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2006 q 5 x Journal of Inorganic Materials May, 2006o�4L: 1000-324X(2006)03-0599-06�X	B; Si-Mn/C FP7[�BNwt_�������
(��
��Æ��������
 150001)� ~	 8f_0�
�jg Si G Mn t$#� 3: 5 l�I4D�wW4Dn 20 wt% l<gZI�
jg Si3Mn5/C �I4D�8f X 2#G2 (XRD) G)℄v$��� (SEM) ��4Dl�%Gv
l�9�3���)_	_j4D�Vi Si-Mn �r2%l6��4Dl#:J^� 0.5∼2.0µm. dlm#Z�A\8�4 Si }�VBC�l{a�3&S�
 Si-Mn �I�#:�zq�'}dl�(���mA�I4Dlv}R�I�MzlvS=7H)_�<glnmi$A Si-Mn �I4Dl&o ?G�V8m� Si-Mn/C �I�lLY&o ?� 347mAh·g−1, KÆv.M� 70%. ��
 200◦C �T6l Si-Mn/C v
lLY&o ?�

463mAh·g−1, KÆv.M� 70%. } 30 +�VO�I4D��E 426mAh·g−1 l&o ?�KÆv.MÆy} 97% W-�J R >	14$vG��
4D� Si-Mn/C �I4D�_0�
�mEWL	O613, TM912 or5h^	A

1 �z�B�S1j%25%xImn�Z~H��9n�-??��m
e�dmJ�5E,B=�mE��(��m2J�sX (Sb � Bi � Sn � Cd � Zn � Pb � Ga � Si �
Al) m�iO!~ 1971∼1977rpm�Cx��xIFp [1], +�2J�mE�PWj�"m�sl�� A. Anani H R. A. Huggins[2] ���t&�sXmon'Xa�xd5E�<?H{<?.m'U���!,xd5Em9n�x�P�J5E
gm25%xI�d5E�i�E�|�mF�^ [3] �h^ [4] H>^J� [5], e�P�J5E��S�
?g����Om�w^XF5E~o2mJ� /�J�UCD�["|bmlb'U�	SCDypB5Emx~S�5��℄95E[^l|Rf�:/ [6]. �m Si �X℄~x&Nb�fx9/Fm�7g9 (=�� Si mx&N� 40Ω·cm, =h~~7m9
)mx&N� (0.4∼0.5)×10−4Ω·cm[7]), ehm Si 'XH
Li 6A Li4.4Si J���
m7Q!�'_ 4200mAh·g−1, ^X Si ^J�-�25%xI35�d5E�jLbm�
<��b�T�P'o>8A�j�P}:m�PpUJ��U�m�s�P>U�Xf>�PpUJ�Uj 119 ����~�;El�I;r
��P>U��O9gd��fJAmjQ1� [8]. �P>U�m�uS�|$|% (b|~ 2000◦C X.), ex&N|>j`j%���S�~ 30∼ 100µΩ·cm�p�~25%xI SijHeb
 2005–05–24, j?vGHeb
2005–09–30��QU
 *vv (1980– ), k�,DD�7� lyZpd
 `'}� E-mail: yingphit@hit.edu.cn
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600 � _ 4 D = � 21 �^J��d5EE�Fp�J�m�O� 
�j%�7&JA� [9] �U?>b� [10] �a1J�� [11] Xf� J��bghmx%S�} [12] o
�� Robert G A[13] o�9ga1J��+~ 600◦C ps��>pU7kh Mg2Si, MZ�x (o26AJ�) !�'_h 830mAh·g−1, e'p!�HAW9n|;�"(k'qC�a1
d�� m Si3Mn5 5EmxU?9nE��P�!�P�J5EmAWNaXfMZ/'p!�℄:F.;��mlk�"Lh=h�j=Fmfx9��~2m	$ / |OCD�lb'U|-�AW9n�z� Si-Mn/ =h�J5E
 �j|%m'p!�H=FmAW�z9�"
~
Si3Mn5 5EmE�^Q.�qCa1
d��k Si-Mn/C �J5E�X!, Si-Mn 5Em�:�4�r1�~L�xCD�mlb'U�j%5EmAW�z9�
2 f{
2.1 8\A�3�6�?� Si � (��V� 320 i) H Mn � (��V�
dP 320 iC+) 2 7g, ��>Xu%$� 3:5, ��[JP $�)/:#
d<��n$ 15mL �i~-��(k�~0����X 150r/min m�Y�7 30h m
d�gk Si-Mn 
d5E� 320 i+�P g��O2�5Eo 20wt% m=h (99.9%, D50 = 18µm) [JP|�.R0Y�7 20h 
d�`k5E 320 i+�P g�5Em XRD 8I~�" Rigaku D/max-rB <�Kd X 3$H3T.�7��3v� Cu ��xB� 50kV, 0-xH� 40mA, *^z~
�� 20◦ ∼ 90◦. � Fmxd9g*^x� (Hitachi S-4700) �76U::�
2.2 g|C<
��:ix℄9���V�KH�w�V� (�m N- o^/�~r) ���$ 85:5:10[J�{PyhV~��mu-.��h�)N'�~ 120◦C�N" 12h,�OP~�fBya.B���P3qk��� 14mm mxdy��$�)N'�~ 60◦C �N" 6h. xdym�U7~;Bx&J��7�x� Fmxdy�$;BJm=b;��~0��Q�-Y9��qz�~�+M� 2h �kN{�X�P2��xd�Celgard2400 �*b5E� 1mol/L LiPF6�m EC:DEC:EMC=1:1:1(lb$) �x�R�~Kf'�' A CR2025 5*BxI�+�7xU?9n8I�MHL�xAW8I6g3�xI8I�v�x�
�� 0.02∼1.50V

(vs Li+/Li), MHL�x8ImxHZ~� 0.2mA·cm−2. AW��?I6g CHI-630A xU?0-�8I�v�x�*^
�� 0∼1.5V(vs Li+/Li), *^YN� 0.5mV·s−1.

3 SKMk℄
3.1 }aATI6�x 1 �
d�� m Si-MnXf Si-Mn/C�J5Em XRDx��
d 30hkhm Si-Mn5EXfo=h[J
d 20h Pm Si-Mn/C 5E|WjO!�s3&mH3��h XRD �%.U� (HFMW), /� Scherrer 1B�

D = Kλ/βcosθB� K=0.9, λ=0.15405nm, β ��%.� θ �00)z� D ��;~�;� (nm), 5Z�J5Em~�;�� 30nm. x 2 � Si-Mn/C �J5E�-mxd*^x��y�x�my!
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3 � )uu�_&|	14$vG Si-Mn/C �
4DlvS=8m 601��Æp�=h� Si-Mn �J$;�{r�(~V�K���kXf=h'Am�)��[x 2 'X!O�$;m~�;�~ 0.5∼2.0µm+k�W`
dP`kmjY$;�8Bz��

w 1 (a) Si-Mn/C �I4D� (b) Si-Mn I��el XRD w�
Fig. 1 XRD patterns of (a) Si-Mn/C composite

and (b) Si-Mn alloy powders

w 2 Si-Mn/C �Iv
l)℄v��x
Fig. 2 SEM of Si-Mn/C composite electrode

3.2 8\ACOxu`x 3 �
d Si-Mn/C �J5EmAW���$�x�.OBt 1 � 2 ZAWm�A�'X!OMZ�xCD~ 0.7V +k AO!S,|bm/'pXu��	�
mx��m��f~ Si-Mn �J5EH=h*\ SEI(solid electrolyte interface) bm6A	
 [14]. t�Z

w 3 Si-Mn/C �I4D / v�Q1xvGl�V�Æ�#
Fig. 3 Cyclic voltammogram curves of the Si-

Mn/C composite/electrolyte/Li cell

w 4 Si-Mn/C �I4DlKÆv�#
Fig. 4 Charge-discharge curves for Si-Mn/C com-

posites�xCDXXu�+Wj��+:�	Su/tm=h35E�	�OFhm~AWCD�
Si 5E�8t� / J^!*��klj2�5Em3�*\�K��3�8 SEI Ab	
m�A�~ 0∼0.25V O!2o=hm	$	
Xf2>mxU?J�U	
�~ 0.3V +kmLU��2[=h�m|O	
�2[>2J��m|O	
�8~ 0.3V(X�o=h|2	
x��J) H 0.6V >,x���	 [15]. x 4 �N{mL�x�$�hX�$'X!O�J5EmMZ�xCD� 0.7V +kmx�~a�
m SEI b6A	
�	o CV �$



Jo
ur

na
l o

f I
no

rg
an

ic

    
    

M
ate

ria
ls

602 � _ 4 D = � 21 �� 0.7V +km/'pXu�&�
�XP~ 0.25∼0.1VH 0.1∼0V�pXj>,|` m�x~a��S,~a�
2>mJ�U	
��PS,~a��O�
=hm	2	
 [16].G}�hxX'!O� Si-Mn/C 5EmMZ	2!�_h 496mAh·g−1, L�x/N� 70%.

w 5 .s4Dl�V ?�#
Fig. 5 Capacity vs cycle number of Si-Mn alloy

and Si-Mn/C composite

x 5 B!B Si-Mn Xf Si-Mn/C �J5EmAW9n� Si-Mn/C mAW�z9n|
Si-Mn 5EjBLbj%� Si-Mn/C 5EmMZ'p!�� 347mAh·g−1, 20 ,AWP!��z~ 229mAh·g−1, � Si-Mn 5E~ 20 AWP!�gUrh 50mAh·g−1 X���B�S1E� Si-Mn/C �J5Em�:�4��AWPmxdy�7B*^x�::��A"x 6`C�x�'G2���y!=h�=hm℄~�nB Si-Mn 5Ema1�z9�!,B��:�4�[�B2o℄95E~xU?J�U / �J�UCD�m�4Hlb'U�[�j%B5EmAW�z9�

3.3 
=YD8\u`A�sx Si-Mn/C�Jxdy~ 200◦C �H{0�ps��U7 2h, U7PN{mAW9njB|bD~mj%�x 7 ��J5E~AWCD�m'p!�H,P/N�$�hx'X

w 6 4D} 20 +�VO{1
l)℄v��x
Fig. 6 SEM of Si-Mn/C composite electrode

after 20 cycles

w 7 �I4Dv

�T6Ol�V ?e+O.M�#
Fig. 7 Coulombic efficiency and cyclic capacity

vs cycle number for composite electrode!O�5EMZ'p!�_h 463mAh·g−1, |�U7�mxd�!�j%B 33.4%, L�x/N (70 %)Wj` m�n�MZL�x/NpF�P3J��d5E�(℄~m�k��m>^5E�F�/'p!�℄:|mu^PBx�R��<8 SEIb}Xjh,
\�S,oJ�Ua7j8�~MZ Li+ 	$CD6A%2D�m>2J�>�5EY�8|bmlb'U��l>5Eq=Y)�z65E�'�	S/'pmXuCDYf�5Em/'p!�℄:m<8�GS,u^o5Em� 
�j8�
d�� m��5E/'%[mYj1��PmLU�℄~�	3��mXuPYf�MZL�x/Nmyp�G}�~	$CD�8jY$;mz�o!*PF/'p!�m1v�hx 7 X'X!O�
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3 � )uu�_&|	14$vG Si-Mn/C �
4DlvS=8m 603�U7bb!,B�J5EmAW�z9�5E~t 30 ,AW��F 426mAh·g−1 m'p!��L�x/N	F~ 97% X.
 40 ,AWP�'p!�� 387.5mAh·g−1, �bm=hm7Q!��[x 7 X'!hS,!*�gt�,AWm'p!�bmMZAWCD�	�OFhmtSZAW�j1�m℄9��WjL�9g�["L�xm�7�2m/(qi!` �	2�℄9��kX℄U��k5Em'p!�j`9% [17].�xdym�U7'Xj%5EmAW9n�q=���U7CD!,B5Em�:�4�j%B5E�pXfo^lm�J<�5Ema19nP[�j%�[�j%BAW�z9��B�S1E��U7�5E�:�4me(���U7�Pmxdy,B*^x��"x 8 `C� 200◦C +km�U7P� Si-Mn �J5Em$;�8BSzm/�!*�;�~ 1µm +km$;�����{�Zm�0~y!=hm�z�4��	!��F�U7j%xdAW�z9mS,u^�

w 8 Si-Mn/C �Iv
�T6� (a) O (b) l)℄v��x
Fig. 8 SEM photographs of Si-Mn/C composite electrode; (a) before heat treatment,

(b) after heat treatment at 200◦C

4 S℄9ga1
d�khB Si-Mn/C �J5E��j=FAW�z9H|-mlb'Um=hmn$�bbj%B Si-Mn 5Em'p!�HAW�z9��U7!,Bxdm�:�4��k Si-Mn �$;�S��zr�0~y!=hm�S�4��[�B℄95E~L�xCD�mlb'U�j%B�J5EmAW�z9� Si-Mn/C ~ 200◦C �U7PmMZ'p!�_h 463mAh·g−1, 30 ,AWP!��'�F~ 426mAh·g−1. Si-Mn/C �J5EFS�Lj�Æm25%xIm
�d5E�9Vnq
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Electrochemical Properties of Si-Mn/C as Anode Materials for Lithium

Ion Batteries

ZUO Peng-Jian, YIN Ge-Ping

(Department of Applied Chemistry, Harbin Institute of Technology, Harbin 150001, China)

Abstract: Si-Mn/C composite was obtained by sequentially ball-milling the mixture of the silicon

and manganese powders (atomic ratio of 3:5), followed by the addition of 20wt% graphite. The

phase structure and morphology of the composite were analyzed by X-ray diffraction (XRD) and

scanning electronmicroscope (SEM). The results of XRD showed that there was no new alloy phase

in the composite obtained by ball milling. SEM micrographs confirmed that particle size was about

0.5∼2.0µm and the addition of the carbon restrained the morphological change of active center

(Si) during cycling. The Si-Mn particles were dispersed among the carbon matrix homogeneously,

which ensured a good electric contact. Electrochemical tests showed that the material obtained by

adding carbon achieved better reversible capacity and cycleability. The Si-Mn/C composite had a

reversible capacity of 347mAh·g−1 and a coulombic efficiency of 70%, and the Si-Mn/C composite

electrode annealed at 200◦C revealed a reversible capacity of 463mAh·g−1 and a charge-discharge

efficiency of 70%. Moreover, the reversible capacity retained 426mAh·g−1 after 30 cycles with a

charge-discharge efficiency of over 97%.

Key words lithium ion battery; anode material; Si-Mn/C composite; mechanical ball milling


