
� 48�    � 12�                                   ��������	                               Vol.48, No.12 

2019�      12�                       RARE METAL MATERIALS AND ENGINEERING                    December 2019 

 

�����2018-12-08 

���	����	
��
�51674141�������������2016TSPY02� 


��
�������1994 � �!" ���
#$�%&'(
�)��� *+ 114051�,-.0412-5929559�E-mail: 

wanxingyuan2017@163.com 

 

��������	
��
��������� 

 

���������  	�
  ���  
 

(��
#$���� *+ 114051) 

 

�  ��/01234567(PVP)89:;<=>?@ABC�DE SEMFXRD GHIJKLMNO>?@;PQ

RSTUVW�X0 Materials StudioYZ[\ Gibbs-Wulff]^(?@ _`abc)de PVPLfg Cuh?iAjk

TlG>?@ABCmno^�pq[rVs.t PVP uQv�>?@wxyzi@{ml|}B~PVP g>h?i�

�� n�jk�jk����l.(111)>(200)>(220)~PVPO:;<=>?@ABC9���g� PVP' CuB���

��QA��]�\����U(111)F(200)�(220)?iA _���U��A?i���U Cu?@��|�}B~ 

����PVP�Gibbs-Wulff]^�n�jk�jkR�ViR 

�������TF123.2

+

3        ������A        �����1002-185X(2019)12-3969-09 

 

���������	 10

-9

~10

-5

 m
����

[1]




�����������������������

��� !"#�$

[2]


% CO&NO '(

[3]

)(*+

CO

2

&NO

2


,-./01234
56��789:

/0�;<=>+9?
@A
B����C+
D

9EFG8HI
JK

[4]


LMEFNOD9PQR


STUVWX
YZ[\
@A]^������_

`F
�M5abcdefg

[5]


YZQh
ijkl

�mnopqr
sn%bctuvw
xyz{|}

~���
���,@S�K	�/

[6]

�������

�Qh
D9P��r�'(P
�n������!

��P�(
����
YZHI
4�����KU

��������
���3	,@ ¡
¢�[£


K6¤%���YZ¥¦
§¨U��§¨]^� 

©ª«K¬j­&®¯:­&°±�`­&9²

­®C³����

[7]

�°±�`­���M�´µ


¶·¸¹º
�°J_»g
�¼½»²�¾¿À


C³ÁF
Â­��¸¹º
»g
Ã��¶·©ª

�	ÄÅÆ�ÇÈ�
É�ÊË
ÌÍÄ2ÍPÎN

Ï
ÐÑ°±�`­ÒÓÔ_�¶°±�`­

[8]

�ÕÂ

­YZfÖ�:×�
�Ø�:ÙÖ(ÚÛÜÀ¼@Ý

Þß

[9]

Ú���TàáâãÚäÎå
æç.¿èéê


ëì

[10]

®Qí
�C³����
@AÅî� 

À¼�»Ìº
ïðñCòCóôä
À¼�õ

¯,»Ìoö�÷øùÖ@*�(
T�»ÌºÀø


�(�Èø
×�úPû­üýþ�
ïðñCò

C�N��

[11]

�ÐÑ
������	
½�=a�

=�

¡��À¼*��P����

[12]

®«K

BFDH ­�=�.�)(��À��Àø
*�ï

ð
���)(����n*�_ó�
��À¼�

Prywer

[13]

®� À¼*�Ö�ÉïÍ�(!"#$


À¼
*�Ö�ÉÀø�%+&'
�B	À¼
(

)ï�YZú*P
�;
Àø�%SN���ïÍ

º�;
Àø�Williams

[14]

®¤ BFDH ­�� AE =

a�K� α-+,-À¼
S¿�./01(NMR)��

#2À¼
�3ïÍ45¿è6�����7À¼8

ËúP$@
��.À¼
ïÍ�(ò4
�À¼


ïð�ÉÀ¼93
oö¶·&Ã�&:àZ�
o

ö
�(Ò�nëGÀ¼ïÍ
;�� 

Æ<�
������@Ø
÷ø=>g�?�

Ü�à:��%Àø
*��@ÄAB
ÐÑ�C»

ÌºefDE
ZòÄûò÷ø=>g
7¢#2ï

��"
�����F��

[15]

®G$
ef�EHI

(J(K

4

Fe(CN)

6

·H

2

O)�KWï.�&L�*��Seku

[16]

®©MC»Ìef PVA(?NOP)J_pQg
ñC

»Ì
 pH �Ã�C³$RÂ¼ï�Æ¬ï��
¿

S÷� PVA��÷øï+pQT
NO	U.�À¼

ïð¢T���ZrVWB��
÷ø)(�XY

[17]

®C»Ìºef EDTA-2Na C³NÏï�
���

�
©M SEM&XRD®÷Z[�. EDTA-2Na\ Cu



�3970�                                          ��
�%&'��                                           � 48� 

À¼
*�Z]CJK�Wu

[18]

®«K HMDS(^_`

abc)
d!"�eÉf`gh
Û*!"-)`i


TEM÷Z[�jk
����lïð#2ñC���

����.NÏ÷ø=>gefE\��
����

lïð
mn<o
�SpZqKr�4��=as

tïð;�òC� 

Ê��«K�¶°±�`­C³����
S«

K÷ø=>g PVP \����
|	P
qK

Gibbs-Wulff �o�� Cu À¼
ïðS��;�ò

CÚ=�. PVP
uv|_SqK-wx�4�
y

zà:]{|}nE
#$x��~a�©M SEM&

XRD&��à�®÷Z
�[=�¿S�9#¿S_

CuÀ¼�lïð
��G�.Z�
4���
ó¦

V²�.¬ï CuÀ¼
+Ð� 

��������

��

�°±­C³�eÁF/�M�º
̀ F

Ä]�¼
ïð��8�ÛÜ
ïð

[19]


ÐÑ�C³

�À¼
M�º�p[� ¡ÛÜ
�lïð�Ê��

«K¬ï
 Cu

2

OJ_C³ CuÀ¼
`F
�p[ Cu

À¼YZÉ Cu

2

Or�
¬ï¿è� 

à�xg 100 mL ��_ 0.06&0.12 mol/L 


CuSO

4

&NaOH »Ì
¤ NaOH »Ì���ì CuSO

4

»Ìº
¾fì 0.05 mol ����e�¤��»Ìg

	 70 �°��º
��Ö� 500 r/min
×� 30 min�

×�ÛÜ½M�&û°NP�� 3�&���  6 h¡

¢ì£j¤³K� 

xC 500 mL��_ 0.5 mol/L
 NaOH»Ì
¤

C³
 Cu

2

O]�¼½�j¡fì NaOH»Ì
¾fì

0.1 mol����e
âã��¡¤»Ì�ì×�¥º


� 200 �¦×� 100 min�200 ��
¶·÷§¨¥�

¶©ª_ 2 MPa�×�«¹_¬­®¯°´ò±C²Z

³´µ MSZa×�¥� 

¶ 1 g����·ìÎEà¸_ 37 %
¹-ºº

» 10 min
¼½÷ø
)(T
¾�M�¡fì 500 

mL ÎEà¸_ 5%
 PVP °»Ì
80 �°�¿Ã3

4 60 min
/·��Ö�_ 1000 r/min
×�«¹_

XH-2008DEa9ÀÁnÃñ�ÂÃ�+Ä¶«�Å¶

rÏÎE
����
üýfì 500 mL ÆÇ°º


�rÏÈÉ¦34 60 min
Ê_�Ë:� 

«KÌ�ÍÎÏµ
 Zeiss-ΣIGMA HDa¨@Ð

ÑÒ9:§�Ó(SEM)lÔ Cu�
�lïð�«KÕ

Ö×�®´µ
 X’ Pert Powdera XÐ{ØÐ«à�

Ür¿è
ÙÐÚ Cu Kα (λ=0.154 05 nm)
/J9¶ 40 

kV
9Û 40 mA
ÑÒÜÝ(2θ)10°~150°�«K�Þß

/«¹à PHSJ-3F a��á pH y�E»Ì
 pH
â

!_±0.01 pH�«Kãäåæçú«¹Z³´µ
 BT- 

9300Haèé��àá«þ�	P]¡ Cu�
��� 

Cu À¼¸ BûòÀ¼¿è¸ ê (inorganic 

crystal structure database, ICSD)ë#
Cu9"��ì

_ Fm3m
À��¸_ a=b=c=0.361 50 nmÚα=β=γ=90°�

«K`	 DFT (density functional theory)4�


CASTEP (Cambridge serial total energy package)=í\

Cu
¿è
|Q(
�[�î�Æ�(GGA)ïð¦


K PBE£ñ¸ïò��óh�r�î��øÃyz


�;ôBnE_ 440.0 eV� 3×3×1
 Monkhorst-Pack

~a
áõö÷ k í¶j´�
yzøù°�_

5.0×10

-6

 eV/atom
8úû��¸_ 300�
�;·¸

³_ 0.1 eV/nm
�;üý´!_ 5.0×10

-5

 nm� 

à�èþ Cu�(111)&(200)&(220)ø�� slaby

z=a�_.p[ ZÂC`:TNr�JK
��I

Z���
��T
���_
����_ 1 nm��

n��I	�Ê���� slab
��â
_ 1.5 nm�

� PVP J_uvÜ

/�þ=a¡«Kà:·�

(UFF)Â­
|()¿èQ(�uv=�«K Materials 

Studio
Éº
 Adsorption Locator=í
|
qK&

�t��úÍ�­(GCMC)\ PVP-Cu ¼t
èa�

�
|«j
qK=���Â­������uvè

�
�¡yzuvn� 

������	
�

����������

6 1 _]�¼&�¶°±�`(�¦�Ô	P])

É PVP°±	P(�¦�Ô	P¡)ÛÜ
 XRD6��

���$
6�º
�úZ��a��
[�]�¼

Cu

2

O�	P]¡
 CuÀ¼YZó�
¿À�
T6

�ºûä�
��C³
jk� �ó��	P]¡

6�º!Z Cu
ØÐ�
"IZ(111)&(200)&(220)

ÀøÚ¢	P¡�©Z�§
�(
T$Ø.¥#Ø

Ð��À¼*��$4�(Gibbs-Wulff �o)�_
À

¼YZ#ø¼ïÍ�_.KW%
8Bn
&À¼


%÷øn��
�r�
ïÍ_À¼
�$ïÍ

[20]

Ú

À¼
*�Ö�É÷øn(surface energy, E

sur

)+&'Ú

*�Ö�@
Àø
��À¼��ïÍº§'
ø(

R;�¢�)Àø
÷øn¶�	À¼�3
¿è


Àø�%(d

hkl

)É÷øn+×'�Àø�%(d

hkl

)&÷ø

n(E

sur

)�Àø
­{ÂC(hkl)*�Ö�(R

hkl

)

[21]


�

t_* 

sur

1 1

hkl

hkl

hkl

d

R

E

∝ ∝

                        +1, 



� 12�                          ������	
��
����������������                       �3971� 

 

 

 

 

 

 

 

 

 

 

 

� 1  � !"� XRD�# 

Fig.1  XRD patterns of reduction products 
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Fig.2  Morphologies of precursor Cu
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O (a), product particles before (b) and after (c) modification, and blank group (d) 
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Fig.3  Morphologies of Cu particles after modification for different time: (a) 10 min, (b) 20 min, (c) 30 min, and (d) 40 min 
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Fig.4  Particle size distribution of Cu crystal before and after modification: (a) before modification, (b) after modification, 

and (c) blank group 
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Fig.5  Filtrate of blank test (a) and PVP modification test (b) 
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� 6  '($ Cu��DEFG��&HI SEM� 

Fig.6  Theoretical growth morphology of Cu crystal (a) and SEM 

image of the sample before modification (b) 
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Fig.7  Theoretical growth morphology of Cu crystal after 

modification 
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Table 2  Total facet area of Cu crystal before and 

after modification 

Total facet area/×10

6 

nm
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Plane 

Before modification After modification 

(111) 1.800 2 0.800 5 

(200) 1.172 6 0.493 3 

(220) 0.814 5 0.251 3 

(311) - 0.005 4 

(420) - 0.085 8 

(422) - 0.787 9 

(442) - 0.732 7 

(620) - 0.639 9 
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Fig.8  Average energy of the front line orbit HOMO and LUMO 

of PVP (a) and Cu (b) 
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Table 3  Absolute hardness (η), absolute electronegativity (χ) of PVP and Cu 

Molecular I/eV A/eV E

HOMO

/eV E

LUMO

/eV η χ 

PVP 0.126 9 0.119 7 –0.126 9 –0.119 7 0.003 6 0.123 3 

Cu 0.152 0 –0.074 6 –0.152 0 0.074 6 0.113 3 0.038 7 
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Fig.9  Density distribution of PVP on Cu surface: (a) Cu(111), (b) Cu(200), and (c) Cu(220) 
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Table 4  Adsorption energy and surface energy of PVP on Cu planes 

Plane Adsorption energy, E

ads

/kJ·mol

-1

·nm

-2

 Surface energy, E

sur

/kJ·mol

-1

·nm

-2

 

(111) –1773.01 1091.60 

(200) –1666.78 1114.19 

(220) –1291.46 1158.97 

 

� ������ Cu��������������� 

Table 5  Surface energy before and after crystal modification and distance from crystal center to crystal plane 

Surface energy, E

sur

/kJ·mol

-1

·nm

-2

  Distance, r

i

/nm 

Plane d

hkl

/nm 

Before modification After modification  Before modification After modification 

(111) 0.260 85 1091.60 583.30  490.470 1 260.854 8 

(200) 0.266 33 1114.19 592.75  511.594 6 566.331 5 

(220) 0.277 11 1158.97 616.74  536.553 0 277.113 7 

(311) 0.276 89 - 616.26  - 276.894 0 

(420) 0.278 90 - 620.73  - 278.904 2 

(422) 0.272 59 - 606.68  - 272.592 3 

(442) 0.263 31 - 586.50  - 263.320 0 

(620) 0.265 77 - 591.52  - 265.778 8 
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Morphology Control Mechanism of Polyvinylpyrrolidone 

on Submicron Copper Crystals 

 

Wan Xingyuan, Wang Yiyong, Jin Hui, Ning Zhe, Shao Pin 

(University of Science and Technology Liaoning, Anshan 114051, China) 

 

Abstract: The morphology of submicron copper crystals was controlled by polyvinylpyrrolidone (PVP). The microscopic properties of 

copper crystals were characterized by SEM, XRD and laser particle size analyzer. The adsorption behavior of PVP molecules on the crystal 

faces of Cu and the morphology of copper crystals were speculated using the Materials Studio combined with Gibbs-Wulff's law (crystal 

growth balance theory). The results show that the copper crystals transform from truncated octahedron to nearly spherical after PVP 

modification. PVP mainly undergoes chemisorption on the crystal faces of copper. The order of adsorption is: (111)>(200)>(220). The 

morphology control mechanism of PVP on submicron copper crystals is that PVP forms a covalently unstable coordinating chelate with Cu, 

which inhibits the growth of (111), (200) and (220) crystal planes, and reveals more crystal planes, and thus the Cu crystals become closer 

to a sphere. 

Key words: PVP; Gibbs-Wulff's law; chemisorption; adsorption energy; surface energy 
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