
� 48�    � 3�                               ��������	                                Vol.48,   No.3 

2019�      3�                      RARE METAL MATERIALS AND ENGINEERING                    March   2019 

�����2018-03-15 

���	����	
��
����������JDKYJJ2017� 


��
��  ����1979 ������� ����	
��!"#
��$� �� 710077�
%&029-84253390�E-mail: 

ying.gongzuo@163.com 

 

��������	
��
���� 

 

�  ���  ����� 

(���	
��$� �� 710077) 

 

�  ��'(
)*+,-
.
/01234�56789:;<=>?@AB/CDEFGAHIJ"#�!K

L=
MNOPQRS'(
)*T
UVWXYZO[\]^T_`abKcdef�<gT`hijklmnT

o
pKqrsStu_`v+,-Z[wo
pAwcdefA`h]^klmn
)xpT_`VW�]yz'

(
)*TE{|}~�_T�p�����HH�w'(
)*T/0��S����ptu_`v]��_`v

��T�.��p������_�p���z'(
)*T
U]^N����,�T��S 

����'(
)*�tu_`v�
U��p 

�������TB383; TG146.1

+

1        ������A        �����1002-185X(2019)03-1022-07

 

��������	
��
��������

�������������� !"#$�%&%

'()*+,�-./01"23

[1,2]

456789:

;<=�">?@ABCDE-FG$H"7�/$

HDEIJ"KL�MNIJOPQRS7T"$H

UV

[3,4]

4WS56789XG7YZ[\:]^Y

Z�_=`��a�b$cd�e3�fghiPj

k"#lmn$�4 

56789o�p7q789rs789�tAl

56789�uvwxy:7z4p7q789"7z

{|W}~��������b�

[3]

r}���

[5,6]

r

����

[7,8]

�s789��Y������]��7

�A]�7z����StAl56789�>z�

��K"7T7z��Y7�/�;&DE���$

H� >z��Yp7q&DE$H��¡'¢£S

¤�56789"$HUV

[9]

4 

56789|¥7z��¦§O¨P©�ª"

«¬­®�¯°±²�A^"¬³o´�µ¶·"�

7b�¸�l�¹º»¼½�"7z��:}~7z

��4¾�"}��P�b�r}���r����4

u¿��b�"À¨&�ÁÂÃ¬Ä­®ÅÆ�PÇ

¬(È2 nm)�É¬(2~50 nm)�£¬(Ê50 nm)�ËÌ

P¬³Í 2 nm�Î"«¬Ï$�Ð7ÑÒÓÔ"Õ

WÖ×�¬³Ø£Ù	
ÚÛ�Ü��7bÝÞÖ=

ßà789"$HUV4áâ�ªÀ¬³o´�¬­

®:�b���"ã|äå4âæ��b�çèOP

¶·"�7bË°éUVØê�ë¯78ìí4}�

��(CNTs )o�îï}���ðSWNTsñ�«ï}

���ðMWNTsñ�WSOPò "¬­®�óô

"7Ôb$�¶·"õö��/cdb�÷øe»¼

;�SD$ùy"7z��4ú¯�b��}���

¯°±²ûü(>ýÈ500 m

2

/g)�þ|�íu$HU

V��|Ö��/���0����"À¨��&�

	4âæ�}���"À¨�
�¾�
����f

�í�áâ�À�u��;�4���:>?OPí

�7��rí7Ô��CVµóô"�/r�/r�

/�b$"7z���Í�b7Tr���r��ù

y�� OPz£";�!�

[10-13]

4"=�WS��

�#8¸Å�q$=ì$Æ(^%Î"í¯°±  

²

[14]

�áâ/01&Íë�S'Å×(ó)"}7

z��4 

*�K«¬��ì+���«¬��:>?#l

,H�«¬�����6"¬³½uÍ-�r��r

.�7T�/±OP»¼";�01

[15-17]

4¹º&2�

«¬��"À¨/3456789­3

[18]

r:;3

[19]

r

<A��

[20-22]

r=>-?>3

[23]

�4*«¬}7z��

ú¯��ª"��YZ½u�@A"��¬³BC(

D�+EO¨�F�G7z"QH7Ûü��7br

�lb·" I��¾@JF�567897z"K

L���OP»M"ÅNºO4fPQR|ST��

«¬U"ÅNÖZµ7�/ b����b��«¬

UÍ56789¿";�01Ö�VWXY4 



� 3�                              �  �����	
��
����������                        �1023� 

���������	
���

��«¬��"ÅNZ��|[\(]
P^E

_��1��`ab���'[4cE"�1�ÍÀ

Ü>N�"deE�ÙQ�fU�A�GJS>Ng

hb"=Ò¿��Ygh<iA�°±¿"�j�o�

��6frU��øY>Nk�l^�'(OPmn

"o�np"��e�u¿"o��o�íÆ 90%�

Î

[24]

4Í 20gh 20qr�s*t/. RaneyãuÅ

v�Íwb=Ò¿ghxyA��xyA�7z�'

(OPí-��b"7zl{|x(Raney Nickel)

[25]

4

M}/3~&�e�N�SÀF��Ur����-

��4Hayes �

[26]

Í 2006 q�Y Mn-Cu A�¡'�

���8"��«¬U( Nanoporous copper, NPC )4Í

2009q�P�

[27]

�Y Cu-AlA�¡'�î#���«

¬U4�â��S��«¬U"��£H�v�WS

��«¬Uì�OP¶·"�7b�Ã�O�«¬�

�!,r¯°±²£�µò "��©;�Í	��

���

[28]

r��b

[29]

r7-���

[30]

r���

 [31]

r

�ÓÔ7T

[32]

�� P��×";�014 


���������������

¹º�À¨��«¬Ui¾�"/3�67�²

3

[30,33]

��A�3 (7�/�A�

[29]

��/<A    

�

[28,31,32]

)42003q�Shin

[33]

�����z ×"¡¢

{F�£:;¤Ö�7�²U�����ÓÔÍ¡¢

{¥¦"¬Ä¿e���§�«¬�²q"�^�B

CR¨©À¨×ªè«¬��«¬�QuF��²:

;��À¨.�7Tr­8-¢8��9�®$���

¯�#"°±4âæ�¡¢{��"��«¬U��

7zÍ�X�7T

[34]

r-���²³

[35]

�/±´Nv

×¶·"b$�'�SuÕµ"í�7µí¯°±²

 b4ìY��¡¢{:;3¡'"ªè«¬U«¬

�|�²SU#~¶Î�À¨E�|·¸7¹UV�

ºVr7Ñ!�»
��á¼

[35]

4âæ�7z"DE

�Í½�½�~"cdb´�|Ö>W"·¸4 

�A�3�R¨rP©©¡'¬³�@r¬Äo´

��"��«¬U4¾¿ÀÁå�

[36-38]

��j�ÔÂ¯

íS 50%" Cu-Zn � Cu-Al A��ºÃ8�¡'�¬

³Í 40~600 nm�¬³�@�¬Äo´�ª"��«¬

U4¬³"£üWºÃ8A�"�o��ÄÅd

[38]

�=

¬Äo´ÆghÒ pH1"ßà�Çv×«È��Ë+

}<A�ÉyÝ¡'"¬³Ê$ËAÌ
o´4 

WS��«¬��"í¯°±²rí�7b�-

��b�F�)?-��÷��e�1ÍÎ4"=�

QuF�7zÏ¶���A�#"�A7z;�S5

6789/±"��&lSZWÐÑ4E�Ò��t

��F01�YÓQ�A�3�­A�/ð7�/ñ

�²rÔ�rz��/3'Å×�>N��;�S5

6789"��«¬���A7z�456��«¬

�

[39]

rf

[40]

rU

[41]

�µ��«¬UÕ

[42]

rxU

[43]

rx

ÖA�

[44]

�41'×Ø":����«¬��F��

A7zÏ¶��E�Ù�;ÚÛ(«"7�b]!¥

æ��;O¨¶·"½�cdb4=���A�3¡

'"��«¬U�Úx­®¿EÍÜb�b$ìÝ�

äå�ÍÒ~"�F¿;·¸�ÞQuó��i£�

©ßÝ7z"½��¥4 

àÎáT�þâXoÅã×��«¬UP©�ª

"«¬­®µÕµóä��íuÍ56789¿";

�!�����7z"�b��Ö�åæ©��4 

�������������������

���������	
��
���������

çèè(«è�7z�b��"Çé§é�56

789"�!©ê�àAb$Z�Ådb"F�4�

îq������Liu �

[45]

Åv����"ëì§


¯íî§
$(P©©ïð���#q�#q¥¦"

2#ñ$�áâ7ÑÒ(8¸Öæu¬ÄÚx4 

+E�>N ò">è�óè­®�½7z�b

��"b$'(�ô4õPö�

[46,47]

��ªè��«

¬U�~#��Y�÷�ø¡'�ªè��«¬U/

>è��ùU��úûül�ªè��«¬U/óè

��ùU��#ýþl�ÓÔ7TÚz�cÚz��

¿"��ùU�óè��#E�û>è��úOP(

í"ã�G7¯8Hð2.4~3.2 mAh/cm

2

ñ�2}�Ó

Ô7TÚz�OP¶·"½�XG7b$4Ni(OH)

2

r

Co

3

O

4

*���"�A��F7z�WSOPò "

��#­®½'56789Í½�YZ¿��×(


óô"b$

[48,49]

4Huang �

[50]

���ÔüA�²3Í

{|xG¹8Î�ø×�#� CuOýþ���Yf�

�;� CuO/{|xÖ�� Ag �b4­ê°^�Ag

"�d�	�7ÔÍG¹8��b��¥¦"��±

³��í� CuO"����Ö=�í�7z"7�/

�b�¯784 

Rq&�>N#�"ªè��­®�b��	Z

��1"�×4Meher �

[51]

�YÔ�3A���
ê

� NiO7z�u¯78� 337 F/g4Yuan�

[52]

��¹

3A�" NiO q�����Í 1 A/g7¹UVÝ¯7

8Æ 710 F/g4He�

[53]

Íwb��¿��>W°±�

�3�S{|U~¶Î�÷¡'�
�� CuO��­



�1024�                                         �[��VW�"#                                            � 48� 

®��P 1641.4 mF/cm

2

"í78�µ¶·"��b

$�½���4MN����]7z��OPs78�

fµ¯°±²û£r7�b÷«�á�7ÑÒÓÔ�

�b$·��7G¹8Î7Ô��CVB�Ö=�í

�$HUV4+E�MNò "��­®½7z"½

�cdb´'(£��ô4 

�����������������

ÎTì+Çé§é¿i~���ÔÊ�µ(�

56789" >��xy6G¹84G¹8"{|

®$:�Û7z������î�7zDE*FG7

�"�>��4¹º���û�¾�"G¹8P{|

xr{|Urì��û��= !56789«��

y"�U"���4�{|Ur{|x�F�G¹8

E�WSuOP£H"«¬����/¨p7q"7

��#��Ãu*z�7z"QH7Ûü�7�/c

db��7b·�áâOP»¼"½�b4ËWS{

|��EÍ"¬ÊÍÇ�6�Î��ë�7�b]!

"ÚÛHûê�M´:ßà56789$HUV"{

|äå¥>4$%¹º"��°^�&�56789

"XG7CVB�®�UVí�½���¢£S�K

7T�ó�7T�Ëu$HUV¢ì$��ÓÔ7

Trx¡7TMÈ"ó�7Tú¯4�â�Í�í5

6789$HUV"�±Î�t��F01'×�ì

()�

[54-56]

4 

* 1 �+,��

[38]

á'Å"-8��«¬U7

z�u.é/0��$%�|Ö�@A�>ý1VÍ

3 mm�Ú���¬³"BC�$%A�2¯�µ�A

���"ì+ªÀÍ34���35��4û«¬}

7z���@A"¬³BC(D��Ã@ª��ú�

R¨�+EO¨�F�G¹8��QH7Ûür�7

b·r�lb·" I��¾@JF�567897

z"KL���OP»M"ÅNºO4 

 

 

 

 

 

 

 

 

 

 

  1  `h]¡T¢|tu_`v£¤l¥¤¦§ 

Fig.1  Microcosmic and macroscopic morphologies of bulk nanoporous copper with tunable aperture: Cu
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 (b) alloys 

were obtained by dealloying NPC; (c) TEM image of NPC; (d) macroscopic morphology of NPC
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Fig.2  EIS spectroscopy of nanoporous copper electrodes in 0.5 

mol/L NaOH and 0.1 mol/L HCl solutions
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� 3  NPC���� Cu���	� 

Fig.3  Reaction schematic of dendrite Cu (DC) covered by 

NPC
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Fig.4  SEM morphology (a) and cyclic voltammetric curves (b) 

of DC/NPC composite electrode (insert diagram is CV 

curve of smooth copper electrode) 
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Fig.5  SEM morphology (a) of sandwich-NPC and high 

magnification (b) of its interface after heat treatment
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Initial Application Exploration of Modified Nanoporous Copper in Supercapacitors 

 

Wang Ying, Wang Peng, Song Wenxue 

(Xi’an Aeronautical University, Xi’an 710077, China) 

 

Abstract: Supercapacitors are widely used as an energy storing device in a wide range of communication, transportation and daily life, 

including hybrid electric vehicles, new energy collection and conversion, high-power construction machinery, mobile electronic equipment, 

and so forth. The electrode materials of supercapacitor require effective, controllable porous structure, specific surface area, a reasonable 

pore size distribution, good electrical conductivity and easy molding. Nanoporous copper is a kind of porous material with high 

conductivity, high specific surface area, controllable aperture and good capacitance. It can be used as a current collector loading more 

active materials for supercapacitor, thus greatly improving the energy density of supercapacitor. In addition, the modified nanoporous 

copper can enhance the physical and chemical stabilities of porous copper substrate and retain more active sites. It offers a kind of idea for 

controllable electrode design of supercapacitors. 

Key words: supercapacitor; nanoporous copper; electrode; modification 
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