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æ^p©Eß�>º!b	Ú��1 Raman 1Ì9Ì�ÏS{ïÄ
 1000 ◦C eò»ØÓ�m�'�,B�
7f�����(�Ú>zÆ5U. (JL², �ò»�m�ò�, ��¥B�7f�¬âº�Åì~�. �ò»�
m� 0.5 h �, 7f�¬âº�d�ò»�¬�� 15 nm ~��� 8 nm, 7f��¹þO\; �ò»�m� 2.0 h �,

7f�¬â~�� 2—3 nm, d�¬.Oõ, 7f��¹þ~�; ò»�m� 2.5 h �B�7f�¬âº�Ú7f�
�¹þqÑkþ,. ¬âº�Ú7f��¹þ�CzL²��3ò»L§¥u)
7f�Ú�¬%���p=C.

��1 Raman 1ÌÿÁ(JL², ØÓò»�me, G ¸ �Czª³� ID/IG �Cz��, `²��S sp2 %ì
q���, �¬�$��kSz§Ý�p. ò» 0.5, 1.0, 1.5 Ú 2.0 h �, >4L¡?1O�_>zÆ�A, 
�ò»
Úò»�m� 2.5 h �>4L¡?1Ø�_>zÆ�A. ò»k|uJp��>4�D��Ç, ò» 0.5 h ���>
4�D��Ç�p, xz�z5U�Ð. ���¬âº�!�p�7f��¹þ±9B�7f�¬â�þ!©Ùk
|uJp>4L¡�A��_5Úxz�z5U.

'�c: '�,B�7f���, ò»�m, �(�, >zÆ5U

PACS: 81.05.uj, 81.40.Ef, 61.46.Df, 82.45.–h

1 Ú ó

'�,7f� (boron-doped diamond, BDD) �
�äk`É�>zÆ5U!é°�>³I�Úé
$��µ>6, ���5U`É�>4á�, 3Ô
n!zÆ!)Ô��¡®w«Ñ
4Ð�A^c
µ [1−7]. B�7f���äkB�7f�¬â�i
3�¬%¬.¥�EÜ(� [8]. 3zÆí��È
L§¥�\',�, �±����'�,�B�7
f� (boron-doped nanocrystalline diamond, BDND)

��. du��¥�3L¹"���þ¬., '�
fN´à83¬.¥
U?\B�7f�¬â�
'��, ¦� BDND ����>5U��\�Ó

ßÝ�',���¬7f����, K�
Ù>
zÆ5U [9,10]. ·��ïÄ(JL², ý�ò»
?né BDND ���(�Ú>zÆ5Uk­�K
� [11]. �p§Ý�ý�ò»?n�±Jp BDND

��>�ÇÚ>zÆ5U, Ù¥ 1000 ◦C ò»�
� BDND �äk�Ð�>zÆ5U [11]. 3ý�ò
»ó²¥, ò»§ÝÚò»�m´­�ëê. ®k
ïÄ(JÌ�8¥3ØÓý�ò»§Ýé���
(�Ú>zÆ5U�K�, 
éò»�mé BDND

���(�Ú>zÆ5U�K���ïÄ.

�©[é'�,B�7f���3 1000 ◦C ?
1ØÓ�m�ý�ò»?n, ¿æ^p©Eß�>
º (HRTEM)!b	Ú��1 Raman 1Ì!Ì�Ï
S�ÃãXÚïÄò»�mé���(�Ú>z
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Æ5U�K�5Æ, ±ÏJp BDND �>4�>z
Æ5U, éu¢y BDND �>43¢Y?n��¡
�A^äk­�¿Â.

2 ¢ �

æ ^ 9 j z Æ í � � È � { (HFCVD) �
� BDND � � � ¬, ' 
 � � N ' � n `
| (TMB), í¨¥ B : C '� 500 ppm. é BDND

��3 1000 ◦C ?1ý�ò»?n, ò»�m©O
� 0.5, 1.0, 1.5, 2.0 Ú 2.5 h. æ^ HRTEM (Tecnai

G2 F30 S-Twin)!Å�� 244 nm �b	 Raman 1
Ì (Lab RAM HRUV80C) ÚÅ�� 514 nm ���
1 (Labor Raman HR-800) Raman 1ÌïÄ���
�(�.

æ^n>4>zÆÿþNX, ± BDND �>4
�ó�>4, 7áÉ>4�9Ï>4, �Ú[þ>
4�ë'>4, 3>zÆó�Õ CHI600C þ¦^
Ì�ÏS{ÿÁ���>zÆ5U. äNSN�):

1) 3 1 mol/L H2SO4 M�0�¥ÿÁ BDND �>
4�Ì�ÏS­� (C-V ­�); 2) ± 0.001 mol/L

K3Fe(CN)6+ 1 mol/L KCl M��NX�	 BDND

�>4�>zÆ�z���A��_5, ��Ø
Ó×£�Ý� C-V ­�, ×£�Ýlþ�e�
g� 200, 100, 50, 20 mV/s, ×£��l��K;

3) 3 H2SO4 M�0�¥ÿÁ��>4é�¦�>
zÆxz5U�Ì�ÏS­�.

3 (J�?Ø

ã 1 ´ � ò » !1000 ◦C e ò » 0.5, 2.0

Ú 2.5 h � BDND �� HRTEM ì¡. dã 1(a)

��, �ò»� BDND ��¥�¬âº���
� 15 nm, �i3�xÚ�Ä.¥. Ð\�� X �
�û�Úb	 Raman 1ÌÿÁL², ��¥�¬
â�7f��, Ä.��¬%� [11]. 1000 ◦C e
ò» 0.5 h � (ã 1(b)), BDND ��¥�¬âº�
�� 8 nm, �ò»c²w~�, ¿�¬âà8§
ÝJp, ¬.CÄ, ý«Ü©�¬%¬.=C�7
f��. ò» 2.0 h � (ã 1(c)), ��¥�¬âº
��� 2—3 nm, ��ò»Úò» 0.5 h ��¬¥
�¬âº��, ¿�¬.°Ý�éO\, ¬â©Ù

�\þ!, L²3¬âº�~��L§¥, Ü©7
f��=C��¬%�. ò» 2.5 h � BDND �
� (ã 1(d)) ¥, ¬âº��ò» 2.0 h ��¬k¤
O�, �� 5 nm �m, ¬.C°. ±þ(JL², 3
ØÓò»�me, BDND �¥u)
7f���¬
%���p=C, ¦�B�7f�¬âº�Ú¬.
°ÝUC. ù³7Úå��¥7f��¹þ�Cz.

�
?�Úy¢3ØÓò»�me��¥u)�
�C, ·�ÿÁ
��¬�b	 Raman 1Ì.

ã 2 ´�ò»Úò»ØÓ�m� BDND ��
�b	 Raman 1Ìã. dã��, 3 1332 cm−1 N
Ck²w�7f�A�¸, `² HRTEM ¥*	�
�¬â�7f��; 1340 cm−1 ?� D ¸, ´�$
¬N�â~�
Ñy�ÃS�½"�� sp2 %�
�A�¸; 1570 cm−1 � G ¸, ´�$ sp2 (��
A�¸ [12,13]. �âÌã[Ü��¸�È©¡È, ±
7f�¸�¸¡È IDia �¤k¸¡È�Ú Isum �
'� (IDia/Isum) 5L���¥7f��¹þ [14],

�±O���¥� IDia/Isum �3�ò»!0.5, 2.0

Ú 2.5 h ò»�©O� 3.1%, 7.5%, 3.3%Ú 4.5%,

`²ò» 0.5 h ��¬¥�7f��¹þ��ò
»�¬õ, y²
 HRTEM ¥*	�� 0.5 h ò»
� BDND ��¥�¬%=C�7f���C. �
ò»�mò�� 2.0 h �, ��¥7f��¹þ~
�� 3.3%, � HRTEM ¥*	��B�7f�¬
âº�~�Ú¬.°Ý�éO\��, y¢��¥
Ü©7f��=C��¬%�. ò»�m?�ÚO
\� 2.5 h �, ��¥7f��¹þqO\� 4.5%,

� HRTEM ¥*	����¥B�7f�¬â
º�O���(���. lã 2 �b	 Raman 1
Ì¥, ��±���ò»!ò» 0.5, 2.0 Ú 2.5 h

� ¬ � 7 f � ¸ � � ¸ ° (FWHM) © O �
25.3, 26.4, 27.6 Ú 24.8 cm−1, =l�ò»�ò»
2.0 h, 7 f � ¸ � FWHM k ¤ O �, Ì � ´ d
B�7f�¬â�º�~�Úå� [15]; éuò
» 2.5 h ��¬, 7f�¸� FWHM ~�, L²
B�7f�¬â�º�k¤O�, ¿����m
�ò»k|u~�B�7f�¬â¥�"�, ¦
�Ù FWHM �~�; Ïdò» 2.5 h ��¬¥�
B�7f�¬âº��,��ò»Úò» 0.5 h

��¬�, �Ù FWHM �E��. l±þ(J
��, b	 Raman 1Ì���(J� HRTEM ¥
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*	�� BDND ��3ØÓò»�me�(�
ü C � ( J � �, y ¢ 
 � � 3 Ø Ó ò » � m
e�37f���¬%���p=CL§. du
BDND ��¥¹k�þ��¬%�, b	 Raman

1 Ì Ø U � � / � N � � ¥ � ¬ % � � � '
&E [16], �
?�Ú
)ò»�mé�¬%�
�K�, ·�é�¬?1
��1 Raman 1Ì
ÿÁ.

5 nm 5 nm

5 nm 5 nm

(a) (b)

(d)(c)

ã 1 (a) �ò»!1000 ◦C eò» (b) 0.5 h, (c) 2.0 h Ú (d) 2.5 h � BDND �� HRTEM ì¡

ã 3 � � ò » Ú 1000 ◦C ò » Ø Ó � m
� BDND ����1 Raman 1Ì9Ù Gaussian

[Ü­�. lã 3 �±wÑ, �ò»� BDND �
©O3 1166, 1345, 1471 Ú 1557 cm−1 ?k 4 �
¸. Ù¥, 1345 cm−1 ?� D ¸, 1557 cm−1 � G

¸, 1166 cm−1 Ú 1471 cm−1 ?�¸8(u¬.¥
�ªà¯# (trans-polyacetylene, TPA) � C—C sp2

�Ä, ù«�Ä���¥��k' [17−19]. ��
1 Raman 1Ìéu sp3 %��¯a§Ý� sp2 %

�f [20], Ó� BDND ��¥k�õ��¬�, Ïd
Ìã¥ 1332 cm−1 ?7f��A�¸­U3 D ¸
p. ��ò»�¬� Raman Ìã�', 1000 ◦C e
ò»���¬� Raman Ìã¥, 1150 cm−1 ?�¸
rÝ²w~f, ù´du TPA 3p§^�eØ­
½, ò»¬¦Ù©) [18].

ã 4 ´�â��1 Raman Ìã¥[Ü��
� G ¸ �!FWHM ��!D ¸¡È (ID) Ú G

¸¡È (IG) �'� ID/IG ±9 TPA rÝ (ITPA)
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� G ¸rÝ (IG) �'� ITPA/IG �ò»�m�
'X. lã 4(a) ¥�±wÑ, �ò»�, G ¸ 
u 1557 cm−1  �; ò»� G ¸ �u) £. �
ò»�ml 0.5 h ò�� 2.5 h, G ¸©O u 1554,

1578, 1573, 1562 Ú 1569 cm−1  �. ò» 0.5 h � G

¸� FWHM �'�ò»��, ���ò»�mò
�� 1.0 h, FWHM ~�; �ò»�m� 1.5—2.0 h

�, G ¸� FWHM qÅìO\. `²�ò»�m
ò�� 2.0 h �, ��¥�¬�$�kSz§Ýü
$ [11]. �ò»�m� 2.5 h �, G ¸ ��éuò
» 2.0 h ��¬m£¿� FWHM ü$, `²��¥
�¬�$�kSz§Ýk¤Jp. dã 4(b) ��,

ò»�m� 0.5 h, ID/IG ���, `²��¥ sp2 %
ìq�êþ��½º��� [12]; ò»�m� 1.0 h

�, ID/IG ���, `²��¥ sp2 %ìqêþ�
õ½º���; ò»�mò�� 1.5—2.0 h ��,

ID/IG �ò»�mò�
Åì~�; �ò»�m
� 2.5 h �, ID/IG �qO�. éì ID/IG �� G ¸
¸ Ú FWHM ��ò»�m�'X, �� G ¸�
£Ú FWHM ���éA
��¥��� ID/IG �,

`²��¥�¬�$�kSz§Ý�$�, sp2 %
ìq�êþ���.

� � � � � � � � � � � � � � � � � � � �
� ��	 
��
� � � � � �� � � �

� � � � �� � � �
ã 2 BDND ��3�ò»Úò»ØÓ�m��b	 Raman

1Ìã

� � � � � � � � � � � � � � � � � � � �
� � � �� � � �	 
�� 
���� � � � � �� � � � � � � � �� � � �

ã 3 �ò»� 1000 ◦C eò»ØÓ�m� BDND ����
1 Raman 1Ìã� � � �� � � �� � � �� � � �

� � � � � � � � � � � � � � � �� � �� � �� � �  

	
 ��
�
 

� � �� � �� � � 	����� ��
�
 � ��� � � ����� �� � � � � �� � � �� � � �

ã 4 (a) G ¸ �Ú FWHM; (b) ID /IG �Ú ITPA/IG ��ò
»�m�'X

ITPA/IG �L« BDND ��¥ TPA �é¹þ
�õ� [21]. dã 4(b) ��, ò»�m� 0.5 h ��
�� ITPA/IG �'�ò»��; ò»�m� 1.0 h

�, ITPA/IG �:ìO�; �ò»�mO\� 2.0 h,

ITPA/IG �~�, `²��¥ TPA �¹þeü; ò
» 2.5 h �, ITPA/IG �qk¤þ,, `²�ò»�
m�ò�, ��¥ TPA �¹þk¤O\. lã 4(b)

�±wÑ, ID/IG � ITPA/IG ��ò»�mò�
�Czª³��, `² sp2 %ìqÚ TPA �¹þ
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�ò»�mCz�'X¥�����ª³. (
Ü HRTEM �ÿÁ(J, �±uy�ò»�, ��
¥B�7f�¬âº���, ¬.¹þ�õ, ��
¥o�7f��¹þ��; ò» 0.5 h �, ��¥
¬â©Ù��;�, ¿�¬.¥�Ü©�¬%=C
�7f��, ¦7f��¹þ,p
¬.¹þ²w
~�; d���� Raman Ìã¥ ID/IG � ITPA/IG

����ò»���. du TPA ¥�%���ë,

3 1000 ◦C ò»�, ��¬.¥���±u)*Ñ
½)áN [22,23], ¦� TPA �¹þ~�; Ó� TPA

Ú�¬%¤©Ì��3u¬.¥ [19], §��¹þ
Cz³7Úå7f��Ú¬.¹þ�Cz, =�
��¥�¬%=C�7f��k' [14]. �ò»�
mò�� 2.0 h �, BDND ��¥7f�¬âº�
~�� 2—3 nm, ¬â©Ùþ!, d�Ü©7f�
�=C��¬%, ��¥7f��¹þü$
¬
.O\, ��� Raman Ìã¥ ID/IG � ITPA/IG

��~�. ùÌ�´du�3��m�p§^�
eu)
)áN [24], ¦� TPA �¹þÚ�¬%
ìqº�~�; ��)ÛN�¦���¥B�7
f � � = C � � ¬ % �, Ï d � � ¥ � ¬ . ¹
þO\. ò»�m� 2.5 h �, ��¥7f�¬
â�ò» 2.0 h ��, =Ü©�¬%=C�7f
� �; ¬ â © Ù C � Ø þ !, ¬ . ¹ þ � 2.0 h

ò»��¬�; d� ID/IG � ITPA/IG �k¤O
\. 3��m�p§ò»L§¥, ��¥��*
Ñ\ì, �d��.Ü�L¡*Ñ, *Ñ���
L¡þ���¹þ�U�u)áN���¹þ,

¦ � � � L ¡ þ � � ¹ þ O \, k | u ¬ . ¥
��¬%�=C�7f��¿Jp
¬.¥�
TPA ¹þ.

ã 5 ´ 1000 ◦C eò»ØÓ�m� BDND >
43 1 mol/L H2SO4 M�¥�Ì�ÏS (C-V ) ­�
ã±9dd���>43 H2SO4 M�¥�>³I
��ò»�m�Cz'X. dã 5 ��, 3 H2SO4

M�¥, BDND �>4�á�> 3 2.0 V �m, Û
�> 3 –1.0 V �m, >³I�� 3.0 V �m. �
>4��µ>6Ñé$, 3 –10−5—10−5 A ��,

`²�>4�>6�Çp, UÑ$. lã 5 �SN
ã�±wÑ, �ò»� BDND ��>4�>³I�
��; ò» 0.5 h �Á�, >³I�~�; �ò»�
mò�, >4�>³I�kO�ª³. l Raman 1

� � � � � � �� � � �� � �� � ��� � � � � � 	 � � 	 � � 
 � � 
 � �
 � �
 � �
 � 
� � �� � 
� �� ����� � � � � � � � � �� ! "
ã 5 ØÓ�mò»�� BDND �>43 1 mol/L H2SO4 M�
¥�Ì�ÏS­�, SNã� BDND ��>43 H2SO4 M�
¥�>³I���ò»�m�'X

Ìw, ò» 0.5 h �Á�� ID/IG �C�, G ¸�£,

Ù FWHM O�; �ò»�mò�� 1.0 h �, ID/IG

�C�, G ¸m£¿�Ù FWHM ~�, 
d�>³
I�O�; �ò»�mò�� 1.5 h �, ID/IG �~
�, G ¸�k�£¿�Ù FWHM O�, 
d�>³
I�~�; �±wÑ, 3ò»�m� 0.5—1.5 h ��
�S, ID/IG �!TPA ¹þÚ G ¸��>³I��
��ò»�m�Cz'X��, `²���¥ sp2

%ìqêþO�½º�C�!TPA ¹þO\±9
�$kSz§Ý�O\, k|uO���>4�>
³I�. 3ò»�m� 0.5 h �, ��>4�>³I
���. lb	 Raman Ú HRTEM �ÿÁ(J�
�, d���¥u)
�¬%=C�7f���C,

��¥7f��¹þ��. ù��CL§¦� u
��¬.¥�'�f?\�
B�7f�¬â¥,

Jp
B�7f�¬â¥�'ßÝ. 7f���¥
'ßÝ�O�¬¦�>4�>³I�C� [25], Ï
d 0.5 h ò»����>³I���. �ò»�m
ò�� 2.0 h �, ��¥u)
7f�=C��¬
%��C, ��¥7f��¹þ~�, ù¦� u
B�7f�¬âS�Ü©'�f2g?\��¬
%¬.¥, B�7f�¬âS�'¹þ~�, k|
uO�>³I� [11,25]. Ïd, 2.0 h ò»�, =¦�
�� ID/IG �Ú TPA ¹þ~�9 G ¸�£, ��
�>³I��O�
. �ò»�mò�� 2.5 h �,

��¥Ü©�¬%=C�7f��, 7f��¹þ
� 2.0 h ò»��¬�; d�B�7f�¬â¥�
'¹þ�k¤O\, \���� ID/IG �qO�, G

¸m£, Ïd��>4�>³I�~�.
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� � � � � � � � � � � � � � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � � � � 	

 � � � 
 � � � 	 � � � �� � � �� � � ��

�
� � �� � �� � �� � � � � � � � � � � � � �� �� �����

� �� �����
� �� �����

� �� �����
� �� �����

� �� �����

 � � � 
 � � � 	� � 	

� � � � � � � � � � �� � � �� � � �� � �� � � 
 � � � 
 � � � 	� � 	 � � � � � � � � � � � � � � �� � � �� � � �� � �� � � 
 � � � 
 � � � 	� � 	
� � � � � � � � � � �� � � �� � � ��� � �� � �


 � � � 
 � � � 	
� � 	 � � � � � � � � � � � � � � � � � � �� � � �� � � �� � � �� � � ��� � � 
 � � � 
 � � � 	

� � 	� ��

ã 6 ØÓò»�m?n� BDND �>43 0.001 mol/L K3Fe(CN)6 + 1 mol/L KCl NX¥±ØÓ×£�Ý���Ì�ÏSã
(a) �ò»; (b) ò» 0.5 h; (c) ò» 1.0 h; (d) ò» 1.5 h; (e) ò» 2.0 h; (f) ò» 2.5 h

ã 6 � BDND � > 4 3 0.001 mol/L

K3Fe(CN)6 + 1 mol/L KCl NX¥±ØÓ×£�Ý
���Ì�ÏSã, ×£�Çlþ�e�g� 200,

100, 50 Ú 25 mV/s, ¸>6�Ý�X×£�Ý�ü
$
~�. dã 6 ��, �éu�ò»�¬, ò»�
��>4�Ì�ÏSã¥Ñy�²w��z��
¸, L²ò»� BDND �>4�>zÆ5UJp.

�ò»�m� 0.5, 1.0, 1.5 Ú 2.0 h �, �z¸��
�¸�é¡5�Ð; ò» 2.5 h �, ��¸�¸��
�z¸�¸��. Ì�ÏS­�¥�z¸rÝ Iox

���¸rÝ Ired �'� (Iox/Ired) ��Cu 1, `

²T�z - ���A��_5�Ð [26]. �â×£�
Ç� 50 mV/s �Ì�ÏSã¥� Iox Ú Ired �, �
±O���ØÓò»�m��¬� Iox/Ired '�.

1000 ◦C eò» 0.5, 1.0, 1.5 Ú 2.0 h � Iox/Ired ��
©O� 1.05, 1.0, 1.04 Ú 0.95, L²3>4L¡?1
�´�_½O�_�A; 
éu�ò»Úò» 2.5 h

��¬, Ù Iox/Ired '�©O� 0.74 Ú 0.75, >4
L¡?1��A´Ø�_�A. ò» 2.5 h ���
¸'�z¸²w, L²Ù>4L¡�k|u?1�
��A [27]. ��1 Raman 1ÌÿÁ(JL², �
ò»�m� 0.5 h �, ID/IG ��, d���L¡�
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O�_�A; �ò»�m� 1.0 h �, ID/IG �:ì
O�, ��L¡E?1�_�A; �ò»�mò�
� 2.0 h, ID/IG �3�½��S��, 
Ù�A�
�_5CzØ�; �ò»�m� 2.5 h �, ID/IG �
k¤O\, >4L¡¥yÑØ�_�A, `²��
¥ sp2 %ìq�êþÚ�����L¡>zÆ�
A��_5'éØ�; d	, ITPA/IG �� ID/IG �
�ò»�m�'X¥���ª³, ����¬.
¥ TPA �¹þ���L¡>zÆ�A��_5�
Ã7,éX.

HRTEM Úb	 Raman 1ÌÿÁ(JL², ò
» 0.5 h �, ��¥B�7f�¬âº�~��
� 8 nm, �¬%¬.~�, ��¥ IDia/Isum �O\
� 7.5%; d���¥Ü©�¬%=C�7f��,

¦���¥�7f��¹þ��ò»�¬¥�p,

ù��C�� u¬.�'?\B�7f�¬â
�AÇJp, l
Jp BDND ����>5; ù

Ï�Ñk|u��>4L¡?1�_>zÆ�A.

ò» 2.0 h �, ��¥B�7f�¬âº�?�Ú
~�� 2—3 nm, ���'L¡È?�ÚO�, \
�B�¬â©Ù��þ!, k|u��>4L¡?
1O�_>zÆ�A. Ïd, 2.0 h ò»���>4
¥�,�¬�¬.¹þk¤O\, 7f��¹þ�
' 0.5 h ò»��¬k¤~�, d���L¡E,
?1O�_�A. ò»�mò�� 2.5 h �, ��¥
B�7f�¬âº�k¤O�, ¬âÚ¬.©ÙØ
þ!, ¦���¥�Ü©��>5U�É��, �
�>4L¡ª�uu)Ø�_>zÆ�A. ±þ©
ÛL², ���¬âº�!�p�7f�¹þ±9
B�7f�¬â�þ!©Ùk|u>4L¡?1
�_½O�_>zÆ�A.

ã 7 �dã 6 �����¬3ØÓ×£�Ç
�Ì�ÏSã¥�z¸>6�Ý�×£�Ç��
'Xã. �±wÑ, ØÓò»�me¸>6�Ý�
×£�Ý���¥�5'X, `²>4�AÄåÆ
Ä�É*ÑL§��. ã¥�ã��Ç�p, L²
�A*ÑXê��, =>4D��Ç�p [28]. dã
��, ò»�m� 0.5 h �>4D��Ç�p, ò»
�m� 1.0, 1.5, 2.0 Ú 2.5 h ����D��Ç�$,


�ò»>4�D��Ç�$, `²ò»k|uJ
p���D��Ç. ÄÙ�Ï, ´Ï�ò»?nU

Uõ BDND ����(�, l
Jp��>4�

D��Ç. (Üã 2 �ã 4 � Raman 1Ì(J, �
�ò»�m� 0.5 h ���¥7f��¹þ��, G

¸� ����, FWHM ��, =��¥7f��
¹þpÚ�$ÃSz§Ýp, k|uJp>4�D
��Ç. ,	, (Üã 5 �����>4�>³I
���ò»�m�'X, ���ò»���>43
�5M�¥�>³I���, d�§��D��Ç
�$; ò»�m� 0.5 h �, >4�>³I���,


D��Ç�p. ò»�m� 1.0—2.5 h �, >4
�>³I��D��ÇÑ3���é�����
SÅÄ, Ù¥ò» 2.5 h �D��Ç�é�$. dd
��, ��>4�>³I���, >4�D��Ç
�p. dc©¤ã�>³I�����(��'X
��, >³I�������¥�¬%ìqº��
�!TPA ¹þ!B�7f�¬âº�Ú'�*Ñ
�k', ù
Ï��K�
>4�D��Ç.

� � � � � � � � �� � � �� � � �� � � �� � � �	 
� �

�� � � � � � � �
� � � �� � � �� � � �� � � �� � � �

ã 7 dã 6 �����¬3ØÓ×£�Ç�Ì�ÏSã¥�
z¸>6�Ý�×£�Ç��'Xã

±�¦�kÅÀ/Ô�[ïÄé�, ^Ì�
ÏS{ïÄ
>43�50�¥ékÅÔ�>
zÆxz5U. ã 8 ´ BDND �>43�50�
¥xz�z�¦���z¸>6�Ý�ò»�m
�'X, SNã�ò» 2.0 h �>4xz�z�¦
�Ì�ÏSã. dã��, �ò»��>4��
z¸>6�Ýé�, � 0.0018 mA·cm−2; �ò»�
mò�� 0.5 h, >4þ�A�>6�Ý:ìO\,

� 2.116 mA·cm−2, `²�ò»�m� 0.5 h �>4
ékÅÔ�xz�z�J�Ð. l HRTEM (J�
�, l�ò»�ò» 0.5 h, ��¥B�7f�¬â
º�d 15 nm �m~�� 8 nm �m, `²��¥
�±ë\xz�z�7f�¬â�'L¡ÈO\,

l
Jp
���xz�zUå. db	 Raman (
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J��, ò» 0.5 h ���¥7f��¹þ�p, d
��k|u¬.¥�'?\�B�7f�¬â¥,

Jp
����>Uå, ¦ò» 0.5 h ���>4
LyÑ�r�xz�zUå, �ò» 0.5 h ���
>4D��Ç�p�(Ø��. ò» 1.0—2.5 h �
��>4��z¸>6�Ý�ò» 0.5 h ��, ©
O� 0.065, 0.057, 0.41 Ú 0.12 mA·cm−2, ù´du
��¥�7f�¹þ~�, ?\�B�7f�¬â
¥�'�f�~�, ü$
����>Uå. Ù¥,

ò» 2.0 h ���>4��z¸>6�Ý�é'ò
» 1.0, 1.5 Ú 2.5 h ���p, ù´du��¥�¬
âº���, 7f�¹þ�é�p. d	, ò» 2.0 h

��¥¬â©Ùþ!, ¬â�¬..¡²w, ¦ë
�xz�z�A�7f�¬â½ö¬.¥��¬
%U
�M�?1¿©��>, l
JpT��>
4ékÅÔ�xz�zUå.

� � � � � � � � � � � � � � � ��� � �� � � � � � � � � �	 � � ��� � �� � 
� � �� � �� � �
 �� ����� ��� ��� ��
� � � � �  ! " # $ %� � � &

ã 8 BDND �>43 H2SO4 0�¥xz�z�¦���z
¸>6�Ý�ò»�m�'X, SNã�ò» 2.0 h �>4xz
�z�¦�Ì�ÏSã

±þïÄL², 3 1000 ◦C eØÓ�m�ò»
?n�¦ BDND ����(�Ú>zÆ5Uu)
���Cz. ��¥u)
7f����¬%�
��p=C, ù«=C����>zÆ5Uk;�
éX. BDND ��3 1000 ◦C eò» 0.5 h �, ��
¥B�7f�¬âº�~��� 8 nm, �¬%¬
.~�, ��¥Ü©�¬%=C�7f��, ¦�
��¥�7f��¹þ��ò»�¬¥�p, Ó
�¬.¥�'�´?\B�7f�¬â¥, l
J
p BDND ����>5. ±þÏ���
��>
4L¡?1O�_�A, ¿�D��ÇÚxz�z
�¦���z¸>6�Ý�p. ò» 2.0 h �, ��

¥B�7f�¬âº�~�� 2—3 nm, ���'
L¡È?�ÚO�, \�B�¬â©Ù��þ!,

�½§ÝþJp
��>4�>zÆ5U, ¦ÙL
¡u)O�_�A; 
ò»���m� (2.5 h), �
�¥B�7f�¬âº��ò» 2.0 h ��, ¬â
©ÙØþ!, d����>zÆ5Uü$, >4þ
¥yÑØ�_�A, Ó�ÙD��Ç��$, xz
�zUå�ò» 2.0 h ���>4�.

4 ( Ø

æ^p©Eß�>º!b	Ú��1 Raman

1Ì9Ì�ÏS{ïÄ
 1000 ◦C eò»ØÓ�
m� BDND ����(�Ú>zÆ5U. (JL
², ØÓò»�mé BDND ����(�Ú>z
Æ5Uk­�K�. �ò»�m�ò�, ��¥B
�7f�¬âº�Åì~�. �ò»�m� 0.5 h

�, 7f�¬âº�d�ò»�¬�� 15 nm ~�
�� 8 nm, 7f��¹þO\; �ò»�m� 2.0 h

�, 7f�¬â~�� 2—3 nm, d�¬.Oõ, 7
f��¹þ~�; ò»�m� 2.5 h �B�7f�
¬âº�Ú7f��¹þqÑkþ,. B�7f�
¬âº�Ú7f��¹þ�CzL²��¥u)

7f��Ú�¬%��p=C. ��1 Raman 1
ÌÿÁ(JL², ò» 0.5 h � ID/IG �'�ò»
��, 
ò» 1.0 h �,���, L²d� sp2 %ì
q�êþ�õ½º���; 3 1.0—2.0 h S, ID/IG

��ò»�mò�
~�, 2.5 h �qk£,. ØÓ
ò»�me, G ¸ �Czª³� ID/IG �Cz�
�, `²��S sp2 %ìq��, �¬�$��k
Sz§Ýp. ��¥ TPA �¹þ�ò»�m�ò
�u)�A�Cz, �p§e TPA ���­½5k
'. ò» 0.5, 1.0, 1.5 Ú 2.0 h �, >4L¡?1�
´O�_>zÆ�A, 
�ò»Úò»�m� 2.5 h

�>4L¡?1Ø�_>zÆ�A. ò»k|uJ
p��>4�D��Ç, ò» 0.5 h ���>4�
D��Ç�p, xz�z5U�Ð. ���¬âº
�!�p�7f��¹þ±9B�7f�¬â�
þ!©Ùk|u>4L¡?1�_½O�_>z
Æ�A¿Jp��>4�xz�zUå.
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Abstract

The effects of annealing time under 1000 ◦C on the microstructural and the electrochemical properties of boron-doped nanocrys-

talline diamond (BDND) films are investigated by HRTEM, UV and visible Raman spectroscopy, and cyclic voltammetry measure-

ments. The results show that the size of nano-diamond grain in the film decreases with annealing time increasing. When the annealing

time is 0.5 h, the grain size decreases from about 15 nm in the unannealed sample to about 8 nm and the content of diamond phase

increases. When the annealing time increases to 2.0 h, the diamond grain size decreases to 2–3 nm, and the content of diamond phase

decreases with the grain boundary increasing. In the case of annealing time of 2.5 h, the grain size of nano-diamond and the content of

diamond phase increase slightly. The variations of nano-diamond grain size and the content of diamond phase indicate that the trans-

formation between the diamond phase and the amorphous carbon occurs under the annealing with different times. The visible Raman

spectra show that the G-peak position and the ID/IG value exhibit similar variations with annealing time increasing, revealing that

the ordering of the amorphous graphite phase is improved when sp2 carbon cluster increases in number or size. The reactions on the

electrode surface are quasi-reversible when the annealing times are 0.5, 1.0, 1.5 and 2.0 h. On the contrary, the reactions are irreversible

when the sample is unannealed or annealed for 2.5 h. It is observed that the annealing treatment is beneficial to the improvement of

the electrode mass transfer efficiency of BDND film. When the annealing time is 0.5 h, the electrode mass transfer efficiency as well

as the ability of catalytic oxidation of BDND film is best. The results suggest that the smaller size of nano-diamond grain, the higher

content of diamond phase and the uniform distribution of the nanocrystalline diamond grains are conducible to the improvement of the

reaction reversibility on the electrode surface and the ability of catalytic oxidation of BDND films.

Keywords: boron-doped nanocrystalline diamond films, annealing time, microstructure, electrochemical proper-
ties
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