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ABSTRACT 

The dielectric breakdown of water under static fields has been studied by current-potential relation for six metals. The 
relations are quasi-linear up to a current density of a few A-cm -2. The limiting current continues for a few volts to a few 
hundred volts, depending on the metal. A glow develops at the electrode and becomes continuous at the end of the pla- 
teau, where the current density increases irregularly (breakdown). The breakdown potential does not depend on the field 
in the water. It occurs at about the same current density for most of the metals. When electrolytes are added, the cell poten- 
tial at the breakdown is decreased. Adsorbed layers and organic coatings increase the breakdown potential. Electrical 
energy storage in water is increased by -10  times by coatings. The breakdown potential decreases with increase of log of 
rate constant for hydrogen evolution on the various electrodes and with the corresponding work function. The cell poten- 
tials for breakdown correspond to fields in the dielectric below that needed to dissociate it. The limiting current is caused 
by the formation of a H2-steam layer at the interface, which causes increase in the electrode potential at constant current. 
The H2-steam layer plasmolyzes. When the Fermi level in the cathode reaches the conduction band of water, electrons 
enter the water and remain stable therein. They interact nonadiabatically with water and are the head of streamers. An 
analogous model  holds for holes in the valence band. "Dielectric breakdown" depends on the Fermi level of the electrons 
in the condenser plate and the semiconductor characteristics of water. It can be eliminated by modifying the electrode 
surface. 

It is well known that when an increasing electric field is 
applied to the dielectric between two condenser plates, a 
value of electrical potential between the plates is reached 
at which "breakdown of the dielectric" occurs. In solids, 
this event is irreversible. Dendrite-like "spikes" strike out 
between the plates, and the material of the dielectric un- 
dergoes chemical or electrochemical decomposition. In 
gases and liquids, the breakdown is temporary, and the di- 
electric recovers when the field is removed. 

In recent times, interest in creating particularly high 
electric fields in pulse power technology has re-evoked in- 
terest in the mechanism of dielectric breakdown, particu- 
larly with respect to water, which is the preferred dielec- 
tric in large scale applications. 

The mechanism of breakdown in liquids is not  well un- 
derstood. Several stages occur. So called "streamers" de- 
velop between the electrodes (1). The latter phenomenon 
proves that some degree of decomposition of the water di- 
electric between the condenser plates occurs. 

However, the charges which constitute the streamer 
head emanate from the surface of the condenser plates, 
i.e., the electrodes, and for this reason, interfacial charge 
transfer may be an important, and perhaps the rate-deter- 
mining step in breakdown. 

The techniques used for the study of dielectrics (1-15} 
have involved the application of voltage pulses to systems 
of different geometries with electrode separations in the 
range of 0.2-2.5 cm. Among the liquids studied have been 
pure water and a number  of organics. Optical and electro- 
optical approaches have been used (14, 15). 

In this paper, a study of the current-potential relation 
under steady-state conditions has been made up to and 
past the potential at which light emission at the electrode 
begins. The steady-state condition, rather than transient 
pulses, was studied because it is more demanding, i.e., 
breakdown occurs at lower applied voltages, than it does 
under pulses regimes. 

Experimental 
Figure I shows the schematic diagram of the experimen- 

tal setup used. The experiments were carried out some- 
times in a glass, but mainly in a Teflon, cell. 

Water purification methods.--The methods used to pu- 
rify water were (i) four-fold distillation, the third dis- 
tillation being over KMnO4, (ii) double distillation fol- 
lowed by passage through an ion exchange column, and 
(iii) once-distilled water passed through "Millipore-Q sys- 
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tern" which consists of four cartridges, two of which are 
ion exchange while the other two are used to remove or- 
ganic impurities from water before passage through a 0.1 
i~m filter. 

The highest resistivity of water (16-18 Mf~-cm) and low- 
est concentration of organics (<40 ppb) was obtained 
using the third method (i.e., Millipore Q system). The con- 
centration of the organic impurities was determined by ox- 
idizing them with persulfate (K2S2Os) to CO2 and measur- 
ing the amount  of CO2 with total organic carbon infrared 
analyzer (Model 700). 

The purified water was then transported to a pre-electro- 
lyzer (Fig. 1). The pre-electrolysis cell had two large area 
platinum electrodes. Impurities were removed by ad- 
sorption on to the electrodes and/or by oxidation. The elec- 
trolysis cell voltage was 30-40V and the t ime -24h. The 
water in the pre-electrolysis cell was bubbled with high 
purity argon. The Ar itself was purified by passing it 
through a copper column maintained at 260~ and another 
column containing molecular sieves (4A, 13 • 

Finally, the water was transported under argon pressure 
to the experimental  cell. 

Preparation ofelectrodes.--The working electrode was a 
microelectrode with planar tip and the counterelectrode 
was a 0.6 cm diam plane platinum electrode. The elec- 
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Fig. l. Schematic diagram of experimental setup 
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t r o d e s  c o n s i s t e d  of  Pt ,  Cu, Fe, Ni, Au,  a n d  Co. T h e  d i ame-  
te r s  of  t he  e l ec t rodes  were ;  Pt ,  10, 25, a n d  100 ~m; Cu, 
127 ixm; Fe, 102 ~m; Ni, 23 ~m; Au,  76 ixm, a n d  Co, 76 ~m. 
T h e  p u r i t y  of  t he  m e t a l s  was  >99.9%. 

T h e  e l ec t rodes  we re  sea led  in to  a soft  glass  tube .  Be fo re  
e a c h  e x p e r i m e n t  t h e  sur face  was  m e c h a n i c a l l y  p o l i s h e d  
w i t h  a l u m i n a  pas te .  T he  e l ec t rode  sur face  was  m o n i t o r e d  
w i t h  a n  O l y m p u s  op t ica l  m i c r o s c o p e  (200 t i m e s  magnif i -  
cat ion).  

Be fo re  t he  b r e a k d o w n  e x p e r i m e n t s  e a c h  e l ec t rode  was  
ac t i va t ed  b y  c a t h o d i c - a n o d i c  polar iza t ion .  

T h e  d i s t a n c e  b e t w e e n  t he  w o r k i n g  a n d  c o u n t e r e l e c t r o d e  
was  m e a s u r e d  b y  m e a n s  of  a digi ta l  m i c r o m e t e r .  I t  was  ad- 
j u s t e d  over  a r a n g e  of  2-10 m m .  Af te r  p r epa r a t i on ,  t he  elec- 
t rodes  we re  m o u n t e d  in  t he  cell  w h i c h  was  t h e n  filled w i t h  
t h e  p u r e  water ,  as d e s c r i b e d  above .  T e m p e r a t u r e  a n d  resis-  
t iv i ty  p r o b e s  we re  i n t r o d u c e d  in to  t he  cell  a n d  m o n i t o r e d  
t he  s ta te  of  t h e  so lu t ion .  

Mos t  m e a s u r e m e n t s  were  ca r r ied  ou t  in  t he  Tef lon  cell, 
w h i c h  h a d  p r o v i s i o n s  for  i l l u m i n a t i o n  of  t he  i n t e r io r  u s i n g  
a l igh t  pipe.  The  cell  was  f i t ted w i t h  a qua r t z  w i n d o w  to ob- 
se rve  l u m i n e s c e n t  p h e n o m e n a  a s soc ia t ed  w i t h  
b r e a k d o w n .  T h e  e l ec t rode  was  po la r ized  ca thodica l ly .  

Electronic equipment.--Electrochemical t r e a t m e n t  a n d  
c h a r a c t e r i z a t i o n  of  t he  e l ec t rodes  we re  ca r r ied  ou t  u s i n g  a 
p o t e n t i o s t a t  f i t ted w i t h  sweep  g e n e r a t o r  (P ine  I n s t r u m e n t s  
C o m p a n y ,  Mode l  R D E  4). T he  X-Y r e c o r d e r  was  f rom Yo- 
kogawa ,  M o d e l  3023. 

F o r  s tud ie s  of  e lec t r ica l  b r e a k d o w n  p h e n o m e n o n ,  a h i g h  
vo l t age  dc  p o w e r  s u p p l y  (Hipot ron ics ,  Mode l  830C), elec- 
t r o m e t e r  (Kei thley,  Mode l  616), m u l t i m e t e r  (Hewle t t  Pack -  
ard,  Mode l  3466A), a n d  X-t  r e c o r d e r  (Fischer ,  Model  5117) 
we re  used.  

The  c o n d u c t i v i t y  of  w a t e r  was  m e a s u r e d  u s i n g  a con-  
d u c t a n c e  m e t e r  (Cole P a r m e r ,  Mode l  1481-60) a n d  w a t e r  
p u r i t y  m e t e r  (Barns t ead ,  Mode l  PM-5D). 

Results 
The study of current-voltage behavior.--Figure 2 shows  

t h e  d e p e n d e n c e  of  c u r r e n t  d e n s i t y  for  h y d r o g e n  e v o l u t i o n  
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Fig. 2. The i-V dependence for Fe electrode for different spacing be- 
tween the cathode and the anode. 

on  t he  cell  po t en t i a l  for  a n  Fe  e l ec t rode  w i t h  d i f f e ren t  sep- 
a r a t i on  b e t w e e n  t he  e lec t rodes .  In  t he  low vo l t age  r eg ion  
(first few h u n d r e d  volts),  t h e  c u r r e n t  va r i ed  e x p o n e n t i a l l y  
r a t h e r  t h a n  l inear ly  w i t h  the  potent ia l .  In  t he  h i g h e r  po ten-  
t ial  region,  a b o v e  a b o u t  4000V, a s u d d e n  inc rease  in t he  
c u r r e n t  d e n s i t y  occur red .  A n  i n t e r m e d i a t e  r eg ion  (3000- 
4000V) was  obse rved ,  in  w h i c h  t he  c u r r e n t  dens i t y  fo rms  a 
p la teau .  A g low d i s cha rge  a r o u n d  t he  e l ec t rode  was  ob- 
s e r v e d  n e a r  t he  e n d  of  t he  p la teau .  T h e  c u r r e n t  d e n s i t y  at  
t h e  s ta r t  of  f lashes  was  a r o u n d  - 2 . 5  A-cm -2 a n d  was  inde-  
p e n d e n t  of  t he  d i s t a n c e  b e t w e e n  t he  e lec t rodes .  In  t he  re- 
g ion  a f te r  t h e  b e g i n n i n g  of  t h e  p la teau ,  the  g low was  peri-  
odic,  r e o c c u r r i n g  at  in t e rva l s  of  a b o u t  30-50s. At  h i g h e r  
cu r ren t s ,  t h e  g low b e c a m e  con t i nuous .  T h e  l inea r  e x t e n t  of  
t he  g low was  of  t he  o rde r  of  1 ram.  

F igu re s  3 a n d  4 s h o w  the  c u r r e n t - d e n s i t y  as a f u n c t i o n  of  
ce l l -vol tage  for e l ec t rodes  of  va r ious  meta ls .  The  I-V 
c u r v e s  h a v e  t he  s ame  cha rac t e r i s t i c s  a l t h o u g h  t he  p l a t eau  
was  wel l  r e so lved  on ly  for  Pt ,  Fe, a n d  Au. 

T h e  I-V cha rac t e r i s t i c s  for Pt ,  Au, Cu, Ni, a n d  Co, w h e n  
m e a s u r e d  as a f u n c t i o n  of  d i s t ance  b e t w e e n  t he  e lec t rodes ,  
h a d  t he  s a m e  fea tu res  as in  Fig. 2. The  m e a s u r e m e n t s  
s h o w e d  t h a t  t he  b r e a k d o w n  o c c u r r e d  at  a ce r t a in  c u r r e n t  
d e n s i t y  b u t  was  no t  d e p e n d e n t  on  t h e  e lectr ic  field in  t he  
b u l k  of  solut ion.  

The influence of electrolytes on the breakdown 
potentiaL--To s t u d y  t he  in f luence  of  e lec t ro ly tes  o n  t he  
b r e a k d o w n  potent ia l ,  s o d i u m  ch lo r ide  a n d  a m m o n i u m  hy-  
d r o x i d e  we re  chosen .  The  c o n c e n t r a t i o n s  we re  in  t h e  
r a n g e  f rom 3 z 10 6 to 5 x  10 4M a n d  f rom 1 x 10 .4 to  
5 x 10 ~M, respec t ive ly .  T h e  c o r r e s p o n d i n g  I-V c u r v e s  are  
p lo t t ed  in Fig. 5 a n d  in Fig. 6. T h e  b r e a k d o w n  po ten t i a l  de-  
c r e a s e d  w i th  i nc rease  in c o n c e n t r a t i o n  of  c o n d u c t a n c e  
(Fig. 7 a n d  8). 

Effect of surface modification.--The i n f luences  of  sul f ide  
layer  (16, 17), paraf f in  film, a n d  a b l a c k  w a x  layer  we re  
s tud ied .  

S u l f u r  was  d e p o s i t e d  b y  m e a n s  of  e l e c t r o c h e m i c a l  ad- 
s o r p t i o n  on  t he  surfaces .  Af ter  po l i sh ing ,  t h e  e l ec t rodes  
we re  p l aced  in an  e l e c t r o c h e m i c a l  cel l  c o n t a i n i n g  1M 
H2SO4 so lu t ion  for t he  ac t i va t i on  of  t he i r  su r faces  by  
m e a n s  of  t he  p o t e n t i o d y n a m i c  sweep  m e t h o d .  Af te r  th i s  
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Fig. 3. The i-V dependence for different cathode materials for the 
same spacing between the cathode and the anode. 
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Fig. 4. The i-V dependence for Au and Ni electrodes for the same 
spacing between the cathode and the anode. 

step,  one  of t he  e l ec t rodes  was  p l aced  in a cell c o n t a i n i n g  
0.1M Na2S + 1M Na2SO4 solut ion.  T he  a d s o r p t i o n  of  su l fu r  
was  ca r r ied  for 40 rain.  I t  was  m o n i t o r e d  b y  r eg i s t r a t ion  of  
c u r r e n t - p o t e n t i a l  d e p e n d e n c i e s  a n d  sh i f t ed  t he  H2 evolu-  
t i on  r eac t ion  b y  - 4 0 0  m V  in t he  ca thod ic  d i rec t ion .  

The  p o i s o n i n g  of  t he  e l ec t rode  i n c r e a s e d  the  b r e a k d o w n  
vo l t age  b y  - 2 0 0 0 V  in t he  case  of  P t  e l ec t rode  (Fig. 9). 

In  Fig. 10, cu rve  a was  o b t a i n e d  for a paraf f in  fi lm th ick-  
ness  a b o u t  four  t i m e s  smal l e r  t h a n  t h a t  for cu rve  b. A re- 
m a r k a b l e  i nc rease  in b r e a k d o w n  po t en t i a l  b y  3-4 kV in  
c o m p a r i s o n  w i th  t h a t  a t  a bare  P t  e l ec t rode  was  obse rved .  

The  i n f l uence  of  a film of  b l a c k  w ax  on  t he  b r e a k d o w n  
po t en t i a l  is s h o w n  in  Fig. 11. T he  sh i f t  var ies  f rom 6 to 
25 k V  d e p e n d i n g  o n  t he  t h i c k n e s s  of  t he  film. Wi th  0.5 m m  
t h i c k  film, t he  b r e a k d o w n  po t en t i a l  was  >30 kV. 

Discussion 
The main results to be interpreted are: 
1. The form of the I-V curve.--A s c h e m a t i c  is in  Fig. 12. 

T h e  sec t ion  be low a b o u t  2-3 A-cm -2 is t h a t  e x p e c t e d  in 
t e r m s  of  the  e l ec t rode  k ine t i c s  for H2 a n d  O2 evo lu t i on  in a 
so lu t ion  of  ve ry  low c o n d u c t a n c e .  T h e n  fol lows a p l a t eau  
region,  e x t e n s i v e  for s o m e  e lec t rodes ,  h a r d l y  d i s t ingu i sh -  
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Fig. 5. The i-V dependence for Pt electrodes in different concentra- 
tions of NaCI in high purity water. 
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Fig. 6. The i-V dependence for Pt electrodes in different concentra- 
tions of NH4OH in high purity water. 

2500 ~ ~ O H  

2000 

N a C I  

> 
1500 > 

1000 

5OO 

' ' - '3 -5 -4 

log C [mol.dm -3] 

Fig. 7. The dependence of the breakdown potential (Vb) on the log of 
concentration flog C) of NaCI (0 )  and of NH4OH (+).  

ab le  for o thers ,  t h o u g h  a lways  p resen t .  A t  t he  h i g h  po ten-  
t ial  e n d  of  the  p la t eau  a glow is obse rved ,  a t  first sporad i -  
cally b u t  c o n t i n u o u s l y  at  h i g h e r  potent ia ls .  The  c u r r e n t  in- 
c reases  sha rp ly  a n d  b e c o m e s  i r regular .  

2. Dependence of the breakdown on cell potent ial- -The 
b r e a k d o w n  is no t  d e p e n d e n t  on  the  field s t r e n g t h  in t he  
bulk .  I t  b e g i n s  w h e n  t he  c u r r e n t  d e n s i t y  has  r e a c h e d  a 
va lue  of  a few A-cm -2. 

3. Electrode glow.--The glow is b lue -wh i t e  in color. 

4. Electrode materials.--The b r e a k d o w n  vo l tage  de-  
c reases  l inear ly  w i t h  i nc rease  of  log io for t he  h y d r o g e n  
e v o l u t i o n  r eac t ion  of  t he  c a t h o d e  ma te r i a l  a n d  w i th  w o r k  
func t ion .  

5. Effect of electrolyte added to pure water.--The 
b r e a k d o w n  po ten t i a l  is l owered  w i t h  the  i nc r ea se  of  con-  
duc t ance ,  i.e., b r e a k d o w n  is no t  p r imar i l y  d e p e n d e n t  on  
the cell potential. 

6. Adsorption.--Adsorption on the electrode of materials 
which inhibit the hydrogen evolution reaction, increases 
the breakdown potential. A 0.5 mm coating of the elec- 
trode with black wax increases the breakdown potential to 
>30,000V. 

Electrode kinetics before breakdown.--The cell vo l t age  
for a n  e l ec t rochemica l  cell c an  b e  ca l cu la t ed  f rom 

E c e ] l  = E r e v  + ~qa,c 4- ~qa - -  "qc,c - -  ~ c  + I R  



J. E l e c t r o c h e m .  Sac. ,  Vol. 136, No. 9, September 1989 �9 The Electrochemical Society, tnc. 2515 

2500 48 

2000 H4OH 

> 
~ 1500 > 

1000 

500 
I I I P 

0 1 2 3 

L o g  S [ p m f ) c m  -~] 

Fig. 8. The dependence of the breakdown potential (Vb) on the log of 
conductivity (log 5) of NaCI (0)  and of NH40H (+)  solutions. 
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Fig. 9. The effect of poisoning the electrode surface with sulfide on 

the i-V characteristic of the Pt electrode in pure water. Inset, potentio- 
dynamic curve for the poisoned electrode in H2S04 solution, showing 
the shift in the H2 evolution potential. 

w h e r e  Erev for  an  e l e c t r o c h e m i c a l  ce l l  w h e r e  t h e  c a t h o d i c  
a n d  a n o d i c  r e a c t i o n s  a re  H2 a n d  O2 e v o l u t i o n s ,  r e s p e c -  
t ive ly ,  is  g i v e n  as  

Erev = 1.23 + ( R T / 2 F )  [ln(ps=) + ln(po2) ~ [1] 

T h e  o v e r p o t e n t i a l s  Gl'S) c a l c u l a t e d  u s i n g  t h e  B u t l e r - V o l -  
m e r  e q u a t i o n  (28) g ives  (~ = 0.5) 

~ ,  = ( 2 R T / F )  s i n h  ~ (i/2i,,.~) [2] 

a n d  

~1~. = - ( 2 R T / F )  s i n h  i (i/2i,,.,.) [3] 

F o r  t h e  c a t h o d i c  r e a c t i o n  o f  h y d r o g e n  e v o l u t i o n  o n  P t  

i,,.~. = 10 '~ - (an.)0.5. (pnz)u.zs [4] 

Fig. 10. The i-V dependencies for Pt electrode covered with (a) 0.1 
and (b) 0.4 mm thick film of paraffin. 

a n d  for  t h e  a n o d i c  r e a c t i o n  o n  P t  

io., = 10 -1~ (all+) ~ (po2) ~ [5] 

F o r  p u r e  wa t e r ,  w h e r e  all. = 10 7 

i,,.~. = lO ~'5" (pH~)I"25 [6] 

and 

io,a 10 -135 " (po2) ~ [7] 

T h e  o v e r p o t e n t i a l  d u e  to  c o n c e n t r a t i o n  p o l a r i z a t i o n  is  

~,~  = ( R T / 2 F )  In [1 - {i/iL}] [8] 

w h e r e  iL is t h e  d i f f u s i o n  l i m i t e d  c u r r e n t ,  g i v e n  b y  

i L  = (DnFc~  

T h e  s o l u t i o n  r e s i s t a n c e  R - pl/A, w h e r e  A is t h e  e l e c t r o d e  
a rea ,  1 is t h e  s e p a r a t i o n  b e t w e e n  t h e  e l e c t r o d e s ,  a n d  p is t h e  
s o l u t i o n  res i s t iv i ty .  T h u s  

I R  = ip l  [9] 

T h e  a b o v e  e q u a t i o n s  w e r e  u s e d  to  c a l c u l a t e  t h e  I-,V 
c u r v e s .  F o r  c u r r e n t  d e n s i t i e s  v a r y i n g  f r o m  10 1~ to  10 9 
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Fig. 11. The i-V dependencies for Pt electrode covered with (a) 0.1 
and (b) 0.5 mm thick film of black wax. 
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Electron injection 
~!  I~ i -  from metal to 
'-- ~ I - conduction band 
:3 C ....,.,.,~J of H20 O 

~~OH Build .up of gas layer and its 
plasmolysis 

j - 

P o t e n t i a l  

Fig. 12. Schematic representation of the i-V curves obtained with dif- 
ferent electrodes in pure water. 

A-cm--' ,  t h e  cell vo l tage  is p r o p o r t i o n a l  to  log i a n d  t h e  l ine  
ha s  a s lope  of  120 mV/decade .  B e c a u s e  of  t h e  low concen -  
t r a t i o n  of  an+, t he  l imi t ing  c u r r e n t  dens i t y  is 2 x 10 9 
A-cm 2. H i g h e r  c u r r e n t  dens i t i e s  can  be  ob t a ined ,  on ly  i f  
H=O- is a s s u m e d  to b e  t he  sou rce  of carr iers .  In  th i s  case  
log i-V has  a s lope of  120 m V / d e c a d e  for c u r r e n t  dens i t i e s  
u p  to 10 -6 A-cm -2. F o r  c u r r e n t  dens i t i e s  >10 -6 A-cm -2 t h e  
c u r r e n t  is l im i t ed  m a i n l y  b y  t he  so lu t ion  res i s tance .  In  t he  
lower  c u r r e n t  dens i t y  range ,  Po2 a n d  PH2 h a v e  an  effect,  b u t  
th i s  b e c o m e s  neg l ig ib le  a b o v e  10 6 A_cm-2. 

T h e  e q u a t i o n s  de r ived  a b o v e  we re  u s e d  to fit t h e  exper i -  
m e n t a l  curves .  F i g u r e  13 s h o w s  the  e x p e r i m e n t a l  I-V 
p o i n t s  a n d  t he  ca lcu la ted  points .  T he  e x p e r i m e n t a l  a n d  
ca l cu la t ed  cu rves  m a t c h  wel l  for cell vo l t ages  u p  to 120V. 
Thus ,  in  th i s  low cell vo l t ages  t he  e x p e r i m e n t a l  c u r v e s  fol- 
low the  mod i f i ed  B u t l e r - V o l m e r  equa t ion .  

Calculat ion of  electric field for  the dissociation of  wa ter  
in the bulk . - -The  elect r ic  field n e c e s s a r y  for pos s ib l e  disso-  
c i a t ion  of  w a t e r  c a u s e d  b y  t he  ef fec t  of  t he  field b e t w e e n  
t he  e l ec t rode  on  t he  d ipoles  is g iven  by  E D  = AH/~, w h e r e  i~ 
is d ipo le  m o m e n t  of w a t e r  molecule .  Wi th  AH = 286 k J-  
mo le  -~ (18) a n d  ~ = 2 Debye ,  E D  = 7 x 108 V-cm -~, w h i c h  is 
h i g h e r  t h a n  t he  e lect r ic  field s t r e n g t h  in  t he  so lu t ion .  

S imi lar ly ,  t he  field d e e d e d  to ionize w a t e r  is g iven  by  
E~ = I/# w h e r e  I, t h e  ion iza t ion  e n e r g y  of  w a t e r  is e q u a l  to 
12.6 eV. Use  of  a p p r o p r i a t e  va lues  gives,  E~ = 3 x 109 
V-cm -1 w h i c h  is dec i s ive ly  h i g h e r  t h a n  t h e  field in  t he  so- 
lu t ion .  

In  t he  u sua l  b r e a k d o w n  e x p e r i m e n t s  t he  app l i ed  e lect r ic  
field is in  t he  o rde r  109-106 V-cm -~, wh i l e  in  t h e  e lect ro-  
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c h e m i c a l  d o u b l e  layer  the  field is of  the  o rde r  107-108 
V - c m  -1 (18). 

Calculat ion of  the field between the electrodes.--In m o s t  
of  t he  ca l cu la t ions  i t  is a s s u m e d  t h a t  t he  field b e t w e e n  t he  
e l ec t rode  is c o n s t a n t  a n d  g iven  b y  t he  cell vo l tage  d iv ided  
b y  t he  d i s t a n c e  b e t w e e n  t he  e lec t rodes .  Th i s  is t rue  if  t he  
e l ec t rodes  are of inf in i te  d i m e n s i o n s  (or t h e  d i s t ance  be- 
t w e e n  e lec t rodes  is sma l l e r  t h a n  t he  d i a m e t e r  of  t he  elec- 
t rodes) .  I f  t h e  d i s t ance  b e t w e e n  t h e  e l ec t rodes  is m o r e  t h a n  
t he  d i a m e t e r  of  t he  e lec t rode ,  as in  m o s t  s tud ies  of t he  di- 
e lec t r ic  b r e a k d o w n ,  t he  e lect r ic  field wil l  d e p e n d  on  t he  di- 
m e n s i o n  a n d  g e o m e t r y  of  t h e  e l ec t rodes  a n d  t he  loca t ion  
of t h e  po in t  w i t h  r e spec t  to t he  e lec t rodes .  The  po t en t i a l  a t  
a p o i n t  in  t he  l iqu id  due  to c h a r g e  on  two  para l le l  p la tes  
(e lec t rodes)  can  b e  ca lcu la ted  (19) by  t a k i n g  sma l l  areas  on  
t he  e lec t rode ,  wr i t i ng  a n e q u a t i o n  for t he  vo l tage  at  t h e s e  
p o i n t s  a n d  s u m m i n g  over  t he  who le  areas  of  t he  plates.  

C o n s i d e r  t he  p la tes  to b e  in t he  x,z  planes ,  loca ted  at  
y = 0 a n d  at  y = Y2 wi th  c h a r g e  dens i t i e s  of  ~1 a n d  (r2, re- 
spec t ive ly .  T h e  p o i n t  P w h e r e  vo l t age  a n d  e lect r ic  field is 
to b e  ca l cu la t ed  ha s  coo rd ina t e s  of  (xl,yl,zl). In  an  inf ini tes-  
ima l  area  da l oca ted  at  (x,O,z) in  t h e  lower  p la te  t h e r e  is a n  
e lec t r ic  c h a r g e  cqda = (~1 dxdz,  a n d  d i rec t ly  a b o v e  it  in  t h e  
u p p e r  p la te  at  a p o i n t  (x, Y2,Z), t h e r e  is e lec t r ic  c h a r g e  ~2 
da = ~2 dxdz. The  d i s t ance  f rom the  e lect r ic  cha rge  in t he  
l ower  p la te  to t he  p o i n t  P is 

rl  = [(x-x1) 2 + yl 2 + (z-z1)2] 1/2 

a n d  f rom the  e lect r ic  c h a r g e  in  t he  u p p e r  p la te  to p o i n t  P is 

r2 = [(x-x1) 2 + (y2-yl) 2 + (z-z1)] u2 

T h u s  t he  vo l tage  at  p o i n t  P is g iven  b y  

V = (1/4 "~e).[((~da/r) 

= (1/4 =e)ff[(~h/rD + (cr2/r2)] dxdz  

w h e r e  t he  i n t e g r a t i o n  is to be  ca r r ied  ou t  ove r  t he  d i m e n -  
s ions  of  t h e  plates .  

The  i n t e g r a t i o n  can  b e  so lved  in t he  c losed  fo rm if t he  
p la t e s  are a s s u m e d  to h a v e  inf in i te  d i m e n s i o n s .  In  a prac t i -  
cal s i tua t ion  w h e r e  t he  d i m e n s i o n s  are  finite,  t he  in tegra l  
c a n n o t  b e  so lved  in t he  c losed  form.  C o n s e q u e n t l y ,  the  in- 
t e g r a t i o n  has  to b e  car r ied  ou t  numer i ca l ly .  

As  t he  e l ec t rodes  in  our  s tud ies  h a v e  a c i rcu la r  face, t he  
e q u a t i o n s  g iven  a b o v e  were  t r a n s f e r r e d  in to  cy l indr ica l  co- 
o rd ina tes .  Two p la tes  w i t h  radi i  of  a~ a n d  a2, s e p a r a t e d  b y  a 
d i s t a n c e  b we re  cons ide red .  The  first  p la te  is a s s u m e d  to 
b e  at  z = 0 a n d  ha s  a c h a r g e  q, wh i l e  t he  s e c o n d  p la te  is a t  
z = b a n d  has  a c h a r g e  q2. B e c a u s e  of  t he  c i rcu la r  s y m m e -  
try,  p o t e n t i a l  V a n d  e lect r ic  field E are  d e p e n d e n t  on ly  on  r 
a n d  z. 

F i g u r e  14 shows  t he  e lect r ic  field d i s t r i b u t i o n  as a func-  
t ion  of  d i s t a n c e  f rom the  w o r k i n g  e lec t rode ,  for a s y s t e m  
w i t h  a m i c r o e l e c t r o d e  of  100 I~m d i a m e t e r  a n d  a coun te r -  
e l ec t rode  of  0.6 c m  d i a m  wi th  a d i s t a n c e  of  0.3 c m  b e t w e e n  
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t h e m .  T h e  to ta l  c h a r g e  on  each  e l ec t rode  ha s  t he  s a m e  
m a g n i t u d e  b u t  d i f f e ren t  sign. 

T h e  f igure  s h o w s  t h a t  t he  field n e a r  t h e  e l ec t rode  is 
h i g h e r  t h a n  t he  field in  t he  so lu t ion  or  n e a r  t h e  coun te r -  
e lec t rode .  The  f igure  also s h o w s  t h a t  for  d i s t a n c e s  sma l l e r  
t h a n  t h e  r a d i u s  of  t he  smal l e r  e lec t rode ,  t he  field is a l m o s t  
i n d e p e n d e n t  of  t h e  d i s t a n c e  f rom t h e  e lec t rode . '  T h e  maxi -  
m u m  va lue  of  field nea r  the  sma l l e r  e l ec t rode  is - 4  x 104 
V-cm ' w h i c h  is m u c h  sma l l e r  t h a n  t he  field r e q u i r e d  in 
t h e  b u l k  to d i s soc ia t e  water .  

Hence ,  t h e  b r e a k d o w n  of  w a t e r  is no t  d u e  to field in t h e  
b u l k  of  t he  water ,  b u t  to h a p p e n i n g s  at  t h e  m e t a l - w a t e r  in- 
terface.  

The i-V re la t ionsh ips  u p  to b r e a k d o w n . - - T h e  i-V rela- 
t i ons  (Fig. 12) c an  b e  s u b d i v i d e d  in to  t h o s e  w i t h  a l imi t ing  
p l a t eau  reg ion  of  severa l  h u n d r e d  vol t s  (Fig. 2-4 for Fe, P t  
a n d  Au), a n d  t h o s e  (Fig. 3 a n d  4 for Co, Cu, a n d  Ni) in  
w h i c h  t he  p l a t eau  r eg ion  is a m e r e  inf lect ion.  

In  Fig. 15, t h e  I -V  c u r v e  of  F e  is p l o t t ed  t o g e t h e r  w i t h  t he  
d V / d I  values .  In  t h e  in i t ia l  r eg ion  u p  to t h e  p la teau ,  t h e  sit- 
u a t i o n  is t h a t  of  t h e  e lec t ro lys i s  of  water .  T he  I -V r e l a t ion  is 
d o m i n a t e d  b y  the  r e s i s t a n c e  of  t he  so lu t ion .  

The  c h a n g e  of  spec ies  f rom w h i c h  H2 is evo l ved  f rom 
H30 § to H20 ha s  b e e n  s t ud i ed  b y  Bock r i s  et al. (20) in  t he  
p H  r a n g e  b e t w e e n  2 a n d  5. As t h e  sou rce  of  t he  p r o t o n s  for  
a c u r r e n t  d e n s i t y  a b o v e  ca. 10 -8 A-cm 2 is water ,  t he  pla- 
t e au  r eg ion  c a n n o t  be  s een  as t he  (ac t iva t ionless )  l im i t i ng  
c u r r e n t  of  e l ec t ron  t r a n s f e r  as d i s c u s s e d  b y  Desp ic  a n d  
B o c k r i s  (21) a n d  pa r t i cu la r ly  by  Kr i sh t a l i k  (22). 

T h e  c u r r e n t  is c o n s t a n t  in  t h e  p l a t eau  reg ion  a n d  does  
no t  fall b e c a u s e  s t e a m  is evo lved  sporad ica l ly  a n d  will  
a l low a c o n t i n u e d ,  b u t  res t r ic ted ,  evo lu t i on  of  h y d r o g e n  
w i t h i n  th i s  region.  

The p l a t e a u  r e g i o n . - - T h e  l e n g t h  of  t he  p l a t eau  can  b e  as 
m u c h  as 800V, b u t  s o m e  99% of th i s  w o u l d  b e  in  t he  solu- 
t ion  as t h e  o h m i c  drop.  Thus ,  t he  l ikely c h a n g e  of  elec- 
t r o d e  po t en t i a l  c o r r e s p o n d i n g  to t he  severa l  h u n d r e d  vo l t s  
d r o p  in t he  so lu t ion  w o u l d  be  of  t he  o rde r  of  1V. 

Thus ,  w h e n  t he  po t en t i a l  r e aches  t h e  level  C, at  t he  be-  
g i n n i n g  of  t he  p la teau ,  two p roces se s  m a y  c o m b i n e  to pre-  
v e n t  f u r t h e r  i nc rease  of  c u r r e n t  dens i ty .  

' Such behavior is consistent with that expected from simple 
electrostatics; according to which the field sufficiently near to a 
charged plate is 4 ~ /e ,  i.e., independent of distance. 
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1. At  t h e  c u r r e n t - d e n s i t y  of  a few A-cm -2 so m u c h  H2 wil l  
b e  evo lved  t h a t  access  of  t h e  w a t e r  to t h e  e l ec t rode  be~ 
c o m e s  i nc r ea s ing ly  difficult .  A t  t he  s a m e  t ime,  local  hea t -  
ing  wil l  g ive w a t e r  v a p o r  f o r m a t i o n  f u r t h e r  o b s c u r i n g  con-  
t a c t  b e t w e e n  so lu t ion  a n d  meta l .  

2. A n o t h e r  cause  of  a l imi t ing  c u r r e n t  wil l  c o r r e s p o n d  to 
t he  n o n t r a n s p o r t  con t ro l l ed  l imi t ing  c u r r e n t  d e n s i t y  men-  
t i o n e d  above .  Thus ,  An t he  r eg ion  of  e l ec t rode  k ine t i c  con-  
trol,  e l ec t rons  t u n n e l  to t he  v ib r a t i ona l  levels  in  t he  w a t e r  
m o l e c u l e s  w h i c h  can  be  e x c e e d e d  for  suf f ic ien t ly  nega t ive  
va lues  of  t h e  e l ec t rode  potent ia l .  

In  t he  p l a t eau  region,  a n  i n t e r m i t t e n t  o c c u r r e n c e  of  a 
g low is seen.  A n  i n t e r p r e t a t i o n  of  th i s  m a y  b e  in  t e r m s  of  
e l e c t r o n  levels  in  t he  m e t a l  w h i c h  b y  n o w  h a v e  b e c o m e  
suf f ic ien t ly  h i g h  to s ta r t  a p l a smolys i s  of  t he  h y d r o g e n -  
s t e a m  layer.  I t  is k n o w n  tha t ,  for  e x a m p l e  H2, 02, 03, HO2, 
H202, a n d  OH ~ are  f o r m e d  in  the  p l a s m a  (23). The  in t e rmi t -  
t e n c y  of  t he  g low at  th i s  s tage  m a y  ar ise  f rom a b u i l d u p  of  
t h e  c o n c e n t r a t i o n  of  ions,  radicals ,  a n d  e lec t rons ,  fo l lowed 
b y  t h e i r  r e c o m b i n a t i o n  ( w h i c h  w o u l d  give r i se  to  t h e  radia-  
t i on  which constitutes the glow), then rebuild up, etc. 

Under these conditions, the electron levels in the elec- 
trode can be represented as shown in Fig. 16. 

Breakdown.--The position of the Fermi level of elec- 
trons in the electrode at the end of the plateau, where a 
large increase in current occurs, may be estimated as fol- 
lows (in the case of Fe electrode for which different re- 
gions in the I-V characteristics are clearly differentiable): 

At zero cell potential the Fermi level is at -4.1 eV. Tak- 
ing io for Fe in pH 7.0 solution as i0 9.1 A-cm 2, at the be- 
ginning of the plateau, where the current density is -4.5 
A-cm -2, the overpotential will be 

= - 1 2 0  log (4.5/10 9.1) = - 1 . 1 7 V  
Therefore ,  t h e  F e r m i  level  a t  t he  b e g i n n i n g  of  t he  pla- 

t eau  wil l  be  at  4.1 + 1.2 = -2 .9  eV. 
Now the  l e n g t h  of  t he  p l a t eau  reg ion  is - 8 0 0 V  w h i c h  

m a y  b e  r e l a t ed  to t he  e l ec t rode  p o t e n t i a l  a n d  h e n c e  F e r m i  
level  c h a n g e  as follows: 

In  t h e  r eg ion  f rom A to C (for Fe), a c h a n g e  in cell  po ten-  
t ial  of  - 3 5 0 0 V  resu l t s  in  c h a n g e  of  F e r m i  level  of  -1 .17  eV. 
Thus ,  an  800V c h a n g e  w o u l d  be  e q u i v a l e n t  to -0 .27  eV 
c h a n g e  in t h e  F e r m i  level.  However ,  in  t h e  p l a t eau  r eg ion  
n o  f u r t h e r  i nc r ea se  in t h e  ra te  of  e l ec t ron  t r a n s f e r  to t he  so- 
l u t i on  occurs ,  so t h a t  an  i nc r ea se  of  to ta l  cell p o t e n t i a l  is 
l ike ly  to i nc rease  t h e  e l ec t rode  po t en t i a l  ( and  h e n c e  t h e  
F e r m i  level)  by  a g rea te r  deg ree  (per  u n i t  of  cell  po t en t i a l  
change )  t h a n  t h a t  at  ear l ier  c o n d i t i o n s  w h e n  an  inc rease  of  
c h a r g e  on  the  e l ec t rode  sur face  r e su l t ed  in an  i nc r ea se  of  
t h e  ra te  of  loss of  e l ec t rons  across  t he  in terface .  

T a k i n g  n o w  the  ra t io  of  dV/d I  (Fig. 16) for r eg ion  CD to 
r eg ion  BC, it s e e m s  a c c e p t a b l e  to a s s u m e  a n  e n h a n c e d  ra te  
of  i nc r ea se  in t he  F e r m i  level  change ,  as a f u n c t i o n  of  t he  
cell  po t en t i a l  in t he  p la t eau  reg ion  of  a b o u t  s ix f rom t h a t  
ca l cu l a t ed  f rom the  c o n d i t i o n  in the  reg ion  AC. Hence ,  t he  
e x p e c t e d  c h a n g e  of  Er  ove r  the  p la t eau  reg ion  wou ld  be  
a b o u t  1.6 eV a n d  t he  va lue  of  t he  F e r m i  level,  the re fore ,  
a b o u t  - 1.3 eV ( -2 .9  + 1.6). 

P u r e  wa te r  can  b e  r e g a r d e d  as a s e m i c o n d u c t o r  (24). T h e  
c o r r e s p o n d i n g  d i a g r a m  is s h o w n  in Fig. 17 w h i c h  s h o w s  
t h a t  t he  pos i t i on  of  t he  c o n d u c t i o n  b a n d  of  w a t e r  is be-  
t w e e n  0 a n d  - 1.2 eV. 

F r o m  the  a b o v e  es t imates ,  a t  t he  e n d  of  t he  p l a t eau  re- 
g ion  t he  pos i t i on  of  t he  F e r m i  level  of  e l ec t rons  in  t he  
m e t a l  is - - 1 . 3  eV. Thus ,  i t  is h y p o t h e s i z e d  he re  t h a t  t he  
b r e a k d o w n  occu r s  (poin t  D in t he  Fig. 15) w h e n  t he  F e r m i  
level  of  e l ec t rons  in t he  c a t h o d e  b e c o m e s  equa l  to  t he  con-  
d u c t i o n  b a n d  of  water .  

U n d e r  t h e s e  cond i t ions ,  the  s i t ua t ion  is as d e p i c t e d  in 
Fig. 18. 

One  of  t h e  m o r e  o u t s t a n d i n g  facts  a b o u t  t h e  p r e b r e a k -  
d o w n  reg ion  is t ha t  the  b r e a k d o w n  occu r s  at  approx i -  
m a t e l y  t he  s a m e  c u r r e n t  dens i ty .  (Tha t  is for 11 ou t  of  14 
s y s t e m s  th i s  c u r r e n t  dens i t y  is 5 -+ 2 A-cm 2. T h r e e  f u r t h e r  
s y s t e m s  e x t e n d  th i s  l imi t ing  c u r r e n t  f rom 0.3 to 25 
A-cm-2). 

A n  i n t e r p r e t a t i o n  of  th i s  can  be  g iven  in t e r m s  of  t he  ra te  
at  w h i c h  e l ec t rons  n e e d  to be  in j ec t ed  in to  t he  h y d r o g e n -  
s t e a m  layer  at  t he  in te r face  in o rde r  to m a k e  it in to  a 
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Fig. 16. The schematic representation of the Fermi level of the elec- 
trons in the electrode and different levels in H20. Ee B, EFc and EF E cor- 
respond to the position of the Fermi level corresponding to the regions 
B, C, and E, respectively, of the i-V curve. Ev and Ec represent the val- 
ence and conduction bands of water. Barrier for the electrons at the 
metal-solution interface is also shown. 

p lasma .  
As  no ted ,  t he  p l a s m a  b e g i n s  sporadica l ly ,  c o r r e s p o n d i n g  

to a cha rge -up  a n d  d i scharge .  B u t  to m a i n t a i n  itself, it 
n e e d s  a m i n i m u m  n u m b e r  of e l ec t rons  pe r  u n i t  a rea  in  
t ime,  a n d  th i s  is e q u i v a l e n t  to a b o u t  5 A-cm -2. 

C o r r e s p o n d i n g l y ,  i t  is c lear  t h a t  t he  l e n g t h  of  t he  p l a t eau  
var ies  r a t h e r  c o n s i d e r a b l y  w i th  v a r y i n g  meta ls ,  f r om a 
m a x i m u m  of 800V for iron,  d o w n  to a m e r e  in f lec t ion  for  
c o p p e r  a n d  nickel .  

Qual i ta t ive ly ,  th i s  c h a n g e  can  b e  ra t iona l i zed  in t he  
s e n s e  t h a t  t he  p l a t eau  b e g i n s  w h e n  t he  gas layer  p r e c l u d e s  
f u r t h e r  i nc rease  of c u r r e n t  dens i ty ,  bu t  t he  po t en t i a l  a t  t h i s  
p o i n t  will  be  var iab le ,  d e p e n d i n g  u p o n  t he  F e r m i  level  of  
t he  m e t a l  a n d  t h e  o v e r p o t e n t i a l  n e e d e d  to r e a c h  the  con-  
s t a n t  c u r r e n t  d e n s i t y  at  w h i c h  t he  p l a s m a  forms.  

I n  order ,  the re fore ,  to r e a c h  t h e  c o n d u c t a n c e  b a n d  of  
w a t e r  (a c o n s t a n t  i n d e p e n d e n t  of metal) ,  d i f fe ren t  in- 
c reases  of  po t en t i a l  will  be  n e e d e d  for e ach  meta l ,  i.e., a 
l e n g t h  of  t he  p l a t eau  will  be  a m e t a l - d e p e n d e n t  pa rame te r .  
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Fig. 17. Schematic representation of water as semiconductor ]after 
Watanabe and Gerischer (24)]. 
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Fig. 18. Schematic representation of the transfer of electrons from 
metal to the conduction band of water in the region at D and after the 
breakdown (region E). 

S t r e a m e r s . - - I n  water ,  d ie lec t r ic  b r e a k d o w n  is a s soc ia t ed  
w i t h  t h e  p h e n o m e n o n  of s t r e a m e r s  (6, 13). These  a p p e a r  to 
b e  l u m i n o u s  l ines  w h i c h  pass  sporad ica l ly  b e t w e e n  cath-  
ode  a n d  a n o d e  a n d  are a m a j o r  cha rac t e r i s t i c  of t he  
b r e a k d o w n  p roces s  in  water .  The  ve loc i ty  of  t h e s e  
s t r e a m e r s  ha s  b e e n  m e a s u r e d  to be  as h i g h  as 107 cm-s  -I 
(0.1% of  t he  ve loc i ty  of  l ight)  (6, 13). S u c h  a ve loc i ty  can  
on ly  b e  a s soc ia t ed  w i t h  t he  flow of  e lec t rons .  

Now,  t he  e j ec t ion  of e l ec t rons  f rom e l ec t rodes  in to  t he  
so lu t i on  is a we l l - s tud ied  p h e n o m e n o n .  I t  is to  be  dis t in-  
g u i s h e d  f rom the  n o r m a l  p h e n o m e n a  assoc ia ted  w i t h  elec- 
t ro lys is  in  w h i c h  e l ec t rons  t u n n e l  t h r o u g h  bar r ie r s  of  a few 
a n g s t r o m s  at  t he  e l ec t rode  a n d  create ,  e.g., h y d r o g e n  
a t o m s  in  ca thod ic  processes ,  i.e., do no t  f o rm  the  so lva ted  
e l ec t ron ic  s tates.  E l ec t ron  e jec t ion  n o r m a l l y  invo lves  sol- 
v a t e d  e l ec t ron  f o r m a t i o n  (25). I t  was  first  s t ud i ed  by  Ha r t  
a n d  Boag  (26). However ,  it is wel l  k n o w n  t h a t  t he  e j ec t ion  
of  e l ec t rons  in to  a q u e o u s  so lu t ions  c a n n o t  occu r  n o r m a l l y  
in  t h e r m a l  e lec t ro ly t ic  p rocesses  b e c a u s e  t he  po t en t i a l  
g e n e r a t e d  t h e r e  is too low (i.e., insuf f ic ien t ly  pos i t ive)  on  
t he  a b s o l u t e  scale. On t he  o t h e r  h a n d ,  t h e  e j ec t ion  of  elec- 
t r o n s  in to  a q u e o u s  so lu t ions  c a n b e  s tud ied  pho toe l ec t ro -  
c h e m i c a l l y  (27). Co r r e spond ing ly ,  i t  is pos s ib l e  to e jec t  
e l ec t rons  in to  n o n a q u e o u s  so lu t ions  t h e r m a l l y  as was  
shown by Barker and co-workers (28). 

The study of the lifetime of hydrated electrons has been 
carried out by Johnson (29), who found their lifetime to be 
in the region of i0 -~ s. Assuming a distance of 1 cm be- 
tween cathode and anode, it is seen that the electron pas- 
sage at 1O 7 cm-s i would take about i00 times longer than 
the lifetime. Thus, hydrated electrons cannot pass be- 
tween cathode and anode. 

If consideration be given to the high velocity of the elec- 
trons concerned, one can expect a nonadiabatic interac- 
tion to occur in respect to the electrons coming to the 
water molecules, in contrast to the adiabatic which will 
t e n d  to occu r  w i t h  t he  p r o d u c t i o n  of  H2 w h e n  t he  e l ec t rons  
are  e j ec ted  f rom e l ec t rodes  p h o t o e l e c t r o c h e m i c a ] l y  in to  
ionic  so lu t ions  (i.e., w h e n  so lva ted  e l ec t rons  w i th  a life- 
t i m e  of  a b o u t  10 _9 s are  formed) .  

Thus ,  cons ide r  a s t r e a m e r - h e a d  ve loc i ty  of  l0  T cm-s  -~. 
T a k i n g  a wa te r  mo lecu l e  as h a v i n g  a d i a m e t e r  of  a r o u n d  
a b o u t  3/~, t he  t i m e  t he  e l ec t ron  r e m a i n s  in  t he  v ic in i ty  of  a 
w a t e r  mo lecu l e  is some  3 • 10 -15 s. However ,  t he  v ibra-  
t iona l  f r e q u e n c y  of  the  p r o t o n  in  w a t e r  is a r o u n d  1014 s -1. 
Thus ,  u p o n  t he  a p p r o a c h  of a h i g h  ve loc i ty  e lec t ron ,  as in- 
v o l v e d  in t he  s t r e a m e r  process ,  to a w a t e r  molecu le ,  t he  
n o n a d i a b a t i c  i n t e r ac t i on  will  a l low the  e l ec t ron  to pass  es- 
sen t ia l ly  f ree ly  t h r o u g h  t he  w a t e r  ( u n d e r  t he  in f luence  of  a 
field in  t he  b u l k  of  so lu t ion  of  a b o u t  5000 V-cm-~). 

In  th i s  way,  t he  f o r m a t i o n  of s t r e a m e r s  is g iven  s o m e  
c o n t i n u i t y  w i th  t he  p r e b r e a k d o w n  t h e o r y  d e v e l o p e d  
earl ier .  

Thus ,  in  s u m m a r y ,  t h e  b r e a k d o w n  of  t h e  d ie lec t r ic  wa- 
te~and similarly for other liquid dielectrics--occurs 
when the potential difference caused by the field applied 
between the electrodes causes a change in the Fermi level 
in the electrode so that the electron levels reach the level of 
the conduction band of the liquid. The field between the 
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c a t h o d e  a n d  a n o d e  t h e n  causes  t he  e l ec t ron  ve loc i ty  to  be  
a r o u n d  107 cm-s  -1, e q u i v a l e n t  u n d e r  a field g r a d i e n t  of 
5 • 10 ~ V - c m  ~ to a n  e l ec t ron  mob i l i t y  of  5 • 103 c m  2- 
V - ' s - L  S imi la r  mobi l i t i e s  are  k n o w n  for  e l ec t rons  in sol id 
s e m i c o n d u c t o r s  (30). 

T h e  d i s c u s s i o n  g iven  he re  re fers  to p roces se s  at  t he  cath-  
ode. However ,  a n a l o g o u s  p r o c e s s e s  c an  be  s u p p o s e d  to 
o c c u r  at  t h e  a n o d e  w h e r e  t he  effect  of  p o t e n t i a l  w o u l d  b e  
o p p o s i t e  in  d i r ec t i on  to t h a t  for  t he  F e r m i  level  in  t h e  ca th-  
ode,  i.e., t h e  F e r m i  level  w o u l d  b e  l ow er ed  un t i l  i t  is coinci-  
d e n t  w i t h  t h e  v a l e n c y  b a n d  a n d  ho les  c an  t u n n e l  f rom t h e  
v a l e n c y  b a n d  of  t h e  so lu t ion  a n d  t r a n s f e r  t h e m s e l v e s  to  
t h e  anode .  

The dependence of the breakdown potential upon the ex- 
change current density for hydrogen evolution and the 
work function of the substrate.--The e x p e r i m e n t a l  rela- 
t i o n s h i p  o b t a i n e d  w i t h  six e l ec t rode  ma te r i a l s  is s h o w n  in  
Fig. 19 a n d  20. 

A qua l i t a t ive  i n t e r p r e t a t i o n  is easy  to make :  Fig. 19 
s h o w s  t h a t  t h e  b r e a k d o w n  po t en t i a l  is h i g h e r  w h e n  t he  hy-  
d r o g e n  e v o l u t i o n  ra te  is s low (i.e., smal l  io). To r e a c h  t h e  
cr i t ica l  c u r r e n t  d e n s i t y  for p l a s m a  f o r m a t i o n  t he  e l ec t rode  
p o t e n t i a l  m u s t  be  i nc r ea s i ng l y  n e g a t i v e  for  t h e  e l ec t rode  
w i t h  lower  io. S u c h  an  i nc r ea s i ng l y  n e g a t i v e  va lue  of  t h e  
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Fig. 19. The dependence of breakdown potential (Vb), on log of ex- 
change current density (log io) for hydrogen evolution reaction at diffe~:- 
ent cathodes. 
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Fig. 20. The dependence of breakdown potential (Vb) on work func- 
tion (~ )  of the electrode material 

e l ec t rode  po t en t i a l  w o u l d  e x p r e s s  i t se l f  in  an  i n c r e a s i n g  
cel l  po tent ia l .  

T h e  d e p e n d e n c e  u p o n  w o r k  f u n c t i o n  fol lows f rom t h e  
d e p e n d e n c e  f o u n d  for t he  h y d r o g e n  e v o l u t i o n  reac t ion .  I t  
is k n o w n  (31) t h a t  t h e r e  is a n  i n v e r s e  r e l a t i o n s h i p  b e t w e e n  
t h e  e x c h a n g e  c u r r e n t  dens i ty  a n d  t he  w o r k  f u n c t i o n  s u c h  
tha t ,  w i t h  i nc rease  of  w o r k  func t ion ,  t he  io for t h e  hydro -  
gen  e v o l u t i o n  r eac t i on  gets  more .  H igh  b r e a k d o w n  va lues  
will, the re fore ,  c o r r e s p o n d  to sma l l e r  w o r k  func t ions .  

Effect on the breakdown potential of addition of ionic 
components.~In Fig. 7 is s h o w n  t h e  d e p e n d e n c e  of  
b r e a k d o w n  p o t e n t i a l  on  t h e  c o n c e n t r a t i o n s  of  s o d i u m  
ch lo r ide  a n d  a m m o n i u m  h y d r o x i d e :  t h e  b r e a k d o w n  po- 
t en t i a l  m a y  b e  as sma l l  as 500V in t h e  p r e s e n c e  of  ionic  
conduc to r s .  

Th i s  d i m i n u t i o n  w o u l d  b e  c o n s i s t e n t  w i t h  t he  mode l ,  be-  
cause  t he  field b e t w e e n  t he  two e lec t rodes  is no t  of  d i rec t  
i m p o r t a n c e .  I t  se rves  to  se t  up  a c o n d i t i o n  w h i c h  a l lows  an  
inc rease  of  t he  po t en t i a l  of  t he  e l ec t rode  to occu r  in  s u c h  a 
f a sh ion  t h a t  t he  F e r m i  level  of t h e  e l ec t rons  in  m e t a l  equal -  
izes w i t h  t he  c o n d u c t i v i t y  b a n d  of  water .  I f  t h e  IR d r o p  is 
suf f ic ien t ly  small ,  t h e  to ta l  po t en t i a l  d i f f e rence  r e q u i r e d  
for  t h e  c o n d i t i o n  for b r e a k d o w n  wil l  also b e  smal l e r  t h a n  
in t h e  case  of  t he  lower  c o n d u c t i v i t y  (h igher  I R  d rop  be-  
t w e e n  t he  e lec t rodes)  a ssoc ia ted  w i t h  p u r e  water .  

I t  a p p e a r s  f rom plo ts  of  Vb aga in s t  log C~lectrolyte or log 
Selectrolyte (Fig. 7 a n d  8), t h a t  t he  c u r v e s  do no t  e x t r a p o l a t e  to  
t h e  s a m e  v a l u e  of  b r e a k d o w n  po t en t i a l  a t  zero concen t r a -  
t ion  of  t he  salts.  T h e r e  is a s u g g e s t i o n  t h a t  h i g h e r  va lues  of  
t he  b r e a k d o w n  po t en t i a l  cou ld  be  ob t a ined ,  e.g., in  t he  
case  of  a m m o n i u m  h y d r o x i d e ,  a t  ve ry  low c o n c e n t r a t i o n s .  

T h e  d i f fe ren t  s lopes  of  the  Vb log cel~ct,-o~yt~ can  be  qual i -  
t a t ive ly  e x p l a i n e d  on  t he  bas i s  of  d i f f e ren t  d i s soc i a t i on  
c o n s t a n t  ~ w h i c h  causes  t he  n u m b e r  of  ions  in  so lu t ion  to 
b e  d i f ferent ,  so t h a t  IR a n d  h e n c e  Vb va lues  wil l  be  dif- 
ferent .  

Practical aspects: improvement of the breakdown poten- 
tial in cells involving a water dietectric.--It is d e s i r a b l e  to  
b e  ab le  to i n d u c e  h i g h e r  vo l tages  on  c o n d e n s e r  plates ,  
w i t h  t he  d ie lec t r ic  b e i n g  water .  T h e  e n e r g y  s to rage  pe r  
u n i t  v o l u m e  is p r o p o r t i o n a l  to t he  field squared ,  a n d  the re -  
fore  t he  e n e r g y  s to red  inc reases  rap id ly  w i th  inc rease  of  
vol tage .  

The  a d s o r p t i o n  of  sul f ide  on  t he  e l ec t rode  inc reases  t he  
b r e a k d o w n  po t en t i a l  b y  a b o u t  2000V (Fig. 9). T h e  b l a c k  
w a x  depos i t s  m a k e  t he  b r e a k d o w n  p o t e n t i a l  g r ea t e r  (Fig. 
11). 

The interpretation of this is that in order to reach the 
conductivity band of the solution, and thus breakdown the 
dielectric, the electrons must pass through the black wax, 
and they cannot do this until they reach the conductivity 
band of wax, which is evidently much higher than that of 
water. 

To es' .mate the energy stored, we note that the system 
can Le represented as shown in Fig. 21. 

To calculate the amount of energy stored in the system, 
it is necessary to find the potential drop in wax and water 
layers. This can be done either on the basis of Ohm's law 
using cell voltage, V = 30,000V; cell current density, 
i = I0 2 A.em-Z; thickness of wax, Iwa. = 0.05 cm; thickness 
of water ,  lw~te~ = 0.5 cm;  w a t e r  res is t iv i ty ,  p~.~t~.,. = 2 • 10" 
~ - c m  or  G a u s s ' s  law. 

Calculation based on Ohm's law.--The to ta l  r e s i s t a n c e  R 
(-V/I= 30,000/10 -2) is 3 • 106 gt. As  w a t e r  a n d  w a x  layers  
are  in  series,  R = Rwax + R w a t e r .  For  water ,  R w a t e r  = 

(Pwater • lwater)/S = 2 • 106 • 0.5/1 = 1 • 106 D. 
There fore ,  Rw~x = 3 x 106 - 1 • 106 - 2 • 106 s a n d  Pwax = 

(2 x 106 • 1)/0.05 = 4 • 107 fi-cm. 
Th i s  v a l u e  is lower  t h a n  t h a t  r e p o r t e d  (32). I m p u r i t i e s  

a n d  w a t e r  v a p o r  m a y  h a v e  b e e n  t r a p p e d  in t he  layer,  caus-  
ing  t h e  d r o p  in  t he  res is t iv i ty .  

The  po t en t i a l  d rop  in  t he  w a x  layer  is then ,  Vw~x = 
Pwaxlwaxi = 4 • 107 • 0.05 • 10 -2 = 20,000V. 

Hence ,  t he  po t en t i a l  d rop  in  water ,  V~ter is 

Vwate r : 10,000V 

(The po t en t i a l  d r o p  in t he  w a t e r  d ie lec t r ic  for t he  s y s t e m  
w i t h  a n  u n c o a t e d  P t  e l ec t rode  was  3000V). 
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Fig. 21. (a) Schematic representation of water-black wax system and 
(b) the circuit modei of the studied system. 

Calculat ion based on Gauss's l aw . - -As  reds  = q&,,~, 
w h e r e  q is free charge ,  Ewe, = q/e,,e ..... Ew,,,~.,- = q/e,,ew,t,.,., a n d  
Vw,• = qlw~• ..... Vw~t~r = qlw,t~.,Je,,ew~,(,,.. 

Hence ,  Vwax/Vw~t,r - l w a •  = (0.05 • 79.0/0.5 • 
2.5) = 3.2. 

A S  Vwa x ~- Ywate r = 3 0 , 0 0 0 V ,  Vwa x = 20,600V, a n d  Vw~t~ = 
9,400V. 

The  ra t io  of e n e r g y  s to red  in wa te r  w i t h  (Ep a n d  w i t h o u t  
w a x  film (E2) on  t he  e l ec t rode  sur face  is g iven  b y  

El~E2 = (VJV2) 2 = (9400/3100) 2 = 9.2 

In  th i s  ca lcu la t ion ,  t he  e n e r g y  s to red  in t he  w ax  layer  ha s  
no t  b e e n  inc luded .  

Conclusions 
1. The  b r e a k d o w n  po ten t i a l  of w a t e r  is no t  c o n n e c t e d  

w i t h  a ce r t a in  e lectr ic  field in  t he  b u l k  dielectr ic .  
2. B r e a k d o w n  occurs  at  a specif ic  c u r r e n t  dens i ty .  
3. T h e  h y d r o g e n  evo lu t i on  r eac t ion  plays  an  i m p o r t a n t  

pa r t  as far  as t h e  c a t h o d e  is c o n c e r n e d .  T h e  lower  t he  ex- 
c h a n g e  c u r r e n t  dens i ty ,  t h e  h i g h e r  is t he  b r e a k d o w n  po- 
tent ia l .  

4. The  glow seen  at  t he  e l ec t rodes  is p r o b a b l y  due  to the  
p l a s m a  d i s c h a r g e  in a s t e a m - h y d r o g e n  gas layer  f o r m e d  at  
t he  wa te r - e l ec t rode  interface.  

5. The  b r e a k d o w n  po ten t i a l  is t he  po t en t i a l  a t  w h i c h  t he  
F e r m i  level  of t he  c a t h o d e  b e c o m e s  equa l  to t h e  e n e r g y  of  
t h e  b o t t o m  u p  t he  c o n d u c t i o n  b a n d  of  l iqu id  water .  U n d e r  
s u c h  c o n d i t i o n s  e l ec t rons  can  b e  read i ly  t r a n s f e r r e d  f rom 
t h e  c a t h o d e  to t he  a n o d e  w i t h o u t  i n t e r ac t i on  w i t h  w a t e r  
molecu les .  At  t he  anode ,  ho les  wou ld  e n t e r  t he  va l ency  
b a n d  for water .  

6. The  h e a d  of  t he  so-cal led s t r e a m e r s  is o c c u p i e d  by  
e l ec t rons  m o v i n g  in  t he  c o n d u c t i v i t y  b a n d  of  w a t e r  at  a 
ra te  too h i g h  for c h e m i c a l  i n t e r ac t i on  to occur.  

7. The  b r e a k d o w n  po t en t i a l  can  be  mod i f i ed  b y  t he  use  
of  a d s o r b e d  layers  of  mater ia l s ,  a n d  t he  s to rage  in water -  
can  b e  i n c r e a s e d  by  s o m e  t e n  t i m e s  b y  the  use  of  s u c h  
coa t ings .  
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A B S T R A C T  

T h e  k ine t i c s  of  t he  p h o t o r e d u c t i o n  of  COz in n o n a q u e o u s  so lu t ions  c o n t a i n i n g  t e t r aa lky l  a m m o n i u m  ca t ions  ha s  b e e n  
e x a m i n e d  w i t h  specia l  r e f e r ence  to t he  ef fec ts  of  su r face  d e c o r a t i o n  of  p -CdTe  w i t h  meta ls ,  o rgan ic  c o m p l e x e s ,  a n d  c r o w n  
e thers .  T h e  e l ec t rode  sur face  was  s c a n n e d  by  SEM, X P S ,  a n d  pa r t i cu la r ly  by  F T I R  spec t roscopy .  T h e  p r inc ipa l  p r o d u c t  
t h r o u g h o u t  was  CO, a l t h o u g h  smal l  a m o u n t s  of  f o r m a t e  a n d  m e t h a n o l  were  obse rved .  Cata lys ts ,  e x c e p t  for  t he  c r o w n  
e the r s ,  p r o d u c e  a n  a n o d i c  sh i f t  in  t he  i-V c u r v e s  w h i c h  is in  t he  r eg ion  of  100-200 mV,  e q u i v a l e n t  to ~10 t i m e s  inc reases  in  
t h e  ra te  cons t an t .  The  eff ic iency of  t he  c o n v e r s i o n  of  l igh t  to  CO is ~5%. C r o w n  e t h e r s  a d s o r b  on  t h e  su r face  in a ly ing  
d o w n  pos i t i on  a n d  b e h a v e  in a p s e u d o - L a n g m u i r i a n  way. T h e  18-crown-6 e t h e r  in  t h e  p r e s e n c e  o f  t e t r a e t h y l  a m m o n i u m  
ca t ions  p r o d u c e s  t he  g rea t e s t  catalysis ,  a 410 m V  shift ,  e q u i v a l e n t  to a b o u t  103 t i m e s  i nc r ea se  in t he  ra te  cons t an t .  T h e  
p h o t o e l e c t r o c h e m i c a l  k ine t i c  p a r a m e t e r s  are  c o n s i s t e n t  w i t h  a r a t e - d e t e r m i n i n g  s tep,  CO2 + H '  + e + hv --* CO + OH-.  
T h e  ca ta lys t  ef fec t  of  t he  NR4' ions  is i n t e r p r e t e d  in t e r m s  of  t he  fo rego ing  e l e c t r o c h e m i c a l  reac t ions ,  NR4 ' + e ~ NR4 a n d  
NR4 + CO2 ~ NR4 ~ + CO2 w h i c h  t ake  place  on  d i f f e ren t  s i tes  f rom t h a t  of  t he  p h o t o e l e c t r o c h e m i c a l  reac t ions .  T h e  cata-  
lyt ic  shi f t s  a re  co r re l a t ed  w i th  c h a n g e s  in b o n d i n g  b e t w e e n  i n t e r m e d i a t e  rad ica l s  a n d  t he  ca ta lys t  a t o m s  as in e lectro-  
c h e m i c a l  catalysis .  

T h e  e l e c t r o c h e m i c a l  r e d u c t i o n  of  c a r b o n  d i o x i d e  ha s  
b e e n  wel l  r e s e a r c h e d  (1-3), first on  m e t a l s  (4-33), t h e n  at  
n - type  s e m i c o n d u c t o r s  (34-41), a n d  p - type  s e m i c o n d u c t o r s  
(42-55), a n d  i l l u m i n a t e d  s e m i c o n d u c t i n g  p o w d e r s  
(35, 56-62). T h e  s t a n d a r d  t h e r m o d y n a m i c  e q u i l i b r i u m  po- 
t en t i a l s  for t he  r e d u c t i o n  of  c a r b o n  d i ox i de  to va r ious  
p r o d u c t s  are  in  t he  r a n g e  -0 .2  to +0.17V (1). T he  m e c h a -  
n i s m  of  r e d u c t i o n  ha s  b e e n  t he  sou rce  of  m u c h  con-  
t roversy .  Recen t ly ,  t he  w o r k  of  C h a n d r a s e k a r a n  a n d  Bock-  
ris (63), w h i c h  i n v o l v e d  d e t e c t i o n  a n d  m e a s u r e m e n t  of  
i n t e r m e d i a t e  rad ica l s  b y  t he  use  of  in situ F T I R  spec t ros -  
copy,  m a d e  it l ike ly  t h a t  the  s e q u e n c e  of  t he  r eac t ion  is as 
fol lows (27, 28, 64, 65) 

CO2a q ~ CO2ads [1] 

CO2ads + e ~ CO2ads- [2] 

CO2ads + H20 + e --~ HCOO-  + OH [3] 

T h e  p h o t o e l e c t r o c h e m i c a l  r e d u c t i o n  of  CO2 has  b e e n  
s t u d i e d  to a m u c h  less  d e g r e e  (38, 39). Howeve r ,  i t  h a s  
g rea t  i n t e r e s t  b e c a u s e  p h o t o s y n t h e s i s  can  b e  i n t e r p r e t e d  
in t e r m s  of  e l e c t r o c h e m i c a l  m e c h a n i s m s  (66), a n d  b e c a u s e  
of  t he  poss ib i l i ty  t h a t  art if icial  pho toce l l s  cou ld  be  con-  
t r i ved  w h i c h  w o u l d  give r ise  to t he  e c o n o m i c  r e d u c t i o n  of  
CO2 in t he  p r e s e n c e  of  l ight,  to fo rm p r o d u c t s  of  in te res t ,  
e.g., m e t h a n o l .  

I n v e s t i g a t i o n s  h a v e  b e e n  m a d e  w h i c h  i n v o l v e d  t he  
s t u d y  of  p h o t o c u r r e n t - p o t e n t i a l  r e la t ions  as a f u n c t i o n  of  
t he  ca ta lys t  t ype  an d  c o n t e n t  on  t h e  s e m i c o n d u c t o r  elec- 
t rode .  In  paral le l ,  spec t ro scop i c  e x a m i n a t i o n s  of  t h e  s t ruc-  
t u r e  of  t he  a d s o r b e d  layers  h a v e  b e e n  ca r r ied  out.  

T h e  so lu t ions  u sed  for t h e s e  s tud ie s  h a v e  i n v o l v e d  
largely  n o n a q u e o u s  so lvents ,  in  pa r t i cu la r  DMF.  Apro t i c  
so lven t s  h a v e  a d v a n t a g e s  for CO2 r e d u c t i o n  to CO in  t h a t  
h y d r o g e n  e v o l u t i o n  w h i c h  c o m p e t e s  w i t h  CO2 r e d u c t i o n  
can  be  s u p p r e s s e d  a n d  t h e  so lub i l i ty  of  CO2 is g rea te r  
(67-69) t h a n  in a q u e o u s  so lu t ions .  B a s e d  u p o n  t he  s tud ies  
of  Aur i an -B la j en i  et al. (70), howeve r ,  i t  has  b e e n  f o u n d  
he lp fu l  to  a d d  1-5% of  water .  
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Experimental 
P h o s p h o r o u s - d o p e d  s ingle  c rys ta l s  of  p - c a d m i u m  tel lu-  

r ide  (100), 1 m m  t h i c k  (ND = 8 • 1016 cm-3), we re  o b t a i n e d  
f r o m  S E R I  as a gift. The  specif ic  r e s i s t ance  was  1.5 • 103 

cm. B o r o n - d o p e d  s ingle  c rys ta l  p-s i l icon  (100) 
(ND = 9 • 10 '6 cm -3) was  b o u g h t  f rom R o c k w e l l  I n t e r n a -  
t ional .  The  res i s t iv i ty  was  0.03 t2 cm. E l ec t rode  ma te r i a l s  
we re  son i ca t ed  in m e t h a n o l  for 15 ra in  a n d  r in sed  w i th  
t r ip ly  d is t i l led  wa te r  be fo re  e l ec t rode  p repa ra t ion .  

P a r t  of  t he  t r e a t m e n t  of  t he  s e m i c o n d u c t o r  e l ec t rodes  in  
p r e p a r a t i o n  for  p h o t o e l e c t r o c h e m i c a l  m e a s u r e m e n t s  in- 
vo lves  e t c h i n g  t he  c rys ta l  (71). T h e  p-CdTe  e l ec t rodes  we re  
e t c h e d  w i t h  a q u a  regia  for  30s fo l lowed by  a 5s w a s h i n g  
w i t h  t r ip ly  d is t i l led  wa te r  a n d  a d r y i n g  u n d e r  a s t r e a m  of  
a rgon.  The  p-Si e l ec t rodes  were  e t c h e d  w i t h  t he  hydrof lu-  
oric acid a q u a  regia  m i x t u r e  (1:1) for 5 m i n  fo l lowed by  a 5s 
w a s h i n g  in t r ip ly  d is t i l led  w a t e r  a n d  dr ied  u n d e r  a s t r e a m  
of  argon.  Th i s  p r o c e d u r e  was  ca r r ied  ou t  t h r e e  t i m e s  suc- 
cess ively .  

In  a c c o r d a n c e  w i t h  t he  ca ta ly t ic  effects  n o t e d  by  
T a n i g u c h i  et al. (72), a n d  s u p p o r t e d  by  o t h e r  w o r k  (73), 
a r i s ing  f rom t h e  use  of  a m m o n i u m  sal ts  as s u p p o r t i n g  
e lec t ro ly tes ,  t e t r aa lky l  a m m o n i u m  sal ts  (Fluka)  we re  u s e d  
as s u c h  af te r  rec rys ta l l i za t ion  f rom e thanol .  T h e  so lven t  for 
t h e  p h o t o e l e c t r o c h e m i c a l  inves t iga t ions ,  N ,N-d ime thy l -  
f o r m a m i d e  (F i sche r  Scientif ic)  was  u s e d  w i t h o u t  f u r t h e r  
pur i f ica t ion .  Gas  c h r o m a t o g r a p h i c  ana lys i s  was  u s e d  to 
ver i fy  t h a t  less  t h a n  0.5% d e g r a d a t i o n  p r o d u c t s  we re  pres-  
e n t  be fore  use.  LiC10~ a n d  L iF  d i s so lved  in H P L C  g rade  
ace ton i t r i l e  (F i sche r  Scient i f ic)  we re  the  so lven t s  u s e d  for 
spec t ro scop i c  inves t iga t ions .  Tr ip ly  d is t i l led  a n d  pyro-  
lyzed w a t e r  we re  u sed  to p r e p a r e  a q u e o u s  so lu t ions .  

The  e x p e r i m e n t s  were  ca r r ied  ou t  u n d e r  po t en t i o s t a t i c  
c o n d i t i o n s  u s i n g  a S t o n e h a r t  Assoc ia tes ,  I n c o r p o r a t e d ,  po- 
t en t ios t a t ,  Mode l  BC1200 a n d  a P A R  p r o g r a m m e r ,  Mode l  
175. I r r ad i a t i on  was  p e r f o r m e d  w i t h  an  Oriel  C o r p o r a t i o n  
l amp,  Mode l  6136 a n d  a B a u s c h  & L o m b  h i g h - i n t e n s i t y  
m o n o c h r o m a t o r  no. 33-86-76. All p h o t o a s s i s t e d  con t ro l l ed  
po ten t i a l  e lec t ro lys is  (CPE) e x p e r i m e n t s  were  car r ied  ou t  
a t  r o o m  t e m p e r a t u r e ,  560 n m  i l l u m i n a t i o n  w a v e l e n g t h  
(0.5 m W  c m  2), u n d e r  a b l a n k e t  of  a r g o n  or c a r b o n  d iox ide  
a f te r  pur i f i ca t ion  (43-45, 74). 




