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A B S T R A C T  

T h e  r e d u c t i o n  of  m e r c u r y  on  a f resh  i r i d i um  sur face  is r eve r s ib l e  w i th  a ha l f -wave  p o t e n t i a l  of  +162 m V  (vs. SCE). A 
Hg(O) m o n o l a y e r  is f o r m e d  by  u n d e r p o t e n t i a l  d e p o s i t i o n  (UPD)  at + 600 m V  d u r i n g  t h e  in i t ia l  s cans  of  a r epe t i t i ve  cyclic 
v o l t a m m o g r a m .  Th i s  m o n o l a y e r  acts  as b u l k  Hg(O) d u r i n g  f u r t h e r  cycles,  a n d  t he  r e d u c t i o n  ha l f -wave  po t en t i a l  t h e n  shi f t s  
t o w a r d s  +410 mV.  A n o d i z a t i o n  of  t he  e l ec t rode  at  a p o t e n t i a l  > + 1000 m V  r e t u r n s  t he  r e d u c t i o n  wave  to its o r ig ina l  posi-  
t ion .  T h e  p e a k  for  t h e  o x i d a t i o n  of  b u l k  Hg(O) f r o m  t h e  su r f ace  o c c u r s  a t  +430 m V  f o l l o w e d  b y  a p e a k  for  t h e  u n d e r -  
p o t e n t i a l  s t r i p p i n g  (UPS)  of  t he  Hg(O) m o n o l a y e r  at  + 650 inV. The  q u a n t i t y  of  Hg(O) for  t h e  m o n o l a y e r  c o r r e s p o n d s  to a 
40% cove rage  of  t he  Ir  surface.  T he  u n d e r p o t e n t i a l  sh i f t  for  t he  b u l k  a n d  m o n o l a y e r  s t r i p p i n g  of  Hg(O) f rom I r  was  f o u n d  
to b e  210 inV. No i n d i ca t i ons  of  a Hg-so lub le  c o m p o u n d  f o r m a t i o n  b e t w e e n  Hg a n d  Ir  we re  found .  

T h e  a p p l i c a t i o n  o f  m e r c u r y  f i lm e l e c t r o d e s  to  
s p e c i a t i o n  o f  t r a c e  e l e m e n t s  in  n a t u r a l  w a t e r s  is p r e s -  
e n t l y  l i m i t e d  e i t h e r  d u e  to t h e  b a d  s t a b i l i t y  or  r e p r o d u c i -  
b i l i t y  of  t h e  Hg  f i lm in  v a r y i n g  e x p e r i m e n t a l  c o n d i t i o n s  
(e.g., H g  f i lms  o n  g l a s s y  c a r b o n )  or  to  t h e  d i s s o l u t i o n  o f  
t h e  s u b s t r a t e  in  H g  a n d  t h e  f o r m a t i o n  of  i n t e r m e t a l l i c  
c o m p o u n d s  w i t h  t h e  t e s t  m e t a l  i on  (e.g., f i lms  o n  Pt) .  A 
d e t a i l e d  s t u d y  of  m a n y  s u b s t r a t e s  (1) s h o w e d  t h a t  t h e s e  
p r o b l e m s  c o u l d  b e  o v e r c o m e  b y  u s i n g  I r  as a s u b s t r a t e .  
U n f o r t u n a t e l y ,  a l t h o u g h  t h e  e l e c t r o c h e m i c a l  b e h a v i o r  of  
m e r c u r y  o n  s u b s t r a t e s  s u c h  as p l a t i n u m ,  s i lve r ,  gold ,  
n i c k e l ,  a n d  c a r b o n  is we l l  d o c u m e n t e d  in  t h e  l i t e r a t u r e ,  
t h e  s a m e  c a n n o t  b e  s a id  for  i r i d i u m .  D u r i n g  t h e  p a s t  30 
years ,  o n l y  a few s t u d i e s  h a v e  d e a l t  w i t h  m e r c u r y  depos i -  
t i o n  o n  i r i d i u m ,  a n d  t h e s e  w e r e  m a i n l y  c o n c e r n e d  w i t h  
t h e  b e h a v i o r  of  m e r c u r y  as  a p o i s o n  for  h y d r o g e n  a n d  
o x y g e n  a d s o r p t i o n  o n  t h e  s u r f a c e  o f  t h e  e l e c t r o d e  (2-4). 

We r e p o r t  h e r e  t h e  r e s u l t s  of  a s t u d y  of  t h e  d e p o s i t i o n  
a n d  s t r i p p i n g  p r o p e r t i e s  of  m e r c u r y  a t  a n  i r i d i u m  
r o t a t i n g  d i s k  e l e c t r o d e  ( I r -RDE) .  T h e  a i m  of  t h i s  w o r k  
w a s  to q u a n t i f y  t h e  p a r a m e t e r s  r e q u i r e d  to o p t i m i z e  t h e  
f o r m a t i o n  a n d  s t a b i l i t y  of  a t r u e  m e r c u r y  f i lm o n  a n  
i r i d i u m  s u b s t r a t e .  T h i s  s t u d y  w as  t h e r e f o r e  d i r e c t e d  to  
t h e  d e t e r m i n a t i o n  of  (i) t h e  r e d u c t i o n  c h a r a c t e r i s t i c s  of  
Hg( I I )  o n  Ir ,  (ii) t h e  o x i d a t i o n  c h a r a c t e r i s t i c s  of  Hg(O)  
f r o m  Ir,  a n d  (iii) t h e  i n t e r a c t i o n s  of  t h e  I r  s u r f a c e  w i t h  
H g  in  t e r m s  of  i t s  s o l u b i l i t y ,  t h e  u n d e r p o t e n t i a l  of  
d e p o s i t i o n / s t r i p p i n g ,  a n d  w o r k  f u n c t i o n  d i f f e r ences .  

Experimental 
Ins t rumenta t ion . - -The  e l e c t r o c h e m i c a l  s y s t e m  h a s  

b e e n  p r e v i o u s l y  d e s c r i b e d  (1). I t  c o n s i s t s  of  a m i c r o -  
c o m p u t e r  c o n t r o i l e d  p o t e n t i o s t a t  ( M o t o r o l a  E X O R s e t  + 
T a c u s s e l  PRG5) ,  a c u s t o m  b u i l t  m e d i u m - e x c h a n g e / f l o w -  
t h r o u g h  P l e x i g l a s  cell, a n d  a n  i n v e r t e d  p o l a r i z i n g  m i c r o -  
s c o p e  (Lei tz  E P I V E R T )  a l l o w i n g  in-situ o b s e r v a t i o n  a n d  
p h o t o g r a p h y .  

T h e  w o r k i n g  e l e c t r o d e  a s s e m b l y  w a s  a T a c u s s e l  
EDI -55442  r o t a t i n g  d i s k  e l e c t r o d e  (RDE)  w i t h  a 1 c m  
T e f l o n  t ip  i n to  w h i c h  a 2 m m  d i a m  • 10 m m  l o n g  I r  cyl in-  
d e r  ( H e r a e u s  G m h H )  w as  p r e s s  f i t ted.  T h e  e l e c t r o d e  was  
r o t a t e d  a t  1500 r p m  d u r i n g  t h e  e x p e r i m e n t s .  T h e  c o u n -  
t e r e l e c t r o d e  w a s  a P t  rod.  T h e  r e f e r e n c e  e l e c t r o d e ,  to  
w h i c h  a l l  p o t e n t i a l s  a re  r e f e r e n c e d ,  w a s  a S C E  (238 m V  
vs. N H E )  f i l led w i t h  a s a t u r a t e d  NaC1 s o l u t i o n  a n d  
e q u i p p e d  w i t h  a 0.1M NaNO3 b r idge .  

Electrode pre trea tment . - -The  e l e c t r o d e  w as  i n i t i a l l y  
p o l i s h e d  w i t h  d i a m o n d  s p r a y  p a s t e s  o f  d e c r e a s i n g  s ize,  
t h e  s m a l l e s t  o f  t h e m  b e i n g  1 ~ m  u n t i l  a m i r r o r - l i k e  su r -  
f ace  c o u l d  b e  s e e n  u n d e r  t h e  m i c r o s c o p e  a t  250 t i m e s .  
T h e  e l e c t r o d e  was  t h e n  w a s h e d  w i t h  d e i o n i z e d  w a t e r  a n d  
c a t h o d i z e d  a t  - 2 0 0 0  m V  for  5 r a i n  in  d e g a s s e d  1.0M 
HNO3. T h e  e l e c t r o d e  w a s  k e p t  in  t h i s  s o l u t i o n  u n t i l  
t r a n s f e r r e d  to a t e s t  so lu t ion .  

*Electrochemical Society Active Member. 
1Present address: Depar tment  of Chemistry, State Universi ty 

of New York at Buffalo, Buffalo, New York 14214. 

Reagents . - -Unless  o t h e r w i s e  i n d i c a t e d ,  al l  c h e m i c a l s  
u s e d  w e r e  a n a l y t i c a l  r e a g e n t  g r a d e  (Merck) .  T h e  Hg( I I )  
u s e d  for  f i lm f o r m a t i o n ,  was  p r e p a r e d  b y  d i s s o l u t i o n  of  
t r i p l y  d i s t i l l e d  m e r c u r y  in  n i t r i c  ac id ,  f o l l o w e d  b y  d i lu -  
t i o n  w i t h  0.1M HC104 to g ive  10-3M Hg(II) ,  u n l e s s  o the r -  
w i se  i n d i c a t e d .  

All  s o l u t i o n s  w e r e  p r e p a r e d  w i t h  18 mol/gt  w a t e r  f r o m  a 
Mi l l i po re  b r a n d  ion  e x c h a n g e  sy s t em.  

H i g h - p u r i t y  (99.95%) n i t r o g e n  gas  (Ca rbagas )  was  u s e d  
to p u r g e  o x y g e n  f r o m  s o l u t i o n s  a n d  to m a i n t a i n  a n i t ro -  
g e n  b l a n k e t  d u r i n g  e x p e r i m e n t a t i o n .  

Results and Discussion 
General considerations.--One of t h e  s i m p l e r  a n d  m o r e  

d i r e c t  m e t h o d s  for  i n v e s t i g a t i n g  t h e  i n t e r a c t i o n s  o f  Hg  
a n d  t h e  Ir  s u r f a c e  is to  e m p l o y  cyc l ic  v o l t a m m e t r y ,  u s i n g  
a Hg(I I )  s o l u t i o n  a n d  a " d e f i n e d "  i r i d i u m  sur face .  S u c h  a 
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Fig. 1. (a) Consecutive cyclic voltammograms for reduction and oxi- 
dation of Hg on an Ir substrate. Conditions: 10-3M Hg § 0.1M HCI04, 
v = 20 mV/s, and ~o = 1500 rpm, Note: Anodic-scan current scale is 5 
times cathodic-scan current scale. (b) Enlargement of the "bend" at the 
foot of wave-A. (c) Reduction wave for Hg(I) or Hg(ll) at a dropping 
mercury electrode. 
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c u r v e  is s h o w n  in  Fig.  l a  w i t h  20 c o n s e c u t i v e  r e p e a t i n g  
cycles .  

F o r  t h e  c a t h o d i c  scan ,  t h e  m o s t  p r o m i n e n t  f e a t u r e s  a re  
t h e  " s h i f t "  of  t h e  r e d u c t i o n  w a v e - A  f r o m  -~ 160 m V  to 275 
mV,  a n d  p e a k - B  w h i c h  a p p e a r s  on  t op  of  w a v e - A  at  ~ 70 
inV. F u r t h e r m o r e ,  as c an  b e  seen ,  t h e  r e d u c t i o n  w a v e  is 
n o t  a c l ean  s i g m o i d a l  s h a p e  as w o u l d  b e  e x p e c t e d  for  t h e  
d i f f u s i o n  c o n t r o l l e d  r e d u c t i o n  of  Hg(II) .  I t  is c o m p l i -  
c a t e d  b y  a s m a l l  b e n d  ( s h o w n  by  t he  a r row)  a t  t h e  foo t  of  
t h e  w a v e  a n d  a t w o - s t e p  r e d u c t i o n  w a v e  for  t h e  f irst  s ix  
scans .  

T h e  i n t e r p r e t a t i o n  of  t h e  c u r v e s  in  Fig.  l (a)  r e q u i r e s  
t a k i n g  i n to  a c c o u n t  t h e  d i s p r o p o r t i o n a t i o n  r e a c t i o n  

Hg  2+ + Hg  ~ ( ~ Hg.o 2+ [1] 

I n  fac t ,  a l t h o u g h  t h e  b u l k  of  t h e  s o l u t i o n  c o n t a i n s  o n l y  
Hg(I I )  ions ,  as s o o n  as s o m e  Hg(O) d r o p l e t s  are  f o r m e d  at  
t h e  e l e c t r o d e  s u r f a c e ,  Hg(I )  c a n  b e  f o r m e d  a t  t h e  e lec-  
t r o d e  su r f ace  as a r e s u l t  of  r e a c t i o n  [1]. T h e  e q u i l i b r i u m  
c o n s t a n t  for  r e a c t i o n  [1], K, c a n  b e  c o m p u t e d  f r o m  t h e  
N e r n s t  r e l a t i o n s h i p  u s i n g  t h e  t w o  c o u p l e s  Hg~+/Hg22+: 
{Eo'}, a n d  Hg22+/Hg~ "} to g ive  

E = Eo' + (RT/2F) ln([Hg2+?/[Hg22+]) [2] 

E = E"o + (RT/2F) ln([Hg,2+]) [3] 

w h e r e  t h e  s y m b o l s  h a v e  t h e i r  u s u a l  m e a n i n g .  A t  a n y  po- 
t en t i a l ,  s u b t r a c t i o n  of  Eq.  [2] f r o m  Eq.  [3] g ives  

log  K = ln(Hg22+]/[Hg"+]) = (E"o - Eo')F/RT [41 

The  va lue  of  K for r eac t ion  [1] is ~ 130 at  25~ (5), so t h a t  
a t  equ i l i b r ium,  in  a n o n c o m p l e x i n g  m e d i u m  s u c h  as 
HClO4, t h e  c o n c e n t r a t i o n  of  Hg(I)  wil l  b e  a b o u t  130 t i m e s  
g r e a t e r  t h a n  t h a t  of  Hg(II).  T h u s ,  a f t e r  t h e  f o r m a t i o n  of  a 
m o n o l a y e r  of  Hg(O) on  t h e  I r  e l ec t rode ,  t h e  r e d u c t i o n  of  
Hg(I I )  wil l  p r o c e e d  in  two  s t eps  

H g  2+ + Hg  ~ < ~ Hg2 ~+ [5] 

Hg22+ + 2e-  < ~ 2Hg ~ [6] 

I t  h a s  b e e n  s h o w n  t h a t  on  a d r o p p i n g  m e r c u r y  e l e c t r o d e  
(6) t h i s  t w o - s t e p  r e d u c t i o n  g ives  r i se  to  a s ing le  r e d u c t i o n  
w a v e  of  Hg(II) .  F o r  s o l u t i o n s  c o n t a i n i n g  Hg(I),  t h e  r e d u c -  
t i o n  w a v e  u s u a l l y  s t a r t s  v e r y  a b r u p t l y ,  as s h o w n  in  Fig.  
l c  (7, ch.  10). T h i s  is n o t  t h e  ca se  for  t h e  I r  s u b s t r a t e ,  
s i n c e  Hg(I)  m u s t  b e  f o r m e d  at  t he  s u r f ace  b y  r e a c t i o n  [5]. 
H o w e v e r ,  i t  is v e r y  l ike ly  t h a t  t h e  b e n d  o b s e r v e d  in  Fig. 1 
a, b, is t h e  e q u i v a l e n t  to  t h e  p o i n t  s e e n  a t  E~ [Fig. lc]  for  
t h e  d r o p p i n g  m e r c u r y  e l ec t rode .  

R e d u c t i o n  o f  m e r c u r y :  w a v e - A . - - T h e  Hg( I I )  i n i t i a l l y  
d e p o s i t e d  d u r i n g  t h e  c a t h o d i c  s c a n  (at  E < +200 mV),  is 
m o s t l y  r e o x i d i z e d  d u r i n g  t h e  a n o d i c  p o r t i o n  of  t h e  s c a n  
(peak-C).  H o w e v e r ,  as wil l  be  s h o w n  be low,  a t  t h e  s t a r t  of  
t h e  n e x t  c a t h o d i c  scan ,  a m o n o l a y e r  of  Hg(O)  is e i t h e r  
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Fig. 2. The stripping polarogrophy curve for the reduction of Hg(ll) 
on Ir. Conditions: 10-4M Hg ++, 0.1M HCI04, ]Os depositions, co = 
1500 rpm, each point is the overage of three separate measurements. 

st i l l  p r e s e n t  (if t h e  c h a n g e  in s c a n  d i r e c t i o n  o c c u r s  at  E < 
+600 mV)  or r e f o r m e d  ( w h e n  E > +700 mV).  On  b o t h  P t  
(8) a n d  A u  (9) a m o n o l a y e r  of  Hg(O), w h i c h  is d i f f icu l t  to  
oxid ize ,  h a s  b e e n  e x p l a i n e d  as b e i n g  a r e s u l t  of  c h e m i c a l  
i n t e r a c t i o n  b e t w e e n  Hg  a n d  t h e  s u b s t r a t e  m a t e r i a l .  I t  
wi l l  b e  s h o w n  l a t e r  t h a t  I r  does  n o t  f o r m  a s o l u b l e  com-  
p o u n d  w i t h  Hg  ( the re  a re  no  a m a l g a m  o x i d a t i o n  p e a k s  as 
t h e r e  a re  fo r  A u  a n d  Pt ) ,  b u t  t h a t  a Hg(O)  m o n o l a y e r  is 
n e v e r t h e l e s s  f o r m e d  b e t w e e n  600 a n d  400 inV.  T h e  pos i -  
t i v e  s h i f t  i n  t h e  E1/~. v a l u e  of  w a v e - A  a n d  t h e  l i m i t e d  
g r o w t h  of  p e a k - E  s u g g e s t  t h a t  t h e  m o n o l a y e r  c o v e r a g e  is 
o n l y  p a r t i a l  a t  f irst ,  b u t  i n c r e a s e s  w i t h  t h e  n u m b e r  of  
s c a n s ,  b e c o m i n g  a l m o s t  c o m p l e t e ,  as e v i d e n c e d  b y  t h e  
fac t  t h a t  Ell2 a p p r o a c h e s  t h a t  for  t h e  r e d u c t i o n  of  r ig(I)  or 
Hg(I I )  on  t h e  d r o p p i n g  m e r c u r y  e l ec t rode .  I t s  v a l u e  c a n  
b e  c o m p u t e d  f r o m  E~/2 = Eo" + (RT/2F)ln([Hg2+]/2) [see 
Ref .  (7) p. 167] a n d  is +410 m V  for  t h e  c o n d i t i o n s  u s e d  
h e r e  ([Hg 2+] = 0.001M, E'o = 510 mV).  

N o t e  t h a t  t h e  r e d u c t i o n  w a v e  c a n  be  m a d e  to r e t u r n  to 
i t s  o r i g i n a l  p o s i t i o n  (cyc le  No.  1, Fig.  la) ,  e i t h e r  b y  ap-  
p l y i n g  a p o t e n t i a l  > 1000 m V  or b y  w a s h i n g  in  c o n c e n t r a -  
t e d  n i t r i c  ac id .  B o t h  o f  t h e s e  t r e a t m e n t s  d e s t r o y  t h e  H g  
m o n o l a y e r  f o r m e d  b e t w e e n  600 a n d  400 mV.  

D e t e r m i n a t i o n  o f  E1/2 f o r  Hg( I I )  --~ H g ( O ) . - - I n  at- 
t e m p t i n g  to m e a s u r e  E1/2 for  t h e  r e d u c t i o n  we  m u s t  con-  
s i d e r  t w o  l i m i t i n g  c a s e s  for  t h e  r e d u c t i o n  o f  Hg( I I )  to  
Hg(O).  Case  a: R e d u c t i o n  o n t o  Hg(O)  a l r e a d y  d e p o s i t e d  
o n  Ir, w h e r e  t h e  c o r r e s p o n d i n g  E1/~. is g i v e n  b y  wave-A-20 
(Fig. la),  E~/2(Hg) = 275 mV.  Case  b: R e d u c t i o n  on  p u r e  I r  
w h e r e  E~/2(Ir) c a n  b e  m e a s u r e d  e i t h e r  f r o m  wave -A-1  
(Fig. l a )  ( l s t  cyc le  in  cycl ic  v o l t a m m o g r a m ,  El/2(Ir) = 170 
mV);  or  b y  u s i n g  s t r i p p i n g  p o l a r o g r a p h y  (Fig. 2). Th i s  lat-  
t e r  m e a s u r e m e n t ,  E~/~(SP), is g r a p h i c a l l y  m o r e  p r e c i s e ,  
b u t  less  a c c u r a t e  s ince  t h e  su r f ace  is n o  l o n g e r  p u r e l y  Ir  
d u e  to t h e  l o n g e r  r e d u c t i o n  t i m e .  O n e  w o u l d  e x p e c t  
E1/2(SP) to c h a n g e  f r o m  E,/2(Ir) to EI/2(Hg) as t h e  depos i -  
t i o n  t i m e  i n c r e a s e s .  F o r  t h i s  r e a s o n  d e p o s i t i o n  t i m e s  ap-  
p r o a c h i n g  zero  m u s t  b e  u s e d  to o b t a i n  a c o r r e c t  m e a s u r e -  
m e n t  of  E~/2(Ir). In  t h i s  way  E1/,(Ir) = 162 m V  (s lope  = 30.9 
m V  a n d  n = 1.88). 

R e d u c t i o n  o f  m e r c u r y :  p e a k - B . - - T h i s  p e a k  at  70 m V  is 
s e e n  o n  t h e  l i m i t i n g  c u r r e n t  p l a t e a u  d u r i n g  t h e  c a t h o d i c  
s c a n  a n d  a p p e a r s  to g r o w  s l i gh t l y  d u r i n g  t h e  e x p e r i m e n t  
(24-48h).  D u r i n g  o u r  s t u d i e s  i t  was  d i s c o v e r e d  t h a t  
p e a k - B  d i s a p p e a r e d  w h e n  we  c h a n g e d  to a f r e s h l y  pre -  
p a r e d  s o l u t i o n  of  HC104 + H g  2+, a n d  t h a t  i t  i n c r e a s e d  
w i t h  t h e  u s e  of  t h e  so lu t ion .  T h e  i n c r e a s e  b e i n g  g r e a t e s t  
d u r i n g  t h e  f irst  2-5h a n d  l e v e l i n g  off  a f t e r  8-10h. F u r t h e r -  
m o r e ,  c h a n g i n g  to  a d i f f e r e n t  I r  s u b s t r a t e  (an  e x a c t  du-  
p l i c a t e  a n d  p r e t r e a t e d  t h e  s a m e  as t h e  f irst)  i n  t h e  s a m e  
s o l u t i o n ,  t h e  p e a k  a p p e a r e d  u n c h a n g e d ,  w i t h  t h e  s a m e  
h e i g h t  a n d  shape .  

I n  a f u r t h e r  s tudy ,  200 ~1 a d d i t i o n s  of  10 ~M Hg 2+ w e r e  
m a d e ,  i n c r e a s i n g  t h e  c o n c e n t r a t i o n  f r o m  10-3M to 8 • 
10-3M Hg 2+. Whi le  t h e  p l a t e a u  a t  250 m V  i n c r e a s e d  f r o m  
60 to 270 vA,  p e a k - B  d i d  n o t  c h a n g e  n o t i c e a b l y .  U p o n  
r u n n i n g  t h e  s a m e  v o l t a m m o g r a m  w i t h o u t  t h e  R D E  
r o t a t i n g ,  r e d u c t i o n  w a v e - A  c h a n g e d  i n t o  a p e a k  w i t h  a 
n o n s y m m e t r i c a l  s h a p e  s im i l a r  to  t h a t  c o r r e s p o n d i n g  to a 
d i f f u s i o n  c o n t r o l l e d  p r o c e s s .  P e a k - B  m a i n t a i n e d  t h e  
s a m e  s ize  a n d  s h a p e  ( m o r e  or  less  s y m m e t r i c a l ) ,  i n d i c a t -  
i ng  t h a t  i t  is a r e s u l t  of  a s u r f a c e - l i m i t e d  p roces s .  

T h e s e  r e s u l t s  l e ad  us  to  c o n c l u d e  t h a t  t h i s  p e a k :  (i) is 
n o t  d i r e c t l y  d e p e n d e n t  on  t h e  c o n c e n t r a t i o n  of  e i t h e r  t h e  
Hg(I I )  or  acid,  a n d  (ii) is a s u r f a c e - l i m i t e d  p h e n o m e n o n .  

I n t e r p r e t a t i o n  o f p e a k - B . - - I t  is we l l  k n o w n  t h a t  Hg(I )  
m a y  e a s i l y  f o r m  i n s o l u b l e  s a l t s  w i t h  CI-  a n d  O H -  ad-  
s o r b e d  on  m e r c u r y  (7). T h e  f o r m a t i o n  of  a d s o r b e d  Hg~X2, 
in  dc  p o l a r o g r a p h y  w i t h  t h e  DME,  r e s u l t s  in  a r e d u c t i o n  
p o s t w a v e  a c c o r d i n g  to 

Hg2X2 ( ) Hg22+ + 2X-  + 2e-  ~ ~ 2Hg ~ [7] 

W i t h  t h e  R D E ,  t h i s  p o s t w a v e  is t r a n s f o r m e d  i n t o  a n  ad-  
s o r p t i o n  " p o s t " - p e a k .  As wil l  be  s h o w n  be low,  t h i s  reac-  
t i o n  is t h e  o r ig in  of  peak -B .  

I n  o u r  s y s t e m  t h e  O H -  is a t  a v e r y  l ow  c o n c e n t r a t i o n  
(10-~aM), b u t  t h e  c o n c e n t r a t i o n  of  Hg(I)  or  Hg(II )  m a y  b e  
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as h i g h  as 10- 'M at  t h e  e l e c t r o d e  sur face .  U s i n g  t h e  solu-  
b i l i t y  p r o d u c t s  for  t h e  Hg(I)  a n d  Hg(I I )  h y d r o x i d e s ,  a n d  
t h e  s t a b i l i t y  c o n s t a n t s  for  H g O H  +, Hg(OH)2 ~ HgOH3 , 
Hg~OH~ § a n d  Hg~(OH)J  + i n d i c a t e s  t h a t  f o r m a t i o n  of  t h e  
s o l i d s  is u n l i k e l y  a n d  t h a t  o n l y  H g O H  § a n d  Hg~(OH)3 + 
c o u l d  p o s s i b l y  f o r m  a t  t h e  sur face .  B u t  t h e s e  s pec i e s  a re  
u n l i k e l y  to b e  a d s o r b e d .  T h e  on ly  p o s s i b l e  s o u r c e  of  C1- 
i ons  was  t h e  SCE r e f e r e n c e  e l ec t rode ,  in  sp i t e  of  t h e  fac t  
t h a t  a NaNO3 b r i d g e  was  u s e d  b e t w e e n  t h e  SC E  a n d  t h e  
s o l u t i o n .  T h e  o r i g i n  of  t h e  C1 in  s o l u t i o n  e x p l a i n s  t h e  
s l o w  i n c r e a s e  of  r e d u c t i o n  " p o s t "  p e a k - B  a n d  i t s  d i s a p -  
p e a r a n c e  w h e n  c h a n g i n g  t h e  t e s t  so lu t ion .  T h e  p r e s e n c e  
of  C1- s h o u l d  a l so  p r o d u c e  a w a v e  c o r r e s p o n d i n g  to  t h e  
r e o x i d a t i o n  of  Hg(O) in  t h e  p r e s e n c e  of  CI-, t h e  l i m i t i n g  
c u r r e n t  of  w h i c h  is c o n t r o l l e d  b y  t h e  d i f f u s i o n  of  t h e  C1- 
a t  t h e  s u r f a c e  (7). S u c h  a w a v e  is i n d e e d  o b s e r v e d  a t  
a b o u t  +200 m V  (Fig. la ) .  F r o m  t h e  v a l u e  o f  t h e  l i m i t i n g  
c u r r e n t ,  t h e  c o n c e n t r a t i o n  of  t h e  C1- w as  e s t i m a t e d  to b e  
2.0 • 10-SM u s i n g  a v a l u e  of  2.1 • 10 5 cm2/s for  t h e  d i f fu-  
s i o n  c o e f f i c i e n t  of  C1-. T h i s  c o n c e n t r a t i o n  w a s  c h e c k e d  
b y  p l a c i n g  t h e  s a m e  S C E - b r i d g e  c o m b i n a t i o n  in  t h e  cel l  
w i t h  25 m l  of  0.1M HC104, a n d  m e a s u r i n g  t h e  c o n c e n t r a -  
t i o n  of  C1 e v e r y  h o u r  u s i n g  D P P  w i t h  a DME. Af t e r  16h 
t h e  c o n c e n t r a t i o n  of  C1 in  t h e  cel l  was  f o u n d  to b e  ~ 3 • 
10 5M, c o n f i r m i n g  t h e  c o n t a m i n a t i o n  v a l u e  e s t i m a t e d  
a b o v e .  

A l t h o u g h  p e a k - B  r e s u l t e d  f r o m  u n f o r e s e e n  C1 con -  
t a m i n a t i o n ,  t h e  s i t u a t i o n  t u r n e d  o u t  to  b e  u s e f u l  for  
c o n f i r m i n g  t h a t  t h e  r e d u c t i o n  m e c h a n i s m  is l i n k e d  to t h e  
p r o d u c t i o n  of  Hg(I)  f o r m e d  b y  t h e  r e a c t i o n  of  Hg(II )  w i t h  
t h e  m o n o l a y e r  o f  Hg(O),  f o r m e d  b e t w e e n  600 a n d  400 
inV.  T h i s  w a s  t e s t e d  b y  a p p l y i n g  v a r i o u s  i n i t i a l  p o t e n -  
t i a l s  b e t w e e n  1000 a n d  100 m V  to t h e  e l e c t r o d e  for  30s, 
a f t e r  w h i c h  t h e  q u a n t i t y  o f  Hg2C12 f o r m e d  w a s  f o l l o w e d  
b y  r e c o r d i n g  p e a k - B  w i t h  a s ing le  cyc l ic  v o l t a m m o g r a m .  
T h e  v a l u e  of  30s was  c h o s e n ,  s i nce  t h e  h e i g h t  of  p e a k - B  
w a s  f o u n d  to b e  d e p e n d e n t  o n  t i m e  for  p e r i o d s  of  l e s s  
t h a n  30s. I n  Fig. 3 we  c a n  see  t h e  p e a k - B  ( t h u s  t h e  q u a n -  
t i t y  of  Hg(I)  f o r m e d )  i n c r e a s e s  as a f u n c t i o n  of  t h e  in i t i a l  
p o t e n t i a l  for  E > 600 mV,  a n d  a b r u p t l y  d e c r e a s e s  at  E < 
100 mV.  I n  o t h e r  w o r d s ,  p e a k - B  a p p e a r s  on ly  u n d e r  con-  
d i t i o n s  w h e r e  Hg(O)  e x i s t s  a t  t h e  e l e c t r o d e  s u r f a c e  a n d  
d i s a p p e a r s  in  t h e  p o t e n t i a l  r a n g e  w h e r e  Hg2CI~ is d i r e c t l y  
r e d u c e d .  

A f ina l  c l o s e r  e x a m i n a t i o n  of  p e a k - B  (Fig. l a )  s h o w s  
t h a t  t h e  l i m i t i n g  c u r r e n t  o n  t h e  c a t h o d i c  s ide  of  p e a k - B  is 
l a r g e r  t h a n  o n  t h e  a n o d i c  side.  Th i s  is c o n s i s t e n t  w i t h  t h e  
e x i s t e n c e  of  a n  a d s o r b e d  Hg2CI~ l aye r  for  t w o  r ea sons :  (i) 
o n c e  it  is r e d u c e d  to Hg(O),  t h e r e  is a n  i n c r e a s e  of  m e r -  
c u r y  s u r f a c e  a v a i l a b l e  for  f u r t h e r  r e d u c t i o n  of  Hg(I I ) ,  
a n d  (ii) c a t h o d i c  of  peak - B ,  t h e  Hg2C12 is r e d u c e d  as s o o n  
as i t  r e a c h e s  t h e  sur face .  

Monolayer properties of mercury on iridium.--Nature 
of peaks C, D, and E . - - O f  t h e  t h r e e  s t r i p p i n g  p e a k s  t h a t  
a p p e a r  in  Fig. la ,  peak -C  (430 mV)  is eas i ly  e x p l a i n e d  in  
t e r m s  of  t h e  o x i d a t i o n  of  Hg(O)  to Hg(I) ,  w h i c h  in  a 
n o n c o m p l e x i n g  m e d i u m  o c c u r s  at  a b o u t  420 m V  (vs. 
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S C E )  (7). T h e  s e c o n d ,  b a r e l y  v i s i b l e ,  p e a k  a t  ~ 500 m V  
(Fig. 4, n o t  l abe l ed )  is Hg(I)  ---> Hg(II).  T h e  th i rd ,  b r o a d e r  
o x i d a t i o n  p e a k - D  a t  ~ 650 m V  is of  spec i a l  i n t e r e s t ,  how-  
ever .  As p r e v i o u s l y  m e n t i o n e d ,  in  t h e  cases  of  P t  a n d  Au,  
t h i s  a rea  is s o m e t i m e s  o c c u p i e d  b y  s eve ra l  l a r g e r  peaks .  
I n  t h e s e  m e t a l s  t h e  p e a k s  a re  d u e  to t h e  o x i d a t i o n  o f  
A u - H g  or P t - H g  i n t e r m e t a l l i c  c o m p o u n d s  (8-10). 

I n  o r d e r  to  i d e n t i f y  p e a k - D  o n  Ir,  a s e c o n d  se t  of  CV 
c u r v e s  w e r e  m a d e  w i t h  t h e  s a m e  c o n d i t i o n s  as in  Fig. la ,  
e x c e p t  t h a t  t h e  c o n c e n t r a t i o n  of  m e r c u r y  was  10 4M a n d  
a h i g h e r  s e n s i t i v i t y  w a s  u s e d .  I n  a d d i t i o n ,  t h e  p o t e n t i a l  
was  h e l d  a t  100 m V  for  an  i n c r e a s i n g  a m o u n t  of  t i m e  so 
as  to  d e p o s i t  m o r e  m e r c u r y  b e t w e e n  e a c h  scan .  T h e  re- 
s u l t s  a re  s h o w n  in  Fig.  4. P e a k - D  i n c r e a s e s  s l i g h t l y  a t  
f i r s t  w i t h  t h e  i n c r e a s e d  m e r c u r y  d e p o s i t i o n  b u t  e v e n t u -  
a l ly  r e a c h e s  a l imi t ,  w h i l e  p e a k - C  c o n t i n u e s  to  i n c r e a s e  
w i t h  t i m e  a t  100 mV.  O n e  c a n  a l so  n o t i c e  t h a t  t h e r e  is a 
r e d u c t i o n  p e a k - E ,  w h o s e  e v o l u t i o n  is p a r a l l e l  to  t h a t  of  
peak-D.  We t h u s  c o n c l u d e  t h a t  p e a k - D  is d u e  to t h e  oxi-  
d a t i o n  of  a l aye r  of  Hg  p o s s e s s i n g  d i f f e r e n t  p r o p e r t i e s  in  
r e l a t i o n  to t h e  s u r f a c e ,  s i n c e  i t  is o x i d i z e d  a t  a n  
u n d e r p o t e n t i a l  of  s t r i p p i n g  ( U P S )  a n d  r e d u c e d  a t  a cor-  
r e s p o n d i n g  u n d e r p o t e n t i a l  of  d e p o s i t i o n  ( U P D )  
(peak-E) .  As  wil l  b e  s h o w n ,  t h e s e  p e a k s  c a n  be  a t t r i b u t e d  
to t h e  f o r m a t i o n / o x i d a t i o n  of  a m o n o l a y e r  of  Hg. 

Quantity of mercury corresponding to peak-D.--For all  
s q u a r e  l a t t i ce  me ta l s ,  s u c h  as Pt ,  Au,  a n d  Pd ,  i t  h a s  b e e n  
s h o w n  (8) t h a t  Hg is a lso d e p o s i t e d  in  a s q u a r e  l a t t i ce  a n d  
t h a t  i t s  a t o m i c  r a d i u s  is e q u a l  to  1.57 • 10 8 cm.  T h e r e -  
fore,  s i n c e  i r i d i u m  is a lso a s q u a r e  l a t t i ce  me ta l ,  i t  is as- 
s u m e d  h e r e  t h a t  t h i s  v a l u e  is c o r r e c t  for  t h e  r a d i u s  of  r i g  
d e p o s i t e d  at  U P D  o n  Ir.  U s i n g  t h i s  v a l u e  we  c a n  ca l cu -  
l a t e  t h a t  a m o n o l a y e r  of  Hg  c o n t a i n s  1.74 • 10 9g 
a t o m / c m  2 a n d  t h a t  t h e  c h a r g e  n e c e s s a r y  for  s t r i p p i n g  o n e  
m o n o l a y e r  of  m e r c u r y  f r o m  t h e  I r  s h o u l d  b e  330 ~C/cm 2. 

T h e  a rea  of  p e a k - D  was  f o u n d  to c o r r e s p o n d  to a t o t a l  
c h a r g e  of  5.63 x 10-~C, or  179 ~C/cm 2. Wi th  t h e  r o u g h n e s s  
f ac to r ,  e s t i m a t e d  to b e  ~ 1.3 (8) for  a n  I r  s u b s t r a t e  pol-  
i s h e d  to a m i r r o r  f in i sh  w i t h  1.0 ~ m  d i a m o n d  pas te ,  t h i s  
c h a r g e  c o r r e s p o n d s  to a n  e s t i m a t e d  m e r c u r y  s u r f a c e  
c o v e r a g e  of  42%. A s i m i l a r  v a l u e  of  38% w a s  o b t a i n e d  
f r o m  t h e  c o r r e s p o n d i n g  r e d u c t i o n  p e a k - E .  A n  a v e r a g e  
s u r f a c e  c o v e r a g e  of  40% is r e a s o n a b l e  s i n c e  we  a re  n o t  
u s i n g  a s i n g l e - f a c e d  I r  c rys t a l  a n d  t h u s  t h e  a v a i l a b l e  ac- 
t ive  s i tes  wil l  v a r y  d e p e n d i n g  on  t h e  o r i e n t a t i o n  of  t he  I r  
la t t ice .  

I t  is i n t e r e s t i n g  to n o t e  t h a t  t h e  a b o v e  r e s u l t  i m p l i e s  
t h a t  t h e  p a r t i a l  m o n o l a y e r  o f  r i g  on  I r  b e h a v e s ,  p a r t i c u -  
l a r ly  in  t e r m s  of  t h e  h a l f - w a v e  r e d u c t i o n  p o t e n t i a l ,  as i f  i t  
w e r e  b u l k  Hg. 

The underpotential shift.--By a s s u m i n g  t h a t  t h e r e  is 
n o  s o l u b l e  c o m p o u n d  f o r m e d  b y  r e a c t i o n  b e t w e e n  t h e  
H g  l a y e r  a n d  s u b s t r a t e ,  K o l b  et al. (12) h a v e  d e r i v e d  a n  
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Fig. 5. Underpotential shift AEu as a function of the difference in 
work-functlons h~ of substrate and Hg. 

e x p r e s s i o n  p r e d i c t i n g  t h e  m o n o l a y e r - b u l k  u n d e r p o t e n -  
t ia l  shif t ,  hEu, f r o m  the  w o r k - f u n c t i o n  d i f f e r ence ,  A(~, of  
the  subs t ra te  and m o n o l a y e r  mater ia l  

hEu = ah~ with  a = 0.5 V/eV [9] 

T h e  c o r r e s p o n d i n g  v a l u e  for I r  has  n e v e r  b e e n  ca lcu-  
l a t ed  or  e x p e r i m e n t a l l y  d e t e r m i n e d .  U s i n g  t h e  work-  
f u n c t i o n  v a l u e s  for  Ir  and  Hg,  g i v e n  by  Trasa t t i  (13), of  
4.97 and  4.50 eV, r e s p e c t i v e l y ,  we  o b t a i n  a c a l c u l a t e d  
v a l u e  o f  AEu(theoret ical )  = 235 inV. U s i n g  t h e  p e a k  po- 
ten t ia l s  (Fig. 4) of  430 m V  (peak-C) and 650 m V  (peak-D) 
for  t he  b u l k  and  m o n o l a y e r  s t r i pp ing ,  t h e  d i f f e r e n c e  of  
w h i c h  is i n d e p e n d e n t  o f  t he  Hg(II )  c o n c e n t r a t i o n ,  we  
find AE~ ( e x p e r i m e n t a l )  = 220 mV. C o n s i d e r i n g  the  
u n c e r t a i n t i e s  in t he  v a l u e s  of  0, th is  v a l u e  is in g o o d  
a g r e e m e n t  w i t h  theory .  I t  has  b e e n  s h o w n  (12) t ha t  t h e  
r e l a t i o n s h i p  b e t w e e n  h~ and  the  ha l f -w id th ,  b, of  t h e  
m o n o l a y e r  peak  can be  desc r ibed  by a T e m k i n - t y p e  iso- 
t h e r m ,  and  f r o m  tha t  da ta  [Fig. 7 in (12)] we  can  p r e d i c t  
tha t  b (for A6 ~ 0.5) shou ld  fall b e t w e e n  100 and 150 mV. 
Our  resu l t s  of  b = 130 m V  is also in a g r e e m e n t  w i th  this  
value.  

A v e r y  i n t e r e s t i ng  po in t  can be  m a d e  in t e rms  of  show- 
ing  t h e  t y p e  of  i n t e r a c t i o n  r e s p o n s i b l e  for  t he  t I g - I r  

bond .  G i v e n  b e l o w  in Fig.  5 is a p lo t  of  t he  t h e o r e t i c a l  
va lues  of  hEu and  Ar (accord ing  to Eq.  [9]) for Au, Pt ,  and 
Ir, and  the  e x p e r i m e n t a l l y  d e t e r m i n e d  va lues  for Au  and 
P t  f rom Ref. (12) and  for Ir  f rom this  work.  The  resul t s  in- 
d i c a t e  t h a t  Ir  does  no t  f o r m  any  i n t e r m e t a l l i c  com-  
p o u n d s  w i t h  Hg. On the  o t h e r  hand ,  b o t h  P t  and  Au do 
f o r m  s u c h  c o m p o u n d s  w i t h  Hg  (Au a b i t  m o r e  t h a n  Pt), 
t hus  the i r  e x p e r i m e n t a l l y  m e a s u r e d  u n d e r p o t e n t i a l  shif t  
i nc ludes  a con t r i bu t ion  f rom the  chemica l  b o n d i n g  (ver- 
t ica l  arrows),  whe rea s  Ir  shows  no such  con t r ibu t ion .  
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A B S T R A C T  

Resul ts  are p resen ted  on expe r imen t s  to deve lop  low t empera tu re  fabr icat ion t echn iques  for the  e lec t ro lyte  s t ruc ture  
of  m o l t e n  ca rbona t e  fuel  cells. In  addi t ion ,  a de r iva t ive  p rocess  was d e v e l o p e d  for t he  d i s to r t ion- f ree  fi l l ing of  the  elec- 
t rodes  wi th  electrolyte,  prior  to their  a s sembly  into the  cell. 

The  e lec t ro ly te  s t ruc ture ,  or tile, used  in a m o l t e n  car- 
bona te  fuel cell  consists  of  a mix tu re  of  l iquid  alkali  meta l  
c a rbona t e s  r e t a ined  by capi l la r i ty  in the  in te r s t i ces  of  an 
a r ray  of  c h e m i c a l l y  iner t  inorgan ic  crysta l l i tes .  At  cel l  
ope ra t i ng  t empe ra tu r e s ,  the  ca rbona tes  fo rm an ion ica l ly  
conduc t ing  l iquid  (1). The  s t ructure  is convent iona l ly  fab- 
r i ca ted  by ho t -p re s s ing  a f inely par t icula te ,  in t imate ,  
ma t r i x - e l ec t ro ly t e  c o m p o s i t e  mix tu re .  The  p rocess  in- 
vo lves  hea t ing  the  die and mix tu re  to t empera tu res  5-15 K 
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be low the  e lect rolyte  l iquidus  ( -764 K for the 62 mole  per- 
cen t  (m/o) Li~CO3-K2CO3 compos i t ion)  and app ly ing  pres- 
sures  of  up to 60 MPa  for 15-120 rain. The  en t i re  cycle,  
inc lud ing  heat ing  and cool ing of  the  apparatus ,  requires  a 
m i n i m u m  of  4h. S t ruc tu re s  in exces s  of  1.5 m 2 have  been  
success fu l ly  p r epa red  in th is  fashion.  Howeve r ,  c o m m e r -  
cial appl icat ions  of  mol ten  carbonate  fuel cells will  requi re  
tens of  thousands  of  square  meters  of  e lect rolyte  mat r ix  in 
units  exceed ing  1.0 m s. The capital  and t ime  in tens ive  na- 
ture  of  hot -pressure  indicates  a need  for an a l ternate  fabri- 
cat ion process.  




