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Abstract. The cobalt-free Li-rich layered oxide 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 is 

successfully synthesized by a coprecipition method followed by high-temperature calcinations. 

The compostions and structures of the material have been investigated by X-ray diffraction 

(XRD), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and the 

results revealed that the sample possesses typical α-NaFeO2 layered structure with a weak 

reflection of LiMnO6, and of microspheres with porous surface. Electrochemical measurements 

showed that the cobalt-free Li-rich sample delivers good cycling stability and rate capability 

with initial discharge capacity of 263, 173, 137 and 57 mAh g
-1

 at different current density of 

50, 160, 320 and 640 mA g
-1

, respectively. The electrochemical performances of the cobalt-

free Li-rich 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 could be related to not only the synergistic effect 

of specific morphology and appropriate size but also the porous surface. 

1. Introduction 

Rechargeable lithium-ion batteries which have been widely used as cathode materials in mobile 

phones, laptons and other portable electronic devices as well as electric vehicles, energy storage power 

stations, medical equipments, aerospaces and other fields commercialized have a broad application 

prospects in the future, because they meet most of the requirements such as high energy and high 

power density. The demands for the next generation lithium-ion batteries with high-performance have 

increased in terms of energy density, safety and cost [1]. Among all the available options, adopting 

cathodes with a higher capacity is one of the most effective approaches for improving the energy 

density [2, 3]. In this regrad, the composites between Li2MnO3 and LiMO2 (M=Mn, Ni, Co, Fe, Cr, 

etc.) can deliver a high discharge capacity of more than 250 mAh g
-1

 in the voltage range of 2.0-4.8 V 

and exhibit excellent cycling performances [4-6], which make them ideal candidate cathode materials. 

Despite their excellent capacities and high energy densities, these Li-rich materials suffer from 

some drawbacks including large irreversible capacity losses in the initial cycle, capacity and discharge 

voltage fading in the subsequent cycles [7, 8]. A lot of efforts have been applied to improve the 

electrochemical properties of cathode materials such as doping ions [9-14] to stabilize the crystal 

structure, surface coating [15-18] to suppress the undesired surface side reactions, different 

morphorlogies and article sizes [19-22] to reduce lithium-ion diffusion length, and so on. However, 

there is also an irreversible oxygen loss during the 1st charging process that creates microcracks at the 

cathode surface in the conjunction with lattice distortion, producing a large irreversible capacity fading 

and subsequent lowering of the cycling performance [23]. In addition, the cost, toxity and safety of 
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cobalt have prevented the widespread use of cobalt-containing cathode materials. Therefore, in this 

paper, cobalt-free cathode material Li-rich 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 have been successfully 

synthesized by a coprecipition approach followed by high-temperature calcinations. The structures and 

electrochemical properties were also investigated. 

2. Experimental 

2.1. Material synthesis 

All reagents in the study were of analytical grade and used without further purification. The cobalt-

free Li-rich layered oxide 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 were prepared by a coprecipition method 

followed by high-temperature calcinations. The specific preparation is as follows: precursor nickel-

manganese carbonate was prepared by coprecipitation from aqueous mixture of NiSO4·6H2O, 

MnSO4·H2O (Ni:Mn = 1:1, molar ratio; the combined concentration was 0.04 mol L
-1

) and 0.10 mol L
-

1
 Na2CO3 aqueous solution. The solution was mixed slowly in a nitrogen filled reactor and the pH of 

the mixed solution was kept in the range of 8~9 at 55 
o
C with continuous stirring during the 

precipitation process. After filtering, washing and drying at around 100 
o
C under vacuum about 10 h, 

the as-synthesized precursor particles was collected. To prepare 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2, the 

obtained (Mn0.5Ni0.5)CO3 and Li2CO3 were mixed at a molar ratio of 0.58:1 by using a ball mill with 

absolute ethyl alcohol, and then the mixture was pressed into pellets. The pellets were heated at 500 
o
C 

for 3 h in air before heating up to 900 
o
C for 15 h and then quenched to room temperature. 

2.2. Materials characterization 

XRD patterns of the samples were examined with a D/MAX-2500 X-ray diffract meter (made in Japan) 

using Cu Kα radiation in the 2 theta range of 10-80
o
. The contents of the elements in the synthesized 

samples were determined by inductively coupled plasma (ICP) that recorded on Thermo Fisher ICAP 

6300. The morphology and particle size of the samples were investigated by field emission scanning 

electron microscopy (SEM) on a JSM-6700F instrument working at 5 KV. The valence states of metal 

ions were determined by X-ray photoelectron spectroscopy (XPS) performed on an ESCA-LAB MK II 

apparatus performed with a monochromatic Al Ka X-ray source. 

2.3. Electrochemical test 

For the preparation of cathode sheets, slurry was formed by mixing the active material, acetylene 

black, and binder (polyvinylidene fluoride, dissolved in N-methyl-2-pyrrolidone) in a weight ratio of 

8:1:1. The slurry was spread uniformly on aluminium foil. The electrodes were dried under vacuum at 

120 °C for 10 h and then pressed under 60 MPa and weighted. 1 M LiPF6 in a 1:1 ethylene 

carbonate/diethyl carbonate was used as electrolyte, and lithium foil was used as anode. A thin sheet 

of microporous polypropylene insulated the positive electrode from negative electrodes. Battery 

assembly was carried out in an argon-filled glove box. Charge and discharge profiles were collected 

by galvanostatically cycling between 2.5 and 4.8 V (Shenzhen Neware, BTS, and China). Cycling 

voltammetry (CV) was carried out on electrochemical workstation (CHI 660C) with a scan range of 

2.5-4.8 V (vs.Li/Li
+
) at a scan rate of 0.2 mV s

-1
. 

3.  Results and discussion 

ICP analysis technique was used to determine the average chemical compositions of the as-prepared 

material, and the results were listed in table 1. The atomic ratios of Li, Ni, and Mn for the sample are 

normalized by fixing the atomic ratio of Ni: Mn at 1: 1. Based on the results of ICP, it can be found 

that the measured cation ratios of Li: Ni: Mn is well in agreement to the intended composition, which 

implies that the metal oxides are homogeneously reacted. 

 

Table 1. Chemical composition (wt. %) of the prepared material determined by ICP. 

[Li] [Ni] [Mn] [formula] 

[7.86] [28.46] [26.43] 
[Li[Li0.12Ni0.44Mn0.44]O2 or 

0.1Li2MnO3·0.9LiNi0.56Mn0.44O2] 
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The XRD pattern of the 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 is revealed in figure 1. All the diffraction 

peaks of the sample can be well-indexed to α-NaFeO2 layered hexagonal structure with the space 

group of R-3m (No. 166) except the peaks between 20
o
 and 25

o
 (2θ), which can be ascribed to the 

existence of monoclinic Li2MnO3 component with space group C/2m, corresponding to the LiMnO6 

cation ordering in the transition metal layers of Li2MnO3 [24-26]. Meanwhile, the distinct splitting of 

peak between the adjacent of (006)/(102) and (018)/(110) can be obviously observed, indicating a 

typical layered structure [27, 28]. In addition, the integrated intensity ratio of I(003)/I(104) and 

(I(006)+I(012))/I(101) (R factor) can be used to evaluate the layered structure and the degree of cation 

mixing, and with that the ratio of I(003)/I(104) is higher than 1.2, the R factor is lower than 0.4, the as-

prepared materials can be of better layered structrue and lower degree of cation mixing [29, 30]. The 

intensity ratio of I(003)/I(104) and R factor for the the 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 were 1.48 and 

0.398, respectively, indicating the sample is of a favorable layered structure with few cation mixing. 

 

 

Figure 1. XRD pattern of the cobalt-free Li-rich 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 material. 

 

Figure 2 shows typical SEM images of 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2. It can be found that 

0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 has microspheres with diameter of 4-6 μm from figure 2a. Moreover, 

the microspheres are comprised of densely aggregated primary grains with sizes of 100-200 nm as 

shown in figure 2b. The surface of layered oxide 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 are very rough and 

there are many small size pores resulted in the emission of CO2 gas during the calcination process of 

the precursor Mn0.5Ni0.5CO3 with Li2CO3, according to the following equations: 

2Ni0.5Mn0.5CO3 +2O2 → (Ni0.5Mn0.5)2O3 + 2CO2 

Li2CO3→ Li2O +CO2 

(Ni0.5Mn0.5)2O3 + 1.1Li2O + 0.05O2 → 2 (0.1Li2MnO3·0.9LiNi0.56Mn0.44O2) 

The inner structure of 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 microspheres can be demonstrated by section 

of microspheres. After careful observation, the 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 microspheres are of 

microspherical structure with three layers similar to eggs as demostrated in figure 2c. This structure 

and porous surface can markedly shorten the diffusion distance for lithium ion and enhance the contact 

areas between cathode material and electrolyte. 
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Figure 2. SEM images of the cobalt-free Li-rich 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 material. 

 

In order to confirm the oxidation states of each transition metal elements (Ni and Mn) for the 

cobalt-free Li-rich 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 material, the corresponding XPS spectra of Ni 2p 

and Mn 2p were carried out as shown in figure 3. It can be observed in figure 3a that the binding 

energies of Ni 2p3/2 main pesk, Ni 2p3/2 satellite peak and Ni 2p1/2 are 855.3 eV, 861.4 eV, and 872.9 

eV, respectively. Among these peaks, the Ni 2p3/2 satellite peak is characteristic of Ni
2+

, in accordance 

with the standard Ni
2+

 in the LiWxNi0.5Mn1.5-xO4 sample [31]. On the other hand, the binding energy of 

Ni 2p1/2 is similar to the Ni
2+

 in the Li2MnO3·LiMn1/3Ni1/3Co1/3O2 [32]. Concerning the Ni 2p3/2 main 

peak, it has been previously reported that the binding energy of Ni2+ in 

Li1.16Ni0.15Co0.19Mn0.50O2 is 854.0 eV [33] and that of Ni
3+

 in LiNiO2 is at 855.5 eV [34]. In this 

work, the binding energy at 855.3 eV is exactly located in the range of 854.0 and 855.3 eV, indicating 

the oxidation state of Ni ions consists of mixed +2 and +3 [35]. Additionally, the XPS spectrum of Mn 

2p3/2 shows the characteristic peak at binding energy of 642.5 eV in figure 3b, which is closer to the 

value measured for Mn
4+

 -MnO2 (642.4 eV) than the value measured for Mn
3+

 in Li2Mn2O4 

(641.1 eV) [36]. Therefore, the valences of the Mn in compounds were considered to be tetravalent 

without trace of Mn
3+

. Consequently, the XPS results manifest that the oxidation states of Mn 

elements in the as-prepared material are principally +4, and that of Ni ions contains +2 and +3 

simultaneously. 
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Figure 3. XPS spectra of the Li-rich 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 (a) Ni 2p, (b) Mn 2p. 

 

Figure 4 presents the CV of the Li-rich 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 sample at a scan rate of 

0.1 mV s
-1

 in a voltage range of 2.5-4.8 V. The anodic peak at about 4.2 V is assigned promarily to the 

oxidation of Ni
2+

 and Ni
3+

 to Ni
4+

, meanwhile, the another anodic peak around 4.8 V is principally 

associated with the extraction of Li
+
 from Li2MnO3 component accompanying with the extraction of 

oxygen and structural rearrangement [37-39]. 

 

 

Figure 4. CV curve of the Li-rich 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 (scan rate: 0.1 mV s
-1

, potential 

range: 2.5-4.8 V). 

 

Figure 5a dispalys the initial and subsequent charge/discharge curves of the  Li-rich 

0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 sample at a rate of 20 mA g
-1

 within a potential range from 2.5-4.8 V. 

Apparently, all the curves have similar profiles except the initial charge/discharge curve, which 

exhibits a smooth voltage slope below 4.5 V and a flat plateau above 4.5 V. The slope curve below 4.5 

V can be attributed to the lithium ion extraction from the layered LiMO2 framwork and the oxidation 

of the Ni
2+

/Ni
4+

 and Ni
3+

/Ni
4+

, while the plateau above 4.5 V was in accordance with the irreversible 

removal of Li2O from the Li2MnO3 component, which commonly leads to larger initial irreversible 

capacity fading and lower coulombic efficiency [40]. Compared to the Li-rich Li-Ni-Mn-Co-O layered 

cathode materials [41-43], the cobalt-free Li-rich 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 layered oxide 

demonstrates only smaller initial charge and discharge capacity fading, indicating that the Li-rich Li-

Ni-Mn-O layers inhibit the electrochemical inactivation of the cathode material. However, there is no 

plateau at about 4.5 V observed in the 2nd and subsequent charging process, indicating that the release 

of oxygen and electrolyte side reaction only occurred in the initial charging process. In addition, the 

discharge voltage lower than 3.5 V has not been observed in the 2nd and subsequent discharge process, 
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demonstrating that the tetravalent manganese ions are not reduced to a trivalent state by the 

irreversible oxygen release that occurs during the initial charging proceess [44]. Besides, the cobalt-

free Li-rich 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 sample displays a significantly high initial reversible 

capacity of 264.9 mAh g
-1

 and a high coulombic efficiency of 94.3%, which is obviously enhanced in 

comparison with the Li-rich Li-Ni-Mn-Co-O layered cathode materials [41-43]. When charge-

discharged over 2.5-4.8 V for 51 cycles, the cobalt-free Li-rich 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 

sample shows a capacity of 240.7 mAh g
-1

 and 90.8% of initial capacity retention after 51 cycles in 

figure 5b, exhibiting an eminent structural reversibility and good cycle performance. 

 

 

Figure 5. The initial and subsequent charge and discharge curves of Li-rich 

0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 (a) in the voltage from 2.5 to 4.8 V at a rate of 20 mA g
-1

, and charge 

and discharge capacity as a function of cycle number (b). 

 

Figure 6a displays the initial charge and discharge curves of Li-rich 

0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 sample in the voltage from 2.5 to 4.8 V at different current density of 

50, 160, 320 and 640 mA g
-1

, respectively. It can be seen from the curves that there is an desrease at 

the plateau of above 4.5 V in the initial charging process with the increasing of the current density. 

This phenomenon does not mean that the amounts of the release of oxygen and electrolyte side 

reaction during the initial charging process are decreasing with the increase of the current density, but 

the rates of oxygen release increase with the inrease of current density, while the speed of lithium 

extraction adding. Therefore, these phenomenons are embodied decreasing the plateau of above 4.5 V 

in the initial charge curves. Besides, the cycling performance of Li-rich 

0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 sample at different current density of 50, 160, 320 and 640 mA g
-1

 

are shown in figure 7b with the initial discharge capacity are 263, 173, 137 and 57 mAh g
-1

, 

respectively. After 51 cycles, the capacity decreased to 213, 117, 98 and 42 mAh g
-1

, with capacity 

retentions of 81.9 %, 67.6 %, 71.5% and 73.7 %, respectively. Figure 7c shows that the capacity of the 

Li-rich layered sample is stable at each current density. Upon increasing the current density, the 

layered sample shows gradual reduced storage capacity was not due to an irreversible structural 

change, but to a diffusion-limited end-of-life polarization resulting from limited electronic 

conductivity and slow lithium-ion diffusion either across the electrolyte-electrode interface or within 

the bulk of the microspheres [15]. Therefore, the excellent electrochemical properties of 

0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 sample could be related to the specific morphology, which can 

maintain homogeneous intercalation reversibility for Li
+
 and efficient contact areas between the 

cathode material and electrolyte during the cycles. Simultaneously, the micro-matrix assembled with 

nanoscale primary particles can consolidate the integrity of the host structure and shorten the transfer 

distance of Li
+
. Accordingly, the abundant pore structures not only accelerate the penetration of 

electrolyte but also suppress the volume changes upon repeated Li
+
 insertion/extraction procedures, 

thus improving the rate capacity and keeping the structure stability of Li-rich layered oxides. 
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Figure 6. (a) The initial charge and discharge curves, (b) cycling performances and (c) discharge 

capacity of the Li-rich 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 in the voltage from 2.5 to 4.8 V at different 

current density. 

4. Conclusions 

In conclusion, cobalt-free Li-rich 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 as cathode material for lithium-ion 

batteries have been prepared by a coprecipitation approach followed by high temperature calcinations. 

Characterization results show that the sample possesses typical α-NaFeO2 layered structure with the 

weak reflection of LiMnO6, low degree of cation mixing, with morphology of microspheres with 

porous surface. The cobalt-free Li-rich 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 exhibits the high discharge 

capacity of 240.7 mAh g
-1

 after 51 cycles in the potential range of 2.5-4.8 V at a current of 20 mA g
-1

 

with the release of oxygen and electrolyte side reaction only occurring in the initial charging process. 

And the obtained cobalt-free Li-rich 0.1Li2MnO3·0.9LiNi0.56Mn0.44O2 delivers good cycling stability 

and rate capability, which can be a promising cathode candidate for high energy density lithium-ion 

batteries. 
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