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© 1  GEU AFM"�© 

Fig.1  AFM images of GE: (a) line scanning position of GE nano- 

sheets and (b) depth profile of the line scanning of the GE 

nanosheets in Fig.1a 

 

 

 

 

 

 

 

 

 

© 2  GEz^U SEM}~ 

Fig.2  SEM image of GE 

 

§¨�ò522b6� 1 78,a��#¢g9

Þ�:;�#¢<!=}~ GE v>ò��w?@k

0wbA�'(�tu NH

3

·H

2

O BC�ò pH Dv

7.3~7.5E��`�òg9Þ� 90 min�i# GE�v

>òo�FGHbA, 

§¨�§Ií¢J�FKL�M.N� DSD-75

��¢§I�Oèc°PÏÐ,§¨�³´QR�

�STâ6� 278, 

í¢ FEI-Nova NanoSEM50�°bUçVW§ä

�õX�SEM�ù GE l��lõö÷øL��&,

í¢YZ[ Dimension Icon��ä8�õX�AFM�

ù GE l�+L�\6,í¢ SEM]^��_`

�EDS�ù Ni-GE X��lo� GE  lL�ab�

^�í¢cde Rivia � Raman Ý_`ùX��lo

� GE lL�f&%_�&��&Erc¤:g Ni

�¯ùhÝij��k�í¢ 30%�lmn`�l%

& 5 min��/¢:oäg�g��p��q/��

G¢, 

í¢ ZAHNER Zennium PP201§��³Ërù�

l�é&�L��&�\6stuvwx§ykz§

yè�{h,|ìTâ6jfí¢t}~�§è�SCE�

ËcT$§è�� �20 mm×25 mm�Ëc��§è�

|�c³Ë§è�v����ji¯6bâ 3.5%�

NaCl>òËc%&á¯,c����\��AB�v

|ìEr¢T���`��\���,vL��O|

ìEr�`|���v%&á¯�i01wx§y,

%&§y�E

corr

��]%&§Q��i

corr

�tuùè

�{hí¢���{h����$,z§yè�{h

�\6Tâ6jfVW��c–0.9~ –0.4 V�VW¬

c 1 mV/s,§���Q����Qij�Dc 5 mV� 
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Table 1  Major components of electro-brush plating solution 

Component Amount 

NiSO

4

·6H

2

O/g·L

-1

 20 

CH

3

COONH

4

/g·L

-1

 40 

(NH

4

)

3

C

6

H

5

O

7

/g·L

-1

 45 

GE/g·L

-1

 0~0.6 

NH

3

·H

2

O/mL·L

-1

 100~130 (adjust pH to 7.3~7.5) 

Additives Suitable 
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Table 2  Process flow and parameters of electro-brush plating 

Process Solution Voltage/V Plating time/min Movement velocity of plating pen/m·min

-1

 

Electrical cleaning Electing cleaning solutions +12 1 6~8 

Intense activation No.2 activation solutions –12 0.5 8~10 

Slight activation No.3 activation solutions –18 0.5 6~8 

Preplating Preplating nickel solutions +12 1 8~10 

Plating Ni-GE composite plating solutions +12 5 10~12 

a 
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Hz, 

�¢Å§��|ì�¼��%&>òv^���

jL���ëì,c¤yz��l����r�`

��l�¢T����F,��� 7 d����  24 h

¡�¼��¢¢£¨vQg�ù�l���%&N9

L�±õ¤¥����/Æ¢g�������l

��¦&/���¢b§¨©ª6%&«@6, 
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2.1.1  ������ 

% 3 c Ni �l� Ni-GE X��l���õö÷

ø,_i'W Ni�lC��¬�®�̂ ��¯°±�

!"²³�5�M Ni-GEX��l���®��´

µ)���¯°±�!"²³�¶)(,"�·R GE

Lî�l/>¸�¹º�»¼#$�l�¯°±�!

")(�^� GE =>Lî�¯°±�!"��®

o½¾Û¯÷¿�¯À�"À#$56�®>Áu

Â� GE� Ni��ÃÄ� ¡»¼`$WÅÆÇ��

���Èk®�¶´µ)(� Ni-GEX��l, 

% 4c 2��l�É�÷ø,_i'W Ni�lÉ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 3  2K]^U"#}~ 

Fig.3  Surface morphologies of the two coatings: (a) Ni and 

(b) Ni-GE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 4  2K]^U¬#}~ 

Fig.4  Cross-section morphologies of the two coatings: (a) Ni 

and (b) Ni-GE 

 

���¬�ÊË�ÌÍ�M Ni-GEX��l�É�Î

�¸ÏÐÌÍ�NS¯6¿R Ni �l,Ni �§¨�

l_i'Ë�¼ll��¯°±�!"ÑÒÓÔM2�

6Õ�¯°±�!"²³�5�Ö×vÓÔuR�À

>v�¯°±�!"�Ø��¬k�5�Ù®�"Ú

Ù®vg©Û	CÜ->2c®�vÝÞÛ	CÜ

->÷2ÊË�l�ÌÍ,·R Ni�l��¯°±�

!"²³�5�`#$a��>�¸56®��l

o�¸�¬ÊËÌÍ�M Ni-GEX��l��¯°±�

!"�(�ÓÔuR�N.�Ù®>�µk�(�Æ

!C GE _iLîÙ®�Û¯÷¿|ÃÄ"Ú®�

»¼`>$WÇ���°^�ÌÍèµ�X��l, 

2.1.2  Ni-GE ����	
 GE �� 

% 5 c Ni-GE X��lop� GE  l÷ø�a

ùïy�� EDS�_,_i'�py 2� Cß6��

°Rpy 1 � C ß6,ý SEM [ �_i�à'W

GE l�/�!"�Ì GE l²³�(,^�ýá

â_i'W���bl¸ã�ä�v§¨�uR� 

�å�æçèé�êÜË¢�GE l>-.¼1R

�?@,c¤L¼ëa1acÏÐÑ�ùÌpyL� 
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© 5  hi]^®U GE}~¯ EDSRq 

Fig.5  Morphology and EDS spectra of GE in composite coatings 

 

Raman�&�$W6% 678� RamanÝ_%,_i

'�v 1350� 1590 cm

-1

Q�¸¤ÏÐÑ�f& Dì

�f& Gì�"L¼ëí�¤y� 27v\]cÏÐ

Ñ,^�v 2500~3000 cm

-1

��o�¸¤?@)÷�

2Dì�"52�·R GE l-.?@i��åî!

�é8 !¤ÏÐÑC�éï8#$ 2D ì-.bÌ

��æ�*æ�7Ç, 

�����	
���

2.2.1  ���� 

�1�z§yè�{h 

% 7c 2��l�z§yè�{h,� 3cï�

�l�]%&§yÅ]%&§Q�,ý% 7 �_i

'��Ni�lv–0.7~–0.6 VE�-.��ð���¾

%&§y5R–0.6 V/�ð�ñòÌ�%&!óôNi-GE

X��lÎ�¸ð�\,��ý� 3_i'��Ni-GE

X��l�]%&§yc–0.69 V�]%&§Q�c

5.03 µΑ·cm

-2

�M Ni�l�]%&§yc–0.76 V�]

%&§Q�c 14.89 µΑ·cm

-2

,Ni-GEX��l�%

&§y� Ni�lõæ¤ 70 mV�]%&§Q�1c

Ni�l� 0.34ö,"ä� Ni-GEX��l� Ni�l

�é%&�����È, 

Ni-GE X��l�é&�E7i�°�� c�

÷ø Ni�l-.¤ð����·RaÅÆ0Ç���

����¬ùú�®�ûÇ%&Ày�¶ !�#

%&ü�÷2�ð�ñý¬òÌ�%&��!óôM

Ni-GEX��l·R GE�!î�#�lÇ��°�

%&Àyâ6jþ�^� GE �°û§�_i��%

&uR�§äæ�ýM´��l�%&
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© 6  hi]^® GEU Ramanxq© 

Fig.6  Raman spectrum of GE in composite coatings 

 

 

 

 

 

 

 

 

 

 

 

 

© 7  2K]^U°,�±�²³ 

Fig.7  Potentiodynamic polarization curve of the two coatings 
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Table 3  Self-corrosion potential E

corr

 and self-corrosion current density

 

i

corr

 of the two coatings 

Coating Self-corrosion potential, E

corr

/V Self-corrosion current density,

 

i

corr

/µΑ·cm

-2

 

Ni –0.76 14.89 

Ni-GE –0.69 5.03 
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#$:;7��CPE1 #$<=>

?@A�CPE1-T BCD7
�E�FG7(�R

2

#$7HIJ7��# 4 KLM�	
������

NOPQRS� R

1

TR

2

TCPE1-PU CPE1-T�V�&
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Z� Ni	
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�1�/�pq 

� 10�M�	
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w>�x/�pqyz��&WXY�/� 168 h{�

Ni	
�pq� 21 mg/cm

2

�| Ni-GE��	
�p
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 8  2��������� 

Fig.8  AC impedance spectra of the two coatings 

 

 

 

 

 

 

 9  �������� 

Fig.9  Equivalent circuit diagram of AC impedance 

� ���2 �����	
������

Table 4  AC impedance spectrum fitting data for two coatings 

Coating R

1

/Ω·cm

2

 R

2

/Ω·cm

2

 CPE1-P CPE1-T 

Ni 5.25 1184 0.9013 0.0022398 

Ni-GE 7.532 3715 0.8280 0.0013372 

 

 

 

 

 

 

 

 

 

 

 

 

 10  2���� 3.5%NaCl����� !"#$%& 

Fig.10  Corrosion mass loss per unit area of the two coatings in 

3.5% NaCl solution 
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 11  2���� 3.5%NaCl���34 168 h56�#$78 

Fig.11  Corrosion morphologies of the two coatings immersed in 

3.5% NaCl solution for 168 h: (a) Ni and (b) Ni-GE 
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Corrosion Resistance of Ni-graphene Composite Coatings by Electro-brush Plating 
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Abstract: In order to obtain a metal coating with excellent corrosion resistance by a simple preparation process applied to navy vessel 

corrosion protection, Ni-graphene composite coatings were grown on 45# steel substrates by electro-brush plating. Scanning electron 

microscope (SEM), energy dispersive spectrometer (EDS), atomic electron microscopy (AFM) and Raman spectroscopy were employed to 

characterize the morphology of graphene and the coatings. The corrosion resistance of Ni-graphene composite coatings was studied by 

electrochemical test and immersion experiments. Results show that the graphene layers enter the Ni-graphene composite coating; compared 

with Ni coating, Ni-graphene composite coating exhibits better quality. In electrochemical test and immersion experiments, we find that in 

the comparison between Ni-GE composite coating and Ni plating, the corrosion potential of the former moves positively by 70 mV, the 

corrosion current density of the former is only 0.34 times of that of the latter, and the charge transfer resistance of the former is 3.1 times of 

that of the latter. After immersion for 168 h in 3.5% NaCl solution, the mass loss of Ni-graphene composite coating is 0.47 times of Ni 

plating layer, indicating that the corrosion resistance of Ni- graphene composite coating is obviously enhanced. 

Key words: navy vessel corrosion protection; electro-brush plating; graphene; Ni-GE composite coating; corrosion resistance 
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