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a b s t r a c t 

Inferior cycling stability, poor safety, and gas generation are long lasting problems of Ni-rich 

LiNi 0.80 Co 0.10 Mn 0.10 O 2 (NCM811) cathode material. Although much effort has been made, mechanisms 

for the above problems are poorly understood. Studying the cycling and float-charging characteristics of 

Li/NCM811 cells in high voltage conditions (4.5 V and 4.7 V, respectively), in this work we find that nearly 

all known problems with NCM811 material can be attributed to the oxidation of lattice oxygen occurring 

in the capacity region corresponding to H2 → H3 phase transition. While contributing to overall capacity, 

the oxidation of lattice oxygen results in a loss of oxygen through oxygen evolution and relative reactions 

between active oxygen evolution intermediates and electrolyte solvents. It is the loss of oxygen that re- 

sults in irreversible layered-spinel-rocksalt phase transition, secondary particle cracking, and performance 

degradation. The conclusions of this work suggest that the priority for further research on NCM811 mate- 

rial should give to the suppression of oxygen evolution, followed by the use of the anti-oxygen electrolyte 

being chemically stable against the active oxygen evolution intermediates. 

Published by Elsevier B.V. and Science Press on behalf of Science Press and Dalian Institute of Chemical 

Physics, Chinese Academy of Sciences. 
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. Introduction 

Ni-rich LiNi 0.80 Co 0.10 Mn 0.10 O 2 (NCM811) has recently attracted

uch attention for developing high energy density Li-ion batteries

ecause of its high specific capacity and high operating potential

1–4] . In this material, each type of transition metal ions plays its

articular roles, that is, Ni ions contribute to the majority of ca-

acity through the Ni 2 + /Ni 3 + and Ni 3 + /Ni 4 + redox couples, Co ions

uppress Ni/Li cationic mixing in the synthesis and cycling while

ncreasing rate capability, and Mn ions stabilize the structure and

nhance thermal stability by remaining at + 4 valence to act as

 structural stabilizer [5,6] . Unfortunately, the implementation of

CM811 in commercial Li-ion batteries is still hindered by its infe-

ior cycling stability, poor thermal stability (safety issue), and gas

eneration. Although poorly understood, several mechanisms have

een proposed to explain the performance degradation of NCM

aterials, including irreversible phase transition [6–11] , oxygen

volution [12,13] , secondary particle cracking [14–17] , as well as

esidual Li compounds [5,18–20] . Without exception, all the above

echanisms are linked to the operation and/or storage of batteries

n high voltage conditions (i.e., > 4.3 V vs. Li/Li + in the potential
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f the cathode). Since tetravalent nickel and cobalt oxides (MO 2 ,

 = Ni and Co) are thermodynamically instable, the delithiated

charged) NCM811 is subject to spontaneous transformation from

he layered phase (R3 ̅m) over disordered spinel phase (Fd3 ̅m)

o the NiO-like rocksalt phase (Fm3m) [6–8] , and becomes very

nstable at high temperature [21,22] . The layered-spinel-rocksalt

hase transition on one hand reduces M 

4 + ions to much stable

 

2 + ions, resulting in a loss in the capacity, and on the other

and produces active oxygen [23,24] . Both the delithiated MO 2 

15,25] and active oxygen [12,13] can chemically oxidize electrolyte 

olvents, resulting in electrolyte depletion, gas generation, and a

ise in the cell’s impedance. In addition, oxygen evolution [26] and

nisotropic unit-cell volume change [14,17,27] in cycling were re-

orted to be responsible for the formation of microcracks in NCM

econdary particles. Electrolyte penetration into microcracks and

esultant reaction with the delithiated cathode produces resistive

urface layer on the crack surface, which adds extra barrier for the

iffusion of Li + ions. Residual lithium compounds (Li 2 CO 3 , LiOH,

nd Li 2 O) introduced in the synthesis for suppressing Li/Ni cationic

ixing and also formed during storage in ambient atmosphere

ere identified to be another source for the gas generation. It was

eported that the residual lithium compounds can be electrochem-

cally oxidized at potentials higher than 4.3 V vs. Li/Li + , generating

O 2 and superoxide anodic radicals [28–30] , of which the latter
lian Institute of Chemical Physics, Chinese Academy of Sciences. 
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further react with electrolyte solvents to produce more gaseous

products. 

Early studies by various types of transmission electron micro-

scopies revealed that the layered-spinel-rocksalt phase transition

is limited to near surface of the cathode particles, typically 10–

25 nanometers in depth [12,29,31–33] . However, recent studies

showed that such phase transitions can overspread towards

the bulk of the cathode particles in operation and/or storage

[10,29,34,35] . This finding suggests that further works are needed

to understand the mechanism for the performance degradation of

NCM materials. For this reason, in this work we studied changes in

the profile of differential capacity vs. cell’s voltage under different

cycling conditions. With the aid of X-ray diffraction character-

ization on the cycled cathode and combining the observations

of previous publications, we concluded that oxygen loss is the

key origin for irreversible layered-spinel-rocksalt phase transition

and NCM811 secondary particle cracking, and that the oxidation

of lattice oxygen is an intrinsic nature of NCM811 material at

high potentials or high temperatures. Our conclusion suggests

that future research on the NCM811 cathode material should give

priority to suppression of the oxygen evolution, and development

of the anti-oxygen electrolytes that are chemically stable against

the active oxygen evolution intermediates. 

2. Experimental 

NCM811 powder, provided by Targray, Canada, was coated onto

an aluminum foil in composition of 80% NCM811, 10% Super-P

carbon black, and 10%, polyvinylidene fluoride by using N-methyl-

2-pyrrolidone as the solvent. Resulting cathode was punched into

circular disks with a 1.27 cm 

2 area, and dried at 110 °C under vac-

uum for 16 h. On average, the loading of NCM811 on the cathode

was 8.0–8.2 mg cm 

−2 . A solution of 1.0 mol kg −1 LiPF 6 dissolved in

a 3:7 (w:w) mixture of ethylene carbonate and ethyl methyl car-

bonate was used as the electrolyte, and constant amount of 40 μL

electrolyte was added in all cells. Using two pieces of Celgard 2400

membranes as the separator, Li/NCM811coin cells were assembled

and activated by charging and discharging at 0.1 C between 3.0 V

and 4.7 V for one cycle unless noted otherwise. The cells were

cycled on a Maccor Series 40 0 0 tester at 0.5 C by charging the cell

to cutoff voltage and then holding at the cutoff voltage until the

current declined to 0.1 C. The C rate was referenced to a specific

capacity of 200 mAh g −1 NCM811. 

AC impedance of the cells was measured at 20 °C by a Solartron

SI 1287 Electrochemical Interface in combination with a Solartron

SI 1260 Impedance/Gain-Phase Analyzer. In measurement, the

newly-assembled cell was charged at 0.1 C to testing voltage

(4.5 V and 4.7 V, respectively), followed by holding the cell at the

testing voltage and measuring the cell’s impedance in different

float-charging time intervals. AC-impedance was measured with

a DC polarization (4.5 V or 4.7 V, respectively) and a 10 mV AC-

perturbation in frequency range from 10 0,0 0 0 Hz to 0.01 Hz. To

prepare the sample for X-ray diffraction (XRD) characterization,

the cycled/tested cathode was harvested and rinsed using ethyl

methyl carbonate in a glove-box, followed by drying at 100 °C
under vacuum overnight. The XRD pattern of the samples was

acquired by a Rigaku MiniFlex600 X-ray diffractometer. 

3. Results and discussion 

Fig. 1 (a) shows voltage profile of the initial three cycles for

a Li/NCM811 cell. It is observed that voltage profile of the 1st

cycle largely differs from other two by its higher polarization

in the initial charging period and lower coulombic efficiency in

the cycling. This is a common phenomenon for all types of NCM

cathode materials, and it can be attributed to the inhomogeneous
rain boundary contact in the original state of NCM material for

he higher polarization and the Li/Ni cationic mixing occurring in

he initial charging process for the lower coulombic efficiency. In

articular, the Li/NCM811 cell shows a broad differential charging

apacity peak stating at 4.33 V in the first charging, and accord-

ngly a sharp differential discharging capacity peak at 4.53 V in the

ubsequent discharging, as indicated in the inset of Fig. 1 (b). Since

he electrolyte used in this work can be electrochemically stable

p to 5.0 V vs. Li/Li + on the Super-P carbon [24,36] , the above two

ifferential capacity peaks are more reasonably assigned to the

esidual Li compounds (Li 2 CO 3 , LiOH, and Li 2 O) for charging and

he chemisorbed active oxygen for discharging on the NCM811

urface [5,18–20] . It was reported that the residual Li compounds

an be electrochemically oxidized above 4.3 V vs. Li/Li + through

qs. (1) –( 3 ) [28–30,37] , and that these reactions are poorly re-

ersible because of the parasitic reactions between the oxygen

edox intermediates and electrolyte solvents [38,39] . 

i 2 O – 2e − → ½O 2 + 2Li + (1)

iOH – 2e − → ½O 2 + Li + + H 

+ (2)

i 2 CO 3 – 2e − → ½O 2 + CO 2 + 2Li + (3)

The above assignment is well evidenced by the vanishing of

hese two differential capacity peaks in the 2nd cycle, and there-

ore it can be concluded that the residual Li compounds affect gas

eneration mainly in the initial formation cycle. 

Fig. 2 exhibits a typical profile of the plots of differential

apacity vs. cell’s voltage for Li/NCM811 cells. It is clearly ob-

erved that the capacity of NCM811 material is contributed by

our-step phase transition in the order of voltage increasing from

exagonal (H1) through monoclinic (M) to hexagonal (H2 and H3)

5,12,40] . Since the Co 4 + /3 + redox couple contributes to small part

f capacities, differential capacity peak of the H1 → M transition is

ften split into two overlapped peaks. Of particular importance for

he capacity retention and thermal stability of NCM811 material,

he H2 → H3 phase transition above 4.11 V is inevitably accompa-

ied by the oxidation of lattice oxygen, and it experiences much

arge change in the unit-cell volume [5,27] , resulting in NCM811

econdary particle cracking. Therefore, the capacity region corre-

ponding to the H2 → H3 transition is considered to be instable as

istinguished by the color in Fig. 2 . In this region, the capacity and

eversibility of NCM811 are affected by both of the H2 → H3 phase

ransition and the lattice oxygen redox [35,41–44] , and the similar

onclusions have been well documented on the Li-rich layered

athode materials [22,45,46] . The above partition on the capacity

egion can be supported by the following facts: (1) oxygen evo-

ution initiates at 4.3 V vs. Li/Li + and becomes significant above

.55 V [12,24] , (2) oxygen evolution is simultaneously accompa-

ied by the generation of CO 2 and CO as a result of the chemical

eactions between the active oxygen evolution intermediates and

lectrolyte solvents [12,13,47] , (3) the ultimate delithiation prod-

cts are thermodynamically instable so that up to date neither

ure NiO 2 nor pure CoO 2 has been prepared/reported, and (4)

here is a delay, even by an operando technique, in the time (and

urther the potential) between oxygen evolution and detection

y the instrument due to the need for the diffusion of oxygen

olecules from the lattice to the surface of NCM811 particles. In

he thermodynamic view, the oxidation of lattice oxygen can be

nderstood by the following two chemical equilibriums [6,12,43] . 

 O 2 ( layered ) � M 3 O 4 ( spinel ) + [ O ] (4)

 3 O 4 ( spinel ) � MO ( rocksalt ) + [ O ] (5)



S.S. Zhang / Journal of Energy Chemistry 41 (2020) 135–141 137 

Fig. 1. Electrochemical characteristic of the initial three cycles of Li/NCM811 cells, recorded at 0.1 C in 3.0–4.7 V. (a) Voltage profile, and (b) plot of differential capacity vs. 

cell voltage. 

Fig. 2. Typical pattern of the differential capacity vs. cell’s voltage for Li/NCM811 

cells. 
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Fig. 3. Cycling performance of Li/NCM811 cells in different voltage ranges. 
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here [O] represents active oxygen intermediates, which may

e any forms of the excited state singlet oxygen ( 1 O 2 ), peroxide

nodic radicals (O 

–O 

• −), and peroxide bonds (O 

–O) between the

ransition metal ions [12,24,28–30] . While contributing to overll

apacity, the active oxygen can be either self-quenched by combin-

ng into the ground state oxygen molecules (i.e., so-called oxygen

volution) or reacted with the electrolyte solvents, resulting in gas

eneration and a rise in the cell’s impedance. In our view, nearly

ll known problems with NCM811 material can be attributed to

he oxygen evolution and its relative reactions between the active

xygen evolution intermediates and electrolyte solvents, both of

hich result in a net loss of oxygen. It is the loss of oxygen that

esults in irreversible layered-spinel-rocksalt phase transition and

econdary particle cracking of NCM811 material. According to

he above conclusions, research priority for solving the problems

f NCM811 material should give to suppression of the oxygen

volution, followed by development of the anti-oxygen electrolytes

hat are chemically stable against the active oxygen evolution in-

ermediates. In this regard, cationic doping has been proven to be

articularly effective in stabilizing the lattice structure of layered

ransition metal oxides [48–52] , and nonflammable electrolytes

ould be a good option because of their ability in retarding the

ropagation of oxygen radicals [53,54] . 

Cycling performances of three Li/NCM811 cells in different

oltage ranges are compared in Fig. 3 . It can be seen that raising
he charging cutoff voltage does not significantly increase specific

apacity, instead that the capacity retention deteriorates with an

ncrease in the charging cutoff voltage. As such, the cell cycled

n the 3.0–4.3 V range retained the highest capacity in the end

f testing (110 cycles). Since the cell’s energy density (mWh g −1 )

quals to the product of specific capacity (mAh g −1 ) and average

perating voltage (V), the voltage profile and differential capacity

lot of these three cells are representatively compared in Fig. 4 .

ithout exception, the cells’ capacity and discharging voltage are

eclined with the cycle number, and the fading rate accelerates

ith an increase in the charging cutoff voltage ( Figs. 4 a, c, and e).

omparing the profile of differential capacity sheds deep insight

nto the performance degradation ( Figs. 4 b, d and f). It is distinctly

bserved that decline in the discharging voltage with the cycle

umber is attributed to not only an increase in the ohmic polariza-

ion, but also a change in the phase structure of NCM811 material

s evidenced by decreases in the number and voltage of the differ-

ntial capacity peaks. Particularly for the discharging process ( Fig.

 f), the cell had three differential discharging capacity peaks in the

th and 20th cycles, however, decreased to two peaks in the 50th

nd 100th cycles with vanishing of the peak corresponding to the

3 → H2 phase transition. More importantly, the peak voltage of

ifferential dischar ging capacity declined with an increase in the

ycle number. Similar results are also observed from the 3.0–4.3 V

ange ( Fig. 4 b) and 3.0–4.5 V range ( Fig. 4 d) except for a relatively

low fading rate. Vanishing of the differential capacity peak cor-

esponding to the H3 → H2 phase transition is excellent evidence

or the irreversible layered-spinel-rocksalt phase transition of

CM811 material [6–8] . Due to the loss of oxygen, the average
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Fig. 4. Selective profiles for the cell’s voltage and differential capacity of Li/NCM811 cells cycled in different voltage ranges. (a & b) 3.0–4.3 V, (c & d) 3.0–4.5 V, and (e & f) 

3.0–4.7 V. 
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valence of transition metals in the spinel and rocksalt phases

is accordingly lowered, resulting in decreases in the operating

voltage and specific capacity of NCM811 material [46] . 

Fig. 5 compares voltage profile and differential capacity plot of

two Li/NCM811 cells subject to different float-charging conditions,

in which two newly assembled cells were charged at 0.1 C to 4.7 V,

followed by holding the cell at 4.7 V for 1 h and 200 h, respectively.

After float-charging, the cells were discharged at 0.1C to 3.0 V,

leading to almost same capacity, i.e., 203 mAh g −1 for the 1 h float-

charging and 205 mAh g −1 for the 200 h float-charging. However,

the 200 h float-charging had much lower coulombic efficiency

(72.0% vs. 87.3% of the 1 h float-charging, as noted in Fig. 5 a), but

had a little higher discharging voltage in the 3.8–4.2 V region as

marked by the shadow area. The former suggests that extended
oat-charging time at 4.7 V leads to redox shuttle of the soluble

ctive oxygen intermediates because electrochemical oxidation of

he electrolyte solvents at 4.7 V vs. Li/Li + occurs mainly in the

nitial several hours (to be discussed later). The soluble active oxy-

en intermediates with paramagnetism have been experimentally

etected from a Co 3 O 4 -catalyzed Li/Li 2 O cell by the electron spin

esonance spectroscopy [55] , and supported by the fact that the

hermal runway of NCM-based Li ion batteries can be triggered

ithout need of internal electric shorting (i.e., separator melting),

nstead by the reaction of the lithiated graphite and the active

xygen that is released from the delithiated NCM cathode, dis-

olved into the liquid electrolyte, and diffused into the anode [56] .

he latter suggests that degradation of the delithiated cathode is

 self-decomposition process as proposed by Eqs. (4) and 5 , other
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Fig. 5. Effect of float-charging time at 4.7 V on electrochemical characteristic of the initial cycle. (a) Voltage profile, and (b) differential capacity. 

Fig. 6. (a) Typical impedance spectrum of Li cells and equivalent circuit used for fitting of electric elements, (b) change of impedance spectrum with float-charging time at 

4.5 V and 4.7 V, respectively, in the initial charging, and (c) comparison of the growth of R b and R sl during float-charging at 4.5 V and 4.7 V, respectively, where the slope 

arrow shows an increase in the float-charging time. 
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han a process of the reaction between the delithiated cathode

nd electrolyte solvents. Of interest, the values of the discharging

ifferential capacity peaks for the H3 → H2 and M → H1 transitions

re in reversal order for the 1 h and 200 h float-charging (see

wo circles in Fig. 5 b). This provides excellent evidence for the

ontribution of lattice oxygen redox to overall capacity, and it is

ffected by the float-charging time. In addition, it is shown by

he horizontal arrow in Fig. 5 (b) that after float-charging at 4.7 V

or 200 h, the differentical dischar ging capacity peak of the active

xygen generated by the residual Li compounds was shifted to a

ittle lower. This is probably because the activity of active oxygen

pecies gradually decays with the time as the common radicals do.
The effect of float-charging time was further studied by AC-

mpedance analysis, and the results are summarized in Fig. 6 , in

hich (a) shows a typical impedance spectrum of the Li metal

ells and an equivalent circuit suitable for fitting of electric el-

ments. Briefly, the impedance of a Li metal cell is composed

ainly of bulk resistance ( R b ), surface layer resistance ( R sl ), and

harge-transfer resistance ( R ct ), in which the R sl and R ct are usually

eflected by two overlapped semicircles [57,58] . The R ct , a measure

f the cell’s electrode reaction kinetics, is a function of the cell’s

tate-of-charge, and it theoretically approaches indefinite large

ithout forming a semicircle near the charging and discharging

nds. Therefore, the part of the impedance spectra corresponding
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Fig. 7. XRD pattern of NCM811 cathodes. (1) Pristine cathode, (2) after 200 cycles at 0.5 C in 3.0–4.5 V, (3) after float-charging at 4.5 V for 200 h, and (4) after float-charging 

at 4.7 V for 200 h. Note that Samples (2), (3) and (4) were obtained by discharging the cell at 0.1 C to 3.0 V, and that the bottom pattern is Al current collector for reference 

and the right two panels are enlargement of the [003] peak and [104] peak, respectively. 
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A  
to the R b and R sl was analyzed in the present work. The spectra of

two Li/NCM811 cells for various float-charging times at 4.5 V and

4.7 V, respectively, are plotted together in Fig. 6 (b), showing such

a general trend that the semicircle’s diameter progressively grows

with the float-charging time. Using the equivalent circuit shown

in the inset of Fig. 6 (a), the R b and R sl are fitted and plotted as a

function of the float-charging time in Fig. 6 (c). It is interesting to

observe that in both cases, the R b remains constant except for the

first 5 h in the 4.7 V float-charging whereas the R sl progressively

increases with the float-charging time. The above observation

indicates that at 4.7 V vs. Li/Li + electrochemical oxidation of the

electrolyte solvents and its resulting increase in the R sl occur

mostly in the initial 5 h period or the initial charging, and that

further increase in the R sl is mainly attributed to the irreversible

layered-spinel-rocksalt phase transition of NCM811 material, re-

sulting in the formation of a low conductive surface reconstruction

layer on the NCM811 particles. 

The layered-spinel-rocksalt phase transition was further ver-

ified by the change in crystalline structure of NCM811 material.

Fig. 7 compares the XRD patterns of the pristine NCM811 cathode

and three tested NCM811 cathodes under different testing condi-

tions. Overall, the layered structure of NCM811 material was fairly

retained in Samples (2), (3), and (4), which were subjected to

cycling at 0.5 C in 3.0–4.3 V for 200 cycles, float-charging at 4.5 V

for 200 h, and float-charging at 4.7 V for 200 h, respectively. Paying

attention to the [003] and [104] peaks (the right two panels in

Fig. 7 ) finds that after galvanostatic cycling and float-charging

tests, these two peaks slightly shifted towards low 2 θ values,

suggesting a small change in the lattice parameters of NCM811

material. As a measure of the Ni/Li disorder in the layered NCM

cathode materials [59–61] , the I [003] / I [104] intensity ratio was

calculated to be 1.39, 1.11, 1.16, and 0.98 for the pristine cathode,

Samples (2), (3), and (4), respectively. Compared with the pristine

cathode ( I [003] / I [104] = 1.39), a decrease in the I [003] / I [104] ratio for

Samples (2), (3), and (4) indicates that all these three cathodes

suffered in different degrees layered-spinel-rocksalt phase tran-

sition as a result of the loss of oxygen, as suggested by Eqs. (4)

and 5 . 
p  
. Conclusions 

In summary, performance degradation of the Li/NCM811 cells

n high voltage ( > 4.3 V) operation was studied by galvanostatic

ycling and float-charging tests in combination with the post-

ortem analysis on the tested cathode using the XRD technique.

t is shown that the H2 → H3 phase transition in the voltage

bove 4.1 V is inevitably accompanied by the oxidation of lattice

xygen. While contributing to overall capacity, the oxidation of

attice oxygen triggers oxygen evolution during which the active

xygen evolution intermediates, such as excited state singlet oxy-

en ( 1 O 2 ), peroxide anodic radicals (O −O 

• −) and peroxide bonds

O −O), chemically oxidize the electrolyte solvents, resulting in gas

eneration and a rise in the cell’s impedance. The loss of oxygen

esults in irreversible layered-spinel-rocksalt phase transition

nd a decrease in the average valence of transition metal ions.

s a consequence, both of the specific capacity and operating

oltage of the Li/NCM811 cells are decreased with repeatedly

ycling. The results of this works also reveal that electrochemical

xidation of the electrolyte solvents and its resulting impact on

he cell’s impedance occur mainly in the initial charging, whereas

he oxygen evolution and its relative adverse effects accompany

hole life of the batteries. Most of the known problems with

CM811 material can be ultimately attributed to the oxidation of

attice oxygen (i.e., the oxygen evolution) and its relative reactions

etween the active oxygen evolution intermediates and electrolyte

olvents. The conclusions of this work suggest that further re-

earch on NCM811 material should give priority to suppression of

he oxygen evolution, followed by development of the anti-oxygen

lectrolytes that are chemically stable against the active oxygen

volution intermediates. 
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