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, ZX[ 1

, Z^\ 2
, ℄_V 1,3

(1. 8�B>:O C=L�8� 100083; 2. ?UAEFSQM<K�?U 121000, 3. 8�HNFS9DR>JT;GPI�8� 100083). %� q	n�*�7lX"NO\xQ*CoX�L.wo�[ Li4Ti5O12 
��Ks�x�.y�\xQ*K�f'KsE��$��Q*℄oX=�(��"B�{�x�*��RY��UH�� %�
��y�LKL�"� Li4Ti5O12 �Us��b�dD �E�� LiNO3 KL�+""Ia 800◦C \x
12h, !� Li4Ti5O12 q| Zq*adD 
�H�� 1C � 2C � 5C o�D HLL1z�O 151 � 140 �
115mAh·g−1, ,�UH��(�
�e s W� ?3
DR� Li4Ti5O12; �"3�bzg�TM912 ��Q�~�A

Preparation and Key Influencing Factors of Li4Ti5O12 as Electrode Material
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Abstract: Effects of sintering temperature, time and the lithium salts on the properties of Li4Ti5O12

synthesized by a solid-state-method were studied based on orthogonal experiments. The results show

that sintering temperature is the most principal factor on the performance of Li4Ti5O12. Synthesized

at proper sintering temperature with appropriate time, the product will have good electrochemical

properties with finer particle size and better crystallinity. The high-rate discharge/charge property of

Li4Ti5O12 prepared with LiNO3 is much better. Li4Ti5O12 obgained at the optimum condition, namely

preparing with LiNO3 and sintering at 800◦C for 12h, performs well when charged and discharged with

high current density. It delivers discharge capacities of 151mAh·g−1, 140mAh·g−1 and 115mAh·g−1 at

the rate of 1C, 2C and 5C, respectively, and shows good reversibility.
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1 (#k��d9|�3
��n�`#�%9=\L%����
!�ES Li4Ti5O12 �%�
���|^bMÆ Li4Ti5O12 EL!�ESV!2P� [1,2], �d
#reE!�`�ytV%�IM�k|
�uh9U�{�dqd�30���(Mp��VI+��t9x'M:5!b�IN\L
)��Li4Ti5O12 �VV%�p/ZML 1.5V��%!N
e!p(sP��M�f\
t~�M�M�~�(!�mT�9�F���!NdZ�~AM!{�FK�,a!N
:�\ SEI }
v5�rd�dD�Rbk�
805.dP�9�ÆFr
 Li4Ti5O12 ELM:57t!b(Z�1�ES�%�7 1999�&��A1��| [3−7]. �2��7t!dWH!I %����
 Li4Ti5O12�d��� 2006–09–28, �X�d���2006–11–23mx��� �R� 863 �M#3)u� (2005AA501560); q_�X�/�8} (2006 
); �R6>&�8} (90510001)60rw� �iO (1980– ), 	5w$Æe �"{��� D�&	q� E-mail: echem@ustb.edu.cn.
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880 W : D R � � 22 �$9i�u1�(�!L!I �:�
t\�Vd�Mr+�G/Y�WH!I [8,9].

Li4Ti5O12 �%3�\B;Vxp;DFl -�l;ÆFl - �l;V�7aP�
�Fxp;IE[��\%��|<o6&fS5$}�GNÆ�&xp;�\�%33aL
&�NM'�
LiOH ^ TiO2 5 Li2CO3 ^ TiO2 �j1�
 800

∼1000◦C Z:8#Jb℄y 12∼24h :�
SZk�3��:8`+�%� [1,3−5,10,11]. %oEr
o�+�9mY
#OP Li4Ti5O12 xp�\oB�%3LtF�D�/!�ES!&����Lt�aÆ
2 
$
2.1 Li4Ti5O12 [2OYMM! (M\q) � TiO2(M\q), rZ��M'h9 Li:Ti=4:5 �9mYotM!�M 8wt%,o7dRbM�.9
A35 (M\q) Lm0��WMS
MS��1�Z`u%�
�vrT�℄�A 5◦C/min�hR�+h�:%R+
Z,##Jb℄y:%pY
�℄8
A�f�\SZeM%�Æ
o�+�F�^�3y<K< 1 "vÆ�\SZGNB%;�r� Dmax-RB12kW�+-� X _m(_; (Cu �
 40kV, 150mA,

λ=0.15406nm)�b* S-360Uw!5gG
M\ES�>\�yt��jÆ
2.2 ^o2Of4�Z��	!K (>:�)�{yK (PVDF)���M' 8:1:1 1�
�T NMP FK|M
eMp��fgS�j=WZ_6A!�Y
̀ u�:%`+���
oZ:%R+b�o;:%pY


; 1 hE���*%2x;
Fig. 1 Trendlines to the levels of every factor

o��
A�Bi"u=�!��Æ
2.3 ^k!��U�=��!��C
�
~�ML/!�
!{8L 1mol·L−1 � LiPF6 � EC+DMC(0=' 1:1)F8
rehH#��*q�>-\J!�K�!b
�_9V%���!&���K�ÆGNbF�EeE!;��eE!K�
�dA 0.2C  d�[eE!�*Qt
4&!�ESÆFLe!3ab
/!�~�M)�VM����\
LtK���
"A
4&���A 0.2C dLe!![r+
M2A 0.5C � 1C � 2C � 5C  dLE!![r+
mf d�*Jt
K�:8![r+b�E!��
eE!!�?IL 3∼1V.eE!K��GNn��T�0IN%���!N; VMP2 ���*V��o[;!K�
!b_9AtNeE!r+p�J!�|�!bÆ
3 vfhÆ}
3.1 �_a Li4Ti5O12 ��[+�k�Tj� Li4Ti5O12 xp�\� TG-DSC-T6m [12], r 650◦CAY9%lV M�kD℄�E�Q
"A=I9%��C9Æ�ZrR+�\�
Li4Ti5O12 � XRD <�� Li4Ti5O12 �,�Q:zg
-V TiO2 �,�QxrÆXFL Li4Ti5O12 V%xr�R+�Z (1015±5)◦C, dZrR+fM{LdR� Li2TiO3 � Li2Ti3O7 �1�p [13], F5�+R+�w 800�900�1000◦C.S
o�+y�)A�i
R+/SZ���Ltg(
-�2℄yR+�hd
IM�#k�Æ< 2 L:8℄yR+DpY�:8Md�#� Li4Ti5O12 � SEM <vÆS<)Æ
�{ a2 �℄ypY,Z a1, � a2 �%CC~Z a1, b1 �b2 Vp8��a
G�2R+hdSZCz~ÆeE!K�y�/z
 900◦C�\0t 800◦C �\0IMk�ÆaFrZ
~Cp Li+ �(^tU�;Ft~��&" 
3md��!N
-~%Cr=XeEp)�F;~�'5tIM1�
\
"A~C:>Z~![eE!Æ5Cf|
C+M<f�j
!�iAN�!;�![r+AD=I/'�fV%
!���0���fÆ�℄yR+hd� 1000◦C,S SEM <v)A��
%CE�z~
t~%C/u℄℄V�2��/Z�
/u:|"
V>�D℄yixÆ~%C/u���)�SZ/u℄℄5G|%C y�	�
>�)�F|%C/u�td5�=r:� [14]. 1000 ◦C �dR�v	�!
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5 � ÆhN��� ?3
DR Li4Ti5O12 ��"C�$2KsE� 881�ESeE!IM��\Æ^ZIM�R+L�#+&
�:>�+�w℄yR+ 700◦C, LiNO3 LMd
,##J℄y 12h,�℄8
SZ%�Æ"� Li4Ti5O12 �#!�
>-K�!b
K�!&���Æ 0.2C eE!6mK< 3 "v
S<)A�i
 700◦C 3ab�\�ESeE!IMt�
-e!6mVJfe!�%
 1.65V ℄��%/I Li4/3+xTi5/3O4 �MJp
=I
 2.25V ℄���%/I LixTiO2 �MJp=I [15]. < 4(a) L 700◦C �\SZ� XRD <�
S<)Æ
SZ�
V:%M�OJ3p TiO2, �z 700◦C 3ab=IZ:C9Æ�℄yR+hd� 800◦C, �\SZy��
=IC9
9%L�pV�myt� Li4Ti5O12, K< 4(b) "vÆ℄yR+Q�hd� 1000◦C, SZALV�myt�
Li4Ti5O12, 
VGM~�mp TiO2, �^dR℄y

; 2 97\xQ*CoX�97L�"� Li4Ti5O12 � SEM ��
Fig. 2 SEM images of Li4Ti5O12 prepared at different conditions

Column a: Samples prepared with LiOH; b: With Li2CO3; c: With LiNO3. From top down a1: Sintered at 800 ◦C, for 18h; a2:

900◦C,12h; a3: 1000◦C,24h; b1: 800◦C,24h; b2: 900◦C,18h; b3: 1000 ◦C,12h; c1: 800◦C,12h; c2: 900◦C,24h; c3: 1000◦C,18h

; 3 700◦C �[ Li4Ti5O12 0.2C �dD 5l
Fig. 3 Charge-discharge curves of Li4Ti5O12 synthe-

sized at 700◦C, at 0.2C rate

; 4 97\xQ*�oX�[ Li4Ti5O12 � XRD ;�
Fig. 4 XRD patterns of Li4Ti5O12 prepared at different

temperatures and with different synthesizing time

(a) 700◦C,12h; (b) 800◦C,12h; (c) 1000◦C,18h
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882 W : D R � � 22 �n Li2O �-8Ty�_: 4(c).8W ��J-a Li4Ti5O12 ��$�	��p��<H��B8�6kW��'�FMr��[wP)��/P��NCQ�A�1/�Wj�N�Æ�
3.2 �u�q` Li4Ti5O12 ��Y)�R: 1'��z[wnW-GK�Jr^)zY[wP)���1[wnWu 12hy{
 24h,CQGK	�"j��̀ DpY��1[wnW�&T�$AA�40��y{�u4��GK�j��6/℄YGK�nWJ�")$� ?�9=~)�v[wnW 9h, LiNO3 JKb� 800◦C *!!H[w��\7�QX#~� Æ Li4Ti5O12�!�>�<,J~�a�J~�$�	��J~w�-x�[w 9h QXC�n�TG��C��$��$�Mu����M�J: 5 u�p 0.2C � 0.5C r��Yp)`�[w 9h \
12h QXGKnP8{��1�Yp)�y{�[w 12hQX-hhlO�GK	��F[w 12hQX�TlO�a�bC��D�4R: 6 '�[w 9h \ 12h QXA�4kTxe�86��zRY�Jr{�YC�	��D�jA�{zA�+1.��A�w�)��>CQ?'94�	�\944T1�u�y^�[wnW&T'?y{w�)����e�944R4�V4�u4-a{pbGK	�B�(	���[wnW&T6n0G��A�T{�4{A�-GKB�(	��JrJW �� ?�!A�z4w�)a�a	��>CQ�'4��v�{�[wP)�nW5qh�
3.3 7-` Li4Ti5O12 ��Y)�86KbD�E��?Kz<H86�-aP

; 5 \x 9h � 12h � Li4Ti5O12 97 Zq*a�dD HL
Fig. 5 Charge/discharge capacity of Li4Ti5O12 sin-

tered for 9h and 12h at different rates

; 6 97\xoX�[� Li4Ti5O12 � SEM ��
Fig. 6 SEM images of Li4Ti5O12 sintered for differ-

ent times

(a) 9h; (b) 12h[w�^Qd86Jr�u4JrQX	���m~)w�-x�DJKb� LiNO3 OY LiOH OY
Li2CO3, Q�p{�Yp)`�LiNO3 JKb�!� Li4Ti5O12 �TG��GK	��J: 2  u�pn6[wP)`��z b1 �[wnWTY a1, � b1 �$AA�zY a1, a2 �
b2 Tn6�~`�Fn6[w�)`� Li2CO3 JKb�Z� Li4Ti5O12 & LiOH�Z� Li4Ti5O12 A�ez�`DpY LiOH D���sÆl1<HpDC7n����CQdr{$A�J&r86Kb-<HQX	��Jr��9=�~)�p?O�[wP)�nW2``�!
Li4Ti5O12, F$�LK&86�Kb� TiO2 KR�i4_t��Y 800◦C *!!H`[w 12h, [wQX#~ (�� LiOH � Li2CO3 � LiNO3 �Æ��QXK0OB M1�M2�M3). XRD�SEMK[X�ws\�i���<,I�>J~�a�J~�$�	��J: 7  u�n6[w�)`� M3 A�e{Y M1 B M2, JW��A�{z\<HXD�Ty� M3 $Ar M2 lu�.�� M1 {?K$A℄<l.� M3 r M2 � M1 A�K;l�i�`DpY Li2CO3 � LiNO3 p[w�^�Qd{K!/�^)NQX$A�i�4ZTs-DM�4$
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5 � ÆhN��� ?3
DR Li4Ti5O12 ��"C�$2KsE� 883

; 7 97Lo7\x�*�[ Li4Ti5O12 � SEM ��
Fig. 7 SEM images of Li4Ti5O12 prepared with different lithium saltsA℄.��A�K;�i�$A-twpF-��ip�Z�>�(eT=Y�ZG���z74�u4^V{�Yp)`�GKB�(	�� ? M3-hhNrO�GK	��W LiNO3 �?KzQd.$	!H�y{ Ti4+  }&?�-X��4�&QdJr�u4�5�$�	��-a�: 8 J M1 �M2 �M3 � XRD :��J~w�eu�QX�#1'^PP	BPM�I�n6�&�,0�Æ�Jt��A (Fd3̄m*W<) U�lws� Li4Ti5O12. 6n�:��T TiO2 l�+�Pwp�̀ D'�JaP2``K KzdZ

Li2O, 4 Li2O g sZ TiO2 i[�	&r'�
M2 � M3 � TiO2 �+�P\ Li4Ti5O12 ?)P�P)&l{�FFpn� TiO2 	Kr M1 l1��zRYK KzQd{K!/l1�sZKzdZ� Li2O ��j� M2 �M3 � TiO2 +�P-H|�ln�M1 ��xJNI2n�'�RY86�Kb\ TiO2 �m�DM�̂ )NNI2n TiO2w|�ln TiO2 �*)P)�DJ|�ln TiO2�'KGK'?�e [16], 4NI2n TiO2 �T'K2	 [15], 4: 3 �K94pNI2n TiO2 �'L�$8xe�?'�^'�	rP� ?l�0-CQ�GK	�B�(	�QdFz�YtJr�M1�M3IQX� XRDJ~w�	�,$� Æ�eH	n�� a ≈0.8361nm, M2 ��eH	
a ≈0.8356nm, M2 �eH	zY M1 � M3, -x�w�^)�YI��4w�)�8=Y94p�e��4R�u4z}N M2 GK	���`D�: 9 JP�GK&r���Yp)` M3 GK\ M1 n��{�Yp)` M3 GKaY M1, I��aY M2, \W�)gw�nS��: 10 JP� 0.2mV·s−1 T�`��(T�4k�R:'� M1 �.$P�MJ 1.78V, +`P�MJ 1.32V, ∆V1=0.46V, M2�-HJ 1.73V�
1.42V, ∆V2=0.31V, M3 �-HJ 1.74V � 1.40V,

∆V3=0.34V, ∆V2 < ∆V3 < ∆V1, M3 �<wTv4

; 8 97Lo7\x�*�[ Li4Ti5O12 � XRD;�
Fig. 8 XRD patterns of Li4Ti5O12 prepared with

different lithium saltsk-X	��F- M3 �>5��<H�'�	l���= M2 >$�Mz���.$P�YaY+`P�Y�.$+`P-X	8a�'�	e��
M1 �(T�4kp 2.1V \�hhN.$lP�-H1 LixTiO2 �?K<H�4<TxkTnH� TiO2 'K+`Phh�ns�xN TiO2 'K<H�1l{�7'D�ra�Yp)`K?'<H'�	8a�- M1 �'�	Qd9$�YtJr�uP�YW'?�h M3 �P�Ye{Y
M1 � M2, -x M3 �>CQ�Tla��$�2	� M3 �.$+`PlSUN�F M3 ��$�rHl0�R�M�K�<KPt<Æ
&GK�&r� M3>M1>M2, \%�n9��8W��LiNO3 JKb�!� Li4Ti5O12, Z!Nr���i�ra�w�)�D��+FKl�J3	l��u4-hhNrO�	��
3.4 5,�tiV Li4Ti5O12 Y\j ��T	�? 0.2C �b��Yp)���YC��(�gsC�GKy
N 171mAh ·g−1, �GKJ 157mAh·g−1, �sC�/f}bJ
92%. 6sC�GKjJ 163mAh·g−1 , �GKJ 158mAh·g−1, C�/f}by{
 97%, ��
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; 9 97Lo7\x�*�[� Li4Ti5O12 q97�a�D HL
Fig. 9 Discharge capacity of Li4Ti5O12 prepared with

different lithium salts

; 10 97Lo7\x�*�[ Li4Ti5O12 ��)U�5l
Fig. 10 Cyclic voltammograms of Li4Ti5O12 pre-

pared with different lithium saltsC�GK1YU$�RC�4k'�M3 �>pC��^�hh�U��M�$�>$�rz�u����M� M3 p 1C � 2C � 5C n�C�GKK0y
N 151 � 140 � 115mAh·g−1.

M3 p 0.2mV·s−1 T�`��(T�J~��.$+`P-X	��P�MP 0.34V, -hhNr��'�	��$�2	���+��NC�U$��mY: J~���R�J 10mV, �b>HJ 100kHz∼1mHz. 	��������$�<H�:J 18Ω,C����$�<H�:J 12Ω,�zRYC�MK��[Kn�	T+`&� Ti3+, sCQ��by{��$�<H: j��
4 v}vn:�! Li4Ti5O12 �gD���P)J?e&�JrD���1P)�ga�QXA�y{�{pb2``��$�	�j���1[wnW�&T�QXw�)-a�A�eTy{�zA��aw�)2``	�rO� ?Hj�[wP);$�{�[wnW�+wp1rO�P)�nW<��~)w�-x� 800◦C �
12h JrO�[w�)�

LiNO3 DJKb�QX��.��A�K;r�i�w�)��{pb2``�$�	�rO�Sy��
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