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Li1.15−xNi0.33Co0.33Mn0.33O2+δ l[ - h[HTB�?�XTBWa#��� !"
(������������Æ������	�� 410083)� �� b6-�L�~Q?k-� - ���YSO,qY�G.��v Li1.15−xNi0.33Co0.33-

Mn0.33O2+δ(LNCMO) B-{Æk X A-QA (XRD)�G�1{
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�Y)! - I)$� (TG-DTA) x,�OV XRD �M$�OYSuEÆ 950◦C W
b
0.1mA/cm2 v�Wi�� 2.5∼4.5V �Yd �/M� 190mAh/g, Ij 10 db� 180mAh/g,0pW
,q�Tv�hG�{Æ�!���z��'$�z6=SG. LNCMO (/
5�$>6�6��=QvG.��
��{)*y5��#�
B-{v=S6$�b'48�
(1) �!�Uh$�v�JCS Li-Ni-Co-Mn-O B-{� (2) Buv Li2CO3 $�KC Li2O;

(3) 0lv Li2O &8=6qB-{y:
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:O)5�pwZT��X�iHA|`!?P��wO) [1∼9], o\�O)pwZTvF��f�l\ 2!w.� - ���
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398 � u = Q G ! 21 0
2 n��JÆTNw5j��5j:�ajhX5j;�u�( Li/M=1.15, Co/Ni/Mn=0.33:0.33:0.33.t\�Nwa�pZ1�
+��+�2�gj
N�>T1��qw.[
��a�
pH �� 8∼9, �*�`<%a

6�>T&`:.�
Æ.�� 120◦C (_3
>T��
Æ��O&
ur�"|
Æ�"|�tb?#!2
4a+℄ (<V� PYRO-TC 320

ashing, ELP�� Italy) �

 1◦C/min wi��*
t 400∼950◦C ^� 8h, 3
 1◦C/minB%
l�Ua$|�e
_3
urx/L���l Rigaku D/max 2550 < X B.RB_
=8~��FK 40kV, FX 150mA, CuKα.
 λ=0.154056nm, �lIvn:�
9< 0.02◦, �VK� 0.2s, 9o�Æ 10◦ < 2θ < 90◦.�l XB.H�2|ÆMicrolab MK�H�2|Æ_ (XPS) (MgKα, Eb=1253.6eV; AlKα,

Eb=1486.6eV) �1m}h!?�s% �Æ�uw�wqA���a$[X*d(a# (PTFE)
�~�\��Nw(G (85:10:5)^%pZ1�
�0�� 80∼100◦C (3� 24h 6`a%

�t7B4�<
loKv� 20kPa wKI(KTa�1�w�ws�
�^;	�/w
��[� 1mol/L LiPF6 w
EC:DMC:EMC/1:1:1(w/w)pZ�[
a%RN<9.34×10−6g/L,pDjHFRN<2.55×10−6g/L.l3�w�Zr-��A�|Xw1 (UNILAB MBRAUN tLL) z5-r}�Z
Xw1

� 1 6���'YSK�v XRD �

Fig. 1 XRD patterns of products synthesized

at different temperatures

400 ◦C, 600 ◦C, 950 ◦C

D8%��7a Ar �#
awVwRN1 <1×10−6g/L, 5-Uwr}�Z�U�(l CHI660A <�iH=8� (<QQfEL) !?Jk*�FW
�K�Æ� 2.5∼4.5V. l�ZW;FW_ (PCBT138<
�SI;EL) �F^!�0NyJk��A
�l^X^^X!wrP
̂ !��Xj�� 0.1mA/cm2, ^!��K�Æ�
2.5∼4.5V.

3 \PSq

3.1 w|�~eKx�"��7���%? 8hnuL�w
XRD Æ
� 1. 1� 1 ���nQ
 XRD�N1q� 400 X 600 ◦C %?X��h��Nw Li2CO3 �0'
% 950◦C %?

�0' Li2CO3 6G�n� 1 8�
7���%?L�:RB'w��t'\�
)YRB'
8�H/

α-NaFeO2 �A�/i
1q7���%?L�w�At'0e
o7�RB'w'>w��7�
1q7���nuL�w
E�AJ2�k�:L�w (003) X (104) '��7

400 X 600◦C %?X�w�oRB'<?
� 400 � 600 � 950◦C %?�"|nuX� (003)'w�'<%2� 0.7 � 0.612 � 0.178,l0%?��F7
�'<*+	7
1q%7�9
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m6[� Li1.15−xNi0.33Co0.33Mn0.33O2+δ -� - ���YS�0�xYSuE 399?
L�,|�X��wZ�H/�A
$H\i�k� 950◦C %?X�we9'
	��
x2S (102)� (006) y (108)� (110)L5'w%S"N�!
��l0%?��F7

(003) RB'$m�.�k
1qH��24Hz,^
Hz�2��w0e8l��
Hz�A<�j
>Rw���A��A��
H/x�<q*�;+ Shaju y+ [9] w"s
�t-rH/Z�$%w�w>R
 I(003)/I(104) w��(� R �N&l�℄N>RTD2p�wW��LS�N1q�� 400 � 600 � 950◦C %?�"|nuX� R �%2� 0.72 �
0.88 � 1.33, l0%?��F7 R ��k
� 1 � (003) ''
( (104) '7
1q%!\97�9?

>RwTD2p�W�7
zQ%7�%?w>R-rmKw�iHA|�

� 2 600◦C(a) W 950◦C(b) 'YSv Li1.15−xNi1/3Co1/3Mn1/3O2+δ v SEM 
�
Fig. 2 SEM morphologies of LNCMO synthesized at (a) 600◦C and (b) 950◦C� 2 � LNCMO 4Hw9o�'Æ	
L9X�>
1�Z�	/
 600◦C %?X�nD�7w$H5T
4Hw+�rd
U\f�:/
X�nt%?��{
K��
<%$HwEO�yl7�#�� 950◦C X�4H+��!�I�
1mHg
$Hq*Ok

qz7%?�� (�KZPOP%?K�) 8N$H^%}EO�y
z74Hw$iW�
�w XRD % �NS\�w�

� 3 Li/LNCMO �YvIj)��
Fig. 3 CV curves of Li/LNCMO cell

At different scan rate: 4, 6, 8, 10mV/s

� 4 Li/LNCMO �Yv℄ ��-�
Fig. 4 Charge-discharge curves of Li/LNCMO

cell
3.2 GU��g
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400 � u = Q G ! 21 0� 3 � LNCMO >R�7�9oi_(w CV �y9oi_w��;�'�X�
Æ9oi_w��;�'�X8�8
3_ Ip w ν1/2 U.AD%

q�E� LNCMO �w>R<w�iS^t>7;�w
>R-r�UwJk8~A� CV ��dr_+ Ni n�iw�9Vil�'
� 3.7 V _+wl�'�it Ni2+/Ni4+ Vil���w�i
�
4.4V wl�PW�i Co3+/Co4+ Vil���w�i
� 3V 0"d_+ Mn3+/Mn4+ wVil�'1q LNCMO >R� Mn �"qA��
�A�whD2
 Mn4+ h�7Aw�iH�i
�w�, [9] O)�N\��� 4 � 950 ◦C nu LNCMO X�� 2.5∼4.5V �w^!� .
��1q1X�w^!� .Hg
rL9!��q
w CV  ._+wL�Vil��i'0�i
>RZe�iH^!�(0N%2� 221 X 190mAh/g, Jk 10 e
^!�(0N%2� 190 X
180mAh/g, Jk\$0N`	 1mAh/g, *Q_�UwJk��A�

� 5 950◦C/8h $>K� LNCMO v XPS �
Fig. 5 XPS spectra of LNCMO sintered at

950◦C for 8h

� 6 �!{vI) - )!�-�
Fig. 6 TG-DTA curves of the precursor

3.3 XPS Kx� 950◦C L�!? XPS % 
 M2p3/2(M=Co,Ni,Mn) w�2�Z|/Qt� 5 �

Co2p3/2 '�2�Z|w LiCoO2 w Co3+ �Z|_� (779.5eV)[9] �Z� Mn2p3/2 w�Z|w MnO2 y LiNi0.5Mn0.5O2 w Mn4+ �Z| (642.2eV) 0" [10,11], Ni2p3/2 w�Z| (854.3eV)w NiO[2,11] y LiNi0.5Mn0.5O2 w Ni2+ �Z| (854.3eV) �Z [12], w LiNiO2 w Ni3+(855.4eV)0J 1.1eV[13], �1q LNCMO � Ni �Co �Mn wD2%2� +2 �+3 w +4 �
�w�,
[9] O)�N\��;+$|MF`
 Mn2+ � Co2+ � Ni2+ w�\�|>T3F�m|�D2w��A℄e� Mn2+ <Co2+ <Ni2+, �9��AbE�L���^D2w-h/sr0"Yj2�f M D2 d Js�25s�3
 Mn2+ � Co2+ � Ni2+ w d �25s%2�
t52ge

0
g � t62ge

1
g � t62ge

2
g nt�_9 eg �2op��2Jsw71��+
LE Jahn-Teller 9i
g
2-TD2w d �2�A
*k_+�_9 eg �2
Se�$8[{wr9X�

[13]. 1N Mn2+ ViT Mn4+(t32ge
0
g), Co2+ ViT Co3+(t62ge

0
g), �, X Ni2+(t62ge

2
g) /s
�$|�A�PÆ�^H� Co3+ � Ni2+ � Mn4+ 
H d �2�1dr�_9 eg �2
g�8
ur�A��wn0 [Li1.15−x]3a[Ni2+0.33Co3+

0.33Mn4+
0.33]3bO2+δ C.|�
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2 � u��
m6[� Li1.15−xNi0.33Co0.33Mn0.33O2+δ -� - ���YS�0�xYSuE 401

3.4 Nmr~CQDKx� 6(a) �;h:�V�"�w DTA Æ�
� 120∼180◦C _+w\9"*'^t�"�wGa"*PW
� 180∼370◦C _+P 3 9!*'
�\'�7
��'"Nq*
�5'�7
'w'0J�\�
o,|.M
�59!*'�i Mn � Co � Ni �gj�Z��gjMw5jMw%�ViPW�f� 6(b) 8�
;h�:.ZVi��"�G"r59������� 180◦C G"j 18.9%, �S�"�	a0-PW��� 180∼320◦C G"A�j 48.7%, �S Mn � Co � Ni w�gj�Z�ygjMw%�ViPW��� 320∼950◦C,r 8.04% G"
�)YS%�Cvtj;M
L�6�G"� 75.64%. �w2O�(GpZw�gjw5jM
F`<^G"� 75.33% 0(
��"��Z XRD �N8�
nt:�i��>T��
8jr%2��2|pZ
g

�Z� 1XRD �N8�
�"�t
400◦C %�
>T<%$iw Mn � Co � Ni Vi�
o�� Li � Ni � Co �Mn yD2p�W�k
,CVr Li2CO3 ��L�
g
k'� 400◦C LNCMO $|`%>T
oS�Pru-rKU�iHA|w�w>R=C!\9w7�%?�f� 6 8��� 250∼320◦C %�!*'7��3
�Snt Mn � Co � Ni w�gj�Z�%�ViPW�i/T
�9%�(?PW!_w*N8NLEwVi�ur%?�<%$i
4w%��i8l(P1Q�

1.15LiNO3+0.33Ni(NO3)2+0.33Co(NO3)2+0.33Mn(CH3COO)2+C6H8O7+(5.42+δ/2)O2 →

Li1.15Ni0.33Co0.33Mn0.33O2+δ+7.32CO2 ↑+4.99H2O↑+2.47NO2 ↑ (1)fP (1) 8�
�"�/Tw(?�iCV�Aw
g
�9(?PW)'oj2�i�wV%K
f�j2L��PÆ�^D2�s�f.� - ���ZTPÆ�^Vi�w0DO)�N [14,15] �3
Li �Ni w<j�Z��"ViA�#�%?LE NiO X LiCO3, �Vi�#�fLE 3��>T LiNiO2, Li�Co w<j�Z��9��%?{8>T LiCoO2,

Li � Mn w�gj�Z��9���{��%?{8>T Li1+xMn2−xO4, �� Mn � +3 X
+4 �wpZ�s
�9��7t 920 ◦C %?�>T LiMnO2, 8

;���:�hw�gj�Z�%7�%?

��:�hw�sw�R�(�%?�#w��j�0D�nt7�%?p�;mG
g

7�%?L�l Li1.15−xNi0.33Co0.33Mn0.33O2+δ 1Q�;+
< XRD w TG-DTA �N8
&� Li-Ni-Co-Mn-O C.|)0��{��({8>T
g
C.|>Tw;�9%S�"�Vi%�w!*PW 
nt�"�Vi%�PW�i/T
�P� �PLEwVi���>T4H&7wC.|
� &7wC.|1m>7.D�
l
%�LEwVi�ft!2C.|
g
C.||
\ rEw�PET�� 750◦C 7sCvw Li2CO3 %�ET Li2O, l0��wF7
�r 950◦C OK� �
1mw Li2O '9>7rC.|z<�g

�A��w Li-Ni-Co-Mn-O C.|w>T%�
(59
3�l0>
w4H\iw-i� (1) �"�Vi%�w�KET&7w
Li-Ni-Co-Mn-O C.|� (2) Cvw Li2CO3 %�LE Li2O; (3) 1mw Li2O '9>7rC.|z<
C.|$|�KOk�
4 \
�l.� - ����9��#�t 950◦C ZTP�iHA|mKw Li-Ni-Co-Mn-O C.|3!?P1�� CV y XPS �N1q
LNCMO �PÆ�^ Ni �Mn �Co wD2�s
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402 � u = Q G ! 21 0%2� +2 � +4 � +3 �
>R7�X!�0N8j 190mAh/g, C.|w>T%�59�
(1) �"�Vi%�w�KET Li-Ni-Co-Mn-O C.|� (2) Cvw Li2CO3 %�ET Li2O;

(3) 1mw Li2O '9>7rC.|z<
>Tn0 [Li1.15−x]3a[Ni2+0.33Co3+
0.33Mn4+

0.33]3bO2+δ C.|�A_uz
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Characterization and Synthesis Reaction Mechanism of

Li1.15−xNi0.33Co0.33Mn0.33O2+δ Cathode for Li-ion Battery

TANG Ai-Dong, HUANG Ke-Long

(Institute of Functional Material Chemistry, School of Chemistry and Chemical Engineering, Central South

University, Changsha 410083, China)

Abstract: The cathode material for lithium batteries Li1.15−xNi0.33Co0.33Mn0.33O2+δ with good

electrochemical properties was synthesized by the sol-gel method. The synthesis mechanism was

examined via X-ray diffraction, X-ray photoelectron spectra, scanning electron microscopy, thermo-

gravimetric analysis and difference thermal analysis and cyclic voltammetry. Li1.15−xNi0.33Co0.33-

Mn0.33O2+δ exhibited initial specific discharge capacity of 190mAh/g and tenth of 180mAh/g at

2.5∼4.5V by current density of 0.1 mA/cm2. That Li1.15−xNi0.33Co0.33Mn0.33O2+δ main phase

can be obtained as low as 400◦C is attributed to the short distance among lithium, manganese,

cobalt and nickel formed in precursor prepared by the citric acid gel process. The crystallinty and

layered structure were improved by sintering at high temperature. The solid solution formation

could be a three-step process: (1) formation of small particle Li-Ni-Co-Mn-O solid solution main

phase at lower temperature; (2) decomposition of residual lithium carbonate; (3) bulk diffusion of

lithium oxide from exterior into the bulk of Li-Ni-Co-Mn-O solid solution.

Key words Li1.15−xNi0.33Co0.33Mn0.33O2+δ; sol-gel method; reaction mechanism


