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ABSTRACT 

The electrode kinetics of a diverse group of organodisulfide cathode materials have been systematically investigated. 
The electrochemical behavior of  these redox couples was studied as a function of the organic moiety (R) in the organodi- 
sulfide compounds (RSSR). These studies were performed with a variety of working electrodes, including platinum, 
glassy carbon, graphite, stainless steel, aluminum, and copper. The possible reaction pathways and mechanisms have 
been hypothetically postulated, theoretically analyzed, and experimentally verified. Observations showed that while elec- 
tron transfer rate constants varied with organic moiety, the mechanistic details of the redox path were invariant with the R 
groups of the organodisulfides studied. The reaction mechanism, as determined from experimental  observations, can be 
expressed as 

2[RS ---> RS" + e-] 

RS' + RS' ~ RSSR 

for the oxidation of thiolate anions ( R S )  to the corresponding organodisulfides. The first step in the redox mechanism, 
charge transfer, is rate determining, while the second step, chemical reaction, is at equilibrium. The observed transfer 
coefficients are quite asymmetric and vary as a function of the R group in RSSR and the electrode materials. The standard 
rate constants are also affected by the nature of the organic moiety, R, _and are in the range of 10-8-10 -~ from ambient to 
100~ Further, and in particular, electrode kinetics have been enhanced by the addition of several electrocatalysts. 

Advanced high temperature secondary batteries incor- 
porating solid electrolyte separators offer many advan- 
tages over conventional cells, including high specific 
energy and power density, as well as excellent charge re- 
tention on storage due to negligible self discharge. Still, 
the impressive performance of these cells is offset some- 
what by the technical difficulties of operating batteries at 
high temperatures. Accordingly, various efforts have been 
made to introduce alternative high specific power/energy 
batteries operating at reduced temperatures (1-4), includ- 
ing the sodium/~"-alumina/RSSR cell (5). However, since 
mass transport and electrode kinetics are thermally acti- 
vated, a thorough understanding of these processes is nec- 
essary for successful operation of lower temperature 
systems. 

It is well known that the efficiency and power of an elec- 
trochemical energy conversion system increases with in- 
creasing the rate of electrode kinetics and mass transport, 
and with decreasing internal resistance. Accordingly, for 
batteries such as the alkali metal/organodisulfide cells (5), 
the critical limitations on charge-transfer rates are essen- 
tially determined by the nature of the positive electrode. 
Although the electrode reactions of organodisulfide/thio- 
late redox couples have been reported previously to be ki- 
netically kindered (6, 7), particularly at ambient tempera- 
tures, their reversibility can be substantially enhanced by 
introducing appropriate electrocatalysts. The identifica- 
tion of effective catalysts, however, can only emerge from 
a detailed understanding of the kinetic mechanisms that 
control the overall process. 

The investigation of electron transfer reaction kinetics 
generally involves the determination of reaction route, 
mechanism, and kinetic parameters (8). The reaction route 
refers to a successive sequence of  elementary reactions 
which constitute the overall, stoichiometric electrode reac- 
tion, while the mechanism specifies the rate-controlling 
nature of the constituent steps and their coupling (9). The 
basic kinetic parameters characterizing an electrode reac- 
tion include: (i) the reaction order, (it) the standard rate 
constant or exchange current density, (iii) the symmetry 
factor for the rate determining step (rds) or apparent trans- 
fer coefficients, (iv) the stoichiometric coefficients, and (v) 
the activation energy. The above parameters can be deter- 
mined from the dependence of reaction rate (i.e, current) 
on various observables, including overpotential across the 
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interface, composition of the electrolytic solution adjacent 
to the electrode, the nature of the electrode surface, and 
temperature. 

The purpose of this study is to elucidate the kinetic be- 
havior of a diverse group of organodisulfide/thiolate redox 
couples, and to provide a basis for identifying effective 
electrocatalysts for activation of these redox reactions. 
The effect of temperature on electrode kinetics as well as 
on transport properties will be addressed in a subsequent 
communicat ion (10). 

Experimental 
Organosulfur compounds (tetramethylthiuram disulfide 

(TMTD), tetraethylthiuram disulfide (TETD), phenyl disul- 
fide (PDS), di-fluorophenyl disulfide (FPDS), sodium di- 
ethyl dithiocarbamate (NaDEDC), sodium dimethyl di- 
thiocarbamate (NaDMDC)], supporting electrolyte 
[tetraethylammonium perchlorate (TEAP)], reference elec- 
trode filling electrolyte [ tetramethylammonium chloride 
(TMAC)], and dimethylsulfoxide (DMSO) were prepared 
and stored as described in a previous publication (6). Di- 
methyldisulfide (DMDS) was obtained from Aldrich 1 and 
distilled under vacuum over molecular sieves. Transition 
metal phthalocyanines (MPc), were obtained from Pfaltz & 
Bauer 2 and stored in an argon atmosphere dry box. 

An Ag/AgC1 reference electrode 3 was connected to the 
working electrode compartment with a Luggin capillary 
salt bridge containing a 0.1M TEAP solution. The refer- 
ence electrode compartment contained a 0.1M TMAC 
aqueous solution saturated with AgC1. 

Three-electrode electroanalytical cells with platinum 
auxiliary electrodes were used throughout the experi- 
ments. Planar disks (diam = 0.8 cm) of platinum, glassy 
carbon, graphite, stainless steel, aluminum, and copper 
metal were used as the working electrodes. Before each 
experiment,  the working electrodes were polished to a 
mirror finish with diamond paste (1 ~m) and rinsed with 
acetone. 

Unless otherwise stated, electrolyte solutions consisted 
of 0.1M TEAP in DMSO and electrode potentials were 
measured vs. a Ag/AgC1 reference electrode. The electro- 
lyte solutions were purged with dry argon for about 10 min 
prior to experimentation and continuously purged at 
slower rates during each measurement. 

Aldrich Chemical Company, Incorporated, Milwaukee, Wiscon- 
sin 53233. 

2 Pfaltz & Bauer, Incorporated, Waterburg, Connecticut 06708. 
3 Astra Scientific. 
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In  ro ta t ing  d isk  v o l t a m m e t r y  (11-13), l inear  or t r iangular  
potent ia l  funct ions ,  gene ra t ed  by  a P A R  173 potent ios ta t !  
ga lvanos ta t  4 in con junc t ion  wi th  a P A R  175 Universa l  Pro-  
g r a m m e r ,  4 were  appl ied  to a d isk  e lec t rode  i m m e r s e d  in 
t he  e lec t ro ly te  solut ion (150 cm3). The rota t ion s p e e d  of  the  
d isk  e lec t rode  was  m o d u l a t e d  wi th  an A S R  Elec t rode  Ro- 
ta tor  5 and  S p e e d  Controller .  5 The c o r r e s p o n d i n g  cu r r en t  
r e s p o n s e  was  e i ther  r eco rded  wi th  a 4120T Bascom-Turne r  
digital  r ecorde r  6 or acqu i red  wi th  an IBM-PC/AT com- 
pu te r  t h r o u g h  a DT2801A data  t rans la t ion  board  7 us ing  
A S Y S T A N T  8 software.  The potent ia l  sweep  rates r anged  
f rom 1 to 10 mV/s.  

So lu t ion  viscosi t ies  were  m e a s u r e d  us ing  a ser ies  of  
C a n n o n - F e n s k e  Rou t ine  Vi scomete r s  i m m e r s e d  in an iso- 
t h e r m a l  wa te r  bath.  The m e a s u r e m e n t  involved  de te rmi-  
na t ion  of  the  t ime  requ i red  for a g iven vo lume  of  the  solu- 
t ion  to fall t h r o u g h  a vert ical  capil lary t ube  of  a given 
l eng th  u n d e r  the  inf luence  of  gravity. The appara tus  con- 
s t an t  of  each  v i s come te r  was  d e t e r m i n e d  t h r o u g h  calibra- 
t ion  wi th  dis t i l led water .  

In  l inear  and  Tafel polar izat ion m e a s u r e m e n t s  t he  poten-  
tial was  s t e p p e d  by a P A R  173 po ten t ios ta t /ga lvanos ta t  4 
and  the  c o r r e s p o n d i n g  cur ren t s  at each  potent ia l  were  re- 
co rded  us ing  a B a scom-Turne r  recorder .  ~ Compl ica t ions  
due  to mass  t ransfer  were  e l imina ted  by  e i ther  s t i r r ing the  
e lec t ro ly te  so lu t ion  wi th  a magne t i c  bar  w h e n  a s ta t ionary  
e l ec t rode  was  used,  or by measu r ing  the  cu r ren t  at a RDE 
at h igh  ro ta t ion  speed  (about  3000 rpm). 

Sodium/[~"-alumina/RSSR cells were  galvanostat ical ly  
cont ro l led  by  an IBM-PC/AT c o m p u t e r  t h r o u g h  a 
DT2801A data  t rans la t ion  board  7 and  a P A R  173 potent io-  
s ta t /ga lvanos ta t  4 us ing  a p rog ram wr i t t en  in ASYST,  8 (25) 
whi le  the  c o r r e s p o n d i n g  cell vol tages  were  s imu l t aneous ly  
a c q u i r e d  by  the  compute r .  

4 Princeton Applied Research, Hayward, California 94545. 
5 Pine Instrument Company, Grove City, Pennsylvania 16127. 

Bascom-Turner, Incorporated, Norwood, Massachusetts 02062. 
7 Data Translation, Incorporated, Marlborough, Masasachusetts 

01752-1192. 
8 Macmillan Software Company. 

Kinetic Equations (14-18)  
It  was  d e t e r m i n e d  previous ly  tha t  ~he overall, s toichio- 

me t r i c  reac t ion  for organodisul f ide / th io la te  r edox  couples  
can be desc r ibed  as (6) 

R S S R  + 2e- ~ 2RS-  [1] 

U n d e r  t he  a s s u m p t i o n  tha t  compl ica t ions  due  to elec- 
t rode  adsorp t ion  are negligible,  the  re la t ionship  b e t w e e n  
current ,  i, and  overpotent ia l  at the  e lec t rode  surface,  ~, can  
be  de sc r ibed  by  (14, 16) 

i = i o { ( C R s - , j e R s  ,b) ~Rs-  exp  (~F~/RT) 

- (CRssRJCRssR .b )  ~ s s ~  exp  (-a~F~/RT)} [2] 

w h e r e  io is the  e x c h a n g e  current ,  ~ns- and  ~RSSR are the  
anodic  and  ca thodic  reac t ion  orders  for species  R S -  and  
RSSR,  and  C~.~ and  C~.b are the  concen t r a t ions  of  species  i 
at the  e lec t rode  surface and  in the  bulk  solut ion,  respec-  
tively. The anodic  and  ca thodic  t ransfer  coefficients,  a,  
and  ac, can be e x p r e s s e d  as (16) 

~ = ~ / v  + r(1 - [~) [3a] 

c~ = "y~/v + r ~  [3b] 

w h e r e  ~ is the  n u m b e r  of  e lec t rons  t r ans fe r red  in the  
s teps  p r eced ing  the  rds, ~ is the  n u m b e r  of  e lec t rons  
t r ans fe r r ed  in the  s teps  af ter  the  rds, r is the  n u m b e r  of  
e lec t rons  t r ans fe r red  in the  rds,  v is the  s to ich iomet r ic  
coefficient ,  and [~ is the  s y m m e t r y  factor  of  the  rds.  

The  e x c h a n g e  cur ren t  can, in general ,  be  e x p r e s s e d  as 
(15) 

io = ( n / v ) F A k ~  )~(CRssR) ~ [4] 

w h e r e  n is the  total  n u m b e r  of e lec t rons  involved  in the  
overall  reaction,  k ~ is the  s t anda rd  rate cons tant ,  and  the  
e x p o n e n t s  ~ and  k are cons t an t  d e p e n d e n t  on the  reac t ion  
m e c h a n i s m .  

Table I. Possible reaction pathways and the corresponding mechanisms for organodisulfide/thiolate redox couples 

Reaction route rds Mechanism no. 

1. EC route 

kf 2n d 2RS" ~ RSSR (1-2) 2 
kb 

2. ECE route RS- ~ RS" + e (2-1) 1 ~t 3 
kcl 

~<kf 2n d RS + RS" RSSR- (2-2) 4 
kb 

kaa 3rd RSSR- < '~" RSSR + e- (2-3) 5 
kc3 

3. CEE route 2RS- <kf=~ RSSR- (3-1) I st 6 
kb 

-RSSR- -~-'~ RSSR + e- (3-2) 2 nd 7 
kc2 

RSSR- ~ RSSR + e- (3-3) 3 ~d 
ke3 

Identical to no. 5 

4. EEC route RS- ~ RS" + e- (4-1) 1 st 
kcl 

k 
RS" =<a~ RS + + e- 

kc2 

~< kf=. 
RS + + RS- RSSR 

kb 

Identical to no. 3 

(4-2) 2 nd 8 

(4-3) 3 rd 9 
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Table II. Kinetic equations and the corresponding reaction orders, transfer coefficients, and stoichiometric coefficients for nine possible reaction 
mechanisms listed in Table I 

M e c h a n i s m  
n o .  

React ion Transfer  Stoichiometric  
Overall reaction rate order coefficient coefficient 

(mol cm -2 s -1) ~/RS- ~/RSSR ~a ac u 

( i  - I~)FE_] / kb \ i'~ r i~FE "1 
= k a l ( C R s - ) e x p  [ R T  J 

1 
1 - -  1 -- I~1 ~ 2 

2 

k~  2 [ 2 F E ]  
2 r2 = kf k - ~  ~ (Cas-) exp  / R T J  - kbCassR 2 1 2 0 1 

r l  = kal(eRs-) exp  - R T  - kc~ kfkaa exp  ~ J 1 1 1 - ~ 1 + ~3~ 1 

4 r2 = kf (CRs-) 2 exp  - kb (Cassr0 exp  - 2 1 1 1 1 
kcl ka~ 

5 r3 = k~3 (CRs-) 2 exp  - - k~3(CRssa) exp  - 2 1 2 - ~ ~z 1 
kbkd  R T  J R T  J 

k~2kc3 [ 2 F E ]  
6 rl = kf(CRs-) 2 - kb (CRssR) exp  -- 2 1 0 2 1 

ka2ka3 RT J 

7 rz = k,2 ~-b (CRs)2 exp  - ~ -  J - -  kc2 k,3 (CRssR) exp -R'T "J 2 1 1 - ~2 1 + ~ 1 

8 r2 = k~2 CRs- exp  - kc2 - -  exp  - 1 1 2 - ~2 132 1 
k~l R T  kf CRs- R T  J 

ka~ka2 [ 2 F E ]  
9 ra = kf Cas -2 exp  - kbCRssR 2 1 2 0 1 

kdkc2 k R T  J 

_ 01n(i~) .) 

�9 ~as- = 0 In (CRs-) CgssR, 

. 01n(ir ) 

b'IRSSR = 0 in (CRssR) CRS-,E 

U n d e r  t h e  c o n d i t i o n  t h a t  t h e  e l e c t r o d e  r e a c t i o n  is  c o m -  
p l e t e l y  c o n t r o l l e d  b y  k i n e t i c s ,  i.e., m a s s  t r a n s f e r  is  suf f i -  
c i e n t l y  f a s t  to  e n s u r e  t h a t  t h e  c o n c e n t r a t i o n  o f  t h e  e l e c t ro -  
a c t i v e  s p e c i e s  a t  t h e  e l e c t r o d e  s u r f a c e  is  i d e n t i c a l  to  t h e  
b u l k  c o n c e n t r a t i o n ,  Eq .  [2] c a n  b e  r e d u c e d  to  t h e  B u t l e r -  
V o l m e r  e q u a t i o n  

ik = io{eXp ( ~ F ~ I / R T )  - e x p  (-a~F~I/RT)} [5] 

Mechanistic Analysis (15,  16) 
L i s t e d  i n  T a b l e  I a r e  a n u m b e r  o f  p o s s i b l e  r e a c t i o n  p a t h -  

w a y s  c o n s i d e r e d  i n  t h e  a n a l y s i s ,  EC,  E C E ,  C E E ,  a n d  E E C  
r o u t e s ,  t o g e t h e r  w i t h  t h e  c o r r e s p o n d i n g  r e a c t i o n  m e c h a n -  
i s m s .  T h e  k i n e t i c  p a r a m e t e r s  a s s o c i a t e d  w i t h  e a c h  m e c h -  
a n i s m ,  s u c h  a s  r e a c t i o n  o r d e r s ,  t r a n s f e r  c o e f f i c i e n t s ,  a n d  
d e p e n d e n c e  o f  e x c h a n g e  c u r r e n t  d e n s i t i e s  o n  c o n c e n t r a -  
t i o n ,  c a n  b e  d e r i v e d  as  fo l lows .  

F i r s t ,  a s s u m e  t h e  r e a c t i o n  t a k e s  t h e  E C  r o u t e  ( see  
T a b l e  I). T h e n ,  t h e  r e a c t i o n  r a t e  fo r  e a c h  e l e m e n t a r y  s t e p  
c a n  b e  e x p r e s s e d  as  (15) 

r l  = i l / F  = ka~CRs- e x p  [(1 - ~31)FE/RT] 

- k d C R s '  e x p  [ - -~IFE/RT]  [6a] 

r2 = kf(CRs.) 2 - kbCRssR [6b] 

D e p e n d i n g  o n  t h e  r a t e - c o n t r o l l i n g  n a t u r e  o f  e a c h  s t ep ,  
t w o  p o s s i b l e  r e a c t i o n  m e c h a n i s m s  r e s u l t .  

1. T h e  f i r s t  s t e p ,  c h a r g e  t r a n s f e r ,  i s  t h e  r a t e - d e t e r m i n i n g  
s t e p  ( rds)  a n d  t h e  s e c o n d  s t e p ,  c h e m i c a l  r e a c t i o n ,  i s  a t  
e q u i l i b r i u m .  I n  t h i s  case ,  t h e  c o n c e n t r a t i o n  o f  t h e  r a d i c a l  
RS" is  g i v e n  b y  

CRS"  = (kb/kfCRssR) 112 [ 7 ]  

a n d  t h e  o v e r a l l  r e a c t i o n  r a t e  c a n  b e  e x p r e s s e d  as  

rl  = i J F  = kaleRS- e x p  [ % F E / R T ]  

- kc~(kb/kfCRssR) 112 e x p  [ - ~ c F E / R T ]  [Sa] 

o r  

i = io{(CRs-,s/CRs-b) e x p  (%F~I /RT)  

- (CRssR.JCassR,b) in e x p  (-~cF~I/RT)} (8b)] 

w h e r e  

io = F A k ~  C a s -  )~c( CrtssR) ~aj2 [9] 

i n d i c a t i n g  t h a t  ~ = uc a n d  k = %/2. T h e  s t a n d a r d  r a t e  c o n -  
s t a n t  c a n  b e  e x p r e s s e d  b y  t h e  r a t e  c o n s t a n t s  a s s o c i a t e d  
w i t h  e a c h  e l e m e n t a r y  s t e p  as  

k ~ = (kal)~C(kcl)~a(kb/kf) ~aj2 [10] 

I n  t h i s  c a se ,  t h e  r e a c t i o n  o r d e r  fo r  s p e c i e s  R S -  a n d  
R S S R  a r e  1 a n d  1/2, r e s p e c t i v e l y .  T h e  t r a n s f e r  c o e f f i c i e n t s  
a r e  r e l a t e d  to  t h e  s y m m e t r y  f a c t o r  as  

ao = 13~ [ l l a ]  

aa = 1 - ~1 [11b] 

2. I f  t h e  c h e m i c a l  r e a c t i o n  is t h e  r d s  a n d  t h e  c h a r g e -  
t r a n s f e r  s t e p  is  a t  e q u i l i b r i u m ,  t h e n  t h e  o v e r a l l  r e a c t i o n  
r a t e  c a n  b e  e x p r e s s e d  as  

i = io{(CRs ,JCRs .b) 2 e x p  (2F~I/RT) - (CRssR,s/CRssR,b)} [12] 

w h e r e  

io = 2 F A k ~  [13] 

a n d  

k ~ = kb [14] 
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Table III. Dependence of exchange currents on concentrations of organodisulfide/thiolate salt for the possible reaction 
mechanisms listed in Table I 

753 

Mechanism no. Exchange current ~ k b 

(I-131) 
(1 2 

I 

1 io = AFk~ ~1 
2 

2 io = 2AFk~ 0 1 
(1 i~1) 

(1 2 
3 io = 2AFk~ [~1 

2 

4 io = 2AFk~ 112 1 1/2 

5 io=2AFk~ ~ T [~3 ( 1 -  ~ )  

6 io = 2AFk~ 2 2 0 

(1-~2) 
(1 [32) 2 

7 io = 2AFk~ )(I+[32)(CRssR) (1 + [32) 
2 

8 i=2AFk~ (1 ~) (~2- 1) (1 - - ~ )  

9 i = 2AFk~ 0 1 

0 in (io) 

Ix = (- o In (CRs~-)/CRSSR 

b k = ( .  Oln(i~ ) 

0 in (CRssR) CRS- 

In  this case, the  react ion order  for species  RS is 2 and 
that  for species R S S R  is 1. The  cor responding  anodic  and 
ca thodic  t ransfer  coefficients  are 2 and 0, respect ively ,  in- 
d ica t ing that  the  react ion rate in the  ca thodic  d i rec t ion  is 
i n d e p e n d e n t  of  e lec t rode  potential .  Fur ther ,  the  exponen t s  
for the  concent ra t ion  dependence  of  exchange  currents  
are 1 for k and 0 for ~, indicat ing that  io is i n d e p e n d e n t  of  
the  concen t ra t ion  of  thiola te  anions.  

S imi la r  analyses  have  been  pe r fo rmed  for o ther  possible  
reac t ion  pathways ,  i.e., the  ECE,  CEE,  and EEC routes  in 
Table  I. 

The  govern ing  kinet ic  equat ions  and the  cor responding  
reac t ion  orders,  t ransfer  coefficients,  and s to ichiometr ic  
coeff icients  for the  nine possible  react ion m e c h a n i s m s  de- 
r ived f rom the  above  four  possible  react ion pa thways  have  
been  tabula ted  in Table  II. The  cor responding  express ion  
for the  exchange  current  and its d e p e n d e n c e  on concentra-  
t ion, as def ined in Eq. [4], were  summar ized  in Table  I I I  for 
the  var ious  react ion mechan isms .  

Electrochemical  Methods  
R o t a t i n g  d i sk  electrode techniques  (19-21) . - -React ion  or- 

ders  for var ious  organodisulf ides  and the  cor responding  
thiolate  anions  were  de te rmined  f rom the  d e p e n d e n c e  of  
t he  cur ren t  at an R D E  on rotat ion speed  at cons tan t  elec- 
t rode  potent ia l  w i thou t  vary ing  the  bu lk  concen t ra t ion  
(since the  effect ive  concen t ra t ion  of  e lec t roac t ive  species 
at the  surface of  an R D E  is a func t ion  of  rota t ion speed). 

The  cur ren t  at an R D E  can, in general,  be  expressed  as 

i = i1[1 - cjcj ,b] [15a] 

whe re  i~ is the  convect ive-di f fus ive  l imi t ing current  g iven 
by 

il = 0.62(nFA)Ci,bDi2/~v-lJ% 1/2 [15b] 

Combin ing  Eq. [2] and [15], one can relate the  anodic  or 
ca thodic  cur ren t  at an RDE,  i, to i~ and ik as 

i/ix = [1 - i/i~] ~ [16] 

whe re  ik is the  pure  kinet ic  cur ren t  (as def ined in Eq.  [5]). 
At  a g iven  potential ,  the  kinet ic  current  is a cons tan t  (and 
can be  de te rmined  f rom ext rapola t ion  at ~ --> ~). The  reac- 
t ion order  for species i, % can be  expressed  as 

7as- = d[1og (i~)]/d[log (1 - ia/il,~)] [17a] 

and 

7RSRS = d[log (ic)]/d[log (1 - ic/il,c)] [17b] 

where  ia (or ic) is the  current  measu red  at a g iven  rotat ion 
speed  and il.a (or i~ x) is the convect ive-d i f fus ive  l imi t ing 
cur ren t  at the  same rotat ing speed.  

When 7i = 1, i.e., the  react ion is first o rder  for species  i, 
Eq.  [16] can be  rewri t ten  as 

1/i = 1/ik + 1/il [18] 

Thus,  the  plot  of  1/i vs. co 1/2 at a cons tan t  potent ia l  is a 
s t ra ight  line. The  in tercepts  (1/ix) give an es t imate  of  ki- 
net ic  current  (ik) at a g iven  potential ,  whi le  the  s lopes 
(d{i-'}/d{o~-l/2}) allow assessment  of  the  diffusion coeffi- 
cients.  

P o l a r i z a t i o n  m e a s u r e m e n t - - E x c h a n g e  currents ,  trans- 
fer coefficients,  and s to ichiometr ic  coefficients  were  deter- 
m ined  f rom polarizat ion measu remen t s  at e i ther  station- 
ary e lec t rodes  or  rota t ing disk e lec t rodes  unde r  
expe r imen ta l  constraints  that  the  e lec t rochemica l  pro- 
cesses were  comple te ly  control led  by kinetics.  

When  hi > >  RT/F ,  the  Tafel  approx imat ion  of Eq. [5] 
gives 

i a  : io exp (a,Fn/RT) 
[19a] 

and 

ic = io exp (-~cF~/RT) [19b] 

The  exchange  currents  were  obta ined  di rec t ly  f rom the  
in tercepts  of  the  Tafel  plots. The  anodic  and cathodic  
t ransfer  coefficients  were  calculated f rom the  Tafel  slopes. 
The  s to ichiometr ic  coefficients were  de te rmined  f rom the  
t ransfer  coefficients  and the  total  n u m b e r  of  e lect rons  in- 
vo lved  in the  overall  react ion as 

v = n / ( ~  + ~c) [20] 

When In[ < <  RT/F,  l inear approx ima t ion  of  Eq. [5] gives 

ik = io(~a + ~c)(F~I/RT) [21] 
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Fig. 1, (a) Linear sweep voltammogrems for oxidation of FPT- to 
FPDS at a platinum disk electrode immersed in electrolyte solution of 
2.2 mM NaFPT in DMSO containing 0.1M TEAP (293 K). The potential 
sweep rate was S mV/s. The numbers adjacent to each curve cor- 
respond to rotation speeds in rpm. (b) Levich plots for oxidation of vari- 
ous thiolate anions to the corresponding disulfide at a platinum elec- 
trode. The bulk concentration of thiolate salt in the electrolyte solution 
was (El) 2.8 mM NaDEDC, (+)  2.4 mM NaDMDC, (~)  2.2 mM NaFPT, 
and (~)  2.1 mM NaPT. 

m 

oo -J 

2.1;- 

i t  2 7 -  

=, 

2.B= 

�9 - 1 . 7 5  V 

2 . 4 -  & - 1 . 6 V  

- 1 . 5 V  

-LS -1 3 

. 0 . 4 8 6  
~-0.488 /';" 

i t  

J 

J 

}l = 0 . 4 6 1  

*f = 0.517 

(b) 

L o g  [1 m i o/i i, c] 

Fig. 2. (a) The plot of log (ia) vs. log (1 - io/il,a) at different rotation 
speeds for oxidation of thiolate anion FPT- to disulfide FPDS at a plati- 
num disk electrode at constant potentials. The slopes of the linear 
plots, % represent the onodic reaction order for species FPT-. Electro- 
lyte solution contained 2.2 mM NaFPT. (b) The plot of log (i~) vs. log 
(1 - i j iL~)  at different rotation speeds for reduction of disulfide FPDS 
to thiolate anion FPT- at a platinum disk electrode at constant poten- 
tials. The slopes of the linear plots, ~, represent the cathodic reaction 
orders for species FPDS. Electrolyte solution contained 2.0 mM FPDS. 

The s lope o f  the l inear plot  of  ik against ~ a l lows determi-  
nat ion of  the exchange  current, io. The  standard rate con- 
stants were  calculated from ioS us ing  Eq. [4]. 

The  dependence  of  the exchange  current on concentra- 
t ion was  further used to verify the transfer coeff icients and 
the reaction m e c h a n i s m .  The theoretical va lues  of  ~ and ), 
corresponding to different reaction m e c h a n i s m s  are tabu- 
lated in Table III. 

Results and Discussion 
R e a c t i o n  o rder  ( m e c h a n i s m  d e t e r m i n a t i o n ) . - - L i n e a r  

s w e e p  v o l t a m m o g r a m s  at a p lat inum disk electrode,  ro- 
tated at different rates, are s h o w n  in Fig. la  for oxidat ion 
of  the  thiolate anion F P T -  to the disul f ide  FPDS.  The con- 
vect ive-di f fus ive  l i m i t i n g  currents in the anodic  direction, 
i,,a, are s h o w n  in Fig. l b  for oxidat ion of  various thiolate 
anions  to the corresponding disulf ides.  The sl ight devia- 
t ion from linearity, particularly at h igh rotation rates, was  
probably  due  to the distortion of  the hydrodynamic  layer 
near the  disk  electrode by  turbulent  flow. The  measured  
solut ion v i scos i ty  and calculated di f fus ion coeff icients of  
the  thiolate anions  in the electrolyte solut ion are tabulated 
in Table  IV. 

T h e  p l o t s  o f  l o g  ia v s .  l o g  ( 1  - ia/il,a) for  o x i d a t i o n  o f  F P T  
to  F P D S  at c o n s t a n t  p o t e n t i a l s  a n d  d i f f e r e n t  r o t a t i o n  
s p e e d s  are  s h o w n  in  Fig .  2a. T h e  s l o p e  o f  t h e  p l o t s  at d i f fer -  
e n t  potentials  represents the observed anodic order, "~FPT-, 
for species  FPT-.  

As  analyzed in the previous  sect ion and s h o w n  in 
T a b l e  II, t h e  a n o d i c  r e a c t i o n  o r d e r  for  s p e c i e s  R S  s h o u l d  
be either 1 or 2 for the m e c h a n i s m s  considered.  The ob- 
served r e a c t i o n  o r d e r s ,  a v e r a g e d  o v e r  v a l u e s  o b t a i n e d  at  
d i f f e r e n t  p o t e n t i a l s  f r o m  p l o t s  s i m i l a r  to  Fig .  '2a, are  l i s t e d  
in  T a b l e  V for  o x i d a t i o n  o f  v a r i o u s  t h i o l a t e  a n i o n s .  T h e  e x -  
p e r i m e n t a l  values  of  ~RS are reasonably close to uni ty  in- 
dicat ing that the oxidat ion of  RS to R S S R  is a first-order 
r e a c t i o n .  I n  a d d i t i o n ,  t h e  l i n e a r  r e l a t i o n s h i p  b e t w e e n  i -1 
a n d  ~o -lt2 at  c o n s t a n t  p o t e n t i a l s ,  as  s h o w n  i n  F ig .  3a, f u r t h e r  
conf irms that the anodic  order for species  R S -  is one. This  

observat ion strongly suggests  that reaction m e c h a n i s m s  
wi th  an anodic  reaction order o f  2 are very unl ikely ,  and 
the  only  p laus ib le  m e c h a n i s m s  left  are those  w i t h  oxida- 
t ion reaction orders of  1, i.e., m e c h a n i s m  1, 3, and 8. 

Similarly,  s h o w n  in Fig. 2b are the plots of  
log licl vs. log [1- ic/iLc] at different potentials  for reduc- 
t ion of  TETD to D E D C - .  The s lopes  or cathodic  reaction 
orders obtained from similar plots for various disulf ides  
are tabulated in Table V. The observed values  are very 
c lose  to 0.5 indicat ing that the reduct ion of  R S S R  to R S -  is 
a half-order reaction. 

Accordingly ,  the determinat ion  of  reaction orders, in 
this  case, u n i q u e l y  suggests  that the electrode reaction 
takes the EC route wi th  the  first step, charge transfer, as 
the rate-determining step, i.e. 

Table IV. Calculated diffusion coefficients of thiolate anions (from 
RDE measurements at 293 K) 

Thiolate CRs- 3 , Viscosity Diffusion coefficient 
anion (~mol c m -  ) (cm ~ s -1) (10 -8 cm 2 s -1) 

DEDC-  2.8 0.02178 3.13 +_ 0.28 
DMDC- 2.4 0.02165 3.17 -+ 0.21 
FPT-  2.2 0.02183 1.48 _+ 0.10 
PT- 2.1 0.02214 0.67 _+ 0.06 

Table V. Observed reaction orders and anodic transfer coefficients for 
organodisulfide/thiolote redox couples at platinum electrode 

(determined from RDE measurements at 293 K) 

Reaction order Transfer coefficient 
RSSR/RS ~RS- ~/RSSa aa 

TETD/DEDC 0.91 +_ 0.05 0.49 _+ 0.01 0.65 _+ 0.017 
TMTD/DMDC- 0.87 -+ 0.06 0.49 +_ 0.03 0.64 _+ 0.027 
FPDS/FPT 0.89 _+ 0.03 0.51 +_ 0.02 0.51 _+ 0.019 
PDS/PT-  0.90 -+ 0.04 0.53 _+ 0.03 - -  
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Table VI. Observed transfer coefficients, stoichiometric coefficients, end standard rate constants for organodisulfide/thiolate redox couples at 
platinum electrodes (determined from polarization measurements at 293 K) 

Concentration Equilibrium Stoichiometric Standard rate 
(~mol cm -~) potential Transfer coefficient coefficient constant 

RSSR/RS- CRSSR CRs- Eeq(V) ~ e~c u k ~ • 10 8 

TETD/DEDC 2.1 2.2 -0.260 • 0.009 0.66 -+ 0.006 0.36 -+ 0.005 2 • 0.021 0.34 +- 0.08 
TMTD/DMDC- 2.6 2.4 -0.256 • 0.012 0.67 -+ 0.011 0.34 • 0.006 2 • 0.025 1.11 -+ 0.14 
FPDS/FPT 2.0 2.2 -0.397 • 0.014 0.51 -+ 0.007 0.52 • 0.006 2 -+ 0.031 0.63 -+ 0.12 
PDS/PT 1.8 2.1 -0.512 • 0.011 0.42 +_ 0.009 0.56 -+ 0.011 2 +_ 0.034 0.51 • 0.06 

2[RS-  --~ RS '  + e-] [22a] 

RS" + RS" ~ R S S R  [22b] 

T r a n s f e r  coeff icient ,  ra te  cons tan t ,  a n d  s to i ch iome t r i c  co- 
e f f i c i e n t . - - S h o w n  in  Fig. 3b are  t h e  Tafel  p lo ts  c o n s t r u c t e d  
f r o m  t h e  k ine t i c  c u r r e n t s  (i~,~) o b t a i n e d  at  ~o --~ = for oxida-  
t i on  of  R S -  to RSSR.  T he  k ine t i c  c u r r e n t s  in  t he  a n o d i c  di- 
rec t ion ,  ik,~, we re  d e t e r m i n e d  f rom t h e  i n t e r c e p t s  w i t h  t he  
i ~ axis  in  t he  rec ip roca l  L e v i c h  plot  (i.e., i -~ vs. ~o -ue) as 
s h o w n  in  Fig. 3a. The  anod ic  t r a n s f e r  coeff icients ,  calcu-  
l a ted  f rom the  Tafel  s lopes  are l i s ted  in  Tab le  V. S ince  t he  
r e d u c t i o n  of  R S S R  to R S -  is a ha l f -o rde r  reac t ion ,  t h e  p lo t  
of  i -~ vs. ~o -v~ for  r e d u c t i o n  is no t  a s t r a igh t  l ine  (Eq. [18] is 
no t  val id)  a n d  h e n c e  t he  k ine t i c  c u r r e n t  in  t he  ca thod ic  di- 
rec t ion ,  i~,r c a n n o t  b e  e x t r a p o l a t e d  f rom a p lo t  s imi la r  to  
t h o s e  for  t he  anod ic  k ine t i c  cur ren t .  Ins t ead ,  t he  ca thod i c  
k ine t i c  c u r r e n t s  were  a p p r o x i m a t e d  b y  t he  c u r r e n t s  di- 
rec t ly  m e a s u r e d  at  a n  R D E  whi le  i n c r e a s i n g  t h e  ro t a t i on  
s p e e d  u p  to 3000 rpm;  at  low ove rpo ten t i a l s  i~ is wel l  be low 
i~, so t h a t  t he  a p p r o x i m a t i o n  is adequa te .  

S h o w n  in  Fig. 4a are  t he  c u r r e n t s  d i rec t ly  m e a s u r e d  at  a 
p l a t i n u m  R D E  for va r ious  o rganod i su l f ide / th io la t e  r e d o x  
couples .  T h e  dev ia t ion  f rom l inear  Tafel  b e h a v i o r  ob- 
s e r v e d  a t  h i g h  ove rpo t en t i a l s  was  b r o u g h t  a b o u t  b y  mass -  
t r a n s f e r  l imi ta t ions .  At  t h e s e  poten t ia l s ,  e l ec t rode  k ine t i c s  
w e r e  suff ic ient ly  r ap id  so t h a t  m a s s  t r a n s p o r t  of  t h e  elec- 

12-- 

~O- 

IS- 

8- 

4- 

2- 

O- 

5,8- 

34-  

3~-  

3- 

2.6- 

2 0 .  

2 4  

0,11 

" ' " I  = o.=ov ..'" ,~.J,.,--,"~].-" | 
= 0.22v .,-'" . - -  ~.--% - ".--v 

......... / - J . - ' ; ; : I - '  

:-;1:: ..... {a) 

o.~ o.o~ o.o~ ooa o~ o.~ o ~  o.ls 

-I12 -112 
(Hz) 

j~ 

�9 ,a (c=.#~ss .-"+/ 

# 

O,la O.lS O.lZ o ~e 0.=~ 

R a t i n u m  d ~  potent ial  v s .  Ag /AgCI  (V) 

Fig. 3. (a) The reciprocal Levich plot for oxidation of thiolate anion 
FPT- to the corresponding disulfide FPDS at a platinum electrode. Elec- 
trolyte solution contained 2.2 mM NaFPT. (b) Tafel plots for oxidation 
of various thiolate anions to the corresponding disulfides at a platinum 
electrode (293 K). The kinetic currents, ik, were determined from the 
intercept at i -1 axis from the reciprical Levich plots similar to Fig. 3a. 
The bulk concentration of thiolate salt in the electrolyte solution was 
(l l}  2.8 mM NaDEDC, (+ )  2.4 mM NoDMDC, and (A) 2.2 mM NaFPT. 

t r oac t i ve  spec ies  to a n d  f rom the  e l ec t rode  sur face  was  
u n a b l e  to  m a i n t a i n  t he  sur face  c o n c e n t r a t i o n  c lose  to t he  
b u l k  concen t r a t i on .  Still, t h e r e  does  ex i s t  a suff ic ient ly  
w ide  po t en t i a l  r ange  over  w h i c h  Tafel  b e h a v i o r  p reva i l s  
a n d  t h e  Tafel  s lopes  are  wel l  def ined.  The  t r a n s f e r  coeffi- 
c i en t s  a n d  s to i ch iome t r i c  coeff ic ients  ca l cu la t ed  f rom 
t h e s e  Tafel  s lopes  w i t h i n  th i s  r a n g e  a n d  t he  s t a n d a r d  ra te  
c o n s t a n t s  e s t i m a t e d  f rom the  i n t e r c e p t s  are  t a b u l a t e d  in  
Tab le  VI  for d i f fe ren t  R S S R / R S -  couples .  

The  e x p e r i m e n t a l l y  d e t e r m i n e d  t r a n s f e r  coeff ic ients  a n d  
s t o i ch iome t r i c  coeff ic ients  f u r t h e r  con f i rm  t h a t  t he  elec- 
t r ode  r eac t ion  is cor rec t ly  d e s c r i b e d  by  Eq. [22] (mecha-  
n i s m  1). 

C o n c e n t r a t i o n  d e p e n d e n c e . - - P o l a r i z a t i o n  measu re -  
m e n t s  we re  also p e r f o r m e d  on  e lec t ro ly te  so lu t ions  h a v i n g  
va r ious  c o n c e n t r a t i o n s  of  o rganod i su l f ides  a n d  t h e i r  cor- 
r e s p o n d i n g  th io la te  salts. Cell c u r r e n t s  b e t w e e n  a plati-  
n u m  disk  w o r k i n g  e l ec t rode  a n d  a p l a t i n u m  coun te re l ec -  
t r a d e  we re  m e a s u r e d  at  r o t a t i on  s p e e d  of  3000 rpm.  T h e  
e x c h a n g e  c u r r e n t s  were  t h e n  d e t e r m i n e d  f rom the  in ter -  
cep t s  of  t he  c o r r e s p o n d i n g  Tafel  p lo ts  a n d  t h e  s lopes  of  t h e  
l inea r  po la r i za t ion  plots.  

F igu re  5a shows  t he  d e p e n d e n c e  of  io on  CRs- for va r ious  
r e d o x  coup les  at  a c o n s t a n t  b u l k  c o n c e n t r a t i o n  of  organo-  
disulfide.  The  s lopes  of  t he  plots ,  d{log (io)}/d{log (CRs-)}, 
d i r ec t ly  yie ld  t h e  k ine t i c  p a r a m e t e r  ~. F i g u r e  5b s h o w s  t he  
d e p e n d e n c e  of  io on  CRSSR at a c o n s t a n t  c o n c e n t r a t i o n  of  
t he  c o r r e s p o n d i n g  th io la te  salt. The  s lopes  of  t h e s e  plots ,  
d{log (io)}/d{log (C~ssR)}, a l lows e s t i m a t i o n  of  t he  k ine t i c  
p a r a m e t e r  X. Dev ia t i ons  f rom l inea r i ty  i nd i ca t e  t h a t  t h e  
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Fig. 4. Tafel plots for various RSSP,/RS- redox couples at (a) a plati- 
num disk electrode and (b) a glassy carbon electrode. The working 
electrodes were rotated at 3000 rpm. The potential sweep rate was 
] mV/s. The electrolyte solution contained bulk concentrations of (11) 
2.1 mM TETD and 2.2 mM NaDEDC, (+ )  2.6 mM TMTD and 2.4 mM 
NaDMDC, (z~) 2.0 mM FPDS and 2.2 mM NoFPT, and ( �9 1.8 mM PDS 
and 2.1 mM NaPT. 
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Fig. 5. (o) Dependence of exchange currents on concentration of 
thiolate anions at constant concentration of the corresponding organo- 
disulfide: (11) 4.0 mM TETD, (+ )  4.0 mM TMTD, (~ )  4.0 mM FPDS, 
and ( �9 4.0 mM PDS. (b) Dependence of exchange currents on concen- 
tration of organodisulfides at a constant concentration of the corres- 
ponding thiolate salt: ( i )  4.0 mM NaDEDC, (+ )  4.0 mM NaDMDC, 
(A) 4.0 mM NaFPT, and (~)  4.0 mM NaPT. 

e x p o n e n t s ,  ~ a n d  ~,, or t he  t r a n s f e r  coeff ic ients  va ry  
s l ight ly  at  d i f fe ren t  concen t r a t i ons .  Never the les s ,  t h e  aver-  
age  values ,  as  l i s ted  in  Tab le  VII,  agree  r e a s o n a b l y  wel l  
w i t h  t h e  t r a n s f e r  coeff ic ients  as d e t e r m i n e d  f rom t h e  Tafel  
s lopes.  Also, t h e  o b s e r v e d  e x p o n e n t s  c losely  m a t c h  t he  
t heo re t i ca l  va lues  for m e c h a n i s m  1 (Table  III), s u p p l y i n g  
f u r t h e r  e v i d e n c e  for t he  va l id i ty  of  th i s  m e c h a n i s m .  

Electrode materials.---Tafel plots  for va r ious  r e d o x  
coup le s  at  a g lassy  c a r b o n  R D E  are  s h o w n  in Fig. 4b. The  
e x p e r i m e n t a l  cond i t i ons  were  iden t ica l  to t h o s e  for t he  
m e a s u r e m e n t s  at  a p l a t i n u m  e lec t rode  as s h o w n  in Fig. 4a. 
T h e  e s t i m a t e d  t r a n s f e r  coeff icients ,  s t o i ch iome t r i c  coeffi- 
c ients ,  a n d  s t a n d a r d  ra te  c o n s t a n t s  are s u m m a r i z e d  in 
Tab le  VIII .  C o m p a r i s o n  w i t h  t he  b e h a v i o r  o b s e r v e d  at  
p l a t i n u m  e lec t rodes ,  a l lows severa l  conc lus ions :  (i) for t h e  
r e d o x  coup le s  T E T D / D E D C -  a n d  TMTD/DMDC- ,  t he  
e q u i l i b r i u m  po ten t i a l s  e s t ab l i s hed  at  a g lassy  c a r b o n  elec- 
t r o d e  (E~) we re  sh i f t ed  in  t he  pos i t ive  d i rec t ion  w i t h  re- 
s p e c t  to those at a platinum electrode, indicating that 
stronger adsorption of the thiolate anions occurs on graph- 
ite than on platinum; (ii) for FPDS/FPT- and PDS/PT~, 
however, the equilibrium potentials were shifted in the 
negative direction, indicating that stronger adsorption of 
these organodisulfides takes place on glassy carbon than 
on platinum; (iii) the exchange current densities at glassy 
carbon electrodes are higher than those at platinum elec- 
trodes, and are modified somewhat by the R group in the 
RSSR molecule. 

Although all working electrodes were polished to a mir- 
ror finish before each run, it is conceivable that some elec- 
trodes might have partially passivated or adsorbed chemi- 
cal 'species upon immersion into the electrolyte solutions. 
Thus, the electroactive surface area of the electrode might 
be different from its geometric surface area. Throughout 
this study, the surface area dependant parameters deter- 
mined at each electrode were based on the geometric sur- 
face area of the electrode and therefore are apparent pa- 
rameters; these values are probably more valuable in 
predicting actual device behavior than parameters based 
on absolute surface areas. 
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Fig. 6. Tafel plots for the TETD/DEDC- redox couple at 293 K. The 
platinum and glassy carbon electrodes were rotated at 3000 rpm. The 
graphite electrode was held stationary while the electrolyte solution 
was vigorously stirred during measurements. Electrolyte solution in- 
cluded 2.0 mM TETD and 2.0 mM MaDEDC. (b) Tafel plots for the 
TETD/DEDC redox couple at 373 K. Cell currents were monitored 
across stationary electrodes af platinum, graphite, and stainless steel 
while the electrolyte solution was stirred vigorously and purged with 
dry argon. Electrolyte solutions included 1.34M TETD and !.34M 
MaDEDC. The established equilibrium potentials were - 0 . 3 4 9 V  at 
platinum ( i ) ,  - 0 . 3 1 3 V  at graphite (A), and - 0 . 3 4 8 V  at stainless 
steel (V). 

Tafel  p lo t s  for  T E T D / D E D C -  at  p l a t i num,  g raph i te ,  a n d  
g lassy  c a r b o n  e lec t rodes  are  c o m p a r e d  in  Fig. 6a. A n  im- 
m e d i a t e  o b s e r v a t i o n  is t h a t  t he  e x c h a n g e  c u r r e n t  dens i t i e s  
or  ra te  c o n s t a n t s  at  g r aph i t e  e lec t rodes  are a b o u t  an  o rde r  
of  m a g n i t u d e  h i g h e r  t h a n t h a t  a t  p l a t i n u m  e lec t rodes .  This  
is in  a g r e e m e n t  w i t h  a p r ev ious  cyclic v o l t a m m e t r y  s t u d y  
(6), w h e r e  t he  s epa ra t i ons  of  p e a k  po ten t i a l s  a t  g r aph i t e  
e l ec t rodes  were  m u c h  smal l e r  t h a n  at  p l a t i n u m  e lec t rodes .  
Also,  t h e  sh i f t  of  t he  e q u i l i b r i u m  po ten t i a l  f r om -0 .260V at  
a p l a t i n u m  e lec t rode  to -0 .187V at  a g lassy  c a r b o n  elec- 
t r o d e  can  be  e x p l a i n e d  by  s t ronge r  a d s o r p t i o n  of  th io la t e  
a n i o n s  at  g r aph i t e  or glassy c a r b o n  re la t ive  to p l a t i n u m  (6). 
Fu r the r ,  t he  m e a s u r e d  t r ans f e r  coeff ic ients  at  p l a t i n u m  
e lec t rodes  were  s l ight ly  m o r e  s y m m e t r i c  t h a n  t h o s e  at  
g lassy  c a r b o n  e lec t rodes .  In  addi t ion ,  t he  a p p a r e n t  ex- 
c h a n g e  c u r r e n t  dens i t i e s  at  g r a p h i t e  e lec t rodes  a re  m u c h  
h i g h e r  (more  t h a n  t h r e e  t imes)  t h a n  t h o s e  at  g lassy  c a r b o n  
e lec t rodes .  Th i s  m a y  be  par t ia l ly  e x p l a i n e d  as b e i n g  due  to 
a s l ight ly  r o u g h e r  sur face  of  t he  g r aph i t e  e l ec t rode  t h a n  
t h a t  of  t he  g lassy  c a r b o n  e lec t rode .  However ,  s ince  b o t h  
e l ec t rodes  were  carefu l ly  po l i shed  before  e x p e r i m e n t a t i o n  
( h e n c e  t he  d i f fe rence  in the i r  sur face  areas  c a n n o t  ful ly ac- 
c o u n t  for t he  large d i f fe rence  in  t he i r  a p p a r e n t  e x c h a n g e  
c u r r e n t  densi t ies) ,  i t  is l ikely t h a t  t he  c h e m i c a l  n a t u r e  of 
t h e  sur faces  exe r t s  a s t rong  effect  on  e l ec t rode  kinet ics .  

Table VII. Dependence of exchange currents at platinum electrode on 
concentrations of organodis~lfides/thiolate salts (determined from 

polarization measurements at 293 K) 

Exponents 
RSSR/RS k 

TETD/DEDC- 0.33 _+ 0.02 0.34 +_ 0.03 
TMTD/DMDC- 0.32 • 0.03 0.37 ~ 0.04 
FPDS/FPT 0.24 _+ 0.03 0.52 _+ 0.05 
PDS/PT 0.23 +_ 0.04 0.54 +_ 0.03 
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Fig. 7. Polarization behavior of Na/~"-alumina/RSSR cells (cell capacity: 2000C) with dimethyldisulfide (DMDS) cathodes (at 378 K): (a) applied 

sequential transient current pulses, (b) the corresponding cell potential response, and (c) cell polarization obtained from pulse polarization meas- 
urements. 

Tafel  po la r iza t ion  of  p l a t i n u m ,  g raph i t e ,  a n d  s t a in l e s s  
s tee l  e l ec t rodes  in c o n c e n t r a t e d  R S S R / R S -  so lu t i o n s  at  
373 K are  s h o w n  in Fig. 6b. T h e  cell c u r r e n t s  w e r e  m e a s -  
u r e d  at  s t a t i o n a r y  e l ec t rodes  whi le  t he  e lec t ro ly te  so lu t ion  
w a s  v i g o r o u s l y  s t i r red  by  a m a g n e t i c  sp in  bar.  T h e  po ten -  
t ial  r a n g e  over  w h i c h  Tafel  po la r iza t ion  w as  o b s e r v e d  w a s  
na r row,  a n d  dev ia t i ons  at  h i g h  ove rpo ten t i a l s  w e r e  p roba-  
b ly  b r o u g h t  a b o u t  by  insuf f i c i en t  m a s s  t r anspor t .  Never -  
the le s s ,  in c o n j u n c t i o n  w i th  t he  d e t e r m i n a t i o n  of  ex- 
c h a n g e  c u r r e n t  dens i t i e s  f r om the  s lopes  o f  t h e  
c o r r e s p o n d i n g  l inear  polar iza t ion  p lo ts  (i vs. ~ w h e n  
In[ < <  RT/F) ,  t h e  Tafel  s lopes  were  d e t e r m i n e d  w i t h o u t  
a m b i g u i t y .  T h e  e s t i m a t e d  t r a n s f e r  coeff ic ients  a n d  the  
s t a n d a r d  ra te  c o n s t a n t s  for d i f fe ren t  e l ec t rode  mate r ia l s ,  

a v e r a g e d  over  v a l u e s  o b t a i n e d  at  d i f fe ren t  c o n c e n t r a t i o n s  
of  T E T D  a n d  N a D E D C ,  are s u m m a r i z e d  in  Tab le  IX. 

I n  a d d i t i o n  to iner t  e l ec t rodes  s u c h  as p l a t i n u m  a n d  car- 
bon ,  s t a in l e s s  steel,  a l u m i n u m ,  a n d  c o p p e r  e l ec t rodes  we re  
also inves t iga t ed .  S ta in le s s  s tee l  e l ec t rodes  were  f o u n d  to 
p a s s i v a t e  q u i c k l y  in  t h e  e lec t ro ly te  so lu t ion  a n d  s u b s e -  
q u e n t l y  b e h a v e  like p l a t i n u m  e lec t rodes ,  b u t  t h e  m e a s -  
u r e d  e x c h a n g e  c u r r e n t  d e n s i t i e s  were  m u c h  lower.  

U p o n  i m m e r s i o n  of  a n  a l u m i n u m  e lec t rode  in  an  electro- 
ly te  s o l u t i o n  c o n t a i n i n g  1.34M T E T D  a n d  1.34M N a D E D C  
in  D M S O  at  373 K, an  ini t ial  co r ros ion  po ten t i a l  of  - 1 . 6 V  
w a s  obse rved ,  w h i c h  d e c a y e d  to a p p r o x i m a t e l y  - 0 . 3 6 V  in  
a b o u t  3 m i n ,  a n d  t h e n  r e m a i n e d  re la t ive ly  s table .  T h e  ex-  
c h a n g e  c u r r e n t  at  a p a s s i v a t e d  a l u m i n u m  e lec t rode  was  

Table VIII. Observed transfer coefficients, stoichiometric coefficients, and standard rate constants for organodisulfide/thiolate redox couples at 
glassy carbon electrodes (determined from polarization measurements at 293 K) 

Concentration Equilibrium Stoichiometric Standard rate 
(~mol cm -~) potential Transfer coefficient coefficient constant 

RSSRfRS- CRSSR CRS- Eeq(V) aa ac v k ~ • 108 

TETD/DEDC- 2.1 2.2 -0.187 _+ 0.013 0.69 _+ 0.007 0.31 -+ 0.006 2 x 0.013 0.89 +- 0.13 
TMTD/DMDC 2.6 2.4 -0.133 -+ 0.011 0.63 _+ 0.013 0.37 _+ 0.007 2 -+ 0.021 1.8 -+ 0.16 
FPDS/FPT- 2.0 2.2 -0.441 _+ 0.009 0.35 _+ 0.011 0.67 -+ 0.019 2 -+ 0.051 2.3 +- 0.14 
PDS/PT 1.8 2.1 -0.523 +_ 0.012 0.47 _+ 0.013 0.59 _+ 0.016 2 -+ 0.065 1.62 _+ 0.12 

Table IX. Observed transfer coefficients and standard rate constants for TETD/DEDC- at different electrode materials 

Electrode Transfer coefficient Standard rate constant 
material (~a (~c k ~ • l0 s (293 K) k ~  107 (373K) 

Platinum 0.65 -+ 0.009 0.35 -+ 0.008 0.34 +_ 0.09 1.25 +_ 0.28 
Glassy carbon 0.67 -+ 0.015 0.33 +- 0.013 0.91 _+ 0.16 
Graphite 0.67 -+ 0.021 0.33 -+ 0.023 2.96 -+ 0.44 9.45 -+ 0.86 
Stainless steel 0.64 -+ 0.021 0.36 -+ 0.018 0.24 -+ 0.056 
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operating temperature was 378 K. 

DMDC 

D M D S  
about  an order  of  magn i tude  lower  than that  at a passi- DMSO 
va ted  stainless steel electrode.  Unl ike  a l u m i n u m  which  F P D S  
pass ivated  slowly, copper  e lect rodes  were  act ively cor- F P T -  
roded  in the  electrolyte  solution. As soon as a copper  elec- MPc  N a D E D C  
t rode  was i m m e r s e d  in the  electrolyte  solution, the  por t ion 
of  the  solut ion adjacent  to the  e lec t rode  surface tu rned  je t  N a D M D C  
black (the color  of the copper  comp lex  CuDEDC) and the  
corros ion potent ia l  shif ted cont inuous ly  in the posi t ive  di- N a F P T  
rec t ion  as more  copper  was corroded.  N a P T  

ELectrocatalysis.--The polarizat ion behavior  of a Na/~"- P D S  
P T -  

a lumina /RSSR cell  wi th  a d imethyld isu l f ide  (DMDS) post- R 
t i r e  electrode,  wi th  and wi thout  cobal t  ph tha locyanine  R D E  
(CoPc) as an electrocatalyst ,  is shown in Fig. 7. Sequen t ia l  rds 
t rans ient  current  pulses  appl ied to the  cells are shown in r p m  
Fig. 7a and the  cor responding  cell potent ia l  responses  are R S -  
shown in Fig. 7b. Clearly, the  cell  polarizat ion was dramat-  R S S R  
ically reduced  by in t roduc ing  CoPc,  as shown in Fig. 7c. T E A P  
The discharge  curves  of  these  cells (Fig. 8) fur ther  demon-  
strate that  the  pe r fo rmance  of  the  Na /RSSR cell  wi th  CoPc  T E T D  
was greatly improved  relat ive to the  cell wi thou t  CoPc. In  TMAC 
fact, the  reduc t ion  of Na /RSSR cell overpotent ia l  by TMTD 
phtha locyan ine  addi t ion was observed  on both  charge and Notation 
discharge,  indicat ing that  electrocatalysis  is p robably  due  A 
to adsorbed  ph tha locyanine  on the  graphi te  felt  cur ren t  C*i 
collector.  Other  t ransi t ion meta l  ph tha locyanines  and tran- 
s i t ion meta l  thio salts, inc lud ing  Co, Fe, Cu, Zn, Ti, etc., C*i.~ 
were  also found to have  some  catalytic effect. The  electro- 
catalysis  of  R S S R / R S  redox  couples  by adsorbed  transi- C*i.b 
t ion meta l  ph tha locyanines  has been  repor ted  prev ious ly  
for the  related cyst ine/cyste ine  r edox  couple  (22). The  use  D, 
of  adsorbed  phtha locyanines  to enhance  the  act ivi ty  of  the  E 
graphi te  e lec t rode  is analogous to the  use of  modif ied  elec- E~q 
t rodes  for s imilar  purposes  (23, 24). However ,  fur ther  stud- F 
ies are needed  to e lucidate  the  detai led catalyt ic mech-  i 
anism, ik 

Conclusions ik,a, ik,c 
The observed  react ion orders for the  R S S R / R S  redox  

couples  are 1 in the  anodic  di rect ion and 1/2 in the  ca thodic  i~ 
direct ion.  The  de te rmined  t ransfer  coefficients  are I~ and il,a, i~.c 
(1 - ~) for the  cathodic  and anodic  process,  respect ively;  io 
this indicates  that  the  ra te -de termining  step is repea ted  k o 
twice  (v = 2) for the  comple t ion  of  the  overal l  reaction.  The  
react ion pathway,  therefore,  takes  the EC route  (Table I) kay, k~, 
wi th  the  first step, charge transfer,  as the  ra te -de termining  
step. The  kinet ics  of the e lect rode reaction,  then, are fully kf, kb 
descr ibed  by Eq. [6]-[11]. 

The  t ransfer  coefficients and the s tandard  rate constants  n 
for var ious  redox  couples  at different  e lec t rode  mater ia ls  
as wel l  as at different  t empera tu res  are summar ized  in r 
Tables  V-IX. ri 

Electrocatalysts ,  such as t ransi t ion meta l  phthalocya-  R 
nines  and t ransi t ion meta l  thiolate slates have  been  suc- T 
cessful ly ut i l ized to assist  charge transfer.  

The  h igh  apparen t  exchange  cur ren t  densi t ies  at graph- Greek 
i te e lec t rodes  sugges ted  that  graphi te  is a good posi t ive  aa, c~ 
e lec t rode  material ,  whi le  the  stabil i ty of  stainless steel  and 

a l u m i n u m  metals  towards  the  R S S R / R S -  e lect rolyte  solu- 
t ions makes  t h e m  likely candidates  for cell  case materials.  
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L I S T  OF S Y M B O L S  
Abbreviations 
D E D C -  die thyl  d i th iocarbamate  anion, 

[(C2Hs)zNCSS]- 
dimethyl dithiocarbamate anion, 
[(CH3)2NCSS] 
dimethyldisulfide, [CH3-S-]~ 
dimethylsulfoxide 
di-fluorophenyl disulfide, (F-C6H4-S-)2 
fluorophenyl thiolate anion, [F-C6H4-S] 
metal phthalocyanine 
sodium diethyl dithiocarbamate, 
(C2Hs)2NCSS-Na 
sodium dimethyl dithiocarbamate, 
(CH3)2NCSS-Na 
sodium fluorophenyl thiolate, F-C6H4-S-Na 
sodium phenyl thiolate, C~Hs-S-Na 
phenyl disulfide, (C6H5-S-)2 
pheny] thiolate anion, [C6Hs-S]- 
an organic moiety 
rotating disk electrode 
rate-determining step 
revolution per minute 
a group of thiolate anions 
a group of organic disulfides 
tetraethylammonium perchlorate, 
(C2Hs)4NCIO4 
tetraethylthiuram disulfide, ((C2Hs)2NCSS-)2 
tetramethylammonium chloride, (CH3)4NCI 
tetramethylthiuram disulfide, ((CH3)2NCSS-)2 

electrode area, cm 2 
concent ra t ion  of species i (i = RS or RSSR),  
~mol  cm -3 
concent ra t ion  of species i at e lec t rode  sur- 
face, ~mol  cm a 
concent ra t ion  of  species i in the  bu lk  solu- 
tion, t~mol cm -3 
diffusion coefficient  of species i, cm 2 s -1 
potent ia l  of an e lect rode vs. a reference,  V 
equ i l ib r ium potent ial  of an e lect rode vs. a ref- 
erence,  V 
Faraday's constant, 96,487 C equiv. -I 
current, ~A 
pure kinetic current as defined by Eq. 5, ~A 
pure kinetic current in anodic and cathodic 
direction, ~A 
l imi t ing current ,  ~tA 
l imit ing current  in anodic  and cathodic  direc- 
tion, ~tA 
exchange  current,  ~A 
standard rate constant,  (mol/s-cm2)(cm~/ 
mol)(•247 
rate constants  in anodic  and cathodic  direc- 
t ion for e lementary  step i(i = 1, 2, 3) 
rate constants  in forward and backward  di- 
rect ion for a chemica l  react ion 
n u m b e r  of  e lectrons t ransferred in the overal l  
react ion (n = ~ + rv + 7 ~) 
n u m b e r  of  electrons t ransferred in the  rds 
react ion rate for e lementary  step i (i = 1, 2, 3), 
tool c m  -2 s-* 
universal  gas constant,  8.3143 [J m01-1 K -1] 
absolute  tempera ture ,  K 

transfer  coefficients (as def ined in Eq. [2] or 
[5]) 
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symmetry factor of the rds 
~i symmetry factor of elementary step i 

(i = 1, 2, 3) 
~ ,  r ~ number  of electrons transferred in the steps 

preceding and after the rds (in the anodic di- 
rection) 

~i reaction order for species i (i = RS- or RSSR) 
overpotential at an electrode surface, 

= E - Eeq, V 
k, ~ exponents in concentration dependence of 

exchange current (see Eq. [4]) 
v kinematic viscosity of an electrolyte solution, 

cm 2 s -1 or stoichiometric coefficient of the 
rate-determining step 
rotation speed of disk working electrode, Hz 
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Homogeneous and Heterogeneous Catalytic Reactions in 
Cobalt Oxide/Graphite Air Electrodes 

I. Chemical Kinetics of Peroxide Decomposition by Co(ll) Ions in Alkaline Solutions 

S. P. Jiang, 1 Z. G. Lin, 2 and A. C. C. Tseung* 

Chemical Energy Research Center, The City University, Northampton Square, London EC1V OHB, England 

ABSTRACT 

This paper considers the role played by dissolved cobaltous ions in concentrated alkaline solutions in the homogene- 
ous decomposit ion of H202 and its significance to oxygen reduction in alkaline media. Dissolved cobaltous ions, in the 
form of HCoO2- in concentrated alkaline solutions, show a very high catalytic activity for the decomposition of H202 even 
at a concentration of 1 ppm. The homogeneous decomposition of peroxide is not a simple first-order reaction as reported 
in literature but is a 1.2 order reaction. It is suggested that kinetics of decomposition of H202 in the presence of Co304 is 
controlled by the homogeneous catalytic reaction of the HCoO2 ions, the heterogeneous redox reaction between HCoO2- 
ions in solution, and the Co 3+ ions in the cobalt oxide spinel lattice sites. 

Oxygen reduction on carbon, graphite, and certain metal 
oxides in alkaline solutions is considered to proceed 
through the formation of peroxide intermediate 

02 + H20 + 2e = HO2- + OH [1] 

with the standard potential of -0.0649V (vs. SHE at 25~ 
(1). The electroreduction of H202 is unlikely to occur at 
normal operating potential, and Further reaction would in- 
volve the decomposition of HO2- if HO2--decomposing 
catalysts are present 

2HO2- = 2 OH- + 02 [2] 

The released oxygen is then further reduced, leading to 
higher efficiency and open-circuit voltage (2). The kinetics 
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and mechanisms of such oxygen reduction reactions have 
been extensively studied on various transition metal ox- 
ide/carbon or graphite electrodes. All the previous studies 
proposed that the peroxide intermediate is heteroge- 
neously decomposed on the active surface sites of transi- 
tion metal oxides, and the reaction was considered to be 
first-order (3-5). 

However, it is well-known from Pourbaix diagram (6) 
that in alkaline solutions, cobalt oxides have a tendency to 
dissolve gradually in the potential range for oxygen reduc- 
tion. In concentrated alkaline solution (ca. pH > 10.6), the 
dissolved cobaltous ion Co 2§ is in the form of the dicobal- 
tite ion HCoO2-, which is characterized by blue color (7) 

Co 2+ + 2H20 = HCoO2- + 3H + [3] 

Efremov et al. (8) have shown that contact between 
Co~O4 and KOH solution leads to changes in the spinel 
structure, forming simple cobalt oxides, CoO and Co203, 
and Co 3+ and Co 2+ were detected in solution. Cyclic vol- 
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