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Highlights 



 

 The phase changes of NCM materials are studied by in operando XRD. 

 NMR reveals Li environment at different states of charge and discharge. 

 A more specific explanation of H1/H2/H3 phase has been put forward. 

 The relationship between long range and local structure has been built up. 

 

Abstract 

 

Ni-rich cathode materials can deliver higher energy density with a lower cost compared 

with other conventional layered oxide materials. However, the cycling performance of 

Ni-rich materials needs further improvement, and the irreversible phase transformation 

related to the cell failure is not fully understood yet. Although an H1-H2-H3 structural 

change process is revealed, a more specific explanation about the difference of these 

hexagonal phases is needed for deeper comprehension and further targeted modification 

of Ni-rich materials. In this work, the different phase transformation mechanisms of 

LiNi0.6Co0.2Mn0.2O2 (NCM622) and LiNi0.8Co0.1Mn0.1O2 (NCM811) are investigated 

by C X-ray diffraction (XRD) measurement, and the relationship between structural 

change and capacity degradation is discussed, showing that H3 phase can be harmful 

for cycling. In addition, 6Li solid state nuclear magnetic resonance (ss-NMR) 

experiments are carried out for detecting the Li chemical environment at different state 

of charge, and the data can be associated with structural change obtained from in 

operando XRD results. From the analysis mentioned above, a new explanation of 



H1/H2/H3 is given, and a relationship between long range and local structural change 

has been put forward for the first time. 
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1. Introduction 

 

Li-ion batteries (LIBs) is one of the best candidates as power sources for electric 

vehicles (EVs) in recent years. The rapid development on EV require LIBs with higher 

energy and power densities, longer cycle life, better safety properties, as well as lower 

cost.[1, 2] Ni-rich NCM-based LiNixCoyMn1-x-yO2 materials, for example, NCM622 

and NCM811, has attracted much attention for its high energy density at present. 

Compared with other layered materials with less Ni such as LiNi1/3Co1/3Mn1/3O2, Ni-

rich materials exhibits an advantage of cost for their lower Co contents.[3-5] Besides, 

Ni-rich materials can deliver higher capacities with a normal upper cutoff voltage 

(lower than 4.3 V), which can relieve the degradation caused by electrolyte oxidation.[6, 

7] 

Generally speaking, the specific capacities of Ni-rich materials will increase with the 

growth of Ni contents.[8] However, some serious problems that limit commercialized 

application of the materials should be taken into account, especially for a high voltage 

use. First, the reaction of the cathode surface and electrolyte is inevitable with the 



formation of a cathode electrolyte interface (CEI) layer, leading to an increasing 

interfacial impedance and thus capacity loss.[9, 10] Besides, the existence of Li/O 

vacancy will drive the migration of Ni4+ from transition metal (TM) layers to Li layers 

at a high voltage, resulting in a newly formed layer of irreversible spinel-like or even 

rocksalt phase on particle surface.[11, 12] This type of surface is an obstacle for 

subsequent Li+ diffusion, which can cause a quick drop of rate capability and cyclability. 

Another problem is about material in a highly charged state, which tends to react with 

electrolyte and decompose with an oxygen release,[8, 13] causing severe safety issues. 

Many strategies of material optimizing have been explored in order to solve the 

problems mentioned above, such as surface coating,[14, 15] synthesis of concentration 

gradient material[16, 17] and developing electrolyte additives,[12, 18] and so on. These 

modification strategies can all efficiently enhance the cyclability and safety of Ni-rich 

materials. 

As for bulk structure, no serious phase transformation was detected in NCM811 after 

200 cycles with a 4.3 V upper cutoff voltage,[12, 19] implying that side reaction on 

surface is the main reason for cell failure with such a voltage limit. Nevertheless, a 

higher upper cutoff charge voltage is being required in order for a higher capacity or 

energy density, usually companying with a more complicated and damaging irreversible 

phase transformation process. Therefore, studying the structure change behavior of Ni-

rich materials in a widened voltage range is significant. For pure LiNiO2, it is known 

that the charge plateaus correspond to the phase transition from pristine hexagonal H1 

phase to subsequent two hexagonal H2 and H3 phases.[20, 21] The occurrence of H3 



will lead to a severe volume change and then particle crack after long cycling.[22-24] 

Besides, the H3 contents keep decreasing upon cycling, resulting in a fast capacity 

decay.[21] This H1-H2-H3 phase transformation can also be observed in Ni-rich NCM-

based materials.[25-28] Although ex situ and in operando XRD measurements were 

applied in previous works to detect the phase transformation process,[28-31] the 

cognition of the structural difference between H1, H2 and H3 is still unclear, as all these 

three hexagonal phases can be indexed to an R3̅m space group and the only difference 

we can obtain from XRD data is their lattice parameters. It can be better to disclose 

these structures from the perspective of local structures, i.e. the way of Li+ ordering in 

this layered Ni-rich system, which can be examined by nuclear magnetic resonance 

(NMR) measurement.[32-34] Therefore, in this article we choose two commercialized 

Ni-rich NCM622 and NCM811 materials, and a combination of in operando XRD and 

6Li ss-NMR measurements are carried out to set up a link between long-range 

H1/H2/H3 structure and local Li environments. We hope to give a clearer picture about 

the correlation between long-range and local structure scale for different hexagonal 

phases. 

 

2. Experimental section 

 

2.1 Characterization of NCM622 and NCM811 pristine materials 

The NCM622 and NCM811 cathode materials are provided by Xiamen tungsten Corp 

(Xiamen, China). The powder samples were characterized using a Rigaku Ultima IV 



power X-ray diffractometer equipped with Cu Kα radiation (λ = 1.5406 Å) at a scanning 

speed 3° min-1 in the 2θ range of 10 – 75°. Rietveld refinement of the XRD patterns 

were performed using a General Structure Analysis System (GSAS) code.[35] The 

stoichiometry of the compounds were confirmed by a JY-horiba Inductively Coupled 

Plasma-Optical Emission Spectrometry (ICP-OES) ultima 2. The morphology and size 

of the particles were obtained using a Hitachi S-4800 scanning electron microscope 

(SEM). 

 

2.2 Electrochemical tests 

The slurry was prepared by combining the active material, acetylene black, and 

polyvinylidene fluoride (PVDF) binder at a weight ratio of 8:1:1 in N-methyl-2-

pyrrolidone solvent, and then the slurry was coated onto aluminum foil current 

collectors for electrodes. The electrodes was dried in a vacuum oven overnight at 80 °C. 

CR2025 coin cells were assembled in an Ar-filled glove box. Lithium metal pills were 

used as the anode, and 1 M solution of LiPF6 in a mixture of ethylene carbonate (EC)/ 

dimethyl carbonate (DMC) (1:1 by volume) was used as electrolyte. The galvanostatic 

charge and discharge profiles were measured over the voltage ranges of 3.0 - 4.3 V and 

3.0 - 4.7 V by Land CT 2001A battery test system under 36 mA g-1 for the first two 

cycles at 35 °C. For the rest of cycles, the cells are charged to 4.3 or 4.7 V under 180 

mA g-1 and the voltage is kept until the current density dropped to 18 mA g-1 to reduce 

the overpotential. Then the cells are discharged to 3.0 V under 180 mA g-1. 

 



2.3 In operando synchrotron HEXRD 

For the in operando HEXRD of NCM622 and NCM811 cathodes during cycling, coin 

cells with holes for beam pass were used. The holes at the top and bottom cases of the 

coin-cell were sealed with Kapton tape after cell assembly. Noted that the in 

operando HEXRD data of NCM-622 during cycling was collected at sector 11-ID-D of 

the APS (λ=0.799898 Å), while the in operando HEXRD data collection of NCM-

811cathodes during cycling was conducted at 11-ID-C of the APS (λ=0.1173 

Å). During the experiment, a MACCOR cycler was used to charged/discharged the cell 

using a constant rate of 0.2 C. Rietveld refinement of the XRD patterns were performed 

using a GSAS code.  

 

2.4 6Li magic angle spinning (MAS) NMR experiments 

The assembled cells were charged or discharged to specific capacity at a rate of 18 mA 

g-1 and disassembled afterwards in an Ar-filled glove box, then the electrodes were 

washed by DMC and dried. The materials on the electrode were scrapped carefully from 

Al current collector and put into the rotors for NMR. 6Li MAS NMR experiments were 

performed in a Bruker Avance III 400 spectrometer, using 1.3 mm probe-heads at a 

MAS frequency of 55 kHz with Hahn-echo pulse sequence (90° pulse-τ-180° pulse-τ). 

The 90° pulse lengths for 6Li was 3.5 μs. The chemical shifts of 6Li were referenced to 

LiCl solution (0 ppm). 

 

3. Results and discussion 



 

3.1 Structure, composition and morphology of NCM622 and NCM811 

Fig. 1 shows the XRD refinement patterns of NCM622 and NCM811 pristine materials. 

All the diffraction peaks can be indexed to a hexagonal α-NaFeO2 layered structure 

with an R3̅m space group. No obvious impurities or secondary phases can be observed, 

and the distinct split of the (006)/(012) and (018)/(110) peaks are clear. The calculated 

patterns are in good agreement with the experiment data with Rwp of 2.18% and 1.87% 

for NCM622 and NCM811 respectively, and the corresponding refined lattice 

parameters and atomic positions are summarized in Table 1 and Table 2. As the ionic 

radii of Li+ (0.76 Å) and Ni2+ (0.69 Å) are similar, cation mixing between Li+ and Ni2+ 

can be observed in the pristine materials. It can be learned from Table 2 that the degree 

of Li/Ni mixing in NCM622 is a bit serious than that in NCM811. The TM composition 

was measured by ICP-OES and the results listed in Table S1 are close to the expected 

values. Fig. 2 displays the SEM data of NCM622 and NCM811 powders. Both two 

samples exhibit spherical morphology with similar particle sizes, and each secondary 

particle is composed of numbers of primary particles. 

 



 

 

Fig. 1 Rietveld refinement XRD data of a) NCM622 and b) NCM811. 



 

 

Fig. 2 SEM images of a) b) NCM622 and c) d) NCM811 particles 

 

Table 1. Lattice Parameters of Pristine NCM622 and NCM811 Samples from 

Rietveld Refinement XRD Data 

 NCM622 NCM811 

Phase α-NaFeO2 α-NaFeO2 

Space group R3̅m R3̅m 

a (Å) 2.8699(1) 2.8758(1) 

c (Å) 14.2214(2) 14.2141(1) 

V (Å3) 101.437(2)  101.807(1) 

Rwp  2.18 % 1.87 % 



 

Table 2. Atomic Positions of Pristine NCM622 and NCM811 Samples from Rietveld 

Refinement XRD Data 

 Atom Wyckoff 

Site 

x y z Occupation 

Factor 

 

 

 

NCM622 

Li1 3b 0 0 1/2 0.965(4) 

Li2 3a 0 0 0 0.035(4) 

Ni1 3a 0 0 0 0.565(4) 

Ni2 3b 0 0 1/2 0.035(4) 

Co 3a 0 0 0 0.2 

Mn 3a 0 0 0 0.2 

O 6c 0 0 0.2583(2) 1 

 

 

 

NCM811 

Li1 3b 0 0 1/2 0.968(2) 

Li2 3a 0 0 0 0.032(2) 

Ni1 3a 0 0 0 0.768(2) 

Ni2 3b 0 0 1/2 0.032(2) 

Co 3a 0 0 0 0.1 

Mn 3a 0 0 0 0.1 

O 6c 0 0 0.2579(1) 1 

 

3.2 Electrochemical performances 

The electrochemical performance of NCM622 and NCM811 were evaluated with 



different upper cutoff voltages of 4.3 V (marked as C4.3) and 4.7 V (marked as C4.7) 

for comparison, and the results are given in Fig. 3. For C4.3, the initial discharge 

specific capacity of NCM622 and NCM811 are 175 and 198 mAh g-1. After 50 cycles, 

the corresponding capacity retention are 84.9% and 82.7%, showing that NCM622 can 

deliver less capacity but better cyclability compared with NCM811. On the other hand, 

for C4.7, the discharge capacity for the first cycle and the capacity retention after 50 

cycles of these two materials are getting much closer, which are 216 mAh g-1 and 73.4% 

for NCM622, and 221 mAh g-1 and 73.7% for NCM811, respectively. From the results 

above, it can be speculated that the phase transformation process of NCM622 might 

differ from that of NCM811, and the structural transition of NCM622 above 4.3 V may 

be more harmful for cyclability. Besides, a charge plateau at 4.2 – 4.3 V can be observed 

only for NCM811, which was attributed to an H2-H3 phase transformation in previous 

works.[20, 26, 28] However, such a plateau does not exist for NCM622, in which H2-

H3 structural change can also be found. This may imply that the H2-H3 process in 

NCM622 and NCM811 are also not the same. 

 



 

Fig. 3 Voltage profiles for the first cycle and capacity retention in 50 cycles of 

NCM622 and NCM811 at a voltage range of a) b) 3.0 – 4.3 V and c) d) 3.0 – 4.7 V. 

 

3.3 In operando XRD measurements 

With the aim of understanding different structural change processes between NCM622 

and NCM811, in operando XRD experiment was carried out and the structural 

evolution of NCM622 and NCM811 during the initial charge and discharge processes 

was recorded. The electrochemical performance of the cell for in operando test given 

in Fig. S1 is only with little difference compared with that of the cell for electrochemical 

test so that the in operando XRD data is reliable. Fig. 4 shows the contour plots of in 

operando XRD data for NCM622 between 3.0 and 4.7V. Here the pattern of the pristine 

material is identified as hexagonal phase H1, and the material can keep the H1 structure 



below 3.8 V upon charging. At 3.8 V, the (003), (101), (107), (018) and (113) peaks 

split into two, indicating the appearance of a new H2 phase, and then a phase 

transformation from H1 to H2. During the period of H1/H2 coexistence, the peak 

intensities of H1 are becoming much weaker. Afterwards, the material remains H2 

phase until 4.3 - 4.4 V charge. With further removal of Li, another group of new peaks 

appear with larger deviation from previous ones, which is identified as H3 phase. The 

H3 phase can be kept during the final part of charge process, while the diffraction peaks, 

especially (003), (104), (015), (107) and (018), deviate from their original positions to 

higher angles obviously, implying a drastic change of lattice parameters. Meanwhile, 

the intensity of major peaks (003) and (104) decreases, which indicates possible 

structural destruction. Upon discharge, the peaks shift continuously and a distinct phase 

transformation is not easy to be distinguished. Besides, almost all the diffraction peaks 

are widened after a whole cycle, and the position can match both H1 and H2 phase (Fig. 

S2). This phenomenon implies that the first charge-discharge process is not completely 

reversible. The phase transformation process of NCM811 is also displayed in Fig. 5, 

which is similar to but not totally the same with that of NCM622. For charge process, 

the H1-H2-H3 structural change can also be observed. Although the border of different 

phases is not as obvious as that of NCM622, it can also be distinguished from stacking 

plots (Fig. S3). Upon discharge, no peak widening can be observed, but the peaks 

cannot revert back to the original position perfectly after one cycle, also indicating a 

partially reversible charge-discharge process. 

 



 

Fig. 4 In operando XRD data in contour plots for the first cycle of NCM622. 

 

 

Fig. 5 In operando XRD data in contour plots for the first cycle of NCM811. 

 

Fig. 6 displays the comparison of lattice parameters and volume change of NCM622 

and NCM811 as a function of Li amount x obtained by calculating with the in operando 

XRD patterns from Fig. 4 and Fig. 5. Here Lix (0 ≤ x ≤ 1) is used for describing the Li 

contents in the material, which thus can represent the state of charge and discharge. All 

the H1/H2/H3 phases can be indexed to a layered structure with the R3̅m space group. 

At pristine state both NCM622 and NCM811 exhibit the H1 phase, and the lattice 



parameters are nearly constant upon lithiation. With further charging, H2 phase occurs 

at Li0.9 for NCM811 and Li0.73 for NCM622, forming an H1/H2 coexistence region. At 

a deeper charge state, H1 phase finally disappears at Li0.36 for NCM622 and Li0.58 for 

NCM811, demonstrating the H1 region of NCM622 is much longer. For the preceding 

part of H2 phase (0.34 ≤ x ≤ 0.73 for NCM622 and 0.38 ≤ x ≤ 0.9 for NCM811), the 

lattice parameter a decreases, which can be attributed to shortened TM-oxygen 

distances caused by TM oxidation. On the other hand, the c axis shows an enlargement, 

because interlayer O-O repulsion is strengthened after Li+ extraction. As for the rest 

part of H2 together with H3 phase, the a-axis of the lattice tends to be stable, while a 

sharp drop of lattice parameter c occurs, implying a drastic decrease of interlayer 

distance caused by deep delithiation. From the analysis it can be learned that H3 occurs 

at a higher Li content for NCM622 (Li0.28) than that of NCM811 (Li0.23). However 

according to the voltage profile in Fig. 6, at 4.3 V charge state the Li content in 

NCM622 is 0.29, while 0.18 in NCM811. Therefore, only in NCM811 can H2-H3 phase 

transformation be observed for C4.3. As the cycling performance of NCM622 is better 

than that of NCM811 with a 4.3 V upper cutoff voltage, it can be deduced that the 

existence of H3 can be harmful for the cyclability. For C4.7, both two materials undergo 

a whole H1-H2-H3 process, which explains why the capacity retention of the two 

materials are becoming closer. 

By comparing the data in Fig. 6 upon charge and discharge, it can be discovered that 

the H2-H3 phase transformation is nearly reversible for both NCM622 and NCM811, 

while the H1-H2 one acts differently. For NCM622 upon discharge, H2 phase lasts from 



Li0.11 to the very end of discharge state, exhibiting the irreversibility of structural change. 

Besides, H1 phase occurs at Li0.41 with increasing lattice parameter a and decreasing c 

in subsequent discharge process, unlike H1 upon charge with relative stable lattice 

parameters. On the other hand, as for NCM811, it is not easy to distinguish H1 and H2 

phase clearly upon discharge, for the evolution of in operando XRD patterns is 

continuous and there is not an obvious border between H1 and H2 phases. Therefore, 

an “H1/H2” phase is marked in the part of discharge for uncertainty. The volume change 

of two materials are similar, first the volume decreases by 6 - 7% upon charge and then 

reverts back to around 99% after a whole cycle. 

 



 

Fig. 6 Comparison of lattice parameters and volume change of NCM622 and 

NCM811 as a function of Li contents x. The lattice parameters and volume of the 

pristine materials are set as 100%. 

 

3.4 6Li solid state NMR spectra 



As shown from Fig. 6, H1 phase can exist at a wider x range in NCM622 than that in 

NCM811 upon charge, and similar phenomenon was also reported by Lee et al.[36] 

These two results both imply a possible relationship between the phase transformation 

of LiMO2 and the stoichiometry of TM, or chemical environments of Li. Therefore, 

solid-state NMR experiments were performed in order to study the variation of the Li 

chemical environments during charge and discharge processes, and then to check 

whether such kind of relationship mentioned above really exists. Fig. 7 displays the 6Li 

spin-echo ex situ NMR spectra of NCM622 for the first cycle. For the pristine state, 

two groups of peaks can be observed at 1600 - 1400 ppm and 1100 - 250 ppm, which 

represents Li in TM layers caused by Li/Ni mixing and Li in Li layers, respectively.[37] 

This result is consistent with the XRD data of pristine materials, further confirming the 

existence of Li/Ni mixing. According to earlier 6Li NMR results of Li2MnO3 and 

LiNi0.5Mn0.5O2, the major broad peak at 1100 - 250 ppm can be divided into two parts. 

The resonance higher and lower than 700 ppm can be ascribed to Li predominantly 

surrounded by Mn4+ (marked as LiM, and LiM site for corresponding location) and 

Ni2+/3+ ions, respectively.[38, 39] The spectrum of pristine is divided by a dash line for 

two chemical environments. Since Co3+ is diamagnetic that has no contribution on 

resonances, it is not discussed at the beginning of the charge and the end of the discharge 

processes. Upon charging, the major resonance shifts to a lower frequency at first, 

indicating the extraction of LiM. For Li0.71, the broad peak transforms into a sharper one 

at ~400 ppm with a small shoulder at ~750 ppm, which is due to a deep LiM delithiation. 

According to the phase transformation schematic obtained from in operando XRD data, 



this state of charge corresponds to the beginning of H2 generation, so it is reasonable 

to associate LiM with the existence of H1. Moreover, this association can explain why 

H1 phase is more durable in an NCM material with a higher Mn content in return. From 

Li0.71 to Li0.29 charge state, the major resonance slowly shifts to a lower frequency at 

around 300 - 200 ppm, which may be due to the shrinkage of lattice parameter c or the 

Ni oxidation from Ni2+/3+ to Ni3+/4+. Meanwhile, the intensity of former shoulder peak 

at 750 ppm is diminishing, which is consistent with corresponding in operando XRD 

data that the fraction of H1 phase is becoming much lower as H2 emerges. 

At Li0.24 charge, a new group of shoulder peaks at around 750 - 300 ppm appear, 

corresponding to newly formed H3 phase with a drastic decrease of lattice parameter c. 

As the charge process goes on, a new sharp peak marked with a black dot occurs at 

around 100 ppm at Li0.06 (around 4.7 V). This peak represents a diamagnetic Ni4+-rich 

Li environment, where most of the TM cations around Li are Ni4+ (marked as LiN, and 

LiN site for corresponding location).[40, 41] Noticing that the peak does not appear until 

the very end of charge, we suppose that there are two possible reasons: 1) Only at the 

terminal state of charge does the Ni4+-rich LiN environment form due to Ni3+/Ni4+ 

oxidation and 2) A possible Li+ re-ordering process may exist at around Li0.06 and some 

Li ions migrate towards LiN sites. For the former one, we can focus on Li0.18 charge 

state first, where the ~100 ppm sharp peak cannot be observed. For Li0.18, 0.82Li+ has 

been extracted from the material. Even if Ni3+/Ni4+ oxidation occurs after Ni2+/Ni3+ and 

Co3+/Co4+ oxidation, the chemical formula should be 

Li0.18Ni0.42
4+Ni0.18

3+Co0.2
4+Mn0.2

4+O2. Moreover, it has been reported in early works that 



at least Ni3+ should not be the only cation that are oxidized at the end of charge,[42, 43] 

so there should be even more than 0.42 Ni4+ at Li0.18 charge and LiN sites must exist in 

such a condition. Therefore, the emerge of the 100 ppm sharp peak should not be due 

to the formation of LiN sites. As for the other possibility, our hypothesis is as below. At 

Li0.24 and Li0.18 charge, Li ions might be away from LiN sites because of large 

electrostatic repulsion between Li+ and high valence Ni4+. Upon further delithiation, at 

Li0.06 charge, most of the TM cations are oxidized to the valence of +4 so that the 

difference of electrostatic repulsion between Li+ and various TM cations is reduced. In 

this case, an in-plane Li+ ordering process possibly happens and Li ions might be 

distributed almost randomly in Li layer. This is why Li can be observed in LiN sites at 

Li0.06 charge. Upon discharge, the evolution of the resonance is a partially reverse 

process of that upon charge with a hysteresis caused by polarization. At the end of 

discharge, a broad peak at 900 - 500 ppm with a shoulder one marked by a pound key 

at around 250 ppm are presented, indicating the mixture of phase H1 and H2. This result 

can match the in operando XRD patterns of NCM622 well, further proving the 

rationality of the link between long/short range structures. Certainly, the analysis of 

NMR spectra in detail need some assistance of theoretical calculation, which will be 

done in the following papers. In addition, studies of NMR spectra for NCM811 are also 

currently in progress. However, the Li environment still needs further analysis, as the 

Ni contents in NCM811 is too high so that different sites tend to be similar. More efforts 

are needed to distinguish various sites in such a condition. 

 



  

Fig. 7 6Li spin-echo ex situ NMR spectra of NCM622 for the first cycle. All the peaks 

at 0 ppm marked with asterisk can be attributed to diamagnetic impurities such as Li-

2CO3 or LiF. The corresponding schematic of phase transformation obtained from in 

operando XRD data is displayed on the left, and the state of charge is marked by Li 

contents in LixMO2 on the right. The marks on the right in black and red represents 

charge and discharge process, respectively.  

 

From the discussion above, we can conclude that the relationship between the 

H1/H2/H3 phase transformation of NCM-based LiMO2 and Li environments as follows. 

Obviously, the pristine structure is called H1. Upon charge, LiM gradually extracts from 



the material first and finally a LiM-less H2 phase forms. As for H3, it can be divided 

into two parts (marked as H3-1 and H3-2). For H3-1, Li ions tend to be away from LiN 

sites, while for H3-2 a Li re-ordered material is expected. The schematic of the phase 

transformation is displayed in Fig. 8. 

In addition, some other systems of LiMO2, such as LiCoO2, LiNiO2 and LiNixCoyAl1-

x-yO2 materials, have similar or even the same phase transformation process as that of 

Ni-rich NCM-based LiMO2. However, there should be no LiM, LiM sites and a LiM-less 

phase since no Mn4+ can be found in these systems. From the perspective of electrostatic 

repulsion, we speculate that here Mn4+ can be replaced by other cations with +4 valence, 

such as Co4+ or Ni4+ generated upon charge, and Li+ which are around Co4+ or Ni4+ 

might be extracted first. Further studies of other LiMO2 systems mentioned above are 

also currently in progress. 

 



 

Fig. 8 Schematic of the H1-H2-H3 phase transformation from the perspective of local 

environment in different views along a) c axis and b) a axis. One Li layer and two 

adjacent TM layers are picked out for the model and TM cations are randomly 

distributed in each TM layer. LiO6 octahedra are drawn in all figures. For clarity, all 

the octahedra in Fig. 8a are transparent, and all the oxygen atoms are omitted. The 

relative position between TM cations and octahedra can help judge whether the TM 

cations are in the upper TM layer or the lower one. 

 

4. Conclusions 



 

In this work, in operando XRD and ex situ ss-NMR studies of NCM622 and NCM811 

during initial charge and discharge process are carried out. A comparison of in operando 

XRD patterns of NCM622 and NCM811 indicates that the phase transformation process 

may be related to chemical composition of TM or Li chemical environments, which is 

further confirmed by NMR spectra. The long-range structure and local Li environment 

of NCM-based Ni-rich materials has been linked up by the analysis of in operando XRD 

and ex situ 6Li NMR data. As a result, an explanation of H1/H2/H3 phase from the 

perspective of Li chemical environments has been given for the first time by us, which 

makes a step forward for a deeper cognition on Ni-rich materials. With this new 

exploration, further targeted modification and fully utilization of Ni-rich cathodes in 

different working voltage range can be expected in the future.  
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