange of one electron in 1 

hr).  
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2. Results and discussion 

 

2a. More insights into the synthesis process by coprecipitation 

In order to be critical on the synthesis of the carbonates showing a concentration-gradient, and especially 

on the completeness of the precipitation of all the species when introduced within the reactor under 

stirring, we compared the theoretical transition metal compositions with those determined 

experimentally. The change in the concentration of transition metals in solution A is defined as given in 

equations (1) and (2): 

 
𝑑 (𝐶𝑎 𝑉)

𝑑𝑡
=  𝑄𝑏𝐶𝑏 − 𝑄𝑎𝐶𝑎  (eq. 1)  and 

𝑑

𝑑𝑡
(𝐶𝑎) =

𝑄𝑏𝐶𝑏

𝑉
−

𝑄𝑎𝐶𝑎

𝑉
   (eq. 2) 

Qa, Ca, Qb, Cb, t and V being respectively, the feeding rate of solution A into the reactor (ml/min), the 

concentration of transition metals in solution A when fed into the reactor (mol/L), the feeding rate of 

solution B into solution A (ml/min), the transition metals concentration in solution B (mol/L), the 

duration time (min) and the volume of solution A in the tank (ml), that latter being constant when adding 

solution B. The concentration of each transition metal x in the solution, as function of time, when just 

fed into the reactor is thus defined by equation (3):         

𝐶𝑎𝑥(𝑡) = (𝐶𝑎𝑥(0) − 𝐶𝑏)𝑒−
𝑄𝑎
𝑉

(𝑡−𝛿𝑡) + 𝐶𝑏   (eq. 3). 

Figure 2 gives the evolution of the molar fraction of Ni, Mn and Co in solution A during the reaction. 

The molar fractions at t = 0 (tmNi = 0.25; tmMn = 0.75; tmCo= 0) give the composition of the carbonate 

at the center of the aggregates (Ni0.25Mn0.75CO3). After a delay of few minutes, solution B (tmNi = 1/3; 

tmMn = 1/3; tmCo= 1/3) was introduced continuously in solution A. Assuming that the reaction is total 

and instantaneous, the expected composition of the carbonate at the surface of the aggregates is 

Ni0.32Mn0.41Co0.27CO3, whereas their average theoretical composition would be Ni0.295Mn0.525Co0.182CO3. 

Chemical analyses were performed by ICP-OES all along the reaction to confirm theses changes in 

composition, and they were found to be in good agreement with equation (3).  

As an example, chemical analyses of the supernatant and of the carbonate, both recovered at the end of 

the reaction, are given in Table 1 and compared to the expected values. Less than 1% of Mn, Co and Ni 

remain in the supernatant at the end of the reaction, showing that all the transition metal ions precipitate 

during the reaction. Furthermore the average transition metals composition of the powder is 

Ni0.29Mn0.53Co0.18 considering the results reported in Figure 2. This chemical composition was fully 

determined by TGA analysis, considering - as shown in Table 1 - the loss of 36 wt.% and the carbonate 

decomposition reaction [MCO3 + 1/6 O2 → 1/3 M3O4 + CO2]. Indeed, the formation of M3O4 was shown 
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by XRD. The experimental weight loss is in agreement with the quantity of carbon dioxide expected to 

be released. The consistency between the experimental analyses and theory allows to confirm definitely 

the average carbonate composition as Ni0.29Mn0.53Co0.18CO3. 

 

2b. The nature of the materials formed 

Figure 3a shows the XRD pattern recorded for the as prepared concentration-gradient carbonate; all the 

diffraction lines can be indexed in a rhombohedral unit cell described in the R3̅c space group. The line 

width is around 0.74°, suggesting the formation of crystalline domains being 130 Å in size. Figure 3b-c 

shows the corresponding SEM images. The low-magnification image reveals the formation of spherical 

aggregates with a diameter around 10 μm (Figure 3b), whereas the high-magnification image shows 

that each aggregate is composed of primary particles of few nanometers (Figure 3c). EPMA analysis 

was performed on aggregates polished in section as shown in Figure 4a; a large number of aggregates 

was analyzed and similar results were obtained from one aggregate to another. As illustrated in Figure 

4b, the atomic percentages of Mn, Ni and Co were determined moving from one side of the aggregate 

to the opposite side. A clear evidence for the presence of concentration-gradient in transition metals was 

demonstrated, with an increasing content in Mn from the surface to the center and conversely a 

decreasing content in Ni and in Co. Changes in the transition metal concentrations are continuously 

observed within a shell being 4 m in thickness. At the center of the aggregate, the composition in 

metals is Ni0.11Mn0.86Co0.03, whereas at the surface it is Ni0.30Mn0.50Co0.20. A core of 4 m diameter is 

thus obtained, in good agreement with the addition of solution B delayed from 30 min. The EPMA 

measurement error is estimated to be 1% when one considers a material with an ideal “zero-defect” 

surface and a high concentration for the element analyzed, but for a material such as the concentration-

gradient carbonate formed as spherical aggregates with grain boundaries the measurement error is much 

higher.  

Figure 5a shows the XRD patterns recorded for the concentration-gradient lithiated layered oxides 

calcined at 700°C, 800°C and 900°C with an excess of 0%, 5% and 20% of lithium. The materials 

obtained will be hereafter referred to this temperature and this excess of lithium, for instance the material 

obtained at 900°C with an excess of 0% is named 900°C-0%. The XRD pattern of the conventional 

layered oxide Li1.2Mn0.6Ni0.2O2 is also given for comparison. All the main diffraction lines observed for 

the ten XRD patterns can be indexed in unit cells described in the R3̅m space group and typical of a 

layered oxide structure. The presence of extra broader peaks in the angular range 20° - 25° (2θ) confirms 

the formation of lithium-rich layered oxides with the presence of extra lithium ions in the transition 

metal sites and a tendency to a cationic ordering.1, 17–20 However, as highlighted in the enlargement given 

in Figure 5b, for the samples calcined with 0% of excess lithium, additional peaks were observed and 

associated to the formation of a spinel phase whose unit cells are described in the Fd3̅m space group. 
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The lithium loss occurring at the surface of the particles during the calcination at high temperature 

induces a non-stoichiometry in lithium and thus the formation of the spinel-type phase whose structure 

is close to that of the layered oxide, but with a Li/M ratio smaller than 1 and actually close to ½. These 

XRD patterns highlight also changes in the powder crystallinity and in the structure of the materials 

depending on the calcination temperature. Table 2 summarized for each sample the full width at half 

maximum (FWHM) determined for the (018)R-3m and (110)R-3m diffraction lines, as well as the intensity 

ratio for the (003)R-3m and (104)R-3m peaks. As expected, the decrease in temperature is accompanied by 

the broadening of the diffraction lines, including the extra peaks observed between 20° and 25°(2θ). 

This broadening can highlight, either the formation of a distribution of isostructural phases very close 

in composition to form a concentration-gradient, and/or the limited size of the crystalline domains due 

to the presence of structural defects and phase boundaries within the primary particles. Furthermore, the 

small values observed for the I(003)R-3m/I(104)R-3m intensity ratio for materials obtained at 700°C show that 

the layered oxides formed are partially disordered, with the presence of a small amount of transition 

metal ions in the interslab space (i.e. the Li sites).21–24 Note also that an exceptionally high value (such 

as 1.42 for 900°C-0%) is also an evidence of the presence of a spinel-type phase within the material, as 

the (111)Fd-3m diffraction line characteristic of the cubic structure merges with the (003)R-3m diffraction 

line of the hexagonal layered structure. The values obtained for I(003)R-3m/I(104)R-3m at 800°C and 900°C 

with a lithium excess larger than 5% strongly suggest the formation of a distribution of 2D layered 

oxides, in good agreement with the results already reported for the homogeneous layered oxide (LMN). 

The elementary analyses made by ICP-OES are also gathered in Table 2: first, as expected, the Li/M 

ratio (M = Ni, Mn, Co) increases with the excess of lithium used during the second step of the synthesis; 

second, for the materials appearing by XRD to be of layered oxides – type, only a small amount of 

trivalent nickel ( 3%) or trivalent manganese ( 13%) is expected for charge compensation in 

Li1+xM1-xO2. Of course, as already largely discussed by some of us, the presence of these trivalent cations 

will impact the electrochemical properties: they disrupt the cation ordering within the slabs, whereas the 

ordering between small and large cations as well as the control of the transition metal oxidation states 

(NiII, MnIV and CoIII) are at the origin of an efficient reversible participation of the oxygen anions to the 

redox processes.27-30 

Considering that each sample of concentration-gradient type is in fact a distribution of phases, the XRD 

data were analyzed by the Le Bail method only, in order to determine changes in the lattice parameters 

depending on the synthesis conditions (temperature and lithium excess): the refinement was performed 

considering two “phases” for the materials obtained with a 0% lithium excess (a layered phase and a 

spinel phase) and a single layered “phase” for the others. Note that in the case of concentration-gradient 

materials, the use of “phase” is abusive as in fact each “phase” is a distribution of phases close in 

compositions. The results obtained for the unit cell parameters are given in Table 3. As expected, 

changes in the lattice parameters are observed. Indeed, the nature of the phases formed (layered only vs. 
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layered and spinel), the Li/M ratio, the oxidation state of the transition metal ions and most probably the 

extent of the concentration-gradient evolve with the synthesis conditions. The larger the excess of 

lithium in the materials obtained at 800°C and 900°C, the smaller the cell parameters are, in good 

agreement with the formation of Li-rich layered oxides Li1+xM1-xO2.25 Note also that as expected for 2D 

layered structures, the c/a ratio is larger than 4.90 (i.e. close to 5, 4.90 being the value characteristic for 

cubic structure).26  

Figure 6 gives the EPMA analyses performed for six materials calcined at 700°C and 800°C with 

different lithium excess, in Figure 6a-c and in Figure 6d-f for the materials calcined at 700°C and 

800°C respectively. At a given temperature, the material evolves from a limited to a more extended 

concentration-gradient within the aggregates with an increasing lithium excess used during the 

synthesis. For example, at 700°C, the shell showing the gradient grows from 2, to 2.5 and 3 m in 

thickness with a lithium excess of 0%, 5% and 20% respectively. A similar trend is observed at 800°C, 

with a shell thickness of 1, 2 and 3 m for the materials calcined with a lithium excess of 0%, 5% and 

20% respectively. Note that at 900°C, whatever the excess of lithium, the EPMA analyses have revealed 

the disappearance of the concentration-gradient resulting from a complete inter-diffusion of the 

transition metals within the particles and aggregates.  

Following this synthesis route, core-shell with a concentration-gradient in the shell and re-homogenized 

materials were in fact obtained, with different nature: either as spinel - layered composites or as layered 

only. In the following, our discussions will be focused on the electrochemical performance of the layered 

only composites. 

 

2c. The electrochemical performance in lithium batteries  

The electrochemical performance obtained in lithium cells for the materials calcined at 700°C, 800°C 

and 900°C with excesses of lithium of 5% and 20% are compared, in Figure 7 and Table 4, with those 

obtained for the layered oxide Li1.2Mn0.6Ni0.2O2 (“the reference”) calcined at 900°C. Only the materials 

obtained as pure layered oxides are discussed hereafter in detail, as their performance can be more 

directly compared to those of the reference LMN. Nevertheless, more information can be found in 

Figures S1, S2 and S3 in the supplementary information on the materials obtained with a 0% excess of 

lithium, i.e. containing a spinel-type phase next to the layered-type phase. Figure 7a and Table 4 

compare the first charge/discharge cycles obtained for the different materials, in the potential window 

2.5 - 4.8 V vs Li+/Li at a rate of C/10. For all of them, a plateau typical of the anionic redox activity is 

observed around 4.5 V vs Li+/Li, shorter in proportion than that observed for LMN for all the 

concentration-gradient materials and even shorter when calcined at 700°C. The plateau being associated 

to the participation of the oxygen anions to the redox processes, its length depends on the extent of the 
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local ordering around the Li+ ions present in excess within the slabs, a key feature to promote the 

reversible anionic redox. Indeed, the more disordered the distribution of the transition metal ions within 

the slabs and between the slabs and the interslab spaces, the smaller the plateau is as for the materials 

calcined at 700°C.27–29 Similarly, the smaller the lithium excess, as it is the case for all the concentration-

gradient materials versus LMN (Table 2), the shorter the plateau is. As shown in Figure 7a and Table 

4, the initial charge capacity delivered by the 700°C-5% and 700°C-20% materials is 274 mAh/g and 

242 mAh/g respectively, significantly smaller than those delivered by all the other materials (> 286 

mAh/g).  

Figure 7b gives the evolution of the discharge capacity as function of the cycle number. Note that an 

activation is observed for all the materials, i.e. an increase of the reversible capacity over the 5 to 10 

first cycles. In good agreement with a better control of the composition, structure and cationic ordering 

at higher temperature, the anionic redox activity and thus the reversible capacity increase. As shown in 

Table 4, after 60 cycles the materials calcined at 700°C deliver a discharge capacity of 123 and 104 

mAh/g for the 700°C-5% and 700°C-20% materials respectively, smaller than that of the materials 

calcined at 800°C (178 mAh/g for 800°C-5% and 151 mAh/g for 800°C-20%) and even much smaller 

than that of the materials calcined at 900°C (215 mAh/g for 900°C-5%, 203 mAh/g for 900°C-20% and 

220 mAh/g for Li1.2Mn0.6Ni0.2O2 (LMN)). The reference LMN exhibits the highest capacity, considering 

that the materials synthesized with a 5% lithium excess (with a shell less extended) produce higher 

capacities than those obtained with a 20% lithium excess (with a shell more extended). As shown in 

Figure 7c and Table 4, the average discharge voltage is higher for the materials calcined at higher 

temperature, those showing a less extended concentration-gradient but also a more ordered layered 

structure. Note that whatever the material, the voltage decay associated to oxygen loss and cationic 

reorganization is observed, more or less pronounced depending on the synthesis conditions. The voltage 

decay is more mitigated for the materials synthesized at 900°C, because the more ordered the structure 

is, the more stable is the cationic distribution versus migration and transformation of layered domains 

into spinel-type ones.  

Considering these first electrochemical results, we could conclude at first sight that the strategy to form 

engineered composites is not relevant: (i) it does not solve the problem of the voltage decay in Li-rich 

layered oxides and (ii) it does not improve the reversible capacity and cyclability observed upon long 

range cycling. Nevertheless, two important points have to be mentioned, and they will be illustrated in 

the following: 

- the voltage window used in Figure 7 (2.5 - 4.8 V vs Li+/Li) is not the best option for long range 

cycling due to the competition between the intrinsic electrode activity and the degradation 

reaction of the electrolyte at high voltage (> 4.6 V). Furthermore, layered oxides enriched in Ni 

and in Co (NMC-type) - as the compositions observed at the surface of the aggregates - show 
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larger instability at high voltage than Li-rich layered oxides, due to larger volume changes and 

phase transitions involving slab gliding,31 detrimental to the cyclability of the materials. 

- the criteria for the optimization of an electrode material are not limited to the reversible capacity 

and cyclability at an average cycling rate of C/10. Robustness versus cycling at high rates, at low 

or high temperatures, etc. are also of importance. 

Figure 8 compares the electrochemical performance obtained at C/10 for the layered oxide type 

engineered material prepared at 800°C with a lithium excess of 5 wt.% (800°C-5%), in different voltage 

windows: 2.5 - 4.8 V vs. Li+/Li for all cycles (in black), 2.5 - 4.8 V only for the first cycle and then 2.5 

- 4.55 V (in blue), or 2.5 - 4.55 V for all cycles (in red). Figure 8b and Figure 8d highlight especially 

how detrimental is the cycling in the larger potential window, inducing irreversible reorganization of 

the material and thus modification of the redox processes involved, with a large participation of the 

Mn4+/Mn3+ redox couple at 3 V and thus a drastic shift of the average discharge potential.8,15 Figure 8c 

shows that playing with the cycling conditions of 800°C-5% it is possible to reach a good cyclability 

upon long range cycling, even if the discharge capacity remains 10% lower than that observed for LMN 

at C/10. Similar results were obtained for 900°C-5%. Figure 9 shows also an interesting result obtained 

for these engineered materials varying the cycling rate in the voltage window 2.5 - 4.8 V vs. Li+/Li: a 

higher robustness versus LMN considering the capacity loss at high rates. 800°C-5% and 900°C-5% 

contain both a higher content in Co and Ni and a lower Li/M ratio than LMN, they thus show as expected 

better transport properties. Indeed, the ordering between the Li+ and Mn4+ cations within the slabs of the 

Li-rich layered oxides is highly detrimental to electronic and thus ionic mobility. The shell containing a 

concentration-gradient made of NMC-type layered oxides in 800°C-5% is in fact sufficient to improve 

the electrochemical behavior at high rate, despite a core of the aggregate ( > 50 mol.% of the active 

material) made of the Li-rich phase LMN. For a global composition of the material 

Li1+x(Mn0.47Ni0.26Co0.17)1-xO2, considering the transport properties it appears that the benefit of forming 

a shell richer in Co and in Ni as in 800°C-5% is higher than that observed by an average enrichment of 

the material 900°C-5%. Indeed, the surface of the latter is poorer in Co and in Ni. Note that the average 

loss of capacity observed for the three materials is due to the large potential window used, as already 

discussed just before. 

To summarize these results, the formation of engineered materials with Li-rich layered oxides in the 

core and NMC-type layered oxides in the shell has been achieved after an optimization of the synthesis 

protocol based on the coprecipitation of concentration-gradient carbonates. Even if these complex 

composites still suffer from the problem of voltage hysteresis and fading induced by local structural 

reorganization,7-9 they were shown to deliver interesting discharge capacity, cyclability and (especially) 

performance at high rates.  
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3. Conclusion 

 

In this study, we have successfully produced engineered lithium- and manganese-rich layered oxides. 

On the contrary to those formed at 700°C for Nickel-rich layered oxides12, 14, the formation of 

concentration-gradients remains rather complex for Li-rich layered oxides. Indeed, calcination at high 

temperatures is required to promote the formation of ordered layered oxides and thus participation of 

the anion to the redox properties whereas, at these temperatures, diffusion of all the cations occurs within 

the solid and is detrimental to the formation of concentration-gradients. At 900°C, homogenous 

materials (i.e. with a similar composition in transition metal ions in all the volume of the aggregates) are 

obtained whatever the excess of lithium used during the synthesis. At 800°C, concentration-gradients 

are obtained within a shell, whose thickness increases with the lithium excess used during the synthesis.   

We have also used a series of powerful techniques in order to precisely characterize these concentration-

gradient materials: some of them give average information on the composition, structure and properties, 

as, for instance, XRD that allows identifying the nature of the phases formed (here either layered-types 

or, for 0% lithium excess, mixtures of layered and spinel-types). On the other hand, complementary 

techniques like EPMA analyses were used in order to get more insights into the extent of the 

concentration-gradient and on the transition metal ions distribution within the aggregates.  

The formation of concentration-gradients into spherical aggregates of layered oxides has been shown to 

be inefficient to stabilize the material upon cycling and to prevent the voltage decay associated to 

cationic migration and formation of spinel-type domains induced by oxygen loss at its surface. 

Nevertheless, it was shown that engineered versus homogeneous compositions show good performance 

at high cycling rates, one of the main weakness of the Li-rich layered oxides. More efforts have now to 

be devoted to: (i) define the better “formulation” for the engineered materials, i.e. for the shell the better 

choice of its thickness and composition, and of the extent of the gradient, and (ii) define the better 

cycling conditions in order to promote optimized performance for the core (Li-rich type) and for the 

shell (NMC-type).  
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Table captions 

 

Table 1: The molar contents in Ni, Mn and Co determined by ICP-OES analyses are given for the 

supernatant and for the carbonate and compared for that latter to the theoretical values calculated from 

equation (3). The results of TGA analyses are also reported and compared to the theoretical value.  

 

Table 2: Comparison of the crystallinity of different full concentration gradient lithiated layered oxides 

with that of the homogeneous layered oxide Li1.2Mn0.6Ni0.2O2, considering changes in the full width at 

half maximum for different diffraction lines. The cationic chemical composition determined by ICP for 

each sample is also given, considering Li1+xM1-x with Σ(Li+M) = 2. 

 

Table 3: Comparison of the lattice parameters and confident factors determined for the “phase(s)” 

identified in the full concentration-gradient materials with those determined for the homogeneous 

layered oxide Li1.2Mn0.6Ni0.2O2. 

 

Table 4: Comparison of the electrochemical performances obtained for different materials synthesized 

at 700°C, 800°C and 900°C with different lithium excesses (5% and 20%) with those determined for the 

homogeneous layered oxide Li1.2Mn0.6Ni0.2O2. Electrochemical performance obtained at the rate of C/10 

in lithium cells in the voltage range 4.8-2.5 V. The deviation on the values was calculated based on 4 

different cells cycled in exactly the same conditions, it allows to highlight the reproducibility of the 

experiments and to support the relationship drawn from on sample to another between the synthesis 

conditions, the nature of the material obtained and its electrochemical behavior. 

  



Pajot et al., submitted to JES 

15 
 

 

Table 1 

  
Ni content (mol) 

Molar fraction (%) 

Mn content (mol) 

Molar fraction (%) 

Co content (mol) 

Molar fraction (%) 
Mass loss 

(%) 

ICP-OES 
analyses 

Supernatant 
0.0018 (± 4) 

1.06 

0.0005 (± 2) 

0.17 

0.00032 (± 2) 

0.31 

- Carbonate powder 0.17 (± 2) 0.290 (± 8) 0.103 (± 1) 

Experimental total 0.17 0.290 0.103 

Theoretical total 0.18 0.328 0.112 

TGA analyses 
Experimental 

- 
36 

Theoretical 37.5 
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Table 2 

Materials 
FWHM (° (2)) 

Ratio I(003)/I(104) Actual composition* 

(018) (110) 

LMN 0.33 0.28 1.07 Li+1.22Ni2+0.16Ni3+0.03Mn4+0.60 

900°C-20% 0.66 0.27 0.96 Li+1.10Ni2+0.25Mn3+0.03Mn4+0.45Co3+0.16 

900°C-5% 0.41 0.23 1.01 Li+1.06Ni2+0.26Mn3+0.13Mn4+0.38Co3+0.17 

900°C-0% 0.29 0.18 1.42 Li+1.05Ni2+0.28Mn3+0.12Mn4+0.37Co3+0.18 

800°C-20% 0.29 0.43 0.95 Li+1.13Ni2+0.22Ni3+0.02Mn4+0.48Co3+0.15 

800°C-5% 0.46 0.43 1.07 Li+1.07Ni2+0.26Mn3+0.11Mn4+0.40Co3+0.17 

800°C-0% 0.34 0.30 1.14 Li+1.04Ni2+0.26Mn3+0.18Mn4+0.35Co3+0.17 

700°C-20% 1.26 0.35 Li+1.12Ni2+0.23Ni3+0.02Mn4+0.47Co3+0.16 

700°C-5% 1.16 0.78 Li+1.08Ni2+0.25Mn3+0.09Mn4+0.42Co3+0.16 

700°C-0% 0.69 0.93 0.80 Li+1.03Ni2+0.27Mn3+0.20Mn4+0.33Co3+0.17 
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Table 3 

Materials 
Phase type  

(space group) 

a = b (Å) c (Å) 
c/a V (Å3) 

Rwp  

(%) 
𝜒2 

a = b = c (Å) 

LMN Layered (R3̅m) 2.8578(8) 14.250(4) 4.99 100.79(5) 15.8 3.67 

900°C-20% Layered (R3̅m) 2.8541(2) 14.217(1) 4.98 100.29(1) 12.7 2.54 

900°C-5% Layered (R3̅m) 2.8591(3) 14.239(2) 4.98 100.80(2) 16.3 2.44 

900°C-0% 
Layered (R3̅m) 2.8578(5) 14.268(4) 4.99 100.92(4) 

19.6 3.02 
Spinel (Fd3̅m) 8.139(1) - 539.1(2) 

800°C-20% Layered (R3̅m) 2.8516(2) 14.195(1) 4.98 99.96(2) 17.7 2.37 

800°C-5% Layered (R3̅m) 2.8570(5) 14.227(2) 4.98 100.57(3) 16.0 1.74 

800°C-0% 
Layered (R3̅m) 2.8557(3) 14.242(3) 4.99 100.58(3) 

21.2 1.68 
Spinel (Fd3̅m) 8.207(4) - 552.7(4) 

700°C-20% Layered (R3̅m) 2.8567(7) 14.155(7) 4.95 100.78(7) 26.2 1.83 

700°C-5% Layered (R3̅m) 2.858(1) 14.228(5) 4.98 100.65(6) 19.9 1.26 

700°C-0% 
Layered (R3̅m) 2.8543(4) 14.239(4) 4.99 100.46(3) 

21.7 1.77 
Spinel (Fd3̅m) 8.272(2) - 566.0(3) 
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Table 4 

Materials 
1st charge 
capacity 
(mAh/g) 

1st discharge 
capacity 
(mAh/g) 

60th discharge 
capacity 
(mAh/g) 

1st average 
disc. Voltage 

(V) 

60th average 
disc. Voltage 

(V) 

LMN 302(6) 234(4) 221(7) 3.58(2) 3.46(1) 

900°C-20% 311(4) 232(4) 203(4) 3.72(1) 3.56(1) 

900°C-5% 288(9) 230(7) 216(7) 3.78(1) 3.52(1) 

800°C-20% 294(4) 210(4) 151(4) 3.70(1) 3.40(1) 

800°C-5% 297(5) 242(5) 178(5) 3.67(1) 3.43(2) 

700°C-20% 242(4) 181(6) 104(6) 3.62(2) 3.22(2) 

700°C-5% 274(9) 211(9) 123(5) 3.66(2) 3.27(2) 
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Figure captions 

 

Figure 1: Description of the setup used to prepare the carbonate spherical aggregates with a 

concentration-gradients by co-precipitation. 

Figure 2: Evolution of the mole fraction tm of Ni, Mn and Co as function of time. The composition at t 

= 0 (Ni0.25Mn0.75CO3) gives the mole fractions of the transition metal ions in the solution A (tmNi = 0.25 

; tmMn = 0.75 ; tmCo= 0). The final composition corresponds to Ni0.29Mn0.53Co0.18CO3 (tmNi = 0.29 ; 

tmMn =0.53 ; tmCo = 0.18). 

Figure 3: XRD pattern recorded for a full concentration gradient carbonate (a), with the corresponding 

SEM images at low- and high-magnifications (b-c). 

Figure 4: Image of the cross-section of the electrode made of the active material, divided carbon and 

PVdF (a) and corresponding changes in composition in Nickel, Manganese and Cobalt observed by 

EPMA (b). 

Figure 5: Comparison of the XRD patterns of the lithiated oxides, calcined at 700°C, 800°C and 900°C 

with different lithium excesses (0%, 5% and 20%), with that of the homogeneous layered oxide 

Li1.2Mn0.6Ni0.2O2 (LMN) (a). An enlargement in the angular range of 61-66.5° is also given in (b): the 

dashed line and the star indicate a diffraction line associated to the formation of a spinel-type structure. 

Figure 6: Compositional changes determined by EPMA for different materials synthesized at 700°C 

and 800°C with different lithium excesses (0%, 5% and 20%). As previously described a series of cut 

spherical aggregates were analyzed within an electrode cross-section. An example of aggregates is given 

in insert for each sample. 

Figure 7: Electrochemical performance obtained at the rate of C/10 in lithium cells for the layered oxide 

type engineered materials, in comparison with those of the homogeneous layered oxide Li1.2Mn0.6Ni0.2O2 

(LMN): (a) initial charge-discharge cycles, (b) discharge capacity as function of the number of cycles 

and (c) change in the discharge average potential in the voltage range 4.8-2.5 V as function of the number 

of cycles. 

Figure 8: Electrochemical performance obtained at the rate of C/10 in lithium cells for the layered oxide 

type engineered material prepared at 800°C with a lithium excess of 5 wt.% (800°C-5%), depending on 

the voltage window used: 2.5 - 4.8 V for all cycles (black), 2.5 - 4.8 V only for the first cycle and then 

2.5 – 4.55 V (blue), or 2.5 - 4.55 V for all cycles (red). (a) gives the comparison of the first two charge-

discharge cycles. (b) compares the derivative curves of the 1st and 60th cycles (in continuous and dotted 

lines respectively). (c) gives the change in the discharge capacity and coulombic efficiency as function 

of the number of cycles and (d) that in the discharge average potential as function of the number of 

cycles. 

Figure 9: Discharge capacity as function of the number of cycles, obtained in lithium cells in the 2.5 - 

4.8 V potential window varying the cycling rate: the layered oxide type engineered materials synthesized 

at 800°C and 900°C with a lithium excess of 5 wt.% (800°C-5% and 900°C-5%) are compared with 

the homogeneous layered oxide Li1.2Mn0.6Ni0.2O2 (LMN). 
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Figure 1 

(Please, consider that this figure requires to be included as a two columns figure) 
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Figure 2 
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Figure 3 
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Figure 5 
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Figure 6 

(Please, consider that this figure requires to be included as a two columns figure) 
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Figure 7 
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Figure 8 

(Please, consider that this figure requires to be included as a two columns figure) 
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Figure 9 
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