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�©±6C��A{� Ü¤
àé� / LiNi0.5Fe2O4 B�EÜ9>á�, ¿éÙ9>5U?1L�, ïÄ

�>�lf�(��§�méÙ9>5U�K�. (Juy, EÜá�c�N�ââ»� 100—300 nm, Ù	Ü��
�àé� ��C. >f3 Fe2+ Ú Fe3+ �m�a�Ån3c�N>�¥ÓÌ��^, Ïdàé� / LiNi0.5Fe2O4

EÜá�äk n .�>A5. �X�§�mO\, EÜá�>�ÇÄ�ØC, �9�ÇÅìO�� Seebeck XêÅì
~�, ��9>`�Xêü$. du(Ü
kÅÔp>�ÇÚ$9�Ç±9ÃÅá�pm��Xê�`:, ¤��
�EÜá�9>5U�ü�á�k��Jp.

'�c: B�EÜ, 9>5U, àé� , LiNi0.5Fe2O4

PACS: 65.80.–g, 72.20.Jv, 73.63.Bd, 81.07.Pr

1 Ú ó

9 > á � ´ � « | ^ � � N � l � � �
A (Seebeck) Úø�b�A (Peltier) ¢y9U�
>U��=��õUá� [1−4], 8cÌ�A^u9
>u>Ú9>�e. 9>=�C�äkNÈ�!�
�5p!ÃÀ/!ÃD(!·^§Ý2�A:, �
�AÏ>
±9p°Ý§�ì�3�mEâ!�
¯C�!IT Eâ�p#Eâ+�¼�
2�A^.

9>5U��^Ãþj`�Xê (figure of

merit) ZT ?1£ã, ZT dá��m��Xê S!
>�Ç δ!�9Xê k Úýé§Ý T L«� ZT

= δS2T/k. ZT ���, á��9>=��Ç�p.

òkÅÚÃÅá�EÜå5, (Üùü«á��
g�`:, k�UUõÙ9>5U. Cc5, ïÄu
y,
kÅ�>àÜÔ´,�akcå�9>á
�, �ÃÅ9>á��', äk\ó{ü!´u5
�z)��`:, �Ùm��Xê $, ��9>

`� �, ��
Ù��9>á��A^. �>à
ÜÔäk$�9�ÇÚp�>�Ç, 
ÃÅá�ä
k�p� Seebeck Xê, òkÅ - ÃÅá�?1E
Ü, Q�±|^àÜÔ$�9�ÇÚp�>�Ç,

��±|^ÃÅá�p� Seebeck Xê, k�U�
�Ñp5U�9>á�. Wang �é PbTe- à�X
�� EÜ���{99>5U?1ïÄuy, k
ÅÃÅB�EÜ, k�Jp
á��õÇÏf [5].

Ohtki �ÏL3 ZnO ¥Ú\%B��â½àÜÔ,

¦Ù ZT �Jp� 0.4[6,7]. Liu �ÏL� EÜ��
ª¼�
 PANi-NaFe4P12 EÜ9>á�NX, Jp

á��õÇÏf [8]. Hostler �ÏL3à�XÄ
Ná�¥©Ñ Bi B��â��ªÜ¤
 Bi-PANi

B�EÜ9>á� [9]. Pinter �ïÄuy Ag-poly

(3-octylthiophene) B�EÜá��m��Xêp
� 1283 µV/K[10]. Yu �é%B�+�àÜÔ|¤
�EÜá��9>5UïÄuy, >�Ç�%B�
+Ñ$�ä�ïá�ÌÝO\, 
m��XêÚ9
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�ÇÄ�ØC, ?
Jpá�NX�9>`� [11].

LiNi0.5Fe2O4 äkp�m��Xê, �Ù>��N
5p; 
àé� äk�~p�>�Úé$�9�
Ç, Ùp§­½5éÐ, �±¿©u��zÔ9>
á��p§5U. Ïd, �©À�àé� �c�
Ná� LiNi0.5Fe2O4 ��ïÄé�, ÏL6C��
A{¢y
àé� �c�Ná� LiNi0.5Fe2O4

�� B�EÜ. á��m��Xêdü�àé�
 � 10 µV/K O\� 120 µV/K ±þ, Ó��>Ç
¿vku)êþ?�Cz. ùL²eÏL?�ÚN
���^�Úá�|©, ÏL�>àÜÔ�ÃÅá
�� B�EÜ�¼�ûÐ�9>5U. d	, u
y SPS �§�mO\, c�N¬â��, ¦�9�
ÇO�
m��Xê~�, ZT �ü$.

2 ¢��{

2.1 àààééé���   ���������

U��'�� : AlCl3 : CuCl2·2H2O = 8 : 2 : 1

©O¡�� (I�,99.5%, �Ý 0.885 g/cm3), AlCl3
(I�,99%) Ú CuCl2·2H2O (I�,99%), �g\\n
¶´. 3��9�í�oe, hú�ú,§� 40 ◦C

¿�§, ²L�ã�m�p�Ï, M�ôÚdÃ
Úß²C�fkÚ, ��C�j�Ú, �A��?
1 2 h, ,�e%�¿§. ��A��n¶´¥�
ú\\�þ�lfY, �ELÈõg. òLÈ�
��¬3 90 ◦C ó�¥ZH 200 min, ��àé�
 ®".

2.2 àààééé���   /LiNi ccc���NNNBBB���EEEÜÜÜááá���
���������

æ ^ 6 C � � A { � � à é �  /LiNi c
� N B � E Ü ® " [5,6]. U z Æ O þ ' ¡ � ·
þ � Li2CO3 (I �, © Û X, 99%), NiSO4·6H2O

(I�, ©ÛX, 99%), Fe2O3 (I�, ©ÛX,99%),

H2C2O4·2H2O (I�, ©ÛX, 99%), Ó�\\�
þ©ê� 9%�àé� ®", 3çØïÄ¥ï
� 70 min ±·Üþ!, \\�½þ�¯UN�¤6
N. ,�ò6N=£�ØCg�A;¥, 3 125 ◦C

ð§�A 48 h, �Ñ�AÔ^�lfYÚ¯U�E
W*ÚLÈ, ±�Ø SO2−

4 ÚLþ�¯�. LÈ�

��Ô3 60 ◦C ZH 12 h, ��EÜú�íc°Ô,

2�\p§¬¥Y�, §Ý� 1000 ◦C, �m� 5 h.

Y���®"�¬^�>�lf (spark plasma sin-

tering, SPS) �(¤ Φ10 ��¡, þÝ� 1.5 mm. �
(§Ý� 780 ◦C, Øå� 4.7 kN. �
�	�§
�méÑ$5U�K�, ¤æ^��§�m©O
� 0 min, 5 min Ú 10 min. �(�^�IÙ°�
úi)�� D8-Adcance X ��û�¤!�IÙ
°�úi)�� V-70 ù	1Ì¤ÿÁL�. �
*(�^Ö= Philips úi)�� TEM L�, .
Ò: FEI Techai G20. 9*ÑXêÿÁæ^{IS
Aúi)�� FL4100 -19�¤, ÿÁ(J�Ñ
�¬�9*ÑXê λ, 9�Ç k dúª k = dλCp

O�, Ù¥ Cp ��¬�'9, d ��¬��Ý. >
�ÇÚm��XêdF� ULVAC-RIKO úi)
�� ZEM-3 ÿÁ. �â kL = k − kE O�(f9
�Ç kL, Ù¥>f9�Ç kE d kE = LδT û½.

L = 2.0× 10−8 V2/K2 �âÔ[~ê, δ �á��>
�Ç. T �ýé§Ý.

3 ¢�(J�?Ø

ã 1 �àé� / LiNi0.5Fe2O4 B�EÜá�
� X ��û�ã, �±wÑ¤��� LiNi0.5Fe2O4

�ü�á�k¬�(�. 3 XRD ãÌ¥�Uuy
�àé� k'�û�¸, ù�U´duàé� 
�þ��, ½àÜÔ¥Ã½/��²Lp§�(�
¿vk²w�%zÚ¬z.

LiNi c � N ! à é �   Ú à é �  /

LiNi0.5Fe2O4 B � E Ü á � 3 4000—400 cm−1

�m�ù	1ÌXã 2 ¤«. 3 LiNi0.5Fe2O4 �ù
	1Ìã¥ (ã 2(a)), 3400 cm−1 NC�áÂ¸�
áNY�A�¸,  u 615 cm−1 Ú 436 cm−1 NC
�áÂ¸©O´c�N¥l¡N Úo¡N �
A�� �Ä; 3àé� �ù	1Ì¥ (ã 2(b)),

765 cm−1 Ú 805 cm−1 ?�¸©O�N��m 
ë�Úé ë�, 1000 cm−1 �m�¸L«é �
���� C-C � �Ä, 1400 cm−1 Ú 1480 cm−1

?�¸�����e�Ä; ã 2(c) ¥àé� /

LiNi0.5Fe2O4 EÜá��ù	1Ìã�àé� �
q, �áÂ¸� �þk�½�ù£, ù´du3
c�N�àÜÔEÜL§¥, c�N�â�àÜÔ
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ã 1 àé� � LiNi0.5Fe2O4 EÜá� XRD ãÌ

ã 2 LiNi0.5Fe2O4(a), à é �   (b) Ú à é �  /

LiNi0.5Fe2O4 EÜá�ù	1Ì

©f�C, §��m�)��Ü�^¦àÜÔ©f
óþ�>f��Ýeü, l
K���(Ü��f
��ÄªÇ, ü$�fm�å~ê, ��EÜÔ�
áÂ¸ù£. ù�(J�ã 3 ¥×£>ºÚß�>
ºì¡�éA, ×£>ºì¡�±wÑ, c�N¬
â	����Gàé� �K. �§ 0 min EÜá
�¥c�N¬â��Øþ!, �3�þ��¬â;


�§ 10 min �¬, Ù¬â��'�þ!, ²þâ
»����§ 10 min �¬¥¬â��må~�, ¬
â�m±9c�N�àé� �m�(Ü�\;
�. ß�>ºì¡¥�±wÑ, EÜÔ¥c�Nô
Ú��, Ù	Ü���ôÚ�f�VGàé� ¤
�C, ¬â��3 100—300 nm �m.

ã 4(a) �àé� / LiNi c�NEÜá��>
�Ç�ÿþ§Ý�m�'X. \\�Ó�þ©ê�
àé� , UC�§�méEÜá��>�ÇK�
Ø�. ØÓ�§�m��(�¬þ¥��NA5,

>�Ç�§Ý�,p
ÅìO�. ØÓ�§�m�
��¬��ÇÑkØÓ, ù�U´du SPS �(´

3ý5í¨e?1, ���m��§��c�N¥
�lf�ßÝu)Cz. 3E,�zÔá�¥, �
lfÚ>fÑ$þéá��>�Çk�z [12−14].

�lfßÝUCòéÙÑ$A5�)���K�.

UC�§�m¬��¬â���Cz (�ã 3), �
duc�N����>5U��, ¤±Ù¬â��
é�>5Uvk²w�K�.

ã 4(b) �àé� / LiNi0.5Fe2O4 B�EÜ
á � � 9 � Ç � § Ý � C z ' X. � X � §
� m ò �, á � � 9 � Ç Ñ k O \, c Ù 3 p
§ e 9 � Ç � � O � � ² w, X 3 800 K �,

� § 0 min � ¬ � 9 � Ç � 2.1 W·m−1·K−1,

� § 5 min � 2.2 W·m−1·K−1, � § 10 min K
� 2.3 W·m−1·K−1. 9�Ç´d(f9�Ú>f
9�üÜ©|¤, >f9� kE �>�Ç�m÷
v Wiedemann-Franz 'X, = kE = LδT , L �âÔ
[~ê, δ �>�Ç, T �ýé§Ý; (f9� kL �
d kL = k − kE ¦�. duàé� / LiNi0.5Fe2O4

B�EÜá��>�Ç��, Ùo�9�Ç�Ü©
5
u(f��z. �§�mò�¦�c�N¬â
��, ¬.~�, é(fÑ$�Ñ�~f. l
��
9�ÇO�.

ã 4(c) ¤«�àé� / LiNi0.5Fe2O4 EÜá
��m��Xê�ÿþ§Ý�m�'X. ¤k�
¬ Seebeck Xê�ýé�þ�ÿþ§Ý,p
O
�, ��X�§�mò�
Åì~�. Patrakeev �
ïÄuy, c�N�m��Xê�ò»§Ý9�m
�3�½�'X. ò»Úåc�N¥�lfßÝ�
Cz, 
�lfCzò��á�¥ Fe2+ Ú Fe3+ �
m'~UC. 3c�N¥, S = (k/e)ln(Np/βp), Ù
¥ k �À�[ù~ê, e �>f>Ö, p Ú Np ©O
� Fe2+ Ú Fe3+ ßÝ. dd�±wÑ, Fe2+ Ú Fe3+

ßÝCzòÚåm��XêCz [15]. 3 LiNi c�
N¥, Q�35gu>f3 Fe2+ Ú Fe3+ �ma�
�)� n .�>, q�3�Ç3 Ni3+ Ú Ni2+ �m
a��)� p .�> [12]. lã¥�±wÑ, m��
Xê�KêL²¤k�EÜá�þ¥ n .�>A
5. �â¢�ÿ��¿§>�ÇÚm��Xê, d
úª n = N exp(−Se/k) �±��á��16fß
Ý, Ù¥ N ���Ý, éuc�Na�$6Ä5�
�Ná�, N �±^ê� 1022 cm−1 �O. S �L
m��Xê, e �>f>Ö, k �À�[ù~ê. d
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ã 3 àé� / LiNi0.5Fe2O4 EÜá��×£>ºÚß�>ºì¡

ã 4 àé� / LiNi0.5Fe2O4 EÜá�9>5U�§Ý�'X

úª��, m��Xê��, 16fßÝ��. �
ò¿§¢�êâ�\úªuy�úª¿���Î
Ü, ù�U´Ï�EÜá��>�ÇÚm��Xê
Adàé� Úc�N��'5��Óû½. éu
��EÜá�NX, Ù>�ÇÚm��Xê�d¿
é�.ÚGé�.3�Ñ>.�A�Ä:þoÑ
�O, b½ S1, k1, δ1 Ú x �àé� �m��X
ê!9�Ç!>�ÇÚNÈ©ê; S2, k2 Ú δ2 ©O
� LiNi0.5Fe2O4 �m��Xê!9�ÇÚ>�Ç,

@o, dGé�.

S = [(S1x/k1) + (S2x/k2)]/[(x/k1) + (1 − x)/k2],

(1)

δ = δ1δ2/[xδ2 + (1 − x)δ1]. (2)


¿é�.�

S = [S1δ1x + S2δ2(1 − x)][xδ1 + (1 − x)2], (3)

δ = δ1 + (1 − x)2]. (4)
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O�(Juym��Xê'¢�ê���õ,

Ì��Ï�U3uO���Ñ
.¡�^, Ïd�
{ü$ü«á��.¡é>Ñ$�Ñ�´Jp9
>5U�k�å»�� [16,17].

àé� / LiNi0.5Fe2O4 EÜá��9>`
� ZT Xã 4(d) ¤«. �¬� ZT �þ�ÿþ§Ý
,p
ÅìO�. ZT �� SPS �§�mO\
~
�, ùÌ�8Ïu9�Ç�O�Úm��Xê�~
�. nØïÄuy [18−21], kÅÃÅEÜá��õ
ÇÏf�kÅÚÃÅ�U?�Ok', 
9��k
ÅÃÅ.¡(ÜrÝ�k'. àé� �m��X
ê��A µV/K, 
>�Ç� 500 S/cm �m, kÅÔ
�9�Ç��� 1 W/mk ±e [22]; 
c�N�>�
Ç4�, m��Xê��3A V/K �m, �zÔ�
9�Ç��3 5 W/mk ±þ [23]. �±wÑ, ü�|
©�àé� ½c�N�9>5UÑé�. �,�
¢�¤¼��9>`��éDÚ9>á� �, �
EÜá��9>`�'ü�|¤á��éõ, `²
kÅÃÅEÜ3�½§Ýþk�(Ü
kÅÔ�
p>�ÇÚ$9�Ç±9ÃÅá��pm��X
ê. ÏLN�|°�U�(��w�(�, k"?
�ÚJpá�NX�9>5U, l
�Ïép5U

9>á�Jø�«�Uå».

4 ( Ø

æ ^ 6 C � � A { �   Ü ¤ 
 à é �  /

LiNi0.5Fe2O4 B�EÜ9>á�, ¿éÙ9>5
U?1
L�, ïÄ
 SPS �(��§�méÙ9
>5U�K�. Ì�(ØXe:

1. EÜá�Sc�N�ââ»3 100—300 nm

�m, ôÚ��, Ù	Ü���ôÚ�f�àé�
 ��C. EÜá�äk n .�>A5, Ù�>Å
n¥>f3 Fe2+ Ú Fe3+ �ma�åÌ��^

2. EÜá�>�ÇÄ�Ø��(�§�mC
z
Cz; 
�X�§�mò�, ¬â��¦�á
��9�ÇO�, Seebeck Xê�ýé�Åì~�,

�ª��9>`�ü$.

3. EÜá��>�ÇÚm��XêAdàé
� Úc�N��'5��Óû½, (Ü
kÅÔ
p>�ÇÚ$9�Ç±9ÃÅá�pm��Xê
�`:, ¦Ù9>5U�ü�á�k
²wJp,

ù�Ïép5U9>á�Jø�«�Uå».
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Study on the preparation and properties of

polyparaphenylene/ LiNi0.5Fe2O4

nanocomposite thermoelectric materials∗
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Abstract

Polyparaphenylene/ LiNi-ferrite nanocomposites are prepared by a novel rheological phase reaction method. The thermoelectric

properties of the as-prepared nanocomposites are characterized and the effect of spark plasma sintering (SPS) conditions is investigated.

The TEM images show that the size of LiNi-ferrite is around 100—300 nm and the polyparaphenylene has diffused boundaries outside

it. The negative value of Seebeck coefficient confirms the n-type conduction, and the n-type conduction is attributed to hopping

of electrons from Fe2+ to Fe3+ ions. It is found that the electrical conductivity of nanocomposite does not change with sintering

time whereas the Seebeck coefficient decreases and thermal conductivity increases with sintering time. Therefore the figure of merit

decreases. Because of the high electrical conductivity and low thermal conductivity of organic material and high Seebeck coefficient

of inorganic material, the figure of merit of nanocomposites is improved.

Keywords: nanocomposites, thermoelectric, polyparaphenylene, LiNi0.5Fe2O4
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