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THE USE OF THE POTENTIAL OF THE HYDROGEN ELECTRODE TO DETERMINE 
THE MECHANISM OF REDUCTLON OF COMPOUNDS 

T .  C .  F r a n k l i n , , D .  H.  McClelland, P.  E .  Hudson, J .  B a r r e t t  

Chemistry Department,  Baylor U n i v e r s i t y ,  Waco, Texas 76703 

I f  the  e l e c t r o n  t r a n s f e r  r e a c t i o n  a t  t h e  hydrogen e l e c t r o d e  i s  

M-H -.H+ + M + e- 

where M i s  t h e  bare  a d s o r p t i o n  s i t e  and M-H is  t h e  adsorbed hydrogen 
atom exchanging e l e c t r o n s  w i t h  t h e  meta l  s u r f a c e ,  t h e n  t h e  equi l ibr ium 
p o t e n t i a l  of t h e  e l e c t r o d e  should be given by t h e  express ion  

Lf t h e  a c t i v i t y  of  t h e  adsorbed hydrogen i s  r e p r e s e n t e d  by 8,  
then  t h e  a c t i v i t y  o f  t h e  b a r e  metal can be r e p r e s e n t e d  by 1-8, and 
a t  c o n s t a n t  hydrogen i o n  c o n c e n t r a t i o n  and a t  2 5 O C  

E = Eo + 0.059 l o g  e 
1-8' 

The presence o f  o r g a n i c  or i n o r g a n i c  a d d i t i v e s  can a l ter  the  
p o t e n t i a l  of  t h e  hydrogen e l e c t r o d e  by changing t h e  hydrogen adsorbed 
on t h e  e l e c t r o d e .  The a d d i t i v e  can remove hydrogen by e i t h e r  d i s -  
p l a c i n g  the hydrogen o r  r e a c t i n g  w i t h  t h e  hydrogen. A s tudy  was made 
o f  t h e  e f f e c t  of d i f f e r e n t  a d d i t i v e s  on t h e  amount of adsorbed hydroger 
and t h e  p o t e n t i a l  o f  t h e  e l e c t r o d e .  

Exper imenta 1 

or under s teady  s t a t e  c o n d i t i o n s  was measured by t h e  coulometr ic  
method descr ibed  p r e v i o u s l y .  (1 ,2)  I n  t h e  c a s e  o f  t h e  p l a t i n i z e d  
platinum e l e c t r o d e s  hydrogen was bubbled over  t h e  e l e c t r o d e s  u n t i l  a 
s t e a d y  p o t e n t i a l  was a t t a i n e d .  The f low of  hydrogen w a s  stopped and ' 
s u f f i c i e n t  t ime was allowed f o r  e q u i l i b r i u m  t o  be e s t a b l i s h e d  between ' 
t h e  hydrogen d i s s o l v e d  i n  t h e  s o l u t i o n  and t h a t  adsorbed on t h e  e l e c -  1 
t r o d e .  The p o t e n t i a l  of t h e  e l e c t r o d e  was then measured poten t io-  
m e t r i c a l l y  a g a i n s t  a r e f e r e n c e  e l e c t r o d e  and t h e  adsorbed hydrogen was 
removed by p o l a r o g r a p h i c  o x i d a t i o n .  The a r e a  under t h e  polarographic  (8 
curve was t h e  number of coulombs needed t o  o x i d i z e  t h e  hydrogen 
adsorbed on t h e  e l e c t r o d e .  This  procedure was r e p e a t e d  a f t e r  t h e  , 
a d d i t i o n  of v a r i o u s  amounts o f  t h e  a d d i t i v e .  

The experiments  on n i c k e l  and i r o n  were q u i t e  similar except t h a t  ,/ 
t h e  hydrogen was e l e c t r o l y t i c a l l y  genera ted  on t h e  s u r f a c e  of t h e  
n i c k e l  s i n c e  t h e s e  m e t a l s  would not  adsorb hydrogen from s o l u t i o n .  

p l a t e d  f o r  th ree  minutes  i n  3% s o l u t i o n  of c h l o r o p l a t i n i c  a c i d  con- 
t a i n i n g  a t r a c e  of l e a d  a c e t a t e .  The e l e c t r o d e s  were washed w i t h  
d i s t i l l e d  water and aged f o r  s e v e r a l  hours i n  t h e  s o l v e n t  t o  be used 
i n  t h e  experiment .  
a n o d i c a l l y  f o r  s e v e r a l  minutes .  

The amount of hydrogen adsorbed on t h e  e l e c t r o d e  a t  equi l ibr ium 

The plat inum e l e c t r o d e s  were platinum w i r e s  s e a l e d  i n  g l a s s  and 

I 

Jus t  p r i o r  to u s e  t h e s e  e l e c t r o d e s  were polar ized  , 
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The n i c k e l  e l e c t r o d e s  were prepared by s e a l i n g  n i c k e l  w i re  i n  

f l o n  s p a g h e t t i .  The i r o n  e l e c t r o d e s  were made from i r o n  wires 
ev ious ly  etched ,with n i t r i c  a c i d ,  washed wi th  doubly d i s t i l l e d  water  
d placed d i r e c t l y  i n  t h e  c e l l  f o r  s tudy .  The e l e c t r o d e s  were 
id i zed  and reduced s e v e r a l  t imes be fo re  t h e  experiments were s t a r t e d .  

The p-benzoquinone 
s p u r i f i e d  by subl imat ion  and t h e  a c e t o n i t r i l e  was p u r i f i e d  by d i s -  
I l a t i o n .  O t h e r  r eagen t s  were t h e  pu res t  g rade  a v a i l a b l e  commercially.  

The a d d i t i v e s  s t u d i e d  were a c e t o n i t r i l e  and p-benzoquinone on 
atinum, 2 , 7  disodium naph tha lened i su l fona te  and sodium hypophosphite 

The temperature was maintained a t  25O 2 0.1%. 

n i c k e l ,  and a c e t o n i t r i l e  on i r o n .  

ows a t y p i c a l  c u r r e n t  vo l t age  curve obta ined  f o r  t h e  
rogen on p l a t i n i z e d  platinum i n  two normal s u l f u r i c  

i d .  The shaded a r e a  was taken  a s  be ing  p ropor t iona l  t o  t h e  amount 
f adsorbed hydrogen. F igure  2 shows a s i m i l a r  p l o t  f o r  i r o n .  The 
i c k e l  curve was s i m i l a r  t o  t h i s .  

I t  has  been previous ly  r epor t ed  (1) t h a t  a l i n e a r  r e l a t i o n s h i p  
i s t s  between t h e  logar i thm of t h e  amount of adsorbed hydrogen and 
e p o t e n t i a l  when a c e t o n i t r i l e  was used a s  an a d d i t i v e  and p l a t i n i z e d  

latinurn was the  e l e c t r o d e .  However, t h e  s c a t t e r  i n  t h e  d a t a  was very  
a rge  and an accu ra t e  s lope  was not e a s i l y  obta ined .  By not  bubbl ing 
ydrogen over the  e l e c t r o d e  du r ing  t h e  measurement of p o t e n t i a l ,  i t  i s  
o s s i b l e  t o  ob ta in  much more p r e c i s e  d a t a .  F igure  3 shows t h e  r e s u l t s  
b t a ined  i n  two normal s u l f u r i c  a c i d .  I t  can be r e a d i l y  seen t h a t  
here  i s  a l i n e a r  r e l a t i o n s h i p  between t h e  p o t e n t i a l  and t h e  logar i thm 
f t h e  f r a c t i o n  of t h e  s u r f a c e  covered wi th  adsorbed hydrogen. 
ithm of t h e  amount of hydrogen adsorbed wi th  a d d i t i v e  minus t h e  loga- 
ithm of t h e  amount of adsorbed hydrogen wi thout  a d d i t i v e . )  The s lope  
f t h i s  l i n e  i s  0.059 v o l t s .  
ave been obta ined  wi th  p l o t s  of AE ver sus  log  8 when sodium hypo- 
hosph i t e  was used as an a d d i t i v e  on n i c k e l  (F igure  4 )  and a t  low 

(Loga- 

S i m i l a r l y  s l o p e s  of approximately 0.059 

hydrogen coverages when a c e t o n i t r i l e  was used a s  an a d d i t i v e  on i r o n  

However, i f  p-benzoquinone i s  used a s  an a d d i t i v e  i n  2 N  s u l f u r i c  
a c i d  and p l a t i n i z e d  plat inum i s  used a s  t h e  e l e c t r o d e ,  F igure  6 shows 
t h a t  a p lo t  of A E  versus  log  8 g ives  a s t r a i g h t  l i n e ,  b u t  i n  t h i s  ca se  

( the  s lope  i s  equal  t o  0.14 .  
! tha l ened i su l fona te  i s  used a s  an a d d i t i v e  i n  2N sodium hydroxide 
))solut ions wi th  n i c k e l  as t h e  e l e c t r o d e s  (F igure  7 ) ,  a p l o t  of t h e  
\ s h i f t  i n  p o t e n t i a l  a g a i n s t  l o g  8 g ives  a s t r a i g h t  l i n e  wi th  a s l o p e  

Again i f  t h e  disodium s a l t  of 2 ,7  naph- 

>of  0 .12 .  

\Discussion of Resu l t s  

l i n g  t h e  s u r f a c e  s i t e s .  
The a d d i t i v e s  can change t h e  amount of  adsorbed hydrogen by block- 

This  merely changes t h e  va lue  of 8;  equi l ibr ium 
i s  reached a t  a new po in t ; ' and  t h e  p o t e n t i a l  w i l l  s h i f t  i n  accord  wi th  
A E  = 0.059 log 8 o r  i f  8 i f  small O E  = 0.059 l o g  8. (I) 

1 1-8 

. r e a c t i n g  w i t h  t h e  adsorbed hydrogen. I f  t h e  r e a c t i o n  occurs  d i r e c t l y  
' w i t h  t h e  hydrogen atoms, t h e  p o t e n t i a l  of t h e  hydrogen e l e c t r o d e  w i l l  

The a d d i t i v e  can a l s o  change t h e  amount of adsorbed hydrogen by 
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s t i l l  be c a l c u l a t a b l e  from Equation (I) i f  t h e  r a t e  of exchange of 
e l e c t r o n s  between adsorbed hydrogen atoms and t h e  e l e c t r o d e  is  rapid.  
However, t h e r e  i s  a second mechanism of r educ t ion  which involves  t h e  
t r a n s f e r  of an e l e c t r o n  from t h e  hydrogen through t h e  meta l  t o  the  
adsorbed a d d i t i v e  (M-Add) which i s  reduced e l e c t r o n i c a l l y .  

M-H ________j M + H+ + e- 
M-Add + e- __I_$ M-Add' 

I n  t h i s  case t h e  a d d i t i v e  behaves l i k e  an  anodic  c u r r e n t  and a t  con- 
s t a n t  hydrogen ion  c o n c e n t r a t i o n  t h e  s h i f t  i n  p o t e n t i a l  i s  given by 

M-Add' + k!+ -> M + Add-H 

t h e  equat ion  

A t  2 5 O C  i f  a i s  assumed t o  be f t h i s  becomes 

A E  = 0.12 l o g  - e . 
1-8 

I f  8 i s  small  compared t o  one,  t h i s  equa t ion  reduces  t o  
A E  = 0.12 l o g  e .  (11) 

The decomposi t ion of t h e  hypophosphi te  ion  on t h e  s u r f a c e  of n i c k ,  
i n c r e a s e s  t h e  amount of  hydrogen on t h e  s u r f a c e .  This  i n c r e a s e  un- 
doubtedly i s  i n f l u e n c e d  by t h e  presence  of adsorbed r e a c t a n t s  and 
p roduc t s .  It can be seen (Figure  3) t h a t ,  i n  agreement w i t h  theory,  
t h e  change i n  p o t e n t i a l  i n  t h i s  s i t u a t i o n  fo l lows  Equat ion (I) .  

plat inum hydrogen e l e c t r o d e  has  been p rev ious ly  a t t r i b u t e d  t o  t h e  
b locking  a c t i o n  of t h e  n i t r i l e .  
t h e  cond i t ions  of  t h e  exper iment ,  a c e t o n i t r i l e  i s  reduced both on 
p l a t i n i z e d  plat inum ( 4 )  and i r o n  ( 5 ) .  S ince  t h e  s h i f t  i n  p o t e n t i a l  
(F igure  4 and 5) fo l lows  Equat ion ( I ) ,  i t  i s  ev iden t  t h a t  t h i s  r e d u c t i  
occurs  by d i r e c t  a d d i t i o n  of adsorbed hydrogen atoms. 

The graphs showing t h e  e f f e c t  of p-benzoquinone on t h e  p o t e n t i a l  
of t h e  pratinum-hydrogen e l e c t r o d e  and t h e  disodium s a l t  of 2 , 7  naph- 
t h a l e n e d i s u l f o n a t e  on t h e  nickel-hydrogen e l e c t r o d e  i n d i c a t e s  t h a t  t h i  
d a t a  fo l lows  Equat ion  (11). This  shows t h a t  t h e s e  compounds a r e  reduc 
by t h e  e l e c t r o n i c  mechanism i n  agreement wi th  t h e  accepted  mechanism ( 
The r educ t ion  of  t h e  s u l f o n a t e  a t  n i c k e l  e l e c t r o d e s  has been discussed 
by s e v e r a l  workers  (7,8) and i t  i s  probable  t h a t  i t  i s  an  e l e c t r o n i c  
mechanism. 

metal-hydrogen e l e c t r o d e  upon t h e  a d d i t i o n  of an a d d i t i v e  can be used 
t o  i n d i c a t e  t h e  mechanism of i n t e r a c t i o n  of t h e  a d d i t i v e  w i t h  t h e  
hydrogen. 
i s  reduced by d i r e c t  a d d i t i o n  of a tomic hydrogen on i r o n  and p l a t i n i z e d  
plat inum e l e c t r o d e s .  
p-benzoquinone on p l a t i n i z e d  plat inum and t h e  2 , 7  naphtha lenedisu l fona te  
ion  on n i c k e l  proceeds  by an  e l e c t r o n i c  mechanism. 

The e f f e c t  o f  a c e t o n i t r i l e  on t h e  p o t e n t i a l  o f  t h e  p l a t i n i z e d  

However, it has  been shown t h a t ,  unde 

I n  summary it h a s  been shown t h a t  t h e  s h i f t  i n  p o t e n t i a l  of a 
$ 

I 

From t h e  observed d a t a  i t  was concluded t h a t  a c e t o n i t r i l e  

It  w a s  a l s o  concluded t h a t  t h e  r educ t ion  of 

1 
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\\ Fig.1. Current Voltage Curve for Oxidation of Hydrogen on 

Platinum in 2N H SO 
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Fig.2. Current Voltage Curve for Oxidation of Hydrogen on Iron 
in 2N NaOH 

Slope = 0.059 

c v 1 + Log Fraction of Surface Covered with Hydrogen 

Fig.3. Effect of Acetonitrile on Platinum-Hydrogen Electrode 
in 2N H2S04 
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1 + Log Fraction of Surface Covered with Hydrogen 

Fig.4. Effect of Sodium Hypophosphite on Nickel-Hydrogen Electrode 
in 2N NaOH 
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Fig.5. Effect of Acetonitrile on the Iron-Hydrogen Electrode 

in 2N NaOH 

1 + Log Fraction of Surface Covered with Hydrogen 

u 1 + Log Fraction of Surface Covered with Hydrogen 

Fig.6. Effect of P-Benzoquinone on the Platinum-Hydrogen 
Electrode in 2N H2S04 
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Fig.7. 

1 + Log Fraction of Surface Covered with Hydrogen 
Effect of 2,7 Naphthalenedisulfonate on Nickel-Hydrogen 

Electrode in 2N NaOH 


