
Vol.  117, No. 3 O X Y G E N  R E D U C T I O N  

i oc po~[H+]3/2 exp ( -- - - ~ - )  [20] 
FV 

This equat ion has a Tafel  slope of RT/F,  and has the  
correct  oxygen pa r t i a l  pressure  and pH-dependence  
(11). 

Acknowledgment 
The au thor  wishes to t hank  P r a t t  & Whi tney  A i r -  

craf t  Division of Uni ted  Ai rc ra f t  Corporat ion,  and the  
sponsors of this  w o r k  under  the  TARGET fuel  cell  
program,  for permiss ion to publ ish  this  paper .  The 
help  of the  var ious  members  of IGT who assisted in 
p repa ra t ion  is also g rea t ly  apprec ia ted .  

Manuscr ip t  submi t ted  Aug. 1, 1969; revised m a n u -  
script  received ca. Nov. 12, 1969. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Sect ion to be publ ished in the  December  1970 
J O U R N A L .  

REFERENCES 
1. D. T. Sawyer  and L. V. In te r ran te ,  J. Electroanal. 

Chem., Z, 310 (1961). 
2. M. W. Brei ter ,  Electrochim. Acta, 9, 441 (1964). 
3. C. C. Liang and A. L. Ju l ia rd ,  J. Electroanal. 

Chem., 9, 390 (1965). 
4. E. I. Khrusheheva ,  N. A. Shumilova,  and M. R. 

Tarasevieh,  Elektrokhim., 1, 730 (1965). 
5. L. Mfiller and  L. N. Nekrasov,  Dokl. Akad. Nauk. 

S.S.S.R., 157, 416 (1964). 
6. L. Mfiller and  L. N. Nekrasov,  J. Electroanal. 

Chem., 9, 282 (1965). 
7. J. P. Hoare,  This Journal, 112, 602 (1965). 
8. G. Bianchi  and T. Mussini, Electrochim. Acta, 10, 

445 (1965). 
9. J . J .  Lingane,  J. Electroanal. Chem., 2, 296 (1961). 

10. A. Damjanovie  and J. O'M. Bockris,  Electrochim. 
Acta, 11, 376 (1966). 

11. A. Damjanovic  and  V. Brusic, ibid., 12, 615 (1967). 
12. A. Damjanovic ,  A. Dey, and J. O'M. Bockris,  ibid., 

11, 791 (1966). 
13. A. Damjanovic ,  M. A. Genshaw, and J. O'M. Bock-  

ris, This Journal, 114, 466 (1967). 
14. A. Damjanovic ,  M. A. Genshaw, and J. O'M. Bock-  

ris, J. Chem. Phys., 45, 4057 (1966). 
15. A. J. Appleby ,  J. Electroanal. Chem., 24, 97 (1970). 
16. H. A. Lai tenen and C. G. Enke, This Journal, 107, 

773 (1960). 

O N  O X I D E - F R E E  P t  335 

17. A. K. N. Reddy,  M. Genshaw, and J. O'M. Bockris,  
J. Electroanal. Chem., 8, 406 (1964). 

18. S. D. James,  This Journal, 114, 1113 (1967). 
19. S. Schuld iner  and T. B. Warner ,  ibid., 112, 212 

(1966). 
20. J. P. Hoare,  ibid,, 109, 858 (1962). 
21. H, Wroblowa,  M. L. B, Rao, A. Damjanovic ,  and 

J. O'M. Bockris,  J. Electroanal. Chem., 15, 139 
(1967). 

22. G. Lewis and M. Randell ,  "Thermodynamics  and 
Free  Energy  of Chemical  Substances,"  M cGraw-  
Hill  Book Co., New York  (1923). 

23. Monsanto Corporat ion,  Technical  Bul le t in  1-239. 
24. J. Bravacos,  M. Bonnemay,  E. Levar t ,  and  A. A. 

Pi l la ,  Compt. Rend. Acad. Sci. Paris, 265, 337 
(1967). 

25. A. J. A pp l e by  and A. Borucka,  This Journal, 116, 
1212 (1969). 

26. V. S. Bagotski i  and I. E. Yablokova,  Z. Fiz. Khim., 
27, 1663 (1953). 

27. L. Miil ler  and L. N. Nekrasov,  Dokl. Atcad. Nauk. 
SSSR, 154, 437 (1964). 

28. L. Mii l ler  and V. V. Sobol, Elektrokhim., 1, 111 
(1965). 

29. L. N. Nekrasov,  ibid., 2,438 (1966). 
30. H. P. Stout,  Discussions Faraday Soc., 1, 246 (1947). 
31. A. C. Riddiford,  Electrochim. Acta, 4, 170 (1961). 
32. T. P. Hoar, Proc. 8th Meeting CITCE, Madrid 1956, 

p. 439, But te rwor ths ,  London (1958). 
33. H. Mauser,  Z. Elektrochem., 62, 419 (1958). 
34. D. S. G na na muthu  and J. V. Petrocel l i ,  This 

Journal, 114, 1036 (1967). 
35. J. O'M. Bockris,  J. Chem. Phys., 24, 817 (1956). 
36. B. E. Conway and P. L. Bourgault ,  Can. J. Chem., 

40, 1690 (1962). 
37. D. J. I r e s  and G. J. Janz,  "Reference E l e c t r o d e s - -  

Theory  and Pract ice,"  p. 365, Academic  Press,  
New York  (1961). 

38. J. P. Hoare,  This Journal, 112, 849 (1965). 
39. B. E. Conway and E. Gileadi,  Trans. Faraday Soc., 

58, 2493 (1962). 
40. W. BSld and M. Brei ter ,  Electrochim. Acta, 5, 145 

(1961). 
41. O. A. Petr i i ,  R. V. Marvet ,  and Zh. N. Malysheva,  

Elektrokhim., 3, 962 (1967). 
42. R. Parsons,  Trans. Faraday Soc., 54, 1053 (1958). 
43. T. Biegler  and R. Woods, J. ELectroanal. Chem., 

20, 347 (1969). 
44. A. Damjanovic ,  P r i va t e  communicat ion  (1969). 

Rotating Ring-Disk Electrodes 
II. Digital Simulation of First and Second-Order Following Chemical Reactions 

Keith B. Prated and Allen J. Bard* 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 

ABSTRACT 

A digi ta l  s imula t ion  technique has been employed  to t r ea t  the  s t eady-s ta te  
and t rans ient  r ing cur ren t  behavior  a t  the  ro ta t ing  r i ng -d i sk  e lect rode 
(RRDE) for cases where  the  in te rmedia te  genera ted  at  the  disk electrode 
undergoes  a first- or  second-order  homogeneous chemical  react ion leading to 
a nonelect roact ive  species. Where  comparisons were  possible,  the  resul ts  were  
found to be  in good agreement  wi th  previous  approx ima te  theore t ica l  t r e a t -  
ments.  Work ing  curves  are  provided  which  al low de te rmina t ion  of ra te  
constants  of the  homogeneous  react ions f rom r ing -cu r r en t - ro t a t i on  ra te  data.  

The ro ta t ing  r ing -d i sk  e lect rode (RRDE) was in-  
t roduced by  F r u m k i n  and Nekrasov  (1) as a means  
of de tec t ing  in te rmedia tes  of e lec t rode  reactions.  An  
in termedia te ,  B, is genera ted  at  the  d isk  electrode by  
the react ion 

A • ne ~ B [1] 

and B is de tec ted  at  the  r ing  e lec t rode  by apply ing  a 

1 P r e s e n t  add re s s :  U n i v e r s i t y  of Texas  a t  E1 Paso,  E1 Paso,  Texas.  
* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  Member .  

sufficient potent ia l  such tha t  a l l  B reaching the  r ing is 
t r ans fo rmed  back  to A by  the  react ion 

B • ne ~ A [2] 

If B is a s table  species, t hen  the  rat io  of the  cur ren t  
at  the  r ing e lec t rode  to the  cu r ren t  at  the  disk elec-  
t rode  is a funct ion only of the  geomet ry  of the  elec-  
t rode  (2). This ra t io  is cal led the  collection efficiency, 
N, and is given b y  the  express ion 
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N ---- --{r/id [3] 

If species B undergoes a chemical reaction which de- 
pletes i t s  concentrat ion as it passes from the disk to 
the ring, then  the observed collection efficiency unde r  
these conditions, Nk, (the kinetic collection efficiency) 
wil l  be smaller  t han  that  found in  the absence of 
these reactions. In  this case, the collection efficiency is 
a function, not  only of electrode geometry, but  also of 
the rate constant  of the reaction, the rotat ion rate, 
~, and other solution parameters.  

Albery  and Bruckenste in  (3) have given an ap- 
proximate t rea tment  of steady-state kinetic collection 
efficiencies for the first-order EC mechanism (where 
EC denotes an electron t ransfer  followed by a chemi- 
caI reaction) 

k, 
B .~ X [4] 

in which B reacts to give an electro-inactive species X. 
This t rea tment  is valid only for extremely th in - r ing  
th in-gap electrodes and then only for certain values 
of kl/~. In  a later  paper, Albery,  Hitchman,  and Uls-  
t rup (4) modified the previous t rea tment  to make it 
applicable to a wider  range  of electrode geometries. 
Albery  (5) has also t reated the r ing  current  t ransients  
for this mechanism in the case of a constant  current  
at the disk electrode. 

/~lbery and Bruckenste in  (6) have also give*~ an ap- 
proximate t r ea tment  of the second-order EC mech-  
anism 

k~ 
B+C-* Y+Z [5] 

where C, Y, and Z are electro-inactive species. Unfor- 
tunately, the treatment of this mechanism is valid 
only for very small values of the parameter k2C~ 
where C~ is the bulk concentration of species A. 

Albery, Hitchman, and Ulstrup (4) have presented 
experimental work to support the modified treatment 
of the first-order case, and Johnson and Bruckenstein 
(7) have investigated the second-order case. In both 
of these studies, however, the systems chosen did not 
strictly conform to the above mechanisms in that in 
all cases one product of the homogeneous following 
reaction was the starting species, A. Thui, the experi- 
mental studies were more related to the catalytic re- 
action mechanism; a theoretical t rea tment  of that  case 
will be given in a la ter  paper. 

In this paper, we present  the results o i  the applica~ 
tion of a digital  s imulat ion technique (8) to the first- 
and second-order EC mechanisms. In addition to 
steady-state kinetic collection efficiencies, r ing current  
t rans ient  behavior  is presented. This s imulat ion tech- 
nique can be applied to any  electrode and the results 
are valid for any  value of the rate parameters,  k l /~  
and k~C~ A/~. 

Digital Simulation Method 
The basic method for the digital s imulat ion of the 

RRDE including the s imulat ion of the first-order EC 
mechanism has been presented in a previous paper 
(8). Only two modifications of the s imulat ion tech- 
nique previously presented are necessary in order to 
s imulate the second-order  EC mechanism. First, the 
collection efficiency for such a process wil l  be deter-  
mined not only by the value of the rate constant, k~, 
the rotat ion rate, oJ, and the bu lk  concentrat ion of 
species C, C~ For the second-order case, then, an 
addit ional parameter,  m, given by 

r~ = C~176 [6] 

must  be specified. Thus in  setting up the ini t ial  condi-  
tions, the fractional concentrat ion of species A in any 
box will be 

FA(J,K) ---- 1.0 [7] 

and the ini t ial  fractional concentrat ion of species C in 
any box will  be 

Fc (J,K) = m [8] 

A second difference between the treatment of the 
first- and second-order cases concerns the form of the 
dimensionless rate parameter. The pertinent rate law 
for the second-order mechanism is 

--dCc/dt = --dCB/dt = k2CBCc [9] 

In terms of the simulation this becomes 

--~Cc = --~CB = k~CBCc• [I0] 

Dividing through by C~ and letting 

Cc/C~ ---- Fc [Ii] 
and 

CB/C~ = FB [12] 

then Eq. [10] becomes 

--~Fc = --~FB = k2FBCcAt [13] 

Replacing Cc by FcC~ and using the equation (Eq. 
[12] and [25], ref. (8)) 

At ---- tk/L = vi/aDA-i/s~-IL -i (0.51) -2/3 [14] 

one obtains 

--AFc • --AFB ---- kutkC~ [15] 

The product k2tkC~ is the dimensionless rate param- 
eter applicable to this mechanism and is called XKTC. 
Thus 

XKTC = k2tkC~ ---- k2COA~-lvl/3DA -1/3 (0.51)-2/3 [16] 

where as before v is the kinematic  viscosity and DA is 
the diffusion coefficient of species A. 

The effects of kinetics on the  concentrat ion in any 
box may be taken  into account by replacing the exist- 
ing concentrat ions of B and C, FB and Fc by 

F'B (J,K) ---- FB (J,K) -- AFB (J,K) [17] 

F'c (J,K) ---- Fc (J,K) -- hFc (J,K) [I8] 

Other than  these two modifications, the s imulat ion is 
identical to that  previously presented. 

A digital computer program based on the digital 
s imulat ion model with the appropriate modifications 
was used to obtain the results which  wil l  be presented. 
These results were obtained by first selecting a value 
for the appropriate dimensionless rate parameter  

XKT = (0.51)-2/3kw-l~-l /SDA -1/3 [19] 

for the first-order case or XKTC for the second-order 
case. In  the second-order  case, a value for the param-  
eter m was also specified. The computat ion was then 
carried out unt i l  a steady state was attained. This 
computat ion yields both steady-state kinetic collec- 
t ion efficiencies, Nk, and the r ing current  t ransients  
as functions of the dimensionless rate parameters  and 
m. In  all cases unless otherwise stated, L = 50 and 
D,~ ---- 0.45 and the appropriate correction factors were 
used. 

First-Order Results 
Steady-state behavior.--The simulated collection 

efficiency vs. XKT curve for an  electrode approximat-  
ing the th in - r ing  th in-gap electrode t reated by Albery 
and Bruckenste in  is shown in Fig. 1 and 2. In  Fig. 1, 
the simulation is compared with Albery  and Brucken-  
stein's Eq. [6.4] (3) in the region of small  XKT. The 
entire s imulated curve is shown in  Fig. 2 as is the com- 
parison with their  Eq. [5.8] (3). These graphs show 
clearly the regions in which the approximate t reat -  
m e n t s o f  Albery  and Bruckenste in  apply for an elec- 
trode of this geometry. These regions of applicabil i ty 
are quite close to those suggested by Albery  and 
Bruckenstein.  

In  a later  paper (4), Albery  pointed out that  the 
th in - r ing  th in-gap  t rea tment  is not valid for most 
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Fig. 1. Collection efficiency vs. XKT for a first-order following 
reaction at a thin-ring thin-gap electrode (IR1 = 2000, IR2 
2040, IR3 = 2080). (~) Comparison with Albery's Eq. [6.4] (2). 
XKT = k l ~ - Z D - 1 / % z / 3 ( 0 . 5 1 ) - 2 / 3 .  
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Fig. 2. Collection efficiency vs. XKT for a first-order following re- 
action at thin-ring thin-gap electrode (IR1 = 2000, IR2 = 2040, 
IR3 = 2080). (~) Comparison with Albery's Eq. [5.8] (2). XKT 
k l ~ -  Z D -  1 / 3 ~ P / 3 ( 0 . 5 1 ) - 2 / 3 .  

practical electrodes, and he presented a modified 
theory which should be applicable to a wider  range of 
electrode geometries. The results of the s imulat ion of 
the two electrodes for which Albery presented his 
calculations are shown in Fig. 3 as well  as Albery 's  
calculated values for the collection efficiency as a 
function of (XKT) 1/g. The agreement  over this range 
of XKT values is excellent. 

It  is interest ing to consider the effect of electrode 
geometry on the range of applicabil i ty of different 
electrodes to studies of first-order following reactions. 
The results of the s imulat ion of three  different elec- 
trodes are given in Fig. 4. Electrode A is the electrode 
previously presented which approximates the th in - r ing  
th in-gap electrode. Electrode B is one of Albery 's  elec- 
trodes. It has a fairly th in  gap and a moderately thin 
ring. Electrode C which has been used in these lab- 
oratories has a comparat ively wide gap and ring. The 
simulated working curves show, as expected, that  the 
th in - r ing  th in-gap  electrode (A) is the most applicable 
of the three for s tudying extremely fast reactions, while 
electrode C, with a wider  gap is more useful  for slow 
reactions. The point to be made here is that  while 
electrodes similar  to electrode A should be used for 
s tudying fast reactions, they are not useful  for slow 
reactions (k ~ 0.1) because even at the lowest usable 
rotat ion rates such a reaction does not proceed to any 
detectable extent  in  the t ime required for species B 
to reach the r ing electrode. In  these cases, electrodes 
with gaps as wide as that  in electrode C or even wider 
should be used 

o4 

Nk 

02t 

Ol 

o 
02 0.4 06 08 i o 

X K T  '/z 

Fig. 3. Collection efficiency vs. (XKT)'/2 for a first-order following 
reaction for two electrodes of different geometries 

a. rl = 0.3635 r2 = 0.3777 r3 = 0.4835 

IR1 = 200 IR2 = 208 IR3 ---- 266 

b. rl = 0.4770 r2 = 0.4869 r3 -= 0.5222 

IR1 = 820 IR2 =- 837 IK3 = 898 

(~) Comparison with Albery's Fig. 2 (4). XKT --~ k w - 1 D - 1 / 3 v  1/3 
(0.51) -2 /3.  

N•kLO[ 0.8 

06 

I0 20 30  0 50 80  TO 80 

X K T  

Fig. 4. Collection efficiency vs. XKT for a first-order following 
reaction for three electrodes of different geometries. XKT ~ 
klm-lD-1/3u1/3(0.51) -:2/3. a, r J r l  = 1.02, r.3/r2 = 1.02;  b, 

r 2 / r l  = | . 04 ,  r3 / r2  = | . 2 8 ;  c, r 2 / r l  = 1.14, r3 / r2  = 1.70. 

For this first-order case, identical s teady-state col- 
lection efficiencies are predicted when  the boundary  
condition at the disk electrode corresponds to a con- 
stant  current  step instead of a potent ial  step. The 
constant current  boundary  condit ion at the disk affects 
only the t rans ient  and not the s teady-state  behavior  
of the collection efficiency. 

Transient behavior.--The simulated r ing current  
t ransients  (RCT) for this mechanism due to a potential  
step at the disk are shown in Fig. 5. Each curve rep- 
resents the RCT for the specified value of the d imen-  
sionless rate parameter,  XKT. As must  be the case, the 
steady-state currents  are seen to decrease with increas- 
ing values of XKT. An interest ing feature of these 
curves is that, unl ike  the RCT in the absence of a 
following reaction, the r ing current  passes through a 
ma x i mum before at ta ining steady state. This is be-  
cause under  the potential  step condition, a very large 
instantaneous flux of species B is generated at the ini-  
t iat ion of electrolysis [see Fig. 2, ref. (8)].  The short 
t ime in terval  be tween the generat ion of this large 
flux of B and the detection of B at the r ing does not 
permit  the homogeneous reaction to reduce the con- 
centrat ion of B to its eventual ,  lower steady-state 
value. Hence a m a x i m u m  in the r ing cur ren t  is ob- 
served. Identical  s imulat ion results are obtained if 
the s imulat ion is carried out with L = 1000 and no 
correction factors. This effect is more clearly shown in 
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Fig. S. Ring current transients for a first-order following reaction 
for different values of XKT. a, 0.0; b, 0.5; c, 1.0; d, 2.0; e, 4.0. Zr 
= i r I (O.51) l /3nFADC ~ ADB2/3ml/2V -1 /6 .  XKT = k l ~ - l D - 1 / 3 ~ r  1/3 
(0.51) -213. Simulated with IR1 = 83, IR2 = 94, ~IR3 = 159. 

Fig. 6 in which the RCT's have  each been normalized 
by the eventua l  s teady-s ta te  current  for each va lue  
of XKT. This plot also po in t s  out that  the va lue  of 
~t D1/3~-1/3(0.51) 2/3 at which  the r ing current  is one- 
half  (or any other  fraction) of the s teady-sta te  value 
is a function of XKT and could in principle be used to 
de termine  the rate  constant, as has been suggested by 
Albery  (5). 

These results can be compared wi th  those obtained 
using a constant cur ren t  boundary condition at the 
disk. The results of two simulations which  differed 
only in the boundary condition at the disk are shown 
in Fig. 7. Note that  no m a x i m u m  is observed when a 
constant current  is applied to the disk. The effect of 
the ra te  pa ramete r  on the normalized RCT's wi th  a 
constant current  step at the disk is shown in Fig. 
8. As before, the  va lue  of the t ime  parameter ,  
~t D1/3v-1/3(0.51)2/3, at a specified fract ion of the 
s teady-sta te  current  is a function of the ra te  pa ram-  
eter, XKT. It  should also be pointed out that  these nor-  
malized curves are independent  of the va lue  of the 
applied constant  current.  

S e c o n d - O r d e r  Results  
Steady-state behavior.--A series of curves of Nk Vs. 

(XKTC) (m) for different values of m, for a fol lowing 
second-order  react ion and for the disk electrode held 
at a potent ia l  where  the l imit ing cur ren t  for the con- 
vers ion of A to B occurs, is shown in Fig. 9. Also 
shown in Fig. 9 is the s imulated collection efficiency 

15 

I.O 

i, 

i r(S.~; 

0 .5  

0 I 2 0  

t / T  k 

Fig. 6. Ring current transients for a first-order following reaction 
for different values of XKT. a, 4.0; b, 2.0; c, 1.0; d, 0.5; e, 0.0. 
Curves are normalized by the steady-state current at each value 
of XKT. Simulated for IR1 = 83, IR2 = 94, IR3 = 159. XKT = 
kl~-ZD-1/3u1/3(0.51)-2/3. 

I0  

i ,  

0 5  

f 
0 

/ 
,io 21o 30 

t/t k 

Fig. 7. Ring current transients for a first-order following reaction 
for XKT = 2.0, IR1 ~ 83, IR2 z 94, IR3 z 159. tk 
~-lD-Z/3vl/3(0.51)-2/3. a, Potential step at the disk electrode; 
b, constant current at the disk electrode. 

I D  

i J~s,)05 

o 
0 t 0 20 3.0 4.0 

t i t  k 

Fig. 8. Ring current transients far a first-order following reaction 
with constant current at the disk for different values of XKT. tk 
~ - Z D - 1 / 3 u l / 3 ( O . 5 1 ) - 2 / 3 .  a, 2.0; b, 1.0; c, 0.5; d, 0.0. IR1 = 83, 
IR2 ~ 94, IR3 = 159. 
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Fig. 9. Collection efficiency vs. (XKTC)(m) for a second-order 
following reaction for different values of m = C~176 a, 0.10; 
b, 0.20; c, 0.50; d, 1.0; e, 10.0. (~) Simulated first-order curve. 
IR1 ~ 83, IR2 ~ 94, IR3 ~ 159. XKTC 
k2a~-ICO AD-113vll3(0.51 )-213. 

curve  for a f i rs t -order  fol lowing reaction. Note that  
when  C is in tenfold excess, the second-order  curve  
is almost indist inguishable f rom the f irs t-order curve;  
thus when  m = 10.0, the second-order  process can be 
t reated as a pseudo-f i rs t -order  one. 

In the case of this second-order  mechanism, unl ike 
that  of a fol lowing f i rs t -order  reaction, the s imulated 
collection efficiencies presented here  are val id  only 
for the case id -- ilim. If a constant current  less than 
the l imit ing current  were  applied to the disk, differ- 
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ent collection efficiencies would be observed as pointed 
out by Albery and Bruckenstein  (6). The simulat ion 
of the effects of a constant  current  less than the l imit-  
ing cur ren t  can easily be done, but there seems to be 
li t t le reason to do so. 

In  the t rea tment  of this case by Albery  and Bruck-  
enstein (6), the current  at the disk electrode is ad- 
justed to a value where the concentrat ions of B and C 
are equal at the inner  edge of the r ing electrode. Under  
these conditions, the current  at the r ing due to species 
B will  be dependent  on the rate  of the reaction be-  
tween B and C and is given by the following equation 

ir = BnF~r2~DA~/2v - I/~k2-1 [20] 

The constant, B, was originally calculated to be 590 
(6) but  more recently has been given as 210 (7). The 
disk current  necessary to produce the appropriate con- 
ditions is given by 

id = 620nFnr12DA2/3el/2~-l/6C~ (1 -- F ( a ) ) - 1  [21] 

where F(a)  is a geometrical parameter  of the elec- 
trode which has been tabulated by Albery and Bruck-  
enstein (2). Note that for the par t icular  value of m, 
given by 

m = C~176 = 1 -- F(~)  [22] 

Eq. [21] becomes 

id = 620nF~r12DA213~l/2v-1/6C~ [23] 

This is precisely the l imit ing current  due to species A 
as predicted by the Levich equation. Thus from Eq. 
[20] and [23], Nk in  this case is given by  

Nk = (B/620) (r2/rl)2 ~k2-1COA-1D1/~v-1/3 [24] 
or 

Nk = (B/620) (r2/r1)2(0.51)2/3(XKTC)-I [25] 

Note that  Eq. [24] must  at best be valid only as 
,~/k2C~ approaches zero where it accurately predicts 
that, under  these conditions, Nk approaches zero. At 
the other limit, as ~/k2C~ approaches infinity, Eq. [24] 
predicts that  Nk should increase without  bound, while 
in real i ty the actual  upper  l imit  is N, the collection 
efficiency in the absence of kinetic complications. 

To compare the digital s imulat ion results with those 
of Albery  and Bruckenste in  (6), an electrode of a 
given geometry was chosen, and m was adjusted ac- 
cording to Eq. [22]. Values of Nk at various values of 
XKTC with id at its l imit ing value can then be used 
to investigate the useful  range of Eq. [24]. 

Simulated collection efficiencies vs. 1/XKTC are 
shown in  Fig. 10 for one of Albery 's  electrodes under  
these conditions. Also shown is the l ine predicted by 
Eq. [25] using B = 210. The s imulat ion yields curves 
which approach the proper l imits (zero or N) for the 
extreme values of ~/k2C~ In the region of small 
~/keC~ the simulated curve is approximately linear, 
but  the agreement  with Eq. [25] depends on the par-  
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il- ~ "o 

XKTC "i 
Fig. 10. Collection efficiency vs. (XKTC) - 1  for a second-order 

following reaction, m = 0.60. IR1 ~ 200, IR2 = 208~ IR3 = 266. 
XKTC = k2o~-lC~ (0.51)-213. Curve a is a plot of 
Eq. [25] ; curve b is the simulated curve. 

t icular  geometry. The slope of the simulated curve as 
~/k2C~ approaches zero yields a value of B of about 
260, but  it seems that  the use of the entire s imulated 
working curve would be preferable to an approximate 
l inearizat ion nea r  ~/k2C~ = 0. 

Albery and Bruckenstein 's  recommended experi-  
menta l  procedure involves variat ion of id at values be-  
low the l imit ing current  and at constant  ~ to obtain 
the ir values used in fitting Eq. [24]. It  appears that  a 
more straight forward procedure when  working curves 
such as those in Fig. 9 are available, would involve 
main ta in ing  id at its l imit ing value and s tudying the 
variat ion of Nk with ~ and m. The value of k2 is then 
obtained by fitting the exper imental  results to these 
working curves. 

Transient behavior . - -A description of RCT's for 
second-order following reactions has not been given 
previously. The s imulat ion shows that  the  RCT's for 
the second-order mechanism are similar  to those for 
the first-order case. As shown in Fig. 11, the extent  to 
which a ma x i mum is predicted in  the potential  step 
case is a function of the ratio of the bu lk  concentra-  
tions of species A and C. If A is in  excess, then the 
ma x i mum is small  because very li t t le B disappears on 
its way to the r ing and the RCT approaches the RCT 
in the absence of a following reaction. If C is in excess, 
then the maxima are similar  to those obtained for 
the first-order case. 

C o n c l u s i o n  
The digital s imulat ion technique is capable of de- 

scribing both the steady-state  and t rans ient  behavior  
at the RRDE for systems involving homogeneous re-  
actions following the electrode reaction for a wide 
range of electrode geometries, ~ and R. Although the 
simulat ion technique permits  the calculation of the 
t ransient  behavior  of the r ing current ,  there are many  
exper imental  problems involved in measur ing these 
transients.  The most impor tant  problem is that  ad- 
sorption of the intermediate,  B, on the disk electrode 
will delay and smear out the RCT while desorption of 
B produced from adsorbed A will  produce a max imum 
similar in form to the one predicted for this kinetic 
case, even in the absence of kinetic effects. Brucken-  
stein (9) has considered cases like this and their  effects 
on transients.  Since adsorption of ei ther product or 
reactant  is so f requent ly  found, the observation of 
the maxima predicted by the simulat ion will  be diffi- 
cult. For the same reason, the use of RRDE transient  
measurements  to investigate the kinetics of homo- 
geneous reactions is probably  less profitable and more 
difficult, than the corresponding steady-state measure-  

0 . 5 /  

o 0 1.0 2.0 3.0 
t / t k  

Fig. 11. Ring current transients for a second-order following 
reaction with a potential step at the disk. tk = 
~ - l D - 1 1 3 v I I 3 ( 0 . 5 1 ) - 2 / 3 .  IRI = 83. IR2 = 94, IR3 = 159. The 
curves are all generated for (XKTC)(m) = 2.0 at different values 
of m; also shown is the first-order curve, a, First-order; b, 10.0; c, 
5.0; d, 1.0; e, 0.5; f, 0.1. 
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ments. We might  point out that adsorption interferes 
in  a similar  way in other types of electrochemical 
t rans ient  measurements  (e.g., cyclic vo l tammetry  and 
chronopotent iometry) .  

The method of ob ta in ing  rate constants proposed 
here involves setting the disk cur ren t  at its l imit ing 
value, observing the r ing current  as a funct ion of ,~, 
and fitting the results to working curves for the par-  
t icular RRDE employed. This technique should prove 
just  as useful, and operat ionally somewhat easier, than  
the technique suggested by Albery  and Bruckenstein  
(6). The relat ively small  value of m which yields es- 
sential ly pseudo-first-order behavior  (m > 10) sug- 
gests that  a good fit to the first-order working curves 
does not necessarily indicate that  a second-order re-  
action is not involved. 
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Technica  Notes Q 
Ultrafine Porous Polymer Membranes as Battery Separators 

Joseph L. Weininger* and Fred F. Holub 
General Electric Research and Development Center, Schenectady, New York 

In  nonaqueous galvanic systems, based on organic 
solvents, it is impor tant  to keep soluble ions of the 
cathodic reactant  from the anode. Conventional  ion 
exchange membranes  have been used (1,2) for this 
purpose, but  have not been able to support appreciable 
current  densities. In  solvent exchange only an insuffi- 
cient amount  of organic solvent, e.g. propylene car- 
bonate or dimethyl  sulfoxide, replaces water  in the 
ion exchange resin. To obviate this problem and ob- 
ta in  a separator for organic electrolyte cells, an al ter-  
nate method of ion exclusion is reported in this note. 

It  is possible to restr ict  migrat ion of solvated ions 
by reducing the pore size of microporous membranes  
below a certain limit. Different methods are known 
of producing microporous polymers by  the in t roduc-  
t ion of additives into a thermoplast ic resin and follow- 
ing this by the removal  of the additive to leave a 
porous structure. For  example, Sargent  and Safford 
(3) introduced anionic surfactants into polyethylene 
and processed the mixture.  After  the additive is 
leached out, there remains  a microporous structure.  
Similarly, in the present  method ultrafine porous 
polymer  membranes  are prepared. These membranes  
are flexible, about 50% porous, and, most importantly,  
have extremely fine pore size. The average pore size 
is between 40 and 120A. 

Membranes were prepared by adding sodium ben-  
zoate or other salts of benzoic acid to the melted 
polymer  in a weight ratio of 70-85 parts of benzoate 
to 30-15 parts  of polymer. The salt does not dissolve 
in the polymer, bu t  forms a dispersion or colloidal 
suspension. In  processing, the polymer was milled on 
differential rolls with the benzoate salt at 140~176 
for polyethylene or 170~176 for polypropylene.  The 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member ,  

mixtures  were then cooled close to the softening point 
of the polymer and sheeted into 0.005-in. thick films. 
The final leaching of the sheets occurred in water  at 
20~176 The salt was general ly extracted in  1-16 hr. 
However, leaching is almost complete wi th in  5-10 min. 

In  some cases the polymers were also i r radiated 
with high energy electrons of 20 Mr at a dose rate of 
10 M r / m i n  before or after extraction of the salt. This 
i r radiat ion step was employed to improve the thermal  
and mechanical  properties of the porous polymer  for 
possible later use at greater  than  ambient  pressures 
and temperatures.  I r radiat ion after leaching was more 
effective in s t rengthening mechanical  and thermal  
properties, but  by this t rea tment  the smallest pores 
were closed by cross-linking. 

Membranes  were tested rout inely  for porosity, gas 
permeabil i ty,  and electrolytic conductivity. The poros- 
i ty was determined by density measurements ,  the gas 
permeabi l i ty  from ni trogen flow as a function of ap- 
plied pressure, and the electrolytic conductivi ty was 
measured at 1 kHz with a conductance bridge after 
filling the membrane  with 1M KC1. 

The known porosity of 40-50% corresponds to the 
ini t ial  weight ratio of polymer and additive. The con- 
ductivi ty is of the same order of magni tude  as that  of 
the solution filling the membrane.  This shows an open 
continuous pore structure. Finally,  small  gas perme-  
abil i ty is a measure of small  pore diameters. 

From the magni tude  of the conductivity,  a tortuosity 
factor can be calculated. It is the ratio of the actual  
electrolytic conductance to that  expected at the given 
porosity and thickness for a s t ructure  with straight 
pores, normal  to the surfaces. 

The properties of three membranes  are listed in  
Table I. They are given as examples of the magnitudes 
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