
 115 

!"! #$%&'()*+,  

! #-./01 Gibbs2.%&'()*+,3456789:;<=>5?@A

@BGibbs.%&'()*+,345CDE.FG&.78HIB#$JKLM

N/0O-PQRST65:?#-.UVNW#O-./0IXY;@6.#

YK1Z[\]9:?^_JN`%3ab:YcKIBXY;@6._#'(

)*+,d#ef1ag9:?hTI#$%&'()*+, (electrochemical 

potential);ijT:?#-.#$%&'()*+,3ab:;Bklmn.

op#e.qr3IstB#$%&.uv.qr.wx1y>KN:?  

 

zf#-.#$%&'()*+,  

! !8H.op#e{K|9:}~HIB#-.'()*+,��,��(!e)" P

�5mn A.��A�B�5mn B��K#-P/0@BhTP�.#-./

03��9:#$���3��S�B���P��9:�H#-./0I��B

�����K�:;abC?#-./03��9:#$���.��3�K

9:;B�#-N:O- P'()*+,��,��(!e)".�5¡A�B�5¡

K/09:;.wxIBFG&H. Gibbs.%&'()*+,.ab¢K£¤

@65:?¥¦¥§¨©.1;H.�ª«.¬/0IB�ªK®¯:%&'

()*+,.{3456}~ST:?/0°±�²IB�.%&'()*+,

P³�NªA�B´SNªµ/0@B�¶.%&'()*+,.{P·[N:

�HB�./0I������K�:;ab:? 

! Gibbs.%&'()*+,I¸.UVN¹º3»¼?½.¬P¾�°`H¿

:ÀB¥¦¥§¨©.ÁB�.¬3Â�9:�² k 3 nkÃ,Ä¯BXÅA�

°ÆJd^_JfK½K»ÇÈÉÄ;9:?�.ÀB½. Gibbs free energy (G)

I`%9:PB�. G.`%Ê(#G)3»ÇÈÉÄ nkÃ,ËHÌÍC1.PB�

² k .%&'()*+,H¿:?�² kÎX.¬ÊBPBTIÏR@6ab

:.H?ÐÑIÎÁ.ÒÓ² 

! ! ! ! ! ! ! ! !

! 

µk =
"G(P,T,n

1
,n

2
,...,n j )

"nk

# 

$ 
% 

& 

' 
( 
P ,T ,ni (i)k )

              (1) 
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HÔÕ9:? nkÃ,.�²¬ k3XÅA�°ÆJd^_JfK½K»ÇÈÖ

.ÄA�Bh.×ØHXÅPÙV°ÆJd^_JfÚÛ3½IÜ¯ÝÍ65:?

h.XÅA�ÞCÚÛP G .`%Ê#G H¿:?ßÍ6BhT3B»ÇÈÉÄ

nkÃ,HÌÍ6zÃ,àC=.#GK9:A�B

! 

µ
k
I[J/mol]! .áe3»¼?Ä

A�B�%&'()*+,

! 

µ
k
;IB¬�² k.zÃ,3B¥¦¥§¨©H½K

»ÇÈÖÑKBXÅPÙâãjN�N5°ÆJd^_JfÚÛH¿: ;äÍ

61å5? 

! h. Gibbs .%&'()*+,

! 

µ
k
IBhT�H8æ6çC#-.'()*+

,��,��(!e)"K£¤@65:?CÄ@B�¶.«KIÎÁ.è51¿:h;

Ké¹PêëH¿:? 

 

i) O-ìíà=Hab:AB�T;1zÃ,à=Hab:Aî  

! hT�HïÍ6çC#-.'()*+,��,��(!e)"IB#-ìíK¼56

.ðÄA�BO-zÃ,àC=Hab:%&'()*+,

! 

µ
k
K£¤S�:KIB

#-.'()*+,��,��1zÃ,àC=KñSãjN�N5?!1-1 H8

æCUVKBzÃ,;IòóôõöË (NA=6.0221x10
23

) .h;HB÷øùúû

RË3 F=9.6485x10
4üûö)(C/mol);9:;B±ný.þÿI!"#).ìíIB

±ne=(±n) (F/NA)=(±n)x1.60218x10
-19

 C.#W3»Í65:?! #-ìí.#WI

(!e)=!F/NA H¿:A�BzÃ,.#-.#WIhT3òóôõöË$@C1.

HB!F üûö)dCfH¿:?zÃ,.#-.'()*+,��,��IB"=0

.#e%^&H.ð3';9:;B"!'.Y¡HI (!F)" ;N:?ì(KB±n

ý.þÿI!"#)(W#O-)zÃ,._#'()*+,��,��IB 

! ! ! ! ! ! ! ! !

! 

±nF" = zF"                              (2) 

;)[h;P*ç:?zI 

! 

z = ±n  .h;HBþ!.ýË3Ô9+ù,û-û;

@645:?#-.YcI z.�1;@6/V?

! 

±nF" = zF".áeIB[C/mol]$[V] 

=[CV/mol]=[J/mol]! H¿:? 

! %&'()*+,IEKzÃ,àC=HaN5;0=;äV1HIN5?¬

O-zíà=Hab61å5?2bjBù)3456÷*78.9:G&.
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;<)z=fHIzO-àC=.%&'()*+,PïâT65:?@A@BSI

áe½HIBáe.¬ÊIzÃ,H¿:A�BhT3ïV.P>DH¿:? 

 

ii) XY;@6_#Y.'()*+,3ab:AabN5Aî  

! Gibbs .%&'()*+,

! 

µ
k
3ïVYcIBDEIBXGY3ab65N5?

?@A.¬½3ab:B=B½I�GY.ÁK¿:PBC�NYc3D��

.EFI·G@65:?�CB¬H�.�²1Bþº.#WI'H¿:LM

O-;ab65:?(1). Gibbs .%&'()*+,IDE�.UVKwx@6

ï4ST:?@A@Bþ!."#)H#-NI.W#O-3JÖ½HIBXG

Y;@6.#YP³�N¹º31¼?�.UVN_#Y.'()*+,��,

��P! (2)! H¿:?klmn.op#e{.Yc1B#-.'()*+,��

,��{KK0ST:mn ALmn B.#-./0IBhT3��9:#e{.

M³3NÀKOÍ65C?ßÍ6B#Y " P]P9:À.W#O- i.Ð�J

N%&'()*+,IB#Y "=0 H¿:;@CÀ.(1).%&'()*+,;

_#Y.'()*+,��,�� (2).QH¿:;ab:.PcwJH¿:?  

! ! ! ! ! !   

! 

˜ µ 
i
" µ

i
+ z

i
F#                                  (3) 

hT3#$%&'()*+,  (electrochemical potential);iRBW#O- i.Ð

�JN%&'()*+,;@6ï49:?#Y.NAH/0°±NW#O-.

��²SIBh.#$%&'()*+,PY¡K\�TìRH¿: ;.¨

©B 

             

! 

˜ µ 
i
= µ

i
+ z

i
F" = const.                           (4) 

KU=U�:zVf?hTIWXH}~@C����;@6.op#e1Yà@6

5:?hTK¼56I¸XHZ~9:? 

! [vIB\]^L.%&l;@6Bþ!."#)H_`.UVK#W3»¼

O-3ab6B(1).%&'()*+,3�.��45C}~3ÙÍ65:?@

A@BhTIBLM.aP]x@C1.;@6"#).��%&'()*+,

3ab:h;B]^b`;@6I#$JLMH¿:;.¨©H(3), (4)3ïVh;B

\c"#)de3f49:h;HBí�"#).ª£JNFG&Ê@A/âN
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5h;BNI.ghP¿:iKjST:? (3).#$%&'()*+,3kl

»Ç*9êëPN5UVK¨©mnSTCopH.}~H¿:dq`2;rK

!12H}~9:f? 

! @A@NP�B%&#sKU=t#GPus:Õv3Ý=/VYcIB(3), (4)

.#$%&'()*+,3#-K¼56ab:;B#-P!wxA�X�ly

3z6þwxK{|JK/09:h;B}ÇB�X�ly~%&#s ½H.�#

-.0�dX�lyf ;�#w-#x]^½H.�¤.�Ù .£¤|�P<

=>[N:?#$%&.%�H¿:#w#e.}~z�Bz"B�'f.wx1y>K

N:?#-.#$%&'()*+,  

           

! 

˜ µ 
e

= µ
e
" F#                                   (5) 

3456B#-.��²SPY¡K\�TìRH¿:h;B 

           

! 

˜ µ 
e

= µ
e
" F# = const.                            (6) 

3ab:h;I³`�ëH¿:? 

! ¥¦¥§¨©H%&#sPXÅKÙV�³ÚÛI^_JN#$JÚÛHB#

-.#$%&'()*+,.��ÊH¿:?hTI#s��H{|JKth

=Þ:þº.%&�¤.#G .��3`bC(!#G)K¥@5?#-.�ÜP|�

9:�%���¤K¼561B�ÜK|�9:#-3B%&#sH#-.#$

%&'()*+,3ab:UVKBX�KÝ=*@6B^_JN#-.�ÜK

���b6ab6�TjB�%���¤.��#e.¹º1�xKN:?!8-6

H}~@Cmn.op#eK¼561B¸XK79UVKB#-.#$%&'

()*+,3456}~H�:?  

!  
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! ! ! ! ! ! ! ! A
(1)|B|S|C|A(2)

!                              (13) 

!"#$%&'()*+S,-./&01234567"89:;<=&>

(galvanic cell)?@ABCDE&FGHICJK&>"!?LMCDNO189.

/ B9./ C8&'()*+S,1P4B6QRL&'()*?23SCD!"

#$%./ B9./ C8&0(electrode)?@ABCD&0?&'()*"TUL

JKVWGE!X9!"YZQRG[\]XE&FG^_BCD 

! B? C"`1ab4BCcB, C"def-gh&'()*+S,i89jk8

lm%n1#Xop"&'()*1qr4BstCD&0(1)"./ B G23S

C B "def-gh&'()* S1?9&0(2)"./ C G23SC C "def

-gh&'()* S2 "opLMCDuvs9(13)8w"#$1%CD 

           A
(1)|B|S1|S2|C|A

(2)
!                          ! ! !  (14) 

xyz?{s9|=};&>"~�-��C?9 

! ! ! ! ! A
(1)|Zn|ZnSO4|CuSO4|Cu|A(2)

! ! ! ! ! ! ! ! ! ! ! !   (15) 

LMCDZnSO4)*? CuSO4 )*`"��89O�89��(salt bridge)L2[

4BC%n{s9)*`"�U1&��G�H{%t#$1��4BCD��

"��L89!"op"&'()*`"&��8�?SCDO�"&0LE

!CVW-��C?9 

! ! !   ! Zn=Zn
+2

 + 2e- ,    Cu
2+

 + 2e- =Cu                    (15') 

LMCD&�8./&01MX9Zn
+�, SO4

2-
, Cu

+�, SO4
2G&'()*1��S

C�_9��"&0VWGE!BA9ZnSO4"&'()*L8 SO4
2-

 G��{9

CuSO4"&'()*L8 SO4
2-

 G��1%CD��% SO4
2-G��SC�1��

�1� {s\Bs9�p9!"� 1¡¢%£��_"¤¥8�LMC!?

-��stCD 

! ��"(14)"Q¦L9§¨"©ª./ A
(1)? A

(�)L"&�"&«JK¬f®

¯;-��C?9 

! ! !

! 

˜ µ 
e

(A1)
= µ

e

(A1)
" F# (A1)

,          ˜ µ 
e

(A 2)
= µ

e

(A 2)
" F# (A 2)              (16)  

LMCD ©ª./ A
(1)? A

(�)8°±./ ALMC�_9&�!²�"³"&

�"JK¬f®¯;8´{t9µ¶9¤¥·¸G°ILMC�_9 
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! ! !

! 

µ
e

(A1)
= µ

e

(A 2)
= µ

e

(A )
                                     (17) 

 !"#$%&'()*(16))+,-./01&2345#$ 

  ! !

! 

µ
e

(A1)
= ˜ µ 

e

(A1)
+ F" (A1) = ˜ µ 

e

(A 2)
+ F" (A 2) = µ

e

(A 2)
                (18) 

67&89)+:0* 

! ! !

! 

" (A1) #" (A 2) = #( ˜ µ 
e

(A1)
# ˜ µ 

e

(A 2)
) /F                           (19) 

;<*=>?@!A*BCDE A
(1)FGHDE B*GHDE C FBCDE A

(I)

!AGJ&GKLMNOPQRSA8TUVW* 

! ! !

! 

˜ µ 
e

(A1)
= ˜ µ 

e

(B )
,               ˜ µ 

e

(C )
= ˜ µ 

e

(A 2)
                         (20) 

!"#$%X)(19)4YZT-* 

! ! !

! 

" (A1) #" (A 2) = #( ˜ µ 
e

(B )
# ˜ µ 

e

(C )
) /F ! ! ! ! ! ! ! ! ! ! ! ! !  (21) 

F5#$%XA*[\&GH B*C 4]/#GJ&GKLMNOPQRS&

^)_- F !̀a,bc&def&BCDE A&Gg^!"#%F)hij#$

! 

( ˜ µ 
e

(B )
" ˜ µ 

e

(C )
)dk!5/X0*ef&BCDE A

(1)
 F A

(I)&l&Gg^ck

!A5U$ 

! %&(21)dmnj#opd*(17)!"#%F4qhT23$Gg)rsj#

DEfJAt;DE A!5/X05W5U$uvA*wx*CuCy CufJ

)zT-Gg^)s{j#&!*%&'(A|}~X-U#$DEGH4 CuB

C)��j#%FA*%&235hic��!U#%F4qhT23$                  ! ! !  

 (21)A1&234c./#$ 

     

! 

( ˜ µ 
e

(B )
" ˜ µ 

e

(C )
) = ("F)(# (A1) "# (A 2)

)                           (22) 

[\&GH BF C4]/#GJ&GKLMNOPQRS&�Ud*fJDE

&Gg^4��j#%F)�j$%&�UA*[\&GH��4]/#DE&

�����_��`&��4��\�$

! 

( ˜ µ 
e

(B )
" ˜ µ 

e

(C )
)d*DEFG����4]

/#��P&LMNOPQRS&�U!��!�#%F)1�!��3$�&

�4A*DEFG������P&LMNOPQRS&��d� !"#$!  
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!"#$%&'()'*+,-'.G/0#1  

234/34567'#8*+9:7;<=> 

! ?@ z'34MAB=CD1B='567M
z+/ zB='#EFe-"GHIH

JKGHD34 M '*+9:7;<=CD567 M
z+/#E'*+9:7;<

=LMNOP'QRSTUV/WXYKZ 

        

! 

µ
M

(M ) = µ
M
z+

(M ) + zµ
e

(M )                                   (23) 

[\]'(M)C34^ML_`ZabCD1B='567M
z+/ zB='#EFe-"

LD*+9:7;<=Wc'defgFcK 'hi8j"GHeklS34^

M'fgSmnopqr'sJtJ'*+9:7;<='u&D34M'*+

9:7;<=L_vwONKZ567M
z+/#EC#xLmyONKGHD#8

*+9:7;<=&_v`K/D 

!     

! 

˜ µ 
M
z+

(M ) = µ
M
z+

(M ) + zF" (M )
,          ˜ µ 

e

(M ) = µ
e

(M ) # F" (M )               (9-24) 

VJL(9-23)Sz{`J|D 

! ! !

! 

µ
M

(M ) = ˜ µ 
M
z+

(M ) " zF# (M ) + z{ ˜ µ 
e

(M ) + F# (M )
} = ˜ µ 

M
z+

(M ) + z ˜ µ 
e

(M )          (25) 

34M'*+9:7;<=C,! }~x#�E'*+9:7;<='u&�D#

8*+9:7;<='u&�D��S_v&]KZ34 M�jC#8lS��

&�KV/L�)`KZ 

! #�34W#����S��JJ|D567M
z+C#�_�/��'�L��

&]KGHD��fgS�KrSCD567 M
z+'#8*+9:7;<=CD

#�34/��&�wNZ 

              

! 

˜ µ 
M
z+

(M ) = ˜ µ 
M
z+

(S )                                    (26) 

VJL(25)abSz{`J|D 

! ! ! !       

! 

µ
M

(M ) = ˜ µ 
M
z+

(S ) + z ˜ µ 
e

(M )                            (27-1) 

/�KZ  

#�34M&'#E'#8*+9:7;<=L�bS��|D��fg&CD 

              

! 

˜ µ 
e

(M ) = {µ
M

(M )
" ˜ µ 

M
z+

(S )
} /z                          (27-2) 

/�KZ 
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!"#$%&'$()*+ 

,-$./01234(14)$5678(9867:;<!  

! ! ! ! ! A
(1)|B|S1|S2|C|A

(2)
  

=>?<"#$(@ B<CA>4BC<DECF#32(27-2);< 

! ! !  

! 

˜ µ 
e

(B ) = {µ
B

(B )
" ˜ µ 

B
z
B

+

(S1)
} /z

B
,! !  

! 

˜ µ 
e

(C ) = {µ
C

(C )
" ˜ µ 

C
z
C

+

(S2)
} /z

C
    ! ! !  (27-3) 

0G4HDEBC

! 

( ˜ µ 
e

(B )
" ˜ µ 

e

(C )
)IJEK< 

      

! 

( ˜ µ 
e

(B )
" ˜ µ 

e

(C )
) =

! 

{µ
B

(B )
" ˜ µ 

B
z
B

+

(S1)
} /z

B

! 

" {µ
C

(C )
" ˜ µ 

C
z
C

+

(S2)
} /z

C
      ! ! ! ! (28) 

=>4H(LM%&$NOP$(QRSTUPVWX;<YZ$RSTUPV

WX0()I[32< 

! ! !

! 

˜ µ 
B
z
B

+

(S1) = µ
B
z
B

+

(S1) + z
B
" F " # (S1)  

      

! 

˜ µ 
C
z
C

+

(S2) = µ
C
z
C

+

(S2) + z
C
" F " # (S2) 

=>4BC<DEI(28)\]F^_`EK< 

! ! !

! 

{µ
B

(B ) "µ
B zB+

(S1)
} /z

B
" F# (S1) "{µ

C

(C ) "µ
C zC+

(S2)
} /z

C
+ F# (S2) 

        

! 

= {µ
B

(B ) "µ
B zB+

(S1)
} /z

B
"{µ

C

(C ) "µ
C zC+

(S2)
} /z

C
+ F(# (S2) "# (S1)) 

! ! ! !

! 

= {µ
B

(B )
"µ

B zB+

(S1)
} /z

B
"{µ

C

(C )
"µ

C zC+

(S2)
} /z

C
 

ab$cd;<&'=$()*

! 

(" (S2) #" (S1));e0fg4D0Fh4HDE;< 

ijkX(9(LM%&$lmNOPnSO4
2-oF#32fgEKp?q3HSO4

2-

$(QRSTUPVWX;"#$%&=c13;r=>4BC< 

! ! !

! 

˜ µ 
SO4

2"

(S1) = µ
SO4

2"

(S1) + ("2) # F # $ (S1) = µ
SO4

2"

(S2) + ("2) # F # $ (S2) = ˜ µ 
SO4

2"

(S2)  

=>4H"#$%&Is24tI SO4
2
-;uvFw_?=x<&'()*;G3

0fg234BCH 

! 

µ
SO4

2"

(S1) = µ
SO4

2"

(S2) =<

! 

" (S1) = " (S2)=>4H  

! yz${|F12<(@'$(7$(QRSTUPVWX$*

! 

( ˜ µ 
e

(B )
" ˜ µ 

e

(C )
);< 

(@}~ B<C<0�$NOP

! 

B
zB +

,  C
zC +$RSTUPVWX=�gCE4H 

! ! !

! 

( ˜ µ 
e

(B )
" ˜ µ 

e

(C )
) =

! 

{µ
B

(B )
"µ

B
z
B

+

(S1)
} /z

B

! 

" {µ
C

(C )
"µ

C
z
C

+

(S2)
} /z

C
      ! ! ! ! ! ! (29)!  
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!"#$%&'%()*+,-%.G/! ! !  

 01(21)234567819:;%"< B9C1=>?"@%"A()BCD

EFG%HIJKFL2MN6O%P9QR%STR@UV A%"WH2XN

6YZ9(21)1(29)I[\5]9 

! ! !

! 

" (A1) #" (A 2) = #( ˜ µ 
e

(B )
# ˜ µ 

e

(C )
) /F ! ! ! ! ! ! ! ! ! ! ! ! !  

! ! ! ! ! !    

! 

= "{[µ
B

(B )
"µ

B
z
B

+

(S1)
]/z

B
" [µ

C

(C )
"µ

C
z
C

+

(S2)
]/z

C
}/F              (30) 

^_`abc deIf>]ghij9 

! !

! 

"F(# (A 2) "# (A1)
) = ˜ µ 

e

(C )
" ˜ µ 

e

(B )

! 

= (µ
B
z
B

+

(S1)
"µ

B

(B )
) /z

B
+ (µ

C

(C )
"µ

C
z
C

+

(S2)
) /z

C
     (31) 

,k?lmn%op2qrIJ-FL2sN6%t9"W,"@%"A()BuD

EFG%vwPx1k?y,Iz1{|5]=}6~YZ2X?l 

! (31)%:��%o�%�'Igh78l����1X?�1t9��DM
z+%

"A()BCDEFGt9"<UV,��2o5~YZ9  

              

! 

˜ µ 
M
z+

(M ) = ˜ µ 
M
z+

(S )                                       (26) 

P��5]~?lyit (27-2)%�1�>?YZ9"< B,yiP��?�� S

�%�2t9 

           ! !

! 

(1/z
B
)µ

B

(B ) = (1/z
B
) ˜ µ 

B
zB +

(S1) + ˜ µ 
e

(B )
! ! ! ! ! ! ! ! ! !   (31-1) 

%����P��5]~?lyit9�%*+ 

! ! ! ! ! ! !

! 

(1/z
B
)B = (1/z

B
)B

zB +
(S1) + e

"
(B)  

1v�?"A()BCDEFG%��P��5]~?,�8y,P��?lU

Vt����2X?YZ9()BCDEFGP-%"A()BCDEFG1o

5~l 

! ��1"< C,yi1��?�� S %�2O9 

!         !  

! 

(1/z
C
)C = (1/z

C
)C

zC +
(S2) + e

"
(C)  

1v�?"A()BCDEFG%��P��5]=¡9 

           ! !

! 

(1/z
C

)µ
C

(C ) = (1/z
C

) ˜ µ 
C
zC +

(S2) + ˜ µ 
e

(C )                      (31-2) 

2X?lyiZ:;%��%pYZ9(31)%�¢%

! 

( ˜ µ 
e

(C )
" ˜ µ 

e

(B )
)I£ij9 

! ! !

! 

˜ µ 
e

(C )
" ˜ µ 

e

(B )

! 

= ( ˜ µ 
B
zB +

(S1)
"µ

B

(B )
) /z

B
+ (µ

C

(C )
" ˜ µ 

C
zC +

(S2)
) /z

C
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!"#$%&'()*+,-./0)1234-./0)1235+6789:

&;+6<4=5>?@A: 

     

! 

˜ µ 
e

(C )
" ˜ µ 

e

(B )

! 

= (µ
B
zB +

(S1) "µ
B

(B )
) /z

B
+ (µ

C

(C ) "µ
C
zC +

(S2)
) /z

C
+ F(# (S1) "# (S2))  

! ! ! ! ! ! !

! 

= (µ
B
zB +

(S1)
"µ

B

(B )
) /z

B
+ (µ

C

(C )
"µ

C
zC +

(S2)
) /z

C
                 (31-3) 

5BC:(30)*DE*FG7HIJ#$KL:(30)*DE*FGM:(31-1)5(31-2)

*+,-./0)123*NOPQ4:+R*+,-./0)123MSTU:

%&V*-.W*-./0)123MXU7YZ[FG!"C:%&U!*-

./0)123*<\:+]U!*+R*+,-./0)123*<7F

9Z^54_`9aZ#$                

! (31)XT:KL:(31-3)XTM:+Rbc34deJ#f!gZ[Eh*+

]ijk+lm%&!*n`*-.op , 

! ! !         

! 

1

z
B

B +
1

z
C

C
zC +
(S2) =

1

z
B

B
zB +
(S1) +

1

z
C

C! ! ! ! ! ! !  (32) 

*qG7rBsBZ$tus: 

! ! ! ! !    

! 

"G = (µ
B
z
B

+

(S1)
#µ

B

(B )
) /z

B
+ (µ

C

(C )
#µ

C
z
C

+

(S2)
) /z

C
!              (33)!  

5iv!w#$ (32)XT*xy-.W(products)*-./0)123*QzM:

-.{|Qz}~�an:STU*opJ#-.W(reactant)!M�!"#$��

�3+�*��}��J#5: 

! ! ! ! ! ! !

! 

1

2
Zn +

1

2
Cu

2+
(S2) =

1

2
Zn

2+
(S1) +

1

2
Cu  

             

! 

"G = (µ
Zn

2+

(S1)
#µ

Zn

(Zn )
) /2 + (µ

Cu

(Cu)
#µ

Cu
2+

(S2)
) /2  

!"#$��a: (31)7�@A: 

            

! 

"F(# (A 2) "# (A1)
) = ( ˜ µ 

e

(C )
" ˜ µ 

e

(B )
) = $G!                   (34) 

!"#$�[:������z[F=9.6485x10
4
 C/mol]!��a�+] A(2)*+]

A(1)7�J#+6<�*FG7J@A: 

! ! ! ! ! ! !

! 

(" (A 2) #" (A1)
) = #( ˜ µ 

e

(C )
# ˜ µ 

e

(B )
) /F = #$G /F !            (35) 

!"#$(34), (35)*�@*��}:+65+R*+,-./0)123M���

*PQ7"#^54�J�7:<4�#��M ¡79a:Eh*<*;7¢
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!"#$%&'()*+,-(34) ./012,34'56789:;<=>:

?9, @$AB.[J/mol]:?,- (35).(34)'3456789$3CDEFF:G

H=IJ:, @$AB./[J/mol]/[C/mol]=[J/C]=[VC/C]=[V]:/KLM3C$N

3OPQRS7$T:?,-567$34. F=9.6485x10
4
 C$U3C'VWX

Y/KLM3C$N3OPQRS7:Z[2,3LT\]2\./DEFF:GY

^_`Y`+- 

! a$bc\d*/A
(1)|B|S1|S2|C|A

(2)$3efg\h),3LT/3e:$34

$3ijkOPQRS7$T/(32)$Ml$jkmn$oG/$pq$0%

>rsYt=-(35)$uvra$3w$x3y(electromotive force):?,- 

! (35)$3w$x3y$z{|}/~3e A(2)$3e A(1)\�2,3LT�./

3ijk:$x3y\02,��/~��3e$u�3e$��3L'3w

$x3y�2,�\�nd*+,-a$��./��3e3L$�'��2,

�\�l'VWr/aa:.��:.`+- 

! (34), (35):$pq$0%\W+*./�c�W;<^_`Y`+��`a�

r�H*+,- 

 

����/���/�N��j�! ! ! ! ! ! ! ! ! ! ! ! ! !        

! ��`a��./A
(1)|B|S1|S2|C|A

(2):./��$� ¡¢.I_t*+`+

a�:?,-���$£¤\?,�¥c-3e B$34.3e C\¦§:¨`

+$©XY/(32)$Ml$jkmn�a$£¤:.ª«¬d`+-Ml$m

n$¬./3e B$34r®¯��'°H*/3e C\¦§d/@a:±²

³t,a�:.´µ*¶[2,XY:?,-34r·¸¹'¦§:¨,�;<

*.+)`+-34r¦§:¨,$.¡¢�º$¹©):?,-·¸¹'¦§

2,$.·¸$!»Q©):?9/!»Q.¡¢�º'¦§:¨`+�;<,

a�- 

! @a:/�d��$� ¡¢ A
(1)/A

(2)'¼½d=�2,D¼½d=���F-

¾¿��jr¼ÀÁ:xH*/@$ÂÃ:34.¦§d/Ml$jkmn�¬

2,-dXd/ÄÅ�`�N�`�j:.`+$:/  (34)$ÆÇ.gÈ



 126 

!"#$%&'()*+,-./0,1./+2345%6784$ 

! %+9:";<=>0(34)+?@A;BCDEF4GH'0IJKH!LM

N=>OP VQARSLOTAUVWXY0%+UVW#AZ=H[\L0

O] B +]^_+O`an bcAMNJKAd!LO] C H0efghA=S

Li\jV5klmY4%5An3op">"#$qr0M)H9\L0O] B

+]^_+O`Hs!tuvw;A!L0%&AO]Cx7yz{|An34$

]^_+O`+kl784=>0}&4O}~]��_784$%+g0M)

�tuvH"Fw;��78&p0M�+MNJK'0O`�klF4%570

O��=>�+��c��A��%5H"4$!=!0%+M)+w;��

78&p0O���MNJK=>�+��c��A��%5H"4$#�&H

Y90%+M)+w;Aan�\L0O`�bc8�V+�H��F&p0%+

w;�w��O] B +O`�bcAO] C HtuvHklmY4�HM)��

\�w;H"4$]^_+O`anbc+tuvklAn3L0%&AO`�b

c�VH��!L#4$�=>0���+O}!=}&L#"#+70%+�

�Ad�L0(34)+?@��� ¡�'B¢vH£¤!L#4$ 

! -¥0()*+,-0,1./=>F450?¦?P§¨7©ªvH«%

4�*¬+®G H'0®G!¯5+°��84$?@�£¤F4+'0±

²+9:Htuv³´��H�>&4$µH0(9-34)+?@=>0O`+O¶

�*·¸¹º»c+��~0MNJK�O��+©ªv¬H¼½!L�\�

tuvw; w~0®GH?!j0¾+�'�784$®G¿w !¯�=>0 

! ! ÀMNJK+����c��Á¿!w¿!®G! >¯! ! ! ! ! ! ! (36) 

5"4$O��+�Â+�*¬+ G +Ã^_�!®G��0O] B +O`A0

MNJKÄÅ70O] C x7klmY0%&Ad�L0MNJK'O¶��c

��AÆ�F4$?¦?PÇ+�*¬�ÈÉÊF��c���!®G��0

M��ËÌ7Í4ÎÏ+O¶��c��5"4$(35)'0%+{|�tuv"³

´��784ÐWAÑÒ!L#4$ 
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!"#$%&'( 

! #)%"#$*&'+,-./0123456787*9:;0<=>%#

?*@?AB@CDEFG0(34), (35)%HI*JKLMND;0OP#)%"#

$QG%RSTD;#UV*WX,YPZ[\]^_%`a*bc+,dB0

#)%"#$/Kef&'Bg,YhS/0Poggendorff (1796-1877)%ijDk

lmnfOopqr 9-3sY123456tu7%&'vwTD;xyBz{|

B},Y 

! r 9-3/0h%&'vw*~�[f�Dkz%B},Y�R0"#$F�CB

},OP#)f����*��t D;0@?A%�F�SE:U�B*WX,Y

h%��B/0OP#)%"#$T AB�%#UVF��.�;:,F0B%U

�F�Qf C��0A��fRSS�0#?%?S,��F_fE,Y 

 

 

 

 

 

 

 

 

 

 

 

 

 

�f0����%�*"#$�C%#)f����,Y�%��B0@?A%

�F�SE:U� B�*WX,Y�C"#$/ AB' �%#UVT��.�;:

,. �� ¡¢%£¤/ ¡¥f¦§+,%B0!  

! ! ! �C"#$¨qOP#)%"#$s!qAB'%£¤©AB%£¤s 

TD;�C%"#$*W'Bg,Y#U%��.:U�*WX,ef/0ª«

G 

�� ¡¢ 
A 

B 
C 

@?A 

�������� 

OP#) 

¬&'9#) 

B� 

r 9-3. ! #)%"#$*&'+,�n 

#) #?®¯9^\ ¡ 
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!"#$%&$'($)*%+,-./0123#$3$)45678"9:

2;4+<=>#?"@(+ABC#$($D8E5F+GHI5,-.6(

JK;0LMNOPNQ*7 




