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that  NIcCann and Badwal rationalize their  findings in  
terms of an infinite ne twork  of serial RC elements con- 

R - - R . . .  ~ R - - .  
nected parallely,  i.e., I ] I . Both R's a n d  

C--C... --C--. 
C's are taken as obeying an exponent ia l  distribution, 

We wish to point  out that  even though the endeavor 
of these authors appears to be successful it is cer ta inly 
not unique. We were able to prove, for example, that  
a power funct ion dis t r ibut ion of R's and C's also r e -  
su l t s  in  a CPAI of the required funct ional  form. Let 
the  k- th  elements of the ne twork  be given a s  R k  - -  

R o N ( N / k ) ~  and Ck -~ (Co /N) (N/k )  a where N is the 
n u m b e r  of elements in  the series, If one writes the  

N 
admit tance as YT ---- ~ i ~ C k / ( 1  -5 i~CkRk) and makes 

k--1 

N to converge to infinity the sum for YT t r a n s f o r m s  
into an integral  which can be evaluated as 

YT -- (iw)VRo~-ICo ~ 
(a + ;~)sin(7~) 

wherea+ ~>/~ + 1 >0, and7 = (I + /9)/(a+ 8). 
Hence any pair of power functions for the distributions 
of R's C's, respectively, results in a CPAI (with the 
sole limitationa+fl> 1 +fl>0). 

This shows that  it  is dangerous to assign any physi-  
cal meaning  to elements of an infinite equivalent  cir- 
cuit. Our  view is that a CPAI should be regarded as a 
single element,  the infinite network being only a re-  
mote electrical analogy. The ccurrence of a CPAI may  
also indicate some dispersion in a t ransport  process, 
e.g., wait ing t ime distr ibution of diffusive jumps which 
leads to a f requency-dependent  diffusion coefficient in 
amorphous semiconductors; s0 there seems to be, how- 
ever, no direct relationship between such a dispersion 
and the dis tr ibut ion of the R and C elements discussed 
above. 

The Mott-Schot tky equation contains the differential 
capacitance of the semiconductor depletion layer, and 
not the measured total cell or electrode capacitance. 
These are equal only if the equivalent  circuit of the 
electrode is a simple serial RC combination, which is 
carefully and convincingly demonstrated in  the paper 
not to be the case. The frequency dependent  Mott- 
Schottky slope (Eq. [26] and Fig. 12) is therefore 
s imply an  artifact, as is often the case. sl 

Al though there  is l i t t le point  in discussing the physi-  
cal meaning  of the infinite RC networks,  as we have 
demonstrated in paragraph one, a fur ther  comment 
needs to be made concerning the erroneous deviation 
of the CPAI from the distr ibutions of Eq. [7]-[10]. 
This is best i l lustrated by the fact that  the resul tant  
admit tance has the wrong dimension [energy / im-  
pedance]. This can be traced back to the (implicit) 
assumption that  any "activation energy" E between 
zero and infinity is equal ly probable, which means that 
E has a nonphysical,  non-normal izab le  distr ibution.  

J. F. McCannS2 a n d  S P. S. Badwal:S3 Nyikos and 
Pajkossy have correctly commented that the present  
model which includes the assumptions of exponential  
dis tr ibut ions of R and C elements is nonun ique  and 
that an infinite network is but  a remote electrical 
analogy. It is clear, that  unt i l  exhaust ive exper imenta l  
and corresponding theoretical studies of impedance 
over very wide frequency ranges and with ins t ruments  
capable of giving high resolution, low noise measure-  

S0H. Seher and M. Lax, Phys. Rev., B7, 4491 (1973); ibid., B7, 
4502 (1973). 

s~ S. R. Morrison, "Electrochemistry at Semiconductor and Oxi- 
dized Metal Electrodes," Plenum, New York-London (1980). 

s~ School of Physics, The University of New South Wales, Ken- 
sington, N.S.W. 2033, Australia. 

ezCSIRO, Division of Materials Science, Advanced M.aterials 
Laboratory, P.O. Box 4331, Melbourne, Victoria 3001, Australia. 

ments  have been performed for a large n u m b e r  of 
semiconductor/electrolyte  systems, that any  theoretical 
or physical in terpre ta t ion of the f requency dependent  
impedance, for such systems, should be regarded as 
being extremely tentative. This la t ter  point  is made 
strongly in  the present  paper  and, in our  view, the  
useful comments offered by Nyikos and Pajkossy in 
this regard, reinforce the theme of the present  publ i -  
cation. 

We should clarify that  while the f requency d e p e n -  
dent  Eq. [26] is referred to as a f requency dependent  
Mott-Schottky relat ion it is not a modified Mott- 
Schottky equation. Equat ion [26] is an empirical ly 
observed relat ion which was first discussed in  d e t a i l  
by Dutoit  et  al. s~ Since the measured capacitance is 
often frequency dependent  and since the origin of the 
f requency dependent  capacitance is present ly  not  
known, then it  follows that it is correct to define the  
measured capacitance, C, (Eq. [26] ) as the cell capaci- 
tance ra ther  than as the capacitance of the depletion 
layer. The Mott-Schot tky relat ion is correctly given by  
Eq. [1] in  the paper and the fact that  this relat ionship 
is only strictly applicable When the equivalent  c i rcu i t  
is a simple non_frequency dependent  series RC ne twork  
is clearly stated in  the introduction.  

Gomes and Carrion in their present  comments have 
pointed out, that in their view, the explanat ion of the 
frequency dependent  1/C2 vs.  V behavior  is a fre- 
quency dependent  dielectric constant. While this view 
appears to be a reasonable one, and also one that  can  
be to some extent  theoretically supported, we are of 
the opinion, that due to the large n u m b e r  of possibili- 
ties, this in terpre ta t ion  may well prove to be oversim- 
plistic, par t icular ly  since semiconductor /e lectrolyte  
and semiconductor /meta l  interfaces have complex 
structures, which can, from a theoretical view point, at 
least, significantly contr ibute  to the measured im-  
pedance of a system. 

A syntax error in the paper has been pointed o u t  
by Nyikos and Pajkossy. E is correctly defined as a 
dimensionless function. Dimensional  consistency is 
main ta ined  by the dimensions assigned to a and ~ al-  
though k T  can be el iminated from Eq. [7] and [8] so 
that in this case a and ~ do not assume dimensions. 

Electrochemical Investigations of Alkali-Metal 
Intercalation Reactions in TiS~: Chronoamperometric 

Determination of Mass and Charge Transport 
Properties of Liquid Electrolyte Systems 

Anthony Vaccaro, T. Palanisamy, R. L. Kerr, and J. T. Maloy 
(pp. 682-688, Vol. 129, No. 4) 

K. Wes t ,  S. A t l u n g ,  a n d  T. J a c o b s e n :  s5 T h e  d a t a  r e -  
p o r t e d  in the above paper  for solid-state diffusion of 
Li + in TiS~ and the kinetics for the charge t ransport  
by Li + across the TiS2/organic electrolyte interface 
do not agree with data we have found for the same 
system with propylene carbonate (PC) as electrolyte 
solvent. Also we disagree with the conclusion d rawn 
by the authors that  slow charge t ransfer  kinetics con- 
t r ibute significantly to the behavior  of the cathode 
used in Li /organic  electrolyte/TiS2-batteries.  

To i l lustrate our point, the accompanying Fig. 1 and  
2 s6 depict the chemical diffusion coefficient of l i th ium 

in LixTiS2 (Dai) and the charge t ransfer  resistance 
between LiC104/PC electrolyte and LixTiS2 (Rt) as 
measured by a-c impedance on one crystal face of a 
TiS2 single crystal perpendicular  to the c-axis. 

First  our results ~are that  DLi varies one to two orders 
of magni tude  with composition, showing a broad 

s~ E. C. Dutoit, R. L, Van Meirhaeghe, F. Cardon, and W. P. 
Gomes, Ber. Bunsewges. Phys. Chem,, 79, 1206 (1975). 

Fysisk-Kemisk Institut, The Technical University of Denmark, 
DK ~800 Lyngby, Denmark. 

8o K. West, T. Jacobsen, B. Zachau-Christiansen, and S. Atlung, 
Ext. Abstr. 11, 32nd I.S.E. Meeting, Dubrownik, 1981. 
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Fig. i. Chemical solid-state diffusion coefficient for Li+ in 
Ti$2. Electrolyte Im LiCI04 in PC. Two independent experiments. 
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Fig. 2. Charge transfer resistance (di/de, e : eeq) for L i + /  
TiS2 electrolyte us Fig. 1. 

m a x i m u m  near  X _ 0.5. This is in  agreement  wi th  
NMR-re laxa t ion  measurements.S7 We also observed 
diffusion coefficients cons iderably  lower  than  cited in 
the paper .  

The methods used by  the authors  for  de te rmina t ion  

of D are  based on an es t imate  of the  t ime constant  12/D 
de te rmined  f rom the t rans i t ion  region be tween  semi-  
infinite diffusion (t- ' /2-1aw) and diffusion in a bounded 
region.  We fu l ly  agree  wi th  the authors ,  tha t  de t e r -  
min,ation of t ime constants  is the  best  w a y  of charac-  
ter iz ing diffusion in powders ,  avoiding the problems  
with  de t e rmina t ion  of t rue  surface area,  and  wi th  
sort ing out effects due to coupl ing be tween  e lec t ro-  
ly te  t r anspor t  and t r anspor t  in the electrode.  Con-  
ver t ing  t ime constants to diffusion coefficients is, how-  
ever,  not s t ra ight  fo rward  and requires  careful  con- 
s idera t ion of the fol lowing points:  (i) The average 
dimensions of single par t ic les  (not agglomera tes)  mus t  
be wel l  character ized.  Using "well  condi t ioned" e l e c -  
trodes, i.e., elect rodes  cycled severa l  times, requires  
de te rmina t ion  of par t ic le  size on used e lec t rode  pow-  
ders  as these d is in tegra te  upon cycling. (ii) The 
geomet ry  of the  par t ic les  mus t  be known.  Using ex-  
pressions der ived for  p lane  geomet ry  ins tead of, e.g., 
cyl indr ica l  geometry,  which is most adequate  for two 
d imensional  conductors  as TiS2, overes t imates  the 
diffusion coefficients by  a factor  ~3.8. (iii) Time con- 
stants are  often measured  with  large  differences be -  
tween surface and bu lk  concentra t ion in the  e lec t rode  
part icles ,  and thus on ly  y ie ld  an overa l l  diffusion co- 
efficient, close to the  m a x i m u m  diffusion coefficient in 
the in te rva l  considered. 

C. Berthier, "Fast Ion Transport in Solids," Vashista, Mundes, 
Shenoy, Editors, p. 171 (1979). 

As for the  es t imates  of the charge t r ans fe r  kinetics,  
it  is our  opinion that  the analysis  of the  expe r imen ta l  
da ta  is invalid,  as the expressions der ived by the 
authors  are based on the fol lowing erroneous assump-  
t ions: (i) The authors  express ion [3] is der ived  for 
the case of equi l ib r ium at the e lec t rode  e lect rolyte  
in terface  (cf., e.g., Footnote  8s, pp. 50-51). I t  is there -  
fore inconsis tent  wi th  the  authors  conclusions about  
the significant kinet ic  overvol tage  to use this equat ion 
in the deve lopment  of the i r  Eq. [4]. The correct  ex-  
pression is (Footnote  ss, p1~. 74-77) 

lil = n F ~  (e) (Cm --  Cb)exp ~2 erf  ~ [1"] 
- >  ( . .  

where  ~ -- t'/, (kG)  W k(e))/D'/2 and Delahay  (loc. 
cit.) has shown that  for  $ < 0.1 the cur ren t  found from 
[1"] is only  a smal l  f ract ion of the cur ren t  ca lcula ted  
.according to [3]. In  Table I the authors  indicate  ~ ___ 
0.02 or smal ler  for thei r  measurements .  (ii) A kinet ic  
expression of the form of [4] is only val id  if the equi -  
l i b r ium potent ia l  obeys a Nernst  equat ion as appa r -  
en t ly  p resumed by  the authors  

R T Co 
eeq = e ~ + I n  ~ [2*] 

F Cs 

Equat ion [2*] predic ts  a po ten t ia l  var ia t ion  for a 90% 
ut i l izat ion of ca. 70 mV whereas  for TiS2 the cor re -  
sponding var ia t ion  is ca. 480 mV. This is expressed b y  
the poten t ia l  re la t ion  proposed  by  A r m a n d  s9 which for 
a constant  c is 

RT ( cm -- cs ) 
e e q =  re(c) §  In - -  S cs [3"] 

Cs C m  

For  i = 0 a k inet ic  express ion must  give a solut ion 
for the potent ia l  which is ident ical  wi th  the the rmo-  
dynamic  equi l ib r ium condition. The authors  Eq. [4] 
renders  for  i = 0 an express ion equiva len t  to [2*] 
which is in large d i sagreement  wi th  the measured  po- 
tent iaI  9~ and wi th  [3*] (f = 16) as shown on Fig. 3. 

A consistent  kinet ic  express ion could have  the form 

= F ( ~ ( 4 c J c m  --  k ~ )  (em - %) �9 c/c~) [4*] 

ss p. Delahay, "New Instrumental Methods in Electrochemistry," 
Interscience Publishers, New York (1954). 

sg M. Armand, Dissertation. Grenoble (1978). 
~A. H. Thompson, This Journal, 126, 608 (1979). See also T. 

Jacobsen et aL, Electrochim. Acta, 27, 1007 (1982). 

E/V 
2.8 
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C ' ~ / C  m o x  

i i i = = 

0 .2 .4 .6 .8 1 

Fig. 3. Equilibrium potential for Ti52 for e l i+  - -  c e. Mea- 
sured in electrolyte as Fig. 1 . . . . . .  Calculated from [3"] .  f = 
16.2. - . . . .  Nernst dependence as assumed by Vaccaro et al. in [4] .  
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where  the k's are  po ten t ia l  dependen t  ra te  constants  
(cf. [1"] ) fulfi l l ing the  condit ion tha t  the  equat ion 

~ c~ 
- -  �9 c [ 4 ]  

~'- Cm -- Cs 

for all  values  of c, cs, and cm mus t  give L ~ ,ea f rom 
[3*]. The Vo lmer -Bu t l e r  t ype  of express ion used by  
the au thors  fails  to fulfill  these conditions.  

F r o m  the reasons out l ined above,  we cannot  accept  
the conclusions reached by the authors  concerning the 
significance of influence of charge t ransfer  kinet ics  on 
the TiS2 overvol tage.  To i l lus t ra te  this  point ,  we find 
f rom the values  for the charge t ransfer  res is tance given 
in Fig. 2, us ing 50 ohms cm 2 as an upper  l imit ,  that  for 
a 5 /~m TiS2 par t ic le  d i scharged  at  a cur ren t  cor re-  
sponding to a 4 h r  discharge,  the charge t ransfe r  over -  
vol tage  should not  exceed 1.5 inV. 

$. T. Maloy:  91 We apprec ia te  the  in te res t  of these 
readers  and the submission of  the i r  da ta  indica t ing  tha t  
the l i t h ium diffusion coefficient in TiS~ varies  wi th  
the  s to ich iomet ry  of the so l id-s ta te  mater ia l .  This is 
not  an unreasonable  possibil i ty.  Unfor tunate ly ,  da ta  
of the k ind  presented  do not prove that  this is the 
case: differences in impedance  measurement s  car r ied  
out  on separa te  chemica l l y -p repa red  samples  of differ-  
ent  composi t ion could be ascr ibed to s a m p l e - t o - s a m p l e  
var ia t ions  in c rys ta l  micros t ructure ,  contact  resistance,  
l iquid  junc t ion  potent ial ,  etc. These var ia t ions  no doubt  
cont r ibute  to the  scat ter  in the da ta  submi t ted  by  these 
invest igators .  

To set t le  this issue proper ly ,  the  effect of the va r i a -  
t ion of the  diffusion coefficient wi th  chemical  composi-  
t ion should be t r ea ted  theore t ica l ly  for the  e lectrolysis  
of a s ingle crys ta l  of TiS2 to LiTiS2 and this model  
should be subjec ted  to expe r imen ta l  verification. This 
model  would  require ,  for  example ,  that  Fick 's  first l aw 
be wr i t t en  

OC (x, t)  
- J ( x , t )  = D ( x , t ) -  [1'] 

~9x 

where  D (x, t)  would  depend  upon C (x, t ) i n  a manner  
described,  to a first approximat ion ,  by  the da ta  p re -  
sented  in the commen ta ry  to our  paper .  Fick 's  second 
law would  have to be modified accordingly.  This is an 
in te res t ing  b o u n d a r y  va lue  p rob lem which, to our 
knowledge,  has not  been solved r igorously.  We are  
p resen t ly  t ry ing  to model  this behavior  using digi ta l  
s imula t ion  techniques 92 and, if these provide  any  new 
insights to this problem,  they  wil l  become the subject  
of a fu ture  communicat ion.  Cont ra ry  to West  et al., we 
feel  that  the "overal l"  diffusion Coefficient would  lie 
closer  to the min imum D wi th in  the in te rva l  ins tead 
of the  max imum.  

We agree  comple te ly  wi th  these readers  tha t  the  
de te rmina t ion  of  the diffusion length  l is the most  
ambiguous  pa r t  of our method  for measur ing  D. P a r -  
t icles of the  same size should have  been  used to p re -  
pa re  an e lec t rode  and, as this commenta ry  points out, 
these par t ic les  should have  been measured  again af ter  
cycling. If  one assumes, however ,  tha t  cycl ing resul ts  
in the fo rmat ion  of  only  smal le r  par t ic les  th rough  
crys ta l  exfol iat ion,  our  p r e l i m i n a r y  work  provides  an 
es t imate  of the m a x i m u m  value  of D because i t  is based 
on the m a x i m u m  value  of l. This should have been  
s ta ted  in the o r ig ina l  paper .  

We disagree  wi th  West  etal. ,  concerning the equi -  
l i b r ium requ i rement  for Eq. [3]. The only r equ i remen t  
for  the va l id i ty  of [3l is tha t  Cs be constant.  While  this 
can resu l t  f rom equi l ibr ium,  it can also be the  resul t  
of a s t eady-s t a t e  process., In the case of charge t r ans -  
fer  kinetics,  for  example ,  a constant  in ter rac ia l  con- 

~ D e p a r t m e n t  of Chemistry ,  Se ton  Hall  Universi ty,  South  Or- 
ange,  New Je r sey  07079. 

J. T. Maloy in " L a b o r a t o r y  Techniques  in Elec t roanaly t ica l  
C h e m i s t r y / '  P. T. Kissinger ,  Edi tor ,  Marcel  Dekker ,  New York,  In 
p r e s s .  

cent ra t ion  is obta ined  when the ra te  of charge t ransfe r  
equals the ra te  of mass t ranspor t .  

We considered a cu r r en t - t ime  equat ion s imi lar  tO 
[1"] when  we first took up this problem.  The  ex-  
pression we used ( t aken  f rom 98 p. 166, or  94 p. 74) 
gives the  complete  solut ion to the b o u n d a r y  va lue  
p rob lem solved by  De lahay  

i ( t ) - -  nFAks (E) C exp ~2 erfc ~ [ 2'] 
where  

' --- L f ks(E)Do ~ + ~kb(~)Da V' ] t ~  [3'] 

Note that  C and Do re fe r  to fluid solut ion paramete rs ,  
whereas  DR represents  a so l id-s ta te  pa ramete r ;  this 
dis t inct ion is not  d rawn  in [ l*J.  By expand ing  erfc 
in the manner  suggested b y  De lahay  (see 99, p. 74), 
one m a y  obta in  the long t ime (~ > 3) express ion 

DR y/, kb(E) ]-* nFACDR" [ ( "-~o ] + ~ [4'] 
i ( t )  : :tv2t 1/~ kf(E) 

which would have to be val id  if [2'] and [3'] (the. cor -  
rect  form of  [1"])  p rovide  the "correct  express ion"  s 
[4]. At  negat ive  potent ia ls  ks(E) > >  kb(E) and [4'] 
becomes 

nF A C Do'/2 
i ( t )  = [ 5 ]  

~ 'l, t '/, 

That  is, at  h igh overvoltages,  the ra te  of the e lec t ro-  
in te rca la t ion  react ion is de te rmined  en t i r e ly  b y  fluid 
solut ion paramete rs ;  i t  is independen t  of the ra te  of 
so l id-s ta te  diffusion. Of course, this is con t ra ry  to ex-  
pe r imen ta l  observat ion.  

The  reason for  this d i screpancy  is obvious:  t h e  
bounda ry  va lue  p rob lem correc t ly  solved by Delahay  
is not  the bounda ry  va lue  p rob lem for e lec t ro in te rca la -  
tion. Equat ion  [2'j is obta ined by  assuming tha t  the 
product  of the e lec t rode  react ion undergoes  semi - in -  
finite l inea r  diffusion wi th in  the  same med ium as the 
reac tant  which produces  i t  and that  its in ter rac ia l  con- 
cent ra t ion  m a y  increase  wi thout  l imi t  i f  DR < Do and if 
kf (E) > kb (E) ; in e lect rointercala t ion,  the in te rca la ted  
produc t  undergoes  finite diffusion in a different  med ium 
and its m a x i m u m  in ter rac ia l  concentra t ion is de te r -  
mined  by  the m a x i m u m  s to ichiometry  of LiTiS2. In  
fact, this in te r rac ia l  p roduc t  concentra t ion controls  the 
ra te  of the fo rward  react ion to some extent :  wher~ the 
m a x i m u m  in ter rac ia l  product  concentra t ion is achieved 
at  a given potent ial ,  the fo rward  react ion mus t  cease, 
regardless  of the fo rward  ra te  constant  at  tha t  po ten-  
tial.  

This having been observed,  we had three  choices: ({) 
solve this new bounda ry  value  p rob lem r igorous ly  or 
numer ica l ly ;  (if) change the meaning  of some of the 
pa rame te r s  in [2'] and  hope tha t  it  would  work;  (iii) 
assume tha t  Bu t l e r -Vo lmer  kinet ics  are  opera t ive  in 
e lec t ro in terca la t ion  and use our diffusion equat ions 
[2] and [3] to es t imate  in ter rac ia l  concentrat ions  in the  
mass - t r anspo r t  l imi ted  form of the cu r r en t -ove rpo ten -  
t ia l  equat ion (see 9a p. 102) in an a t t empt  to es t imate  the  
ra te  parameters .  West  etal.  would have had us elect  
e i ther  the first or second choice, as they  appa ren t ly  
did. Because we had  a subs tant ia l  amount  of exper i -  
menta l  da ta  indica t ing  tha t  mass - t r anspor t  l imi ted  
cur ren t  behav ior  was achieved over  a 500 mV range,  
we elected the th i rd  choice: we wanted  t o  call  p rompt  
a t tent ion  to the fact that  charge t ransfe r  kinet ics  could 
be responsible  for this behavior .  (Pr ior  to ou r  work,  
charge t ransfer  kinet ics  were  not considered in studies 
of these mater ia ls . )  Whi le  the method  we chose is not  
nea r ly  as e legant  as an exact  solution, it  is expedien t  
and val id  to the  ex ten t  that  Bu t l e r -Vo lmer  kinet ics  are  
operat ive.  
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