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impedance  at 1 kHz, [Zl(1 kHz), which includes both the 
cathode and LiI impedances,  and that at 1 MHz, [Z] 
(1 MHz), which is approaching the cathode impedance  
alone, as a funct ion  of  d ischarged  capacity.  Obviously,  
even at this high discharge rate, the cathode impedance  
is small with respect  to the electrolyte impedance.  The 1 
MHz impedance  is actual ly  an overes t imate  of the cath- 
ode impedance  due to a partial contr ibution of the capac- 
i t ive por t ion  of  the LiI  e lec t ro lyte  impedance .  While it 
would  have  been preferable  to have fol lowed the actual  
ca thode  impedance  as a funct ion of  depth  of  discharge,  
the assumption used in recent  work (2) that the cathode 
impedance  of these cells is small with respect  to the LiI 
impedance  has been confirmed. 

An evaluat ion of  the data showed that the 1 MHz value 
was approx ima te ly  20% of the 1 kHz value for cells dis- 
charged  across e i ther  20 or 1 kfL and remained  so for 
most, of the discharge. As expected,  as the cell began to 
near the end of life, the cathode impedance  rose dramati- 
cally. 

Summary 
A low cost, low power, high f requency galvanostat  has 

been cons t ruc ted  and appl ied to d ischarg ing  Li/I2 
bat ter ies .  The galvanostat ,  based upon a des ign for a 
vol tage-control led  current  Source in a popular  electron- 
ics text ,  has a bandwid th  of 1 MHz th roughou t  which it 
does not significantly distort the shape of the sinusoidal 
input. While 1 MHz is not sufficient in all cases for a com- 
plete  i m p e d a n c e  spec t rum to be generated,  this work  
does p rov ide  an economica l  ex tens ion  of present  capa- 
bilities. 

After this initial deve lopment  work, a number  of ways 
in which  the pe r fo rmance  of  the ga lvanosta t  can be im- 
p roved  are obvious.  Rep l acemen t  of  the opera t ional  
amplif iers  with t rans is tor  amplif iers  will increase  the 
speed of the system. A number  of design changes aimed 
at r educ ing  the capaci t ive  effects  in the t ransis tors  will  
also serve to increase the speed of the instrument.  Other 
design changes  should allow an improved  ut i l izat ion of  
t h e  large ga in -bandwid th  products  of commerc ia l  tran- 
sistors. A typical  value  for the t ransis tors  used in the 
present  design is 1800 MHz. This would allow the transis- 
tors to have a gain of 180 at 10 MHz. This should allow de- 
ve lopment  of a galvanostat  able to operate at 10 MHz. In- 
s t i tu t ion  of wide bandwid th  amplif iers  for the ou tput  
signals would  give the t rans ient  analyzer  more  signal 
with which to work. In summary, both design and com- 
ponent  changes should be able to improve  the perform- 
ance  of  the in s t rumen t  to enable  measu remen t s  to be 
made at 10 MHz. At such frequencies,  other problems be- 
gin to loom ever  larger,  such as impedance  ma tch ing  of 
measu r ing  devices.  However ,  th rough  careful  design, 
such problems should be manageable.  

In addit ion to developing a high speed galvanostat  for 
general  use, another  goal of this summer  project  was to 

analyze the val idi ty  of an assumpt ion  made in prev ious  
work on Li/I.~ batteries (2, 3). In that work, it was assumed 
that  the bulk of the increases in the impedance  measured 
at app rox ima te ly  1 kHz was due to increases  in the LiI  
e lec t ro ly te  resis tance.  However ,  due to the l imi ted con- 
duct ivi ty  of the cathodes in these cells, there was a con- 
cern about  the val idi ty  of  this assumpt ion  at high dis- 
charge  rates, and an interes t  in the way in which  the 
ca thode  impedance  changed  as a funct ion  of  d ischarge  
rate and depth. Though it was found that  1 MHz is not a 
suff ic ient ly high f r equency  to comple te ly  separate  the 
LiI  and cathode impedances,  it was high enough to show 
that  the cathode impedance  is, at most, 20% of the LiI im- 
pedance over the range of capacities of interest. 
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Digital Simulation of Linear 
Sweep Voltammetry of Quasi- 

Reversible Systems at 
Ultramicroelectrodes 

Ult ramicroe lec t rodes  are advan tageous  in h ighly  re- 
s is t ive media  (1, 2) or at fast scan rates in cyclic 
v o l t a m m e t r y  expe r imen t s  (3, 4) because  of the small  IR 
drop compared to that of convent ional  sized electrodes. 
Ano the r  advantage  arises from nonl inear  di f fus ion at 
u t t ramicroe lec t rodes ,  which  resul ts  in h igher  mass- 
t ransfer  rates. A general  review of u l t ramicroelec t rodes  
in e l ec t rochemis t ry  has appeared  (5). This rev iew also 
ment ions  the application of ul t ramicroelectrodes as sen- 
sors, e.g., to allow the moni tor ing of chemical  changes in 
vivo. Electrochemist ry  at ul t ramicroelectrodes in highly 
res is t ive  media  has been of  special  in teres t  (1, 2, 6). In 
deal ing with these  media,  especial ly  when  direct  elec- 
trolysis of the solvent is considered (7), the effect of elec- 
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t r i c  f ie lds  o n  t h e  m i g r a t i o n  of  r e a c t a n t s  a n d  p r o d u c t s  
m u s t  b e  c o n s i d e r e d  in  o b t a i n i n g  t h e  t h e o r e t i c a l  c u r r e n t -  
p o t e n t i a l  b e h a v i o r .  We are  d e v e l o p i n g  a d i g i t a l  s i m u l a -  
t i o n  a l g o r i t h m  for  t h e  m i g r a t i o n - d i f f u s i o n  p r o c e s s  at  
s p h e r i c a l  e l e c t r o d e s .  As  a f i rs t  s t age ,  t h e  a l g o r i t h m  h a s  
b e e n  c h e c k e d  w i t h  s i m p l e r  e l e c t r o c h e m i c a l  s y s t e m s .  
Typ i ca l  l"esults for  l i n e a r  s w e e p  a n d  cycl ic  v o l t a m m e t r y  
of  q u a s i - r e v e r s i b l e  s y s t e m s  at  s p h e r i c a l  e l e c t r o d e s  in  t h e  
a b s e n c e  of  m i g r a t i o n  e f fec t s  wil l  be  p r e s e n t e d .  T h e  theo-  
re t i ca l  treatment of this case has not been presented pre- 
viously. For example, Nicholson and Shain (8, 9) do not 
provide the spherical correction for quasi-reversible sys- 
tems as they did for other systems. We note that the 
spherical electrode geometry (one-dimensional space 
problem) is a good approximation to the mierodisk elec- 
trode geometry (two-dimensional space problem) as dis- 
cussed later. 

A number of methods (10-12) to solve the continuum 
mechanics diffusion process model represented by par- 
tial differential equations are available. For simplicity, 
the explicit finite-difference method was selected to sim- 
ulate the diffusion process at spherical electrodes. A gen- 
eral procedure for this method has been described by 
Feldberg (i0). In this method, space and time can be di- 
vided into arbitrary or nonuniform grids (13). In this 
work, the algorithm based on an exponentially expand- 
ing space grid for spherical geometry and a linear time 
grid (14) was used for rapid computation. In the applica- 
tion of this simulation to ultramicroelectrode theory, one 
more parameter, which depends on the size of the elec- 
trode, must be added to the parameters for a planar elec- 
trode (8, 15). 

Simulated Results and Discussion 
As s h o w n  b y  F l e i s h m a n n  e t  a l .  (15), t h e  s t e a d y - s t a t e  

d i f f u s i o n  l i m i t e d  c u r r e n t  d e n s i t y  at  a m i c r o d i s k  e lec-  
t r o d e  of  r a d i u s  a, c an  be  a p p r o x i m a t e d  b y  t h a t  a t  a s p h e r -  
i ca l  e l e c t r o d e  of  r a d i u s  ro = (=/4)a.  T h e  m a x i m u m  cur -  
r e n t s  a t  b o t h  e l e c t r o d e s  c o n v e r g e  to t h a t  a t  t h e  p l a n a r  
e l e c t r o d e  at  fas t  s c a n  r a t e s  in  l i n e a r  s w e e p  v o l t a m m e t r y ,  
w h e n  n o n l i n e a r  c o n t r i b u t i o n s  to  d i f f u s i o n  b e c o m e  negl i -  
gible .  To sa t i s fy  t h e  a b o v e  two  c o n d i t i o n s  a n d  to a p p r o x -  
i m a t e  a m i c r o d i s k  e l e c t r o d e  b y  a s p h e r i c a l  one,  a s phe r i -  
cal  su r f ace  s u b t e n d i n g  a sol id  a n g l e  of  1.6 ~ e m b e d d e d  in  
a n  i n s u l a t i n g  m a t r i x  w a s  u s e d .  T h i s  e l e c t r o d e  g e o m e t r y  
is c lose  to  t h a t  of  a h e m i s p h e r i c a l  e l e c t r o d e  w i t h  a so l id  
a n g l e  of  2~. T h e  m a x i m u m  c u r r e n t ,  I=, for  t h e  r e v e r s i b l e  
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Fig. 1. I , . /4nFADC* as o function of p = (nFa~v/RrD) ~/2 in linear 
sweep voltammetry on reversible systems at three different electrodes: 
(A) 1.6 ~ solid-angle spherical electrodes; (B) microdisk electrodes; 
and (C) planar electrodes. 
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Fig. 2. Linear sweep voltammetric response at 1.6 ~ solid-angle 

spherical electrodes for c~ = 0.5 and D = DA = Dm K = Im/Ip, planar, 
rev as o function of p = (nFa2v/RTD) 1/2 and ~. = k~ ~n. Ip, 
planar, rev is the reversible peak current at planar electrode. 

case at a spherical electrode is compared with that of the 
microdisk electrode from the functional form of Aoki 
et al. (17). In Fig. i, the maximum currents, Ira, for the 
above two electrodes as a function of dimensionless pa- 
rameter p = (nFa2v/RTD) I/2 are shown, including that of 
planar electrode. From this figure, it can be said that the 
linear sweep voltammetric characteristics of a microdisk 
electrode are between those of a planar electrode and 
t h o s e  of  a 1.6 ~ so l id  a n g l e  s p h e r i c a l  e l ec t rode ,  a n d  c lose r  
to  t h e  l a t t e r .  I n  o t h e r  w o r d s ,  t h e  c h a r a c t e r i s t i c s  of  a 
m i c r o d i s k  e l e c t r o d e  m o r e  q u i c k l y  c o n v e r g e  to t h o s e  of  a 
p l a n a r  e l e c t r o d e  t h a n  t h o s e  of  a 1.6 ~ so l id  a n g l e  spher i -  
ca l  e l e c t r o d e  w h e n  t h e  s c a n  r a t e  is i n c r e a s e d .  Qua l i t a -  
t i ve ly ,  t h e  a b o v e  r e s u l t  m i g h t  b e  e x p l a i n e d  as fo l lows :  
t h e  c u r v a t u r e  e f f e c t  a t  s p h e r i c a l  e l e c t r o d e s  c o m e s  f r o m  
t h e  e n t i r e  e l e c t r o d e  s u r f a c e ,  b u t  t h e  e d g e  e f f e c t  a t  
m i c r o d i s k  e l e c t r o d e s  c o m e s  on ly  f r o m  t h e  edge.  T h e  rel-  
a t ive  e r r o r  of  t h e  m a x i m u m  c u r r e n t  b e t w e e n  t h e  two  ge- 
o m e t r i e s  is l e s s  t h a n  5%, so t h e  s p h e r i c a l  e l e c t r o d e  is a 
g o o d  a p p r o x i m a t i o n  to t h e  m i c r o d i s k  a n d  i ts  u s e  r e d u c e s  
t h e  n u m b e r  of  s p a t i a l  d i m e n s i o n  p a r a m e t e r s  t h a t  m u s t  
b e  e m p l o y e d  in t h e  s i m u l a t i o n s .  

A l t h o u g h  l i n e a r  s w e e p  v o l t a m m e t r y  of  q u a s i - r e v e r -  
s i b l e  s y s t e m s  h a s  b e e n  s i m u l a t e d  a t  m i c r o d i s k  e lec-  
t r o d e s  b y  H e i n z e  (18), a da t a  t r e a t m e n t ,  s im i l a r  to  t h a t  a t  
a p l a n a r  e l e c t r o d e  b y  M a t s u d a  a n d  A y a b e  (20), was  n o t  
p r e s e n t e d .  To c o n s i d e r  b o t h  t h e  n o n l i n e a r  d i f f u s i o n  a t  
u l t r a m i c r o e l e c t r o d e s  a n d  t h e  v a r i a t i o n  in  h e t e r o g e n e o u s  
e l e c t r o n - t r a n s f e r  k i n e t i c s ,  i t  is u s e f u l  to  u s e  t w o  d i m e n -  
s i o n l e s s  p a r a m e t e r s ,  p a n d  k, w h e r e  p = ( n F a 2 ~ / R T D )  1/2, 
as u s e d  b y  A o k i  e t  aI .  (17), a n d  k = k ~  '/2, as 
u s e d  b y  M a t s u d a  a n d  A y a b e  (20). I n  t h e  fu l l  d o m a i n  of  
t w o  d i m e n s i o n l e s s  p a r a m e t e r s ,  t h e  m a x i m u m  c u r r e n t  
w a s  o b t a i n e d  b y  d i g i t a l  s i m u l a t i o n .  T y p i c a l  r e s u l t s  for  
t h e  m a x i m u m  c u r r e n t  for  ~ = 0.5 a re  s h o w n  in  Fig. 2. As  
e x p e c t e d ,  t h e  r e s u l t s  c o n v e r g e  to t h o s e  of  M a t s u d a  a n d  
A y a b e  as p ---> ~ a n d  of  Aok i  e t  al .  as k ~ ~. T h e  ful l  va r ia -  
t i o n  of  o t h e r  v a r i a b l e s  ( i . e . ,  ~ a n d  ~ = (Do~DR) ~/2) c a n  b e  
s i m u l a t e d  a n d  a n a l y z e d  in  t h e  s a m e  w a y  a n d  s h o u l d  
s h o w  s i m i l a r  t r e n d s .  

I n  c o n c l u s i o n ,  t h e s e  r e s u l t s  n o t  o n l y  c o m p l e t e  t h e  
t h e o r y  of  l i n e a r  s w e e p  v o l t a m m e t r y  a t  s p h e r i c a l  e lec-  
t r o d e s ,  b u t  a l so  p r o v i d e  a t r e a t m e n t  of  q u a s i - r e v e r s i b l e  
h e t e r o g e n e o u s  k i n e t i c s  at  a m i c r o d i s k  e l ec t rode .  
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Electrocatalytic Oxygen 
Transfer Reactions at Pb02 

and Modified Pb02 Electrodes 

Table I. Number of oxygen atoms per metal atom and the unit areas of 
crystal faces for the rutile structure 

Number of 
oxygen 

Crystal atoms per 
faces Area h metal atom 

(100), (010) a ac 0.119 
(001) ab 0.082 
(011), (101) (a2+_c~)'2.a 0.101 
(110) j2ac 9.042 
(111) (a 2 +2c~)~/2.a 0.059 

aIn the rutile structure, the (100) and (010) faces have the same area. 
ha~ b, and c represent the unit cell dimensions. 

This research was motivated by the goal of increasing 
the e lec t rocata ly t ic  react iv i ty  of  e lec t rodepos i t ed  lead 
dioxide for anodic oxygen transfer reactions. The deter~ 
minat ion of electrocatalytic activity for PbO2 electrodes, 
as a result  of the presence of other metal  oxides, and the 
es tabl ishment  of a possible mechanism of oxygen trans- 
fer catalysis at these electrodes were the principal  goals 
of this research. 

Previous studies (2) had observed the effects of doping 
for e lec t rodepos i t ed  PbO~ with ra ther  large levels  of 
Group III and V metal  oxides. It was observed that dop- 
ing with Group V oxides (e.g., As205 and Bi205) results in 
significant increases in rates for numerous  oxygen trans- 
fer react ions,  whereas  Group III  oxides  (e.g., Tl~O3) de- 
creased the rates below the values  observed  for pure  
PbO2. For  a PbO2.Bi205 mixed  oxide  e lectrode,  the rate 
cons tan t  for oxida t ion  of Mn(II) is increased by more  
than 100 times, as compared with pure e lectrodeposi ted 
PbO~. Other dramatic examples  of an electrocatalytic ef- 
fect are the oxidation of phenols, citric acids, and 2-thio- 
phene carboxylic acid, all of which are inactive on pure 
e lectrodeposi ted PbO2 electrodes. 

X-ray diffraction (XRD) studies of the electrodes indi- 
cate that the mixed  oxide maintains the crystal s tructure 
of pure ~-PbO2, i.e., slightly distorted rutile, and Bi sim- 
ply substi tutes for Pb in the metal  sites. The intensi ty of 
the peak at 20 represen t ing  the (020) face is increased 
with  increas ing levels  of Bi~Os, whereas  the in tens i ty  of 
peaks represen t ing  the other  faces (e.g. 121) decreases  
compared  to pure ~-PbO2. This means that the crystals of 
PbO2 depos i ted  in the presence  of Bi have grown in a 
way such that  the (020) face is preferent ia l ly  or ien ted  
parallel to the electrode, surface. 

The ratio of oxygen to metal  atoms on each of the prin- 
cipal crystal  faces for ~-PbO2 was calcula ted using the 
Oak Ridge thermal  el l ipsoid plot  p rogram (ORTEP) (3). 
The resul ts  are summar ized  in Table  I for five faces. As 

Lead dioxide applied as an anode material  for electro- 
analysis and electrosynthesis  has the desirable qualit ies 
of  high e lec t ronic  conduc t iv i ty  and a large posi t ive  
work ing  range due to the large ac t iva t ion  overpoten t ia l  
for the evolut ion of oxygen by decomposi t ion of water. It 
also has been shown (1) that  PbO2 anodes  have 
s ignif icant ly greater  e lec t rocata ly t ic  act ivi ty  than other  
c o m m o n  anode mater ia ls  (i.e., Pt, Au, and C) for sup- 
port ing anodic processes in which oxygen is transferred 
from H20 to the ~xidat ion product.  

The high oxygen  t ransfer  e lec t rocata ly t ic  act ivi ty  is 
concluded to be the result  of the fact that  P b Q  is a non- 
s to ich iomet r ic  oxide,  indica t ing  a defect  s t ruc ture  that  
results ,  mos t  probably,  in some surface sites at which  
oxygen  is not  bound with a high surface la t t ice  energy.  
However ,  there  remain  many  react ions  for which  the 
anodic  oxygen  t ransfer  rate is not  suff icient ly fast to al- 
low for t ranspor t -cont ro l led  react ion rates. An example  
is the oxidat ion of Mn(II) to MnO4-. Fig. 1. Scanning electron micrographs of Pb02 and PbOfBi02..~ 




