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Abstract Differences in electrode properties and in fluorine electrolysis behaviors of various carbon anodes, whic
the YBD-like grade carbon, the YBD grade carbon and the P2X grade carbon, containing different pore sizes a
tributions were investigated. The evaluations were performed by measuring their mechanical properties, cyclic voltamm
and chronoamperometries in 0.5 M K2SO4 solution with 1 mM [Fe(CN)6]

3−/[Fe(CN)6]
4− redox couple and electrochemica

behaviours of fluorine electrolysis in molten KF · 2HF electrolyte at 85oC. It was found that the P2X grade carbon ano
showed better electrode properties in the cyclic voltammogram and chronoamperometry than the other carbon anod
the YBD-like grade carbon anode which contained the pore size of 200�300µm showed superior electrode properties fo
fluorine electrolysis to the others. These differences in the electrode properties of various carbon anodes seem
owing to different sizes and distributions of pores on their surfaces.
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 ��
 ��� ���� �, YBD-like grade carbon, YBD grade carbon, P2X grad
carbon ��
 �� ��� �� ����� �����. ����
 �� ��  !"# �� $ 1 mM
 [Fe(CN)6]

3−/
[Fe(CN)6]

4−
� %�& 0.5 M K2SO4 �'()
 *�+ ���,-.� /012��345 6�7 ��89# :;� <�

�=, �� ����> 85oC
 KF?2HF �@A
 ���� B C0��34D �����. E F� *�+ ���,-.�
/0��34()  #G/ ��� HI/ P2X grade carbon ��E, �� ����()  200~300µm
 �� ��5 J
  YBD-like grade carbon ��E KL/ �� ��� M��. EN/ �� ��
 OE  ���� PQ( �4( #R/
��
 ��E #G�S ��TU VW( �X���.
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W�[1]. RX �	� ����� K2YZ� �[\]

^IJ @� =_`?B ab cY� �YI� ��IN

Nd, fiber, foil 3 �#4 ef� ��9� .�: M

W� TU� ��\g hi� j/ ?�6N W�[2].

�	� ����� M�k $ �lm� �	�n o�

#�9� .�6N W�p, � M�k $ �lm� EF

q �5� rs �� #�� ,GB t/IN W�. R

X, u� �Y� ��6b uvw x� �	k� #�

��� 2LAw yzw� -{ C|A� },I� TU

� �	�n ���� ,G� ~�� �< ��4 �M

C ��. ����� uvmB �	: T #�� ���

2L6� �9`n u�] ��I� �A: M W� T

U� �l u\��m(KF�2HF)B 80~120oC�n �	

IJ #� ���n u�(F2)] �b �� V� ��6

N W�[3-5]. �	 �� � ����� _`�b ��

�Y[�� �M� �	 ��� ���b �[ �� $

h�� �	 _` ���� ����� \g�� ��

3 _`-{� �#I� ����. ��� �4 �� �

`-{� kinetics� Z ?¡ ¢£B  ¤� 6¥� �

��� _`� },Ib �[ �� $ h�] ?¦I�

Y¦§9�¨ �F©ª� «C¬p ­®s �� .��

¯� z°B ±5: M WB ²9� ³´6N W�[6-8].

µ zc�nb �	� ����� �`  ¶cYC �

�RA�  ¤b ¢£B ·¸I� ¹IJ �#4 �[

YZB ab P2X grade, YBD grade �/N YBD-like

grade� ��,º] ��9� .�IJ �`� �[�f

q ��\g? »¼w� ·"AB Y.I½�.

2. �� ��

2.1. �¾�� $ ¿/? RA

µ ÀÁ� ��6b ����� �� _`� },Ib

�[ �� $ h�C �#	i I¥� �] ¹IJ �Â

�n �Y� ���� � µ ÀÁÃ?� �Ä� ���

�B ~Å .�I½�. ÀÁ� .�� ����� P2X

grade(SGL Carbon Co., Germany), YBD grade(UCAR

Carbon Co., USA) �/N YBD-like grade(China Car-

bon, China)�n �� ¶ EF� ��� _`� �[h

��f�n 1�C Æ�.

YBD-like grade carbon ��� ;<b ÇÈZ;�

200~300µm ��¡ �[� 2 mm �5� ¯O9� ÉÊ

?9� },ID, P2X grade carbon ��� 400~500µm

� ÇÈZ;B CË �[�� 3 mm �5� ¯O9� }

,ID ¼�� M µm~20µm� �[�� ÌÍ67 h�I

b _`YZB ��Î�. �4 YBD grade carbon �� �

`�b ÇÈZ; 100~150µm� �[� 5~7 mm� ¯O9

� },ID �4 10~50µm ��� �[� �M h�I

b Ï EF� �[h�] ab _`YZB ��Î�. �&

4 ������ _`�f] �)� ; 9� Y.IJ

Fig. 1� ��Î�. �4 �� ����� ��? RAB

2�Ð5, �[ª, ÑÒ�5, ;5 3B ^IJ Y.Ó�.

2.2. �� RA

2.2.1.��¹ �F �Ô Õ~

ÀÁ� .�� ¶ EF� ����B Z; 30 mm�

(Ö ×#9� ��B ��IJ ��\g? RAB Y.

I½�. ¼Ø4 Y��n ��\g? RAB =>I� ¹

IJ 4 `� ±©�� _`?� 0.9 cm2 65Ù C[I

N, ÚE?9� Emery paper #1200� zÛ Ü�4 � �

¾9� .�I½�. ��RA =>] ¹4 �	k9�

0.5 M K2SO4 �k� ÝÝ 1 mM� [Fe(CN)6]
3−/[Fe(CN)6]

4−

�Þ� ßC� �kB .�I½�. �	k �Y] ¹	

Ü�ÞM] ��I½9D, ×à �á� Merck�(GR grade,

Germany)] .�I½�. �4 cyclic voltammetry ́ �

B ¹IJ ��\g´��(IM6, Zahner-Elektrik, Kronach)

] .�IJ �â �� I� 250~750 mV� �Ôc¯�

n 5, 10, 20, 30, 40, 50, 100 mV/sec� o.+5� �

�RAB Y.I½�. ×à �Á� 3���] ^IJ �

�7ãN, �â��9� Hg/Hg2SO4 ��B ��I½9D,

´� �� äv �¹1] å�I� ¹IJ Hg/Hg2SO4

�â��� �k9� ´�Yq ¼Ø4 �	kB .�I

½�. Hg/Hg2SO4 ���n ��\g? æe-{�

Hg2SO4+ 2e− = 2Hg + SO4
2− Eo= 0.6158 V (1)

�D, _âM���� H4 0.5 M K2SO4� �â���

�Ô� �	G� ç¼5 a = cγ
�
� �4 Nernst L E =

Eo − RT/(nF)ln(γèC)� rs 25oC, 0.5 M K2SO4 �k�

γ
�

= 0.261] ^	n _âM��¹� ��é M W�. r

sn, µ ÀÁ� .�� �Ô� ��w x� _âM��

¹� êvIJ _�6ë�.

0.5 M K2SO4 EH(Hg/Hg2SO4) = 0.676 V (2)

�T �H��(counter electrode)9�b ìí��B �

�Ó9D �Á �� Ë4 îv�k9� ¶ï � .�I

½�.

2.2.2.4�äv�FÐ5

�� _`� �[ ��q h�� 1�C Wb ¶ EF

� ����B ��IJ M�kw  ð6b ���� _

`?B ¼ØI� 4 �, chronoamperometry åñ9�

Ý ��� Ò�äv�FÐ5(limiting diffusion current
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density)] ´�IJ �� _`� �A� �[� ��q

e�� �� �`�n� À�-{�  ¤b ¢£B Y.

Ó�. ÀÁ�b 0.5 M K2SO4 �k� 1 mM ferricyanide

q ferrocyanide� v\\gEB ßC4 pH = 6.44� �k

B .�I½9D, ��\ghò°¤(IM6, Zahner Elektrik,

Germany)] ��IJ 25oC�n 50 mV� w�ÔB 2

IIJ Ò�äv�FÐ5] ´�I½�. � T ����

9�n� ����� óô� `?� 1 cm2
�D �â��

9�b Hg/Hg2SO4B ��I½�.

2.2.3.u��	

ÀÁ� .�� ���¾� ¼Ø4 cY? Y��n �

	RAB =>I� ¹IJ 4 `� �Ig? _`?�

1 cm2 65Ù C[IN, ÚE?9� Emery paper #1200

� zÛ Ü�4 � �¾9� .�I½�. �	k� KF�

2HF ef] ±�I5Ù HF� õ5] Äöë9D, u

� �	Þ5b 85è0.05oC] ±�I½�. �T �	Yb

SUS304 ,G� � Z÷`d cY�n Cø�� #�¡

����B ù¤IN ���� #`� ÛoIb Ï ��

®ú��B ��9� ù¤I½�. u� �	Y�� 0~

10 V û¹�n 100 mV/sec +5� �F-�ÔB �ü�

ýb ��¹] 50þ -ÿ4 ��� öC� 10þ ��¹

�F-�ÔB ��IJ cyclic voltammogramB Y. =

>I½�.

Fig. 1. Micrographs of carbon anodes contained various size and distribution of pore.
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3. �� 	 
�

3.1. ����� ¿/? RA

¶C� ����� 2� Ð5q �[ª� 1�] Fig.

2� ��KN ÑÒ�5q ;5 RAB Table 1� �/I

½�. ����� 2�Ð5b YBD-like grade carbon

��� 1.600 g/cm3, YBD grade carbon ��� 1.589 g/

cm3. P2X grade carbon��� 1.583 g/cm3
½N, �[ª

� ÝÝ 17.12 %, 16.28 %, 15.63 %� ��Æ�. µ À

Á� .�� ����� _`� �#4 ef� �[ ��

$ h�] ab ²9� ��Æ9� À� ����� 2

�Ð5q �[ª 1�b 2�Ð5� ;< è0.017 g/cm3,

�[ª� ;< è1.49 %�  ¶4 ¾1� ��Æ�. 4

¾, ����� ��? RAB ��Kb ÑÒ�5b P2X

grade carbon, YBD grade carbon, YBD-like grade car-

bon� ����� ÝÝ 280.3 kg/cm2, 163.7 kg/cm2, 31.14

kg/cm2
9� Y.6ëN, ;5b ÝÝ 91, 84, 73� Y.

67 P2X grade carbon ��� ��? �5C C° @

� ��Æ�.

3.2. �� RA

3.2.1.� �¹ �F �ÔÕ~

¶ EF� ����� ��\g? »¼ 1�] ô�

¹	 1 mM [Fe(CN)6]
3−/[Fe(CN)6]

4−
� ßC� 0.5 M K2SO4

�kB .�IJ 25oC�n ��¹ �F �Ô Õ~B ´

�I½�. J�n ��X @� �5A m� õ5C ��

67 W9¥� �� _` �
� v\ê( ��Þ� �

t� Ç� õ5 ���� �4 äv� �IJ Ë���.

�&4 Y� I�n ��w #�å£9� �ÔB o.I

` ��¹ �FÕ~�b �� $ #� ���F(Ipc< 0

$ Ipa> 0)C ����. �&4 �s � � �\�2�

�7�b �� _`�n� -{¿� äv, ���� �

I, �I�¼ -{, v\ ê( E� äv 3� H	nb

�	?¡ 	ò� V� ��7
 W�. 25oC C�-{¡

;< �I(z)C 1Ø T Ï ���F(Ipa, Ipc)C ��Kb

�Ô1 ∆Ep(Ea − Ec)b 59 mV�, pá ��\g? -{

� C�A� ¾1C ���` � �Ô1 ∆Epb 59 mV

ô� � �B a� ��. 
 ∆Ep� ��C ��-{�

=C�A� ï5� )o ��6b�, � C�A� �5

b .�6b ��,º� rs 1�C ��. �q x�

C�AB ��IJ ��q yz ,º�n v\ê( �Þ

� ��\g? »¼� H	 Y.4 K�� J& �� ô

N67 W�[9, 10].

¶ EF� ����� _`�n ´�4 ��¹ �F�

ÔÕ~(cyclic voltammogram)B Fig. 3� ��Î9D,

� Õ~�n �7Ë �w] Table 2� �/I½�. ��

¹ �F�ÔÕ~9� =>4 �Í� ßC�� r� ��

\g »¼� ×Ï ±.I� ��Æ9�, v\ ê( �

� �F�(Ipa, Ipc)w Ï �� �¹1(Ea − Ec)� ���b

=C� ï5b Ý� ��� ��Æ�. =C� ï5C

59 mV� =>? Ø¤Ib 5 mV/sec� ��¹ +5�n

YBD-like grade carbon ��� ;< Ipaq IpcC ÝÝ

79.48µAq −81.23µA� ���F �B ô½9D, YBD

grade carbon ��� ÝÝ 84.62µA, −85.14µA, P2X

grade carbon ��� ÝÝ 90.7µA, −95.15µA� Y.

6ë�. 
 P2X grade carbon, YBD grade carbon, YBD

like grade carbon ��� �n� ���F�� � ²9

� ��Æ�. Fig. 2�n �[ ��q h�C R�I�

��� YBD-like grade carbon ��� ;<b �� �

�w =>IJ 200µm ��� �[p },IN �[ �

dMb ��X *�� ef� �� _`YZB ôJ �

[ª RA� �� <MI�p, � =_`?� =>? �

� ��9� ÖÇ6ë�. YBD-like grade carbon ��

wb �� _`YZB C�N Wb P2X grade carbon
Fig. 2. Bulk density and porosity of carbon anodes contained

various size and distribution of pore.

Table 1
The Characteristics of specific resistivity, and tensile strength a
hardness for carbon anode contained various size and distribu
of pore

Carbon anode

P2X grade YBD grade YBD-like grade

Tensile Strength (kg/cm2) 280.3 163.7 31.14
Hardness 91 84 73
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ts in

rs-
��w YBD grade carbon ��� ���¹C =�4 ;

£B ô½�p, M µm~30µmq 400µm~500µm� �[

h�] CË P2X grade carbon ��� ;<� =_`?

� ��] � Ib ���F�� �� �� �� Æ�.

=C�? RAB � Ib Ï ��� �¹1(∆Ep)]

=>I` ÇÈZ;� 200µm ��¡ �[� �M h�

Ib YBD-like grade carbonw P2X grade carbon ��

� =>? =C�A¡ ²9� ��Æ�. YBD grade

carbon ��� ��¹ +5� «C� H	n5 �	k

+�n Ï �Þ� \gE� C�?9� -{Ib �5C

#�4 ²9� ���n YBD grade carbon ��� �

;�`�nb ô� @� capacitanceC ³�6ë�.

3.2.2.4�äv�FÐ5

���� �`� �¯?9� Ø�4 w�ÔB 2I:

T 2I� w�Ô� ��_`� �\] ��I� �b

?� #�s` ��_` �
� \gE� �1 N�67

�D(
 lim CS
� R 0), Nernst äv�w Fick� 1, 2ñ

Ê� �	 Ò�äv�FÐ5, jlim,b ­�� L9� ��

é M W�.

(3)

J��n

t = time, sec

n = equivalents,mole−1

F = faraday, coulombs

Co= concentration, moles/cm3

D = diffusion coefficient, cm2/sec

�4 jlim = I/A �¥� À� M�kw  ð67 -{�

Ø7�b �`� `?� ­�� LB ^	 c: M W�.

 (4)

j lim = 
nFDCo

πDt
----------------.

Areaction = 
I πDt

nFDCo
----------------

Fig. 3. Cyclic voltammograms for 1.0 mM [Fe(CN)6]
3−

/[Fe(CN)6]
4−

on various carbon anodes in 0.5 M K2SO4 solution.

Table 2
Voltammetric data for 1 mM K3[Fe(CN)6], K4[Fe(CN)6] with
various carbon anodes prepared by changing binder conten
0.5M K2SO4

Carbon
anode

Scan rate
(mV/sec)

Anodic dir. Cathodic dir. ∆Ep (mV)

Ea
(mV)

Ipa
(µA)

Ec
(mV)

Ipc
(µA)

P2X grade 5
10
20
30
40
50
100

523
526
531
533
534
536
542

90.7
140
207
259
302
338
479

463
457
453
451
447
447
438

−95.2
−148
−222
−279
−324
−364
−513

60
69
78
82
87
89
104

YBD grade 5
10
20
30
40
50
100

519
520
520
520
521
521
525

84.6
127
189
236
278
315
475

460
460
460
459
457
457
457

−85.1
−131
−190
−241
−282
−320
−487

59
60
60
61
64
66
68

YBD-like 
grade

5
10
20
30
40
50
100

521
526
528
532
532
532
537

79.4
117
167
203
233
260
360

460
458
455
451
450
449
442

−81.2
−122
−175
−214
−244
−273
−376

61
68
73
81
82
83
95

* Pick current Ipa and Ipc, pick potential Ea and Ec. For a reve
ible system expected ∆Ep= 59 mV for 25oC and z = 1. Potential
vs. Hg/Hg2SO4, 0.9 cm2 geometric electrode surface.
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l of

, Areactionb L(4)� �	 ÀÁ�n ´�� Iq t, ��


 Wb �M n, F, Dq C0] ��IJ �v: M W�.

�4 ��� �Ig?¡ `?w À� M�kw  ð67

-{6b `?� = r� ­� L(5)] ^	 ��: M

W�.

(5)

rsn 1 mM� ferricyanideq ferrocyanide �Þ� ß

C� 0.5 M K2SO4 �k +� ����� 50 mV� #

� w�ÔB 2I4 � Ø� �¯¼� ±�: ;< ��

�� �`�n Fe(CN)6
4−
� v\C Ë�6D, v\-{

� Ë�w �u7 �FÐ5b �`�n \gE� N��

� rs �1 *�I� ��.

L(3)� I − t ��åñB ��I� ¹	nb ��-{

� ävw�� �	 �7 67i ID, ��-{� äv

w�� �	 ��� ;< Cottrell Lw ·"67 It1/2
�

�¯ t� H	 Ø�4 �M�B ��Ki ��[11, 12].

Fig. 4b ¶ EF� ����� 50 mV� #� w�ÔB

2IIJ 30�¯ ±�Ib ¼� �\Ib �FÐ5]

�¯� H	 ��� ´��wq �¯�\� H4 It1/2 �

� �\] ��� ²��. Ø-?9� ´��¯�  7

�` �k� )zHF ��� �IJ äv��� -{�

¢£B ! M W9¥� � �wb �&4 ¢£B ��I

� ¹IJ 10� .�� �\� HIJ It1/2
� �\] �

�Kë�. P2X grade carbon ��� ;< �¯�\�

r� It1/2
� �� 178µA.s1/2 ��ÆN, YBD-like grade

carbonw YBD grade carbon ��� ÝÝ 134µA.s1/2,

146µA.s1/2
� ��Æ�. �&4 �¯�\� �4 It1/2 �

� á¯� ¾1] ��K�b Ó9� Hd� 11 ~e

� ="·�� ��Æ�. K2SO4 �k�n ferrocyanide

� äv�M[9]b D(Fe[CN]6
4−) = 6.32#10−6 cm2/sec�D

Fe(CN)6
−4
� õ5b 10−6 moles/cm3

�¥� L(5)] ^	

��6b ��� �Ig?¡ `?w À� M�kw  ð

67 -{Ib `?� = r� YBD-like grade carbon�

;< 1.09, YBD grade carbon� ;< 1.19, P2X grade

carbon� ;<b 1.459� ��� YBD-like grade car-

bonw YBD grade carbon� =	 P2X grade carbon �

� ;<C �Ig? _`?� =	 À�?9� M�k�

n -{6b ��`?� á 1.5� �5 �� ��Æ�.

�&4 ��� -{ `?=b �� _`?� �[ ��

$ h�ef� �� ¢£B $b ²9�n, �  Fig. 3

w Table 2�n ù%� ²w x� ��� ��? RA

1�C ��� -{ _`?, �Â ��_`� �[ �f

q ·"A� W�B �� & ù%	 oN W�. �&�,
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Fig. 5. Cyclic voltammograms for various carbon anodes in
Molten KF · 2HF electrolyte at 85oC.
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