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Abstract 

Li-rich layered Li1+xMnyM1-x-yO2 (or denoted as xLi2MnO3⋅(1-x)LiMO2, M = Ni, Co, 

Mn, etc.) are promising cathode materials for high energy-density Li-ion batteries. 

However, their commercial applications suffer from problems such as drops of 

capacity and discharge voltage during cycling. In this work, the cycling performance 

of layered oxide Li1.2Ni0.13Co0.13Mn0.54O2 is improved by integration with spinel 

LiNi0.5Mn1.5O4 to obtain a layered/spinel composite. Characterization by powder 

X-ray diffraction (XRD), high resolution transmission electron microscopy (HRTEM) 

as well as cyclic voltammetry (CV) indicates that delayed degradation of layered 

Li2MnO3 and the suppressed growth of LiMn2O4-like spinel are responsible for the 

performance improvement. 

 

1. Introduction 

Lithium-ion batteries have been regarded as one of the most promising power sources for portable electronic 

devices and electric vehicles. Exploration of cathode materials with higher energy-densities and longer cycle life is 

among the most important work in this field.1 In recent years, Li-rich Mn-based oxides Li1+xMnyM1-x-yO2 (M = Ni, 

Co, Mn, etc.), also known as xLi2MnO3⋅(1-x)LiMO2, are attractive cathode materials because of their high capacity 

(over 250 mAh g-1) and energy density.2,3 However, these materials suffer from drawbacks including large 

irreversible capacity loss in the first cycle, and capacity and discharge voltage fading in the subsequent cycles.3,4 

Much attention has been devoted to the understanding of the mechanisms for their performance decays.3-5 

Continuous transformation from the layered structure to spinel phase during cycling is generally believed 

responsible for the performance degradation.6-10 
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Efforts have been taken to improve the electrochemical performance of these Li1+xMnyM1-x-yO2. Element 

doping is effective in enhancing the Li-ion conductivity and stabilizing the structure of these oxides. Substitutions 

such as Ru,11 Ti,12 Mg,6 Cr,13 Al, 14 etc. for transition metal ions (TM = Ni, Mn, and Co) and F,14 etc.for O reduce 

the irreversible capacity in the first cycle and improve the rate performance. Surface modification is another 

strategy of performance improvement by suppressing the surface sensitivity of the cathode materials by changing 

their surface chemistry. AlF3,16 LiMnPO4,17 Al2O3,
18 PPy19 etc. were used as coating materials. These efforts can 

indeed help to increase the capacity retention of the Li-rich materials to some extent. Recently, some studies have 

also paied more attention to the discharge voltage fading, such as incorporation of the polyanions (PO4
3-, BO3

3- or 

BO4
5-),20-21 application of a nonflammable electrolyte.22 However, nor has the layer-to-spinel transformation been 

prevented. 

Spinel LiNi0.5Mn1.5O4 has attracted much attention in recent years because it can be charged to around 5.0 V 

and show good cycling stability at room temperature. In addition, its 3D Li+ ion diffusion channels ensure its 

excellent rate performance.23 More important is its structural compatibility with the close-packed oxygen array in 

the above Li-rich layered oxides.24 These make the spinel material an ideal candidate to integrate with the layered 

oxides. Actually, layered/spinel composites such as (0.5Li2MnO3⋅0.5LiMn0.5Ni0.5O2)-LiNi0.5Mn1.5O4
25 and 

Li2MnO3-LiMn2O4,
26 have been prepared to overcome some of the drawbacks of the layered and the spinel 

materials while retain the advantages of each. However, high content of spinel means decrease of the capacity and 

energy density of the composite. In addition, the interactions between the layered and spinel phases in the 

composites have not been considered in those reports. 

 In this study, Li-rich layered oxide Li1.2Ni0.13Co0.13Mn0.54O2 was integrated with low content (10 wt%) of 

spinel LiNi0.5Mn1.5O4 (LNMO) to suppress the voltage fading of Li1.2Ni0.13Co0.13Mn0.54O2 and improve its capacity 

retention. Samples containing up to 50 wt% LNMO were also prepared and evaluated in order to find out the 

interactions between the spinel and the Li-rich layered material during material preparation and electrochemical 

cycling. It will be seen that the integrated spinel phase plays an important role in stabilizing the structure of its 

layered partner. 

2. Experimental 

Materials synthesis 

Li-rich layered oxide material Li1.2Ni0.13Co0.13Mn0.54O2 was synthesized by a modified Pechini method. 

Stoichiometric amounts of Ni(CH3COO)2·4H2O, Co(CH3COO)2·4H2O, Mn(CH3COO)2·4H2O, and excess amount 
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(5% in molar ratio) of LiCH3COO·H2O were used as raw materials together with citric acid and ethylene glycol 

(molar ratio=1:4) to form polymeric precursor. More details can be found in our previous paper.19 The precursor 

was heated at 400 °C for 5 h before it was calcined at 800 °C for 12 h in air. Pure Li1.2Ni0.13Co0.13Mn0.54O2 

(denoted as NCM-00) was obtained after the muffler furnace was cooled down to room temperature. 

Spinel-integrated Li1.2Ni0.13Co0.13Mn0.54O2 containing 10, 20 and 50 wt% LNMO were prepared by a sol-gel 

method. Stoichiometric amounts of Ni(CH3COO)2·4H2O, Mn(CH3COO)2·4H2O, LiCH3COO·H2O for 

LiNi0.5Mn1.5O4 were dissolved in de-ionized water and mixed with the above sample NCM-00 powder to form a 

suspension. NH3·H2O (AR, 25%) was added into the suspension to tune its pH value to 8. The suspension was 

constantly stirred for 4 h at 50 °C and then dried to gel at 80 °C. The gel was kept at 110 °C until it became brown 

powder. A Li1.2Ni0.13Co0.13Mn0.54O2-LiNi0.5Mn1.5O4 composite was obtained after calcination at 750 °C for 12 h 

under an oxygen atmosphere. The Li1.2Ni0.13Co0.13Mn0.54O2 with 10 wt%, 20 wt% and 50 wt% LNMO are hereafter 

referred to as NCM-10, NCM-20 and NCM-50, respectively. 

Structure and morphology 

The crystalline structure of the materials was characterized with X-ray diffraction (XRD, Bruker D8 Advance) 

using Cu Kα radiation (λ =1.54056 Å). High-resolution transmission electron microscopy (HRTEM), and 

selected-area electron diffraction (SAED) patterns were recorded on FEI Tecnai F20 transmission electron 

microscope.  

Electrochemical testing 

The electrode sheet was prepared by mixing the active material, acetylene black and polytetrafluoroethylene 

(PTFE) binder at a weight ratio of 80:12:8 with ethanol as the dispersant (active material: ~2 mg). The slurry was 

pressed into a film. The film was cut into φ8 circles and dried in a vacuum oven at 120 °C for 12 h. Test cells were 

assembled using fresh lithium foil as the counter electrode, Celgard 2300 as the separator, and 1 mol L-1 LiPF6 

dissolved in ethylene carbonate and dimethyl carbonate (1:1 v/v) as the electrolyte in an argon-filled glove box. 

The cell was electrochemically cycled on LAND CT2001A battery tester between 2.0 and 4.8 V (vs. Li+/Li). 

Cyclic voltammetry (CV) data were recorded on CH Instruments electrochemical workstation at a scan rate of 0.1 

mV s-1 between 2.0 and 4.8 V. 

3. Results and Discussions 

Material Characterization 
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Fig. 1a shows the XRD patterns of the pure and LNMO-integrated Li1.2Ni0.13Co0.13Mn0.54O2 (NCM-xx). All the 

main diffraction peaks of NCM-00 can be indexed to the O3-LiCoO2 structure (R 3m symmetry group).27 The 

weak peaks between 20° and 25° are attributed to the cation ordering of the Li and transition metal atoms (TM, Ni, 

Mn, and Co) in the TM layers.28 Integration with LNMO does not induce any obvious changes to the structure of 

Li1.2Ni0.13Co0.13Mn0.54O2 (NCM-00), including its TM ion ordering. A weak diffraction appears at 18.98° in 

NCM-10; its position shifts to lower angles with increasing integration content of LNMO and is very close to the 

(111) diffraction of LNMO in NCM-50 (dashed arrow in Fig. 1b). This peak is supposed to belong to 

Li-insufficient spinel LNMO (Li1-xNi0.5Mn1.5O4). The main lost lithium is believed to have migrated to the lattice 

of Li1.2Ni0.13Co0.13Mn0.54O2. Loss of lithium from LiNi0.5Mn1.5O4 results in the oxidation of Ni2+ to Ni3+ or Mn3+ to 

Mn4+. Of course, it is difficult to recognize if the newly grown spinel is Fd3m or P4332 because the XRD patterns 

of these two phases are very similar to each other except for some very weak peaks.29 Nor can we exclude the 

possibility of Co-ion migration into LNMO. The above results indicate that a thin interface exists between the 

Li-rich Li1.2Ni0.13Co0.13Mn0.54O2 and the integrated spinel LNMO due to cation migration. 
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Fig. 1. Powder XRD patterns of the spinel LiNi0.5Mn1.5O4 (LNMO)-integrated Li1.2Ni0.13Co0.13Mn0.54O2. Selected XRD patterns of 

these samples are illustrated for showing the shifting of LNMO (111) diffraction (b). 

Electrochemical Performance 

Fig. 2a compares the cycling performance of Li1.2Ni0.13Co0.13Mn0.54O2 integrated with various contents of LNMO. 

The discharge capacity of all the four samples fades fast in the first few cycles as other Li-rich cathode materials 

do.9 Sample NCM-00 shows the highest reversible capacity in the beginning of cycling but its capacity retention is 

the poorest of the four samples. These are mainly attributed to the layer-to-spinel structural transformation.7,8 
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Integration with LNMO decreases the charge capacity of the samples due to the low cut-off charge voltage (the 

voltage plateau of LNMO usually finishes around 4.85 V) and the low theoretical capacity of LNMO.29 This 

becomes even clearer as the content of LNMO further increases. However, the capacity of the integrated samples 

turns to increase after 10 to 20 cycles. After about 125 cycles, the capacity of the NCM-10 becomes higher than 

that of the NCM-00. The capacity retention of NCM-10 is 91.8% while that of NCM-00 is only 67.8% after 230 

cycles. Increasing the content of LNMO cannot further improve the capacity retention of Li1.2Ni0.13Co0.13Mn0.54O2 

and decreases the discharge voltage of the composite (Fig.3d). Therefore, we do not recommend further increasing 

the integration content beyond 10 wt%. However, sample NCM-50 will still be used in the following discussion in 

order to find out why LNMO integration can improve the cycling stability of the Li-rich material. 

The first charge and discharge curves of these four samples are presented in Fig. 2b. All the samples exhibit a 

long potential plateau above 4.5 V in the first charge, characteristic of the Li-rich layered cathode materials.24 No 

traces of charge or discharge plateaus of LNMO can be observed for the 10%- and 20%-LNMO integrated samples 

above 4.5 V due to the low content of integration and the severe cation migration. However, short charge (ca. 35 

mAh g-1) and discharge (ca. 30 mAh g-1) voltage plateaus can be clearly observed above 4.5 V in NCM-50. The 

large irreversible capacity in the first cycle is mainly ascribed to the irreversible oxygen evolution upon Li-ion 

extraction above 4.5 V from the Li-rich layered phase.30  

The NCM-50 sample shows a discharge plateau at ~2.7 V. This plateau is the contribution of Li-ion insertion 

in the empty 16c octahedral sites, resulting in the reduction of Mn4+ to Mn3+ with a cubic-to-tetragonal phase 

transition of LNMO.31,32 In contrast, NCM-10 and NCM-20 only have discharge plateaus around 2.6 V. The slight 

difference of the discharge plateau implies the more obvious structural modulation due to cation (not limited to Li+ 

ion alone) migration and formation of non-stoichiometric LNMO upon calcination. It gets longer with increasing 

content of integrated LNMO, roughly in direct proportion to the LNMO content in the sample (9 mAh g-1 for 

NCM-10 and 15 mAh g-1 for NCM-20). It becomes less obvious in NCM-10 and NCM-20 with continuous cycling. 

In contrast, the discharge plateau of NCM-50 (37 mAh g-1) around 2.7 V is stable upon cycling (Fig. S1c).  

Fig. 2c shows the coulombic efficiency of the four samples. After integrated with LNMO, the coulombic 

efficiency of the first cycle improved slightly (from 77.9% for NCM-00 to 79.7 %, 79.3% and 89% for NCM-10, 

NCM-20, NCM-50). On the other hand, the samples show similar columbic efficiencies irrespective of integrating 

with LNMO after several cycles. Fig. 2d shows the rate capabilities of the various samples, the sample after 

integrating with LNMO shows an improved rate capability, as compared with bare Li-rich material. This can be 

related to the improved conductivity after integrating with LNMO. 
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Fig. 2. The cycling performance (a), the voltage profiles in the first cycle (b), the Coulombic efficiency (c) of the cathode 

materials at a current density of 60 mA g-1 and at different current densities (d) between 2.0 and 4.8 V vs. Li+/Li. 

It has been well accepted that extensive Li+ ion removal leads to layer-to-spinel structural transformation, 

responsible for the voltage instability, capacity fading, and poor rate performance of the cathodes.2,8,33 Fig. 3a-c 

compare the charge/discharge profiles of NCM-00, NCM-10 and NCM-50 in the 2nd, 50th, and 200th cycles, 

respectively. The clear discharge voltage plateau above 4.5 V in NCM-50 contains the contribution of both LNMO 

and the Li-rich layered phase. The discharge plateau above 2.75 V corresponds to the spinel-like phase derived 

from the Li-rich phase while the plateau around 2.70 V belongs to the integrated LNMO. The shape of these 

plateaus does not have much change in 200 cycles in NCM-50. However, the discharge profile of NCM-00 shows 

no trace of the Li-rich phase above 4.5 V. These demonstrate the stabilizing effect of the LNMO integration and 

the stability of the integrated LNMO toward repeated cycling at low potentials. After 200 cycles, NCM-10 has the 

highest specific capacity and average discharge voltage, clearly indicating the stabilizing effect of LNMO 

integration. Moreover, the discharge midpoint potential of NCM-10 fades most slowly in all samples (Fig. 3d, the 

results of discharge midpoint potential were directly obtained from LAND software (CT2001A battery tester)). 

There is an obvious activation process between 2.8 and 4.0 V during discharge of NCM-10 and NCM-50 

corresponding to the Mn4+/Mn3+ redox reactions of Li2MnO3 phase in the Li-rich phase (Fig. S1). In this process, 
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more and more Li2MnO3 for lithium extraction with the removal of lattice oxygen form activated MnO2 during 

charge and finally transform into LiMn2O4-like spinel.34,35 Activation of Li2MnO3 leads to the increase of 

discharge capacity (Fig. 2a). These features become more obvious in the normalized voltage profile of these three 

samples after 200 cycles (Fig. S1d). That is, LiNi0.5Mn1.5O4 integration stabilizes the structure of 

Li1.2Ni0.13Co0.13Mn0.54O2 (actually neither is itself any longer due to cation migration; see the following).  

0 50 100 150 200 250

2.0

2.5

3.0

3.5

4.0

4.5

5.0

 NCM-00

 NCM-10

 NCM-50

P
o

te
n

ti
a
l 
(V

, 
v
s

 L
i+

/L
i)

Capacity (mAh g
-1
)

b

0 50 100 150 200 250

2.0

2.5

3.0

3.5

4.0

4.5

5.0

 NCM-00

 NCM-10

 NCM-50

P
o

te
n

ti
a
l 
(V

, 
v
s

 L
i+

/L
i)

Capacity (mAh g
-1
)

a

0 50 100 150 200 250

2.0

2.5

3.0

3.5

4.0

4.5

5.0

 NCM-00

 NCM-10

 NCM-50

P
o

te
n

ti
a
l 
(V

, 
v
s

 L
i+

/L
i)

Capacity (mAh g
-1
)

c

0 50 100 150 200
2.5

3.0

3.5

4.0

  NCM-00

  NCM-10

  NCM-20

  NCM-50

Cycle number

M
id

p
o

in
t 

P
o

te
n

ti
a

l(V
, 

v
s

 L
i+

/L
i)

d

 

Fig. 3. Voltage profiles in the (a) 2nd, (b) 50th (c) 200th and (d) discharge midpoint potential of LNMO-integrated 

Li1.2Ni0.13Co0.13Mn0.54O2 between 2.0 and 4.8 V vs. Li+/Li at a current density of 60 mA g-1. 

Cyclic Voltammetry 

The CV profiles of the NCM-00, NCM-10 and NCM-50 samples in the first three cycles were recorded between 

2.0 and 4.8 V (Fig. 4a). For the anodic segment of NCM-00, the peak at ca. 4.0 V is attributed to the oxidation of 

Ni2+ and Co3+, and the peak at ca. 4.6 V is associated with oxygen evolution and Li extraction from its Li2MnO3 

component to form MnO2.
24 Its cathodic segment is much more complicated than the anodic one. The cathodic 

peak at about 4.5 V is attributed to Li intercalation into tetrahedral sites in LiMO2 (M = Ni, Co, Mn, etc.).36,37 The 

reduction peak at ca. 3.7 V can be assigned to the reduction of Ni4+ and Co4+ in the LiMO2 component of the 

Li-rich layered composite while the cathodic peaks around 3.6 V corresponds to the reduction of Mn4+ in LiMO2 

and MnO2 derived from Li2MnO3.
38 The latter two processes are associated with the occupation of octahedral sites 
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by the Li+ ions.39,40 In the subsequent two cycles, most of the anodic/cathodic peaks shift slightly to the lower 

voltage. The strong anodic peak around 4.6 V almost disappears due to the irreversible Li-ion extraction and 

oxygen release from Li2MnO3.5 

The CV profile of NCM-50 is quite different from that of NCM-00. There are 5 anodic peaks in the first 

charge. The peaks around 3.8 V and 4.2 V correspond to the oxidation of Ni2+ and Co3+
 ions in the Li-rich layered 

phase and the Mn3+ ions in the integrated LNMO, respectively. The broad anodic peak above 4.5 V is actually 

composed of two peaks. The 4.62 V peak is for the oxygen evolution from the Li-rich layered phase; it is 

submerged in the 2nd cycle with the strong peak at 4.7 V for the oxidation of Ni2+/Ni3+ in the integrated 

LNMO.31,40 The Ni3+/Ni4+oxidation process is not finished here until 4.8 V. This becomes clearer in the 2nd and 

3rd cycles. Usually the Ni2+/Ni3+ and Ni3+/Ni4+ oxidation processes are difficult to be separated due to the narrow 

voltage gap between them (ca. 20 mV) in pure spinel LiNi0.5Mn1.5O4.
31 The clear separation of these two 

processes implies the doping (migration) of Co3+ or other ions in it during material calcination.41 The cathodic (at 

2.7 V) and anodic (at 2.9 V) peaks are attributed to Mn4+/Mn3+ redox in LNMO.31,32 In addition, the broad 

cathodic peak around 3.4 V for the reduction of Mn4+ in the layered phase and MnO2 derived from Li2MnO3 is 

very weak in the 1st cycle but becomes stronger in the 2nd and 3rd cycles.38  

With the above discussion, it is easy to understand the CV profiles of NCM-10 (Fig. 4a). The clear redox 

peaks below 3.0 V, about 120 mV lower than their counterparts in NCM-50, are attributed to the 

non-stoichiometric integrated LNMO. However, the CV of the integrated LNMO in NCM-50 is more like that of 

LiNi0.5Mn1.5O4, due to the saturation of the ion migration. However, the contribution of LNMO to the CV plots 

of NCM-10 above 3.0 V is not obvious. 

The CV profiles of NCM-00, NCM-10 and NCM-50 after 300 cycles become rather simple (Fig. 4b) in 

comparison with those of their first three cycles. For the convenience of discussion, the oxidation and reduction 

peaks of each sample are denoted as O and R peaks, respectively (the peak with the same code does not mean the 

same reaction in different samples). Due to the low content of the LNMO integration, the oxidation and reduction 

peaks in NCM-10 are mainly the contribution of Li1.2Ni0.13Co0.13Mn0.54O2. The O1 peak of NCM-10 is clearly 

split into O1(1) and O1(2) for the oxidation of Mn3+ from the LiMn2O4-like spinel  phase and the layered 

LiM′O2 phase,39,40 respectively (M′ is used here to differentiate from M because the content of the TM ions might 

have been changed in the layered phase after long-term cycling). However, these two peaks coalesce into one 

broad O1 in NCM-00. Clearly the O1 peak of NCM-10 after 300 cycles is more like that of NCM-00 after 200 

cycles (Fig. S3). This difference means that the structural framework LiM′O2-LiMn2O4 of NCM-10 can be better 
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reserved than that of NCM-00 after 300 cycles. This retention of the structural framework becomes even clearer 

in NCM-50. Different from those in NCM-00 and NCM-10, the O1 and R1 peaks in NCM-50 are asymmetric 

because they contain the contribution of the reversible cubic-to-tetragonal phase transition of the LNMO spinel 

phase and the LiMn2O4-like phase.31,32 

The O2/R2 peaks indicate the redox processes of Ni and Co ions from LiM′O2 layered phase and Mn ions of 

LNMO spinel phase.31,40 Therefore, the R2 peak is weak in NCM-00 and NCM-10 but become stronger in 

NCM-50 due to contribution of the integrated spinel LNMO. In addition, its position shifts slightly to higher 

potentials. 

The oxidation/reduction peaks for the Ni2+/Ni3+ (O3/R3) and Ni3+/Ni4+ (out of the recorded potential range 

here) of LNMO shift to higher potentials. This makes it easier to recognize the weak peak at ca. 4.65 V (O3 in 

NCM-10) for the oxidation of the O2- ions. There is no such peak in NCM-00. This suggests that NCM-10 

contains more Li2MnO3 than NCM-00 after 300 cycles. The O3 peak in NCM-50 is located at ca. 4.70 V. In 

addition, the O3 peak in NCM-10 is very broad, actually composed of the reaction of the O2- ions of Li-rich 

phase and the Ni2+ ions of LNMO. 
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Fig. 4. The cyclic voltammograms of the first three cycles (a) and some selected cycles (b) of electrodes NCM-00, NCM-10 

and NCM-50, at 0.1 mV s-1 between 2.0 and 4.8 V 
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Structural Analysis After Cycling 

In order to get insight into the changes of the structure before and after long-term cycling, XRD is performed on 

NCM-00 and NCM-10 after 240 cycles (Fig. 5). Distinct from that of the fresh NCM-00, the diffractions of 

Li2MnO3 are absent, suggesting loss of the cation ordering in the transition metal layers.5,38 The complicated XRD 

patterns are tentatively ascribed into three sets of structures, L, S1 and S2. We refer L to a layered phase LiM′O2 

originated from Li-rich phase but different from it in composition due to cation migration during cycling. Fig. 5 

shows that all the diffraction peaks of the layered phase shift to lower 2θ angles and become broad in the NCM-00 

sample. Meanwhile, their intensities are reduced or become negligible, and the adjacent   peaks of (006)/(012) 

and (108)/(110) coalesce, respectively. With the decrease of the diffraction intensities of the L phase, a new phase 

as S2 is observed and becomes dominant. It is interesting that the lattice parameters of S2 are the same in both 

NCM-00 and NCM-10. For this reason, we believe that the S2 phase assigned to cubic spinel (Fd3m) comes from 

the layered-to-spinel transition of the Li-rich material with continuous cycling due to the migration of TM ions and 

the structural rearrangement.2,8,10 The lattice parameters of each phase are calculated and listed in Table S1. Both 

lattice parameters a and c increase during cycling (the result may be less reliable because the intensity of all the 

peaks is low and some peaks are not legible).  

Different from that of the cycled NCM-00, some typical diffraction peaks indexed to layered structure still 

remain though diffraction peaks indexed to S1 appear in the XRD pattern of NCM-10 after 240 cycles. The S1 

phase is supposed to come from the integrated spinel LNMO. However, its lattice parameter (a = 8.062 Å) is 

smaller than that of the integrated LNMO (a = 8.173 Å, JCPDS No. 32-0581), and its composition is also different 

from that of LiNi0.5Mn1.5O4, again due to migration of both the Li and the transition metal ions during sample 

calcination and repeated electrochemical cycling. Although both the S1 and S2 phases are cubic, their lattice 

parameters, a, are markedly different. It is possible that the smaller Mn4+ ion migrates from the Li-rich phase into 

the LNMO spinel during cycling. Meanwhile, the larger ions such as the Ni2+ and Li+ ions migrate into the lattice 

of the layered LiM′O2 or the S2 phase from LNMO. Some earlier groups have proved that cations can migrate not 

only from the surface to the bulk of the particles but also from cathode to anode during the charge-discharge 

cycles.3,42 Therefore, the migration of cations from one phase to another phase of cathode is possible. It seems that 

the quantity of the S1 phase is lower than the S2 phase, and the diffraction peaks of the S2 phase often overlap 

with those of the layered phase. It is the presence and growth of the S2 phase that results in the capacity and 

discharge voltage fading in Li1.2Ni0.13Co0.13Mn0.54O2.
8 In this sense, the presence of the integrated LNMO 
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suppresses the growth of the S2 phase by competition. That is, the integrated S1 is like a seed; it grows by 

accepting some of the migrated cations. These results are consistent with the electrochemical features in the 

voltage profiles and the CV plots. However, they cannot explain the stabilized cycling and average discharge 

voltage. 
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Fig. 5. XRD patterns of NCM-00 and NCM-10 electrodes after 240 cycles. 

Observation of the local structure confirms the stabilizing effect of LNMO integration on the structure of the 

lithium-rich material. Fig. 6 compares the HRTEM and SAED images of bare and LNMO integrated 

Li1.2Ni0.13Co0.13Mn0.54O2 samples before and after long cycles. The bare sample (Fig. 6a) shows homogeneous 

crystal structure from the bulk to surface before electrochemical reaction, with the d-spacing ~0.47 nm, which is 

close to the d-spacing of the (003) plane of R-3m structure. However, the LNMO-integrated sample (Fig. 6b) 

shows much different surface structure from its bulk. The d-spacing of the surface region indicated by the white 

arrow is about 0.236 nm, which is likely related to the (222) plane of spinel structure. After 240 cycles, no traces 

of layered LiM′O2 phase are observed near the surface (Fig. 6c) or in the bulk of NCM-00. Instead, 

strongspinel-like diffractions are shown along the [10 1 ] zone axis of the bulk region (Fig. 6d). Fast Fourier 

transformation (FFT) to the HRTEM image within the square (inset of Fig. 6c) result in a pattern that is identical to 

the SAED pattern of the bulk region (Fig. 6d). Therefore, it is believed that the lithium-rich layered structure of 

NCM-00 is transformed to a spinel-like structure after 240 cycles. This agrees well with our CV plots and the 

previous reports. 10,43  

In contrast, the microstructure of NCM-10 after 240 cycles is complicated (Fig. 6e). FFT to the HRTEM image 

(inset of Fig. 6e) demonstrates the O3 diffractions (Square 2) and slightly stronger spinel-like diffractions (Square 

1). In addition, the SAED pattern collected along the zone axis of the bulk (Fig. 6f) is an overlap of that of the 
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fundamental O3, cation-ordering of the Li2MnO3-like phase (marked with arrows), and weak spinel-like 

diffractions (marked with a triangle). These observations are well-reproducible, therefore, should be reliable. The 

discrepancy between the XRD and the SAED (Fig. 6) may be attributed to the low intensity of the cation ordering 

in the XRD patterns. Clearly, integration of spinel LiNi0.5Mn1.5O4 suppresses the layer-to-spinel transition and 

stabilizes the structure of Li1.2Ni0.13Co0.13Mn0.54O2, consistent with the results of Li-rich materials cycled at lower 

voltage (below 4.5V).10 

 

Fig. 6. HRTEM images of NCM-00 and NCM-10 before cycling (a,b), HRTEM and SAED images of NCM-00 (c,d) and 

NCM-10 (e,f) after 240 cycles. 

Fig. 7 shows the proposed mechanism of improved electrochemical performance of LNMO-integrated Li-rich 

materials. According to the analysis of XRD, TEM, and electrochemical testing, cation migration occurs between 

LiNi0.5Mn1.5O4 and Li1.2Ni0.13Co0.13Mn0.54O2 during the calcination process, leading to the formation of a thin 

interface between LiNi0.5Mn1.5O4 and Li1.2Ni0.13Co0.13Mn0.54O2 due to long time sintering at high temperature. 

During the cycling process, the migration of cations between them caused the transformation 

from LiNi0.5Mn1.5O4 to a new spinel phase S1, which largely suppressed the formation of the common 

spinel phase S2 (LiMn2O4-like) in the bulk of Li1.2Ni0.13Co0.13Mn0.54O2, so the LiNi0.5Mn1.5O4 that formed at the 
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surface of Li-rich material during sintering could stabilize the layered structure and improve the electrochemical 

performance. 

Sintering process

Li
Ni

Mn
Co

Li-rich

＼＼＼＼

＼＼＼＼

Cycling process

LNMO

Li2MnO3 activation
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Li+

Li+O2
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S2 

S2 
S2 

S2 
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Fig. 7. Schematic of the proposed mechanism showing the migration of cations between LiNi0.5Mn1.5O4 and 

Li1.2Ni0.13Co0.13Mn0.54O2 during the calcination and the cycling process. 

4. Conclusions 

Integration of spinel LiNi0.5Mn1.5O4 stabilizes the capacity and voltage of Li-rich layered Li1.2Mn0.54Ni0.13Co0.13O2. 

Migration of cations occurs between integrated LiNi0.5Mn1.5O4 spinel and Li1.2Mn0.54Ni0.13Co0.13O2 during 

integration process. Although most of the Li1.2Mn0.54Ni0.13Co0.13O2 degrades to new layered LiM′O2 and 

LiMn2O4-like spinel by migration of the transition metal ions after long-term cycling, spinel LiNi0.5Mn1.5O4 

integration helps to suppress such degradation and that the integrated LiNi0.5Mn1.5O4, like a seed of crystal growth, 

“absorbs” the cations that would otherwise form LiMn2O4-like phase. The preservation of the Li-rich layered 

structure and suppressed growth of LiMn2O4-like phase are believed to be responsible for the stabilized capacity 

and discharge voltage of the cathode material. These findings demonstrate a new way to improve the performances 

of the Li-rich Mn-based layered cathode materials. 
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