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A B S T R A C T  

T h e  p r e s e n c e  of  a d s o r b e d  h y d r o g e n  r e s u l t s  in  e s s e n t i a l  d i f f e r e n c e s  i n  t h e  
t h e r m o d y n a m i c s  of  t h e  s u r f a c e  p h e n o m e n a  o n  t h e  p l a t i n u m  e l e c t r o d e  c o m -  
p a r e d  to t h e  m e r c u r y  one. T h u s  in  t h i s  case  t h e  p o i n t  of  z e ro  c h a r g e  ( i n  t h e  
c o n v e n t i o n a l  s e n s e )  does  n o t  co inc ide  w i t h  t h e  m a x i m u m  of t h e  e l e c t r o -  
c a p i l l a r y  cu rve .  T h e  v a l u e  of  t h e  p o t e n t i a l  d i f f e r e n c e  b e t w e e n  t h e  e l e c t r o d e  
a n d  t h e  s o l u t i o n  d e p e n d s  no t  o n l y  on  t h e  s u r f a c e  c h a r g e  b u t  a lso on  t h e  
a m o u n t  of a d s o r b e d  h y d r o g e n .  A d d i t i o n a l  c o m p l i c a t i o n s  a r i s e  in  t h e  p r e s e n c e  
of spec i f ica l ly  a d s o r b e d  ca t i ons  a n d  a n i o n s  i n  t h e  so lu t ion .  T h e  e x p e r i m e n t a l  
d a t a  u s e d  in  t h i s  p a p e r  h a v e  b e e n  o b t a i n e d  b y  t h e  c h a r g i n g  c u r v e s  m e t h o d ,  
b y  d i r e c t  d e t e r m i n a t i o n s  of a n i o n  a n d  c a t i o n  a d s o r p t i o n ,  a n d  b y  t h e  m e a s -  
u r e m e n t s  of t h e  p o t e n t i a l  s h i f t  w i t h  c h a n g i n g  composition of t h e  s o l u t i o n  
u n d e r  i soe l ec t r i c  cond i t ions .  

A p l a t i n u m  e l e c t r o d e  o b t a i n e d  b y  p l a t i n i z a t i o n  or  
a c t i v a t i o n  of s m o o t h  p l a t i n u m  b y  a l t e r n a t i n g  a n o d i c  
a n d  c a t h o d i c  p o l a r i z a t i o n  i n  t h e  p o t e n t i a l  r a n g e  of ~r 
f r o m  ~r = 0 to ~r = 0.5-0.6, as r e f e r r e d  to h y d r o g e n  
e l e c t r o d e  in  t h e  s a m e  so lu t ion ,  c a n  b e  c o n s i d e r e d  a 
r e v e r s i b l e  s y s t e m  in  ac id  so lu t ions .  T h e r e f o r e ,  in  
i n t e r p r e t i n g  i t s  s u r f a c e  p r o p e r t i e s ,  i t  is pos s ib l e  to 
m a k e  u se  of G i b b s  t h e r m o d y n a m i c s .  T h e r e b y ,  i t  
s h o u l d  b e  t a k e n  i n to  c o n s i d e r a t i o n  t ha t ,  i n  a d d i t i o n  to 
f r e e  c h a r g e s  a n d  ions  f o r m i n g  t h e  e l ec t r i c  d o u b l e  
l aye r ,  t h e r e  is a d s o r b e d  h y d r o g e n  on  t h e  e l e c t r o d e  
su r face .  I t  c an  b e  a s s u m e d  t h a t  w i t h i n  t h e  p o t e n t i a l  
r a n g e  i n d i c a t e d  no  a d s o r b e d  o x y g e n  is p r e s e n t  on  t h e  
e l e c t r o d e  su r face .  I n  t h e  p r e s e n c e  of s t r o n g l y  a d -  
s o r b e d  a n i o n s  or  ca t ions  ( I - ,  C d 2 + ) ,  t h e  c o n d i t i o n  of 
r e v e r s i b i l i t y  of a d s o r p t i o n  p roces se s  m a y  b e  v io l a t ed .  
In  t h a t  case  a t h e r m o d y n a m i c  t r e a t m e n t  w o u l d  g ive  
on ly  a p p r o x i m a t e  r e su l t s .  

I n  t h e  case  of a l k a l i n e  so lu t ions ,  t h e  a b o v e  a s s u m p -  
t i ons  s e e m  to b e  v a l i d  o n l y  w i t h i n  a n a r r o w e r  p o t e n -  
t i a l  r a n g e  a n d  o n l y  fo r  s o l u t i o n s  c o n t a i n i n g  s i n g l y  
c h a r g e d  ca t ions  of a l k a l i  m e t a l s .  I n  t h e  p r e s e n c e  of 
d o u b l y  c h a r g e d  ca t ions ,  s u c h  as B a  2+, c o m p l i c a t i o n s  
m a y  a r i s e  (1) 

L e t  u s  c o n s i d e r  f i rs t  t h e  case  of a n  ac id i f ied  or  
a l k a l i z e d  s o l u t i o n  of  a b i n a r y  e l e c t r o l y t e  (2 ) ,  a s s u m -  
i ng  t h e  c o n c e n t r a t i o n  of  t h e  H + or  O H -  ions  to b e  
s m a l l  c o m p a r e d  to t h a t  of t he  sa l t  ions.  ~ A t  c o n s t a n t  
t e m p e r a t u r e  a n d  p r e s s u r e ,  t h e  s t a t e  of t h e  s y s t e m  is 
d e t e r m i n e d  b y  t h e  c h e m i c a l  p o t e n t i a l s  of h y d r o g e n  
~H, of t h e  h y d r o g e n  ion  ~H+ a n d  of  t h e  s a l t  ions  ~s, 
w h i c h  w e  s h a l l  e x p r e s s  i n  e l ec t r i c  un i t s .  W e  s h a l l  
se t  t h e  i n t e r f a c e  in  s u c h  a w a y  t h a t  t h e  G i b b s  a d s o r p -  
t i on  of w a t e r  rH2o = 0. T h e n  fo r  da, w h e r e  z is t h e  
s u r f a c e  d e n s i t y  of  t h e  f r e e  ene r gy ,  w e  s h a l l  h a v e  

d~ = - -  rHd~n  - -  YH+d~H+ - -  (FC+ + r A - ) d , s  [1] 

w h e r e  FH, FH+, YC+, a n d  rA-- a r e  G i b b s  s u r f a c e  d e n -  
s i t ies  of h y d r o g e n ,  h y d r o g e n  ion, c a t i o n  a n d  a n i o n  of 
t h e  sal t ,  r e s p e c t i v e l y ,  a lso e x p r e s s e d  i n  e l ec t r i c  un i t s .  

E v i d e n t l y  
~r = ( /~H)o~  /~H [2] 

I In  pract ice ,  the  last  condition was often not fulfilled, since in 
an ex loer imenta l  d e t e r m i n a t i o n  of ionic adsorption the use of solu- 
tions with a l o w  c o n c e n t r a t i o n  of H+ or OH- ions makes it difficult 
to keep the pH of  the  solution constant. However, at least in the  
ease  of Cs+ ions ,  th is  cou ld  no t  lead to a significant error in the  
d e t e r m i n a t i o n  o f  the  charge of adsorbed cations, since when the 
ratio [H+]:[Cs+] is decreased 10 times, adsorption of Cs + from 0.01N 
Cs~SO4 solution at ~br = 0 increases only by 30% (3), as it f o l l o w s  
a lso  from Fig. 1. E v e n  at  t he  same concentration, the Cs+ ions 
s e e m  to displace considerably the H+ ions from the ionic side of  
the  d o u b l e  layer. 

where (~H)o is t h e  v a l u e  of ~H in  e q u i l i b r i u m  w i t h  
m o l e c u l a r  h y d r o g e n  a t  g i v e n  t e m p e r a t u r e  a n d  p r e s -  
sure .  N o w  

rH+ = r A - - - -  r c +  [3] 

T h e  q u a n t i t y  I~H+ can  b e  c o n s i d e r e d  to b e  t h e  d e n s i t y  
of t h e  e l e c t r o d e  s u r f a c e  c h a r g e  ~, a s s u m i n g  t h a t  w i t h  
a n  excess  of C + ca t ions ,  t h e  p r e s e n c e  of H + ions  in  
t h e  ion ic  p a r t  of t h e  d o u b l e  l a y e r  c a n  b e  n e g l e c t e d  
( see  f o o t n o t e  1) a n d  t h a t  b e i n g  a d s o r b e d ,  a l l  h y d r o g e n  
ions  g ive  off t h e i r  c h a r g e s  to  t h e  m e t a l  a n d  c h a n g e  to 
H a toms .  I n  o t h e r  words ,  w e  a s s u m e  t h a t  t h e  p o t e n -  
t i a l  d e t e r m i n i n g  H + ions  a r e  n o t  a d s o r b e d  spec i f ica l ly  
or  t h a t  j o i n t l y  t h e  spec i f ica l ly  a d s o r b e d  H + ion  a n d  

i h e  n e g a t i v e  s u r f a c e  c h a r g e  c a n  b e  i den t i f i ed  w i t h  
a n  H a tom.  E q u a t i n g  FH+ w i t h  ~ is s o m e w h a t  c o n -  
d i t iona l .  I n  fact ,  spec i f ica l ly  a d s o r b e d  ions,  s u c h  as 
I -  or  Cd 2+, a r e  s h o w n  b y  e x p e r i m e n t  to f o r m  co-  
v a l e n t  b o n d s  w i t h  t h e  e l e c t r o d e  s u r f a c e  (4) .  T h e r e f o r e ,  
i t  cou ld  b e  a s s u m e d  t h a t  in  Cd 2+ a d s o r p t i o n ,  some  
of t h e  Cd 2+ ions  c h a n g e  to a toms ,  g i v i n g  off p o s i t i v e  
c h a r g e s  to t h e  sur face .  H e n c e  two  s e p a r a t e  q u a n t i -  
t i es  FCd+ a n d  Fcd c o u l d  b e  i n t r o d u c e d ,  j u s t  as  i t  w a s  
d o n e  i n  c o n s i d e r i n g  t h e  e l e c t r o c a p i l l a r i t y  of  t h a l l i u m  
a m a I g a m s  (5 ) .  H o w e v e r ,  s ince  in  t h e  case  u n d e r  
c o n s i d e r a t i o n  w e  c a n n o t  v a r y  i n d e p e n d e n t l y  ~cd a n d  
~Cd2+, s u c h  s e p a r a t i o n  w o u l d  b e  a imless .  T h e r e f o r e ,  
w i t h i n  t h e  f r a m e  of t h e  t h e r m o d y n a m i c  t r e a t m e n t  i t  
w o u l d  b e  r e a s o n a b l e  to c o n s i d e r  f o r m a l l y  a l l  ions  d i s -  
a p p e a r i n g  f r o m  t h e  so lu t ion ,  e x c e p t  t h e  H + ions,  to  b e  
a d s o r b e d  as ions,  a l t h o u g h  s u c h  a n  a s s u m p t i o n  w o u l d  
h a v e  to b e  e s s e n t i a l l y  c o r r e c t e d  i n  d e v e l o p i n g  a m o l e c -  
u l a r  t h e o r y  of t h e  e l ec t r i c  d o u b l e  l a y e r  o n  t h e  P t  
e l e c t r o d e  ( see  b e l o w ) .  

L e t  us  d e s i g n a t e  b y  A ~  t h e  a m o u n t  of h y d r o g e n  
a d s o r b e d  p e r  u n i t  su r face .  T h e  q u a n t i t y  AH is n o t  
i d e n t i c a l  w i t h  FH, as p a r t  of t h e  h y d r o g e n  d i s a p p e a r -  
i n g  f r o m  t h e  b u l k  of t h e  so lu t ion ,  w h e n  a u n i t  s u r f a c e  
is f o r m e d ,  is i on i zed  a n d  e x p e n d e d  in  i t s  c h a r g i n g .  
O b v i o u s l y  t h e  f o l l o w i n g  r e l a t i o n s h i p  ex i s t s  b e t w e e n  
AH a n d  rH 

I~H = A H -  Yn+ '~- AH ~ e [4] 

F r o m  Eq.  [1],  [2],  [3],  a n d  [4] i t  is p o s s i b l e  to d e -  
d u c e  some  r e l a t i o n s h i p s  b e t w e e n  m e a s u r a b l e  q u a n -  
t i t i e s  (2, 6) .  No a l l o w a n c e  w i l l  b e  m a d e  fo r  h y d r o g e n  
s o l u b i l i t y  in  t h e  m e t a l  a n d  t h e  pos s ib l e  effect  of d i s -  
s o l v e d  h y d r o g e n  on  t h e  e l e c t r o d e  p rocess .  W e  s h a l l  
a lso a s s u m e  t h e  q u a n t i t y  ~H+ to r e m a i n  c o n s t a n t  w i t h  
c h a n g i n g  ~r, t h a t  is t h a t  t h e  c h a n g e s  in  t h e  v a l u e  of 
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[H + ] caused by those in AH are small  compared to 
[H+].  ~ 

Let  us consider the case of a solution of a constant 
salt composition (~s = const).  Since 

o r  

07.+) ,egg-.] 
/ZH # H  + 

] = -  / 

~ r  NH + 

( 0+, + (0+-+ 
O+r ] = , '  , '  

[5] 

[5a] 

[6] 

/ IH+ F H  ~ H §  

The quant i ty  r s +  can be de termined  exper imenta l ly  
direct ly f rom the change in the hydrogen ion concen- 
trat ion in the solution in contact with the electrode 
polarized to the potential  ~r, or, according to Eq. [3], 
f rom the difference be tween  the anion and cation 
adsorptions. Some examples  of the dependence of 
rH+ upon ~r are given in Fig. 1 and 2 (7). 

The curves in these figures, as wel l  as in others, 
are extended into the oxygen region, which, however ,  
wil l  not be discussed in the present  paper. Now, evi-  
dent ly 

0rH OQ 

) : -  ( -w : )  
# H +  /~H+ 

where  Q is the quant i ty  of electr ici ty to be supplied 
to the electrode per unit  surface to shift  its potent ial  
f rom some init ial  va lue  to the value Pr, assuming that  
the quant i ty  of hydrogen dissolved in the bulk of the 
solution, which is in equi l ibr ium with  the electrode, 
can be neglected compared to the amount  of adsorbed 

2 W h e n  t h e  a b o v e  c o n d i t i o n s  a r e  fu l f i l led ,  t h e  s t a t e  of  t h e  sys -  
t e m  a t  a g i v e n  i n i t i a l  s o l u t i o n  c o m p o s i t i o n  i s  c o m p l e t e l y  d e t e r -  
m i n e d  by  t h e  q u a n t i t y  of  e I e c t r i c i t y  Q s u p p l i e d  to t h e  e l e c t r o d e  
f r o m  s o m e  in i t i a l  m o m e n t  of  t i m e .  I n  th i s  sense ,  t h e  b e h a v i o r  of  
t h e  e l e c t r o d e  d o e s  n o t  d i f f e r  f r o m  t h a t  of  a n  idea l  o r  c o m p l e t e l y  
p o l a r i z e d  e l ec t rode ,  a l t h o u g h  in  t h i s  case ,  t h e  c o n d i t i o n  of  t h e  a b -  
s e n c e  of  t h e  e x c h a n g e  of  c h a r g e s  b e t w e e n  t h e  e l e c t r o d e  a n d  t h e  
so lu t ion ,  w h i c h  is  u s u a l l y  c o n s i d e r e d  to  b e  t h e  c r i t e r i o n  of  i d e a l  
p o l a r i z a b i l i t y ,  is  n o t  fu l f i l led .  

r.lo'~ 

I ~  " "  + 

Fig. 1. D e p e n d e n c e  of  r c s +  (1) a n d  r H +  (2) in 0 .018N 
Cs2S04 + O.O02N H2S04 and F c s +  (3) and r s o 4 2 -  (4) in O.O1N 
Cs2S04 + 0.01 N H2SO4 on ~r. 
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@ 

f 
i 
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Fig. 2. Dependence of rNa + (1), I'H+ (2) and rBr--  (3) in 
10~'3N NaBr + 10-3N H2SO4 on ,~r. 

hydrogen. Finally,  the quant i ty  \ ~ /  is de te r -  

FH 
mined from the change in the electrode potential,  
as re fer red  to hydrogen electrode in the same solu- 
tion, wi th  changing [H + ] under  isoelectric conditions, 
i.e., at open circuit  (constant FH). 8 Thus Eq. [6] can 
be verified quanti tat ively.  A roughly approximate  
verification of this kind has a l ready been carr ied out 

(2). There  the quant i ty  \0"-~H+ ] was de termined  

F H  

f rom the change in ~r when  passing from acidified to 
alkalized solutions, i.e., ~H+ was changed wi th in  too 
wide limits. The values of the der ivat ives  in Eq. [6] 
were  equated with  the ha l f - sum of the values ob- 
tained exper imenta l ly  for the lowest and the highest  
pH. At  present similar  measurements  are made using 
improved technique. 4 

Of interest  is another  deduction f rom Eq. [1] and 
[4]. With the solution composition constant 

0a 
- - =  rH = A H - -  e [1O] 

0pr 

Thus, the m a x i m u m  of the "electrocapi l lary curve"  
of the p la t inum hydrogen  electrode lies not at , = 0, 
but  at A H - -  e = 0 and does not  coincide wi th  the 
point of zero charge in the usual sense of this term, 
i.e., the potential  at which the quant i ty  s = PA- - -  r e+  
vanishes. According to (2), the point of zero charge 
of p la t inum in solution of N NaC1 + 0.01N HC1 
lies at pr -~ 0.16, whereas  the quant i ty  A H -  s vanishes 
at ~r ~ 0.3. Such a discrepancy may  seem to be un-  

expected if we proceed f rom the der ivat ion of Lipp-  
man's  equation, suitable for the concept of an ideal 
polarizable mercury  electrode, e.g., in the form given 
by Grahame (10) or Parsons (47). However ,  Lipp-  
man himself  understood perfec t ly  wel l  that  what  the 
r igh t -hand  side of his equat ion expresses is the 
capacitance of a uni t  surface at constant potent ial  
(11). Evidently,  in the case of a hydrogen-adsorbing  
metal, the last quant i ty  cannot coincide wi th  the sur-  
face charge in the sense of the electrostatic theory  
of the double layer.  In 0.01N Cs2SO4 + 0.01N H2SO4 
the point of zero charge lies at ~r = 0.30 (3, 7) (0.19 
vs. NHE) and is close to the potent ial  of the m ax imum 
of ~. This coincidence is, however ,  an accidental  one. 

The plat inum electrode potent ial  p, measured  
against  a constant re ference  electrode, such as the 
normal  hydrogen electrode, depends not only on rH+, 
but on AH as well. In fact  

C h a n g e s  in  t h e  e l e c t r o d e  s t a t e  in  w h i c h  t h e  q u a n t i t y  FH, d e t e r -  
m i n i n g  t h e  to ta l  a m o u n t  of  e l e c t r i c i t y  s t o r e d  on  t h e  e l ec t rode ,  r e -  
m a i n s  c o n s t a n t  w e r e  s u g g e s t e d  to be  ca l led  i soe lee t r i e  (8). I soe lec -  
t r i e  m e a s u r e m e n t s  c a n  be  c a r r i e d  o u t  r e a d i l y  in  t h e  c a s e  of  e lec-  
t r o d e s  w i t h  d e v e l o p e d  s u r f a c e  ( p l a t i n i z e d  p l a t i n u m ,  a c t i v a t e d  
c a r b o n ) ,  f o r  w h i c h  t h e  c o n d i t i o n  FH = cons t ,  c a n  be  fu l f i l l ed  
e a s i l y  in  p r a c t i c e  w h e n  r e p l a c i n g  t h e  so lu t ion .  T h e s e  m e a s u r e m e n t s  
h a v e  s o m e t h i n g  in  c o m m o n  w i t h  t h e  cou los t a t i c  m e t h o d  d e v e l o p e d  
b y  D e l a h a y  a n d  c o l l a b o r a t o r s  (46), s ince  in  b o t h  ca se s  c h a n g e s  i n  
t h e  e l e c t r o d e  p o t e n t i a l  a t  o p e n  c i r c u i t  a r e  o b s e r v e d .  T h e  p r o b l e m s  
to be  s o l v e d  i n  t h e  t w o  c a s e s  w e r e ,  h o w e v e r ,  d i f f e r e n t .  

t F r o m  Eq.  [6] b y  s i m p l e  t r a n s f o r m a t i o n s  (9) i t  is  pos s ib l e  to  
o b t a i n  t h e  r e l a t i o n s h i p  

or  

OFH+ / ,~+" - [9] 

w h e r e  ~ i s  t h e  p o t e n t i a l  m e a s u r e d  a g a i n s t  n o r m a l  h y d r o g e n  elec-  
trode. 

E q u a t i o n s  [8] a n d  [9] d e t e r m i n e  t h e  d e p e n d e n c e  of  the hydrogen 
e l e c t r o d e  p o t e n t i a l  on  t h e  p H  of  t h e  so lu t i on  w i t h  FH r e m a i n i n g  

cons t an t ,  i .e. ,  u n d e r  i soe l ec t r i c  c o n d i t i o n s .  T h e  q u a n t i t y  ~ q , ~ +  

is  n e g a t i v e  in  m o s t  cases ;  i f  ~ % m  + > >  1, Eq .  [9] t u r n s  in -  

to  t h e  u s u a l  r e l a t i o n s h i p  f o r  t h e  r e v e r s i b l e  h y d r o g e n  e l ec t r ode .  
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d~ = d~H+ - -  d~H [11] 

NOW, let  us put  (2) 

0~ o~ ) 
rH+ .A~ 

= XdAH -t- YdrH+ [12] 
F rom [11] and [12] it  follows 

( O A H  ) = - - 1  [13] X ,  ~ ' -~-R ) §  0rH+ 
0~H 

/ZH+ /ZH+ 

X 
\o-'~-~-~+ ) + \ ~ , ,  = 

1 [14] 

~H /~H 

From [13], [14], [4], and [5] we obtain 

( ~ A H  ~ 
X = ~ \ - ~ H +  / : Z  [15] 

#H 

where 

(OFH+ ~ ( 0AH ~ _(0rH+ ~ ( 0AH.~ 
Z =  

~H PH + /~H + PH 

I~H + /-tH I~H 

If \ ~  / = 0, i.e., atomic hydrogen adsorption 

~H 

does not depend on the composition of the solution, 
according to Eq. [15], X = 0. In  this ease, the pres-  
ence of adsorbed hydrogen has no effect on the po- 
tential  difference. In  actual fact, however, the value 
of AH depends on pH, increasing when passing from 
acid to alkali at small  and medium coverages and 
decreasing at large coverages (2, 6). As all the quan-  
tities appearing in  the r igh t -hand  sides of Eq. [15], 
[16], and [1"/] are measurable,  it is possible to cal- 
culate from these equations the contr ibut ion of atoms 
and ions to the potential  difference at the electrode- 
solution interface. Unfortunately,  there are no suffi- 

ciently accurate values of the quanti t ies  \ 0~--~-~-+ / 

~H 

and - - - ~ - +  / available at present.  The results of 

~H 

a roughly tentat ive calculation from the data obtained 
in  (2) are presented in  Fig. 3. Since in  this case the 
measurements  of rH+ were made in  N NaC1 -p 0.01N 
HC1 and in N NaC1 -t- 0.05N KOH, the results of the 
calculation can give an approximate idea of the quan-  
tities X and Y for the in termediate  value of pH, i.e., 
for a neut ra l  solution. More accurate measurements  
of this k ind  are to be made at a later  date. In  spite of 
the tentat ive na ture  of the data in Fig. 3, it  is pos- 
sible to draw some conclusions from them regarding 
the mechanism of the appearance of the potent ia l  
difference on the p la t inum hydrogen electrode. At 
small  coverages, the quant i ty  X is positive, i.e., in  
the atomic hydrogen coverage the negative dipole end 
is tu rned  toward the solution. With increasing cov- 
erage, the sign of polari ty changes, the effect cont in-  
uing to increase in  absolute value as ~r = 0 is ap-  
proached. As already pointed out in the l i terature,  

r 

U 

5:10 ~ 
,y 

Ir 

/ 

Fig. 3. Dependence of t h e q u a a t i t i e s X  = (OOA~) and 

rH+ 

Y ~ ~ on ~r in N NaCI solution. Ordinates in 

AH 
farads - 1  x cm 2. 

the change in polari ty with increasing coverage is 
in agreement  with the results of the work function 
measurements  (12). It follows from a comparison of 
the X and Y curves that the contr ibut ion of the ad- 
sorbed hydrogen atom to the establ ishment  of the 
potential  difference is approximately by  an order of 
magni tude  less than that of the adsorbed ion. The 
quant i ty  y - 1  is the electrode capacitance at constant  
AH. At ~r = 0.3-0.5, it is equal  to ca. 70 ~f/cm 2 and 
decreases to 12 ~$/cm 2 with ~r approaching zero. The 
decrease in  capacitance can be part ial ly due to the 
substi tut ion of cations for anions in the ionic side of 
the double layer, but  the effect of the increasing sur-  
face coverage with adsorbed hydrogen on the capaci- 
tance should be taken into consideration as well. In  
actual fact, as is clear f rom Fig. 3, the increase in Y 
with decreasing ~r becomes appreciable beginning  with 
~r ~= 0.3, whereas the point of zero charge, as is evi-  
dent  from Fig. 6 in  F r u m k i n  and Slygin 's  work, in 
neutra l  N NaC1 should lie at ~r = 0.18. It should be 
noted that  wi th in  the range of cr = 0.3-0.5 the ca- 
pacitance values are high. Numerous a-c measure-  
ments  on smooth electrodes at sufficiently high fre-  
quencies give capacitance values of 15-20 ~f/cm 2 in 
the double layer region. It is possible that this value 
should be even smaller if allowance is made for the 
roughness factor. The rel iabi l i ty  of the values ob- 
tained from the adsorption measurements  depends on 
the correct est imation of the platinized electrode sur-  
face. The calculation of adsorption per cm 2, and hence 
of the quanti t ies  X and Y, given in  this paper is 
based on the assumption that at ~r = 0, there is one 
H atom for each Pt  atom, and 1.31 x 1015 atoms/1 cm 2 
of the Pt  surface. 5 The determinat ion of the surface 
area by this method leads to values which are in  
agreement  with the Pt  surface measurements  by the 
BET method (14, 15). Thus, the discrepancy between 
the results of the capacitance determinat ion from ad- 
sorption measurements  and from impedance is a real 
one. The most probable explanat ion would be to sup- 
pose the establ ishment  of equi l ibr ium between the 
adsorbed anion and the p la t inum surface to be a slow 
process, which is in  agreement  with the covalency of 
the P t -an ion  bond under  equi l ibr ium conditions. I t  
should be noted that the capacitance of the Pt  elec- 
trode in  the double layer region in a 0.1N H2SO4 solu- 
tion, determined from adsorption measurements  (with-  
out control however of the condition AH=COnSt being 

T h e r e  are  some d i sc repanc ie s  in  the  e s t i m a t i o n  of the  l a t t e r  
v a l u e .  Thus ,  F i she r ,  Chon,  a n d  A s t o n  (13) g i v e  t he  v a l u e  1.195 • 
10 TM. These  d i s c r epanc i e s  are too smal l ,  h o w e v e r ,  to  accoun t  for  
those  b e t w e e n  t he  r e su l t s  of t he  two  m e t h o d s  of t he  capac i t ance  
d e t e r m i n a t i o n .  
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~,m 5~k observed) amounts  to as l i t t le as 36 • 5 ~f/cmZ (3), 
i.e., is much  less than in solutions of halides. 

If the establishment of the potential  difference at 
the p la t inum electrode-soluti0n interface cannot be 
understood without  taking into account the contr ibu-  
tion of the atomic coverage, it is not possible either 
to assume, as Bowden and Rideal (16) did some time 
ago, the total potential  difference established to be 
determined by the dipole moment  of the adsorbed 
atoms. As pointed out by F r u m k i n  (17), it is im-  
possible to fulfill the conditions of equi l ibr ium be- 
tween electrode, solution, and adsorbed gas at a given 
electrode potential  wi thout  taking into consideration 
the electric double layer. Let us explain this for the 
simplest case of the equi l ibr ium hydrogen electrode. 
Under  the assumption made, the quant i ty  AH depends 
only on ~H and hence on ~, 

AH = ~(~r) [18] 

On the other hand, if we designate the effective di-  
pole moment  of the P t -H bond as d, we shall have 

4~AHd 
~--- ~ r ~  (/ZH+) o -~- ~H+ = ~ ~- const  [19] 

e 

where e is the e lementary  charge and (~H+)o ~he 
value of ~H+ at molar  concentrat ion of the H + ions. 
It  is evident  that the quant i ty  An, determined from 
[19], in  the general  case cannot be the solution of 
Eq. [18]. This conclusion remains valid if, under  
the assumption about the equi l ibr ium state of the 
system, we assume Oads to be present  on the surface 
along with Hads. At the first glance, the results of the 
adsorption measurements  of the cations from dilute 
NaOH and CsOH solutions seem to be at variance 
with this conclusion (18) (Fig. 4). In  this case the 
cation adsorption practically does not  depend on ~ .  
In  other words, the change in the potential  difference 
seems to be due to that in the atomic coverage, a 
decrease in the amount  of adsorbed H and an in -  
crease in that of adsorbed O. In  actual fact, however, 
the constancy of rc+ is probably of a random nature,  
since the adsorption effect in alkal ine solutions is 
made up of two items: cation adsorption, associated 
w i t h  Hads ionization, and adsorption by hydrated sur-  
face oxide groups, which are of a weakly acid na ture  
and take up cations in alkal ine solutions. With in -  
creasing V~,, the first effect decreases, whereas wi thin  
a certain potential  range, the second effect increases, 
resul t ing in  the approximate constancy of rc+.  Such 
an explanat ion is supported by the following observa-  
tions. In  the presence of B r -  or I -  ions ( as well  as 
of C1- ions at higher concentrations, which displace 
oxygen from Pt  surface) in alkaline solutions at 
not too small  ~r, rc+ decreases with increasing ~r 
(Fig. 5) (7, 18, 19). In Ca(OH)2 and Ba(OH)2 solu- 
tions containing doubly charged cations Ca 2+ and 
Ba 2+, which seem to be strongly chemisorbed by 
hydrated surface oxides, with increasing ~ in  the 
hydrogen region rc+ increases (Fig. 6) (1). Of par-  
t icular interest  is the approximate  constancy of rc+  
in the hydrogen region, which is also observed, al-  
though wi th in  a nar rower  range  of ~ values, in  

r ' l f  

2L" ,~'~ x , ,  _| ~ _ _ x  x 
X : g  . . . .  ~ A X m 

_ �9 2 o  

Fig. 4. Dependence of r c s +  (1) and r N a +  (2) in ] 0 - 2 N  
CsOH and 10-2N NaOH on ~/r. 

October  1966 

6 

4 

2, 

o~ o~ as f~ 

Fig. 5. Dependence of r c s +  (1) and r i -  
CsOH ~ 10-2N Csl on ~r. 

(2) in 10-2N 

r 

dj 

Fig. 6. Dependence of adsorption values on ~Pr: 1, Ca 2+ in 
10-3N Ca(OH)2; 2, Ba 2+ in 10-3N Ba(OH)2; 3, Ba 2+ in 
10-3N Ba(OH)2 -}- IN NaOH; 4, Ca 2+ in 10-3N Ca(OH)2 -I- 
! N NaOH. 

acidified solutions of sulfates (Fig. 1). In this case, 
the change in ~r at a practically constant ]:c + is par t ly  
determined by that  in  the effective dipole moment  
of the P t -H  bond. As pointed out earlier, at small 
coverages the dipole of this bond is tu rned  toward 
the solution with its negative, at large coverages--  
with its positive end. Another  factor leading to an 
increase in the absolute value of the negative poten-  
tial difference at constant  rc+  in  the range  of small  
~r, which we have also ment ioned earlier, is the de- 
crease in the capacitance of the electric double layer 
with increasing A H. 

The thermodynamic theory outl ined here can be 
extended to other hydrogen adsorbing metals. As 
shown by Tyur in  and Tsybulevskaya (20), who 
studied the dependence of the charging curves of 
disperse rhodium on the pH of the solution, an em- 
piric relationship is valid in  the case of the rhodium 
electrode 

AH ~-- fl (Pa -~ [20] 

where p is the equi l ibr ium pressure of molecular  hy -  
drogen, a is the activity of hydroxonium ion, and ]1 
is some funct ional  dependence. Equat ion [20] can 
also be wri t ten  as 

AH = ]2 (~H - - 0 . 2 6  ~ H + )  [21]  

whence from [11], [15], and [16] it follows 

AH rH+ 

The relat ively low value of 

I (0AH  : \ / 

i - -  0 .26 

0 .26 

PH 

= ~ 2 . 8  

( corn- 
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p a r e d  to p l a t i n u m )  can  be  p a r t l y  due  to t he  Rh  s u r -  
face  w h i c h  a p p a r e n t l y  a lways  car r ies  a pos i t i ve  cha rge  
in  t he  h y d r o g e n  r e g i o n  (21). I t  also points  to a c o n -  
s ide rab le  and  cons tan t  po la r i t y  of the  R h - H  bond,  
w i t h  t he  n e g a t i v e  d ipole  end t u r n e d  t o w a r d  the  so- 
lut ion.  

L e t  us cons ider  some o the r  poss ible  changes  in t h e  
compos i t ion  of the  solut ion.  

A d s o r p t i o n  of ca t ions  and  anions  of the  e lec t ro ly te ,  
on one  hand,  and h y d r o g e n  adsorpt ion ,  on the  other ,  
e x e r t  a m u t u a l  inf luence  (6).  I t  fo l lows  f r o m  [1], 
[3], and  [4] tha t  

( O A H  o(rA---rc+) ) 
~r,/zH + ~r,/zH + 

- - ( 0 ( r h - - b F c + )  ) [22] 

#s,/zH + 

E q u a t i o n  [22] can  be  ver i f i ed  e x p e r i m e n t a l l y ,  a l t h o u g h  
this has  no t  b e e n  done  yet .  I n  fact ,  adso rp t ion  of 
ca t ions  and  anions  on p l a t i n u m  can be  d i r e c t l y  es-  
t i m a t e d  f r o m  e x p e r i m e n t ,  p r i m a r i l y  by the  m e t h o d  
of r a d i o a c t i v e  t race rs  (7).  Then ,  by  the  c h a r g -  
ing  c u r v e s  method ,  it  is poss ible  to find the  q u a n t i t y  

0--~-s / , and  hence  \ 0---~--s / . F r o m  [22], 

~r,# H + ~r,/zH + 

by  e l e m e n t a r y  t r ans fo rma t ions ,  w e  ob ta in  

0~ Jr ] 

e,/z H + /Zs,# H + 

0--~--s / [23] 
/~S,#H + ~r,/~H + 

BAH 
W i t h  - -  --  0, Eq.  [23] changes  to a r e l a t i on  w h i c h  

a~s 
is w e l l  k n o w n  f r o m  t h e  t h e r m o d y n a m i c s  of e l ec t ro -  
c a p i l l a r y  p h e n o m e n a  (22, 27). 

A t  t he  p r e s e n t  t ime,  e x p e r i m e n t a l  da ta  a r e  ava i l ab l e  
on t h e  adso rp t ion  on p l a t i n u m  of  the  ca t ions  Na +, 
Cs +, Ca 2+, Ba  2+, Cd 2+, T1 + and the  anions  SO42-,  
H~PO4- ,  C I - ,  B r - ,  I -  f r o m  acid  and  p a r t l y  f r o m  a l -  
ka l i ne  solu t ions  (1, 3, 4, 7, 18, 19, 23) which ,  h o w e v e r ,  
w i l l  not  be  p r e s e n t e d  here .  L e t  us cons ider  br ief ly  
on ly  a f e w  of t he  specific f ea tu r e s  of this  adsorp t ion .  

The  b e h a v i o r  of adsorbed  Na + and  Cs +, as w e l l  as 
of Ca 2+ and  Ba  2+ in acid  solu t ions  is on the  who le  
s imi la r  to the i r  b e h a v i o r  at  t h e  m e r c u r y - s o l u t i o n  in -  
t e r f a c e )  B u t  t he  d i f fe rence  in  t he i r  adsorp t iv i t ies ,  
w h i c h  increases  in  the  sequence :  Na  + < Cs + < Ca 2+ 
< Ba  2+ is m u c h  grea te r .  The  m a x i m u m  c h a r g e  of ad -  
so rbed  cat ions  r e m a i n s  w i t h i n  5 ~ 10 x 10 -6  c o u l / c m  2 
for  acid and  10 - -  25 x 10 -6  c o u l / c m  2 for  a l k a l i n e  so- 
lu t ions  at t he  b u l k  concen t r a t i ons  of  the  o rde r  of 
10 -2  tool. The  cat ions  Cd 2+ and T1 + s h o w  a p r o -  
n o u n c e d  specific ad so rp t i v i t y  ( to a lesser  d e g r e e  also 
Zn  2+ and  pb2+) .  In  t he  case  of Cd 2+ the  m a x i m u m  
cha rge  r eaches  the  v a l u e  60 x 10 .-6 c o u l / c m  2, and  t h e  
c o v e r a g e  r eaches  l a rge  f rac t ions  of a mono laye r .  The  
adso rp t i v i t y  of an ions  inc reases  in the  s e q u e n c e  SO42- 
< C1- < B r -  < I - ;  t he  m a x i m u m  cha rge  of adsorbed  
an ions  inc reases  in  this s equence  f r o m  15 to 140 x 10 -6  
c o u l / e m  2. S o m e  specific a d s o r p t i v i t y  is obse rved  also 
in t he  case  of  t h e  leas t  adso rbab le  ion SO4 ~- ,  s ince 
t h e  adso rp t ion  of SO42- and Cs ~+ ma in t a in s  a small ,  
bu t  s t i l l  measu rab le ,  v a l u e  at t h e  po in t  of zero cha rge  
in acidif ied Cs2SO4 so lu t ion  as wel l .  One  of t he  c h a r -  
ac ter is t ic  d i f ferences  b e t w e e n  specific adso rp t ion  of 
ions on P t  and tha t  on m e r c u r y  is t ha t  in t he  f o r m e r  

e Added in proof: New data show that the difference in the be- 
havior of Ba~+ at both interfaces is much greater than it was sup- 
posed earlier. 

T H E R M O D Y N A M I C S  O F  T H E  P T  H E L E C T R O D E  

r-,r 
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Fig. 7. Dependence of r C d 2 + r  and F s o 4 2 -  in 10-2N CdS04 
~- 10-2N H2S04 on ~r. 

case t he  p h e n o m e n o n  of s u p e r e q u i v a l e n t  adso rp t ion  
is m u c h  less p ronounced .  Cons ide r ab l e  adsorp t ion  of 
h a l o g e n  ions  on p l a t i n u m  is a c c o m p a n i e d  o v e r  a w i d e  
po t en t i a l  r a n g e  by  s l ight  adso rp t ion  of cat ions on ly  
(Fig.  2).  The  same  holds  t rue  in  t he  case  of ad so rp -  
t ion  of the  an ion  SO42- in t he  p re sence  of t he  Cd 2+ 
ion  (Fig.  7). I n  t he  l a t t e r  case, h o w e v e r ,  i t  is th is  
sma l l  q u a n t i t y  of  adso rbed  an ions  and  the  pos i t ive  
cha rges  on P t  co r r e spond ing  to t h e m  w h i c h  d e t e r m i n e  
t h e  u l t i m a t e  pos i t ive  s ign of t he  po t en t i a l  d i f fe rence  
b e t w e e n  m e t a l  and  so lu t ion  to be  o b s e r v e d  at  p o t e n -  
t ials  m o r e  pos i t ive  t h a n  the  po in t  of ze ro  cha rge  of 
p l a t i n u m  in  absence  of specific adsorp t ion .  H e n c e  i t  
fo l lows  tha t  the  ef fec t ive  cha rge  of  specif ical ly  ad -  
so rbed  cat ions Cd 2+ m u s t  be  v e r y  small .  I t  w o u l d  
be  possible  to e s t ima te  this  c h a r g e  q u a n t i t a t i v e l y  

bymeasuring, e.g.,( 0rcd0~ ) and (0r_~_~_) in  

FA-- Fed 
CdSO4 -b H2SO4 solut ions  w i t h  v a r y i n g  concen t r a t i on  
of bo th  components .  A t  t he  p r e sen t  t ime,  h o w e v e r ,  
such da ta  a re  no t  ava i lab le .  T h e  re su l t s  of an  a t t e m p t  
to e s t ima te  the  e f fec t ive  c h a r g e  of adso rbed  T1 + ions  
in (23) canno t  be  a g r e e d  wi th .  

A d s o r p t i v i t y  of ions can  also be  d e t e r m i n e d  f r o m  
the  po ten t i a l  shif t  on i n t roduc t i on  of an  ion  u n d e r  i so-  
e lec t r ic  condi t ions  in to  a so lu t ion  con ta in ing  on ly  
weak ly ,  or  no t  at  all ,  specif ical ly  adso rbab le  ions. 7 
S u c h  " adso rp t i on"  po ten t ia l s  of an ions  (24) ( C I - ,  
B r - ,  I - )  and  cat ions (25) (T1 +, Cd 2+, Zn 2+, P b  2+) 
w e r e  d e t e r m i n e d  by O b r u c h e v a  on p la t in ized  and  
smoo th  p l a t i n u m  [see also (26)] .  A suppor t i ng  e l ec -  
t r o l y t e  was  used,  e.g., N H2SO4. Le t  us de s igna t e  t h e  
chemica l  po t en t i a l  and  t h e  su r face  dens i t y  of  t he  s u r -  
face  ac t ive  ion by  ~i and r~, r e spec t ive ly .  W e  a s sume  
its concen t r a t i on  to be  so small ,  c o m p a r e d  to tha t  of 
o the r  ions in the  solut ion,  tha t  i t  can  be  var ied ,  m a i n -  
t a in ing  the  c h e m i c a l  po ten t i a l s  of the  o the r  ions in  
the  so lu t ion  p rac t i ca l ly  constant .  U n d e r  these  cond i -  
t ions, the  va r i ab l e s  to be  t a k e n  in to  cons ide ra t ion  a r e  
~H and ~.  F r o m  the  r e l a t i on  

d~ = - -  rHd~ H - - r i d m  [24] 
it  fo l lows  

/~H ~i  
w h e n c e  

YH /zi #H 

[26] 

/~i /zi /zi 

T a k i n g  into  cons ide r a t i on  Eq.  [4], Eq.  [25] can  be  
w r i t t e n  as 

I'H /zi #i 

?Evidently, the isoelectricity condition cannot be fulfilled at 
potentials which are so close to the reversible hydrogen potential 
that the hydrogen content in the bulk of the solution becomes 
comparable to the amount of hydrogen adsorbed on the electrode 
surface. 
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We shall assume the adsorptivity of the ion i to be 
so large that, in  spite of small  concentration, it wil l  
displace from the ionic par t  of the double layer  other 
ions with charges of the same sign. Then  in  the case 
of the surface-active anion 

e = r i -  ~ r c  + 

and the surface-act ive cation 

[28] 

s = r A- - - r i +  [28a] 

where C + and A -  are cation and anion which do not 
show significant specific adsorptivity. From [27], [28], 
and [28a], it  follows for the case of anion adsorption s 

- - ~ - /  ~ : 1 § 

and for the case of cation adsorption 

= 1 -  + 1 -  
rH ~i 

[29a] 

The expressions in square brackets determine the 
sign and value of the potent ial  shift under  isoelectric 
conditions with increasing concentrat ion of the i ion, 
assuming the adsorption equi l ibr ium to be ma in -  
tained all  the time. These expressions differ from 
those obtained in the case of the mercury  electrode (0 H) 
not only in that they contain the term \ - ~ i  , but  

pi 
( Orc+ 

also in that  the quant i ty  ~,---~-._ / and, accordingly, 

p4 
(0PA-- ~ are / small  (unless the potential  lies in  the 

immediate  vicinity of the point  of zero charge).  The 
lat ter  fact is due to the insignificance of the value of 
superequivalent  adsorption on the Pt  electrode, al-  
ready ment ioned earlier. 9 In  the expression in square 
brackets in  Eq. [29] all items are always negative. 

( Therefore, the quant i ty  \ ~ , ~ .  should be nega-  

rH 
tive, as would be expected in the case of anion ad- 
sorption, and less than uni ty  in absolute value, ap- 
proaching uni ty  on complete displacement of adsorbed 
hydrogen by the anion. The last conclusion is at var i -  
ance with some results of Obrucheva (24), since, when  
the concentrat ion of B r -  and I -  was increased ten 
times, with H2SO4 used as a support ing electrolyte, 
under  certain conditions adsorption shifts of the po- 
tent ial  in  the direction of more negative values equal  
to 0.12v or even larger were observed, which would 

correspond to ~, ~,-~V-. / ~ - - 2 .  It  is possible, how- 

FH 
ever, that in more  dilute solutions adsorption equi-  
l ibr ium was not established. In  the case of cation ad-  
sorption (Eq. [29a]), the second and the third items 
in square brackets are always positive. Usually, the 
first i tem is also positive, and the positive value of 
the sum determines in the case of cation adsorption 
the shift of ~v in the direction of higher values. In  
some cases, however, e.g., in  adsorption of Cd 2+ from 

s If AH = 0, Eq. [29], as it is easy to show, becomes identical 
with the relation deduced recently by Dutkievicz and Parsons (48) 
(loc. cir., Eq. [14]) to determine the shift of the potential of a mer- 
cury electrode in a KF solution, caused by the adsorption of I- 
ions at constant charge. 

For the mercury electrode in the case of specific adsorption of 

anions, the quantity - -  is close to 0.3 (27). 
k 0r,- s  

acid solution of CdSO4, at small  values of ~r, ri+ in-  
creases with increasing ~r (7). Probably,  this is the 
result  of the competit ion between Cd 2+ and H for sites 
on the p la t inum surface (Fig. 7). At large enough neg-  

( 0AH ( 
ative values of \ - - ~ +  / , the quant i ty  \~--~-+ / 

/zi :FH 
may become negative, and the adsorption of the 
cation may cause a potential shift toward more 
negative values. Such effects were actually ob- 
served in the case of the adsorption of the 
T1 + ion in the vicinity of the reversible hydrogen 
potential  and were explained by the displacement of 
adsorbed hydrogen (25). It should be emphasized, 
however, that  these data are of a strictly qual i tat ive 
nature,  and the verification of the quant i ta t ive  theory 
of adsorption shifts of potential  in  the ease of specific 
ion adsorption on p la t inum necessitates fur ther  study. 

Measurements of adsorption shifts of potential  also 
give an independent  method of de terminat ion  of the 
changes in the shape of the charging curve with chang- 
ing composition of the solution since all the values 
of ~r obtained in passing from the values #~ = (~)1 
to gi = (~i)2 at r H ~ const, evident ly  can give a 
charging curve corresponding to the solution with 
~i = (gi)2, provided the charging curve of the solu- 
tion with ~ ~ (~i)l is known  (28). 

Recently much at tent ion has been given to adsorp- 
tion of organic substances on electrodes of the plat-  
inum type, and valuable  results have been obtained by 
Bockris and co-workers (29). Assuming that this kind 
of adsorption can be considered to be a reversible 
process, which does not seem to be true in all eases, 
the fo l lowing  re la t ion can be used for a system with 
constant concentrat ion of all components except ad- 
sorbed hydrogen and organic substance 

d~ = -- rHd~n-- rorgd~org [30] 

where rorg and gorg are adsorbed amount and chemical 
potential of the organic substance (30). 

Taking into consideration Eq. [4], it follows from 
[30] that 

( 0AH ~ _ Oe Ororg / 

q~ ~ ~org 
whence 

O/Zorg ~ ( OPorg / Ororg ~ 

rorg ~h /~org 

Equation [32] can also be wr i t ten  in the form 

0AGorg 0e 
0-- Vor  ) [33] 

rorg ~ ~b 

where AGorg is the standard free energy of adsorption 
of organic substance. In the case of the mercury elec- 
trode, the change in adsorptivity of organic substance 
with the potential is determined by the first term in 
the right hand side of Eq. [33]. To compare the values 
of the first and of the second terms, let us put it as 
it is usually done (31) 

, el (1 rorg ) ror, 
-b  e2 ~ [ 3 4 ]  

r| r| 

where r~ is the l imit ing adsorption of organic sub-  
stance and el and ~2 the charge per uni t  surface on 
uncovered and covered parts of the surface, respec- 
tively. Similarly,  we can put 
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( rorg ) Yorg 
A H ~ -  (AH) I 1 - -  -~ (AH)2 [35] 

It follows from [34] and [35] that 

Oe 1 
---- (E2 - -  ~1) [ 3 6 ]  

0 r o r g  F| 

OAH 1 
- - - - - -  [ (A~)2 - -  (AH) 1] [37] 

0 r o r g  r ~  

For many  organic substances and over a wide poten-  
tial range, in the case of the mercury  electrode [e,~] 
is known to be several  times less than ]el], which fact 
determines the desorbing action of the electric field. 
Judging by the few exper imental  data available (32), 
a similar relat ion should exist between ( A H ) 2  and 
(AH)I. Thus, the relat ive importance of the first and 
the second terms in the r igh t -hand  side of Eq. [33], 

as the factors de termining the value of ( 0~G~ ) , 

l ' o rg  
depends in order of magni tude  on the ratio of AH and 
],[. Taking into consideration that the max imum  value 
of AH in the hydrogen region is ~2  x 10 -4 coul/cm 2, 
and the max imum value of e for the Pt  electrode, 
e.g., in  acid sulfate solutions, is of the order of 10 -5 
coul /cm 2, it is evident  that  the second term in the 
r igh t -hand  side of Eq. [36] is of great importance. 
Even at the positive boundary  of the hydrogen region 
and wi th in  the so-called "double layer" region, in 
which in the case of solutions without surface-active 
anions the amount  of hydrogen adsorbed on plat i-  
num surface, small  as it is, is not equal  to zero, e and 
AH can be of the same order of magni tude  and the 

OAH 
presence of the term ( } should be taken into 

consideration in de termining the dependence of zSGore 
on ~. Hence it follows that the relations deduced-for 
the mercury  electrode are not applicable for the de- 
te rminat ion  of the position of the adsorption maxi -  
mum of neut ra l  molecules relat ive to the point of 
zero charge in the case of the p la t inum electrode. 
Whereas the point of zero charge of p la t inum at low 
pH values lies in the hydrogen region, due to the de- 
sorbing action of hydrogen, the potential  of max imum 
adsorption should be shifted into the double layer 
region. The magni tude  of this shift is l imited by the 
appearance on the p la t inum surface not only of 
positive charges, but  also of adsorbed oxygen. The 
mutua l  influence of adsorption of organic substance 
and oxygen cannot be considered using thermody-  
namic methods owing to the i rreversibi l i ty  of oxygen 
adsorption, but  there is no doubt that the presence of 
the lat ter  also reduces the adsorption of organic mole-  
cules. The shift of the potential  of max imum adsorp- 
tion in the direction of more positive values relat ive 
to the point of zero charge must  decrease in the pres- 
ence of surface-act ive anions, since at not too small  ~r 
the lat ter  decrease AH and increase ~. 

It  should be noted that  in  considering the thermo-  
dynamics of adsorption of organic substances on the 
Pt  electrode, we assumed the molecule to be adsorbed 
without  dissociation. In  actual fact, the adsorption of 
many  compounds, e.g., aliphatic alcohols, involves de- 
hydrogenat ion (33), which makes the t rea tment  of the 
process somewhat more complicated. This case should 
be considered separately. 

A suggestion was made to determine the point  of 
zero charge of p la t inum from the potential  at which 
adsorption of organic substance does not depend on 
the electrolyte concentrat ion (34). This conclusion 
could be considered to be justified only if the quant i ty  
AH were proved to r ema in  unchanged with changing 
electrolyte concentration. 

Final ly,  it should be noted that  Eq. [33] is applicable 
not only to adsorption of a neu t ra l  molecule, but  also 
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to that of the surface active cations and anions, pres- 
ent  as an addit ion to the support ing electrolyte, pro-  
vided their concentrat ion is so small  that it can be 
varied, keeping the concentrat ion of the support ing 
electrolyte practically constant. In  this case, the quan-  
tity rorg in Eq. [33] should be subst i tuted by the sur -  
face density of the ion being adsorbed ri. 

ADDENDUM 

Of essential importance for the development  of 
the theory of the double layer on p la t inum is the 
determinat ion of the potential  of zero charge ~,=0. 
The following methods were used for this purpose: 
direct determinat ion of the quant i ty  F H +  from the 
changes of the hydrogen ion concentrat ion caused by 
the adsorption process ( I ) ;  de terminat ion  of the po- 
tent ial  at which anion and cation adsorptions, ex- 
pressed in electric units, become equal ( I I ) ;  deter-  
minat ion  of the deviation of a thin p la t inum wire in 
an electric field ( I I I ) ;  de terminat ion of the depend-  
ence of the force which must  be applied in order to 
establish a contact between two crossed p la t inum 
wires on the potential  ( IV);  determinat ion of the po- 
tent ial  corresponding to the max imum contact angle 
(V). The last method is a roughly approximate one. 
Some results obtained by the above methods are listed 
in Table I. 

As it is evident  from Table I, the data obtained by 
different methods are in fair agreement.  In  the case 
of m i n i m u m  specific adsorption ~=0 = 0.16-0.19. This 
quant i ty  shifts in  the direction of more negat ive 
values in adsorption of the anions C1- and B r -  and 
in  the direction of more positive values in adsorption 
of the ion Cd 2 +. 

In  addition to investigations by the above m e n -  
tioned methods, at tempts have been made to deter-  
mine  the value of q:~:0 from the position of the min i -  
mum on the differential capacitance-potential  curve, 
this m i n i mum being assumed to correspond to the 
ma x i mum diffusivity of the electric double layer. The 
use of this method, which gives rel iable results for 
metals that do not adsorb hydrogen, such as mer -  
cury (38), gal l ium (39), silver (40), lead, tin, etc. 
(41, 42), involves, however, considerable difficulties 
in  the case of the p la t inum electrode, on whose sur-  
face adsorbed hydrogen and oxygen are present, since 
in this case the pseudocapacity of ionization of these 
gases is superimposed on the double layer  capacity. 
Addit ional  difficulties arise due to the slowness of the 
process of adsorption equi l ibr ium establ ishment  dur -  
ing the formation of the double layer on plat inum, 
which was discussed earlier. Although, in principle, 
measurements  carried out in dilute solutions at suffi- 
ciently high frequencies should give correct values of 
r the difficulties arising in such measurements  do 
not seem to have been overcome as yet. The values of 
r obtained by various investigators from "the ca- 
pacitance measurements  of the Pt  electrode (43,44), 
show great divergences. Moreover, the potential  cor- 
responding to the min imum observed on the differ- 
ential  capacitance curve greatly depends on p~I, which 
has been recent ly confirmed by Gileadi, Rubin,  and 
Bockris (45). As already shown by F r u m k i n  and Sly- 
gin, due to the polarity of the P t -H bond, a depend-  
ence of r on pH should exist. But the l inear re la-  

Table I. Zero charge potential of platinum in different solutions 

M e t h o d  of  
~e=o, v ,  m e a s u r e m e n t s ,  

S o l u t i o n  N I l E  r e f e r e n c e  

2.10-~N H2604 0.16 I I I  (35) 
N Na~.~Oa + 10-2N t tsSO4 O. l l  I (19) 
10-~N Na~SO~ + 1O-~N H,2SO~ 0.18 I I  (7) 
10-~N Cs,~SOa + 1 0 ~ N  H~SO~ 0,19 I I  (3) 
1 .8 . I0-2N Cs~SO~ + 2.10-~N H2SO~ 0.19 I I  (3) 
2 .10-5N H C I  0.19 n I  (35) 
N N a C I  + 10-~N H C I  0.06 I (19) 
10-aN N a C I  + 10-aN HC1 0.10 I I  (7) 
10-aN N a B r  + 10-8N H~SO~ 0.04 I I  (7) 
N N a B r  + 10-~N H B r  --0.02 I (19) 
10-2N CdSO4 + 10-sN H~SO~ 0.65 II (7) 
N N a B r  + 5.10-2N N a O H  --0.26 I (19) 
1 0 a N  Cs I  + 10-2N C s O H  --0.58 I I  (7) 
10-sN K C I  0.20 I V  (37) 
10-sN KC1 0.20 I V  (37) 
N Na2SO4 + 10-~N I-I~SO~ 0.27 V (36) 
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t ionship be tween  the supposed value  of ~,=o and pH, 
es tabl ished in (45), cannot  be expla ined  on the  basis 
of the theory  and makes  i t  p robab le  that  the min imum 
observed reflects to some extent  the min imum cov- 
e rage  of the surface wi th  adsorbed hydrogen  and 
oxygen r a the r  than  the m a x i m u m  diffusivi ty of the 
double  l ayer  (44). This is in agreement  wi th  the r e l a -  
t ion be tween  the slopes of the FH+~ and the rn ,  ~ 
curves in solution containing the SO42- ion (3, 7), 
which shows tha t  in this case, in the so-cal led double  
l ayer  region the amount  of adsorbed hydrogen  and 
oxygen  on the surface is commensurab le  wi th  the  
double  l ayer  charge. Thus, in 0.1N H2804, wi th in  the  
potent ia l  range  0.3-0.8, the  va lue  of 0rH+/0~ is equal  
to 36 • 5 ~,f/cm 2, whereas  the  va lue  of - -0FH/0~,  
de te rmined  f rom the slope of the charging curve, is 
~70 ~f /cm 2 at  ~ = 0.3-0.5 and 150 ~f/cm 2 at  ~ = 0.5- 
0.8 (3). An even grea te r  d iscrepancy is observed at  
h igher  pH (2). Only in the presence of specifically 
adsorbed  anions, such as C1- and B r - ,  the  capaci tance 
values,  de te rmined  f rom the adsorpt ion  measurement s  
and  the charging curves  coincide over  some potent ia l  
range,  i.e., the  surface is p rac t ica l ly  f ree  of adsorbed  
H and O. 

I t  should be also kep t  in mind  that  a cer ta in  lower -  
ing of the dif ferent ia l  capaci tance values  wi th  increas-  
ing di lut ion is not  necessar i ly  connected wi th  in-  
creased diffusivi ty of the double  l aye r  and  can be 
caused by  an exclusion of a par t  of the surface, which  
is especial ly  pronounced if the surface is not per fec t ly  
smooth or m a r k e d l y  inhomogeneous.  

On the whole  we th ink  that  the capaci tance min i -  
mum of the p l a t i num electrode,  corresponding to the  
m a x i m u m  diffusivi ty of the  double  layer ,  has not  ye t  
been established.  I t  appears  therefore  doubt fu l  
whe the r  the va lue  of ~=0 equal  to 0.48 at  pH = 3 
obta ined by  capaci ty  measurements  (45) r ea l ly  cor-  
responds  to the point  of zero charge of pla t inum.  The 
quest ion of the  re la t ionship  be tween  the potent ia l  of 
zero charge and that  of m a x i m u m  adsorpt ion  of neu-  
t ra l  molecules  in the case of the Pt  e lect rode was dis-  
cussed earl ier .  
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Discussion 

M. W. Breiter:  The paper stresses the impor tant  
aspects in which the  adsorption of inorganic and 
organic species on plat inum differs f rom that  on 
mercury  because of s imultaneous adsorption of hydro-  
gen atoms or oxygen atoms. The general  predictions of 
the thermodynamic  t rea tment  given first by F rumkin  
and Slygin I are in good agreement  wi th  the numerous  
results  of direct  measurements  of ion adsorption on 
p la t inum by the above authors. The influence 1 of the 
composition of the electrolyte  on hydrogen adsorption 
is also reflected by the heats of hydrogen adsorption 2,3 
at the same coverage in different electrolytes. The 
heat  decreases with increasing adsorbabil i ty and con- 
centrat ion of the anion. The decrease of the heat  is 
paral le led 4,5 by less negat ive values of the corre-  
sponding entropy change at small  hydrogen cover-  
age (~ < 0.1). If organic species are chemisorbed, the 
resul t ing decrease of hydrogen adsorption may be used 
as a measure  of the coverage with  organic species. A 
quant i ta t ive  method was suggested recently.  6 

An a t tempt  was made some t ime ago to apply the 
thermodynamic  t rea tment  I to the determinat ion  of 
halide ion adsorption f rom the measurements  7 of hy-  
drogen adsorption on smooth pla t inum in 1M HC104 
with  additions of HC1 or HBr at halide ion concentra-  
tions of 10 -3 and 10-2M. However  the changes of  Q 
(see Eq. [7] in the paper)  wi th  the chemical  potent ial  

of HC1 and HBr, respectively,  were  not large enough 
to warran t  a computat ion under  the condition of hav-  
ing the same surface state at different anion concen- 
trations. The technique developed by Gilman s ap- 
pears useful for the study of halide ion adsorption on 
platinum. 

S. Schuld iner:  This paper  gives an excel lent  the rmo-  
dynamic t rea tment  of the Pt  hydrogen electrode. 
Many useful  relat ions are der ived which are of value. 
The init ial  assumption of the authors that  the potential  
range f rom 0 to 0.5-0.6v vs. the hydrogen electrode in 
the same solution can be considered as a revers ib le  
system in acid solution is open to question. Work at 
the U. S. Naval  Research Laboratory has shown that  
the revers ible  H+/H2 react ion determines  potential  
on a Pt  electrode in acid solution only up to 0.lSv 
vs. NHE. Fur the rmore  this work  and others has shown 
that  a large part  of the hydrogen associated with  a Pt  
electrode is i r revers ib ly  sorbed. Thus, the potential  
range Frumkin ,  Balashova, and Kazar inov assume to 
be val id for the revers ible  hydrogen electrode appears 
to be much less than claimed. 

A. N. F r u m k i n  (communicated) :  It  is not  impor tant  
for the theory developed by us whe the r  the equi l ib-  
r ium of the react ion H +/H2, to which  Dr. Schuldiner ' s  
r emark  refers,  is real ized in practice. The  theory  p re -  
sumes only the existence of an equi l ibr ium for the 
ionization react ion of adsorbed hydrogen.  The exist-  
ence of this equi l ibr ium is proved by the complete  
revers ibi l i ty  of the charging curves in the potent ia l  
range indicated and by the independence of the length 
and shape of the charging curves from the t ime of 
measurement ,  which var ied  f rom 10 to 100 min, when  

Z A.  F r u m k i n  a n d  A.  S lyg in ,  Aeta  Physicoch~m. URSS.,  5, 819 
(1936). 

W.  B~ld  a n d  M. B r e i t e r ,  Z. Elek trochem. ,  64, 897 (1960).  

81~I. B r e i t e r  a n d  B.  K e n n e l ,  ibid.,  64, 1180 (1960). 

4 M. B r e i t e r ,  Elektroehim.  Acta ,  7, 26 (1962).  

M. W.  B r e i t e r ,  Ann .  N.  Y .  Aead. Sei., 101, 709 (1963). 

e M .  W. B r e i t e r  a n d  S. G i l m a n ,  This  Journal,  109, 622 (1962). 

M. W.  B r e i t e r ,  Eleetrochim.  Acta,  8, 925 (1963). 

s S. G i l m a n ,  J. Phys .  Chem. ,  68, 2098, 2112 (1964).  

employing our method (platinized pla t inum electrodes 
wi th  5-10 mg P t - b l a c k / c m  2 of visible surface).  9 Ap-  
parently,  owing to the wide use of fast pulse methods 
in recent  years  it has become unusual  to t reat  the 
surface of the p la t inum hydrogen electrode as an 
equi l ibr ium system. 

F. G. Will:  In Eq. [7] of the thermodynamic  t rea t -  
ment,  it is assumed that  the amount  of charge sup- 
plied to the electrode to shift its potent ial  f rom one 
to another  value  in the hydrogen  adsorption region 
is not substantial ly affected by molecular  hydrogen in 
the electrolyte.  With the l ight ly  platinized electrodes 
used in this study, this assumption can lead to sig- 
nificant errors, depending on the par t icular  conditions 
of charging. Recent,  still unpublished calculations 
show that  an even more significant error  may be in-  
t roduced by neglecting the  diffusion of atomic hydro-  
gen f rom the surface of the electrode into its interior.  
The magni tude  of this error  wil l  again depend on 
transi t ion times, surface roughness, and the size of the 
p la t inum black grains. 

With regard  to the re la t ive  contributions of ad- 
sorbed atomic hydrogen and of hydrogen ions to the 
potential  difference at the p la t inum solution interface, 
it seems surprising that  the contr ibut ion of the ions 
should be an order of magni tude  larger.  While it is 
granted that this would be true for the part icular  elec-  
trolytes (1N NaC1 ~ 0.01N HC1 and 1N NaC1 + 0.05N 
KOH) considered in this study, it appears highly un-  
l ikely that it is also t rue for many acid electrolytes. 
In the case of the latter, a near  1:1 ratio between sur-  
face p la t inum atoms and adsorbed hydrogen atoms is 
found. From studies in the gas phase 1~ it is known 
that  the work  function of p la t inum is changed by as 
much as 1 electron vol t  when  hydrogen is adsorbed. 
Certainly, then, the effect of adsorbed ions cannot be 
one order of magni tude  larger.  

E. Gileadi: I would  l ike to agree wi th  Dr. Will  that  
the surface area measured f rom a hydrogen charging 
curve  at ve ry  low current  densities may  be substan- 
t ially in error  due to hydrogen diffusion f rom the 
bulk of the metal.  On the other  hand, the authors 
find agreement  be tween  their  area measurement  and 
B. E. T. measurement  so that  their  hydrogen charging 
method probably cannot be very  much in error.  

A. N. F r u m k i n  (communicated)  : Contrary  to Dr. Will 's  
comments, the data presented by Marve t  and Pe t ry  TM 

also show that  hydrogen solubili ty in the electrolyte  
and the meta l  could not affect the results obtained. 
The question as to how the presence of dissolved hy -  
drogen could be taken  into consideration in the equa-  
tions der ived by us, should this be necessary, wi l l  be 
dealt  with elsewhere.  

Dr. Will 's  r e m a r k  regarding the relat ionship be-  
tween the quanti t ies  designated by us X and Y seems 
to be founded on a misunderstanding.  The contr ibu-  
tion of the adsorbed H atoms to the potent ia l  differ- 
ence set up at the in terface  is by an order  of magni -  
tude less than that  of the adsorbed Na + and C1- ions 
per one adsorbed particle. The max imum amount  of 
adsorbed Na + and C1- ions is, however ,  in about the 
same proport ion less than the m a x i m u m  amount  of ad- 
sorbed hydrogen atoms. As the result, the contr ibut ion 
of the ions and of the atoms to the potential  differ- 
ence being set up become comparable,  which de te r -  

9 R. M a r v e t  and O. P e t t y ,  Elek t rokh imiya ,  1, 1225 (1965).  

10 R e f .  (12) of  t h e  p a p e r .  

xl S a e h t l e r ,  R o o t s a e r t ,  a n d  V a n  R e i j e n .  

R .  M a r v e t  a n d  O. P e r r y ,  Elek t rokh imiya ,  1, 1225 (1965). 
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mines the shape of the charging curves observed. In  
the case of ions with pronounced specific adsorptivity, 
such as T1 + ions, when max imum ion adsorption be-  
comes comparable with hydrogen adsorption owing 
to the covalent bond between the metal  and the ad- 
sorbed ion, Y should approach X. 

E. G~leadi: I would like to refer  to two of the topics 
ment ioned in  this paper, namely,  the position of the 
potent ial  of zero charge on Pt  and the in terpre ta t ion 
of the potential  dependence of organic adsorption on 
Pt. 

The potential  of zero charge on p la t inum has been 
investigated in our laboratory in some detail by two 
methodsJa One method depends on the study of the 
effect of na tu ra l  salt concentrat ion on the potential  
dependence of organic adsorption t4 and the other is 
the wel l -known measurement  of differential double 
layer capacity as a funct ion of potent ial  in highly 
purified dilute solutions of HC104. Results obtained 
by the two methods were found to be in  good agree-  
ment,  and I wouid like to concentrate on those ob- 
tained by the capacitance method. 

Fig. EG 1 shows a typical C-V plot in highly pur i -  
fied, dilute HC104 solution. The pre t rea tment  of the 
electrode was found to be of very great  importance, 
and in par t icular  the absorption of hydrogen into the 
bulk  of the metal  must  be controlled. The curve 

E. Gi l ead i ,  S. D.  Argade,  and J .  O'NI. B o e k r i s ,  J. Phys.  Chem.,  
70, 2044 (1965}. 

z* H.  D a h m s  a n d  M, G r e e n ,  This Journal, U 0 ,  466 (1963). 
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Fig, EG 1. Capacitance-potential relationship in dilute HCI04 
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Fig, EG 4. Effect of addition of increasing amounts of KCI04 on 
the shape of the C-V curves. 

marked %vithout H" in Fig. EG 1 was obtained on an 
electrode which has been treated for 3 hr at 450~ in 
an atmosphere of purified argon. Calculations based 
on independent  measurement  of the diffusion coeffi- 
cient of hydrogen in  P t  carried out in  our labora-  
tory 15 confirmed that  under  these conditions all the 
hydrogen was el iminated from the metal. Prolonged 
heating (overnight)  had no fur ther  effect. The curve 
marked  "with H" was obtained after keeping the 
electrode at a potential  of 0.2v r.h.e, for 5 rain, al low- 
ing for hydrogen diffusion into the metal. F igure  EG 2 
gives similar results in  a lkal ine  solutions. 

l~ E.  G i l ead i ,  NI. A .  F u l l e n w l d e r ,  a n d  J .  O ' M .  B o c k r i s ,  This Jour-  
naZ, in p r e s s .  
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Two types of experiments were performed to prove 
that the capacitance minimum observed here does in 
fact correspond to the maximum diffusivity of the 
double layer, i.e., to the potential of zero charge. 
Figure EG 3 shows the variation of the shape of the 
C-V plot with increasing concentration of HC104. In 
Fig. EG 4, the effect of increasing the total ionic 
strength by addition of KC104 is shown. In both cases 
the capacitance minimum characteristic of the poten- 
tial of zero charge in dilute solutions disappears as 
soon as the total concentration of electrolyte exceeds 
5 x 10-3N.  

In  Fig.  E G  5, t h e  effect  of f r e q u e n c y  o n  t h e  C - V  
p lo t  i n  t h e  v i c i n i t y  of t h e  p o t e n t i a l  of ze ro  c h a r g e  is 
g i v e n  fo r  a f r e q u e n c y  r a n g e  of 0.5 x 10 ~ to 8 x 103 cps. 
A v e r y  s m a l l  f r e q u e n c y  v a r i a t i o n  is o b s e r v e d ,  w h i c h  
can  b e  a t t r i b u t e d  to t h e  l ack  of c o m p l e t e  s y m m e t r y  
b e t w e e n  t h e  w o r k i n g  a n d  c o u n t e r  e l ec t rode ,  a n d  to 
a c e r t a i n  e x t e n t  to  a poss ib l e  s l i g h t  r o u g h n e s s  of t h e  
sur face .  

O n  t h e  bas i s  of  t h e  effect  of c o n c e n t r a t i o n  a n d  f r e -  
q u e n c y  o n  t h e  C - V  p lo t  w e  t h e n  c o n c l u d e  t h a t  t h e  ca -  
p a c i t a n c e  m i n i m u m  o b s e r v e d  in  ou r  m e a s u r e m e n t s  in  
v e r y  d i l u t e  s o l u t i o n  c o r r e s p o n d s  to t h e  p o t e n t i a l  of 
ze ro  cha rge .  T h e  v a l u e  of t h e  p o t e n t i a l  of ze ro  cha rge ,  
m e a s u r e d  vs. a c o n s t a n t  r e f e r e n c e  e l ec t rode ,  v a r i e s  
l i n e a r l y  w i t h  p H  to a n  e x t e n t  of 60 m v / p H  u n i t  a n d  
h a s  a v a l u e  of Vpzc = 0.56 _ 0.025v i n d e p e n d e n t  of 
p i t  w h e n  m e a s u r e d  vs. a r e v e r s i b l e  h y d r o g e n  e l e c t r o d e  
in  t h e  s a m e  so lu t ion .  

T h e  d i s a g r e e m e n t  b e t w e e n  t h e  r e s u l t s  p r e s e n t e d  b y  
F r u m k i n  et  al. i n  t h i s  p a p e r  a n d  ou r  o w n  r e c e n t  r e -  
su l t  m a y  b e  a t  l e a s t  i n  p a r t  due  to t h e  d i f f e r e n t  p r e -  
t r e a t m e n t  of t h e  e l ec t rode .  O u r  v a l u e s  r e f e r  to a 
" h y d r o g e n  f r e e "  P t  e l ec t rode ,  w h i l e  t h e  r e s u l t s  of  
F r u m k i n  et  al. a n d  p r o b a b l y  a l l  o t h e r  r e s u l t s  r e -  
p o r t e d  so f a r  r e f e r  to  a " h y d r o g e n  l o a d e d "  e l ec t rode .  
F i g u r e s  E G  1 a n d  E G  2 i n d i c a t e  t h a t  t h e  effect  of h y -  
d r o g e n  in  t h e  m e t a l  is a t  l e a s t  i n  t h e  r i g h t  d i r e c t i o n  
to  r e s o l v e  th i s  d i s c r e p a n c y .  

I w o u l d  l i ke  to  t u r n  n o w  to t h e  q u e s t i o n  of  t h e  i n -  
t e r p r e t a t i o n  of t h e  p o t e n t i a l  d e p e n d e n c e  of a d s o r p t i o n  
of  n e u t r a l  o r g a n i c  m o l e c u l e s  o n  P t .  I n  s e v e r a l  p u b l i c a -  
t ions  f r o m  o u r  l a b o r a t o r y  i n  r e c e n t  y e a r s  16-19 t h i s  d e -  

J. O'M. Boekris, M. Green, and D. A. J. Swinkels, This Jour-  
nal, I I I ,  ?36, '/43 (1964). 

xv E. Gileadi, B. T. Rubin, and 3. O'M. Boekris, J. Phys.  Chem.,  
69, 3335 (1965).  

l s W .  H e i l a n d ,  E. G i l ead i ,  a n d  3. O ' M .  B o c k r i s ,  ib id . ,  ~O, (1966).  

z~E. G i l ead i ,  J.  E lec t roana l .  Chem., 11, 137 (1966). 

p e n d e n c e  h a s  b e e n  i n t e r p r e t e d  i n  t e r m s  of a " c o m p e t i -  
t i on  w i t h  w a t e r "  m o d e l  w h i l e  a c c o r d i n g  to t h e  p r e s -  
e n t  p a p e r s  of F r u m k i n  e t  al., t h i s  is m o r e  l i k e l y  d u e  
to e s s e n t i a l l y  a c o m p e t i t i o n  w i t h  h y d r o g e n  a n d  o x y -  
gen  a d s o r b e d  on  t h e  sur face .  

W e  a r e  in  a g r e e m e n t  w i t h  t h e  r e l e v a n t  Eq.  [33] in  
th i s  t ex t ,  w h i c h  g ives  t h e  v a r i a t i o n  of t h e  f r e e  e n e r g y  
of a d s o r p t i o n  of o r g a n i c  w i t h  p o t e n t i a l  a t  c o n s t a n t  
rorg as  a f u n c t i o n  of t h e  d e r i v a t i v e s  of  t h e  c h a r g e  a n d  
t he  h y d r o g e n  c o v e r a g e  AH w i t h  r e s p e c t  to rorg a t  c o n -  
s t a n t  p o t e n t i a l  

( 0AG~ ) 0 ~ b  ( ~ T o r g )  Jr" \ O--~"~org,] 

rorg ~ 

The relative importance of the two terms on the 
r.h.s, of this equation for the Pt system is, however, 
disputed. Moreover, to explain the decrease of cover- 
age with potential above 0.5v a similar equation would 
have to be assumed for adsorbed oxygen. It is doubt- 
ful if such an equation would be valid, due to the ir- 
reversible nature of oxygen adsorption, as pointed out 
by Frumkin in a previous publication. 20 

Several experimental facts do not seem to be in 
agreement with the theory proposed here by Frumkin. 

I. Peak adsorption on Pt occurs at about 0.45v 
(NHE) in IN H2SO4. The coverage decreases roughly 
s y m m e t r i c a l l y  on  e i t h e r  s ide  of V,~ax, y e t  a t  0.2v, OH 
= 0.5 w h i l e  a t  0.7v (i.e., a t  a n  e q u a l  d i s t a n c e  on  t h e  
a n o d i c  s ide  of Vmax) t h e  c o v e r a g e  b y  o x y g e n  is p r o b -  
a b l y  n o t  m o r e  t h a n  0.05. 

2. I n  a s t u d y  of h y d r o c a r b o n  a d s o r p t i o n  on  P t  on  
o p e n  c i r cu i t  i t  was  f o u n d  21 t h a t  e t h y l e n e  d i s p l a c e d  
h y d r o g e n  f r o m  t h e  e l e c t r o d e  su r face .  O n  t h e  o t h e r  
h a n d ,  i t  w a s  f o u n d  to h a v e  e s s e n t i a I l y  no  effect  o n  
o x y g e n  c o v e r a g e  in  t h e  s a m e  sys tem.  22 T h u s  

I (OAH/Ororg) *t > >  i (OAJOrorg) ~l 

a n d  a n  u n s y m m e t r i c a l  e - -  q~ r e l a t i o n s h i p  w o u l d  b e  
p r e d i c t e d .  

3. I n  t h e  a d s o r p t i o n  of n a p h t h a l e n e  a n d  n - d e c y l -  
a m i n e  on  Ni  a n  i n c r e a s e  of c o v e r a g e  w i t h  i n c r e a s i n g  
c a t h o d i c  p o t e n t i a l  o c c u r r e d  in  a r e g i o n  w h e r e  c o v e r a g e  
b y  h y d r o g e n  also i n c r e a s e d .  

I n  conc lus ion ,  w e  a g r e e  t h a t  h y d r o g e n  a d s o r p t i o n  
m a y  h a v e  a n  ef fec t  on  t h e  p o t e n t i a l  d e p e n d e n c e  of 
o r g a n i c  a d s o r p t i o n  i n  c e r t a i n  sy s t ems .  H o w e v e r ,  i t  
a p p e a r s  h i g h l y  u n l i k e l y  t h a t  o u r  r e s u l t s  f o r  e.g., 
e t h y l e n e  17 a n d  b e n z e n e  TM a d s o r p t i o n  can  b e  i n t e r p r e t e d  
e v e n  p a r t i a l l y  on  t h i s  basis .  

T h e  p H  d e p e n d e n c e  of t h e  p o t e n t i a l  of ze ro  c h a r g e  
a n d  t h e  effect  of p H  on o r g a n i c  a d s o r p t i o n  a r e  c o n -  
s i s t e n t  w i t h  o u r  i n t e r p r e t a t i o n  of t he  8 - -  V r e l a t i o n -  
ship.  F i g u r e  E G  6 shows  0 - -  V p lo t s  fo r  t h e  a d s o r p -  
t i on  of b e n z e n e  on  P t  f r o m  m i x t u r e s  of H2SO4 a n d  
Na2SO4 m a i n t a i n i n g  a c o n s t a n t  c o n c e n t r a t i o n  of SO4 = 
i o n s J  s A p lo t  of t h e  p o t e n t i a l  of ze ro  c h a r g e  a n d  t h e  
p o t e n t i a l  of m a x i m u m  a d s o r p t i o n  vs. pH is g i v e n  in  

0.6( 

~ ' - ~ -  . ~ , ,~ ,T=o .  8 

u_ pH=3,0 

\ ~H=S.6 % 

, ~2H:,,.O , ~ ~ 
I I I r 

-O20 0 020 0.40 O.60 0.80 

PoIe~]Jol (voJts N.H.E.) 

Fig. EG 6. The adsorption of benzene an Pt as a function of po- 
tential and oH. 
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Fig. EG 7. pH dependence of the potential of zero charge and 
the potential of maximum adsorption on Pt. 

Fig. EG 7. The two lines are paral le l  wi thin  exper i -  
menta l  error  wi th  V m a x  slightly cathodic to Vpzc at 
all  pH values as expected according to the water  com- 
peti t ion model.  TM 

A.  N.  F r u m k i n  (Communica ted) :  A number  of a t -  
tempts have  been made at the Inst i tute  of Elect ro-  
chemis t ry  to use for the p la t inum-hydrogen  electrode 
the method of the point of zero charge determinat ion 
f rom the capacitance min imum in dilute solutions, ~irst 
proposed by one of the authors. 23 Al though Bir intseva 
and Kabanov 24 observed at ~ ----- 0.18v the appearance 
of a min imum on the C, # curves in 0.01 and 0.001N 
H2SO4, which disappeared with increasing concen- 
t rat ion (C, the capacitance per unit  electrode surface; 
other  designations, the same as in our paper) ,  i.e., 
in agreement  with the point of zero charge deter -  
mination, in our paper we pointed out wi th  good rea-  
son, as it seems to us, that  the difficulties involved 
in these measurements  have not yet  been overcome. 
Recent ly Burshtein,  Pshenichnikov,  and Shevchenko,  

2o A. M. Frank l in ,  Doklady Akad.  Nauk. SSSR,  154, 1432 (1964). 

m L, W, Niedrach,  This Journal, 111, 1309 (1964). 

~ J ,  O'M. Bockris ,  H. Wroblowa,  E. Gileadi,  and B. J .  P i e r sma ,  
Trans, Faraday Soc., 61, 2531 (1965). 
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Fig. AF 1. Dependence of the capacitance of an activated Pt 
electrode on the potential vs. NHE in dilute solutions (Burshtein, 
Pshenichnikov and Shevchenko). 1. 0.1N H2SO4; 2. 0.0018 NH2SO4; 
frequency: 1. 10,000; 2. 5100 cps. 

of the same Institute,  apparent ly  obtained more  r e -  
l iable results. The exper iments  were  carr ied out wi th  
a smooth Pt  electrode, which af ter  reduct ion in hy-  
drogen at 450~ and outgassing in vacuo at 900 ~ had 
been activated in the solution by the application of 
sawtooth cathodic and anodic pulses in the in terva l  
of Cr values f rom 0.0 to 1.6v. As can be seen f rom 
Fig. AF 1, at h igher  concentrat ions a min imum is ob- 
served at ~ --~ 0.55v, which is, undoubtedly,  a pseudo- 
capacity min imum due to ionization of adsorbed hy-  
drogen and oxygen. As the solution is diluted, how-  
ever,  a deeper  min imum appears at ~ ---- 0.23% i.e., close 
enough to the pzc determined by direct adsorption 
measurements .  The position of this min imum on the 
~-axis does not change when the concentrat ion of the 
acid is changed from 0.01 to 0.002N and appears there-  
fore to be pH independent.  Fur ther  measurements  
wi l l  show how far this resul t  can be considered con- 
clusive. 

Comparing the results of his measurements  by the 
differential  capacitance method with the data on the 
pzc given in our paper, Dr. Gileadi  suggests that  the 
difference in the surface state of the electrode is one 
of the reasons for the discrepancy observed. In  Dr. 
Gileadi 's  opinion, his own data refer  to a "hydrogen 
free"  electrode, whereas  our data are for a "hydrogen 
loaded" one. In this connection, we would  l ike to 
make  two observations. The te rm "hydrogen loaded" 
does not correctly describe the surface state of the 
electrodes used by us, as under  cathodic polarization 
the electrode can be loaded with  hydrogen to var i -  
ous degrees. In actual fact, our a im was to establish 
the conditions for the equi l ibr ium re la t ive  to the ion- 
ization react ion of adsorbed hydrogen as given by 
Eq. [2]. Such conditions, as wil l  be shown below, 
real ly  can be established. As regards the surface 
t rea tment  carried out by Dr. Gileadi, there  is no doubt 
that  no equi l ibr ium is established on the surface of 
a smooth electrode deact ivated by prolonged heat ing 
at 450~ without  subsequent  activation by al ternat ing 
anodic and cathodic polarizations. Measurements  of 
the electronic work  function of platinum, however ,  
per formed at the Inst i tute  of Elec t rochemis t ry  by 
Fokina, Shurmovskaya,  and Burshte in  have shown that  
in order to r emove  strongly adsorbed or dissolved 
gases f rom the surface of solid smooth p la t inum it is 
necessary to carry out degassing in vacuo  at 900~ 
In addition, as it  fol lows f rom a series of studies by 
Bagotsky and collaborators, 25 previously degassed 
plat inum absorbs appreciable amounts of oxygen 
from the solution already at the potent ial  ~r "~ 0.4v. 
Therefore,  we suppose that  the min imum observed 
by Dr. Gileadi in the exper iments  wi th  0.001N tICIO4 
is l ikely to be connected with  the position of the pzc 
of a somewhat  oxidized p la t inum surface. In fact, 
according to the data of Balashova and Frumkin ,  26 
in di lute I-I2804 the pzc of oxidized plat inum lies at 

,-- 0.5v, i.e., it is s trongly shifted in the posit ive 
direction. 

At  any rate, the shift in the min imum on the ca- 
pacitance curve  along the %-axis wi th  changing pH 
of the solution, observed by Dr. Gileadi, as wel l  as 
by Kheifets  and Krasikov, 27 shows adsorbed oxygen 
(or hydrogen)  to be present  on the meta l  surface, 
since otherwise it would be impossible to account 
for this pH dependence by means of any theory. Un-  
for tunately,  Dr. Gileadi  does not  ment ion  whe the r  he 
observed the dependence of the depth of this min imum 

T. Borisova,  B. Ershler ,  and  A. F r u m k i n ,  Zhuv. Fiz. Khim. ,  22, 
925 (1948). 

-~T. B i r in t seva  and  B, Kabanov ,  Zhu,r. Fiz. Khirn,, 37, 2600 
(1963). 

V. L u k i a n y c h e v a  and  V. Bagotsky ,  Dok~ady Akad.  Nau~ SSSR,  
1 5 5 ,  160 (1964); V. Luk i a nyc he va ,  V. T ikhomi rova ,  and  V. Bagot -  
sky,  Elektrokhivnya, 1, 262 (1965). 

N. Balashova  and  A. F r u m k i n ,  Dok~ady Akad.  Nauk  SSSR, 20, 
449 (1938). 

V. Khel fe t s  and  B. Kras ikov .  Zhur. Fiz, Khirn., 31, 1992 (1952). 
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Fig. AF 2. Dependence of PH+ on ~r for a platinized platinum 
electrode in N KCI 3- 0.0iN HCI. The full drawn curve has been 
calculated from Eq. [6];  the circles represent experimental values 
(Frumkin, Perry, and Marvet). 

on the concentrat ion of the solution only in acid so- 
lutions or at other  pH as well. This point is an im-  
portant  one. 

F rom our point of view, it was most impor tant  to 
show that  under  the conditions of our experiments ,  
the surface of the p la t inum electrode could rea l ly  be 
t reated as an equi l ibr ium system, so that  Gibbs ther -  
modynamics  could be applied to it. At  present,  F r u m -  
kin, Petry,  and Marve t  have been able to prove ex-  
per imenta l ly  the correctness of this assumption, at 
any ra te  for the case of a plat inized p la t inum elec-  
trode. In  Fig. AF 2 the values of rH+ in the function 
of ~,r determined exper imenta l ly  in N KC1 3- 0.01N 
HC1 solution are compared wi th  those calculated by 
means of Eq. [6] of our paper f rom the values of 

- G J ,  and 
~ H  § I~H 

The calculated values were  obtained by the in tegra-  

tion of the ~ curve determined f rom Eq. 

/~H + 

[6] using the value  of PH+ at r = 0 found exper i -  
mental ly.  Good agreement  be tween calculated and ex-  
per imenta l  values corroborates the correctness of our  
assumption as wel l  as of the determinat ion of the 
pzc by the method designated in our paper  as 
method I. 

In the second par t  of his discussion, Dr. Gileadi 
presents some arguments  against  the  thermodynamic  
t rea tment  of the dependence of the adsorption of 
organic substances on the potential,  which was sug-  
gested by one of the authors. 2s According to Dr. 
Gileadi, the relations l ike our Eq. [33] are quant i ta -  
t ive ly  inapplicable to the oxygen  region of the charg-  
ing curve  owing to the i r revers ib i l i ty  of oxygen  ad- 
sorption. This is quite  correct and was emphasized 
in our paper. It  is not clear, however ,  how a model  
based on "competi t ion with wate r"  can be quant i -  
ta t ively  used in this potent ial  range when the meas-  
urements  of the anion adsorption show that  in the 
case of anions, which are not adsorbed specifically, the 
tension of the electric field of the double layer, due 
to posit ive surface charges and negat ive  charges of 
adsorbed anions, decreases ra ther  than increases wi th  
r i s i n g  ~r. 29 The increase in the lat ter  quant i ty  de-  
pends completely  on that  in the number  of adsorbed 

A.  F r u m k i n ,  Doklad~ Akad.  Nauk  SSSR,  154, 1432 (1964). 

~ A .  S l y g i n ,  A.  F r u m k i n ,  a n d  V.  M e d v e d o v s k y ,  Aeta  physico-  
ehim. URSS,  4~ 911 (1936); N.  B a l a s h o v a  a n d  V.  K a z a r i n o v ,  Usp. 
IKh~m., 34, 1721 (1965).  

oxygen atoms and on the dipole na ture  of the P t - - O  
bond. 

Our t rea tment  refers  to the idealized case of or-  
ganic substance adsorption when an equi l ibr ium re la -  
t ive to adsorption of all components is established on 
the surface. Natura l ly  in the case of chemisorption 
of such substances as ethylene,  when adsorbed hy-  
drogen 30,31 appears on the pla t inum surface and me th -  
ane and e thane can be detected in the gas phase, ~1 
it  is not  possible to explain all the phenomena ob- 
served in te rms  of a thermodynamic  theory.  The  gen-  
eral  parallel ism, however ,  be tween  the position of 
the potential  of m ax im um  adsorption and the sup- 
posed pzc determined as it has been done by Dr. 
Gileadi, follows f rom our in terpreta t ion of the phys-  
ical significance of this potential  and the relat ionship 
between the adsorption of organic substances and 
that of e lectrochemical ly  act ive gases. 

Hideaki Kita: 1. According to the s ta tement  on the 
four th  paragraph,  the H + ions in the ionic part  of 
the double layer  are adsorbed giving off their  charges 
to the metal  and changing to H atoms. Thus, the 
quant i ty  rn+ is identified wi th  the charge density on 
the electrode. 

If we extend this identification further ,  rH+ can 
also be the quant i ty  of adsorbed hydrogen atoms thus 
formed. Since F H is the symbol for the surface den-  
sity of hydrogen atom, these quantities, PH+ and FH, 
appear not to be separated definitely f rom each other. 

On the other  hand, if we  unders tand the quant i ty  
FH+ as the surface density of hydrogen ion as de-  
fined in paragraph 3, the charge density of electrode 
surface would be negligibly small  according to the 
s ta tement  in paragraph 4 that  the presence of H+ ions 
in the ionic part  of the double layer can be neglectdd 
at the conditions of an excess of C + cations. 

2. Equat ion [2] can be taken as applicable only for 
the case where  the step, H + 3- e -  ---- H(ads ) ,  is in 
equil ibrium, since the hydrogen electrode react ion 
occurs i r revers ib ly  at the polarization of ~r. Hence, 
the quant i ty  AH, which is understood to be the amount  
of hydrogen disappeared f rom the bulk of solution 
according to the s ta tement  in paragraph 5 cannot be 
the equi l ibr ium quant i ty  and must  not be introduced 
in the thermodynamica l  equations. 

In short, interrelat ions among FH+, rH, and AH do 
not seem to be clear enough. 

A. N. Frumkin (Communica ted) :  1. The quantit ies 
I~H and rn+  may  become equal  (but opposite in sign) 
if no measurable  amount  of adsorbed hydrogen in 
the atomic form is present  on the electrode surface. 
Such case was considered by one of the authors ear-  
lier.82 

2. The exchange current  of the react ion H + 3- e -  
Haas at [H +] = 10-2N is of the order of 10 -1 a m p /  

cm 2. The m a x i m u m  current  density, used by us in 
the measurements  of the charging curves, calculated 
per cm 2 of t rue  electrode surface, did not  exceed 
10 -6 a m p / e m  2. Thus, the equi l ibr ium conditions for 
the above react ion were  realized. 

S. GiLman: It  was suggested that  the discrepancy 
be tween  the  results of capacitance determinat ion f rom 
adsorption measurements  and f rom the impedance 
might  be explained on the basis of slow establ ishment 
of equi l ibr ium be tween  the adsorbed anion and the 
pla t inum surface. While  the observation need not 
be general  for all anions, evidence has been found 33 

R. B u r s h t e i n ,  V. T i u r i n ,  a n d  A.  P s h e n i c h n i k o v ,  P r o c .  14th I n -  
t e r n a l .  Syrup . ,  B r i g h t o n ,  S e p t e m b e r  1964, p. 315, D.  Col l ins ,  Ed i to r ,  
P e r g a m o n  P r e s s  (1965); Doklady Akad.  1Vauk SSSR,  160, 629 
(1965); V,  T i u r i n ,  A.  P s h e n i e h n i k o v ,  a n d  R.  B u r s h t e i n ,  Eleetrok-  
himiya, I n  p re s s .  

az L .  N i e d r a c h ,  T h ~  Journal, 111~ 1399 (1964).  

~ B .  B r u n s  a n d  A.  F r u m k i n ,  Z.  physik .  Chem. (A) ,  147, 125 
(1980).  

a~ S. G i l m a n ,  J. Phys.  Chem., 68, 2098, 2112 (1964).  
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that (at potentials below ca. 0.Sv in acid solution) 
the adsorpt ion-desorpt ion of chloride and phosphate 
ions is rapid and reversible.  An  a l ternat ive  explana-  
tion for low capacitance is na tura l ly  surface contam- 
ination, 34 al though it is not a l together  certain that  
the high values measured at clean smooth Pt  elec- 
trodes 34.a~ are ent i re ly  free of pseudocapacitance. 

A. N. Frumkin  (Communica ted) :  Our paper  was 
concerned with  the discrepancy between the calcu- 

f 0FH + 
lated value of y - 1  = - ~ ~ - - - /  and the capacitance 

AH 
determined by the a-c measurements  at a high enough 
frequency,  the former  quant i ty  proving to be much 
larger  than the latter. Since the presence of pseudo-  
capacity of the ionization react ion of adsorbed hydro-  
gen could have  affected only the second quanti ty,  t ak-  
ing it into consideration would  have resul ted only in 
the increase in this discrepancy. 

In the case of I -  adsorption from NaI solutions on 
a platinized Pt  electrode, it takes hours for the equi-  
l ibr ium to be established, as Such a delay was not ob- 
Served in the case of ions wi thout  specific adsorp-  
tivity, which shows that  it cannot be caused by the 
diffusion difficulties or by the presence of impuri t ies  
in the solution. The effect of the la t ter  moreover  could 
not be of great  importance in the case of platinized 
electrodes wi th  a highly developed surface. The ad- 
sorption process of such anions as I -  on pla t inum 
is in many  respects similar  to that  of oxygen chemi-  
sorption f rom the solution. Slow establ ishment of the 
equi l ibr ium in this case is a well  known fact and has 
been the object of a number  of investigations ( e .gY) .  
In the case of the chlorine anion, these phenomena are 
much less pronounced, but hardly  absent altogether.  
The technique used by Dr. Gilman is probably not 
qui te  suitable for the invest igat ion of ve ry  slow proc-  
esses. 

G. C. Barker: I do not question any of the exper i -  
menta l  facts repor ted  by Professor F rumkin  and his 
co-workers .  I mere ly  wish to point out that  the spe-  
cific adsorption of certain metals  on pla t inum is an 
effect far  more str iking than might  be suspected f rom 
adsorption potential  measurements .  Our unpubl ished 
work, based largely  on studies of the ra te  of increase 
of the part  of the interracial  impedance connected 
wi th  the reduct ion of hydrogen ions and the oxida-  
t ion of adsorbed hydrogen atoms, suggests that  hy-  
drogen adsorption sites are readi ly  occupied by ad-  
sorbed meta l  atoms sometimes even when  the ~olu- 
tion concentrat ion of the ion metal  is as low as 10-8M. 
The adsorption for potentials in the range in which 
hydrogen is adsorbed is ve ry  marked  for Cd and T1 
and strong adsorption of the ions of Pb, Bi, and Sn in 
the same potent ial  region is also observed wi th  
strongly acid solutions (HC1, HC1Od). Genera l ly  the 
adsorbed meta l  is displaced when  the pla t inum elec- 
t rode is anodically polarized and this displacement 
(due to oxygen adsorption) ra ther  than the oxidat ion 
of organic mat te r  is usually the main  reason why  
pla t inum electrodes are "act ivated"  by anodic po- 
larization. Often the solutions used in studies of the 
kinetics of the formation and oxidation of molecular  
hydrogen contain copper and lead ions at concentra-  
tions up to 10 -7 - -  10-6M and such concentrat ions are  
sufficient to rapidly  displace a substantial  amount  of 
the adsorbed hydrogen f rom a smooth pla t inum elec-  
trode, and so great ly  lower  the act ivi ty  of the electrode. 
The fall  in act ivi ty  is genera l ly  accelerated in st irred 
solution as the adsorption usual ly  seems to be a diffu- 

S. G i l m a n ,  Electrochim. Acta,  9, 1025 (1964). 

a6 M. Bre i t e r ,  J. Electroanal. Chert~., 7, 38 (1964). 

as N. B a l a s h o v a  a n d  V. K a z a r i n o v ,  Elektrokhim. ,  1, 512 (1965). 

aT V. N e s t e r o v a  and  A. F r u r n k i n ,  Zhur. Fiz. Khim. ,  26, 1178 
(1952). 

sion-control led process. It  might  also be ment ioned 
that, if a smooth pla t inum electrode is suspended in 
a sealed glass cell l ined wi th  platinum, the surface 
of which has been platinized, af ter  saturat ing the so- 
lution with hydrogen and subjecting the electrode to 
brief anodic polarization occasionally during the first 
few days, the act ivi ty  of the electrode (studied by 
a-c means) remains almost constant for month's w i th -  
out fur ther  activation. This shows clearly that  if 
adequate  precautions are taken to r emove  from the 
solution organic mat te r  and ions tending to be 
strongly adsorbed, a spontaneous fall  in act ivi ty such 
as has been suggested from time to t ime in the l i tera-  
ture  does not occur. Clear ly  such falls are due to 
faul ty exper imenta l  techniques. Professor F rumkin  
states that adsorbed Cd is covalent ly  bound to the 
electrode, and it  seems l ikely that  the same may  be 
t rue in other  cases whe re  almost  complete coverage 
( judging f rom the effect on the impedance)  is ob- 
tained at potentials considerably more  posit ive than 
that  for bulk deposition of the metal.  As has been 
suggested earl ier  by Professor Frumkin,  the strong 
adsorption is presumably  connected with  the fo rma-  
tion of a two-dimensional  in termetal l ic  compound. 
MSssbauer studies of the bonding of specifically ad- 
sorbed tin on plat inum made recent ly  by Bowles and 
Cranshaw at Harwel l  suggest that  the adsorbed tin 
is very  strongly bound to the electrode. 

Reply by M. W. Breiter: Study of the deposition of 
copper ions on smooth pla t inum from acidic solutions 
(1M HC1Od) was carr ied out by me at potentials more 
anodic than the potent ia l  of copper deposition about 
two years ago. The results were  not published because 
of the presence of small  amounts  of organic impuri t ies  
leading to an anodic wave  in the oxygen region dur-  
ing an anodic sweep. It was observed that  copper ions 
may be deposited at potentials up to 0.25v more  anodic 
than the deposition potential.  The layer  formed is less 
than a monolayer  and considered by me as an ad- 
sorbed layer  of Cu atoms. Thicker  layers are formed 
at the potential  of copper deposition. The layers can 
be removed  by anodic stripping. 

H. D. Hurwitz: Without  using the original  method of 
Gibbs, it seems to me that we may  formula te  the 
problem of the nonideal  polarized interphase in an 
equivalent  manner  start ing f rom the equat ion of 
Gibbs-Duhem and the e lect roneutra l i ty  condition 

r '~+  ~ ~ ~ FA- - -  rC+ [1] 

At  constant T one has 

(de) r = --  rA-d~A-  - -  r c  + d~c + 
- -  r ' H + d ~ H +  - -  AHd~H-- ed~p [2] 

In [1] and [2] one has stated that  the Gibbs surface 
defined by FH20 = 0 is permeable  to H + and H. The 
quanti t ies rA- ,  Pc+, AH and the charge e have been 
defined in the paper. As for P'H+ , the surface excess 
of H+,  it has been assumed to vanish in the model  of 
F rumkin  et ak in order to fit wi th  the in terpre ta t ion  
of the va lue  of e. 

For  the condition of electrochemical  equi l ibr ium 
respect ively at the working electrode and at the re f -  
erence electrode, one has 

~H + - -  F~ = ~ [3] 

~ ,§  - -  F ~ f  ---- (~H)o [4] 
and 

~r ---- ~ -~ [5] 
F 

with ~r the cell potential.  

F rom Eq. [2] and [3] one deduces easily that  

( ( ~ )  T = - -  FA--  d/zA-- - -  r C  + d ~ c  + 

[r'H+ + ~]d~n+ - -  [ A H - -  ~] d~H [6] 
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Another  way to write [2] is obtained in making  use 
of [1], [3], and [4], thus 

(d~) T = - -  FA- d~A~ - -  rc  + d~co~ - -  F [~ - -  AH] d~r 
[7] 

in  which 

d~A~ = d~A- § d ~  + ; d~coH = d~c + - -  d ~  + 

According to the definition e : FH+ and assumption 
I " H +  = 0,  Eq. [6] transforms into Eq. [1] of F r u m -  
k in  et aI., and relat ions [3] and [4] of this work are 
readily inferred and may be extended to the case 
where H + is not only in state of contact adsorption 
( r '~+ ~ 0). 

From [6] it is observed that at ~ -  and #c+ 
constant, [ r 'n+  + e] and [ A H -  e] are thermody-  
namical ly  independent  variables. Therefore, by exact 
differential property, d~ could be wr i t ten  in terms of 
these coordinates, or by int roducing an analyt ical  
change of coordinates* in terms of either [AH -}- r ' n + ]  
and If'H+ ~- e] or A H and rH+, according to the ap- 
proximation of Frumkin .  Equat ion [12] of F r u m k i n  
with X -1 the pseudocapacitance of adsorption and 
y - 1  a capacitance of the double layer  suggests that 
such change of coordinates has been used. 

Equat ion [10] of F r u m k i n  et al. may be easily shown 
to follow from Eq. [7] given above. 

* W i t h  X = [AI~ -- e]; Y = [F'• + e] and  U = X + Y; V = Y 
the  J 'acobian $(X,Y/U,V) of t he  t r a n s f o r m a t i o n  X , u  ~ U,V is u n i t y .  

Ion Pairing Mechanisms in Electrode Processes 
L. Gierst, L. Vandenberghen, 1 E. Nicolas, and A. Fraboni 

Free University of Brussels, Brussels, Belgium 

ABSTRACT 

The influence of "bulk" ion pair ing on electrode processes is easily de- 
tected when its main  effect is to decrease the activity of the depolarizer. On 
the other hand, when association with the adsorbed ions of the support ing 
electrolyte forms a more electroactive entity, it is known that  it can be more 
difficult to dist inguish between direct discharge, or via ion pairs. However, a 
broad intercomparison (under  strictly identical  exper imental  conditions) of 
the influence of the na ture  and concentrat ion of the support ing cation (Li +, 
Na +, K +, Cs +, Mg 2+, Ca 2+, Ba 2+) on depolarizers of various electronic 
charge, allows to detect the abnormal  behaviors, which are not determined by 
the pure "static" ~ effect. An indirect  method has also been used, which es- 
sential ly consists in  modifying the double layer  profile by adding, at constant  
concentration, increasing amounts  of tensioactive ions having the same charge 
as  the electrode, e.g., iodide at not too negative charge densities. 

The occurrence of chemical ion pair ing as a con- 
comitant  ra te -de te rmin ing  factor in  electrode p r o c e s s e s  
is general ly easily detected from the effect of suitable 
composition changes at constant double layer struc- 
ture: a typical case is the action of the sulfate ion 
on cation reduction, recent ly studied in our laboratory 
(15). However, it has been pointed out (1, 2) that, 
in  the case of anion reduct ion proceeding at sufficiently 
negat ive potentials in  not  too concentrated solutions, 
the variat ions of the apparent  rate constant  produced 
by changing the concentrat ion of the support ing elec- 
trolyte can be referred either to the usual  ~ effect 
acting on the "bulk" species or to a prior charge-de-  
creasing process involving ion-pai r ing  with the sup- 
port ing cations, which helps to c i rcumvent  the repul-  
sive interact ion with the electrode. In  some cases, 
sudden changes in  % values (for want  of more definite 
proof) seem even to suggest that each mechanism 
could be ra te -de te rmin ing  within  separate potential  
ranges (3). 

Exact diagnosis of the type of mechanism unfor tu -  
nate ly  is made more difficult by the conjunct ion of 
three circumstances: 

1. Since no double layer model of sufficient accuracy 
is available (if it should be, it would probably 
be hardly  adaptable to electrode kinetics) ,  the fact 
that a given electrochemical reaction follows closely 
the predictions derived from the F rumkin  relat ion 
coupled with for instance the Gouy-Chapman  theory, 
does not  constitute in  itself an overwhelming argu-  
ment  (2). 

2. There is some tendency to focus the investigations 
on electrochemical reactions which present  quite ab-  
normal  characteristics, wi thout  paying enough interest  
to reactions more apt to br ing  clearer information.  

1 E x c e r p t s  f r o m  d i s s e r t a t i o n s  to  b e  s u b m i t t e d  to t he  F a c u l t y  of  
S c i e n c e s  as  p a r t i a l  f u l f i l l m e n t  of  the  r e q u i r e m e n t s  for  Ph .D.  degree .  

Some of these lat ter  reactions have occasionally re-  
ceived only superficial attention, or have been invest i-  
gated with inadequate methodology, enough however 
to hinder  their reexamination.  

3. Most of the available data cannot be directly 
compared, since exper imental  conditions (such as drop 
time, compositions, temperature)  and measured quan-  
tities (average or instantaneous currents,  45 ~ tangent  
of hal f -wave potentials, etc . . . .  ) are highly variable. 

The method adopted here consists in reassessing the 
basic characteristics of a sufficient number  of these 
reactions, under  strictly standardized conditions. 2 

The systematic intercomparison of the results ob- 
tained allows the identification of the various types 
of behavior and relates them specifically to their cor- 
responding ra te -de te rmin ing  mechanisms. Addit ional  
evidence may be gained from a more general  com- 
parison considering other data relat ive to behaviors 
which are known  to be affected by ion pairing. 

The present  study is l imited to concentrated solu- 
tions (0.1 and 1N) of support ing electrolytes with 
the most common mono-  and divalent  cations. As far 
as the charge of the depolarizer is concerned, it  is 
worthwhile  to distinguish: (a) the "formal" charge 
z o calculated from valencies and stoichiometry; (b) 
the "bulk" charge Ze which prevails in  solution and 
may vary with the concentrat ion of the support ing 
electrolyte [for highly charged anions, zB is general ly 
close to --2 in 1N solutions (8) ] ;  (c) the "apparent"  
charge ZK which best fits the F r u m k i n  equation if it 
is assumed that  there is no prior labile association 
with the support ing cation, and when ~ is controlled 
by the support ing electrolyte concentrat ion;  (d) the 
"actual" charge z~ of the electroactive ent i ty  itself. 

Since  no c l a i m  fo r  o r i g i n a l i t y  is  made ,  t he  e x t e n d e d  l i s t  of  r e f -  
e rences  p e r t a i n i n g  t o  e a c h  o f  t h e  v a r i o u s  depo la r i ze r s  used  has  b e e n  
d e l i b e r a t e l y  omi t t ed .  S u c h  re fe rences  are  eas i ly  a v a i l a b l e  in  sys-  
t e m a t i c  p o l a r o g r a p h i e  s u r v e y s  (6, 7).  
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