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The theoret iccl  solution of t h e  porous electrode has been impeded by two major 
interreleted problem. The f i r s t  i s  theschoice of a proper m d e l  tha t  i s  amenable 
t o  x t h e n a t i c a l  treeti lent,  end the second is a solvable mathematical expression 
compatible w i t h  the physical nodel. 
several  ways. 

The choice of a model has been tackled in  

A number of authors "2yetc' have t reated the e n t i r e  porous electrode as  a d i s -  
t r ibuted qetwork of interconnect- pores conta in iw both f u e l  and electrolyte  and, 
on some s b a t i s t i c a l  bas i s  depending on the i r  exact choice of model, proposed any of 
several  rate-controll ing factors ,  and then se t  up equations which they then further 
simplified and l inear ized t o  get an analytic solution. This approach ignores the 
localized nature of the actual  three phase region, and can lead t o  somewhat unreal- 
i s t i c  models. For example, t o  make the mathematics eas ie r ,  the  random network of 
interconnecting passages between t h e  par t ic les  of a sintered porous electrode i s  
frequently 'replaced' by a s e t  of uniform cyl indrical  tubes running through the 
porous electrode. Even forget t ing t h a t  the ' rea l '  porous s t ructure  rather resem- 
bles  a three-dimensional 'string of beads ', with -Telatively large voids intercon- 
nected by small non-circular in te rs t ices ,  individual pore behavior may be so 
dependent on gore s ize  t h a t  it is misleading t o  assign some 'average' value t o  the i r  
diameter. 'Calibrating' factors  such as ' tor tuosi ty '  can of course always be added 
t o  make the solution conform, but they ra ther  tend t o  obscure t h e  basics involved. 

The other approach generally taken is t o  consider the  loca l  question i n  the 
meniscus region it e l f ,  and t o  forget the s t ructure  of t he  porous electrode. Thus, 

and diffusion of atomic hydrogen t o  the  e lec t ro ly te .  
yields  far  too low currents  in  a prac t ica l  case. 

for  example, J u s t i  3 proposed a dissociative adsorption on the bare ca ta lys t  surface 
This treatment, however, 

4 W i l l  i n  a paper widely quoted i n  recent treatments of the subject,  suggested 
t h a t  a ' thin fi lm' above the meniscus was the primary active region and showed good 
agreement w i t h  experiments using a p a r t i a l l y  knmersed platinized platinum electrode. 
Attempts t o  apply t h i s  concept t o  ' real '  electrodes leads t o  some inherent contra- 
d ic t ions .  
culates  a -5 t o  1.a f i l m .  But i n  a real porous system, where typical  pore sizes 
are below 1 a, t h i s  leaves no roan f o r  the  gas phase, and the electrode would in  
effect  be canpletely flooded. Further, since many working fuel c e l l s  are water- 
proofed with 'Teflon' or paraffins, a ' thin fi lm' should be inherently unstable. 

In order t o  account for the currents produced in h i s  meniscus, W i l l  cal-  

Experimental: I n  order to  test t h e  various theories,  a simulated single pore 
with two-dimensional symmetry was constructed using closely spaced precision 
parallel plates  (Fig. 1). 
f la t  Si% block ( D ) .  
that its spacing t o  an Si02 window (E) can be varied,  thus varying the effective 
s l i t  width. This geometry w a s  chosen rather  than tha t  of capi l la r ies  because it 
gave a meniscus length independent of spacing, and permitted d i rec t  microscopic ob- 
servation of the meniscus region. 

The electrode i s  a sputtered Pt  f i lm ( C )  on an optically 
This block i s  mounted on a Teflon piston i n  a Teflon c e l l  60 

In most cases, the Pt was in the form of a th in  f i lm sputtered onto 8 sub-film 



thickenss of the l iquid i n  the meniscus, and i n  any ' th in  films' which might have 
been present. 
microcinematography. 

The fringes were measured visual ly  and by microphotography and 

ExRrimental r e su l t s  : 

were not rigorously cleaned, the neniscus edge w a s  always erratic and irregular and 
showed strong hysteresis on lowering and rais ing the meniscus level.  

\, i n & ,  the neniscus edge was extremely s t ra iqht  , any l oca l  var ia t ion from l inea r i ty  
us;lally being l e s s  than 25 u, t he  limit detectable with the 60 X microscope which 
was used. 

' pm) and then lowered a 's table '  f i l i n  was produced above the  l iquid which slowly 
drained t o  a thickness of about .5 t o  1 U.. When the  potent ia l  was lowered below 
.b t o  .B V ' t k  film s p l i t  f o r 3 h g  a f i n i t e  contact angle (of between 2-6' depending 
on conditions), a region with a teardrop shaped cross section above it where the 

broken, it was not possible t o  re-establish it except by ac tua l  r e - h e r s i o n  at 

1. Optical: On the polished netal f o i l ,  and on the.sputtered films which 3 
After clean- 

>%en the neniscus was ra ised i n  the s l i t  at a potent ia l  > 0.8 V (vs. 

" fi lm had been, and a bare space between them (see Fig. 3).  Once the  t h i n  fi lm was 

\ 



higher potentials. 
.6 V, it always ran down smoothly, maintaining a f i n i t e  edge, and leaving f i b .  
(Rapid lowering at the meniscus also produced a f i n i t e  edge but frequently l e f t  
isolated 'islands' of solut ion behind.) Variation of potent ia l  in the f i n i t e  edge 
meniscus increased the  contact angle (in accordance w i t h  changes of in te r fac ia l  
tension changes), but it never decreased s igni f icant ly  unless disturbFd by other 
causes. 

If the meniscus w a s  lowered slowly at potentials below about 

2. Electrochemical: Measurements w i t h  H2 under 'd i r ty '  conditions were gen- 
e ra l ly  irreproducible end showed marked decay of current with time a t  constant 
potent ia l .  
ally and cathodically (care being taken not t o  evolve €I2 or 02 on the immersed 
surface) but the currents from electrodes so t reated dropped s teadi ly  over periods 
of  hours. 

The electrode could be 'activated' by cycling it back and for th  anodic- 

In clean systems, e r r a t i c  behavior was obtained while the ' th in  films' drained, 
but when a f i n i t e  edge m s  established, the  currents s tabi l ized and were generally 
reproducible within 2 2-5$. Occasinnally, the electrodes were mildly 'activated', 
but the simple ac t  of measuring the currents at potent ia ls  from 0-1V and back 
sufficed for hours at a the. 

Figures 4 and 5 show typical  E-I curves obtained with H2 and w i t h  02 at 1 atm 

This apparent res is tance (about loo0 -n fo r  a 1 an long menis- 
i n  1 B H&O4. Both c u r n s  show a highly linear 'pseudo-ohmic' behavior over a wide 
poten t ia l  region, 
cus) was indepndent of the inrPersed length of the electrode. 
res is tance of the  soJution frm the meniscus b o t t m  t o  the bottcm of the s lo t  w88 
only ao'out 25 Jl in t h i s  case.) 
t o  'activation' than was that of hydrogen. 
the intercept of I on the  V axis varied with act ivat ion.  

(The calculated 

The oxygen reduction react ion was  more sensitive 
The value of dI/dV was constant, but 

3. Meniscus heatinq: A s  reported e s r l i e r Y 5  at higher polarizations ( i . e .  
> N . 5  V )  8 def in i te  a c t i v i t y  above the meniscus w88 observable with the microscop. 
This ac t iv i ty  took tvo d i f fe ren t  farms, depending on w h e t h e r  the  system WBB 'clean' 
o r  'd i r ty ' .  In the 'd i r ty '  system, both on Ft f o i l  and on the  s p t t e r e d  fllm, a 
'fog' of minute droplets grew, coalesced and drained dawn in to  the meniscue, per- 

m i t t i n g  new drops t o  grow in  t he  drained regions. 
condensed l iquid grew 25-100 th abwe the meniscus edge. 
unstable and &abed  down loca l ly  into*the meniscus (never draining 'dry', however) 
detached, and continued growing again. This band was not continuous with the m S b  
meniscus except d u r w  the  drainage, a - f i n i t e  edge being observable at al l  tlmee. 

On the basis of the detailed physical description of the system 

In 'clean' systems, a band of 
As the  band grew, it became 

Discussion: 
obtained through the opt ica l  masurupents, a d i f f e r e n t h l  equation vas s e t  up t o  
describe the system as closely as possible.  
involved in the ' f i n i t e  contact angle men~sCu8'. A t  small pore S h e 8  ( <  1 m), 
the surface of the gse-liquid interface can be represented very closely by the 
surface of a cylinder, the surface of which is shown as the c i rcu lar  arc (in crOS8 
sect ion normal t o  the electrode surface). 
Of the meniscus with the surface, the equation fo r  the  c i r c l e  then bCCCme8 

(x - f.012 + (7 - yo)2 = R ;at x = 0, y = 0, R (< + ~2,)l/~, and e: contact angle 
= t d  

*!he phenawnon, although d i f f i c u l t  t o  describe verbally, appears very sFmilar, 

Figure 6 shows the relevant geometries 

kt x 0 be the point of intersection 

2 

(%/yo . The gas (H2) dissolves in the e lec t ro ly te  and diffueee t o  the 

except in scale ,  t o  the ring of condensing alcohol observable above the meniscue in 
a par t i a l ly  f i l l e d  sherry glass. 
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electrcde.  .4ssuning e q u i l i b r i u  disso!.ution and steady s t a t e  diffusion, including 
a l inear concentration gradient (6 is  m r n  l ess  than .05 cm) the  diffusion d i s -  
tance, Q. from a point ' ' a t  the metal l ies  on a radius of the c i r c l e ,  such that 
6 =  [(X - xo )2 + $]1?2 - R.  (Note : This is not s t r i c t l y  true since v-c # 0 ,  
but quite reasonable a t  small x, where the 'C'  is large,  and unimportant a t  large X 
where 'C'  is small.) 
current density i, I 

(where 9 is a non-mechanistically significant constant, but can be varied i n  the 
solution t o  represent the experimental Tafel slope, and TX i s  the t o t a l  potential  
jump at the metal-solut ion interface).  

A t  the electrode surface the gas reacts g i v i q  a local 

ix = io ( C x / C o )  exp(EnxF/RT) (1) 

I n  a th in  c t r i ?  'dx' deep in to  liquid lcm ( in to  the plaae of the  paper) 
between x and x + dx (see Fig. 7) the t o t a l  current Ix+& has becnjncreased from 
I, by the amount i x - d x . l ,  or 

( A  minus sign i s  used her? because the ion current is ;reduced by pos. H+ ions, 
but the sme equetion r e su l t s  if the oi?posite sign convention i s  used.) 

Considering the diffusion of gas t o  the surface (and assuming a linear case as  
DZF(Cc - Cx) dIx 

(3) - -  
described Pove ) 

- d x  lX = 
A 

Considering the vol twe in  the solution, as the  current, I,, passes through I 
I th? t h i n  s l i ce  there w i l l  be an E. drop fron x t o  x+dx @f 

c Thus ,  

sclving (7)  for dIx/dx: 
d I x  i,exp(Qnp/RT) 

SolvLnq eqn. (5)  for  I,, I, = - (bx/o)(dVx/dx) and differentiat-, 

,! frm geometry 

I ' snd combining (8) and (10) 

1 
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1 (X - Xo) dVx P i o  exp(S't?F/RT) - 
dx2 +6,(6x+R) =' 'L 1 + (io6x/DzFCo) exp(S@/RT)J 

Matching the potent ia l  i n  the solution with the potential  a t  the boundary 

(I1) 

(since the metal i s  considered t o  be equipotential)  , 
ana--- "x d'll 

dx - dx L V x -  E(Rev. fo r  Co) 
I 

Thus, f inal ly ,  

This equation i s  not solvable anal~ically, but it was ,mogrsrmned in Fortran IV for  
solution on a d i g i t a l  computer. Sane typ ica l  resu l t s  of t h i s  computer solution are 

Figures 9 and 10 are typical  combined plots of the local current density (D),  
potent ia l  (V), the  integrated current fkcan the t i p  t o  the pint l x l  ( C ) ,  the local 
polarization p e r  loss density, and the  1% pawer loss density in the electrolyte 
for+ a particular potent ia l  (Vap*kd = .23V) in the case of a gas electrode in  
1 N H$O4, assuming for the constants involved D = 1.8 x 10-5 &/see; x - 1.5 x 

and Co = 1.2 x 10-5 moleS/cm3 where & of the constants involved are experiment- 
ally determined. 
and vs. the log of the distance in Fig. 10. 

10-3 m; yo = 4.3 x 10-2 a; P = 4.65nm;  B F ~ T  = 60 m; z = 2; io = 18-g 

The values are  plotted vs. linear distance f r o m  the t i p  in 9, 

The equation has been solved for a number of variations of the experimental 
constants FnMlved, but the results are too numerous t o  include here. 
able interest  is t h e  f a c t  that the  solution shows that most of t current a t  
higher polarizetione is produced within very short  distances (10% t o  10-5 cm fran 
the t i p )  and that the current per cm of meniscus is relatively ixtdepedent of the 
pore s ize .  The obvious conclusion i s  that aqy catdLyst which i s  any further than 
10-5 an frcm a meniscus edge is worthless a t  hi@ polarizations. 

O f  consider- 

To t e s t  this 
on microporous substrates which 

surface, but yielded currents UP 
difYusion control with H2, and shaved 

'TafeUien' behaviar with 0, up t o  100 ma/&. 
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Figure 1: Cross section of s lo t  electrode ce l l :  
A. Gas space 
B. Electrolyte 
C .  P t  f i b  on "D" 
D. S i0  
E. S i0  

op t i ca l  f l a t  block fo r  electrode 
opt ical  f l a t  p la te  fo r  window 

F. Teflon piston 
G. Teflon c e l l  body 
H. Pd-II bead f o r  reference electrode 
I. Pd tube f o r  counter electrode 
.T. Piston-micro-burette for  changing electolyte  l eve l  - ~~- 

K. O-ring seals f o r  piston 
L. E lec t r ica l  connection t o  rear Of electrode "C" 
M,M'. I n  and out t ranslat ion of piston varies " s l O t "  spacing 
N,N' . Piston "J" varies meniscus leve l  
0; Gas in le t  
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Figure 2: Geometry Of the 
re f lec t ion  technique 
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Figure 3: C r e a t i m  of f i n i t e  meniscus from wetted fi lm 
(Borizontal dimensim greatly exaggerated) 
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Figure 4: Experimental and calculated values f o r  % 

0.5 1 Oxygen reaction 
io=1g Acm-2 

Figure 2: Experimental and  calculated values fo r  02 
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Figure 6: (abwe) Geometry of 
the meniscus f o r  ~ 

computer solution of 
d i f f e ren t i a l  equation 

Figure 1: ( l e f t )  Schematic Of 
the flow of current 
and reactant 
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Figure 8: Computer p lo t  of the  terminal current-voltage relationship 
with variation of exchange current. 

Curve A: io = 10-3 
Curve B: io = 10-6 
Curve C: io = 10-9 
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Figure 9: Computer plot of the local values of the variables i n  the 
meniscus for a given potential plotted with linear distance. 

Figure 10: Computer plot of the local values of the variables in the 
meniscus for a given potential plotted with lomrithm of 
the distance. 


