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ABSTRACT: Lithium鄄rich cathode materials have become one of the most promising cathode materials for high鄄energy鄄density lith鄄
ium鄄ion batteries. However, the electrochemical properties of lithium鄄rich cathode materials are highly sensitive to the local struc鄄
ture in the bulk and at the surface, which is closely associated with the synthesis process. In the present work, we provided new in鄄
sights into the structural properties and corresponding electrochemical performance of Li1. 2xMn0. 54Ni0. 13Co0. 13O2 materials as a func鄄
tion of x (Li content) from a synthesis point of view. The spinel and Li2CO3 species in the bulk and at the surface arising from the
varying amounts of lithium ions would result in the local compositional change within the as鄄prepared particles and provoke a change
in the voltage鄄capacity profile as determined by electrochemical analysis, XRD, Raman, and XPS observations. Our results re鄄
vealed that the as鄄prepared sample with 5% excess of Li in molar ratio utilized for the material synthesis showed better electrochem鄄
ical performance in terms of discharge capacity ( ~ 270 mAh / g) and voltage in comparison to other as鄄prepared samples with differ鄄
ent Li contents.
KEY WORDS: batteries; lithium鄄rich cathode materials; layered; spherical; local structure
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Li 含量对球形富锂正极材料结构和电化学性能的影响

刘金龙1, 杨军1, 郭少帅1, 王永刚1, 王丛笑1, 刘海梅2, 徐群杰2, 夏永姚1

(1. 复旦大学, 能源材料化学协同创新中心, 新能源研究院,
上海市分子催化与功能材料重点实验室, 化学系, 上海 200433; 2. 上海电力学院, 上海 200215)

摘摇 要: 富锂正极材料已经成为高能量密度锂离子电池最具有前景的正极材料之一。 然而,富锂正极材

料电化学性能对其本体和表面的局域结构很敏感,而这些结构跟材料的合成过程密切相关。 在目前的工

作中,从合成的角度提出了新的思路,Li 含量 x 将影响着富锂 Li1. 2xMn0. 54Ni0. 13Co0. 13O2 材料的结构特性和
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电化学性能。 基于电化学,XRD,Raman, XPS 技术的分析结果,改变 Li 含量将在材料的本体和表面产生

尖晶石相和 Li2CO3 物种,会造成所合成的材料局部组分发生变化,进而影响其电压容量曲线。 实验结果

表明,在正极材料合成的过程中,相比于其他含量,Li 含量过量 5% (摩尔分数)所合成的样品表现出更好

的电化学性能,放电容量高达 270 mAh / g。
关键词: 电池; 富锂正极材料; 层状; 球形; 局域结构

1摇 Introduction

Lithium鄄rich cathode materials, represented in solid
solution notation as Li[NixLi(1-2x) / 3 Mn(2-x) / 3]O2(0 <x<
0. 5) or by the general formula xLi2MnO3·(1-x)LiMO2

(M=Mn, Co, Ni, etc. ), have been recognized as one
of the most promising cathode materials for high鄄energy鄄
density lithium鄄ion batteries (LIBs) owing to their high
reversible capacities of ~ 250 mAh / g [1—7] . Intensive
investigations to interpret the fundamental lithiation鄄deli鄄
thiation mechanism in lithium鄄rich cathode materials
have revealed that the abnormally high capacity origi鄄
nates either from the removal of oxygen from the lattice
accompanied by lithium extraction involving cationic
(Mn+ / Mn+1 ) and anionic ( O2- / O2

2- ) reversible redox
processes[5—10], or from the surface reaction through e鄄
lectrode / electrolyte reduction with the formation of
Li2CO3 species, and / or Li+ / H+ exchange in the bulk
particles[11—12], though there is an ongoing debate in pri鄄
or studies on the detailed mechanisms and their complex
crystal structure[5—6,13] . However, lithium鄄rich cathode
materials suffer from a large irreversible capacity loss as鄄
cribable to lithium consumption and electrolyte oxidation
in the first cycle[5,14—15], poor rate capability arising
from the slow kinetics of oxygen diffusion or electron /
lithium鄄ion transport [15—18], and the severe voltage deg鄄
radation upon electrochemical cycling associated with the
migration of transition鄄metal cations[19—21], which have
gapped them from the widespread practical applications.

To circumvent these challenges, new strategies have
been developed to synthesize and stabilize electrode struc鄄
ture of advanced lithium鄄rich transition鄄metal oxides[21—35] .
Recently, Sun and co鄄workers developed a crystal habit鄄
tuned nanoplate material of Li[Li0. 17Ni0. 25Mn0. 58]O2 with a
high rate capability, in which the proportion of (010)
nanoplates was significantly increased[22] . Thackeray et

al. proposed a versatile approach to fabricate xLi2MnO3·
(1-x)LiMO2 composites with insignificant voltage shape
change using a Li2MnO3 template into which the desired
M cations can be introduced via an acid鄄treatment
process, followed by an annealing step[26] . Very re鄄
cently, our work demonstrated that layered lithium鄄rich
transition鄄metal oxides with various degrees of stacking
faults were successfully prepared via a molten鄄salt method
using KCl, Li2CO3, and LiNO3 fluxes, which showed
substantially improved electrochemical properties when
the amount of stacking faults within the crystal structure
was increased[28] . Furthermore, surface modification
with electrochemical inactive oxides (e. g. Al2O3,AlPO4,
and ZrO2 etc. ) as well as electrochemical active com鄄
pounds (e. g. MnOx, LiNiPO4, and etc. ) has been em鄄
ployed with some promising results in terms of rate capa鄄
bility and initial coulombic efficiency[29—35] . Such im鄄
provements are attributed to the interfacial protection lay鄄
er between the cathode and the electrolyte and electron /
ion鄄conducting media that facilitates the charge transfer
at the surface of the particles[36—37] .

As a matter of fact, prior studies mentioned above
have demonstrated that the electrochemical performance
of lithium鄄rich cathode materials are strongly influenced
by the local structure in the bulk and at the surface of
the particles, which is highly associated with the synthe鄄
sis process. Furthermore, many research groups have re鄄
ported that the lithium鄄rich cathode materials prepared
via a co鄄precipitation method show various electrochemi鄄
cal properties; however, the differences are not clearly
clarified at present. To shed some light on this issue and
to get a better understanding of lithium鄄rich cathode ma鄄
terials, we systemically investigated the local composi鄄
tion in the bulk and at the surface and the corresponding
electrochemical properties of Li1. 2x Mn0. 54 Ni0. 13 Co0. 13 O2

materials as a function of x utilized for the material syn鄄
thesis through careful analysis of XRD, Raman, and
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XPS observations in the present work.

2摇 Experimental

2. 1摇 Synthesis of materials

摇 摇 The Li1. 2xMn0. 54Ni0. 13Co0. 13O2(x =0. 95,1. 00,1. 05,

1. 10, and 1. 15) materials were synthesized by solid鄄
state reaction of varying amounts of Li2CO3 and the
spherical Ni鄄Co鄄Mn precursor oxide (Ni 颐 Co 颐 Mn mo鄄
lar ratio of 0. 13 颐 0. 13 颐 0. 54). After well mixing, the
mixture was placed in an alumina crucible, heated to
900 益 in air in a box furnace at a heating rate of 5 益 /
min for 10 h, and then quenched to room temperature in
air.

The spherical Ni鄄Co鄄Mn precursor oxide was pre鄄
pared by a co鄄precipitation method. A 2 M aqueous so鄄
lution of NiSO4, CoSO4 and MnSO4 (Ni 颐 Co 颐 Mn =
0. 13 颐 0. 13 颐 0. 54 in the molar ratio) was mixed with a
2 M aqueous solution of NaOH with desired amount of
0. 2 M NH4OH as a chelating agent in a continuously
stirred tank reactor (CSTR) at a constant pH of ~ 11
under a flow of nitrogen at 60 益 . Finally, the product
was washed with distilled water several times, filtered,
dried in an air oven at 80 益 for 24 h, and then the pow鄄
der was sintered at 500 益 for 5 h.

2. 2摇 Characterization of materials

Powder X鄄ray diffraction ( XRD ) measurements
were performed on a Rigaku D / MAX鄄IIA X鄄ray diffrac鄄
tometer equipped with a Cu鄄Ka radiation source ( Bru鄄
ker, Germany) in the 2兹 range of 10毅 ~ 80毅 at 2兹 step鄄
scan intervals of 0. 02毅 with a step time of 0. 5 s. The
particle morphologies of the samples were observed with
a Hitachi S鄄4800 scanning electron microscopy ( SEM)
operated at 20 kV. Raman measurements were performed
in a back鄄scattered configuration using a micro鄄Raman
spectrometer LabRam HR 800 equipped with an Ar+ la鄄
ser (姿 = 632. 8 nm) from Jobin鄄Yvon Horiba Inc. at
room temperature. X鄄ray photoelectron spectroscopy
(XPS) measurements were performed on a PHI 5000C
ESCA system with Mg K琢 source operated at 14. 0 kV
and 25 mA. The energies of the spectra were calibrated

by the binding energy of C 1s at 284. 6 eV as a reference.

2. 3摇 Electrochemical tests

The electrochemical measurements were performed
in CR2016鄄type coin cells. For the preparation of the
Li1. 2xMn0. 54 Ni0. 13 Co0. 13 O2 electrodes, 80 wt% of active
material, 10 wt% carbon black conductive materials,
and 10 wt% polyvinylidene difluoride ( PVDF) binder
were mixed in N鄄methyl鄄2鄄pyrrolidone (NMP) solvent.
Then, the slurry was cast onto an aluminum鄄foil current
collector. After coating, the electrodes were dried at 80
益 for 10 h to remove the solvent before being pressed.
The electrode film was punched in the form of disks,
typically with a diameter of 12 mm, and then dried at 80
益 for 12 h under vacuum. The typical mass loading of
the active material of the working electrodes was approxi鄄
mately 5 mg. The cells were assembled with the cathode
as prepared, lithium metal as anode, and Celgard 2300
film as separator in a glove鄄box filled with pure argon.
The electrolyte solution was 1 M LiPF6 dissolved in ethyl鄄
ene carbonate (EC) / dimethyl carbonate (DMC) / ethyl
methyl carbonate (EMC) (1 颐 1 颐 1 by volume). Gal鄄
vanostatic charge / discharge experiments were performed
between 2. 0 and 4. 8 V at room temperature (30 益)
with a LAND CT2001A Battery Cycler (Wuhan, Chi鄄
na). Lithium intercalation into the working electrode
was referred to as discharge, and the de鄄intercalation as
charge. The cell capacity was calculated based on the
weight of the active material.

3摇 Results and discussion

The crystal structures of the as鄄prepared Li1. 2xMn0. 54鄄

Ni0. 13Co0. 13O2(x= 0. 95,1. 00,1. 05,1. 10, and 1. 15)
series were confirmed by power X鄄ray diffraction (XRD)
as shown in Fig. 1. For comparison, the XRD pattern of
spherical Ni鄄Co鄄Mn precursor oxide was measured. As
presented in Fig. 1, the sharp Bragg peaks could be in鄄
dexed in the hexagonal R鄄3m unit cell, except for the
additional broadened superstructure lines in the 2兹 range
of 20毅 ~ 25毅. These superstructure peaks were the fea鄄
tures of structurally integrated monoclinic ( C2 / m )
Li2MnO3 鄄like component ascribable to lithium鄄cation or鄄

·71·



表摇 面摇 技摇 术摇 摇 摇 2015 年 01 月

dering in the transition鄄metal layers. The broadening of
the superlattice peaks resulted from stacking faults in the
ordered cationic planes occurred along the c monoclinic
axis as demonstrated in prior studies[5,28] . All of these
characteristic peaks were present in the XRD patterns of
the as鄄prepared Li1. 2xMn0. 54Ni0. 13 Co0. 13 O2 series, which
were consistent with the previous reported results[5] .
However, detailed peak changes could be found in the
selective patterns in the ranges of 20毅 ~ 25毅 and 35毅 ~
40毅. As depicted in Fig. 1 inset A, the Bragg peaks be鄄
longing to spherical Ni鄄Co鄄Mn precursor oxide in the
XRD patterns of as鄄prepared Li1. 2x Mn0. 54 Ni0. 13 Co0. 13 O2

materials progressively disappeared when the Li content
( x ) increased, suggesting an evaporative lithium loss
during the calcination and the complete reaction between
the raw Ni鄄Co鄄Mn precursor oxide and excess of Li ions.
Moreover, it should be noted that the disappearance of
the (110) superlattice peaks in the 2兹 range of 20毅 ~
25毅 was observed with an increase in the amount of Li i鄄
ons during the synthesis process as shown in Fig. 1 inset

a) spherical Ni鄄Co鄄Mn precursor oxide; b) x = 0. 95;
c) x = 1. 00; d) x = 1. 05; e) x = 1. 10; f) x = 1. 15

The inset A marks the peaks related to the Ni鄄Co鄄Mn precursor oxide.
The inset B highlights the superlattice peaks in the 2兹 range of 20毅 ~ 25毅
Fig. 1 XRD patterns of the spherical Ni鄄Co鄄Mn precursor oxide

and the final as鄄obtained Li1. 2xMn0. 54 Ni0. 13 Co0. 13 O2 pow鄄
ders prepared at 900 益 for 10 h with varying amounts of
Li ions via a co鄄precipitation method

图 1摇 球形 Ni鄄Co鄄Mn 氧化物前驱体及其与不同含量 Li 盐煅

烧后合成的 Li1. 2xMn0. 54 Ni0. 13 Co0. 13 O2 样品的 XRD 谱

图(插图 A 表示 Ni鄄Co鄄Mn 氧化物前驱体相关衍射峰,
插图 B 表示 20毅 ~ 25毅范围的超晶格衍射峰。):a)球形

氧化物前驱体;b) x = 0. 95; c) x = 1. 00; d) x =
1. 05; e) x = 1. 10; f) x = 1. 15

B. Two weak peaks were clearly observed in the XRD
patterns of as鄄prepared Li1. 2xMn0. 54 Ni0. 13 Co0. 13 O2( x =
0. 95, and 1. 00) materials; however, only a single su鄄
perstructure peak at 20. 9毅 was detected when x in鄄
creased to 1. 15, implying an increase in the amount of
stacking faults within the as鄄prepared particles, which is
not well understood at present.

Fig. 2 shows the typical morphologies of the precur鄄
sor oxide and the final lithiated oxides prepared at 900
益 for 10 h with varying amounts of Li ions. As evident
in the SEM images, the diameter of the spherical precur鄄
sor oxide particles was in the range of about 5 ~ 10 滋m,
which consisted of primary irregular nanoparticles with
an average diameter close to 200 nm. After the lithiation
at high temperature, each as鄄obtained sample was still

Fig. 2 SEM images of the spherical Ni鄄Co鄄Mn precursor oxide
and the final as鄄obtained Li1. 2xMn0. 54Ni0. 13Co0. 13O2 mate鄄

rials prepared at 900 益 for 10 h with varying amounts of
Li ions via a co鄄precipitation method

图 2摇 球形 Ni鄄Co鄄Mn 氧化物前驱体及其与不同含量 Li 盐煅

烧后合成的 Li1. 2x Mn0. 54 Ni0. 13 Co0. 13 O2 样品的 SEM 照

片: a)球形氧化物前驱体; b) x = 0. 95; c) x =
1. 00; d) x = 1. 05; e) x = 1. 10; f) x = 1. 15
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composed of spherical particles with diameters in the
range of 5 ~ 10 滋m. Besides, the lithiation at high tem鄄
perature resulted in larger primary particle sizes ( ~ 500
nm) compared to the precursor oxide. However, no ob鄄
vious morphology changes were detected for the final li鄄
thiated oxides prepared at 900 益 for 10 h with an in鄄
crease in Li content, as evidenced in Fig. 2.

In order to determine the local composition in the
bulk and at the surface, and to further track the compo鄄
sitional change within the particles of the as鄄prepared
materials, Raman spectroscopy and X鄄ray photoelectron
spectroscopy ( XPS) analyses were carried out for the
precursor oxide and the final lithiated oxides with varying
amounts of Li ions. Raman spectroscopy has been recog鄄
nized as one of the most sensitive tools to detect unique
molecular and structural information at the atomic scale
by determination of frequencies of normal vibrations[38] .
Fig. 3 shows Raman spectra of the spherical precursor
oxide and the final lithiated oxides obtained at 900 益 for
10 h with different Li contents. As shown in Fig. 3,
three major peaks in the Raman spectrum were observed
at ca. 604, 487, and 430 cm-1 for each as鄄prepared
Li1. 2xMn0. 54 Ni0. 13 Co0. 13 O2 cathode material. This result
agreed well with those reported in previous studies[19]

and was consistent with the theoretical prediction given
for a hexagonal ( R鄄3m) and a monoclinic ( C2 / m)

a) spherical Ni鄄Co鄄Mn precursor oxide; b) x = 0. 95;

c) x = 1. 00; d) x = 1. 05; e) x = 1. 10; f) x = 1. 15

Fig. 3 Raman spectra of the spherical precursor oxide and the fi鄄
nal Li1. 2xMn0. 54 Ni0. 13 Co0. 13 O2 lithiated oxides obtained at

900 益 for 10 h with different Li contents
图 3摇 球形 Ni鄄Co鄄Mn 氧化物前驱体及其与不同含量 Li 盐煅

烧后合成的 Li1. 2xMn0. 54Ni0. 13Co0. 13O2 样品的 Raman 图

谱(*表示残留的氧化物前驱体,s 表示尖晶石杂相):
a)球形氧化物前驱体;b) x = 0. 95; c) x = 1. 00; d)
x = 1. 05; e) x = 1. 10; f) x = 1. 15

crystal[38], respectively. Generally, there were two Ra鄄
man鄄active vibrational modes in the ideal layered lithium
transition metal oxide with R鄄3m symmetry: A1g with
the symmetrical stretching of M鄄O and Eg with the sym鄄
metrical deformation, which corresponded to two sharp
Raman peaks near 604 cm-1 and 487 cm-1, respective鄄
ly. An additional small Raman band at 430 cm-1 origina鄄
ted from the Li2MnO3 鄄like structure due to the reduced
local symmetry of C2 / m rather than R鄄3m, indicating
the presence of Li2MnO3 short鄄range superlattice orde鄄
ring. Notably, the Raman peaks assigned to the Ni鄄Co鄄
Mn precursor oxide in the Raman spectra of the as鄄pre鄄
pared Li1. 2x Mn0. 54 Ni0. 13 Co0. 13 O2 particles disappeared
with the increase in Li content utilized for material syn鄄
thesis, which implied the complete reaction between the
raw Ni鄄Co鄄Mn precursor oxide and Li鄄salt, in perfect a鄄
greement with the XRD observation. However, with fur鄄
ther increase of the Li content, a new weak peak started
evolving between 500 and 600 cm-1, which was attribu鄄
ted to the formation of spinel phase[19] . However, it was
clear that no significant diffraction peaks of the spinel
phase could be detected in the XRD patterns as illustra鄄
ted in Fig. 1, suggesting the formation of a small amount
of spinel nanodomains which were smaller than the X鄄ray
coherence length. Therefore, this result provided by Ra鄄
man spectroscopy demonstrated that excess of Li ions
during the synthesis process could generate a small a鄄
mount of spinel phase impurity in the local structure of
the as鄄prepared lithium鄄rich transition metal oxides,
which would give rise to the obvious changes in electro鄄
chemical performance as discussed in the later section.

Fig. 4 depicts the XPS spectra of O 1s and C 1s re鄄
gions observed for the spherical Ni鄄Co鄄Mn precursor oxide
and lithium鄄rich transition metal oxides samples prepared
at 900 益 to examine the local composition at the sur鄄
face, respectively. As seen in Fig. 4, two peaks charac鄄
teristic of O2- anions in the O 1s spectrum were observed
with the increase in Li content: the peak at 529. 5 eV
belonged to the O2- ions in the transition鄄metal oxide
crystalline network and the peak at 531 eV corresponded
to the O2- ions ascribable to weakly adsorbed surface
species CO3

2- [10,12] . The observation of the carbonate
species indicated the existence of Li2CO3 at the surface
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a) spherical Ni鄄Co鄄Mn precursor oxide; b) x = 0. 95; c) x = 1. 00;

d) x = 1. 05; e) x = 1. 10; f) x = 1. 15; g) Li2CO3

Fig. 4 XPS spectra of O 1s and C 1s regions observed for the
spherical Ni鄄Co鄄Mn precursor oxide, lithium鄄rich transi鄄
tion metal oxides Li1. 2xMn0. 54Ni0. 13Co0. 13O2, and Li2CO3

powder
图 4摇 球形 Ni鄄Co鄄Mn 氧化物前驱体及其与不同含量 Li 盐煅

烧后合成的 Li1. 2xMn0. 54 Ni0. 13 Co0. 13 O2 以及 Li2CO3 的

O1s 和 C1s 图谱:a)球形氧化物前驱体;b) x = 0. 95;
c) x = 1. 00; d) x = 1. 05; e) x = 1. 10; f) x =
1. 15;g)Li2CO3

of the final lithiated oxide particles because the over stoi鄄
chiometric Li ions were used for the synthesis of
Li1. 2xMn0. 54Ni0. 13Co0. 13O2 (x = 1. 10, and 1. 15). Mo鄄
reover, the intensity of the shoulder peak at 531 eV as鄄
signed to Li2CO3 species increased with the increasing Li
content during the synthesis process, implying an in鄄
crease in the amount of residual excess of Li ions on the
surface of the final lithiated oxides. Turning to the C 1s
spectrum as presented in Fig. 4, the main sharp C—C
peak at the 284. 6 eV was attributed to the " adventitious
carbon" as a reference and another weak peak at 289. 4
eV was associated with carbonate species at the surface
of the final lithiated oxides[10,27] . With the increase in Li
content utilized for material synthesis, the weak peak o鄄
riginated from Li2CO3 species started evolving at 289. 4
eV, further confirming that the partial excess of Li ions
resulted in the formation of a small amount of Li2CO3 at
the surface of the final lithiated oxides in perfect agree鄄
ment with the previous O 1s XPS spectrum observations.

Fig. 5 shows the XPS spectra of Mn 2p, Ni 2p, and
Co 2p regions observed for the precursor oxide and final
lithium鄄rich transition metal oxides prepared at 900 益 to
examine the oxidation state of transition metals at the
surface, respectively. As depicted in Fig. 5, two peaks
were clearly visible, which were associated with the
manganese 2p3 / 2 at 642 eV and 2p1 / 2 at 654 eV and a鄄
greed well with the literatures data on MnO2

[12] . Howev鄄
er, no significant difference was detected by XPS for the
as鄄prepared materials with varying amounts of Li salt in

a) spherical Ni鄄Co鄄Mn precursor oxide; b) x = 0. 95; c) x = 1. 00; d) x = 1. 05; e) x = 1. 10; f) x = 1. 15

Fig. 5 XPS spectra of Mn 2p, Ni 2p, and Co 2p regions observed for the precursor oxide and the final as鄄obtained Li1. 2xMn0. 54 Ni0. 13
Co0. 13O2 materials prepared at 900 益 for 10 h with varying amounts of Li ions via a co鄄precipitation method

图 5摇 球形 Ni鄄Co鄄Mn 氧化物前驱体及其与不同含量 Li 盐煅烧后合成的 Li1. 2xMn0. 54Ni0. 13Co0. 13O2 样品 Mn 2p, Ni 2p 和 Co 2p 图

谱:a)球形氧化物前驱体;b) x = 0. 95; c) x = 1. 00; d) x = 1. 05; e) x = 1. 10; f) x = 1. 15

this experiment. From the Ni 2p and Co 2p XPS spec鄄
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tra, the observations were consistent with the results in
the Mn 2p spectra as shown in Fig. 5, indicating no sig鄄
nificant difference in the oxidation state of transition met鄄
als at the surface of the final lithiated oxides.

Therefore, based on the Raman spectroscopy and
X鄄ray photoelectron spectroscopy (XPS) analyses, the
findings are summarized as follows. With the increase in
Li content, a small amount of Li2CO3 was found at the
surface of the final lithiated oxides, which was consistent
with the fact that excessive Li2CO3 in molar ratio was uti鄄
lized for the material synthesis. The excessive Li ions
during the synthesis process could compensate for any e鄄
vaporative lithium loss during the calcinations, resulting
in the formation of spinel phase in the local structure,
and generating a small amount of Li2CO3 at the surface of
the lithium鄄rich transition metal oxide, which further led
to slight deviation of the as鄄prepared lithium鄄rich transi鄄
tion metal oxides from the local composition and struc鄄
ture of ideal layered Li1. 2 Mn0. 54 Ni0. 13 Co0. 13 O2 cathode
material.

Fig. 6 presents the typical initial charge鄄discharge
curves of the as鄄prepared Li1. 2xMn0. 54Ni0. 13Co0. 13O2 elec鄄
trodes in the potential range of 2. 0 ~ 4. 8 V at a current
density of 20 mA / g at room temperature. When initially
charged to 4. 8 V, the electrochemical reaction of lithium
with the Li1. 2xMn0. 54Ni0. 13Co0. 13O2 electrodes occurred in
two distinct steps, as follows: the first step measured at
voltage < 4. 4 V vs. Li / Li+ corresponded to lithium ex鄄
traction from the LiMO2 component with the concomitant
oxidation of Ni2+ to Ni4+ and Co3+ to Co4+; and the sec鄄
ond step corresponded to the removal of lithium from the
crystal structure accompanied by oxygen evolution when
charged above 4. 4 V vs. Li / Li+ according to the prior
studies [5]. Notably, all the samples showed similar
voltage profiles during the initial charge, however, sig鄄
nificantly different discharged curves were clearly ob鄄
served as shown in Fig. 6. The increase in Li content
(x) utilized for the material synthesis provoked a change
in the voltage鄄capacity profile: the marked voltage varia鄄
tion was observed during the discharge and a new voltage
plateau started evolving at ca. 2. 7 V when x逸1. 10.
This was resulted from the emergence of a small amount
of spinel鄄phase impurity and Li2CO3 species at the sur鄄

Fig. 6 Typical initial charge鄄discharge curves examined at a cur鄄
rent density of 20 mA / g for the Li1. 2xMn0. 54Ni0. 13Co0. 13O2

electrodes prepared at 900 益 for 10 h with varying a鄄
mounts of Li ions via a co鄄precipitation method

图 6摇 不同 Li 含量的 Li1. 2xMn0. 54Ni0. 13Co0. 13O2 电极首圈充放

电曲线(电流密度为 20 mA / g)

face of the final lithiated oxides as demonstrated by the
previous Raman and XPS observations because excessive
Li2CO3 in molar ratio was used during the synthesis
process. Finally, the as鄄prepared sample with 5% ex鄄
cess of Li ions in molar ratio utilized for the material syn鄄
thesis showed the largest reversible discharge capacity of
~ 270 mAh / g with the highest discharge voltage in com鄄
parison to other as鄄prepared samples with varying a鄄
mounts of Li ions, indicating that Li content had a direct
influence on the voltage profiles of lithium鄄rich transition
metal oxides cathode materials.

Fig. 7 illustrates the cyclic performance of the Li1. 2x鄄
Mn0. 54Ni0. 13Co0. 13O2 electrodes when cycled between 2. 0
and 4. 8 V at room temperature (30 益). Upon cycling,
the cells were charged鄄discharged at a current density of
20 mA / g in the initial 6 cycles, and then cycled at a
current density of 200 mA / g during the subsequent cy鄄
cles. The Li1. 2xMn0. 54Ni0. 13Co0. 13O2 ( x = 1. 05) elec鄄
trode exhibited a gradual capacity fading upon cycling
with an average capacity loss of ~ 0. 2 mAh / g per cycle
during cycling, that is, the discharge capacity of the
Li1. 2xMn0. 54Ni0. 13Co0. 13O2 (x = 1. 05) electrode maintained
88% of its initial capacity, suggesting good cyclic per鄄
formance. It was noted that the Li1.2x Mn0.54 Ni0.13 Co0.13 O2

( x=1. 10) electrode with a small amount of spinel phase
showed a good rate capability and cycling life. However,
the reversible discharge capacities of other Li1. 2xMn0. 54 鄄
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Ni0. 13Co0. 13O2(x = 0. 95, 1. 00, and 1. 10) electrodes
showed an increase in the initial 6 cycles, at least to
some extent, and finally a slight capacity fading in the
successive cycling. This indicated the gradual electro鄄
chemically activation of the final lithiated oxide elec鄄
trodes, which was most likely ascribed to the impurities
in the bulk and at the surface due to the varying amounts
of Li ions utilized for the material synthesis, thereby de鄄
viating the as鄄prepared lithium鄄rich transition metal oxi鄄
des from the ideal composition of layered Li1. 2 Mn0. 54 鄄
Ni0. 13Co0. 13O2, providing significantly varying electrode /
electrolyte interface, and showing different electrochemi鄄
cal properties of the as鄄prepared materials. As a result,
the electrochemical performance of lithium鄄rich cathode
materials was sensitive to the local composition in the
bulk and at the surface of the as鄄prepared particles,
which was highly associated with the synthesis process.

Fig. 7 Cyclic performance of the Li1. 2xMn0. 54Ni0. 13Co0. 13O2 elec鄄

trodes when cycled between 2. 0 and 4. 8 V at room tem鄄
perature (30 益)

图 7摇 不同 Li 含量的 Li1. 2xMn0. 54Ni0. 13Co0. 13O2 电极在 2. 0 ~

4. 8 V,30 益测试条件下的循环性能

4摇 Conclusions

In conclusion, this article reported herein provided
new insights into the structural information and corre鄄
sponding electrochemical properties of Li1. 2xMn0. 54Ni0. 13 鄄
Co0. 13O2(x = 0. 95, 1. 00, 1. 05, 1. 10, and 1. 15)
materials as a function of x (Li content) utilized for the
material synthesis via a co鄄precipitation method. With
the increase in Li content, the excess of Li ions during
the synthesis process could compensate for an evapora鄄
tive lithium loss during the calcinations, resulting in the
formation of spinel phase impurity in the local structure,

and even initiation of generating a small amount of
Li2CO3 at the surface of the lithium鄄rich transition metal
oxides as revealed by XRD, Raman, and XPS observa鄄
tions. The impurities in the bulk and at the surface origi鄄
nated from the varying amounts of Li ions would result in
deviation of the as鄄prepared lithium鄄rich transition metal
oxides from the ideal composition and microstructure of
layered Li1. 2Mn0. 54Ni0. 13Co0. 13O2, thereby impeding the
electrochemical activation of the final lithiated oxide e鄄
lectrodes to some extent and provoking a change in the
voltage鄄capacity profile. Our results further confirmed
that the electrochemical performance of lithium鄄rich
cathode materials was sensitive to the local structure in
the bulk and at the surface, which was highly associated
with the synthesis process of the materials. The as鄄pre鄄
pared sample with 5% excess of Li in molar ratio utilized
for the material synthesis showed better electrochemical
performance in terms of discharge capacity ( ~ 270
mAh / g) and voltage profile in comparison to other as-
prepared samples with different amounts of Li ions.
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