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 ABSTRACT 

Li-rich cathode materials have been considered as promising candidates for

high-energy lithium ion batteries (LIBs). In this study, we report a new series

of Li-rich materials (Li[Li1/3–2x/3Mn2/3–x/3Nix]O2 (0.09 ≤ x ≤ 0.2)) doped with 

small amounts of Ni as cathode materials in LIBs, which exhibited unusual 

phenomenon of capacity increase up to tens of cycles due to the continuous

activation of the Li2MnO3 phase. Both experimental and computational results 

indicate that unlike commonly studied Ni-doped Li-rich cathode materials, 

smaller amounts of Ni doping can promote the stepwise Li2MnO3 activation to 

obtain increased specific capacity and better cycling capability. In contrast,

excessive Ni will over-activate the Li2MnO3 and result in a large capacity loss in 

the first cycle. The Li1.25Mn0.625Ni0.125O2 material with an optimized content of Ni 

delivered a superior high capacity of ~280 mAh·g–1 and good cycling stability at 

room temperature. 

 
 

1 Introduction 

Due to the high demands of electric vehicles and large- 

scale energy storage systems, rechargeable lithium 

ion batteries (LIBs) have received increasing attention 

as one of the best potential power sources for these 

applications [1–3]. Many new types of anode materials, 

such as Si [4] and some metal oxides [5, 6] have been 

developed as potential replacements for the con-

ventional anode—graphite, and the newly introduced 

super-conductive graphene and its complexes with 

metal or metal oxides have demonstrated a superior 

high capacity of more than 1,000 mAh·g–1 with 

excellent rate performance [7–10]. However, the 
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current commercial cathode materials for LIBs, such 

as LiCoO2 (140 mAh·g–1), LiMn2O4 (120 mAh·g–1) and 

LiFePO4 (160 mAh·g–1) are still far from satisfactory 

in terms of their low energy density and high cost 

[11–14], which has led to intensive efforts devoted to 

the exploration of new alternatives. 

Li-rich layered oxides are a family of high energy 

cathode materials, which have been studied in recent 

years following the pioneering work by Thackeray 

[15, 16]. Generally, they are complex composites 

consisting of two highly integrated layered structures 

with the composition of Li2MnO3 (C2/m) and LiMO2 

(R3
—

m) and can deliver a high specific capacity of more 

than 250 mAh·g–1 (M = Ni, Co, Mn or their com-

bination) [16–19]. Within this category of materials,  

a series of composites with the composition of 

Li[Li1/3–2x/3Mn2/3–x/3Nix]O2 are of particular interest due 

to the absence of expensive and toxic Co. Much effort 

has been committed to revealing the relationships 

between the composition, atomic structure and the 

corresponding electrochemistry performance [20–29]. 

It has been generally accepted that Ni-doping can 

concurrently provide high voltage and improve the 

thermal stability of the layered cathode materials. On 

the other hand, in the case of the Li-rich materials, 

the high capacities arise mainly from the activation of 

the Li2MnO3 component, so the content of Ni should 

be limited in order to achieve high specific capacity. 

In addition, as the increased Ni content may substitute 

Li in the Li layer and lower the Li+ mobility, 

minimizing the Ni content also favors improved rate 

performance [28, 30–32]. Considering all the above 

factors, particularly the working voltage and specific 

capacity, it is essential to maintain a balanced level  

of Ni in the Li-rich cathode materials to maximize  

the energy density. However, only the Ni/Mn ratios 

between 1/3 and 1/1 have been extensively studied in 

Li–Mn–Ni–O system to date [20, 21, 23–29, 32–34] 

while the performances of such composites with 

Ni/Mn ratios less than 1/3 have not been systematically 

explored so far. 

Herein we report a series of intentionally designed Ni- 

poor Li-rich cathode materials Li[Li1/3–2x/3Mn2/3–x/3Nix]O2 

(0.09 ≤ x ≤ 0.2) where the Ni/Mn ratios are specified 

to be 1/7, 1/6, 1/5, 1/4 and 1/3, respectively (abbreviated 

as Ni/7, Ni/6, Ni/5, Ni/4 and Ni/3). Very interestingly, 

unlike the previously reported highly Ni-doped Li-rich 

materials with gradually declining capacities, the 

capacities of our materials were relatively small in 

the first cycle but continuously increased in the 

following tens of cycles to reach a maximum value of 

up to 280 mAh·g–1. Detailed structure characterization 

confirmed that the continuous capacity increase is 

due to the gradual evolution of the Li2MnO3 phase, 

which is very different from the commonly studied 

Ni-doped Li-rich materials. More importantly, the 

substantial capacity loss in the first cycle that is com-

monly observed in Li-rich materials was significantly 

retarded in our optimized Ni/5 samples, leading to a 

remarkably high capacity. In addition, the undesirable 

large oxygen release in conventional Li-rich materials 

in the first cycle can also be substantially suppressed 

in our Ni-poor materials. 

2 Experimental 

2.1 Materials synthesis 

All reagents were obtained from Sigma Aldrich. The 

Li[NixLi1/3–2x/3Mn2/3–x/3]O2 (x = 0.091, 0.105, 0.125, 0.154, 

0.2) cathode materials were synthesized in two steps. 

In a typical synthesis, stoichiometric amounts of 

Mn(NO3)2 and Ni(NO3)2 were dissolved in distilled 

water and then co-precipitated with an equal volume 

of 0.2 M sodium carbonate solution. After stirring for 

20 h at room temperature, the light brown precipitate 

was filtered, washed and dried at 100 °C. In the next 

step, the collected precipitate was pre-heated at 500 °C 

in air for 5 h and then calcined with a stoichiometric 

amount of LiOH·H2O at 900 °C in air for another 12 h 

to obtain the final products. 

2.2 Materials characterization 

The mole ratio of the metal elements in each sample 

was determined by a Varian 725-ES inductively 

coupled plasma atomic emission spectrometer (ICP- 

AES). Crystalline structures of powder samples and 

electrodes were measured by X-ray diffraction (XRD) 

on a Bruker ADVANCE X-ray diffractometer (40 kV, 

30 mA) with Cu Kα (λ = 0.15406 nm) radiation at a 

scanning rate of 1 °·min–1. Morphological characteristics 

of the samples were investigated using a field-emission 
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scanning electron microscope (FE-SEM, JEOL 7800). 

Transmission electron microscopy (TEM) investiga-

tions were conducted on a Philips FEI Tecnai F20 

microscope operated at 200 kV. 

2.3 Electrochemical tests 

All the electrochemical tests were conducted in CR2032 

coin cells at room temperature. Firstly, a working 

electrode was prepared by the doctor blade process. 

The active materials, acetylene black and polyviny-

lidene fluoride were mechanically mixed in the 

weight ratio of 7:2:1 with an appropriate amount of 

N-methyl-2-pyrrolidone. After that, the slurry was 

coated onto an aluminum foil (0.7 cm2) and then dried 

in a vacuum oven at 120 °C for 12 h. The prepared 

working electrode was fabricated into CR2032 coin 

cells in an argon-filled glove box. Lithium foil and 

1 M LiPF6 in a mixture of ethylene carbonate (EC) 

and dimethyl carbonate (DMC) (1:1) were used as the 

negative electrode and electrolyte, respectively. The 

galvanostatic charge/discharge tests were performed 

using a multi-channel battery tester (Land CT2001A). 

The cyclic voltammetry (CV) measurements were 

conducted on a CHI660E electrochemical workstation. 

2.4 Computational method 

The Perdew–Burke–Ernzerhof functional embedded 

in the Vienna ab initio simulation package (VASP) was 

employed for the periodic density functional theory 

(DFT) calculations, and the projector augmented wave 

method with a cutoff energy of 380 eV was adopted 

to describe the electron–ion interactions [35–37]. The 

k-space was sampled by the gamma point. As it is 

associated with oxygen vacancies (OV), on-site electron 

correlation is essential and the DFT plus Hubbard 

model (DFT + U) was consequently employed in this 

work with the U valued at 5.0 eV for Mn and Co atoms 

[38–40]. A 2 × 1 × 2 supercell was built to model Li2MnO3 

with the dimensions of 9.87 Å × 8.53 Å × 10.06 Å and 

formula of Li32Mn16O48. OVs were represented by 

extracting one O-atom from the lattice while transition 

metal (TM) doping involves replacing an Mn-atom 

with another TM atom. The OV formation energy  

(Ef) was calculated by Ef = E(LixMn16–δTMδO48) – 

E(LixMn16–δTMδO47) – 1/2E(O2). A negative value of Ef 

means that the formation of OV is endothermic. 

3 Results and discussion 

The mole ratios of Mn/Ni and Li/(Mn+Ni) for the 

Li[NixLi1/3–2x/3Mn2/3–x/3]O2 materials determined by ICP 

analysis are shown in Table S1 (in the Electronic 

Supplementary Material (ESM)). As indicated, the 

Ni/Mn ratios are consistent with the nominal values, 

indicating that the stoichiometry of the final products 

is close to the expected composition. XRD patterns of 

all the pristine samples (Fig. 1(a)) showed that all the 

Ni-doped cathode materials are highly crystalline 

and the structures are nearly identical to each other. 

The main diffraction peaks can be well indexed to the 

R3
—

m space group (JCPDS No. 84–1634) with a typical 

layered phase. Some minor peaks appeared between 

20° and 25°, which can be indexed to be the localized 

LiMn6 superlattice in the monoclinic Li2MnO3-like 

regions [41–43]. In addition, a much higher intensity 

of the (003) peak relative to that of the (104) peak was 

observed, indicating a low degree of cation mixing in 

the Li layers. This phenomenon was also demonstrated 

by the well split pairs of (006)/(012) and (018)/(110) 

peaks [30]. These Ni-doped Li-rich cathode materials 

exhibited very similar microstructure and morphology 

as observed by the FE-SEM (Fig. S1 (in the ESM)). 

Particles having spherical morphology and a diameter 

of 2–3 μm were detected, with a hierarchical porous 

structure formed by the assembly of nano-sized 

sub-units homogeneously distributed over the whole 

microparticles. Such a hierarchical microstructure is 

very favorable for cathode materials because the 

primary nanoparticles can concurrently offer a large 

surface area for electrode–electrolyte contact and 

shorten the path for Li+ diffusion [44–46]. Meanwhile, 

such a porous structure can effectively release the 

lattice strain and volume variation caused by the long 

period Li+ intercalation/deintercalation reaction during 

the charge–discharge process. 

To compare the electrochemical performance of 

these Ni-doped materials, they were initially cycled at 

30 mA·g–1 (0.1C) between 2 and 4.8 V for 150 cycles. 

As shown in Fig. 1(b), the discharge capacities increase 

in the first few cycles. However, the rate and extent 

of the capacity increase are significantly different 

from each other. Ni/3, Ni/4 and Ni/5 samples become 

fully activated and reach their maximum capacity in 
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the 9th, 35th and 92th cycle, respectively. For the Ni/6 

sample, the capacity increased almost linearly in the 

first 150 cycles and reached 169 mAh·g–1. In contrast, 

for the samples of Ni/7 and the pure Li2MnO3, the 

capacities were almost unchanged and remained 

below 60 mAh·g–1, similar to the values reported 

under the same conditions [47, 48]. Apparently, higher 

amounts of Ni-doping can lead to a faster capacity 

increase. More interestingly, the best performance 

was observed in the Ni/5 composite with a medium- 

low level of Ni doping. A specific discharge capacity 

of 279.6 mAh·g–1 could be achieved in the 100th cycle 

and well retained (>95%) after 150 cycles. Such a high 

discharge capacity and cycling stability is competitive 

with—or even better than—those reported for materials 

with higher content of Ni-doping and extra surface 

coating [49, 50], offering the possibility of designing 

high energy Li-rich cathode materials with less Ni 

using uncomplicated procedures.  

Figure 1(c) shows the first charge/discharge curves 

of all samples. Both the first charge and discharge 

capacities increased with increasing content of Ni 

doping. Specifically, it can be found that the charge 

curves were composed of two plateaus—one at 4.0– 

4.6 V and the other at 4.6–4.8 V, both of which are 

extended as the Ni content increases. The first one at 

4.0–4.6 V can be attributed to the oxidation reaction 

of the Ni2+ and Ni3+ ions to Ni4+ (possibly also to 

minor amounts of residual Mn3+ ions), and extended 

as a result of increasing Ni content [29]. The second 

one above 4.6 V corresponds to the activation process 

of the Li2MnO3 phase that is generally considered to 

involve simultaneous O extraction from the crystal 

lattice, further Li+ extraction and rearrangement of 

the TM ions [16, 28, 29]. As the Ni content increased, 

this plateau was significantly stretched, indicating 

that more Li2MnO3 was activated in the first charging 

process. In addition, it is noted that as the Ni content 

increased, the capacity loss in the first cycle also 

increased. The Ni/3 sample showed the most serious 

capacity loss of 116 mAh·g–1 in the first cycle, which 

is 23 and 85 mAh·g–1 higher than the values for    

 

Figure 1 (a) XRD patterns of pristine cathode materials with different Ni-doping contents; (b) cycling performance of the cathode
materials in the first 150 cycles at 30 mA·g–1 between 2.0–4.8 V; (c) the relevant 1st charge and discharge curves of Ni-doped cathode
materials at 30 mA·g–1 between 2.0–4.8 V; (d) XRD patterns of the electrodes after the 1st cycle. 
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the Ni/4 and Ni/5 sample, respectively. Such a high 

capacity loss can be attributed to the major structural 

evolution—including lattice O removal and TM ion 

rearrangement–during the Li2MnO3 activation of 

materials with large content of dopants [18, 29, 34, 48]. 

By checking the columbic efficiency of these materials 

in the first 150 cycles (Fig. S2, in the ESM), it can be 

seen that the efficiencies increased markedly in the 2nd 

cycle and quickly reached ~100%, indicating that the 

extra capacity generated from the Li2MnO3 activation 

is almost 100% reversible from the 2nd cycle onwards. 

It has been reported that a higher capacity can be 

achieved if the upper voltage limit for Li2MnO3 

activation is reached in a stepwise manner over a few 

cycles, and the capacity loss is caused by the diffusion 

of TM ions into the Li+ vacancies during the activation 

process [51]. Our results are consistent with these 

earlier results. The high efficiency from the 2nd cycle 

onwards in our materials could be explained by   

the much smaller extent of Li2MnO3 activation in the 

subsequent cycles, which can significantly decrease 

the chance of Li+ vacancies being occupied by the 

diffused TM ions.  

XRD patterns of these materials after the first cycle 

are shown in Fig. 1(d). The weak diffraction peaks 

located between 20°–25° that reflect the Li–Mn ordering 

in the TM ion layers become gradually weaker in the 

more highly Ni-doped materials and almost disappear 

for the Ni/3 electrode, further confirming the effect of 

Ni doping in promoting the Li2MnO3 activation. 

From the above discussion, it can be deduced that 

the electrochemical behavior of these Li-rich materials 

is closely related to their Ni content. Therefore, 

simulation studies were conducted to compare Ni 

and a variety of neighboring TM ions in terms of their 

influence on the energy barriers of TM ion diffusion 

and the formation of O vacancies (Fig. 2). In most Li- 

rich cathode materials, the first charge can be generally 

divided into two regions [16, 49]. When the voltage is 

below 4.5 V, all the TM ions like Co3+, Ni2+ are oxidized, 

with Li ions being simultaneously removed from the 

Li layers, leaving local empty octahedral sites. As the 

charging voltage is continuously raised over 4.5 V, 

the Li2MnO3 phase will be gradually activated. This 

complex high voltage process involves a few sub- 

reactions, including the diffusing of Li and TM ions 

from the TM ion layers to the Li layers, the removal 

of lattice O ions and further Li extraction. As the aim 

 

Figure 2 (a) Schematic illustration of TM ion diffusion and formation of oxygen vacancies in Li-rich materials; (b) the relevant energy 
barriers as a function of different TM ions. 
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of this work is to study the effect of Ni on the Li2MnO3 

activation process that only happens in the high 

voltage region with some local Li vacancies in the Li 

layers, it is assumed in our simulation that the 

octahedral sites in the Li layers are empty [52]. 

In ideal pristine materials, no oxygen vacancies exist 

and TM ions only reside in their own layers. The 

energy barriers for the two sub-reactions of Li2MnO3 

activation in this condition can be reflected by the 

white squares of the right hand side figures in Fig. 2. 

Diffusion of both the Mn and Ni is very restricted 

and they have a very limited effect on the promotion 

of the formation of oxygen vacancies. This can explain 

why the un-doped Li2MnO3 sample and Ni/7 sample 

both had very small capacity. As it has been reported 

that the amount of Ni in the Li layer drops significantly 

as the total Ni content decreases [27, 31, 32], it is 

reasonable to infer that the Ni/7 and Li2MnO3 samples 

are close to the ideal model that has no TM ions in the 

Li layers, and therefore, only very limited capacity 

could be achieved in these two materials since almost 

no Li2MnO3 phase is being activated.  

As the Ni content gradually increases, more Ni may 

exist in the Li layer. In this case, the energy barrier for 

the formation of oxygen vacancies drops significantly 

(from the white squares to the red spheres in Fig. 2) 

with a difference of about 6 eV. This is a huge change 

that will significantly promote oxygen removal. Like 

a chain reaction, the newly formed oxygen vacancies 

will in return help more Ni diffuse into the Li layers. 

As this process continues, a small increase in the Ni 

content may result into the activation of a large part 

of the Li2MnO3 phase. This assumption is in good 

agreement with the electrochemical performance of 

our Ni-doped materials. Although the Ni/(Mn+Ni) 

ratio was varied within a narrow range between 12.5% 

(Ni/7) and 25% (Ni/3), the extent of activation of the 

Li2MnO3 was significantly enhanced from nearly zero 

(Ni/7) to almost fully complete in the first cycle (Ni/3). 

In addition, it should be mentioned here that no 

capacity increase with increasing number of cycles 

has been observed for most reported Ni-doped 

material systems [20, 25, 53], which—based on our 

results—could be explained by the high Ni/Mn ratio 

(equal to, or larger than, 1/3) in these cases, which 

enabled the Li2MnO3 phase to be activated mainly in 

the first charge.  

To further reveal sources of the superior elec-

trochemical performance of the Ni/5 sample, more 

detailed analysis was conducted. Firstly, it can be 

found from the energy dispersive spectrum (EDS) 

mapping (Fig. 3) that Ni and Mn elements are 

homogeneously distributed over the whole spherical 

matrix, demonstrating the uniform doping of Ni into 

the Li-rich material. A well-crystallized layered 

structure with typical layer distance of around 0.47 nm 

was revealed by the high resolution TEM image 

(Fig. 4(a)). The related electron diffraction pattern 

along the [010] axis confirms the clear monoclinic 

structure of the Ni/5 sample (Fig. 4(b)). 

As the Ni/5 sample was cycled for about 100 times 

to reach its maximum specific discharge capacity, the 

first 200 cycles of this sample are presented in 

Fig. 5(a), and demonstrate its good cycling stability. It 

is found that a high discharge capacity of more than 

240 mAh·g–1 was delivered by the Ni/5 sample in the 

 

Figure 3 (a) SEM image and corresponding EDS mapping of Mn 
and Ni; (b) the corresponding EDS of the Ni/5 sample. 
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Figure 4 (a) HR-TEM image and (b) the corresponding electron 
diffraction pattern along the [010]mon axis of the pristine Ni/5 
sample; (c) and (e) HR-TEM images and (d) and (f) the 
corresponding electron diffraction patterns along the [010]mon axis 
and [11

—

0]mon axis of the Ni/5 electrode after 100 electrochemical 
cycles. 

200th cycle. This value is about 86% of the peak 

capacity of 279.6 mAh·g–1, demonstrating the high rate 

of capacity retention of this material. Such a capacity 

retention ratio compares very favorably with those 

for most reported Li-rich cathode materials with Ni 

doping under similar testing conditions [25, 45, 54]. It 

should be mentioned that the long activation time of 

around 100 cycles may not be advantageous for 

practical application, although the activation period 

could be controlled by further modifying the activation 

parameters. For example, a broad cycling potential 

window or a changed current density can speed up 

the Li2MnO3 activation process [55]. Fortunately, 

these parameters can be altered manually during the  

 

Figure 5 (a) Cycling performance of the Ni/5 material in the 

first 200 cycles at 30 mA·g–1 between 2.0–4.8 V; (b) and the 

corresponding charge/discharge curves of typical cycles; (c) CV 

curves of Ni/5 in different cycles at a scan rate of 0.02 mV·s–1; 
(d) XRD patterns of the Ni/5 electrodes after different cycles. 
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electrochemical reactions to enhance the activation 

process and shorten the activation time. In addition, 

intentionally extending the high voltage charging 

period in the initial cycles, as shown below, could 

also be an effective way to tackle this problem. 

Detailed charge/discharge plots of Ni/5 in different 

cycles are displayed in Fig. 5(b). It can be clearly seen 

that the 4.6–4.8 V charging plateau quickly faded after 

the first cycle and then quickly evolved into a long 

slope starting from around 3.6 V in the following 

cycles. This means a relatively high content of the 

Li2MnO3 phase was activated in the first cycle while 

the rest was gradually activated in a much reduced 

manner. The fast decline of the redox peaks located  

at around 4.8 V in the CV curves (Fig. 5(c)) further 

supports this varied manner of Li2MnO3 activation. 

In addition, a pair of flat charge and discharge 

plateaus centered at 3 V gradually evolved and finally 

became major feature in the first 150 cycles. This is 

also well reflected by the enlargement of the CV redox 

pairs at around 3 V, indicating that more Mn ions 

were involved in the electrochemical redox reactions 

and the structure was gradually transformed to the 

spinel phase [55–57]. Note that the discharge voltage 

plateau gradually declined over long term cycling of 

the Ni/5 sample (Figs. 5(b) and 5(c)). This phenomenon 

of voltage drop has also been observed in other 

Li-rich cathode materials [58, 59] and has generally 

been attributed to the diffusion of the TM ions into 

the Li layers, which may alter the crystallographic 

site energy for Li+ occupation and enhance the phase 

transformation of the original layered phase to the 

spinel-like phase. This problematic voltage decay is 

of interest and can possibly be addressed by further 

optimizing the composition and surface modification, 

which is currently under detailed investigation. Good 

rate performance of the Ni/5 sample after the initial 

activation process has also been demonstrated, as 

shown in Fig. S3 (in the ESM). High specific discharge 

capacities of about 260, 222 and 182 mAh·g–1 were 

delivered at current densities of 60, 150 and 300 mA·g–1 

respectively, which are competitive with other Li-rich 

cathode materials with higher contents of Ni [54, 57]. 

Ex situ XRD patterns of the Ni/5 electrodes after 

different cycles are shown in Fig. 5(d). It can be seen 

that the intensities of the characteristic peaks of 

Li2MnO3 at around 20°–25° gradually decreased upon 

cycling and the peaks totally disappeared after 100 

cycles, further confirming the gradual consumption 

of the Li2MnO3 component. In addition, comparing 

the high resolution TEM (HR-TEM) images and related 

electron diffractions of the pristine Ni/5 sample and 

the electrode after 100 cycles (Fig. 4), reticulate patterns 

embedded on the pristine parallel lattice and new spots 

associated with the spinel phase were observed in the 

cycled samples along both the [010]mon and [11
—

0]mon 

axes, strongly indicating that a new spinel phase, based 

on the parent layered structure, had been generated. 

This is consistent with the long 3 V discharge plateau 

and 3 V CV peak, which were also observed in other 

reported Li-rich materials as characteristic features of a 

defect spinel phase [15, 40, 50, 60]. The Electrochemical 

impedance spectroscopy (EIS) measurements of the 

Ni/5 material were also conducted (Fig. S4, in the 

ESM). It was found that the charge transfer resistance, 

that is related to the charge transfer on the electrode/ 

electrolyte interface, gradually decreased during the 

activation process [61, 62]. This trend is in good 

agreement with the fact that more Li+ is involved in 

the electrochemical reactions as the capacity increases 

during the activation process. 

It is worth mentioning that the first charge plateau 

at 4.6–4.8 V in Ni/5 is much shorter than that for the 

Ni/3 and Ni/4 materials. This plateau quickly declined 

and vanished after the 5th cycle. It is well-known that 

this plateau indicates an oxygen-releasing reaction in 

Li-rich cathode materials, and the length is in pro-

portion to the amount of O2 generation [16, 27, 29, 63]. 

Therefore, it can be inferred that the O2 generated in 

the Ni/5 material is much less than that for the Ni/3 

and Ni/4 materials. As O2 accumulation in batteries 

may bring safety concerns, some techniques such   

as surface coating or incorporating additives in the 

electrolyte have been adopted to eliminate the O2 

release [64, 65]. However, these complex approaches 

are time-consuming and expensive, which severely 

restricts their practical applications. Since our Ni/5 

sample has the intrinsic property of producing much 

less O2, it may bring us one step closer to a safer and 

cheaper Li-rich battery system.  

Based on the above discussion, the fact that Ni/5 

shows the highest capacity has two possible origins. 
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On the one hand, sufficient content of Ni doping is 

critical to fully activate the Li-rich phase in the first 

few cycles. On the other hand, too much Ni-doping 

may lead to excessive activation and consequently, a 

big capacity loss in the first cycle. Therefore, the 

optimized Ni/5 sample may benefit from its balanced 

level of Ni-doping and make maximum use of the 

capacity originating from the Li2MnO3 activation.  

We hypothesize that excessive activation of Li2MnO3 

in the first cycle may lead to large capacity loss   

due to the large-scale structure change and TM ion 

rearrangement. To test this hypothesis, we intentionally 

extended the activation time of the Ni/5 sample in the 

first cycle. That is, after the normal constant current 

charge to 4.8 V, the samples were continuously charged 

at 4.8 V for 4, 7 and 10 h respectively, followed by 

normal cycles. Initially, it can be clearly seen from 

Fig. 6(a) that the maximum capacity of the Ni/5 sample 

was significantly reduced after 4 h constant high- 

voltage charging in the first cycle. Then, it further 

decreased as the holding time lasted even longer. In 

addition, although all these over-charged electrodes 

still experienced a capacity increase in the subsequent 

cycles, the trend was much less marked than for the 

normal one. On the other hand, comparing the first 

charge and discharge curves only (Fig. 6(b)), it is 

found that both the charge and discharge capacities 

increased with prolonged 4.8 V charging. Meanwhile, 

the capacity loss in the first cycle was simultaneously 

enlarged as well.  

All these observations support our hypothesis: 

During the extended 4.8 V charging process in the 

first cycle, much more Li2MnO3 phase was activated 

and consumed, leading to larger first charge/discharge 

capacity; meanwhile, as the Li2MnO3 activation 

becomes greater, more TM ions may diffuse and 

occupy the Li vacancies, resulting in a larger capacity 

loss. The accumulated lattice strain and extensive 

lattice O extraction associated with the large-scale 

Li2MnO3 activation process may increase the capacity 

loss even further. Therefore, in order to obtain a  

high specific capacity and suppress the capacity loss, 

aggressive activation of the Li2MnO3 phase in the first 

charge should be avoided in these materials. 

The electrodes of the Ni/5 sample after the first 

cycle with different durations of 4.8 V charging were  

 

Figure 6 (a) Cycling performance and (b) first charge and 

discharge curves of the Ni/5 electrode; (c) XRD patterns after the 

first cycle without (normal, 0 h) or with extended 4, 7 or 10 h of 

4.8 V constant-voltage charging in the first cycle. 

characterized by XRD (Fig. 6(c)). The intensity of the 

C2/m peaks at 20°–25° significantly decreased after 

holding the sample at 4.8 V charging for a few hours, 

providing structural evidence of the continuous 

activation of Li2MnO3 during this period. It should be 

noted that the intensity of these small peaks are not 
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greatly further changed or disappeared when the 

4.8 V charging of the Ni/5 electrode was further 

prolonged from 4 to 7 or 10 h. From Fig. 6(b), it can 

also be found that the increase in charge capacity 

from 4 to 10 h was very small and less than half of 

that from 0 to 4 h. This implies that 4 h charging at 

4.8 V may be long enough to consume the majority of 

the Li2MnO3 phase. 

Based on the above discussion, the relationship 

between the electrochemical behavior, Ni content and 

structure evolution of these Li-rich cathode materials 

can be summarized, as shown in Scheme 1. In high 

content Ni-doped materials (condition I), the majority 

of the Li2MnO3 phase will be used in the first cycle, 

leading to large scale structure change and associated 

atomic rearrangement. As a result, much of the 

capacity obtained from the Li2MnO3 activation then 

becomes irreversible. Conversely, in Li-rich materials 

with very low content of Ni or even no Ni (condition 

III), the Li2MnO3 cannot be activated effectively and 

the specific capacity will stay low. Here in our series 

of Ni-doped Li-rich composites, in terms of the 

specific capacity, a material with a medium-low level 

of Ni-doping (condition II) is favorable to kinetically 

activate the Li2MnO3 at a reasonable rate and—more 

importantly—limit the large capacity loss in the first 

cycle. 

4 Conclusions 

The composition, microstructure and electrochemical 

properties of a series of Ni-poor Li-rich cathode 

materials with the composition Li[Li1/3–2x/3Mn2/3–x/3Nix]O2 

(0.09 ≤ x ≤ 0.2) have been systematically investigated 

in an attempt to obtain high performance Li-rich 

cathode materials for LIBs. Compared to traditional 

Li-rich Li–Mn–Ni–O material systems with high Ni- 

doping content, our Li-rich cathode materials with 

optimized low content of Ni exhibited an unusual 

specific capacity increase in the first dozens of cycles 

due to the continuous activation of the Li2MnO3 phase 

upon cycling. Combining our experimental and com-

putational results revealed that the Ni-doping can 

significantly promote the Li2MnO3 activation and 

provide extra specific capacity. However, excessive 

Ni-doping can lead to the undesirable excessive 

 

Scheme 1 Effect of over-activation, optimized activation and under-activation of the Li2MnO3 phase on the structure evolution and 
electrochemical behavior of layered Li-rich materials as a function of the content of Ni. 
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activation of the Li2MnO3 phase, with an associated 

substantial capacity loss, in the first cycle. As a result, 

the content of Ni in our low Ni Li-rich material 

systems was optimized in order to achieve a superior 

specific capacity (~280 mAh·g–1) and good cycling 

stability at room temperature. This work can not  

only provide new insights into the fundamental 

understanding of the reaction mechanisms for Li-rich 

Li–Mn–Ni–O material systems, but also shed light on 

the design of cheaper and safer high-energy cathode 

materials for new generation LIBs.  
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