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The nitrogen plasma processing technology is used to introduce 

nitrogen to the surface of Li1.2Mn0.52Co0.13Ni0.13O2.The material 

shows better rate capability and cycle stability than the pristine 

Li1.2Mn0.52Co0.13Ni0.13O2 . Compared to the conventional treatment 

methods, it is a facile and promising way. 

 The development of new energy storage field demands 

urgently high energy density batteries. For the whole battery 

system, cathode materials have a great impact on the energy 

density. The Li-rich oxide layer materials, which could be 

defined as xLi2MnO3·(1-x)LiMO2 (M = Mn, Co, Ni, etc.), have 

been regarded as a promising cathode material to meet the 

demand for high energy lithium batteries due to their high 

specific capacity of more than 250 mAh·g
-1

 
1-4

. 

 It is generally considered that the Li2MnO3 component is 

able to provide additional capacity through the migration of 

Li+ ion 5 and the release of oxygen 6at above 4.5 V. The active 

process above 4.5 V may also be considered as the release of 

Li2O 7.This phenomenon could cause a large irreversible 

capacity loss in the first charge/discharge cycle. The acid 

treatment has been proved to be an effective way to improve 

the columbic efficiency 8. However, the electrode material 

would show a poor cycling stability, mostly owing to the H
+
/Li

+
 

9exchange during the process of acid treatment. Other 

methods are surface coated with Li-free insertion materials 10, 

11, and treated with (NH4)2SO4 solution 12,or Na2S2O8 solution 
13

.. There are also some problems, such as H
+
/Li

+
 exchange, 

tedious steps, low controllability and a mediocre rate 

performance. It is noteworthy that the removal of a proper 

amount of Li
+
 ions from the bulk materials could increase the 

coulombic efficiency at the first cycle. The surface nitrogen-

doping has been proved to effectively improve the 

electrochemical performance of Li-rich oxide layer material 
14.Therefore, we thought that the Li-rich oxide layer cathode 

materials could be improved in electrochemical performance if 

they were treated with surface nitrogen-doping and 

simultaneously extracting an appropriate amount of Li
+
. 

 In this work, the nitrogen plasma processing technology is 

used to modify the Li-rich oxide layer material. It has the 

following advantages: 1) the degree of surface nitrogen-doping 

can be easily controlled; 2) a trace amount of Li
+
 is removed 

from the bulk material without H
+
/Li

+
 exchange, implying no 

damages to the electrode material; 3) the coulombic efficiency 

at the first charge/discharge cycle, capacity retention and rate 

performance have been improved; 4) compared with liquid 

nitrogen treatment 14 or hydrothermal growth in NH3 

atmosphere 15, the plasma processing treatment is much more 

controllable and safe to improve the property of electrode 

materials. 

 The Li-rich oxide layer cathode material was prepared 

through a liquid process reported in our previous report 16. The 

material obtained is Li1.2Mn0.52Co0.13Ni0.13O2, defined as the 

pristine material. The pristine material was put into a special 

porous ceramic crucible, the bottom of which was covered 

with a thin layer of pristine material. The crucible was placed 

in a vacuum quartz glass tube, which was evacuated to less 

than 1 Pa. Then, pure N2 (99.999%) was introduced into this 

tube at the flow rate of 50 ml·min
-1

. Plasma components were 

carried out for 2 h. After treatment, the material collected was 

defined as P1. Plasma was generated by an RF power supply at 

1k MHz and 400 W, and the plasma components were located 

at both ends of the tube. 

 Scanning electron microscopy (SEM) was carried out on 

Hitachi 4800 equipment. X-ray diffraction (XRD) patterns were 

collected through the Rigaku Ultima IV using Cu Kα radiation 

source operated at 40 kV and 15 mA. X-ray photoelectron 

spectroscopy (XPS) was measured using the Quantum 2000 

(Physical electronics). X-ray fluorescence (XRF) was performed 

with a Bruker model S8 TIGER. The inductively coupled plasma-
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atomic emission spectroscopy (ICP-AES) was carried out on the 

plasma 1000 (NCS Testing Technology, China). 

 All electrochemical measurements were conducted with 

the 2016 coin-type cells. The lithium metal sheet (the diameter 

of 16 mm) was used as the anode of the cells. The active 

materials mixed with acetylene black and polyvinylidene 

fluoride in N-methyl-2-pyrrolidone were coated on the Al foil, 

with the quality ratio of 8:1:1. The electrolyte solution was 1 M 

LiPF6 in 1:1:1 (volume ratio) ethylene carbonate, dimethyl 

carbonate and diethyl carbonate. All the cells were assembled 

in the Argon-filled glove box (Mbraun, Germany). The average 

loading of active material was adjusted to 3 mg for each coin 

cell, and the diameter of cathode sheet is 12 mm. 

 All cells were galvanostatically charged and discharged 

between 4.8 V and 2.0 V (vs. Li
+
/Li), using the Land CT2001A 

(Wuhan, China) battery testing system at room temperature. 

The rate performance was carried out from 25 mA·g
-1

 (0.1 C) to 

1250 mA·g
-1

 (5 C). All capacities were calculated based on the 

active material. The electrochemical impedance spectroscopy 

(EIS) was carried out on an electrochemical workstation 

(Autolab PGSTA T302N) with frequency range of 0.01 Hz ~ 10 

kHz. 

 The exhaust gas of the plasma treatment device was 

introduced into the buffer bottle, filled with the indicator 

solution. The 0.1 % methyl red was used as the indicator. The 

colour change of indicator was observed, which confirms the 

generation of nitrogen oxides. Considering the vacuum pre-

treatment, the oxygen is more likely from the material 

Li1.2Mn0.52Co0.13Ni0.13O2 itself. In order to further exclude the 

environmental interference, a control experiment (without 

Li1.2Mn0.52Co0.13Ni0.13O2 in the plasma treatment device) was 

done. The colour of indicator in the control experiment did not 

change. All the materials were subjected to XRF analysis, and 

the obtained data are shown in Table 1. After nitrogen plasma 

treatment, the existence of nitrogen in P1 sample is confirmed, 

and the mass percentage is about 1.32 %.   

Table.1 The XRF analysis of pristine and P1 samples 

 

 Fig. 1a shows the XRD patterns of pristine and P1 

sample. There are no additional diffraction peaks in P1 

sample, suggesting that the main structure of pristine 

material is not damaged during the nitrogen plasma 

treatment. All the peaks belong to a layer α-NaFeO2 

structure, except a small group of diffraction peaks located 

between 20° ~25°. The small group of peaks has a 

relationship with the ordering of Li
+
, Mn

4+
 ions in the 

transition metal layers 17. The intensity ratio of I(003)/I(104) 

means the degree of cation mixing in the Li-layers 18, and the 

value of the ratio more than 1.2 is considered to be an 

acceptable cation mixing 19.The ratio of all samples is 1.49, 

denoting no structural rearrangement during nitrogen 

plasma treatment. The lattice parameters of samples 

analysed by the XRD data through PDXL2 software are listed 

in Table.2, revealing that the nitrogen plasma treatment does 

not obviously influence the crystal structure of the 

Li1.2Mn0.52Co0.13Ni0.13O2, probably owing to the low 

concentration of nitrogen. The c/a ratio is often regard as a 

parameter for characterizing hexagonal structure. When the 

ratio is larger than 4.9, the material can be assumed to possess 

layered characteristics 20.It can be seen that both the c/a ratio 

of pristine and P1 sample are larger than 4.9. 

Fig. 1 (a) XRD patterns of the pristine and P1 sample; (b) SEM 

image of P1; (c) SEM image of the pristine sample. 

Table.2 Lattice parameters of pristine and P1 samples 

 Fig. 2 XPS spectra of pristine sample and P1. 

 Mn/% Co/% Ni/% N/% 

pristine 66.75 16.80 16.45 0 
P1 66.67 16.75 16.58 1.32 

 a=b/Å c/Å c/a 

Pristine 2.8594 14.2266 4.975 

P1 2.8616 14.2601 4.983 
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 The SEM images (Fig. 1b and c) show that the micro-sized 

spherical particles are composed of nano-sized particles. After 

the nitrogen plasma treatment, the spherical particles are not 

cracked, but the surface becomes slightly rough. This 

phenomenon may be caused by the oxygen escaping from the 

crystal lattices.  

 Fig. 2 shows the XPS spectra of pristine and P1 samples. 

Firstly, the existence of nitrogen on the surface is affirmed in 

the P1 material. The position of Mn 2p3/2 peak in the pristine 

sample is 642.4 eV, confirming the Mn
4+

 oxidation states of the 

pristine material 21, 22. However, the Mn 2p3/2 peak shifts 

slightly to a lower binding energy in the P1 material. The 

nitrogen-doping on the surface results in weakening the 

binding energy of Mn-O bonds 14. Due to the same reason, the 

Co 2p3/2 and Ni 2p3/2 peaks of the P1 sample shifts to a lower 

binding energy.  

 

Fig. 3 (a) The first charge/discharge curves of all samples; (b) 

The dQ/dV curves of pristine and P1 samples for the first cycle; 

(c) Cycling performance at 25/250 mA·g
-1

 of P1; (d) Cycling 

performance at 25/250 mA·g
-1

 of pristine sample. 

 

 The first charge/discharge curves of P1 and the pristine 

sample under 0.1 C rate are shown in Fig. 3a. Both of them 

could deliver the discharge capacity of 250 mAh·g-1. However, 

the P1 sample has a lower charge capacity than the pristine 

materials. This may due to the decrease of oxygen, 

suppressing the release of Li2O, as the previous study 23. The 

first part below 4.5 V is corresponding to the oxidation of Ni
2+

 

and Co
3+

, while the other part above 4.5 V is removal of Li2O 

from Li2MnO3 yielding active MnO2 
24. The coulombic 

efficiency of the first charge/discharge circle is 80.5 % for the 

P1 sample, which is higher than the pristine sample (73.9 %). 

According to the ICP data, the mole ratio of Li/TM (transitional 

metal) decreases from 1.50 to 1.48, confirming the loss of 

lithium. It suggests that an appropriate physical extraction of 

lithium from the initial electrode material may reduce the 

irreversible capacity loss during the first charge/discharge 

circle, without reducing the discharge capacity 8, 13, 25. In order 

to further discuss the influence of nitrogen on the charge 

process, the dQ/dV curves are discussed (Fig. 3b). The intensity 

of oxidation peak at around 4.60 V in P1 is lower than the 

pristine material, which may be associated with the release of 

oxygen 7. It is noteworthy that, these two samples have the 

same discharge dQ/dV curves (Fig. 3b inset), indicating the 

discharge process is not affected. 

 The cycling performance of the cells of the pristine material 

and P1 are compared in Fig. 3c and d. At a rate of 25 mA·g
-1

 

(0.1 C), the discharge capacity of P1 is 256.7 mAh·g
-1

 after 60 

cycles, while the pristine delivers only 227.8 mAh·g
-1

. The 

higher discharge capacity of the P1 electrode may benefit from 

its more stable surface structure of electrode material after 

nitrogen plasma treatment. At a higher rate, the discharge 

capacity of the pristine sample decreases to 169.0 mAh·g
-1

 at 

the 100th cycle, while the P1 sample is 190.9 mAh·g
-1

. 

Although the improvement is not significant, the data 

of improved electrochemical performance in this work 

is as good as others reported 14, 26, 27. Compared to 

common method of using liquid nitrogen treatment, 

the plasma processing method is very convenient. 

 

Fig.4 (a) Rate performances of P1 and the pristine sample; (b) 

EIS spectra of P1 and the pristine sample. 

 

 Fig.4a shows the rate performance of the cells of the 

pristine material and P1. The P1 sample can deliver the 
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discharge capacity of 160.0 mAh·g
-1

 at 5 C rate. The improved 

high-rate capability of the P1 sample is probably due to a fast 

charge transfer kinetics coming from the surface nitridation. 

Fig. 4b shows the EIS spectra. According to the equivalent 

circuit model (Fig. 4b inset), the Rs means the resistance of the 

solution (corresponding to a high frequency), while the Rct 

represents the charge transfer associated with the Li
+
 pass 

through the electrode/electrolyte interface 28. For the P1 

sample, the value of Rct is 40.10 Ω, which is far less than the 

pristine sample (89.90 Ω). The improved rate performance 

could be attributed to the decrease of Rct. Meanwhile, the 

diffusion coefficient of Li
+
 in pristine is 5.16×10

-15
 cm

2
·s

-1
, while 

that of the P1 is 1.49×10
-14

 cm
2
·s

-1
(Support information). 

Therefore, it is reasonable to believe that the improvement of 

the diffusion of Li
+
 is mainly due to the introduction of 

nitrogen to the surface of Li1.2Mn0.52Co0.13Ni0.13O2 material. 

 The plasma technology was used to improve the 

electrochemical performance of Li-rich oxide layer cathode 

material. The material after nitrogen plasma treatment, 

exhibits an increased coulomb efficiency in the first 

charge/discharge cycle and an enhanced rate performance. 

The improved electrochemical performance is attributed to 

surface nitrogen-doping. Compared to the conventional 

treatment methods, it is very convenient and could avoid the 

H
+
/Li

+
 exchange, which could damage the structure of 

materials. Considering usability and safety, it may be a 

promising way to improve the electrochemical performance of 

electrode materials for batteries. 
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A facile and effective route to introduce the nitrogen on the surface of material with improved electrochemical 

performance. 
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