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Abstract − The theoretical data, from the model equations for the description of the metallic platinum concentration profiles

across the membrane, have been compared with experimental results obtained by electron dispersive microanalysis spectro-

scope. The diffusivity data for the model analysis are obtained from permeation test using diffusion cell consisted by two com-

partments. From the results, we could be predict the location of deposition of electrode material. The Pt-SPE composites were

deposited at the location where relative diffusivity between electrode material and reductant is lower. 
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Millet, Durand Q! R! >?� S!T UVW� !?	
 XYZ [

\P[1, 2], Takenaka� Torikai� ]� >?� ^!T UVW( ��

XYZ [\P[3, 4], PTFE( ��*� ��_`
 OP[5, 6], ��XY

Z aZP, sputtering, vapor depositionP Q! bK[7, 8]. !L� O

Pc
 dd >?	
 ?'( ef �gh� ��4 bAi � ���

�� jZA� 	
 ��� MN
 kl C�m nN Nn() ���

MN	
 opK q� Nn() ��� MN	
 o! pK r s,	

K. !L� OP �� � ��� t%uvP� !?	
 o!K. t%

uvP
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2G H bK
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Van Oss Q( �	# t%uv()
 aZ��! uvV'� ��;

� |}( �~YZA� <�� �N� ��JK4 	�K[9]. Manring

Q
 Nafion®x cellulose5() wv
x Wv� t%uv( �� a

Z� ��	�Ai, uvV'� �# aZ{�� ��V'� ��G

H bK4 p4	�K[10].

Mazur Q
 ��XYZ� OPx ��� aZP( �	� polyimide

film ��( UV*� aZ_�K[11-13]. �� Dee Q
 polyimide

film ��( 
� a�� V'�ZA� ��	�K[14, 15]. Mueller

Q' 4�� 5�()� t%uv( �� UV*� aZ( �� ��

() uvV'( �� aZ {�� N� ���� p4	�K[16, 17].
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��* aZ� ¯ �� ��Z� °H
 Fig. 1( �±ZA� -²

�³K. t%uv() 5
 � ¡#(x = 0)A�
 [\M ?´(R−)x

��#(x = L)()
 UV!T ?´(M+)� �,	4 bK. 5
 ¯ _

"! 5�� uv;2 0�� UV� ��G H b'µ ¶�· ?�(

�� ¸¹;2 bK. t%uv
 ¯ _"! 5( £_( º»;2 ��

! _¼JK. ��), uv�! s1� transport mechanism!f4 ��

	# time-dependent concentration profile
 �� V'P½x Fick�

M2P½� �¾O�¿! Z?;i, �� 5( �� ÀÁ� #� ef

¬'� 1�	K4 ��	# 9Â� Ã
 ÄÅ� �¾O�¿� B�

H bK[18].

(1)

(2)

��), Dm :?�( ¹̧J 4��() UV!T� uvªH

Dr :?�( ¹̧J 4��() [\M� uvªH

Km : ?́ x 5 >!� UV!T� À�Æ�ªH

K r : ?́ x 5 >!� [\M!T� À�Æ�ªH

[R−]S : ?́ � UV!T ¬'

[M +]S : ?́ � [\M !T ¬'
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5� Ç� H2PtCl6� NaBH4� t% uvkl( >?� kl��


 Fig. 2� ÃK. d k( ÈÉ;
 ?´
 ?´� �Ê� ¶�· Ë

: 	� ¬'
 °	� �
K4 ��	�K. ?´( º»J 5� #

Z
 5.06 cm2!³K. kl_6 £Ì d k� ?´� ¬' ��� I

Í� {	� impeller� Î�	� ]³Ai, T'
 25oC� s�	�

kl	�K. � Ïxkl
 K^x Ã
 OPA� k_	�K.

Ð¡ k(
 0.040 M (pH =1)�, ÑÒ¡ k(
 1 M HCl� Ó


K. HClk() 5� Ç� Ïx� � ¬'� 4.0×10−5M( '

�G |Ô� 1�_6 6ÕA� _Ö� ×Ø	�K. Linear diffusion	

() ?´( �� �mm~ flux J


(3)

� JK[19-21].

��), K :H?́ x 5 >!� � ��ªH

d :5 Ù̄

D :5() � uvªH

H?´x 5 >!� � ��ªH
 0.040 M () 72

h £Ì 5� �Ú Û( �ÜYZA� ��	�K[22]. � kl'

{� Ã
 OPA� kl	� ¬'� �	�K. Fig. 3( t%uvP

( �� ��MN��� ��	� {� ��;
 H¿x �����

6g	: -²�³K.
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� >!� ��V'
 ���c� Ý�	� Þ�!ß

�U.�� -²-
 o� monitoring	� ��	�K. ?´V( à

áJ ¼
 �U.�(â200ã)c! 200-600 nmä{ �åæ) 260 nm

�() ç�� è
 optical absorption� -²éK[23]. ef) Z�

J ÆH'(ÆH' êëìí9Â� #Z)
 îï	
 �U UV� S

( ð�ZA� ñò�ó� �K. ô
 õ���¬'() ! ÆH'


∂ M+[ ]
∂t

--------------- Dm

d2

dx2
-------- M+[ ] k′ M+[ ] R  –[ ]–=

∂ R  –[ ]
∂t

--------------- Dr
d2

dx2
-------- R  –[ ] k′ M+[ ] R  –[ ]–=

PtCl6
2–

PtCl6
2–

PtCl6
2–

J
DK C0

d
-----------------=

PtCl6
2–

PtCl6
2–

PtCl6
2– PtCl6

2–

BH4
 –

PtCl6
2– BH4

 –

Fig. 1. Dynamics involved in counter-current diffusion experiment.
Fig. 2. Cell used for membrane ionic flux measurement.

1. Membrane 4. Solution input
2. Impeller 5. Solution output
3. Sampling port

Fig. 3. The mechanism, governing equation and measurement apparatus
for Pt-SPE composite.
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Fig. 5. Fluxes of transferred  to H2PtCl6 concentration.PtCl6
2  –
� � ��( �� ö�J �U� monitoring	
æ >?

JK. klOP
 K^x ÃK.

�÷ø( 1.0×10−4 M H2PtCl6 1 cm3� Ó4 4�ùú� û4 üý

(needle) ̄  ú� þåK. üý 	-
 ]>�( ��	4, KÒ o


ÿ � �1	: 	
 ¼?� 	'µ �K. ]>�� !?	� �÷

øVA� 1.0×10−4M NaBH4 1 cm3� ��	4 Ý�?´ 2 cm3� ]>

�VA� �, �éÛ �÷øVA� �2 Ó4 ¯ ?´� �7· Ý

��K. ù�5A� 260 nm()� absorption� »à� ø�	� V

' mH� ���K.
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 	()� klOP( �� �	�

Ai 5�()� ���wx [\M� uv-��� ��	
 2
 Ä

Å� �¾ O�¿� ��K. ! �¾ O�¿
 m? IMSL ­�
�

� >?	� �³K[24]. !��« �� ¬' ­�®x kl�x� ñ

Î	�K.

3-4.��

@aJ 5� g#()� ��� ��x ¬' ��
 EDS(electron

dispersive microanalysis spectroscope, JSM 6400)� Ç� ��	�

K. 5� Ç� ÏxJ � ¬'
 ç� ÆÜ'� 260 nm()

spectrophotometer(Shimadju 160)� >?	� !Å ¬'� �4 b


_Ö� ÆÜ'� ��	� !��« ���ð� �	4, !( ef

5� Ïx� � ¬'� ���ðA��« �	�K. �� 

� kl( �� ÏxJ � ¬'
 s'���f�ù(inductively

coupled plasma-MS)� ��	� �	�K.
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4-1. � ����

t%uv( �� Pt-SPE <�=� MN ���� {	� �

uvªH� K^x Ã
 OPA� �	�K.

uvJ � ��ªH
 �ÜÜ'ª(SHIMADZU UV-160 A)

� >?	� 260 nm() absorptivity� ��	4 ���ð� >?	

� � ¬'� [v	� �	�K. Fig. 4( _6( ef 5�

Ç� ÏxJ � ¬'� �U_"¬' 3 mM, 5 mM, 10 mM(

PtCl6
2– BH4

 –

PtCl6
2–

PtCl6
2– BH4

 –

BH4
 –

PtCl6
2–
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2–
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2–
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2–
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Fig. 4. Moles of transferred  as a function of time.PtCl6
2–
�	� -²�³K. �U_"� ¬'� ��@( ef 5� Ç� Ïx

� � ¬'' ñò�) ��@� p�]4 bK. ��) linear

diffusion	� ?´( �� �mm~ flux
 J = DK C0/d� JK. ð�

��
 �mm~Nn� -²�4, ð� ���
 �mm~ flux J!K.

Fig. 5
 �U_"� ¬'( �� flux� -²é o!K. Figure��«

�U_"¬'( �	� ÏxJ flux
 �U_"� õ� ¬'( ñò@

� � H b³K. �Ä, H?´x Nafion>!� � ��ªH


260 nm, 0.04 M () 72 h £Ì 5� �Ú Û( spectroscopic

	: ��	� ��ðA��« �	�K. 0.178 mm ̄ Ù� Nafion5

()� absorptivity
 0.127!³4, ( �f �� 5� absorp-

tivity
 0.645�K. �" Nafion() � molar absorptivity� �

()� �x Ã
 �� ��K# À�¬'
 ���ðA��« 1.54×
10−3 M! ;4 ��ªH K
 K = [ ]Naf/[ ] aq() 0.0385

� JK[21]. !L� �c��« uvªH, D
 ¿ (3)A��« �G H

bAi 
 �
 3 mM, 5 mM, 10 mM( �	� dd 1.376×10−8cm2/

s, 1.396×10−8cm2/s, 1.387×10−8 cm2/s!K. ! �c��« �U_"�

õ�¬' °X( �ø	: uvªH
 �� 1�� �� ��� � H

b³K. � flux� uvªH� �� �x� Table 1( -²�³

K.
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t%uv( �� Pt-SPE <�=� MN() NaBH4� H2PtCl6� ñ

��Z� XY ��( ef <�=� MN� | ! ��� ��	


] ��
 f
 o! Aramata Q( �	� p4;³K[25, 26].

!��« Pt-SPE <�= MN�� ��� {� °H� 	-� �

uvªH� �	� {� �7 NaBH4� ¬'°X( eÒ � Ïx

�� s'���f�ù� !?	� ��	�K. Fig. 6( 5� Ç�

ÏxJ � ¬'� _6( ef ��� �x� -²�³K. Fig. 6

A��« [\M ¬'� ��@( ef 5� Ïx	
 � S!

PtCl6
2–
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2–
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Table 1. Flux and diffusivity of  with H2PtCl6 concentrations

 Partition coefficient
H2PtCl6

concentration
[mM]

Flux

[mol/cm2 · s]

Diffusivity

[cm2/s]

=0.0385

03 8.93×10−14 1.38×10−8

05 1.51×10−13 1.40×10−8

10 3.00×10−13 1.39×10−8

PtCl6
2–

K
PtCl6

2  –[ ]Naf

PtCl6
2  –[ ]aq

---------------------------=
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 � S' ��@� � H bK. Fig. 7
 	() �� Ïx�

� _6A� -!�,   ! 
Â­� ����) Ïx� flux� -²

é o!K. [\M ¬'� ��@( ef flux� ��� ð�Z"�  

H b³Ai 
 �c
 �± 10−7� 
H� ��K. ! �c


� �pK 106 �' r # �� ��� � H bAi, ! �

� 
!� �	� �U� ��
 [\M ¡() 12-
 o! 9¦

f �U_"k¡() [\��! 12- �U.�� ��	
 �x�

-²éK. !� ��X	� Figure� -²é o! Fig. 8!K.   [\

M� uvV'� $% Ë� |}( �Uk¡() ��! 12&K.

! �x
 Mueller� 4�� 5�()� aZ ��() uvV'�

'� Ë# aZ
 pK (� ?´ ¡� 5 )�() 12&K4 p

4� ox * 1�	
 o!K[27]. �� [\M ¬'� '� Ë#

�U_"� fluxpK [\M� flux� R9+ 5()� ��� 1A`

� �4 �U_"k( b
 �U_"Ô� [\_y ,,: JK. Liu

Q
 [\M ¬'� $A#, Nafion5�� [\M� uv! �f+

�U H?´! ¶�· uv;� �( ��! 12- �UA� [\

;2 �U� ¬' ��
 -2�4, ��� ./
 �U H?´!

Nafionª#A� ¶�· uvG H b� |}( �xZA� 5 ¢#

Ú0( &�J *� B� H bK4 	�K[27]. !��« flux  ,

uvªH� N�	# 5�()� ��{�� ��G H b� oA�

ödJK. !L� ��( �� �x
 Schelly, Manring, Dee, Mazur

Q( �	� p4;4 bK[9-12, 14, 15]. !c� �x� ü1A� u

vªH( eÒ �� {�� ��	� {� � kl() �� [\M

¬' °X( �� uvªH� °X
 [\M ¬'� ��@( ef

uvªH
 ��	K� 1.5 M� �2A� 32c4 b^� � H b

K. !
 [\M ¬' ��4( ñ	� m�ZA� flux� ��4!

¼95� |}!f4 ödJK. !c �x� Table 2( �,	� -²

�³K.

4-3.��
���

4���()� ��V'mH
 z�ZA� ��G H IK[28].

Schelly Q( �	# ?´() 6Ò ñ�� x�� ./ V'mH�

��	
 OP
 �� x�x
 K74, õ� ¬'� 10−4��« 10−7

M� ä{( b� ./(� �� ��	K4 p4	�K[29]. !��

« õ� ¬'� 1.0×10−4 M� �) V'mH� ��	�K. DeWulf

Q( �	# Mazur� Reich� ��XYZ aZ ��()
 ��V'

mH� '� Ë� |}( �U� ö�V'
 [\M� �U_"� �

w��! 8V1 o!i ef), morphology
 [\M� �U_"�

¬'( Ë: �îG oA� ödJK4 p4	�K[23]. ef) ��

_6
 �U� morphology( ÷t� �� þ�� �
 o� klA

��« � H b³K.

��V'mH k
 �ÜYZ� OP( �� K^x Ã
 ¿A��«

�	�K.

��), k:��V'mH[L/(mol9s)]

t:��_6[s]

��), :_6 ∆t >!( ��	
 £Ì :�J 

� ¬'

��), , :õ�� ��� ¬'

BH4
 –

PtCl6
2–

 
∆ PtCl6

2  –[ ]
∆t

--------------------------– k PtCl6
2  –[ ]0 BH4

 –[ ]=

∆– PtCl6
2  –[ ] PtCl6

2  –[ ]

PtCl6
2  –[ ]0 BH4

 –[ ]0

Fig. 6. Moles of transferred  as a function of time.BH4
 –

Fig. 7. Fluxes of transferred  to reducing agent concentration.BH4
 –

Fig. 8. The schematic of preparation of the Pt-SPE composite.

Table 2. Flux and diffusivity  with NaBH4 concentrations

 Partition coefficient
NaBH4

concentration
[M]

Flux

[mol/cm2 · s]

Diffusivity

[cm2/s]

= 0.0619

0.3 4.09×10−8 3.92×10−5

0.5 8.11×10−8 4.66×10−5

0.7 1.21×10−7 4.97×10−5

1.0 1.84×10−7 5.29×10−5

1.5 3.07×10−7 5.89×10−5

2.0 3.84×10−7 5.52×10−5

BH4
 –

K
BH4

 –[ ]Naf

BH4
 –[ ]aq

----------------------=
���� �38� �1� 2000� 2�
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!��« ªv� V'mH k
 1.51×106 L/(mol9s)!K.

4-4.�� ���

Pt-SPE <�=� MN�� ��
 	() �� uvªH, V'mH,

õ� ¬' Q� ��¿( �.	� ¬' ­�®� ��K. ��)


¯ �w� ¬'� '� ô� |}( d �w� õ� ¬'� -;2

ñÎ	�K. ¯ �� �w6� uvªH 
!
 103 �, ¬' 
!


102 � !m 
!� -� |}( ��¿( �� �� ��÷�
 �

¯ �U_"! b
 <A� ��JK. �U_" ¬'( �� uvª

H� °X
 �� I� |}( �U_"� ¬'
 5 mM� 4�	4

[\M ¬' 0.3, 1.0, 2.0 M( �� ¬' ­�®� _6( ef �

	�K. ��)� V'mH
 ��! '� �, 12-� |}( �

u� �� ��	
 o
 =��	�� spectrophotometric� OP�

>?	� �±Z� �� �� o!K. Fig. 9�« 11Ô�
 	() >

ÉJ [\M ¬' R0� 0.3 M, 1.0 M, 2.0 M� °X_`#) ��

¬' ­�®� -²é o!K. 
?() kð
 1s Û� ¬' ­�®

� -²�4 hð
 �mm~Nn� -²éK. 
?c��« 	()

MN� Pt-SPE <�=() ��J �U� ��{�� �¯ �U_"

k¡() 12@Ai ! �x
 ��¿() �� ¬' ­�®x' *

1�	
 o� � H bK. dd [\M ¬'� ��@( ef ��

V'� �mm~( '�	
 _6! �f�
 o� u�G H b³K.

Fig. 12
 [\M ¬'( ef MNJ Pt-SPE <�= 5�()� UV

�U� ��¯Ù� EDS� -²é o!K. Figure��« [\M� ¬

'� ��@( ef 5�()� UV �U� �� ¯Ù� ��@�

� H bK. !
 [\M ¬'� ��@( ef 5�()� Ïx V

'� ��	� �U� ��� -2� oA� ödJK. �� [\M

¬' 1 M() 1�� ¯Ù� �U ���   H b³K.   [\M

¬'� $�Hµ ��� ��{�
 �U_"¡( �ÔAw oA�

öd;i, �xZA� kM ��()' [\M ¬'� ��@( ef

��J �U� ¯Ù' ��	
 oA��« ��¿x 1�@� � H

b³K. !L� �x��« uvªH� N�@A�) ��{�� N

�! ��G oA� öd;i �� ¬'� ÷t
 ��V'mH( ÷

t� ]: ;i ¬'� °X_`# ��V'mH� °X_`: ;4,


 �x� �U� ��{�� °	: JK.   ��V'mH� Ë:

	# �U� ��� ÑÒ¡A� !£	� 12-i ¼: 	# ��

! Ð¡A� !£	� 12-: JK. 
LB� 5�( UV� ��


 )� ñC� uvªH� è
 �w� >?	�- ?�� >?	

� uvªH� N�	B�) ��G oA� ödJK. �D ��{�

� N�	� {�)
 uvªH� ��V'mH� N�	# \	


{�( UV� ��_`
 o! ��G oA� ödJK. � kl(

)
 ��� >!� ¬'� uvªH 
!� '� E) kl�x�

��¿x� �u� ñÎ
 	� F	�K. [\M ¬'°X( eÒ

��¿� �mm~ '�_6� Table 3( -²�³K. [\M ¬'�

��@( ef �mm~ '� _6
 G9�
 o�   H bAi,

!
 [\M� Ïx V'� ¬'( �î	4 b^� p�]
 o!

K.

Fig. 9. The concentration profile with reaction.
[R0=0.3 M, M0=5 mM, Dr=3.92×10−5cm2/s, Dm=1.40×10−8cm2/s,
k=1.52×106 L/(mol�s)]

Fig. 10. The concentration profile with reaction.
[R0=1.0 M, M0=5 mM, Dr=5.92×10−5 cm2/s, Dm=1.40×10−8cm2/s,
k=1.52×106L/(mol�s)]

Fig. 11. The concentration profile with reaction.
[R0=2.0 M, M0=5 mM, Dr=5.52×10−5 cm2/s, Dm=1.40×10−8cm2/s,
k=1.52×106L/(mol�s)]
HWAHAK KONGHAK Vol. 38, No. 1, February, 2000



52 �������

.

5.� �

t%uvP( �� Pt-SPE <�= MN( �� ��¿x kl�x

� ñÎ	� K^x Ã
 ��� B³K. ���wx [\M� SPE

�()� uv H ��( �õ	� Pt-SPE <�=( ø� ��¿�

MÌ	�4 ��¿A��« SPE() ���w� �� {�� I�G

H b³K. �� Pt-SPE <�=
 ���wx [\M� m�Z uv

ªH� ¼
 ���w¡() ��;
 oA� -²@K.

����

1. Millet, P., Durand, R. and Pineri, M.: Int. J. Hydrogen Energy, 15,

245(1990).

2. Millet, P., Alleau, T. and Durand, R.: J. Applied Electrechem., 23,

322(1993).

3. Sakai, T., Kawami, Y., Takenaka, H. and Torikai, E.: J. Electrochem.

Soc., 137, 12(1990).

4. Takenaka, H., Torikai, E., Kawami, Y. and Wakabayashi, N.: Int. J.

Hydrogen Energy, 7, 5(1982).

5. Eames, D. J. and Newman J.: J. Electrochem. Soc., 142, 11(1995).

6. Bjornbom, P.: Electrochimica Acta., 32, 1(1987).

7. Her, W. H. and Fedkiw P. S.: J. Electrochem. Soc., 136, 3(1989).

8. Holze, R. and Ahn, J.: J. Membrane Science, 73, 87(1992).

9. Manring, L. E. and Mazur, S.: J. Physical Chemistry, 90, 14(1986).

10. Manring, L. E.: Polymer Communications, 28, 68(1987).

11. Manring, L. E., Dee, G. T. and Mazur, S.: Polymer Preprint, 27, 50

(1986).

12. Mazur, S. and Reich, S.: J. Physical Chemistry, 90, 7(1986).

13. Reich, S., Mazur, S., Avakian, P. and Wilson, F. C.: J. Applied Phys.,

62, 1(1987).

14. Dee, G. T.: Physical Review Letters, 57, 3(1986).

15. Dee, G. T., Manring, L. E. and Mazur, S.: J. Physical Chemistry, 91,

27(1987).

16. Mueller, K. F.: Science, 225, 1021(1984).

17. Pucar, Z., Pokric, B. and Graovac, A.: Analytical Chemistry, 46, 3

(1974).

18. Kang, M. S. and Joe, Y. I.: J. Power Sources, 77, 49(1999).

19. Ogumi, Z., Takehara, Z. and Yoshizawa, S.: J. Electrochem. Soc.,

131, 4(1984).

20. Yeo, R. S. and McBreen, J.: J. Electrochem. Soc., 126, 10(1979).

21. Lopez, M., Kipling, B. and Yeager, H. L.: Analytical Chemistry, 49,

4(1977).

22. Paul, D. R., Garcin, M. and Garmon W. E.: J. Applied Polymer Sci-

ence, 20, 609(1976).

23. Dewulf, D. W. and Bard, A. J.: J. Electrochem. Soc., 135, 8(1988).

24. IMSL MATH/LIBRARY, Problem-Solving Software Systems, Vol

2-2.

25. Aramata, A., Nakajima, H., Fujikawa, K. and Kita, H.: Electrochem-

ica Acta., 28, 6(1993).

26. Aramata, A. and Ohnishi, R.: J. Am. Chem. Soc., 105, 3(1983).

27. Liu, R., Her, W. W. and Fedkiw, P. S.: J. Electrochem. Soc., 139,

1(1992).

28. Kita, H., Fujikawa, K. and Nakajima, H.: Electrochemica Acta., 29,

12(1984).

29. Schelly, Z. A., Szamosi, J. and Liesegang, G. W.: J. Physical Chem-

istry, 89, 9(1985).

Fig. 12. The EDS of Pt concentration profile for the cross section of Pt-
SPE composite to various reducing agent concentration.
(25 oC, time; 1 h, H2PtCl6; 5 mM)

Table 3. Simulation parameters and approach time to steady state with
reaction

Concentration 
[M]

Diffusivity
[cm2/s]

Condition
Approach time to 
steady state with 

reaction [sec]

NaBH4

0.300 3.92×10−5

 H2PtCl6=0.005 M 
Dm=1.40×10−8 cm2/s

10.2
0.500 4.66×10−5 09.5
0.700 4.97×10−5 08.7
1.000 5.29×10−5 08.2
1.500 5.89×10−5 07.6
2.000 5.52×10−5 08.0

H2PtCl6

0.003 1.38×10−8 
NaBH4=1 M 

Dr=5.29×10−5 cm2/s

10.0
0.005 1.40×10−8 08.2
0.010 1.39×10−8 08.0
���� �38� �1� 2000� 2�
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