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æ^Äu�Ý�¼nØ�1�5�n�{, O�
ØÓ Mn �,ßÝ LiFe1−xMnxPO4 (x = 0, 0.25, 0.50, 0.75)

�>f(�. Ó�æ^6C�9Ïp§��%9��{��
 LiFe1−xMnxPO4 (x = 0, 0.25, 0.50, 0.75) á�. n
ØO�L²: LiFePO4 äk Eg = 0.725 eV ��Y°Ý,���Ná�. ÏL Fe �, 25%� Mn lf���§
Ý/~�á��Y°Ý!ü$ Fe—O �9 Li—O ��U, ?Jpá��>f>�Ç9�lf*Ñ�Ç. ¢�
(J½L², � Mn �,þ x = 0.25 �, á�äk�`�>zÆ5U, Ùäk�� 158 mAh·g−1 ��>'Nþ±
9 551 Wh·kg−1 �Uþ�Ý. nØO��¢�(J�~ÎÜ.

'�c: LiFePO4, �lf>³, 1�5�n, �Ý�¼nØ

PACS: 71.20.−b, 31.15.E−, 82.47.Aa

1 Ú ó

1997 c Padhi � [1] Ä g J Ñ ¾ � �
. LiFePO4 ����lf>³�4á�, duÙ
äk�p�nØ'Nþ!�~½��>²�!
ûÐ�zÆ½59S�5!�$�¤���
X � ` :, T á � � � 
 2 � � ï Ä. , , d
u LiFePO4 ��>f>�Ç±9lf*Ñ�Ç
�$ (�� 10−9 S·cm−1 Ú 10−14 cm2·s−1), î�
�
Ù5U�?�ÚJp9��z?§. 8c, '
u LiFePO4 á��ïÄÌ�8¥3XÛJpÙ>
�Çþ. ��ó, Ì�k±eA«�{: L¡�C
��p>��Ô� (X C, Cu 7á�â�), ±Jp
á�L¡9�â�m�>f>� [2,3]; ~�âfâ
», ±~�>f9lf*Ñål, ü$du>�Ç
$éá�>zÆ5U�)�Ø|K� [4]; 7ál
f�,, X Ti, Ni, Cr, Na, B �?1 Li, Fe, P ��
,, ±Jpá��N>f>�Ç [5−8].

Cc5, 1�5�n®²3õ�+���¤
õ�A^, ¿®m©��lf>³+�LÞ,�)
º�
¢�y�±9¢��O��YU?Jø

nØ�â9��, ¿��
�½�¤J. X$¡?
� [9] æ^1�5�nO�XÚ/ïÄ
 LiFePO4

¬�ÄåÆ5�, y¢
 LiFePO4 ¥�lf÷��
Ï� [010] ��[£�Ån. Hou � [10] æ^1�
5�n�{ïÄ
 Li �, Na, Be éá�>zÆ
5U�K�.©z [10] ïÄL²: Na Ú Be lf�
,þUJpá��>�Ç, � Na lf�,�J�
Ðu Be �,, ¿�� Na lf�,þ�u 0.25 �ò
¬E¤ LiFePO4 (�þ�î»�, Ïd�,þ7
L��3 0.25 ±e. Liu � [11] ½æ^1�5�n
�{O�¿ýÿ
 N �,é LiFePO4 á�>zÆ
5U�K�.©z [11] ïÄuy: du N ���Ú
\, ò¬�� N ��C� ��Ü© Fe2+ ��z
¤ Fe3+,  Fe3+ ��3q�>f-�Çé��[J
ø
÷ [—Fe3+—N—Fe2+—O—] ©fó�[£Ï
�, Ïd�±k�/Jpá��>f>�Ç. ,	,
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ÏL N ����,�±3�½§Ýþü$�lf
*Ñ³^?Jp�lf�*Ñ�Ç. Ïd, �±
ýÿÏL N ����,Uk�Jp LiFePO4 á�
�>zÆ5U. N��� [12] Ó�æ^1�5�n
�{O�
 LiFePO4 3 Mg �,c�>f(��
Cz, @�ÏL Mg lf��,�±3�½§Ýþ
~f Fe—O �9 P—O ���d¤©, �, Mg �,

UY~�¿��$U�� £, lýÿÏL�
, Mg ���±Jp LiFePO4 ��>5U.  Liu

� [13] KÏL¢�Ü¤
 LiFe0.9Mg0.1PO4 �4á
�, y¢
ÏL Mg lf�,(¢�±Jpá��
>�Ç, ?k�Jp
 LiFePO4 á��>zÆ5
U.©z [13] l¢�þ�y
©z [12] ¥nØþ�
ýÿ, Ó��y²
1�5�n3�>³á�þA
^��15.

,	, LiMnPO4 äk� LiFePO4 �Ó�¬�
(� (þ�¾��.(�, áu Pnma �m+),

±9�C�nØ�>'Nþ (�� 170 mAh·g−1),

�´äk� LiFePO4(�� 3.45 V) á��p�n
Ø>4>³ (�� 4.1 V) Ú�p�Uþ�Ý, ¿
� LiMnPO4 Ú LiFePO4 �±3é���S/¤�

MN [14,15]. Ïd, �©±1�5�n���, (Ü
äN¢�, ònØO�Ú¢�(J?1é', &?

 Mn lf�,é LiFePO4 >f(�Ú>�Ç�
K�±9 Mn lf�,éá�>zÆ5U�K�.

2 nØO�9¢�

2.1 ���...���OOO������{{{

ã 1 ��©¤æ^�¾��. LiFePO4 �
¬ � ( � � ., � d 4 � LiFePO4 © f � ¤.

Ù � m +� Pnma, ¬ � ~ ê a = 1.03290 nm,

b = 0.60065 nm, c = 0.46908 nm. Ù¥ O �f±�
«Ñ�� �8��æÈ/ªü�, ¬Nd FeO6

l¡NÚ PO4 o¡N�¤�m�e,  P �fÓ
âo¡N 4c  �, Li �fÚ Fe �f©OÓâl
¡N�Y� 4a Ú 4c �. z� FeO6 l¡N©O
�ü� LiO6 l¡N±9�� PO4 o¡N�>, Ó
�, z� PO4 o¡N��ü� LiO6 l¡N�>. �
´ LiO6 l¡N÷X b ¶��/¤óG, l��

÷X b ���3�NN�lfBL�Ï�.

ã 1 LiFePO4 �O��.

�©¤kO�þÀ^ Materials studio §S¥
� CASTEP �¬?1. 3���,L§¥, òã 1

¤«�¬�¥�� Fe �f^�� Mn �f?1
O ��, l�¤��#�NX. ,�é�,
� LiFePO4 ¬�?1AÛ`z, ��Uþ�$�
�¬�(�, 2é`z��(�?1U�!��
Ý (DOS) 9©��Ý (PDOS) �O�. O�¥, >
f��'éU¼ê�?næ^ Peder Ú Wang JÑ
� PW91 2ÂFÝCq (GGA), GGA nØ®�2

�/A^u�N>f(��O�¥. �f�³¼ê
æ^�^�³. ²¡Å�äU�� 340 eV, ¦z�
�fUþÂñ� 1 × 10−5 eV ±S. O�æ^±Ï
5>.^�±9Äu�Ý�¼nØ (DFT) �1�
5�n�³{, é Kohn-Sham �§ÚUþ�¼?1

gU¦), gUS�L§3{�Ùp�«¥¦^

 3 × 4 × 5 � k :. O�¥��f;�©O� Li

� s ;�!O � s Ú p ;�!P � s Ú p ;�!Mn

� s, p Ú d ;�±9 Fe � s, p Ú d ;�.
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2.2 ááá���������������ÿÿÿÁÁÁ

¢ � æ ^ 6 C � ( Ü p§� � % 9 � �
{ � � 
 Ø Ó Mn � , ß Ý � LiFe1−xMnxPO4

(x = 0, 0.25, 0.50, 0.75) á�. ÄkUzÆOþ'
ò Fe2O3, LiH2PO4, MnO2, ø0, ú�uïÄ¥¿
©ï�. ��\\�þ�lfY�ÃY¯U�·Ü
M�, ¿UYï������«6C�G�·ÜÔ.

òT6C�G�·ÜÔ3ó�¥§Ý T = 80 ◦C

eZH, ¿3 N2 �oí¨ T = 350 ◦C eý� 5 h,

T = 700 ◦C e ú � 10 h � � � ç Ú ® ". ò
þã���á��¯#ç!àoÍ¯LÊÜJ
U 80:15:5 �'~·ÜNó, æCu¾Ê86Nþ,

¿u T = 120 ◦C eý�ZH 12 h ��>³��
4, K4æ^7á�Ê, >)�æ^U97Úú

i)�� LiPF6/EC+DMC+DEC (NÈ'� 1:1:1)

>)�. òþãá�3¿÷�í�Ã@�¥|C
¤ CR2025 .�ª¢�>³, æ^#% BTS-51 .
>³ÿÁXÚ±9�u CHI650 .>zÆó�Õ?
1¿�>5UÿÁÚ�6{|Ì (EIS) ÿÁ.

3 (J9?Ø

3.1 Mn ���,,,ééé LiFePO4 >>>fff(((���±±±999>>>
���ÇÇÇ���KKK���

ã 2 � Mn �,þ x ØÓ�á��U�ã±
9�Y°Ý Eg ��,þ x �m�'X. lã 2 9
L 1 �±�Ñ, LiFePO4 á�äk� 0.725 eV ��
Y°Ý.

ã 2 Mn �,þ x ØÓ�á��U�ã9�Y°Ý��,þ�m�'X (a) U�ã; (b) �Y°Ý Eg ��,þ x �m�'X
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L 1 ¤�¡NC�ªê9ØÓ�,þá��Y°Ý

x 0.00 0.25 0.50 0.75

�ªê 39.5 41.2 40.6 40.1

Eg/eV 0.725 0.469 0.579 0.585

¢Sþ, 'u LiFePO4 ��Y°Ý, éõï
Ä|æ^ØÓ�O��{��
ØÓ�(J, �
�õêÄu1�5�nO��Ñ��Y�8¥
3 1.0 eV ±e [10,12,16,17]. �©O��Ñ��Y°
Ý Eg = 0.725 eV, �©z [10,12,16,17] ���(J
����. �T��¢�� (3.75 eV)[18] ����,

Ì�´duÛ���ÝCq� GGA Ñ�3¦�Y
°ÝO�� $�"�. ù´Ï�O�¥¤æ^�
nØ´Ä�nØ, UYáu-u�5�, Ïd�
��(J   �. �ù¿Ø¬K�é LiFePO4 >
f(�, AO´���,é LiFePO4 á��Y°Ý
K��nØ½5©Û.

ã 3 �Ñ
 LiFePO4 Ú Mn �,þ x = 0.25,

0.50, 0.75 � LiFe1−xMnxPO4 � DOS ã ± 9
LiFePO4 Ú LiFe0.75 Mn0.25O2 � PDOS ã. lã 3

�±wÑ, �X Mn �,þ�Jp, 3¤�¡NC
� DOS þk¤Jp (äNLy�T?U�e¤�
¡È=o��ªêO�, XL 1 ¤�), ¿3�,
þ x = 0.25 �����.

Ï L PDOS ã � ± w Ñ, é u LiFePO4 
ó, ¤ � ¡ N C DOS Ì � d Fe 3d > f �
z,  LiFe0.75Mn0.25O2 K Ì � d Mn 3d > f
J ø, ¿ � Fe 3d > f ½ k Ü © � z, � ª ¦
� LiFe0.75Mn0.25O2 3 ¤ � ¡ N C � DOS p
u LiFePO4 � DOS. �â��N�>Ån��,

¤�¡NC DOS �Jpò¬kÏuá�>�Ç
�Jp. ,	, lã 2 ��±wÑ, � Mn �,
þ x = 0.25 (= LiFe0.75Mn0.25PO4) �, á�äk�
���Y°Ý (Eg = 0.469 eV), �Ä��Y°Ý
�±k�~�>f�[³^. Ïd, Tá�7,ä
k�Ù¦�,þ9X�á��p�>�Ç.

,��¡, lã 3 �±wÑ, Li s >f� DOS

Ì�©Ù3� −46 eV NC, äkép�Û�5, Ù
é¤�¡NC� DOS �zé�. ,	, Li s >f
� DOS � Fe, P, O, Mn �Ù¦��� DOS A�
ÃU, L²§��m��Ü�^éf, Li 3(�
¥Ä���lfz±lfG��3. Li s >f
�pÝÛ�5¦�ÙéÌN(��>f(�K�

é�, ��´ù«(�¦�3¿�>L§¥, Li+

A��±�ÜøiØ¬éÌN�>f(��)
²w�K�. ã 4 ¤«� Mn �, (x = 0.25) c�
� Fe—O �±9 Li—O ���, L 2 �Ñ
äNê
â. lã 4 9L 2 �±��, du Mn lf�Ú\,

¦� Fe—O ���C�, �Ò´ Fe � O �m��
U~f,  Fe—O ��U�~fò¬3�½§Ýþ
ÿ°�lf�[£Ï�, lk|u�lf�*Ñ
[£ [19].

ã 3 Mn �,c� LiFePO4 � DOS ±9 PDOS ã (a)

LiFePO4 9ØÓ Mn �,þ� LiFe1−xMnxPO4 � DOS

ã; (b) LiFePO4 Ú LiFe0.75Mn0.25O2 � PDOS ã

L 2 Mn �, (x = 0.25 �) c�� Fe—O �±9
Li—O ��� (ü � nm)

�,c �,� �,c �,�

Fe—O(1) 0.2020 0.2036 Li—O(1) 0.2109 0.2130

Fe—O(2) 0.2060 0.2075 Li—O(2) 0.2086 0.2079

Fe—O(3) 0.2035 0.2034 Li—O(3) 0.2133 0.2146

Fe—O(4) 0.2033 0.2038 Li—O(4) 0.2109 0.2132

Fe—O(5) 0.2035 0.2034 Li—O(5) 0.2086 0.2099

Fe—O(6) 0.2060 0.2075 Li—O(6) 0.2133 0.2140
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ã 4 Mn �, (x = 0.25) c�� Fe—O �±9 Li—O ���«¿ã ��ü � nm. (a) �,c, Fe—O �; (b) �,�, Fe—O

�; (c) �,c, Li—O �; (d) �,�, Li—O �

,��¡, du Mn � Li �m�¥Õü½�^,

¦� Li—O ���3�½§Ýþ½k¤O\, ~�

 Li � O �m��ÜUþ, ?ü$
 O é Li+

[£�{N�^. Ïd, Mn �,�±k�/Jpá
��lf[£Ç.

3.2 Mn ���,,,ééé LiFePO4 >>>zzzÆÆÆ555UUUKKK���
���¢¢¢���ïïïÄÄÄ

ã 5�ØÓ Mn �,ßÝ (x = 0.25, 0.50, 0.75)

LiFe1−xMnxPO4 � Ä g � >  �. d ã 5 � ±
wÑ, ¤k Mn �,��¬þ'��, LiFePO4

� ¬ ä k � p � � > ² � > Ø. ¿ � � Mn

� , þ x = 0.25 �, á � ä k � p � � > '

ã 5 ØÓ Mn �,þ� LiFe1−xMnxPO4 �Äg�>�

Nþ±9�p�Uþ�Ý, 0.1C (n C �>³��
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Ç, Ù¥ n � 1 h S�¤¿>½�>�gê, C �
>³��½Nþ) �Çe�±�� 158 mAh·g−1,

¿ � U þ � Ý � � 551 Wh·kg−1.  � Ó ^ �
e, LiFePO4, LiFe0.5Mn0.5PO4, LiFe0.25Mn0.75PO4

� � > ' N þ 9 U þ � Ý K © O� 152, 146,

120 mAh·g−1 9 506, 520, 422 Wh·kg−1.

ã 6 ØÓ Mn �,þ� LiFe1−xMnxPO4 � EIS Ú Z′

� ω 'X (a) EIS; (b) Z′ � ω 'X

ã 6 �Ø Ó � , ß Ý � LiFe1−xMnxPO4

� EIS ±9 Z ′ � ω−1/2 �'X, ã¥ Z ′ �>4
{|¢Ü, Z ′′ �>4{|JÜ, ω ��u6Ä&Ò
��ªÇ. Ó�, �lf*ÑXê D �L«� [20]

D =
R2T 2

2n4F 4C2
Li+σ2

, (1)

Ù¥, R�íN~ê, T �ýé§Ý, n�ü �A

=£>fê, F �{.1~ê, CLi+ � Li+ ßÝ, σ

�Warburg Xê, Ù��deª [20] ¦�:

σ = Z ′ω1/2. (2)

dã 6(b) �±�Ñ, σx=0.25 (Mn �,þ x = 0.25

�á�� Warburg Xê) ��. Ïd, �â (1) ª
7k Dx=0.25 �� (�� 1.2 × 10−13 cm2·s−1), ½
= LiFe0.75Mn0.25PO4 äk�p��lf*ÑX
ê, ��X� LiFePO4 ¥�lf*ÑXê� 10

�. ùL² Mn �,(¢�±k�Jpá���
lf*Ñ�Ç, ¿���,þ x = 0.25 �á�
äk�p��lf*Ñ�Ç. ù�1�5�nO
�(J�ÎÜ. l EIS ��±wÑ, � x = 0.25

�, á�äk���>Ö=£>{ Rct,x=0.25 (�
� 20 Ω). ���¹e, ��>³XÚ�o{|
R Ì�d Rct �z [21], �Ò´ x = 0.25 �>³
XÚ�o{| Rx=0.25 ��. Ïd, á��>f
>�Ç±�,þ x = 0.25 �á��p. nþ�
�, LiFe0.75Mn0.25PO4 Ó�äk����lf*Ñ
�ÇÚ>f>�Ç, ¤±ÙLyÑ�Ð�>zÆ
5U.

4 ( Ø

�©©OÏLÄu DFT �1�5�nO�
9¢�ïÄ
 Mn �,é LiFePO4 �4á�>
zÆ5U�K�. nØO�9¢�(JþL²,

ÏL�,·þ� Mn ��, �±k�Jpá��
> f > � Ç 9 � l f * Ñ � Ç, ?  J p á �
�>zÆ5U. ,	, ÏL Mn �,½Jp
á
� � � > ² � > Ø, k � J p 
 á � � U þ �
Ý. AO´� Mn �,þ� 0.25 �, á��±�
� 158 mAh·g−1 ��>'Nþ, ¿�Uþ�Ý�
� 551 Wh·kg−1. nØO��¢�(J�~ÎÜ.

ùL²Äu1�5�n�nØO�3�lf>
³á�ïu+��´�«�~k��Ãã, �±
�)º�
¢�y�±9¢��O��YU?J
ø�����nØ�â9��, ±~�¢��_
85.
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The first principles and experimental study on
Mn-doped LiFePO4
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Abstract

The electronic structures of pure and Mn-doped LiFePO4 are studied using density functional theory (DFT). The results demon-

strate that the pure LiFePO4 has a band gap of 0.725 eV, while the 25% Mn doped LiFe0.75Mn0.25PO4 has the smallest band gap

(0.469 eV), and the weakest Fe—O and Li—O bond, which indicates that the electronic conductivity and the ionic conductivity of the

doped LiFePO4 are improved due to doping. On the other hand, the experimental results also show that the LiFe0.75Mn0.25PO4 has

the best electrochemical performance and it delivers a very high capacity of 158 mAh·g−1 and a high energy density of 551 Wh·kg−1.
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