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a b s t r a c t

LiNi0.6Co0.2Mn0.2O2 has attracted considerable attention as a high-performance cathode material for
lithium ion batteries due to its relatively high specific capacity and low cost. However, structural
instability and side reactions at the surface, which occur during the charge/discharge process, largely
limit its performance. Here, we introduce a nanoscale nitrogen-doped carbon layer at the surface of the
LiNi0.6Co0.2Mn0.2O2 particles by using simple mechanical activation and pyrolysis methods. Systematic
characterization indicates that a nitrogen-doped carbon layer approximately 16 nm thick is uniformly
coated on the LiNi0.6Co0.2Mn0.2O2 particles. It has been proved beneficial to stabilize the layered structure
of the LiNi0.6Co0.2Mn0.2O2 with less cation disorder and residual lithium at the surface. The nitrogen-
doped carbon-coated LiNi0.6Co0.2Mn0.2O2 exhibited a capacity retention of 92% after 100 cycles from
3.0 to 4.5 V at 1 C, and a discharge capacity of 156mAh g�1 at 5 C (78% of the capacity at 0.2 C), which is
superior to the pristine LiNi0.6Co0.2Mn0.2O2 in this work and most other reported LiNi0.6Co0.2Mn0.2O2

cathodes. The improved electrochemical properties of the nitrogen-doped, carbon-coated cathode can be
attributed to the higher degree of cation ordering, relieved side reactions between the cathode and
electrolyte, and increased electronic conductivity.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, lithium ion batteries (LIBs) have been widely
applied in numerous areas ranging from portable electronic devices
to larger-scale uses, such as electric vehicles and even stationary
energy storage systems [1,2]. This, in turn, has driven demands for
advanced LIBs that can offer higher energy density, faster rate
capability, and greater safety, all while simultaneously lowering the
cost [3,4]. Current LIBs fail to meet the increasing demand for high
energy density, which is mainly limited by the insufficient specific
capacity of conventional cathode materials such as LiCoO2
(~140mAh g�1). To this end, ternary layered LiNi1-x-yCoxMnyO2

(0< x, y< 1) cathode materials have been widely studied due to

their high capacity, excellent safety performance and low cost
[5e8]. Among them, Ni-rich layered compounds (x� 0.5), such as
LiNi0.6Co0.2Mn0.2O2 (NCM622), are the most promising materials
because the high Ni/Co ratio improves the specific capacity
(~170mAh g�1) and reduces the cost [9e11]. However, the increase
in Ni content often results in structural and thermal instability that
severely compromises the cell performance. Specifically, NCM622
suffers from the loss of lattice oxygen at a high charge voltage
(�4.5 V vs. Liþ/Li), which is often accompanied by side reactions
with the electrolyte. This leads to significantly increased surface
impedance, reduced discharge capacity, and reduced cycling sta-
bility [12e14]. Meanwhile, the electronic conductivity of NCM622
is relatively lower than that of LiCoO2 [15], which results in a poorer
rate capability.

In order to solve these issues, solutions such as body doping,
surface coating, and gradient design have been employed to tune
the properties and overcome the drawbacks of Ni-rich ternary
cathodes [16e18]. Surface coatings have been proven to effectively
enhance the electrochemical performance of ternary cathodes
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since the coating layer isolates the cathode active material from
direct contact with the electrolyte. Metal oxides, including Al2O3
[19], ZrO2 [20], TiO2 [21], etc., have been commonly studied as
coating materials. Unfortunately, due to the inherently low elec-
tronic conductivity of metal oxides, the rate capability of the coated
cathodes is restricted by these types of coatings. For this reason,
materials with better electron-conductivity such as LiTi2(PO4)3
[22], Li1.3Al0.3Ti1.7(PO4)3 [23], and reduced graphene oxide (rGO)
[24], have been developed as alternative coating materials. How-
ever, the complicated manufacturing processes make them difficult
to scale for high volume production.

We, for the first time, have applied a nanoscale nitrogen-doped
carbon (NC) coating onto the surface of NCM622 particles by using
a simple mechanical activation followed by a pyrolysis process.
Melamine, a cost-effective industrial raw material, serves as a
source for both carbon and nitrogen. The NC layers prove to be able
to reduce the residual surface lithium species, decrease the cation
mixing, and improve the electron-conductivity of pristine NCM622.
As a result, the developed NC-coated NCM622 cathode exhibits an
excellent capacity retention of 92% after 100 cycles from 3.0 to
4.5 V at 1 C, and a high discharge capacity of 156mAh g�1 at 5 C
(78% of the capacity at 0.2 C) in LIB tests. This shows significant
superiority to pristine NCM622 and most other reported carbon or
oxide coated NCM622 cathodes.

2. Experimental

2.1. Material preparations

The LiNi0.6Co0.2Mn0.2O2 cathode material was synthesized by
mixing commercial Ni0.6Co0.2Mn0.2(OH)2 (Gold Shine Energy Ma-
terial Co. Ltd) and Li2CO3 (>99%, Sigma Aldrich Co.) with a molar
ratio of 1: 1.06 and calcining at 850 �C for 10 h in air. To enable the
surface coating, 0.025 g, 0.05 g, or 0.1 g melamine (>99%, Sigma
Aldrich Co.) and 1.0 g as-prepared NCM622 were ball-mixed thor-
oughly at 300 rpm for 1 h and then annealed at 550 �C, 650 �C, or
750 �C in air for 1 h. NC-coated NCM622 materials with coating
amounts of 0.025 g, 0.05 g, and 0.1 g annealed at 650 �C were
denoted as NCM/NC-650-0.025, NCM/NC-650-0.05, NCM/NC-650-
0.1, respectively. NC-coated NCM622 with annealing temperatures
of 550 �C or 750 �C were denoted as NCM/NC-550-0.05, NCM/NC-
750-0.05, respectively.

2.2. Characterizations

The X-ray diffraction (XRD, x'pert3 powder) with Cu-Ka radia-
tion was performed to identify the crystal structure of the powders
in the 2q range from 10 to 90� with a step size of 0.01� and a count
time of 4 s. Scanning electron microscope (SEM, FEI, Sirion 200),
transmission electronmicroscope (TEM, FEI, Tecnai G2 20) and high
resolution TEM (HRTEM, FEI, Tecnai G2 F30) were used to analyze
the morphology and microstructure of the materials. X-ray
photoelectron spectroscopy (XPS) measurements were conducted
using an AXIS-ULTRA DLD-600W spectrometer with a mono-
chromatic Al Mga X-ray source. The binding energy for each
spectrum was calibrated using the C 1s peak (285 eV) as reference.

2.3. Electrochemical testing

The electrochemical tests were performed using 2032 coin cells
with lithium metal as the anode. The working electrodes were
prepared by dispersing 80wt% active materials (pristine and NC-
coated NCM622 powder), 10wt% conducting agent (carbon black),
and 10wt% binder (polyvinylidene fluoride (PVDF, Aldrich) in N-
methylpyrrolidone (NMP, Aldrich) by magnetically stirring for 4 h.

The obtained slurry was coated on current collectors (aluminum
foil), roll-pressed, then dried at 100 �C for 12 h in a vacuum oven.
The loading of the active materials was about 4e5mg cm�2.
CR2032 coin-type cells were assembled in an argon-filled glove box
by using 1.0M LiPF6 dissolved in a mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC) (1:1 by volume) as an elec-
trolyte and Celgard-2400 microporous polypropylene membrane
as a separator. The cycling and rate performance tests were con-
ducted on LAND system between 3.0 and 4.5 V at different current
densities. Electrochemical Impedance Spectroscopy (EIS) tests were
performed on an electrochemical workstation (CHI 660D, Shanghai
Chenhua) with a frequency range of 105 Hze0.1 Hz at an amplitude
of 5mV. All the characterizations and measurements were taken at
room temperature.

3. Results and discussion

3.1. Characterizations

The procedure for synthesizing NC-coated NCM622 is depicted
in Fig. 1. First, melamine is thoroughly ball-milled with the as-
synthesized NCM622 particles. During calcination in air, the mel-
amine decomposes into N-doped carbon and coat the surface of the
NCM622 particles. Fig. 2 shows the XRD patterns of the pristine and
various NC-coated NCM622 samples (Fig. 2a) as well as the corre-
sponding Rietveld refinement result from the NCM/NC-650-0.05
sample (Fig. 2b, other Rietveld refinement results are illustrated
in Fig. S1). The diffraction patterns of all samples arewell indexed to
the layered hexagonal a-NaFeO2 structure (PDF# 85-1969, R3m
space group) without obvious impurities or a secondary phase. The
distinct splitting of (006)/(102) and (108)/(110) peaks for all sam-
ples indicates that these materials have well-ordered layered
structures [25]. The lattice parameters (c/a), peak intensity ratio of
I(003)/I(104), and the concentrations of Ni2þ in Liþ site of all studied
samples are calculated from Rietveld refinements and summarized
in Table 1. Noticeably, no significant deviations in the lattice pa-
rameters of samples before and after NC coating can be observed,
revealing that the NC does not incorporate into the crystal lattices
of NCM622. Importantly, the peak intensity ratio of I(003)/I(104) is
found to be proportional to the added amount of melamine. It is
commonly recognized that the ratio of I(003)/I(104) reflects the de-
gree of cation disorder in the layered materials. Specifically, the
NCM electrode has a high degree of cation ordering if I(003)/I(104) is
larger than 1.2 [26]. It is found that all of the NCM/NC-550 and
NCM/NC-650 samples reveal higher I(003)/I(104) ratios than those of
the pristine NCM622, suggesting the relieved cation mixing after
NC coating. The reduced I(003)/I(104) ratio observed in the NCM/NC-
750 sample suggests that calcination at higher temperatures may
destroy the integrity of the layered structure. Similarly, the con-
centrations of Ni2þ in the Liþ sites of the NCM/NC-550 and NCM/
NC-650 samples calculated from Rietveld refinements were
significantly reduced relative to the pristine NCM622 and NCM/NC-
750 samples.

The morphology and micro-structure of NCM622 and NCM/N-
650-0.05 samples are characterized and shown in Fig. 3. SEM im-
ages of the pristine NCM622 (Fig. 3a) and NCM/N-650-0.05 (Fig. 3b)
samples indicate that both of them consist of microspheres with an
average diameter of 10 mm and, additionally, that each microsphere
is aggregated by particles with sizes of 400e500 nm. It is evident
from the SEM images that the NC coating does not change the
morphology of the pristine NCM622. From the TEM image pre-
sented in Fig. 3c, the bare NCM622 sample exhibits a smooth sur-
face and the distance of lattice fringes (inset of Fig. 3c) is measured
to be 0.238 nm, corresponding to the interplanar spacing of the
(101) crystal plane of the a-NaFeO2 layered structure [21]. After NC
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