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� © Ä k � � ¿ L � 
 0 � � � z 7 SBA-15! W ¿ � > à Ü Ô � E Ü á � PANI/SBA-15 Ú E Ü á
� PPy/SBA-15, ¿ïáV6O¢��mÐ
á�Ø¡�¹e�9�ÇïÄ. 3ÿþ��EÜá�9�Ç�Ä
:þ, Ú\�þ�», (Üÿþ�»é PANI/SBA-15 Ú PPy/SBA-15 EÜá�9�Ç�W¿þ�Cz?1
½5©
Û. ©ÛL²: PANI/SBA-15 Ú PPy/SBA-15 EÜá��9�Ç'Äá SBA-15 �9�Ç��õ; 3�Ó�ÿþ�»
Ú�þ�»�¹e, PANI/SBA-15 EÜá��9�Ç' PPy/SBA-15 EÜá��9�Ç�; �>àÜÔW¿�EÜ
á���SÚ��	ÑkÏu9�Ç�Jp, W¿���S'W¿���	é9�ÇJp��z��.

'�c: 0���z7EÜá�, 9�Ç, à�X, àDl

PACS: 44.30.+v, 44.35.+c, 61.41.+e, 61.43.Gt

1 Ú ó

g 1977 c�>àÜÔ��� [1] ±5, du
Ù3U!1>�ì�!�¸£n±9)·�Æ
�+�¤äk�p<A^cµ, �>àÜÔ (à�
X!àDl!à¯#�) ®²¤�ISþ���
©¹��ïÄ+�. 3¯õ��>àÜÔ¥, à�
X (PANI) äk´��!ûÐ��í½5!�
p�>�Ç!ÕA�>zÆ5U91Æ5U�,

�@�´�kF"��2�A^��>àÜÔá
� [2−6]; àDl (PPy) duÙ´uÜ¤, Ó�äk
ûÐ�>�5!�¸½5Ú>zÆ¹5�`:
3IS	��2�'5 [7−13]. ±ÃÅ0�á�
�Äá�àÜÔEÜá��àÜÔ�', Q;�

àÜÔÏó�p�éÚå�>Z6, Uõ
Ù½
5 [4], Ó��>àÜÔ�ÕA>Æ5�¦daEÜ
á�w«ÑNõAÏ�5U. Ïd±kS0�á�

�ÄN, |^Ù���kS5, 3��S)¤äk
5K(��àÜÔ®�2�ïÄ [14−21]. ¦+®²
kÆöé0���z7Äá?1nØïÄ [22,23],

�éu�>àÜÔEÜá�9�Ç�ïÄmk�
�. �©é±0���z7 (SBA-15) �ÄáK1
à�XÚàDl�>àÜÔ�EÜá��9�Ç
mÐ¢�ïÄ, ±Ï�Taá���'ïÄJø�
½���.

�©Äké��z7Äá SBA-15!EÜá
� PANI/SBA-15 ÚEÜá� PPy/SBA-15 ���Ú
L�?1
0�; ,�£ã
ÿþEÜá�9�Ç
�¢���Ú�n; ��éEÜá�9�Ç�W¿
þ�Cz?1
©Û.

2 á����L�

æ^V�5à�¯L - à�ZL - à�¯Ln
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iã�àÔ Pluronic P123 (PEO20-PPO70-PEO20,

Mw = 58000) ���, �7�¯|�c°N, 3M
�¥|C!Y)! à/¤xÚ�Ô, �(�Øk
Å���, ��8�kS0���z7 SBA-15[24].

Ù0���äk8��¡(�Ú���5A�,

�¥5K
�ü�, �ã 1, çÚ^«���, �
Ú���9. ÏLUC�z§Ý, ���ØÓ�»
� SBA-15[25]. �'(�ëê�L 1.

ã 1 ØÓ�z§Ýe SBA-15 �p©Eßºã¡ (HRTEM) (a) SBA-15-40; (b) SBA-15-100; (c) SBA-15-130

L 1 ØÓ�z§Ýe SBA-15 �(�ëê

�¬
'L¡È �NÈ �» 9þ

/(m2/g) /(cm3/g) /nm /nm

SBA-15-40 681.3 0.490 3.92 5.0

SBA-15-100 954.6 1.203 7.83 3.2

SBA-15-130 762.2 1.446 9.84 1.7

5: 40, 100 9 130 ���L§¥��z§Ý.

± SBA-15-100 �1N, ÏL©f�*Ñ$Ä,

òDl½�XüNEÜ� SBA-15 ���S, 2\
\í�M�!�zJM�, æ^zÆ�zàÜ{�
�� SBA-15 K1 PANI Ú PPy �EÜá�. ÏL
��Dl½�XüN�þ, �±����ØÓ�>
àÜÔK1þ� PANI/SBA-15 EÜá� [26,27]. �
©¤���'á��(�ëê�L 2, )Ò¥�ê
â�L PANI Ú PPy �¦^þ. 3�½��S, �
XDlüN�O\, W¿���S� PPy �þO
�, EÜá��'L¡È!�NÈÚ�»��¬�
�~�. ��DlüNLõ�, áN3 SBA-15 	
L¡�DlüNOõ, àÜ�3 SBA-15 L¡�à
Dl���Oõ. ��	�àDl��G/m,

¤±�¬#7 �'L¡È9�NÈ'�¬#5 Ú#6

��.

L 2 PANI/SBA-15 Ú PPy/SBA-15 EÜá��(�ëê [27]

�¬?Ò �¬¶¡
'L¡È �NÈ �»

/(m2/g) /(cm3/g) /nm

#1 SBA-15-100 954.6 1.203 7.83

#2 PANI(0.04)/SBA-15 828.3 1.063 6.60

#3 PANI(0.07)/SBA-15 729.6 0.915 6.54

#4 PANI(0.10)/SBA-15 640.4 0.693 6.55

#5 PPy(0.04)/SBA-15 491.4 0.507 6.56

#6 PPy(0.07)/SBA-15 431.1 0.395 6.61

#7 PPy(0.10)/SBA-15 534.0 0.628 6.69

5: )Ò¥ 0.040, 0.07 9 0.10 ���L§¥W¿Ô�¦^þ,

ü � ml; �¬ #1 �Äá, Ù¦�EÜá�.

3 9�Ç�¢�ÿþ

��Ñ� PANI/SBA-15 Ú PPy/SBA-15 EÜá
��®N, 8céu®Ná�9Ô5�ÿþ�{Ì
�k�{ [28]!]�9{ [29] Ú 3 ω { [30,31]

�. �©æ^�{, �OïáÄu����9
�V6O{¢��, é®Ná��Ø¡9�Ç?1
ÿþ.
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3.1 ¢¢¢���CCC���ÚÚÚÿÿÿþþþÚÚÚ½½½

V6O{ÿ�9Xê¢�XÚXã 2 ¤«,

Ì�dØåæ8��XÚ!\9XÚ!§Ýæ8
ì!ý�"!ð§ø!O�ÅÚ¢��N|¤. Ù
¥¢��NXã 3 ¤«. Ì�daØ¡!\9¡!
ë�ÔÎ!Ë�ñ9í!ð§Y�Úý�í�|
¤. þeü�ë�ÔÎÚË�ñ9í©O�Ó%�
�ÎN (�¡ºÝ� 10 mm× 10 mm) Ú�@Ù (�
¡ºÝ� 12mm × 12 mm). ý�"�±Jø��
$ý�Ý� 1 × 10−3 Pa. 96dõÇ�N�\9
¡5Jø. §Ýÿþdî\ë�ÔÎ�o�9>ó
¢y, 9>óæ^Ô - xÔ9>ó (T .9>ó), ©
EÇ� 0.01 ◦C. ÿþ�, Äk�m\9>Úð§
ø?1ð½õÇ\9, ¿�mý�". �ý�Ý�
� 1 × 10−2 Pa ±e, �ÿþ§Ý½�, Ö�êâ.

ã 2 V6O{¢�XÚã

ã 3 V6O{¢��N (1 �Ø�; 2 aØ¡; 3 \9¡; 4

þë�ÔÎ; 5 �ÿ�¬; 6 eë�ÔÎ; 7 Ë�ñ9í; 8 ð
§Y�; 9 ý�í; 10 9>ó)

3.2 ¢¢¢������nnn999ØØØ���©©©ÛÛÛ

�99{�±L��

R =
L

A · k
, (1)

Ù¥ A (m2) �96BL�¡È, k (W·m−1·K−1) �
9�Ç, L (m) �þÝ. ¢�¥æ^�Óá�ü«
ØÓþÝ�Ø¡�¬ [32], þÝ©O� L Ú L′(e
©¥¤k�kþI ′ �þL«�þÝ� L′ ��¬
�'�þ). �>9{æ^�©z [33] �Ó�b�:

Rinterface1 = Rinterface2, =b��¬þe¡��>
9{�Ó, ¿b��>9{��¬þÝÃ' [34], Ï
d, Xã 4(b):

R = 2Rcu + Rsample + 2Rinterface, (2)

R′ = 2Rcu + R′
sample + 2Rinterface. (3)

d (2) ª~ (3) ª�

R − R′ = Rsample − R′
sample =

L

A · k
− L′

A · k
. (4)

(4) ª�±�n�

k =

L

A
− L′

A
R − R′ , (5)

Ù¥o9{ R dÿþ�O���,

R =
T1 − T4

Q
=

T1 − T4

1
2

(T1 − T2

Rcu1
+

T3 − T4

Rcu2

) , (6)

ã 4 V6O{ÿ9�Ç�nã (a) (�«¿; (b) 9{©Ù

þª¥ Q �96, æ^þeë�ÎN96�²
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þ � [35]; § Ý T1, T2, T3 Ú T4 � ÿ þ   � '
u � ¬ ä k A Û é ¡ 5, � ã 4(a). T1 Ú T2

� m !T3 Ú T4 � m � � � � Ý � 35 mm, ®

� Ô Î � 9 � Ç � 390 W·m−1·K−1, � O � �
� Rcu1 = Rcu2 = 0.8974 K·W−1. r (6) ª�\ (5)

ª, ���¬�9�Ç�

k =

L

A
− L′

A
R − R′ =

L

A
− L′

A
T1 − T4

1
2

(T1 − T2

Rcu1
+

T3 − T4

Rcu1

) − T ′
1 − T ′

4

1
2

(T ′
1 − T ′

2

Rcu1
+

T ′
3 − T ′

4

Rcu1

) . (7)

d§ÝÿþÚ�¬þÝÿþÚå�m�Ø�,

�dØ�DÙ�n��. �ÑË���5�UþÑ
�, K9�Ç�ýéØ��

∆k =
1

R − R′

(
∆L

A
− ∆L′

A′

)
+

1
R − R′

×
(

L′ · ∆A′

A′2
− L · ∆A

A2

)

+

L

A
− L′

A′

(R − R′)2
(∆R′ − ∆R), (8)

Ù¥

∆R ={2[(T1 − T4)(T1 − T2 + T3 − T4)∆Rcu1

− Rcu1(T2 − T3)∆T1 + Rcu1(T1 − T4)∆T2

− Rcu1(T1 − T4)∆T3 + Rcu1(T2

− T3)∆T4]}/(T1 − T2 + T3 − T4)2

∆R′ ={2[(T ′
1 − T ′

4)(T
′
1 − T ′

2 + T ′
3 − T ′

4)∆Rcu1

− Rcu1(T ′
2 − T ′

3)∆T ′
1 + Rcu1(T ′

1 − T ′
4)∆T ′

2

− Rcu1(T ′
1 − T ′

4)∆T ′
3 + Rcu1(T ′

2

− T ′
3)∆T ′

4]}/(T ′
1 − T ′

2 + T ′
3 − T ′

4)
2.

��¬�þÝ©O� L = 2 mm, L′ = 1 mm

�, d (8) ª � � n Ø ÿ þ � é Ø � � � ÿ Ô
N 9 � Ç � C z, � ã 5. d ã 5 � �, � á
� � 9 � Ç 3 0.1—1 W·m−1·K−1 � m �, � é
Ø � � u 5%. � 
 � � � ¢ � C �, Ä k é
, Å z à Z L � � ? 1 
 ¢ � ï Ä, ¢ � ÿ
� 50 ◦C �m�, Ù9�Ç� 0.296 W·m−1·K−1,

� Ê U á � ó ² 5 U u ÿ Ú � � © Û ¥ % ¦
^ GB/T10295-1988 uÿ�{ÿ��Ó§Ý^�e
Tá��9�Ç� 0.31 W·m−1·K−1 �C, �éØ
�� 4.5%.

ã 5 ÿþ�éØ�nØ���ÿ�¬9�Ç�Cz

4 ¢�(J�?Ø

du PANI/SBA-15 Ú PPy/SBA-15 EÜá��
B�®", �©Äké®"á��Ø¡9�Ç?1
ÿþ. EÜá�B�®"�â�»� 200 nm �m,

Ø¡�þÝ3 1 mm �m, �±@�Ø¡¥�Y
©Ùþ!, KEÜá�Ø¡9�Ç�d Maxwell–

Eucken �. [36] O���

k =
k1(1 − φ) + k2φ

3k1

2k1 + k2

1 − φ + φ
3k1

2k1 + k2

, (9)

Ù¥ φ �Ø¡�YÇ, k1 �EÜá�9�Ç, k2 �
EÜá�Ø¡�Y¥�í9�Ç. du�í9�Ç
'EÜá�9�Ç��õ, (9) ª�Cq��

k =
(

2 − 2φ

2 + φ

)
k1 +

(
3φ

2 + φ

)
k2. (10)

du Ø ¡ L § ¥ æ ^ � Ó � Ø å, � ± @ � Ø
ÓEÜá�Ø¡�YÇ φ �Ó, Ïd (10) ª�
±?�Ú�� k = ak1 + bk2, Ù¥ a Ú b �~
ê. �í9�Ç k2 �±@�´~ê, ÏdEÜ
á�Ø¡9�Ç�EÜá�9�Çm÷v�5
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' X. � © Ï L é E Ü á � Ø ¡ 9 � Ç � © Û
5½5ïÄØÓW¿G�éEÜá�9�Ç�
K�.

3?ØW¿Ôé PANI/SBA-15 Ú PPy/SBA-15

EÜá�9�Ç�K��c, ÄkéW¿ÔW¿
3��SÚ��	�þ?1&¢. éuL 2 ¥ê
â, =U�â�»�äW¿���SW¿Ô�õ�,

¿�éK1� SBA-15 ��	W¿Ô�þ?1£
ã. �
£ãW¿���	W¿Ô�þ, �©½Â
�þ�» d e = mV/S, Ù¥ V Ú S ©O�ÿþ¤
��NÈÚ'L¡È, m ��½~ê. duW¿Ô

W¿3��	'W¿���S©Ñ�õ, Xã 6(a)

Ú (c) ¤«, 3W¿ÔNÈ�Ó�Ä:þ, W¿��
�	�'W¿���S��'L¡È��õ. XJ
-W¿ÔW¿���S� (Xã 6(c) ¤«), �þ�
»�uÿþ�» (ds) = d e = ds, K�Óþ�W¿
ÔW¿��	 (Xã 6(a) ¤«) �, d e < ds. du
EÜá�W¿Ô´Ä��W¿���SJ±��
¼�, �©¦^Äá��þ�»�uÿþ�», �
� m = 6. ¢Sþ, � m = 6 �, Äá SBA-15 �ÿ
þ�»Ú�þ�»U
éÐ/ÎÜ, �O�u 10%,

Xã 7 ¤«.

ã 6 W¿Ô3��S	«¿ã (a) W¿ÔW¿3��	 (W¿Ô�K�â); (b) W¿ÔW¿���	�, ���¡«¿ã; (c)

W¿ÔW¿3��S (d �Äá�â�», d1 Äá�», δo �W¿ÔW¿3��	þÝ, δi �W¿ÔW¿3��S�þÝ)

ã 7 0���z7 (SBA-15) �þ�»�ÿþ�»�'X

�
ïÄØÓW¿G�é9�Ç�K�, �é
¦^Ó�« SBA-15 Äá (�»�Ó) �����Ø
ÓW¿G��EÜá�, d?òe©ò¦^��5
Æ�nXe: 1) ÿþ�»���LW¿ÔW¿3�
�S�þ��, ÿþ�»���LW¿ÔW¿3�
�S�þ�õ; 2) W¿���S�þ�Ó� (Ly

�EÜá�ÿþ�» (dc) �Ó�), �þ�»��,

L²W¿���	�þ�õ.

�
Bu©Û, �©rL 2 ¥�ÿþ�»!O
�����þ�»±9Ø¡9�Ç�n�L 3.

L 3 ¥, EÜá��¬#4 ��¬#3 �', ÿþ
�»��, �þ�»~�, d5Æ 2) ��, �¬#4

'�¬#3 W¿���	�þõ. d§��9�Ç
'���, W¿���	�þ�õ, 9�Ç��. �
¬#5 ��¬#6 �'��
Ó��(J, ?�Ú�
y
T(Ø.

� ¬#2 � � ¬#4 ÿ þ � » Ä � � Ó, �
þ � » � � � 1.2 nm, 9 � Ç � � ∆k1 =

0.013 W·m−1·K−1, �N
àÜÔW¿���	
�, ¤Úå�9�Ç�É. �¬#4 ��u3�¬#2

�Ä:þ, UY3��	W¿þÝ� 1.2 nm �à
ÜÔ��, �±^ã 6(a) ¥ δo ¤«Ü©£ãW
¿þÝ, d� δo = 1.2 nm. EÜá��¬#2 �
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Äá (�W¿) �¬#1 ÿþ�»��� 1.2 nm, 9
�Ç�� ∆k2 = 0.073 W·m−1·K−1 �N
àÜ
ÔW¿���Sé9�Ç��z, Xã 6(c) ¥ δi

¤«Ü©, δi = 1.2 nm. d δi = δo, ��W¿
���	�àÜÔ�þ�uW¿���S�þ,

d�W¿���S�àÜÔ��5�9�
ÇJ,��. w,, �Óþ�àÜÔW¿���

	ò'W¿���Sé9�ÇJp��z��
õ. ù´duW¿���S�kÃu�YÇ�
~�.

�¬#7 �ÿþ�»'�¬#5 �ÿþ�»�,

Ó��¬#5 �9�Ç'�¬#7 �9�Ç�, �Ñ
��	W¿Ô�K�, `²W¿���S�þ�õ,

9�Ç��.

L 3 PANI/SBA-15 Ú PPy/SBA-15 EÜá��Ô5

�¬?Ò �¬ ds,1/nm ds,c/nm de,c/nm Ø¡9�Ç /W·m−1·K−1

#1 SBA-15-100 7.83 7.83 7.56 0.164

#2 PANI(0.04)/SBA-15 7.83 6.60 7.70 0.237

#3 PANI(0.07)/SBA-15 7.83 6.54 7.52 0.241

#4 PANI(0.10)/SBA-15 7.83 6.55 6.49 0.250

#5 PPy(0.04)/SBA-15 7.83 6.56 6.19 0.195

#6 PPy(0.07)/SBA-15 7.83 6.61 5.50 0.212

#7 PPy(0.10)/SBA-15 7.83 6.69 7.06 0.187

ã 8 Ø¡9�Ç��þ�»�Cz

ã 8 �EÜá�Ø¡9�Ç��þ�»�
C z. d ã 8 � �, ± � ¬#1 � Ä N � E Ü á
� 9 � Ç � � Y � þ � » ~ �  O �. � Ó �
þ�»�¹e, PANI/SBA-15 EÜá��9�Ç
' PPy(0.07)/SBA-15 EÜá��9�Ç� 18%�
m, ù ´ d u PANI ' PPy � 9 � Ç p (PANI

Ú PPy � 9 � Ç © O � 3.54 W·m−1·K−1[37]

Ú 0.34 W·m−1·K−1[38]). Ó�, PANI/SBA-15 EÜ
á � Ú PPy/SBA-15 E Ü á � � 9 � Ç ' Ã W

¿ SBA-15 õ�Äá�9�Ç��, ù´duW
¿��àÜÔ�ÝO�, �Y~�, ���9Or.

5 ( Ø

�©é±0���z7 SBA-15 �ÄáW¿
�>àÜÔ��� PANI/SBA-15 Ú PPy/SBA-15 E
Üá��9�Ç?1¢�ïÄ, ±Ï�Taá�
��'ïÄJø�½���. 3���� SBA-15,

PANI/SBA-15 Ú PPy/SBA-15 �Ä:þ, ÏLÚ\
�þ�»¿(Üÿþ�», é�>àÜÔ3EÜ
á�¥�W¿G�?1
L�, ¿�ïV6O{
¢��éá��Ø¡9�Ç?1
ÿþ, ©Û
K
� PANI/SBA-15 Ú PPy/SBA-15 9�Ç�Ï�. Ì
�(ØXe:

1. ÏL���z§Ý�±N! SBA-15 �'L
¡È!�NÈÚ(�ëê.

2. du PANI Ú PPy äk�p�9�Ç, �W
¿��YÇ~�, PANI/SBA-15 Ú PPy/SBA-15 E
Üá��9�Ç'Äá SBA-15-100 �9�Ç��
õ; Ó�, du PANI ' PPy 9�Ç�, 3�Ó�ÿ
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þ�»Ú�þ�»�¹e, PANI/SBA-15 EÜá�
�9�Ç' PPy/SBA-15 EÜá��9�Ç�.

3. àÜÔW¿���SÚ��	ÑkÏuJ

p9�Ç, duW¿���S�kÃu�YÇ�~
�, W¿���S'W¿���	é9�ÇJp�
�z��"
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Abstract

Conductive polymers polyaniline (PANI) and polypyrrole (PPy) loaded mesoporous silica (SBA-15) composites are prepared and

characterized. The one-dimensional reference bar method and the relevant devices to measure the thermal conductivity are introduced

and established. The equivalent pore diameter is proposed to characterize the mesostructures of conductive polymers polyaniline (PANI)

and polypyrrole (PPy) in PANI/SBA-15 and PPy/SBA-15 composites. The effects of the equivalent and the measurement pore diameters

on thermal conductivities of PANI/SBA-15 and PPy/SBA-15 composites are analyzed. The result shows that thermal conductivities of

PANI/SBA-15 and PPy/SBA-15 are higher than that of the substrate SBA-15; the thermal conductivity of PANI/SBA-15 is higher than

that of PPy/SBA-15; loading of PANI and PPy in pores of PANI/SBA-15 and PPy/SBA-15 composites is more effective than loading

outside of pores for improving the thermal conductivities of PANI/SBA-15 and PPy/SBA-15 composites.

Keywords: silica mesoporous composite, thermal conductivity, polyaniline, polypyrrole

PACS: 44.30.+v, 44.35.+c, 61.41.+e, 61.43.Gt

* Project supported by the National Natural Science Foundation of China (No. 50836001), and the Fok Ying Tong Education Foundation.

† E-mail: yhfeng@me.ustb.edu.cn

154402-8


