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Abstract: The phase formation and solid solid solution system of Lithium 
Iron (II) Phosphate and Lithium Manganese (II) Phosphate using solid state 
reaction have been studied. The observed phases were identified by X-ray 
powder diffraction and Electrochemical measurements. The synthesised  
phases show X-ray diffraction spectra typical of orthorhombic symmetry, 
space group Pmnb and are closely related to that of the olivine system. A 
relation between the amount of  δ in the system Lix (Fe1-δ Mnδ) PO4 and the 
diffraction lines 2θ (hk1) has been found. The  electrochemical and chemical 
analyses of the charge - discharge reaction mechanism of the orthorhombic 
type Lix (Fe1-δ Mnδ) PO4 , 0< x<1, showed that this compounds can be used 
as cathode material for lithium rechargeable batteries. 
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"#���$% #���$% �� &'('� �� ����� ����� �" ��! )��* +',-� .�� �- /����0- �� 1�123$4

� � 1�5	 /�(�3���� �� ���0 16�
,)�$7 �-$8 #0�$� ��� .� ��
��� 11
�0� 1� / �� )0�

�	$: ����: #;'0 .-$: .�� X،XRD  < = ���>	 � #0�$� .�	$: .-$: +2<X�- 

=�(�0-� ���6�0 �- ?��< / = 1�5	 ��
���1#3�@� /�$7 �� Pmnb �-�����6�0 1���� �A3$2	 � "

 '��
 �3����- .�- 2� ��� B3�&< ��A	�-δ��6�0 ���
�� ��
� �� Lix(Fe1-δMnδ)PO4�

.-$: ��C6 )�>8��(hkl) 2θ = ���>	 &�< .?� �- #,�* #3�D�=$���- � #3��D�= #0�$�

#� ��A�,$	 �3- 1, )0- ��� ?-�'E 1�  '<-�	FG��=  ��! ��53$	�� ��  	�, $3H: /����0- ���� 

 <$�7 �-$8.

���&� �
! ����:"#<�3 ����� ��53$	�� ����� –&'('� –=�(�0-� �
� 1.

�2	�D"
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��E8� � +���F�� ��������!� ��Lix(Fe1-δMnδ)PO4..  .. #$$

���'� 
��53$	�� ��0 �� ��� ����- ����� IJKLG��= ��53$	�� ���M 1� $3H:�<N3�'M �� 

#��O<  '��$7 �-$8 /����0- ���� .#0�$� "B�<�$���-�$��� )�$��: �� ?��� ?� ��

��� / = P�$= ����� ��53$	�� .��0 ��IJQL$�O< �&
� ��
 ��,- LiCoO2�

LiNiO2��� ?-�'E 1�F < = ��5'��:  	�, ]I[."R0-� ��
$S'E �&
� ��
 ��,- 1�

 $4�6 #3��D�=��3&�� T�6 #7U3� �-�-� ��
� ?- �� �� #<�$���- ���6�0 ��S	-

 '��
 . <�-� �$���, )AV� �3 #�'� ��$���- ?-�'E 1� )���8$� �� #<�3 �-�� ��'W .

#� #3�	��5W � 10 � ��,- ��5D���0 '<-�	 ���� �
��$���- #
�(�3���� 1�5	 �-$�  

 <$�7 �-$8 /����0- .C�-� ���>	 �� ��'XD
Y���6�0 &3� "Z�,$	 ��� #�3&�� T-�6 �

��, 1�#� 1��$7  <�= .�$	�� P�< �3- #3��D�=�$���-  <� ��� ����� ��5<�3 ��2�<- $� �
 �

)0- �-��0-  	�,.)���$���- �� ��'XD
  ��! ��
 +<�0� "
�0� 1�Y"#<�$���- ?�3$! 

�A= �� )AV� ��
$�* �3Y#� [�;<- ��
� �$�7 .����0 1� 1!�	 �� ����� ��53$	��

 <� \'! "#3��D�=�$���-  '��
 �
��� P-�<- � #7�$��7 �-�-�  	�, �]][.$,^ ���8 

��53$	�� 1
D! �- G��= ���8 #<�3 ����� ��53$	�� 1, )0-Y'��� �� 1,  '��
 � 3 ! 

+��  3�< "�< ��53G$<-  <-]_[.��0 ��IJJL G���� �� ����� ��53$	�� #<�0 ),$= `

���M 1� ?��� ?� �	 1, ��� �G���� �3$	a�� �5<� G���� 1, "�$, 1b$E �-��� 1� )��

��� / =  ���	 /�A<- .� G��= ���8 $�c � 1���- ��53$	�� 1� ����� ��53$	�� ?��� �3- ��

��53$	��3�<�d #� ���2	 G��= ���8 1 < =]`[.��� �3$�D5� �- #�3 F� 	�, 

LixMn2O4)�3� Z0�'� ��5�7U3� � �G$<- #��(W ?��� a�� e��� 1� 1, )0-

)0- 1!�	 ���� #C��� .+
�, /��� �3- 1<��0��� #�� [�('
 1� �$�(D�W +3�;'7

W B36$G��= Y?��< ��6 �-�# 
�.�7U3� #�$4 �- ��5 � ����6�0 #3��D�=�$���-

�5	 � &�'0 P�< �� �-�� �3- Y)0- ��A	�- �� #
�(�3���� ]f[.

� &�'g0  g3 ! �-�g� " g	�, ?-�'E 1� �-� ����� ��5A�,$	 �- /����0- �� $b�* ��* ��

 #� #0�$�  <�= . g3 ! �-�g� ?-�'E 1� ����� � ��,- �< � � ��,- ��5A�,$	 �- ��- >	

1��<-�	 ��  <-��53$	��  ��!  <$�7 �-$8 /����0- ���� .h��
	 �� #<�3 ����� ��53$	�� ��g


  g<�-� ?-�-$g� /����g0- #��<�$���- �3�0� $(3� � "1<�3-� "/-$D
]i[.�g3- �� +
�Ug:"
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+��,�-�� �5���6�� � #$G

(�3���� 1�5	 .�� #0�$� �Dbgg� #
�gg
ggg ��g
�� ��
�� Lix(Fe1-δMnδ)PO41g�

 ��g� ?-�g'E 1g� /����0- ��O'�F" g��! ��g53$	�� ��  g	�, � #3��D�g= ���6�g0 $gO< �- 

)�$7 �-$8 #0�$� ���� "#3��D�=�$���-.

	
� (�	 
��5A�,$	 Lix(Fe1-δMnδ)PO4[�8�- �� δ$�-$�]/L"`/L"f/L"i/L"Q/L"I��
�- 2� �

�
� "��'�$, ����� "������	��- ?G�� �
 ��'����� ��
���: �- #���>	 #���II

&'('� � �a��,-II0- �� �a��,-  < = 1�5	  ��! )��* +',-� �- /���� .1���O'�

+3��,- �- �$�7�
!Mn2+1� Mn3+�3 Mn4+�+3��,- &�< Fe2+1� Fe3+�� +',-�

��7 ��@� N2)��<���� �	 °C_`L ��
��7 �	  = /�-� ��$7 )E�0 B3 � � 1�

 � � 1� \k0 " <�= l��6 R��� �- / =  ���	]`�	 )E�0 °CQLL��, �� F

 = /�-� ��$7 #�3$���-.� m�	- ���� �	 ? = �$0 �- \:��- /����0- �� "�5<� ? �n�0

�	$: o'0 .-$: /�(�0� X)�	$: q�a � \'D3� Xl�� ��4 �� f`Li/I=

λCuKα[$��(<- (��
�(�- XRD ��F$��7 2θ���IL�	fL1!��  = [�;<- .#0�$�

� �� / = &�'0 ��
���: �- #3��D�=�$���-��
�- 2 δ$� $�-]/L"f/L"f/Q *-� �� 

1<�D< �- [- , $
 ")�$7 [�;<- ����� �
� &'('� ����� ��
�� ��
� ���$� �� /-$D
 �


]f � ��$, #<��  M�� f#<��  M�� (Polytetrafluorethylen) PTFE �- \:

 = /�-� �-$8 ���� $3� ��a�� tC0 B3 ��� ?�$, ��
�� .1<�D< / = 1�5	 ��
 1�

8�� ���MY/$3-� u��< " < = /�-� .$� $�D��<�0 B3 �� * �� �$C8 �� ��= �-

B3 ��  	�, ?-�'E 1� ?� G��=� � G��=� �$	�� �  <� ?-�'E 1� ����� &
� �- /����0-

)���$���- (dimethoxyethane) DME )�$7 [�;<-.

� )*� +����� 
��=I�	$: .-$: X/���-$� �- 
�- 2� �� ��
������ �� Mn �Fe �A= �� -�Y

&'('� "�
� "����� ���
�"�A= P�< �- ����� Y#� ?��< �3����-  
� . *-� 1� 1!�	 ��

#���$� Lix(Fe1-δMnδ)PO4#� 1O*v� �3&(3�! 1, ��= Mn �Fe 1�A= ��"?� � 

��
�- 2� �- /-���� )A�< $
 1� 1�A= ���6�0 �� $��w	 Mn �Fe #� [�;<- �$�7 . 
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��E8� � +���F�� ��������!� ��Lix(Fe1-δMnδ)PO4..  .. #$H

����
 1!-�� #<��	�, #'��<�! ��
�� � ��
� P�< B3 �� �� �3-$��'� .�
�(�- �-�

�	$: .-$:X1;��<#�1
8 � = 1W$7 1, ��= ��
�- 2� �� �5<� #
, ��(�- � �


 ������δ)0- ?���3 "��
�- 2� ���� 2θ��
�- 2� Z�* $� #2�- ���� ��� δ

��)0- ����.#��4 R6 �- ��O'� �3 �)II] (��
�- 2� 2θ��� ]/`I �Q/`] 1!�� 

��(�- / = &�'0 ��
 1<�D< 1� ���$� XRD  = 1��$7)��=](.����	 �3$���� 2θ

R6 �3- �- ��
�� ��
��� �-$��-$� δ = 0�δ = 1�-$� #'>3 LiFePO4و

LiMnPO4�- 2�iK/L1!����M 1� ���$� .-$: R6 �  = / �;'0Y$
�� x�	��� 

)II](�-$� LiFePO4$�-$�IK/`I 2θ =�-$�� LiMnPO4$�-$�_K/`] 2θ =)0� 1�

 ��./����0- �� �-��
�- 2� / �� )0� 1� 2θ�δ#'�'� ��= _ = �0� .#'�'� �3-

#� �$�7 �-$8 /����0- ����  
�= #'�'� ?-�'E 1�  <-�	 ./�- <- �� -H� �$�7  2�-��
� 2θ

#� ?-�	 δ����� ��
��� �� -����� )0 � �.�- 2� +
�, �� δ"2θ+3-&�-#� ��3"�

�8 $��'�E/ Vegard ]٧[$3��2� δ1�A= $��-��: N��	 �
��� �� )0- ��� ?� 1� ���$� .-H�

,��-�	$: .-$: ��5�2< X،��
�� ��
� ��
 1<�D< �-Li(Fe1-δMnδ)PO4=�����
��� 

Lithophite                  "1>δ > 0.56� "Triphylin0.56> δ > 0
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+��,�-�� �5���6�� � #$?

��= �- /����0- ��_2���$3Mn �Fe ?� � � ���<�! ��
�� ��
� �� �- 2� $7-  *

 =�� )��d �����1A0��� �� 2θ)0� 1�#�� 3.

��=`���6�0 +2< Y�3 Y�6�3�A=YLix(Fe1-δMnδ)PO4-� ?��< #� 
�]٨[.��

?U��,- � &�� �� $��� �- ����� 1!� ��5W ��
��3 ��= �3- 1O*v� y�n� �� �


 <�= #� .��5<�3Fe�Mn+= #gg3-�� � E �� #5!� )�
 ��
&,$� �� �-$8

<�-�g .�6�0 �3- ��gg< �� a�M- ��gg�: P�<U��,-  <�g0- 1!�	 ���� #g).

3ggg#� <��: �:#D	-  <��: �$(3� � ��0 �:  <��: "?U��,- ��� ��0 Fe �Mn �3� Li 

,��.��
�- 2�2θ�	$: .-$: ��C6 �-$� XY��M �- (112) ��
�� ��
� �� 
Li(Fe1-δMnδ)PO4�1$3��2� �- #>��	 ?-�'E:1،0.8،0.6،0.5،0.4،0.2= 0,δ

,��/.-$: ��3-��2θR6 �-$�(112) 2� �- #>��	 ?-�'E 1� -�δ�� Li(Fe1-δMnδ)PO4

2θ

2θ
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��E8� � +���F�� ��������!� ��Lix(Fe1-δMnδ)PO4..  .. #$B

?U��,- �� �
 � E �-�-� #3-��i1
M�� �� �� * �� �-]/]1
M�� � )0- [�$��(<� 

�
 � E �� ?U��,- � $��� ��� ��0 �:�<  <��: #3-��`�� * �� f`/I<�)0- [�$��(.

��= ��f1<�D< ��� #3��D�=�$���- ��5�0�$� 1;��< / = &�'0 ��
 #
�(�3���� 

/ = /�-� ?��<  <- .�
� ����� �$�7��, 1�II &'('� ����� �3 � �����II ����� ��
��� �

g< ��g��� #<�g3 ��g53$	�� ��  	�, F��� ?-�'E 1� ��
�� #g� ?�� �-�g� �g3- 1g,  g
�

�#�� ?-�'E 1�  '<-�		 <$�7 �-$8 /����0- ���� ?-�	 �, ��53$ .��g= �� �5�'�'�  <��f

������ $3��2� �-$� δ)0- �
��� .�Db �� $3��2� 1� #(��� G���� #'�'�x g*-�

 ��-� #3��D�= ���$� .#� -� G��=� � G��= [�('
 1� ����� ���0- ! � ���0�! ?-�g	 �g�

 �	$: .-$: ��
�(�- X1<�D< �- �$, #0�$� �
 .G��g= 1�  	�, �- ����� ���0- ! a�D>� 

,��01�3 1�6�3 ���6�0 �- � >� �� $3�S	Lix(Fe1-δMnδ)PO4��
���� )5! �� x,y .
����z$O< �� Hc�, 1��M $� ��DE )0- / = 1��$7 .#5!� ��5W ��
PO4��= �3- ��

3#���$% B3 ��5<�Li #���$% �� "Mn, Fe�
 � E ��  '��
 += #3-��.
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+��,�-�� �5���6�� � #$%

0 ��-� �gg#� ���$� G��=� 1� ����� ��� 3 A	 "��=g�Li+1� Li �0 ��gg� /-$D
 ��� �g

�3 A	 ��
 Mn3+/Mn2+،Fe3+/Fe2+#� [�;<- �$�7.

<�3 )��$% $��w	 / 3 : �3-g��- ?�3$! 1� $;'� #gg�$	�� �� #<�$� �-$� G��= �

#� G��=� ��= .1�A= ���6�0 1� �0 B3 �-  <� �  	�, ��� #<�$���- ?�3$!  <�� -H� �-

#'3&(3�! �  	�, Li #<��	�, ��5
�(3�! �� #(��� $3��2� $(3� {$4 �- � ��-�Mn 
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��E8� � +���F�� ��������!� ��Lix(Fe1-δMnδ)PO4..  .. #$*

�Fe  <�-� $�d�	 G��=� � G��= ��5�'�'� $�"1����4 #'�>� $3��2� x���<- �� 1,

�-Mn �Fe #� ��O'	 �$	�� $O< ���� G���� ?-&�� ��
�� ��
� 1�A= ���6�0 �� ��= .

�� 

,��1��� G��=� � G��= ��
 #'�'�?�3$! #��(W �� ��2mA/g���0 ���� 

( ) 41 POMnFeLi δδδ −±δ=0.8(C) δ=0.5(B)  δ=0.2(A)oG��=•G��=� 
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+��,�-�� �5���6�� � #GI

�6�0  *-�g��� Lix(Fe1-δMnδ)PO4�3- 1� 1!�	 �� ")0- ���;� �	- ��5W �� ?U��,- 

�8 �- /����0- � ����6�0  *-�E�
 "|'����: #��	��0-�$���- /  #3-�� ��5��>8�� � �


$7 �3- �-$� �5<�3 #3�@� = ��O'	 $3� ���M 1� #<��2	 /� .1� #n&! ��� {v�6-

C�-� �- / �� )0�Y#� a��  =�� �$	�� #<�$���- ?�3$! ��
�- 2� 1� ���$�  <-�	.

0�$�g#��-� 1�-�- ��'
 �$O< ��
 .� -H�g0-$� ?��<� ?-�'E 1� ?U��,- $
 ��g�8 y �E F

)0- $3� 1C�-� ���M 1� |'����: #��	��0-�$���- :

2
4
52/

6
3

6
2

6
1

=+













 +=?U��,- ��� 

C�-�Y���$� �� 1�<� }$� �� a�� Lix(Fe1-δMnδ)PO4 2��-x = 1��O'	  =��

/ = )0- .C�-�Y�
 � E |'����: ?��	�, )��$% � #n-�� ���6�0 �� / '', ),$= ��
 

#� �  
 �� ?��< -�  3 : �� �$O< /�7 3� �-  <-�	F<�3  ��! #3��D�=�$���- ���� #
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