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ABSTRACT 

A method for measuring ohmic resistance of solution layers at gas-evolving electrodes was developed and tested. The 
method was applied to hydrogen and oxygen-evolving electrodes, and the resistance of their adjacent solution layers (for a 
9 mm electrode separator gap) causes a negligible IR drop. For 3 mm gaps at a current density of 300 mA/cm 2, the IR drop 
of the solution layer increases to 25 mV. Contact resistances at the various electrode connections are shown to have a 
measurable contribution which increases with electrolysis time. 

Electrolytic gas evolution represents a significant and 
complicated problem in many electrochemical processes. 
During alkaline water electrolysis, energy losses take 
place owing to the presence of gas bubbles in the electro- 
lytic cell. The gas bubble contributions to an increase in 
potential include the following factors: (i) At the electrode 
surface the bubbles are dlosely packed in a thin layer form- 
ing a "bubble  curtain." The crowded bubbles effectively 
screen the electrode, raise the effective current density, 
and thus offer a high ohmic resistance at the electrode sur- 
face. (it) Bubbles disperse into the bulk electrolyte and 
hence increase its resistance. 

The structure and behavior of the bubble curtain has 
been studied previously, particularly in connection with 
mass-transfer studies (1-3) of which Vogt (4) gives a sum- 
mary. Landolt  et al. (5) obtained an empirical bubble size 
distribution in turbulently flowing electrolyte and noted a 
wide range of bubble  sizes. Hine et al. (6) suggested that a 
bubble curtain, though it may be thin, can affect the total 
cell voltage. Vogt (7) derived a model  for the overall ohmic 
potential drop in a gas-evolving cell with vertical elec- 
trodes. DeJonge  et al. (8) studied bubble effects in a cell 
with a disk electrode and analyzed bubble curtain behav- 
ior. Sides and Tobias (9) examined the effect of the bubble 
curtain and derived two models. More recently, Tenan and 
Teschke (10) investigated the influence of attached bub- 
bles on the current  distribution and the potential drop at 
gas-evolving electrodes. A more complete study was later 
presented by Dukovic and Tobias (11). 

We applied a current interruption technique to measure 
experimental ly the bubble effect on the ohmic resistance 
of a thin solution layer at gas-evolving electrodes. The re- 
sistance distribution was measured along a line normal to 
the electrode by displacing the reference electrode nor- 
mally to the electrode surface and measuring the IR com- 
ponent of the electrode potential as a function of the dis- 
tance to the electrode surface. 

Electrode Resistive Layer IR Component Measuring 
Technique 

Current interruption has long been established as a 
method of estimating the cell ohmic drop and electrode 
polarization potentials; an alternative but older method 
consists of measuring the electrode potential as a function 
of the distance (d) of the reference electrode to the working 
electrode and plott ing this measured value as a function of 
d. Extrapolat ion of the V vs. d line for d equal to zero gives 
the electrode potential free of  the IR component.  However, 
if there is a resistive layer at the electrode surface, the po- 
tential thus measured includes the value of the ohmic drop 
due to the resistive layer (Fig. la and b). On the other hand, 
the current interruption technique measures the electrode 
potential without the two IR components,  i.e., bulk and 
surface, as shown in Fig. l c. 
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In this paper we present what is the combination of 
those two methods and what is convenient  to systemati- 
cally determine the electrode surface resistance (Fig. ld). 
Such a method consists of measuring the IR component  
by interruption of the current as a function of the distance 
of the reference electrode to the working electrode. If  the 
electrode does not present a surface resistance, the extrap- 
olation of the IR component  vs. d line for d equal to zero 
will pass through the intersection of the IR-d axes 
(Fig. ld); if  for d equal to zero there is an IR component,  it 
will correspond to the surface-resistance contribution. 

Operational problems may introduce some difficulties in 
measuring the correct values, such as: (i) temperature gra- 
dients inside the cell, (it) inhomogeneity of the current dis- 
tribution, and (iii) shadow effect of the reference elec- 
trode. These problems have to be dealt with before an 
accurate measurement  is obtained. 
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Fig. 1. Schematic representation of the resistance component distri- 
bution at an electrode surface. Figures (o), (b) (c), and (d) illustrate the 
method. 
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Fig. 2. Schematic diagram of the reference electrodes. The time re- 

sponse of both configurations is less than 1 I~s. (a) Hg/HgO plus plati- 
num wire. (b) Platinized platinum electrode. 

Exper imenta l  
Recen t ly  var ious  Hg/HgO reference  e lec t rode  configu- 

rat ions were  expe r imen ta l l y  e x a m i n e d  (12). Our resul ts  
show that  the  Hg /HgO e lec t rode  m a y  cons iderab ly  l imi t  
the  t ime  r e sponse  for IR-free  potent ia l  m e a s u r e m e n t s  
w h e n  h igh  cur ren t  densi t ies  (~1 A/cm 2) are  used in alka- 
l ine solutions.  A conf igura t ion  wi th  a response  t ime  of  less 
than  1 ~ts was used  in this w o r k  and is schemat ica l ly  
shown in Fig. 2a. A Lugg in  p robe  m a d e  out  of  glass, as 
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Fig. 3. Schematic diagram of the experimental setup. 

shown  in Fig. 2a, is connec ted  to a re ference  e lec t rode  con- 
s is t ing of  Hg/HgO 30% KOH. The tub ing  connec t ing  the  
reference  e lec t rode  and cell  was su r rounded  by a 
g rounded  meta l l ic  m e s h  in order  to decrease  the  electr ical  
in te r fe rence  and to create  a coaxial  cable  type  of  con- 
nec t ion  b e t w e e n  the  reference  e lec t rode  and the  work ing  
electrode.  A p la t inum wire  encapsu]a ted  by a glass rod, in- 
side the  tub ing  connec t ing  the  reference  e lec t rode  to the 
cell, was used  as a fast re ference  electrode.  A -1000 pF  ca- 
paci tor  isolates the  d c polar izat ion var ia t ions  of  the  P t  wire  
t ip f rom the  Hg/HgO electrode.  F igure  2b shows the  refer- 
ence  e lec t rode  conf igura t ion  used  for IR  c o m p o n e n t  meas-  
u r e m e n t s  in 3 m m  gap cells. The  p la t inum reference  elec- 
t rode  was  we lded  in a glass t ube  hav ing  an ou te r  d iamete r  
of  2 ram. The  meta l l ic  t ip  was  covered  wi th  b lack p la t inum 
by the  usua l  method .  The  separa tor  is a porous  P T F E  
m e m b r a n e  p rev ious ly  desc r ibed  (13). A hole  was dri l led 
th rough  the  separator.  The  reference  e lec t rode  suppor t  
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Fig. 4. (a, top left) Schematic diagram of the circuit. (b, top right) 
Pulsed current generator. (c, left) Differetniol amplifier. 
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Fig. 5. IR component as a function of the distance to the working 
electrode for the cell, shown schematically in Fig. 6. 
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s t ruc ture  was p laced  outs ide  the  3 m m  gap. Its hor izontal  
end was  fi t ted ins ide  the  separa tor  hole  and the  e lec t rode  
was hor izonta l ly  d i sp laced  us ing  the  s t ruc ture  shown in 
Fig. 3. 

The  tes t  cell  is an i m p r o v e m e n t  over  our  ear l ier  vers ion  
(7) and  is schemat ica l ly  shown  in Fig. 3. The  e lect rodes ,  
each  hav ing  an area  of  3.3 cm 2, were  rec tangula r  n ickel  
plates p rev ious ly  e lec t rop la ted  in a Watt 's  solut ion pre- 
pa red  wi th  double-d is t i l l ed  wate r  as follows: 310 g/1 NiSO4 
(Merck), 50 g/1 NiCl~ (Merck), and 40 g/1 boric acid (Quim- 
br~s) all analyt ica l  grade.  A 15 ~m th ick  nickel  layer was 
depos i t ed  on all e lec t rodes  in a solut ion at 60~ pH = 3.5, 
and at a cur ren t  dens i ty  of  35 m A / c m  2. The  cell m o d u l e  
consis ts  of  two  r e m o v a b l e  plug-in uni ts  as shown in Fig. 3 
and 6. The  cell  f rame and  the  plug-in units  are m a d e  out  of  
Teflon.  The  total  e lec t rode  gap is 3.5 cm. The  e lec t rode  
plates are soldered to s tainless  s teel  wires. The  electrolyt ic  
cell  was opera ted  at  a tmosphe r i c  pressure.  The  e lec t ro ly te  
flows by forced convec t ion .  It  was t he rmos ta t ed  at 45~ 
and the  e lec t ro ly te  solut ion p repa red  wi th  doub ly  dist i l led 
wa te r  was  3()% K O H  (Merck analyt ical  grade  w/w). An  ex-  
te rnal  reservoi r  keeps  t he  e lec t ro ly te  concen t ra t ion  con- 
stant,  avo id ing  dec rease  by e l ec t rochemica l  c o n s u m p t i o n  
or  evapora t ion .  

The  appara tus  for the  IR  c o m p o n e n t  m e a s u r e m e n t s  is 
schemat ica l ly  s h o w n  in Fig. 4a, b, and c. The  ga lvanos ta t  
schemat ic  d iag ram (12), s h o w n  in Fig. 4a, genera tes  cur- 
ren t  pulses  wi th  a r i se t ime of  less than  1 ~s and wi th  a 
m a x i m u m  cur ren t  a m p l i t u d e  of  2.5A. The  circui t  of  the  
pu l sed  cur ren t  genera to r  is shown  in Fig. 4b and the  differ- 
ent ial  ampl i f ier  c i rcui t  in 4c. The  t i m e - d e p e n d e n t  potent ia l  
V(t) is obse rved  in an  osci l loscope.  A Hewle t t  Packard  
54201A digi t iz ing osci l loscope,  a H P  7090A m e a s u r e m e n t  

PTFE 

RODE 

ELECTRODES 

~ -- COVER 

I_ 
m l l~ ~ ELECTRODE 

~'SEPARATOR 

Fig. 6. Schematic diagram of the cell. 
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Fig. 7. (o, top) The IR component vs. distance carve for a 2.5 mm ex- 
ternal diameter Luggin capillary. Points close to the electrode surface 
show the capillary shielding effect. (b, bottom) Shielding effect for a 
1 mm external diameter Luggin capillary shown in Fig. 2a. 

plot t ing sys tem,  and an Iwa t su  SS-5710 osci l loscope were  
used  for all t i m e - d e p e n d e n t  measu remen t s .  The  cur ren t  
in te r rup t  c i rcui t  used  for dc m e a s u r e m e n t s  was prev ious ly  
desc r ibed  (14). 

Cell op t imiza t ion  a n d  pre l iminary  results.--In our  gal- 
vanos ta t ic  m e a s u r e m e n t s  a cont ro l led  cur ren t  is forced be- 
tween  the  work ing  e lec t rode  (WE) and the  countere lec-  
t rode  (CE); the  o h m i c  d rop  b e t w e e n  the  re fe rence  
electrode. (RE) and WE is ob ta ined  by in te r rup t ing  the  cur- 
rent  and m e a s u r i n g  the  potent ia l  fast decay  immed ia t e ly  
thereaf ter .  

A typical  resul t  for  a cell  wi th  1 cm 2 e lec t rode  area and a 
3.3 cm ~ cell  cross sec t ion  is shown in Fig. 5. S ince  the  elec- 
t rode  area is smal le r  than  the  cell  cross  section,  the  IR  
c o m p o n e n t  vs. d curve  profi le is not  a s t raight  l ine bu t  is 
ben t  at those  points  whe re  the  cur ren t  dens i ty  is lower.  I f  
the  top  of  bo th  e lec t rodes  is covered  by a perfora ted  plate, 
the  cell  cross  sec t ion  is r educed  to 1 cm 2 and consequent ly ,  
a un i fo rm cur ren t  d i s t r ibu t ion  ins ide  the  cell is obtained.  
The  cell  shown  in Fig. 6 is the  resul t  of  r emova l  of  the  stray 
factors l ike nonun i fo rmi ty  of  the  cur ren t  distr ibut ion.  

The  t e m p e r a t u r e  gradients  a long the  axis normal  to the  
e lec t rode  surface  had  to be  min imized ,  s ince a s ignif icant  
var ia t ion  in t e m p e r a t u r e  causes  a large  var ia t ion  o f  the  
e lec t ro ly te  res is t iv i ty  and consequen t ly  a var ia t ion in the  
l inear  re la t ion Ri vs. dis tance  measu remen t s .  The  tempera-  
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Fig. 8. Electrode potential and current v s .  time curves at the current 
pulse trailing edge. The IR component is the difference between almost 
horizontal lines shown in Chan. 1. Chan. 2 shows the current pulse 
trailing edge. The measured current switching time is around 1 i~s. 

t u r e  g rad ien t ,  for  a c u r r e n t  d e n s i t y  of  1 A / c m  2, b e t w e e n  t he  
r eg ion  c lose  to  t h e  e l ec t rode  sur face  (i.e., = 1 m m  away,  
w h e r e  a t h e r m o m e t e r  was  p laced)  a n d  t h e  cen t r a l  pa r t  of  
t h e  cell, was  less  t h a n  0.5~ in  t h e  cel l  s h o w n  in  Fig. 6. Th i s  
t e m p e r a t u r e  h o m o g e n e i t y  was  o b t a i n e d  b y  t he  c o m b i n e d  
ac t ion  of  t h e  ho l e s  dr i l l ed  at  t h e  b o t t o m  of  t he  cell  c lose  to 
t h e  e l ec t rode  su r face  a n d  t he  s t i r re r  ac t ion .  T h e  s t i r re r  
p l aced  u n d e r  t he  cell  i n d u c e s  t h r o u g h  t h e  se t  of  ho les  
d r i l l ed  at  t h e  cell  b o t t o m  a c o n v e c t i o n  t h a t  resu l t s  in  t h e  
m e a s u r e d  t e m p e r a t u r e  g rad ien t .  

The  r e f e r e n c e  cap i l l a ry  p l aced  a few capi l la ry  d i a m e t e r s  
f rom t h e  w o r k i n g  e l ec t rode  g e n e r a t e s  d i s to r t i ons  of  t he  
c u r r e n t  d i s t r i bu t i on .  F o r  p o i n t s  c lose  to t h e  e l ec t rode  sur- 
face, t he  s h i e l d i n g  of  t h e  L u g g i n  r e su l t s  in  a local ly  lower  
c u r r e n t  d e n s i t y  of  t h e  e l ec t rode ;  c o n s e q u e n t l y ,  a po t en t i a l  
d e c r e a s e  r e su l t s  as s h o w n  in  Fig. 7a for  a 3.0 m m  e x t e r n a l  
d i a m e t e r  Lugg in .  F o r  a L u g g i n  cap i l l a ry  w i t h  a 2 m m  ex- 
t e r n a l  d i a m e t e r  t ube ,  (Fig. 2b), t h e  IR  vs.  d c u r v e  m e a s u r e d  
u s i n g  t h e  cel l  d e p i c t e d  in  Fig. 6 is s h o w n  in  Fig. 7b. Th i s  
c u r v e  s h o w s  a l i nea r  r e l a t i on  b e t w e e n  IR  a n d  d, e x c e p t  at  
p o i n t s  less  t h a n  2 m m  a w a y  f rom t he  surface.  T he  ex t rapo-  
l a t ion  of  t h e  IR  l ine  for  a p o i n t  c lose  to  t he  sur face  a l lows 
us  a d e t e r m i n a t i o n  of  t h e  su r face  IR  c o m p o n e n t  w i t h  a 
10 m V  prec i s ion .  

Results 
C u r r e n t  was  app l i ed  to t he  cell  as follows: (i) C u r r e n t  

pu l ses  (~300 m A / c m  2) w i t h  a w i d t h  of  a b o u t  10 m s  gener -  
a te  b u b b l e s  at  t h e  e l e c t r o d e  surface,  a n d  (ii) a dc  c u r r e n t  
(~1 A /cm 2) g e n e r a t e s  b u b b l e s  at  t he  e l ec t rode  sur face  a n d  
in t he  e lec t ro ly te .  

T h e  s w i t c h i n g  t i m e  at  t h e  e n d  of  t h e  c u r r e n t  pu l se  is 
s h o w n  in  Fig. 8; a p o t e n t i a l  vs.  t i m e  p lo t  is s h o w n  in 
Chan .  1 a n d  a c u r r e n t  vs.  t i m e  c u r v e  in Chan .  2. Fo r  a 1.95 
m s  l ong  c u r r e n t  pu l se  a n d  I = 300 m A / c m  2 s h o w n  in  Fig. 8, 
t he  m e a s u r e d  c u r r e n t  s w i t c h i n g  t i m e  is - 2  i~s. T he  IR com-  
p o n e n t  is t h e  d i f f e r e n c e  b e t w e e n  t he  a l m o s t  two  ho r i zon ta l  
l ines  s h o w n  in  Chan .  1. 

F o r  1 m s  l ong  c u r r e n t  pu lses ,  t r i gge red  at eve ry  100 m s  
a n d  a c u r r e n t  d e n s i t y  of  300 m A / c m  2, t he  IR c o m p o n e n t  for 
t h e  c a t h o d e  is s h o w n  in Fig. 9a a n d  for  t he  a n o d e  in  
Fig. 9b. T h e  l ower  s t r a i g h t  l ine  in  t h e  f igure  was  o b t a i n e d  
for  a f r e sh ly  n i c k e l - e l e c t r o d e p o s i t e d  layer  a n d  t h e  u p p e r  
s t r a igh t  l ine,  for  t h e  s a m e  e l ec t rode  a f t e r  24 h i n s ide  t h e  
cell, i.e., af te r  8 h of  ope ra t ion ,  t h e  p o w e r  s u p p l y  was  dis- 
c o n n e c t e d  a n d  t he  e l ec t rodes  we re  left  in  t h e  cell  in  10 m m  
H~O a r g o n  ove r -p re s su re ;  t h i s  was  fo l lowed  by  a n o t h e r  8 h 
p e r i o d  of  o p e r a t i o n  a n d  finally,  b y  t h e  m e a s u r e m e n t s .  

F i g u r e  10 s h o w s  a p lo t  of  IR  c o m p o n e n t  vs.  d i s t a n c e  
f rom t h e  cap i l la ry  e n d  to t h e  w o r k i n g  e l ec t rode  sur face  for  
va r ious  c u r r e n t  pu l se  a m p l i t u d e s .  T h e  c u r r e n t  pu l se  w i d t h  
is 2 m s  a n d  pu l se s  a re  app l i ed  at  eve ry  100 ms.  

I n  o rde r  to  m e a s u r e  t h e  b u b b l e ' s  ef fec t  in  t he  b u l k  of  t he  
e lec t ro ly te  a n d  at  t h e  e l ec t rode  surface ,  t h e  IR  c o m p o n e n t  
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Fig. 9. (e, top} Cathodic IR component as a function of the distance 
to electrode surface for 300 mA/cm z and i ms current pulses at every 
10(1 ms. (b, bottom) Anodic IR component. 

was m e a s u r e d  for  va r ious  b a c k g r o u n d  dc  cu r ren t s ,  s imu-  
l a t ing  t he  o p e r a t i o n  c o n d i t i o n s  of  w a t e r  e lec t rolyzers .  T h e  
r e su l t s  are  s h o w n  in Tab le  I for  t h e  c a t h o d e  a n d  Tab le  II  
for  t h e  anode .  The  IR  c o m p o n e n t  was  m e a s u r e d  by  ap- 
p ly ing  300 m A / c m  2 c u r r e n t  pu l ses  a d d e d  to t he  dc back-  
g r o u n d  c u r r e n t s  at  t h e  t ra i l ing  c u r r e n t  edge,  as s h o w n  in 
Fig. 8. 

F i g u r e  11 d i sp lays  t he  e lec t ro ly te  IR  c o m p o n e n t  as a 
f u n c t i o n  of  t h e  d i s t a n c e  of  t h e  cap i l la ry  t ip  to  t he  w o r k i n g  
e l ec t rode  for  two  d i f f e ren t  e l e c t r o d e / m e m b r a n e  spac ings  
(Fig. 6). Fo r  a 3 m m  gap  b e t w e e n  t h e  e l ec t rode  a n d  t h e  
m e m b r a n e ,  t he  b u b b l e s  are  c lose ly  p a c k e d  in  t he  e lectro-  
lyte  a n d  offer  a h i g h e r  o h m i c  r e s i s t a n c e  t h a n  for  a 9 m m  
gap. The  b u b b l e  a c c u m u l a t i o n  in a layer  at  t he  e l ec t rode  
su r face  r e su l t s  in  a su r face  res i s tance .  A n  IR  sur face  com- 
p o n e n t  of  - 2 5  m V  was  m e a s u r e d  for  a c u r r e n t  dens i t y  of  
300 m A / c m  ~ a n d  IDC of 500 m A / c m  2. 

F ina l ly ,  Fig.  12 s h o w s  t h e  e f fec t  of  e lec t ro ly te  s t i r r ing.  
T h e  IR  c o m p o n e n t  vs .  d i s t a n c e  was  p lo t t ed  for  c o n d i t i o n s  
(i) n o r m a l  s t i r r ing ,  a n d  (ii) v i o l e n t  s t i r r ing .  

Discussion 
C u r r e n t  i n t e r r u p t i o n  is a we l l - e s t ab l i shed  m e t h o d  for es- 

t i m a t i n g  t h e  cell  o h m i c  d r o p  a n d  t h e  e l ec t rode  po la r i za t ion  
po ten t i a l ;  a n  o lder  m e t h o d  for  e s t i m a t i n g  t h e  e l ec t rode  po- 
l a r iza t ion  cons i s t s  of  m e a s u r i n g  t he  e l ec t rode  p o t e n t i a l  as 
a f u n c t i o n  of  t h e  d i s t a n c e  of  t he  r e f e r ence  e l ec t rode  to t he  
w o r k i n g  e l ec t rode  a n d  p l o t t i n g  t h i s  v a l u e  as a f u n c t i o n  of  
d i s t a n c e  (d). T h e  e x t r a p o l a t i o n  of  t h e  V v s  d l ine  for  d equa l  
to  zero gives  t h e  e l ec t rode  p o t e n t i a l  f ree  of  t he  IR  corn- 
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Fig. 10, IR component vs. distance from the capillary to the working 
electrode surface for various current pulse amplitudes. Pulse width 
2 ms period 100 ms. 

p o n e n t .  I t  m a y  h a p p e n  t h a t  a t  t h e  e l ec t rode  su r face  t h e r e  is 
a su r f ace  r e s i s t ance ;  in  t h o s e  cases  t h e  two  m e t h o d s  wil l  
n o t  g ive  t h e  s a m e  v a l u e  for  t h e  m e a s u r e d  po ten t ia l ,  s ince  
t h e  s e c o n d  m e t h o d  h a s  i n c l u d e d  in  t h e  m e a s u r e d  p o t e n t i a l  
t h e  su r f ace  r e s i s t a n c e  c o n t r i b u t i o n ,  as s h o w n  s c h e m a t i -  
caUy in  Fig. 1. Th i s  m i g h t  b e  t h e  r e a s o n  why,  m o s t  of  t h e  
t ime ,  t h e  two  m e t h o d s  p r e s e n t  d i f f e r en t  r e su l t s  a n d  t he  IR- 
f ree  m e a s u r e m e n t  m e t h o d  s h o w s  lower  va lues  t h a n  t h e  
o ther .  

I n  t h i s  p a p e r  w e  p r e s e n t  a m e t h o d  in  w h i c h  t h e  sur face  
r e s i s t a n c e  is d e t e r m i n e d  b y  m e a s u r i n g  t h e  IR  c o m p o n e n t  
as a f u n c t i o n  of  t h e  d i s t a n c e  b e t w e e n  WE a n d  R E  for  gas- 
e v o l v i n g  e l ec t rodes .  W h a t  w e  o b s e r v e  is t h a t  e v e n  t h o u g h  
t h e r e - w a s  b u b b l e  f o r m a t i o n  ove r  t h e  sur face ,  300 mAJcm 2, 
10 m s  c u r r e n t  pu l se s  d i d  no t  cause  a n y  i nc r ea se  in  sur face  
res i s t ance .  V a r i o u s  b a c k g r o u n d  dc  c u r r e n t s  we re  a d d e d  to 
t h e  300 m A / c m  2 c u r r e n t  pu l ses ;  t h e  r e su l t s  do  n o t  s h o w  any  
c o n t r i b u t i o n  of  t h e  r e s i s t ive  l ayer  a t  t he  e l ec t rode  surface.  

On ly  for  a n  e l e c t r o d e  s e p a r a t o r  gap  of  3 m m  it  was  possi-  
b l e  to d e t e c t  a c o n t r i b u t i o n  of  t he  b u b b l e  effect ,  b o t h  in  t h e  
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Fig. 11. IR component as a function of the distance for o 3 mm elec- 
trode/separator gap A and for a 9 mm gap A. 

e lec t ro ly te  b u l k  a n d  a t  t h e  e l ec t rode  surface ,  as s h o w n  in  
Fig. 11. Th i s  e f fec t  is d u e  to b u b b l e  c r o w d i n g  a n d  t h e  con-  
s e q u e n t  i n c r e a s e  in  t h e  e l ec t ro ly te  vo id  space.  

A n  a p p a r e n t  b u b b l e  c u r t a i n  e f fec t  was  d e t e c t e d  w h e n  
t h e  s t i r r ing  e l ec t ro ly te  m o t i o n  was  s u b s t a n t i a l l y  inc reased ;  
d u e  to t h e  m o t i o n  i n d u c e d  b y  s t i r r ing  t h e r e  was  a d e c r e a s e  
in  b u b b l e  d e n s i t y  for  p o i n t s  away  f rom t h e  e lec t rode .  Th i s  
r e su l t s  in  a d e c r e a s e  of  t h e  b u l k  r e s i s t a n c e  b u t  no t  a de-  
c rease  in  t h e  r e s i s t a n c e  of  t h e  e l ec t rode ' s  a d j a c e n t  e lectro-  
ly te  layer ,  d u e  to t h e  p r e s e n c e  of  a s t a g n a n t  l iqu id  layer  at  
t h e  e l ec t rode  surface ,  as s h o w n  in Fig. 12. 

Af te r  a p e r i o d  of  o p e r a t i o n - i n t e r r u p t i o n - o p e r a t i o n  (24 h), 
t he  e l ec t rode  ha s  a su r face  r e s i s t a n c e  w h i c h  is p r o b a b l y  as- 
soc ia t ed  w i t h  t h e  g r o w t h  of  d i f f e r en t  s u b s t a n c e s  o n  t he  
n i c k e l  e lec t rode ,  i.e., a n i c k e l  h y d r i d e  a t  t h e  c a t h o d e  a n d  a 
n i cke l  o x i d e  at  t h e  anode .  E l e c t r o d e  c o n n e c t i o n  r e s i s t a n c e  
p r e s e n t s  a c o n t r i b u t i o n  to t h e  IR  c o m p o n e n t  w h i c h  in- 
c reases  w i t h  e lec t ro lys i s  t ime.  F o r  t h i s  reason ,  c o n n e c t i o n s  
h a v e  to b e  t i g h t e n e d  at  e a c h  s ta r t ing .  

F r e s h  n i cke l  e l e c t r o d e s  w h i c h  we re  no t  c a t h o d i z e d  be- 
fore  t he  n i c k e l  e l e c t r o d e p o s i t i o n  p r e s e n t  a res i s t ive  com-  
p o n e n t  w h i c h  is p r o b a b l y  a s soc i a t ed  w i t h  t h e  p r e s e n c e  of  a 
n i c k e l  ox ide  layer  b e n e a t h  t he  n i cke l  over layer .  

Table I. Cathodic IR component for various background dc currents 
mA/cm current pulses. measured by applying 300 2 

WE • RE DC Current (mA/cm 2) 
(mm) 00 30 60 130 200 250 

Conclusions 
1. A m e t h o d  for  m e a s u r i n g  e l ec t rode  su r face  r e s i s t a n c e  

was  d e v e l o p e d  a n d  tes ted .  I t  cons i s t s  of  m e a s u r i n g  t he  IR 
d r o p  as a f u n c t i o n  of  t h e  d i s t a n c e  of  t h e  r e f e r e n c e  elec- 
t r o d e  to t h e  w o r k i n g  e lec t rode .  

0.0 5 5 2 3 5 5 
0.5 15 12 10 18 15 20 
1.0 25 28 22 30 25 30 
1.0 35 38 35 40 35 40 
2.0 48 48 45 50 45 50 
2.5 58 60 55 60 55 60 
3.0 70 70 68 70 75 70 
3.5 80 78 80 80 82 85 
4.0 90 92 95 90 95 92 

Table II. Anodic I R component for various background dc currents 
measured by applying 300 mA/cm 2 current pulses. 

WE x RE DC Current(mA/cm 2) 
(mm) 00 30 60 130 200 250 

0.0 5 4 6 5 6 6 
0.5 12 12 13 14 15 13 
1.0 20 23 23 24 25 22 
1.5 28 33 34 35 35 35 
2.0 38 45 45 45 46 45 
2.5 48 54 55 55 56 54 
3.0 58 63 68 67 68 63 
3.5 68 73 78 78 78 78 
4.0 75 83 80 88 85 88 
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Fig. 12. Effect of the electrolyte stirring. (1) Normal, (il) violent. 
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2. For electrodes with a resistive layer at the surface, the 
current interruption technique and the conventional 
method of determining the electrode potential (obtained 
by displacing the electrode along the interelectrode space) 
gives different results. The IR-free potential values deter- 
mined by the current interruption technique are usually 
smaller than the ones obtained by the other method. 

3. Curtain effect is only measurable (-+ 10 mV) for bub- 
bles confined to a restricted volume (for 300 mA/cm 2 cur- 
rent density and electrode-membrane spacing ~3 mm, 
V = 1 cm"). 

4. Electrodes separated by a gap of - 7  mm or larger do 
not show any IR component  contribution due to bubble 
curtain effect (for a current density of - 1  A/cm2). 

5. After a period of operation-interruption-operation, 
nickel-coated surfaces developed a resistive layer. 
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The Partial Oxidations of Cyclohexane and Benzene on the 
FeCI3-Embedded Cathode during the 02-H2 Fuel Cell Reactions 

Ichiro Yamanaka and Kiyoshi Otsuka 
Department of Chemical Engineering, Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152, Japan 

ABSTRACT 

Activation and partial oxidations of cyclohexane and benzene occur at ambient temperatures on cathodes containing 
various metal chlorides during O2-H2 fuel cell reactions. Among the metal chlorides embedded in graphite cathodes, FeC13 
was the most  effective for enhancing the partial oxidation of cyclohexane into cyclohexanol and cyclohexanone. This ca- 
thode was also effective for the hydroxylation of benzene to phenol. The effects of various kinetic factors on the rate of 
oxidations of cyclohexane and benzene have been examined. The kinetic results have been explained in terms of the reac- 
tion mechanism proposed. It is suggested that the activation and partial oxidation of cyclohexane and aromatics are initi- 
ated by an active oxygen, O*, generated on the iron cations at the cathode due to the reduction of dioxygen during the 
O2-H2 fuel cell reactions. Experiments  using H~O2 as the oxidant have indicated that the H202 cannot.be a precursor of the 
active oxygen O*. The product distribution observed in the oxidation of toluene implies that the O* has a character more 
electrophilic than OH radicals. 

The direct partial oxidation of alkanes through dioxygen 
activation under mild conditions is one of the most inter- 
esting but still undeveloped fields of catalysis (1). Many 
systems based on the principles of coupled oxidations 
using a transition metal  complex have been developed as 
mimics of enzymes such as cytochrome P-450 (2), methane 
monoxygenase (3), or copper monoxygenase (4). 

Cytochrome P-450 catalyzes a wide variety of oxygen- 
ations such as hydroxylations of aromatics or of saturated 
hydrocarbons, and epoxidations of olefins (2). The active 
site of P-450 has long been known to contain a single iron 
protoporphyrin IX prosthetic group. Dioxygen is ad- 
sorbed, reduced, and activated on this site. It is generally 
accepted that the catalytic sequence of cytochrome P-450 
involves the following steps (2): (i) binding of a substrate to 
give a high-spin ferric complex, (ii) one-electron reduction 
of the iron to the iron(II) state by an electron donor such as 
NADPH with the aide of the electron-transfer system in 
cytochrome P-450, (iii) binding of molecular oxygen to 
give the oxo-form complex Fe~+O2 , (iv) transfer of  a sec- 
ond electron to the complex to generate the iron peroxo 
species Fe3§ ~-, (v) cleavage of the O--O bond with con- 
comitant generation of the reactive oxidant [FeO] 3+ and a 

water molecule, (vi) a two-electron oxidation of the sub- 
strate to produce its oxygenate and regenerates the ferric 
resting state of the enzyme.  Here the activation of diox- 
ygen as a whole could be expressed as 

Oz + Fe E+ (P-450) + 2H* + 2e- --~ [FeO] 3+ (P-450) + H20 
[1] 

Our recent work (5) has shown that the hydroxylation of 
benzene and cyclohexane can be achieved at the cathode 
during the fuel cell reactions of 02 and H2 using Pd-black 
cathode at room temperature. The reaction system em- 
ployed for this work is shown in Fig. 1. As will be de- 
scribed later, preliminary experiments showed that the 
various metal  chlorides impregnated in graphite enhanced 
the partial oxidation of cyclohexane at the cathode for the 
reaction system shown in Fig. !. Among the metal chlo- 
ride-impregnated electrodes tested, the FeC13-impreg- 
nated graphite (denoted as FeC13/Gr hereafter) showed the 
highest catalytic activity in the partial oxidation of cy- 
clohexane. The oxidation of cyclohexane at the cathode 
may be initiated by an active oxygen (O*) generated during 
the O2-H2 fuel cell reaction. In this.report, we demonstrate 

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 143.106.108.134Downloaded on 2015-06-24 to IP 

http://ecsdl.org/site/terms_use



