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A B S T R A C T  

The  m e c h a n i s m  of SOCI= reduc t ion  on P t  e lec t rodes  is e x a m i n e d  by l inear  sweep  v o l t a m m e t r y  and IR ref lectance 
spec t roscopy  wi th  the  in terpre ta t ion  aided by molecu la r  orbital  calculat ions.  The  p resen t  m o d e l  emphas izes  s t ructura l  
aspects  of  bu lk  e lec t ro lyte  as wel l  as the  e lec t rode/e lec t ro ly te  in te rphase  region. Ini t ial ly this region is en r i ched  by prefer-  
ent ial  adsorp t ion  of  [C12A1(<--OSC12)2] § ions occurr ing  th rough  the  S a tom of the  c o m p l e x e d  SOC12 molecule .  Fu r the r  en- 
h a n c e m e n t  is no ted  at low ca thodic  overpotent ia ls .  At h igher  overpotent ia ls ,  SO2 and unident i f ied  species,  PI and P2, are 
observed .  The  mode l  requires  stabil i ty of  bo th  P1 and P2 w h e n  in an adsorbed  state. The  accep tance  of  the  first e lec t ron  is 
an i r revers ib le  process  whi le  the  accep tance  of  the  second e lec t ron is quasi-reversible .  The  format ion  of  final react ion 
products ,  viz., C1 , S, and SO= occurs  wi th in  the  react ion layer. 

Ear ly  d iscuss ion  of the  m e c h a n i s m  of SOC12 electrore-  
duc t ion  cen te red  a round events  involv ing  isolated SOCla 
molecules ,  i.e., dis regard ing  molecu la r  in terac t ions  (1-4). 
This  approach  was cri t icized by Madou et al. (5) based on 
the  shape of  vo l t ammograms ,  par t icular ly  in pract ical  elec- 
t rolytes  conta in ing  excess  A1C13. The  complex i ty  of  the  re- 
act ion pa th  was indica ted  by the  format ion  of  p repass ive  
surface  films long before  the  onset  of  pass ivat ion (6) and 
fur ther  emphas ized  by the  role p layed by the  var ious  addi- 
t ives,  e.g., Fe-Pc  (7). However ,  the  best  ev idence  for the  
c o m p l e x  react ion pa thway  was p rov ided  by the  spectro- 
scopic  examina t i on  of  the  Pt/A1C13-LiC1-SOC12 in te rphase  
region (8, 9). 

In  an a t t empt  to p rov ide  bet ter  unde r s t and ing  of  even ts  
associa ted  wi th  the  cell d ischarge  and, in part icular ,  those  
occur r ing  at the  posi t ive  electrode,  s tudies into the  struc- 
tural  aspects  of  SOC12-based e lect rolytes  were  unde r t aken  
(10-12). Specifically,  s t ructura l  features  were  der ived  f rom 
the  analysis of  the  Walden p roduc t  (10) and f rom R a m a n  
and IR spectra  for the  A1C13-SOC12 and LiC1-A1C13-SOC12 
systems,  respec t ive ly  (11, 12). Here,  we repor t  on the  ex- 
t ens ion  of  this effort  and concen t ra te  on changes  that  
occur  wi th in  the  react ion zone adjacent  to the charge-  
t ransfer  p lane  upon  polar izat ion of  the  Pt/A1C13-SOC12 sys- 
tem. IR ref lec tance  spec t roscopy  and l inear  sweep vol tam-  
me t ry  (lsv) were  se lec ted  as pr imary  expe r imen ta l  tools. 
The  in te rpre ta t ion  of  expe r imen ta l  observat ions  was aided 
by molecu la r  orbital  (MO) calculat ions.  

Experimental 
Procedure s  emp loyed  in the  prepara t ion  of  solut ions 

were  repor ted  earl ier  (11, 12). The  spec t roscopic  examina-  
t ion of  the  e lec t rode/e lec t ro ly te  in te rphase  was pe r fo rmed  
in a modi f ied  cell, first descr ibed  by Pons  (13). The  l inear  
sweep  v o l t a m m o g r a m s  were  obta ined  wi th  the  aid of  the  
c o m p u t e r  dr iven  potent iostat ,  P A R  Model  173 wi th  a 276 
I E E E  c o m p u t e r  interface.  IR t ransmi t t ance  spectra  were  
ob ta ined  us ing  a Barnes  m o u n t  wi th  AgC1 windows  and a 
15 ~m Teflon space. The  MO calculat ions  were  pe r fo rmed  
us ing  AMPAC,  a general  purpose,  semiempi r ica l  molecu-  
lar orbital  package  deve loped  at the  Univers i ty  of  Texas,  
Aust in ,  Texas.  These  calculat ions yield in format ion  on the  
size, shape, and charge  d is t r ibut ion  wi th in  molecu les  and 
complexes .  The  recorded  S - - O  s t re tch ing  vibra t ions  of  
c o m p l e x e d  SOC12 were  c o m p u t e r  analyzed and decom-  
posed  into their  Voigt  profiles us ing  a p rev ious ly  de- 
scr ibed  p rocedure  (14). 

Electrochemical cell.--The spec t roe lec t rochemica l  cell 
was m a d e  of  a mach inab le  ceramic  mater ia l  (Macor, Dow 
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Chemical) .  A r emovab le  AgC1 w i n d o w  was sealed against  
the  cell  body  by an O-ring (Kalrez, du  Pont).  The  work ing  
e lec t rode  was a pol i shed  P t  foil pe rmanen t ly  a t tached  to a 
ce ramic  plunger .  The  counter-  and reference  e lec t rodes  
were  a P t  wire  and a Ag/AgC1 wire  in a Teflon sleeve, re- 
spect ively.  A var iable  d is tance  be tween  the  w i n d o w  and 
e lec t rode  surface was provided;  however ,  each set of  
m e a s u r e m e n t s  was carr ied out  at a f ixed distance.  The  cell  
was p laced  at a 45 ~ angle  us ing  a specular  ref lectance appa- 
ra tus - -Spec t ra -Tech ,  Model  500---inside a 5 D X B  Nicole t  
FT- IR spec t rometer .  The  path  lengths  were  cal ibrated 
wi th  nea t  CC14. 

Results 
IR  spectra  can be used  to ident i fy  species p resen t  in so- 

lu t ion and, to a lesser  degree,  de te rmine  thei r  concentra-  
t ions. Such  an examina t ion  by i tself  can, at best, p rov ide  
only l imi ted  informat ion  on the  character is t ics  of  the  elec- 
t rode/e lec t ro ly te  in te rphase  (15); it cannot  unequ ivoca l ly  
de t e rmine  the  react ion pathway(s). On the  o ther  hand,  lin- 
ear  sweep  v o l t a m m e t r y  is a useful  tool for exp lo r ing  com- 
p lex  e lec t rochemica l  processes  since the  shape of  the  lsv 
curves  depends  on two parameters  re la ted to the  ther-  
m o d y n a m i c s  of  the  sys tem and to the  kinet ics  of  the  
charge  t ransfer  and associated t ranspor t  processes .  More- 
over,  the  easily adjus table  expe r imen ta l  condi t ions  al low 
the  examina t ion  of  a t ransi t ion f rom one  d o m i n a n t  process  
to another .  

IR spectroscopy of the electrode~electrolyte interphase.-- 
The  evo lu t ion  of  IR  spectra  ref lected f rom the  e lec t rode  
surface is i l lustrated in Fig. 1. Deta i led  examina t ion  was 
res t r ic ted  to the  spectral  region: 950-1350 cm -1. This  reg ion  
was se lec ted  because  the  S - - O  s t re tching vibra t ions  of 
nea t  SOC12, CI3AI(<---OSCI2) c o m p l e x  and [C12A1@--OSCl2)2] § 
o n i u m  ion, which  occur  in the  Raman  spectra  at 1231, 1108, 
and 1055 cm 1, respect ively ,  are unobs t ruc t ed  by other  ab- 
sorpt ions.  Also, the  S - - O  s t re tching vibra t ions  of  these  
species  are ve ry  sensi t ive to any changes  in the  molecu la r  
s t ruc ture  (11). For  solut ions in contac t  wi th  an e lec t rode  
surface two addi t ional  peaks  at 1132 and 1102 cm I are ob- 
se rved  (vide infra). The  passage of ca thodic  cur ren t  resul ts  
in the  d i sappearance  of  the  1132 and 1102 cm 1 peaks  and 
genera tes  n e w  peaks  of  which  that  of  SO2 at 1331 cm 1, is 
clearly detectable ,  even  at low overpotent ia ls ,  e.g., 100 mV. 
At  h igher  overpotent ia ls ,  n e w  peaks appear  at ca. 1190, 
1170, and 1150 cm -1. Quali tat ively,  no signif icant  differ- 
ences  are observed  in the  IR ref lectance spectra  ob ta ined  
on Au and P t  electrodes.  

lsv curves.--Effect of  AlCl~ concentration.--The effect  of  
A1C13 concen t ra t ion  on the  shape of  the  lsv curves,  re- 
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waves  w i t h i n  t he  po ten t i a l  range:  - 5 0 0  to - 2 0 0  m V  at t he  
s can  ra te  of  5 m V  s '. At  still  l ower  ra tes  a cross  ove r  of oxi- 
da t ive  a n d  r e d u c t i v e  waves  is o b s e r v e d  whi l e  at  f as te r  
ra tes ,  a s e p a r a t i o n  of t h e s e  waves  occurs .  T h e  s e c o n d  fea- 
t u r e  of  i n t e r e s t  is t he  b e h a v i o r  of  peaks ,  A a n d  B in Fig. 3a. 
As t he  s can  ra te  decreases ,  m e r g i n g  of  t h e s e  po in t s  occurs  
w i t h  A sh i f t ing  in t he  pos i t ive  d i r ec t ion  a n d  B in t he  nega-  
t ive,  w i t h  t he  d i s p l a c e m e n t  of  t he  la t te r  b e i n g  less. 

Discussion 
T h e  d i s c u s s i o n  of  e x p e r i m e n t a l  r e su l t s  a n d  c o n c l u s i o n s  

r e a c h e d  is a ided  by  c o n s i d e r a t i o n s  of e lec t ro ly te  compos i -  
t i on  a n d  a s soc ia t ed  equ i l ib r i a  a n d  t he  c o n c e p t  of  an  elec- 
t rode /e l ec t ro ly te  i n t e rphase .  

Equilibria in the bulk electrolyte.Mosier-Boss et al. (11) 
r e p o r t e d  t he  fo l lowing  equ i l ib r i a  in  t he  b u l k  so lu t ion  

(SOC12),, -~ (SOC12)n-, n = 1, 2, ... [I] 

SOC12 + A1C13 ~ C13AI(~-OSC12) [II] 
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Fig. 1. The 930-1350 cm -1 IR spectral region of an electrode/elec- 
trolyte interphase at rest and cathodically polarized. (a) Au/4.0M AICI3 
in SOCI2 system; dashed line at ~1 = 0, solid line at ~q = - 2 . 5 V .  (b) 
Pt/4.0M AICI3 in SOCI2 system; dashed line at "q = 0, solid line at 
"q = - 3 .5V .  Species indicated. 

c o r d e d  for  a c o n s t a n t  s can  ra te  of  5 m V  s -1, is i l l u s t r a t ed  in  
Fig. 2a-d. A cu r so ry  i n s p e c t i o n  shows  a s ign i f ican t  differ- 
ence.  On  c loser  e x a m i n a t i o n ,  however ,  t h i s  d i f f e rence  is in  
the  de f in i t ion  of  cha rac t e r i s t i c  po in t s  r a t h e r  t h a n  in shape.  
At  c o n c e n t r a t i o n s  3.0M or less, t he  fo rward  ( reduct ive)  
s can  cons i s t s  of  two S - s h a p e d  s egmen t s ,  fo l lowed by  a 
p e a k  cur ren t .  The  c u r r e n t  p la teaus ,  Jh a n d  JB, as wel l  as t he  
p e a k  cu r ren t ,  jp, i nc rease  w i t h  an  inc rease  in A1C13 concen-  
t ra t ion .  The  reve r se  (oxidat ive)  scan  also e x h i b i t s  two  S- 
s h a p e d  s e g m e n t s  fo l lowed b y  a r a t h e r  d i s t inc t ly  d i f f e ren t  
r eg ion  c o n t a i n i n g  two  peaks .  All po ten t i a l s  de l i nea t i ng  t he  
cha rac t e r i s t i c  s e g m e n t s  a p p e a r  to  be  c o n c e n t r a t i o n  inde-  
p e n d e n t  wh i l e  t he  r e s p e c t i v e  c u r r e n t s  s h o w  a s t r o n g  de- 
p e n d e n c e .  

The  s i tua t ion  in a 4.0M solu t ion ,  espec ia l ly  at  h i g h e r  
ove rpo ten t i a l s ,  is qu i t e  d i f f e ren t  b o t h  on  fo rward  and  re- 
ve r se  scans.  The  r e d u c t i v e  s can  s h o w s  only  one  wave-  
s h a p e d  reg ion  at  lower  ove rpo ten t i a l s ,  b e c o m i n g  a s t r a igh t  
l ine  at  h i g h e r  overpo ten t i a l s .  On reve r se  scan,  t h e  j/V(t) 
c u r v e  c rosses  ove r  t h e  r e d u c t i v e  scan,  b u t  still  r e t a in s  a 
p e a k - s h a p e d  reg ion  at  lower  overpo ten t ia l s .  

lsv curves.--Effect of scan rate.--The effect  of  scan  ra te  on  
the  shape  of  the  lsv curves  in  a 3.0M solut ion is i l lus t ra ted 
in  Fig. 3a a n d  b. Qual i ta t ively ,  the  dec rea se  in t h e  s can  ra te  
y ie lds  b e t t e r  def in i t ion  of  t he  va r ious  regions .  Thus ,  a t  
v < 50 m V  s 1 all cha rac t e r i s t i c  fea tu res  of  b o t h  r e d u c t i v e  
a n d  ox ida t i ve  scans  are c lear ly  d isp layed .  Of  i n t e r e s t  are 
two  fea tures :  the  m e r g i n g  of t he  r e d u c t i v e  a n d  ox ida t i ve  

2C13A1(*--OSC12) ~ [C12A1(<--OSC12)2] + + a lCl4-  [I l l]  

T h e  i n t e rna l  e x c h a n g e  reac t ion ,  Eq.  [III], occu r s  in  t he  
p r e s e n c e  of  free SOC12 a n d  t he  e x t e n t  of  th i s  r eac t ion  is ex-  
p e c t e d  to be  a f fec ted  b y  excess  SOC12 w i t h  a d e p e n d e n c e  
on  t h e  d ie lec t r ic  c o n s t a n t  a t  low A1C13 c o n c e n t r a t i o n s  a n d  
d o m i n a t e d  by  t he  d o n o r  p rope r t i e s  of  t he  SOC12 at  h i g h e r  
c o n c e n t r a t i o n s  (16). S ign i f i can t  c h a n g e s  in t he  g o v e r n i n g  
equ i l ib r i a  a n d  m o l e c u l a r  s t r u c t u r e  occu r  b e t w e e n  2.0 a n d  
3.0M A1CI~ as i n d i c a t e d  b y  d i f f e rence  in IR spec t r a  (8) a n d  a 
m a x i m u m  in t he  e lec t ro ly te  v a p o r  p r e s s u r e  (17). (Hereaf-  
ter,  for  brevi ty ,  we u se  s y m b o l s  A0, A1, a n d  A2 § to d e n o t e  
n e a t  SOC12, complex ,  a n d  o n i u m  ion, respect ively) .  

Concept of an interphase.--A useful  concep t  facil i tat ing 
t he  in te rp re ta t ion  of  expe r imen t a l  da ta  and  fo rmula t ion  of  a 
phys i ca l  mode l ,  t h a t  of  a n  i n t e r p h a s e  region,  was  dis- 
c u s s e d  b y  v a n  R y s s e l b e r g h e  (18). In  t he  s i m p l e s t  case, i t  
t akes  t he  fo rm of  t he  e lec t r ica l  d o u b l e  layer.  In  m o r e  com-  
p l ex  cases  and,  in  par t icu lar ,  d u r i n g  c h a r g e  t r a n s f e r  reac-  
t ion,  i t  cons i s t s  of  a ser ies  of  layers,  e a c h  a s soc ia t ed  w i t h  a 
p a r t i c i p a t i n g  e l e m e n t a r y  process .  In  th i s  r e p r e s e n t a t i o n ,  
t h e  i n t e r p h a s e  r eg ion  is a n  o p e n  s y s t e m  w h i c h  e n c o m -  
pas ses  a n u m b e r  of  consecu t i ve  e l e m e n t a r y  processes .  A 
typ ica l  set  of  e v e n t s  is as follows; r e a c t a n t  m o l e c u l e s  are  
b r o u g h t  f rom the  bulk ,  b, to t he  e l ec t rode  surface,  s, by  dif- 
fus ion,  d, fo l lowed b y  adso rp t ion ,  a, and,  a f te r  t h e  c h a r g e  
t ransfe r ,  p r o d u c t s  are r e t u r n e d  b a c k  to t he  bulk .  For  A2 + as 
t h e  r eac t i ng  molecule ,  t h e  se t  of  e v e n t s  is g iven  b y  Eq. [IV] 

A2 +'(b) --> A2 +'<d) --> A2 +'(a) + e -'(s> --) E p r o d u c t s  [IV] 

w h e r e  t he  s u p e r s c r i p t s  iden t i fy  t he  e l e m e n t a r y  p roces s  
c o n s i d e r e d  as wel l  as t h e i r  pos i t i on  w i t h i n  t he  i n t e rphase .  

A n  i n t e r p h a s e  reg ion  is f o r m e d  w h e n e v e r  a n  e l ec t rode  is 
in  c o n t a c t  w i t h  an  e lectrolyte .  This  r eg ion  is e i t he r  in  a n  
e q u i l i b r i u m  wi th  the  b u l k  e lec t ro ly te  or in  a s t a t i o n a r y  
s t a t e  l ead ing  to a res t  po ten t i a l  w h i c h  is a t h e r m o d y n a m i c  
or  a m i x e d  potent ia l ,  respec t ive ly .  In  t he  first  case, t h e  con-  
s t i t u e n t s  w i t h i n  t he  i n t e r p h a s e  are t he  s ame  as in  t he  bu lk ,  
wh i l e  in  t h e  s e c o n d  case  n e w  species  are  g e n e r a t e d  b y  t he  
par t ia l  e l ec t rode  reac t ions .  T h e s e  n e w  species ,  d e p e n d i n g  
u p o n  t h e i r  s tabi l i ty ,  m a y  or m a y  no t  h a v e  t i m e  to d i f fuse  to 
t he  bulk .  

IR spectroscopy of the interphase region.--In t h e  cell de- 
s i g n e d  for e x t e r n a l  ref lec t ion  s p e c t r o e l e c t r o c h e m i s t r y ,  t he  
r e c o r d e d  spec t r a  c o n t a i n  c o n t r i b u t i o n s  d u e  to b u l k  elec- 
t ro ly te  a n d  the  e lec t rode /e lec t ro ly te  i n t e r p h a s e  (13). The  
d e g r e e  to w h i c h  the  i n t e r p h a s e  r eg ion  can  b e  i so la ted  f rom 
the  bulk ,  a n d  e v e n t s  a s soc ia t ed  w i t h  t he  c h a r g e  t r a n s f e r  
p roce s s  e x a m i n e d ,  c an  be  a s se s sed  by, e.g., v a r y i n g  t he  
p a t h  l eng th .  The  e f fec t iveness  of  th i s  t e c h n i q u e  is il lus- 
t r a t e d  by  spec t r a  d i s p l a y e d  in  Fig. 4. F igu re s  4a a n d  b are  
t he  spec t r a  for p a t h  l e n g t h s ' o f  5 a n d  10 ~m, respec t ive ly ;  
re la t ive  in t ens i t i e s  b e t w e e n  t h e  two  cases  reflect  b u l k  vs. 
i n t e r p h a s e  concen t r a t i ons .  The  p e a k  ra t ios  of  c o m p l e x e d  
species ,  i.e., o n i u m  ion, Aa +, a n d  complex ,  A1, to  f ree  
SOC12, i nc rease  w i t h  d e c r e a s i n g  cell  p a t h  l e n g t h  w h i c h  is 
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Fig. 2. Effect of AICI3 concentration on shape of voltammograms. (a) 1.5M; (b) 2.0M; (c) 3.0M; (d) 4.0M AICI~. Scan rate: Vre d = V o x  - -  5 mV S - 1  . 

Electrode area: 0.15 cm ~. All potentials vs. Ag/AgCI reference in the same solution. VR indicates rest potential. 

i n d i c a t i v e  of  e n r i c h m e n t  of  t he  f o r m e r  w i t h i n  t h e  inter-  
phase .  A m o r e  q u a n t i t a t i v e  d e m o n s t r a t i o n  of  t he  in ter -  
p h a s e  e n r i c h m e n t  can  be  s een  in  Fig. 5 a n d  Tab le  I w h e r e  
t he  r e so lved  Voig t  prof i les  for t he  S - - O  v i b r a t i o n  b a n d  at  
1116 c m  -1 are d i sp layed .  I t  s h o u l d  b e  n o t e d  t h a t  b o t h  t he  
t r a n s m i t t a n c e  a n d  re f l ec tance  IR  spec t r a  were  o b t a i n e d  
u s i n g  AgC1 windows .  C o n s e q u e n t l y ,  t h e  o b s e r v e d  effects  
are  d u e  to t he  e lec t rode /e lec t ro ly te  i n t e r p h a s e  a n d  no t  a n  
a r t i fac t  of  t h e  AgC1 w i n d o w s .  

T h e  Voig t  profi les  s h o w  two n e w  peaks  at  1132 and  
1102 c m - '  w h i c h  are p r e s e n t  on ly  w i t h i n  t he  i n t e rphase .  
T h e s e  p e a k s  d i s a p p e a r  u p o n  ca thod i c  polar iza t ion.  Two 
p l a u s i b l e  a s s i g n m e n t s  can  b e  made :  (i) t h e y  can  be  as- 
s i g n e d  to t he  s y m m e t r i c  a n d  a s y m m e t r i c  s t r e t c h i n g  v ibra-  
t ions  of  A2 +'(a~ or (ii) to  S - - O  s t r e t c h i n g  v i b r a t i o n s  of  A~ ~a~ 
a n d  A2 § respec t ive ly .  I n  t h e  f irst  case, t h e s e  v i b r a t i o n s  in  
t h e  b u l k  so lu t ion  are essen t i a l ly  d e g e n e r a t e  a n d  a p p e a r  as 
a b r o a d  b a n d .  Case  (ii) is c o n s i s t e n t  w i t h  t he  o b s e r v a t i o n  
t h a t  A2 § is m o r e  s t rong ly  e n r i c h e d  w i t h i n  t h e  i n t e r p h a s e  
t h a n  A~. F u r t h e r  d i s t i nc t i on  b e t w e e n  t h e s e  two  cases  can- 
n o t  be  m a d e  at  t he  p r e s e n t  t ime.  Regard less ,  s ince  t h e s e  
p e a k s  are sh i f t ed  to h i g h e r  f r equenc ies ,  i t  fo l lows t h a t  t h e  
a d s o r p t i o n  occu r s  t h r o u g h  t h e  S a tom.  A shi f t  to h i g h e r  
f r e q u e n c y  r equ i r e s  an  i nc r ea se  in  t he  force  c o n s t a n t  of  t h e  
S - - O  b o n d  w h i c h  can  on ly  occu r  i f  t h e  p ~ - ~  d~  back-  
b o n d i n g  increases .  Th i s  c o n c l u s i o n  is b a s e d  on  t h e  thor -  

o u g h l y  i n v e s t i g a t e d  effects  of  b o n d i n g  t h r o u g h  t he  S a n d  
O a t o m s  of  (CH~)2SO on  t h e  S - - O  s t r e t c h i n g  f r e q u e n c i e s  
(19, 20), a n d  f u r t h e r  s u p p o r t e d  b y  MO ca lcula t ions .  T h e s e  
ca l cu la t ions  s h o w  t h a t  the  pos i t ive  c h a r g e  res t s  o n  t he  S 
a t o m  (12). Fo r  case  (i), t h e  r e m o v a l  of  d e g e n e r a c y  w o u l d  
i m p l y  t h a t  on ly  one  of  t he  SOC12 m o l e c u l e s  of  t he  o n i u m  
ion  is ac tua l ly  o n  t he  e l ec t rode  surface.  

In  s u m m a r y ,  t he  i n s i t u  IR re f l ec tance  s p e c t r o s c o p y  
c lear ly  i n d i c a t e s  t h a t  we h a v e  a c o m p l e x  e lec t rode /e lec t ro-  
ly te  i n t e rphase .  Th i s  i n t e r p h a s e  cons i s t s  of  o n i u m  ions  
( and  poss ib ly ,  1:1 adduc t )  a d s o r b e d  on  t he  e l ec t rode  sur-  
face in  con t ac t  w i th  a r eg ion  of  e n r i c h m e n t  of  o n i u m  ions  
a n d  c o m p l e x  wh ich ,  in  tu rn ,  is in  c o n t a c t  w i t h  t h e  bulk .  

S h a p e  o f  Isv cu rve s . - -The  t e n d e n c y  of  SOC12 to fo rm ad- 
d u c t s  and /o r  to  so lva te  ions  f u r t h e r  sugges t s  t h a t  t h e  elec- 
t r o r e d u c t i o n  of  SOC12 in p rac t i ca l  e lec t ro ly tes  c o m p r i s e s  a 
c o m p l e x  overa l l  r eac t ion  where ,  m o s t  l ikely,  c h e m i c a l  re- 
act ion(s)  is (are) coup l ed  to a c h a r g e  t ransfe r .  Fo r  th i s  rea- 
son,  t he  lsv  is t he  e x p e r i m e n t a l  t e c h n i q u e  of  cho ice  to as- 
sess  t he  c o m p l e x i t y  of  th i s  r eac t ion  a n d  e luc ida te ,  at  leas t  
in  a qua l i t a t ive  m a n n e r ,  i ts  m e c h a n i s m .  Th i s  a p p r o a c h  is 
b a s e d  on  t h e  p r e m i s e  tha t ,  for  a specif ic  coup l ing ,  a charac-  
t e r i s t i c  l sv  c u r v e  is o b t a i n e d  (21, 22). T h e  s h a p e  of  th i s  
c u r v e  d e p e n d s  on  two  pa r ame te r s :  t he  t h e r m o d y n a m i c  
p a r a m e t e r ,  • = Kc,  a n d  t he  k ine t i c  p a r a m e t e r ,  
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Fig. 4. IR reflectance spectra at rest potential. (a) and (b) Reflect- 
ance spectrum as a function of path lengths of 5 and 10 I~m, respec- 
tively. Electrolyte, 4.0M AICI3 in SOCI2; electrode material, Au. 

In  pr inciple ,  so lu t ion  of  Eq. [1], sub jec t  to appropr ia te  
initial  and  b o u n d a r y  condi t ions ,  impl ies  tha t  all pe r t i nen t  
i n fo rma t ion  can be der ived  f rom the  analysis  of  a s ingle  
scan.  For  c o m p l e x  react ions ,  however ,  addi t ional  informa-  
t ion  can be  ex t r ac t ed  by  scan  reversal ,  especia l ly  if ad- 
s o r b e d  spec ies  par t ic ipa te  in the  charge  t ransfer .  This as- 
se r t ion  is d e m o n s t r a t e d  in Fig. 6 w h e r e  t he  s h a p e  of the j /V  
curve  p r o d u c e d  by  the  reverse  scan  d e p e n d s  on the  po in t  
of  t e rmina t i on  of  the  forward  scan. Fo r  example ,  w h e n  the  
fo rward  scan is r eve r sed  at po in t  A, t he  j /V curves  on the  
fo rward  and  reverse  scan  coincide.  At  h igher  ca thod ic  
overpotent ia ls ,  po in t s  B, C, and  D, the  oxida t ive  s e g m e n t s  
of  the  j /V curves  differ  subs tant ia l ly  f rom those  on the  for- 

POTENTIAL/V 

Fig. 3. Effect of scan rate on shape of voltammograms. (a) Scan rates: 
Vre d : Vox > 50 mV s-' ( ) for 500; (....) for 100, and ( . . . . . . .  ) 
for 50 mV s -1. (b) Scan rates; v,~ = Vox < SO mV s , ( ) for 2; (...-) 
for 5, ( -  . . . . . .  ) for 10, and ( ) for S0 mV s -1. Electrolyte, 3 .0M 
AICI3. Electrode area: 0.15 cm 2. 

= (RT/nF) c(k/u). These  pa rame te r s  en te r  as a source /s ink  
t e r m  in the  mass  ba lance  equat ion ,  Eq. [1] 

OC~ 02Cl 
Ot - D , ~  -fi(• h) [1] 

w h e r e  ci is the  concen t r a t ion  of  the  i-th e lec t roact ive  spe-  
cies, K is t he  equ i l ib r ium cons tant ,  k is t he  app ropr i a t e  
rate  cons tan t ,  and  v the  scan  rate. The source /s ink  func- 
t ion,  f~(X, ~), is fo rmula ted  for a specif ic  set  of  even t s  com-  
pr i s ing  the  overall  react ion.  Any  d i scuss ion  of  the  reac t ion  
mechan i sm(s ) ,  even  a qual i ta t ive  one, m u s t  involve  speci-  
f icat ion of  the  fi(X, ~) func t ion  which ,  in turn,  r equ i res  an 
e x a m i n a t i o n  of  the  effect  of  solut ion c o m p o s i t i o n  and  the  
scan  rate. Often,  th is  func t ion  is potent ia l  d e p e n d e n t  and  
m a y  be  s impl i f ied by mak ing  re levant  app rox ima t ions .  Be- 
cause  of  the  low conduc t iv i ty  of  t hese  electrolytes ,  any at- 
t e m p t  for a quant i t a t ive  e v a l u a t i o n  of  k inet ic  factors  
wou ld  no t  be  app ropr i a t e  (23-25) and,  therefore ,  has  no t  
b e e n  p u r s u e d  fur ther .  It is e m p h a s i z e d  tha t  the  s h a p e  of  
t he  lsv is d e t e r m i n e d  solely by  the  m a s s  ba lance  equat ion ,  
Eq. [ 1]. The  res is t ivi ty  of  the  e lec t ro ly te  en te r s  t h r o u g h  the  
X p a r a m e t e r  and  affects  the  pos i t ion  and  the  s y m m e t r y  of  
the  peak  cur ren t  as well  as its magni tude .  In  part icular ,  
anodic  peaks  are d i sp laced  in the  posi t ive  d i rec t ion  whi le  
t he  ca thod ic  peaks  in  t he  m o r e  nega t ive  d i rec t ion  (24). 

wa rd  scan. These  d i f fe rences  can be used  in the  formula-  
t ion  of  a reac t ion  pa thway.  

Initial stages of lsv curves.--The ra ther  s ignif icant  en: 
h a n c e m e n t  in the  concen t r a t ion  of  A2 § in the  vicini ty  of  the  
e lec t rode  surface  bo th  at res t  potent ia l  and  whi le  ca thodi-  
cally polarized,  is i l lus t ra ted in Fig. 7, w h e r e  the  r e fe rence  
s p e c t r u m  ob ta ined  at res t  potent ia l  has  b e e n  s u b t r a c t e d  

Table I. Decomposition of spectral bands of free and adsorbed 
complexed SOCI2 into Voigt profiles 

Complex Onium ion 
Method" Symbol b (Bulk) Bulk Adsorbed state 

T 

R/Pt 

R/Au 

v 0  1116.92 1065.55 - -  - -  
AvG 6.085 36.535 - -  - -  
~V L 44.296 61.382 - -  - -  
Io 1.137 0.142 - -  - -  
A 80.175 16.277 - -  - -  

1116.96 1064.79 1132.25 1102.97 
hv~ 9.335 6 0 . 2 6 0  2 4 . 0 3 6  26.640 
AVL 32.896 6.350 6.302 11.364 
I0 0.046 0.022 0.018 0.029 
A 2.505 1.589 0.578 1.185 
v 0  1116.26 1060.11 1132.92 1101.40 
AvG 8.536 5 7 . 5 8 9  2 8 . 1 2 8  29.628 
AvL 53.452 3.868 8.866 16.616 
I0 0.080 0.033 0.016 0.037 
A 6.823 2.135 0.647 1.847 

a T--transmittance 
R--reflectance 

b hvG--Gassian width, cm l 
hvL--Lorentzian width, cm -1 
I~-peak intensity, Abs 
A--band area, Abs cm-'  
vo--peak position, cm -l 
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Fig. 5. The 950-1150 cm -I IR special region decomposed into Voigt 
profiles. (a) Transmittance spectrum, (b) reflectance spectrum from Au 
electrode, (c) reflectance spectrum from Pt electrode. Both at Ve. A, C, 
S- -O vibrations due to onium and complex in the bulk; B, D, asymmet- 
ric and symmetric S--O stretching vibrations of the adsorbed onium 
ions, respectively, or S--O stretching vibrations of adsorbed onium ion 
and 1:1 complex, respectively. Electrolyte, 4.0M AICI3 in SOCI2. 

out. (Figure  1 shows the  S - - O  s t re tching spectra l  region 
for the  polar ized and unpolar ized  cases, vide supra.) There  
is a co r respond ing  d i sp lacemen t  of  A0 and A1. Evident ly ,  at 
low overpotent ia ls ,  i.e., w h e n  the  charge  t ransfer  react ion 
is insignificant ,  the  major  even t  is the  potent ia l  d e p e n d e n t  
shift  in the  equil ibria ,  Eq. [I]-[III], t ak ing  place wi th in  the  
conf ines  of  the  in te rphase  region. With a fur ther  passage of  
current ,  n e w  peaks  appear ,  viz., at 1331 and ca. 1150 cm -~ 
due  to the  format ion  of  SO2 and at 1170 and 1190 cm -~ as- 
s igned to, as yet, unident i f ied  p roduc t s  conta in ing  a S - - O  
b o n d  wi th  the  peak  at 1170 cm -1 appear ing  first. It  is note- 
wor thy  that  these  peaks  are not  due  to SO2 c o m p l e x e s  wi th  
e i ther  SOC12 or  A1C13. Concurrent ly ,  there  is the  loss of  A0, 
A~, and A2 § species,  indica ted  in Fig. 7 by  the  nega t ive  
peaks  at 1231, 1108, and 1055 cm -~, respect ively.  It  is not  
clear, however ,  whe the r  the  SOC12 in these  species are si- 
mu l t aneous ly  r educed  or i f  only  one  species,  e.g., A2 +, par- 
t ic ipates  in the  reduc t ion  process.  This  ambigu i ty  cannot  
be  reso lved  by kinet ic  a rgumen t s  a lone because  the  spe- 
cies p resen t  are coupled  to one ano ther  via the  chemica l  
equil ibr ia ,  Eq.  [II] and [III], and p roduc t s  of  the  electrore-  

o c 

0 pA 
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Fig. 6. Effect of scan reversal potential on the shape of J/V(t) curves. 
Electrolyte, ].5M AICI3 in SOCI2; scan rate Vox = v,ea = 5 mV s-l; 
points; A, B, C, and D indicate scan reversal. A~ t~(V) 
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Fig. 7. Effect of applied overpotential on the composition of the in- 
terphase by subtractive IR spectroscopy. Electrolyte, 4.0M AICI3 in 
SOCI2. 

duc t ion  of  one  species m a y  shift  the  equ i l ib r ium to regen- 
erate the  e lee t ro reduc ib le  species. However ,  a s suming  the  
d i scharge  f rom ei ther  species can occur  independen t ly ,  
the  MO calculat ions  favor the  d ischarge  f rom the  A2 § spe- 
cies, Eq.  [V] 

A2 + + e- --~ P1 kl ,  VO1,CL1 [V]  

This conc lus ion  is consis tent  wi th  data  a s s sembled  in 
Tables  II-IV. As indicated,  the  calcula ted heats  of  forma- 
t ion for the  addi t ion  of  an e lec t ron  to At and A2 + are -132 
and -299  keal/mol,  respect ively.  A s s u m i n g  P1 to be the  ini- 
t ial  react ion product ,  it is l ikely that  the  1190 and/or  
1170 cm -1 bands  in the  IR, Fig. 1, are associa ted wi th  it or 
wi th  P2 (vide infra, Eq. [VI]). Fur the rmore ,  on the  basis of  
the  co inc idence  of  the  forward and reversed  l s v ,  Fig. 6, 
po in t  A, we conc lude  that  the  charge  t ransfer  reaction,  
Eq.  [V], is i rreversible.  

Development of  current plateau(s).--The character is t ic  
feature  of  the  reduc t ive  lsv is the  appearance  of  a cur ren t  
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Table II. Bond length and charge density distribution following 
electron acceptance by neat SOCI~ 

Table IV. Bond length and charge density distribution following 
electron acceptance by onium ion 

Reactions 

SOCI2; hHf = - 2 2  kcal/mol 
SOCI2 + e- --~ SOCI~ ; AH~ = - 111 kcal/mol 
SOCI2- + e- -~ SOCI22-; AH~ = - 4 8  kcal/mol 

(AH~ is the MO calculated heat of formation from the elements) 

Bond lengths, A 
Bond SOCI2 SOCl2 8OC122 - 

S--O 1.468 1.477 1.492 
S--Cll 2.037 2.160 2.452 
S~C12 2.038 2.161 2.453 

Charge density 
Atom SOCI2 8OC12 SOCl22 

S 1.2349 0.9203 0.4708 
O -0.5500 -0.5644 -0.7369 
Cll -0.3424 -0.6789 -0.8669 
C12 -0.3425 -0.6790 -0.8670 

Table III. Bond length and charge density distribution following 
electron acceptance by 1 : 1 complex 

Reactions 

CI3AI *-0SCI2; AH~ = -178 kcal/mol 
CI3AI ~- OSCI2 + e- --> CI3AI ~-- 0SCI2-; AHf = -309  kcal/mol 

CI3AI ~-- 0SCI2- + e- --~ CI~AI ~ -  0SCI22-; AHf = -309  kcal/mol 
(A/-/f is the MO calculated heat of formation from the elements) 

Bond lengths, 
Bond Cl~A1 ~ OSC12 C13AI(*-OSC12)- ClaAI(~-OSC1)2) 2- 

S---O 1.496 1.5315 1.560 
S--Cll 2.020 2.056 2.179 
S--C12 2.018 2.055 2.179 
(N--A1 1.845 1.7436 1.673 
A1--CI~ 2.103 2.154 2.182 
A1--Ch 2.107 2.143 2.183 
A1--C15 2.127 2.137 2.187 

Charge density 
Atom C13AI(~--OSC12) C13AI(*-OSC12)- C13AI(~-OSC1)2) ~- 

S 1.3293 0.9872 0.6609 
O -0.6238 -0.6592 -0.6791 
A1 0.9616 0.9859 1.0317 
Cll -0.2235 -0.4461 -0.6966 
C12 -0.2217 -0.4472 -0.6973 
C13 -0.4382 -0.4884 -0.5378 
C14 -0.3975 -0.4718 -0.5378 
C15 -0.3861 -0.4604 -0.5440 

p l a t eau  e x t e n d i n g  over  a c o n s i d e r a b l e  r a n g e  of  ove rpo ten -  
tials,  cf. Fig. 2. The  d e v e l o p m e n t  of  s u c h  a c u r r e n t  p l a t eau  
in lsv  e x p e r i m e n t s  sugges t s  c o u p l i n g  of  c h e m i c a l  reac- 
t ion(s)  to t h e  cha rge  t ransfer .  More  specifically,  t he  
c o u p l i n g  r eac t i on  m u s t  e i t he r  p r e c e d e  or b e  in para l le l  
w i t h  t he  c h a r g e  t ransfer .  Fo r  t he  ce- type  reac t ion ,  t he  cur-  
r e n t  p l a t eau  is p r o p o r t i o n a l  to t h e  c o n c e n t r a t i o n  of  t h e  
e l ec t roac t ive  species ,  he re  As § b u t  i n d e p e n d e n t  of  t h e  
s can  rate.  The  e x p e r i m e n t a l  e v i d e n c e  p r e s e n t e d  in  Fig. 3, 
is in  a g r e e m e n t  w i t h  t he  first  b u t  n o t  t h e  s e c o n d  cond i t ion ,  
i f  t he  c h a r g e  t r ans f e r  r eac t ion  is i r revers ib le .  T he  s i tua t ion  
is less  c lear  i f  t he  cha rge  t r a n s f e r  r eac t i on  is r e v e r s i b l e  or i f  
it occu r s  in  para l le l  (21). In  t he  s imp le s t  case,  t he  appea r -  
a n c e  of  t he  c u r r e n t  p l a t eau  for an  e x p o n e n t i a l  j = f(V) rela- 
t i onsh ip ,  r equ i r e s  t h a t  t he  d e p l e t i o n  of t he  e l ec t roac t ive  
spec ies  is b a l a n c e d  b y  its p r o d u c t i o n  w i t h i n  t he  zone  adja-  
c en t  to t he  e l ec t rode  surface.  Otherwise ,  w i t h  a n  inc rease  
in o v e r p o t e n t i a l  (and,  in  t he  lsv  e x p e r i m e n t s ,  also w i th  
t ime)  t h e  c o n d i t i o n  ~A2+/Ot = 0 c a n n o t  be  real ized.  

Wi th  t he  f u r t h e r  inc rease  in  ca thod i c  ove rpo ten t i a l s ,  ye t  
a n o t h e r  c u r r e n t  p l a t eau  appears ,  Fig. 2b. Th i s  c u r r e n t  pla- 
t e au  occurs  w i t h i n  a m u c h  n a r r o w e r  po t en t i a l  r a n g e  a n d  is 
b e t t e r  de f ined  at  s lower  s can  ra tes  a n d  lower  A1C13 concen -  
t ra t ions .  Whi le  t he  coup l ing  of reac t ion ,  Eq. [III] w i t h  t he  
c h a r g e  t ransfe r ,  Eq.  [IV], is p r e s u m e d  to b e  r e s p o n s i b l e  for 
t he  d e v e l o p m e n t  of  t he  first  c u r r e n t  p la teau ,  t h e  condi-  

Reactions 

CI2A1(~-0SCI2)2+; AHf = - i  1 kcal/mol 
CI2A1(~-OSCI2)2 ~ + e ~ CIzAI(,-OSCI2)2; hHf = -310 kcal/mol 
CI2A1(~-0SCI2)2 + e- -~ CI2A1(,-0SCI2)2 ; AHf = -347  kcal/mol 

(AHt is the MO calculated heat of formation from the elements) 

Bond lengths,/~ 
Bond C12A1 *- OSC12)2 + C12AI(~-OSC12)2 C12AI(*-OSC1)2)2- 

SI--OI 1.506 1.496 1.534 
S,--Cll 2.010 2.013 2.053 
SI--C12 2.103 2.018 2.049 
A1-4)l 1.795 1.844 1.737 
A1--C13 2.093 2.108 2.145 
A1--C14 2.096 2.121 2.147 
A1--O2 1.785 1.688 1.737 
O2--$2 1.510 1.534 1.533 
Sr-Cl5 2.009 2.031 2.053 
St-C16 2.012 2.052 2.050 

Charge density 
Atom C12AI(*-OSC12)2 ~ C12AI(~-OSC12)2 C12AI(e-OSC1)2h- 

A1 1.1016 1.116 1.081 
O, -0.6868 -0.639 -0.6719 
02 -0.6836 -0.737 -0.6728 
$1 1.3343 1.336 1.007 
$2 1.3265 1.044 1.007 
C11 -0.1579 -0.225 -0.450 
C12 -0.1711 -0.218 -0.444 
Cl3 -0.3666 -0.407 -0.480 
C14 -0.3691 -0.432 -0.482 
C15 -0.1585 -0.3913 -0.450 
C16 -0.1686 -0.4501 -0.444 

t i ons  for  t he  d e v e l o p m e n t  of  t he  s e c o n d  p l a t eau  c a n n o t  be, 
a t  t he  p r e s e n t  t ime,  as c lear ly  s ta ted.  However ,  if  t h e  inter-  
p h a s e  r eg ion  is c o n s i d e r e d  an  o p e n  sys tem,  t he  c o n d i t i o n  
of  c o n s t a n t  aff ini ty ex i s t s  a n d  can  be  speci f ied  b y  ther -  
m o d y n a m i c  reason ing ,  p r o v i d e d  t h a t  t he  n e c e s s a r y  infor-  
m a t i o n  is ava i l ab le  (18, 26). A n a l o g o u s  to t he  d e v e l o p m e n t  
of  t h e  first p la teau ,  t he  a p p e a r a n c e  of  t he  s e c o n d  p l a t eau  
m a y  b e  a t t r i b u t e d  to t he  c o u p l i n g  of  a d s o r p t i o n  a n d  c h a r g e  
t r a n s f e r  to t h e  c h e m i c a l  r eac t ion  a n d  d i f fus ion .  Occur-  
r e n c e  of  c h e m i c a l  react ion(s)  r equ i r e s  t h e  p r e s e n c e  of  reac- 
t ion  layer,  r, s a n d w i c h e d  b e t w e e n  t he  a d s o r p t i o n  a n d  dif- 
fus ion  layers.  

Reve r sa l  of  t he  r e d u c t i v e  s can  at p o t e n t i a l s  w i t h i n  t he  
c u r r e n t  p la teau ,  e.g., at p o i n t  B, Fig. 6, r e su l t s  in  a d e c r e a s e  
in t he  c h a r g e  t r a n s f e r  c u r r e n t  d e n s i t y  w h i c h  can  be  a t t r ib-  
u t e d  to b l o c k i n g  of t he  e l ec t rode  sur face  b y  a n  a d s o r b e d  
species ,  P2 (a), g e n e r a t e d  b y  a s low r e d u c t i o n  of  P1, Eq. [VI] 

P1 (a~ + e- --~ P2 (a~ k_~ > >  k2; V2 ~ ~2 [VII 

The  p a r t i c i p a t i o n  of  an  a d s o r p t i o n  s tep  b e c o m e s  qu i t e  
e v i d e n t  at  h i g h e r  overpo ten t i a l s .  Qual i ta t ive ly ,  t he  pres-  
e n c e  of  an  a d s o r p t i o n  s tep  is i l l u s t r a t ed  in Fig. 6 w h e r e  a 
p lo t  of  t he  ox ida t ive  lsv is d i sp l ayed  as a f u n c t i o n  of  ter-  
m i n a t i n g  po t en t i a l  of  t he  r e d u c t i v e  scan.  T h e  ox ida t ive  lsv  
e x h i b i t s  two b r o a d  peaks  w h o s e  c u r r e n t s  i nc rease  w i t h  t he  
t e r m i n a t i n g  vol tage ,  w i t h o u t  s u b s t a n t i a l  c h a n g e s  in  t h e i r  
po ten t ia l s ,  however .  S u c h  a b e h a v i o r  leads  to t h e  follow- 
ing  conc lus ions :  (i) as t he  o v e r p o t e n t i a l  i nc reases  so does  
t he  a c c u m u l a t i o n  of  r eac t ion  p roduc t ( s )  at  t h e  e l ec t rode  
surface ,  a n d  (ii) t h e s e  p roduc t ( s )  are  r eox id ized  w i t h i n  t he  
p o t e n t i a l  r a n g e  200-1000 mV. Thus ,  t he  c h a r g e  t r a n s f e r  re- 
ac t ion ,  Eq.  [VI], is quas i - revers ib le .  

Elementary  processes at higher overpotent ials . - -The cur-  
r e n t / t i m e  re la t ionsh ip ,  j(0, t), for V(t) = V, + Ivlt, for t he  N 
e lec t roac t ive  spec ies  a n d  M a d s o r p t i o n  processes ,  is g iven  
b y  Eq.  [2] 

j(O, t) F niD, Ox m=l dt J 

w h e r e  Fm d e n o t e s  t he  m a x i m u m  sur face  c o n c e n t r a t i o n  of  
t h e  m - t h  species .  B o t h  t e r m s  in  Eq. [2] a re  t i m e  d e p e n d e n t ,  
b u t  in  a d i f f e ren t  way. At  s low scan  ra tes ,  t r a n s p o r t  of  reac- 
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t a n t s  a n d  p r o d u c t s  b e t w e e n  t he  b u l k  a n d  t he  i n t e r p h a s e  is 
O s u b s t a n t i a l  a n d  t he  o b s e r v e d  lsv  is s ens i t i ve  to  t he  s c a n  

rate.  At  fas t  s can  rates ,  t he  c o n d i t i o n  at  t he  e l ec t rode  sur-  o 
face is t he  d o m i n a n t  fac tor  a n d  t he  c o n t r i b u t i o n  due  to ~ 
t r a n s p o r t  is m i n i m a l .  As a gene ra l  obse rva t ion ,  t he  s c a n  ~: o < 
ra te  of  v = 100 m V  s - '  is t a k e n  as t he  ra te  s e p a r a t i n g  t h e s e  cc  

c o n t r i b u t i o n s  (27). o 
T h e  c o m p o s i t i o n  of  t he  i n t e r p h a s e  region,  a r i s ing  f rom _o 0 

t h e  i n t e r p l a y  b e t w e e n  t he  e l ec t rode  sur face  p roces se s  a n d  
t h e  bu lk ,  is d e t e r m i n e d  by  t he  r e d u c t i v e  scan  ra te  a n d  t he  
t e r m i n a l  potent ia l .  To i l lus t ra te ,  we se lec ted  two  scan  
rates,  viz., 5 a n d  100 m V  s -~, wi th  t he  t e rmina l  vol tage  at  
-1200  mV. In  accordance  wi th  Eq. [2], t he  s lower  scan  in- o 
c ludes  t he  ef fec t  of  t r a n s p o r t  on  sur face  p roces se s  whi l e  r~ 
t h e  fas te r  s c a n  focuses  o n  t he  p roces se s  p e r t i n e n t  to the  ~- O 
a d s o r b e d  species .  E v e n  a c u r s o r y  e x a m i n a t i o n  of  Fig. 8a z , , , <  

a n d  b, r evea l s  t h a t  a s low r e d u c t i v e  s c a n  p r o m o t e s  t he  ac- ~: o r r  

c u m u l a t i o n  of  r eac t ion  p r o d u c t  t h a t  c an  be  reoxid ized .  
T h e  su r face  c o n d i t i o n  g e n e r a t e d  b y  t h e  s low a n d  fast  re- o 0 

d u c t i v e  s c a n  are  e x a m i n e d  via  t he  ana lys i s  of  t h e  ox ida t ive  _o 
r~ 

lsv. In  par t i cu la r ,  Fig. 9a-d s h o w  t h e  r e s p o n s e  of  t he  elec- O 
t rode / e l ec t ro ly t e  i n t e r p h a s e  g e n e r a t e d  at  a s low r e d u c t i v e  
s c a n  a n d  Fig. 10a-d, for  fas t  scans.  I t  is s een  t h a t  t he  inter-  
p h a s e  g e n e r a t e d  at  s low scan  ra te  is i n s ens i t i ve  to t he  oxi- 
da t ive  s can  ra t e s  t h r o u g h o u t  t h e  p o t e n t i a l  range.  Differ-  
e n c e s  on ly  a p p e a r  w i t h i n  t he  po t en t i a l  r a n g e  of  a n o d i c  
cu r r en t s .  T h e  r e s p o n s e  of  t he  i n t e r p h a s e  g e n e r a t e d  at  fas t  
s c a n  ra te  is m o r e  complex ,  viz., h i g h  s can  ra tes  affect  t he  
r eg ion  of  a n o d i c  c u r r e n t s  whi l e  s low ra tes  i n f luence  pro- 
cesses  i m m e d i a t e l y  a f te r  s can  reversal .  S u c h  a b e h a v i o r  is 
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c o n s i s t e n t  w i t h  fas t  a d s o r p t i o n  of  spec ies  f rom the  reac-  
t i on  layer.  

The  c o m m o n  fea tu re  of  ox ida t ive  lsv  is t he  a p p e a r a n c e  
of  anod ic  peak  cu r ren t s .  T h e s e  c u r r e n t s  i nd i ca t e  t he  pres-  
e n c e  of  ox id izab le  subs t ance ( s )  in  an  a d s o r b e d  s ta te  and,  
m o s t  l ikely,  a r eve r s ib l e  c h a r a c t e r  of a c h a r g e  t r a n s f e r  
p rocess ,  Eq. [V]. T h e i r  f u n c t i o n a l  d e p e n d e n c e ,  j = f(v), is 
u s e d  in  t he  a n a l y s i s - - a  l inea r  r e l a t i onsh ip  is a s soc ia t ed  
w i t h  a d s o r p t i o n  whi l e  t he  s q u a r e  roo t  d e p e n d e n c e  usua l ly  
imp l i e s  a n  i n t e r v e n t i o n  of a d i f fus iona l  f lux in t h e  overa l l  
process .  Resu l t s  s u m m a r i z e d  in  Fig. 11 ind ica t e  t h e  domi -  
n a n c e  of  a d s o r p t i o n  in  a 3.0M A1C13 in  SOC12 e lec t ro ly te  
a n d  t h e  pa r t i c ipa t i on  of  d i f fus ion  in  a 4.0M solut ion.  

Sequence of events, their rates, and the nature of interme- 
diates.--The behav io r  of  the  Me/A1C13-SOC12 system,  sub-  
j e c t  to  c a t h o d i c  po la r i za t ion  is t h e  r e su l t  of  t h e  par t i c ipa-  
t i on  of, a t  least,  t h r e e  species ,  A2 § P1, a n d  P2. Of  t h e s e  
species ,  t he  o n i u m  ion, A2 § is a d s o r b e d  rap id ly  on  t he  
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same solution). (a) v,ed = Vo, = 10 mV s-l; (b) Vo, > 125 mV s-l; (c) 
50 < Vo, < 100 mV s-l; (d) Vo, < 20 mV s 1. Electrolyte; 3.0M AICI3 
in SOCI2. 
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electrode surface, so that its surface concentration is inde- 
pendent  of the scan rate. The presence of adsorbed species 
modifies the j /V relationship which, in turn, makes the in- 
terpretation of voltammograms more difficult and the 
identification of participating processes less certain. The 
separation of anodic peaks at lower scan rates, shown in 
e.g., Fig. 10b, is indicative of surface coverage by more 
than a single species (28). The cross over of the reverse 
scan, cf. Fig. 2d and 3b, implies that the standard potential 
of reaction, Eq. [VI], is more positive than for the first elec- 
tron transfer, Eq. [V], i.e., Va ~ > Vi ~ 

The summary of events associated with the electrore- 
duction of SOCla in the A1Cla-SOC12 system is presented in 
Fig. 12. Initially, at rest potential, the interphase is equili- 
brated with the bulk, Eq. [I]-[III], with a significant enrich- 
ment  of A1 and A2 § in the vicinity of the electrode surface. 
The interphase consists of adsorption and enrichment lay- 
ers in contact with the bulk e]ectrolyte. 

Upon cathodic polarization, the composition of the inter- 
phase includes: P1 (a), P1 r P2 (a), P2 (r) with k-2 >>  k2. The 
composition of the interphase is now governed by the 
charge transfer processes. Eq. [V] and [VI], transport from 
the bulk and desorption from the electrode surface. The 
enrichment  layer, defined in the absence of the charge 
transfer, becomes the reaction layer, where species P1 and 
P2, stabilized by the adsorption, undergo chemical reac- 
tion(s) to yield stable species Cl% S, and SO2. These species 
interact with the components of the interphase, diffuse to 
the bulk where they may affect the established equilibria. 

Conclusions 
1. Because of the reactivity of SOC12 molecules, study of 

its electroreduction must  consider the nature of the elec- 
trolyte. 

2. Reduction occurs via the two-electron transfer of 
which the first is irreversible while the second is quasi- 
reversible with k-2 >> k2 and V2 ~ more positive than V1 ~ 

3. Adsorption processes play a key role in the reduction 
mechanism, giving rise to mild autocatalytic effects. Diffu- 
sional processes modify the adsorption characteristics. 

4. Chemical reactions, including the formation of stable 
products occur within the interphase region. Desorption 
destabilizes intermediate species. 
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