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Theoretical transition-time equations for successive electrochemical reactions, using a constant electrolysis
current impulse, for spherical diffusion have been derived. Current reversals at and before transition-time are also
considered. Equations are expressed in terms of the equations for linear diffusion and a correction factor due to
sphericity of the electrode surface.

HANGING drop electrode has been widely used as an indicator electrode for analytical work and
diffusion coefficient measurements-. It has an advantage over a solid electrode in as much as the
surface is smooth and can be conveniently renewed. Also, it eliminates the problem arising from

the periodic growth and fall of the drop as in a dropping mercury electrode. Chronopotentiometry is
an important electro analytical technique. Its theory has been recently reviewed by Jain et al» In an
earlier publication chronopotentiometric transition time constant for the reduction of a single electro-
active species on spherical electrodes" was obtained and expressed in terms of Sand's equation- for linear
diffusion and a correction" factor for the sphericity of the electrode surface. In this paper, theoretical
equations for consecutive electrochemical reactions, on a spherical electrode have been developed; similar
equations for planar" and cylindrical electrodes are availablet'".

THEORETICAL ANALYSIS

For the electrode reaction (i), ·0 + ne R, flux at the electrode surface for constant electrolysis
current is given by Eq. 1,

n } A = Do { 0;'0 (r,t) } r=ro ... (1)

Concentrations of species 0 and R are obtained by solving Fick's equation for spherical diffusion (Eq. 2),

aC (r, t) = D { a~C(r,t) + 3.. oC (r,t) }
ot or= r or

Under the following initial and boundary conditions

Co (r, 0) = C~; CR (r, 0) = 0

... (2)

... (3)

Co (00, t) = C~; CR (00, t) = 0

and

Do {aCo (r, t) } + DR { OCR (r,t) } =0
or r=ro or '='0 ... (4)

The resulting solution for Co (r, t) is,

) _ 0 Iro { (r-ro ) ( r-r« ) ( Dot) f ( fDot r-ro)}Co(r,t - Co - nFDoAr erfc 2Dot - exp r;- exp ---rT er c 'V ro~ - 2Dot

At the electrode surface-! i.e., r = '0' the concentration of 0 is,

o 1ro { ( Dot) (f Dot )}Co (r,t) = Co - nFADo 1 - exp ~ erfc "V r;,'J- ... (5)

tPresent address : Rajdhani College, Raja Garden, New Delhi 110015.
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Under the limiting condition Dci 12 tl/2/ro ~ 1, the term within the bracket can be expanded", neglecting

higher order terms, as follows, .
2111/2 { Ttl/~(Dot)1/2 2 (Dot) 11:1/2 ( Dot )3/~ 4 (Dot)2 Ttl/2

C~=c; (ro, t) = nFADol/~Tt'/2 1- 2 r;z + 3 fo~- - -4- ~ + 15 1"02 --12-

( ~~~t2}
At t = .•, Co (ro, t) = 0, Eq. (6) reduces to,

1/2/CO _ nFA11:1/2 DOl/2
l « 0 - 2S

1

Where
_ _ ~( Do't )1/2 2( DoT )_ 11:

1
/
2

SI - 1 2 1"02 + 3 1"0" 4

In Stackelberg model", a diffusion layer i) for

i) _ C~-C~I~
- [ec (r. t) / or] r=rs

using Eqs (4), (6) and (8), 1) for a spherical electrode is given by Eq. (9),

2D~2 [1/2 {I _ ~(~)1/2+ 2(~) _ 11:
1
/
2 (~)3/2 4 (rD02t)2 11:1/

2
o 11:1/2 2 r02 3 r02 4 1"02 + 15 -12 X

( ~2~y/2} ...(9)

Using expression (9) for diffusion layer 0, transition time equations for consecutive reactions at spherical
electrodes can be easily derived.

(a) Consecutive reactions involving two or more species - Consider the following electrode process
in which the species 01 and O2 are reduced to R1 and R2 respectively at potentials sufficiently separated
to yield two distinct steps in the potential-time curve,

01 + n1e R1

... (6)

... (7)

(DO: )3/2+~( D~'t )2_~(Do",)5/2
1"02 J 5 1"02 12 r02

spherical diffusion is given by Eq. 8,

... (8)

O2 + n2e n,
Transition-time for the first step ("t"1)is uninfluenced by the presence of O2 in solution and is still given by
Eq. (1). While concentration of 01 at surface at t ="t" becomes zero, 01 continues to diffuse towards the
electrode so that at t > "t"1'the current through the cell is used in the reduction of both 01 and Oz. At
t = t' (where t' = t-.•1) , C01 (ro,t') = O.

I _ D f 0 C01 (r, t) l + D {ClC02 (r,t)}
A F - n1 01 l--ar j r=ro n2 02 or r=ro

Other initial condition (at t' = 0) for the reduction of O2 is,
CO2 (ro , 0) = C~2

Using Eq. (6) for the species 01, C01 (r01 0) = C~l'
its value from Eq. (9), at t > "t"one obtains,

n 11:1/~ D] 12 CO n211:1/2 DO 12 ClI 1 01 01 O2 O2--= 1/2 l/2----4-:-----·1/2--J- +
A F 2t1/2 [ 1- ~.pl/2 + ~-I._ ~-I. 3/2 + _ 1>2 _ ~1>5/2 2t1l2L 1- _1t_'I_"1ji1/2 + _1._.1.

2 3 'I' 4 'I' . 15 12 2 3 'j'

11:1/2 4 11:1/2 ]___ 1ji3/2 +_ ~2 1ji5/2 ••. (12)4 15 12

where 1> = (DOl t ) and Iji = (D02~)
1"02 r0

2

At t' = "t"~CO2 [ro, (",1 + "t"2)]= 0, the equation for transition time for the successive reaction at the
spherical electrode, assuming D = DOl = D02, is given by Eq. 13,

( + )1/2 _ 1 [n1 TC1/2 Dl/2 A cg, F nz FA 11:1/
2 cg2 l

1"'1 "t"2 - R2 2 + 2 .J

~~( D T) ~(DT)_~ (DT)3/2+--±-( DT)2_~( DT)5/2
where R2 = 1 - 2 r02 + 3 \ r02 4 r02 15 r02 12 "02

... (14)

(ii)

... (10)

... (11)
Rewritting Eq. (10) in terms of i) and substituting

... (13)
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The terms within square bracket in Eq. (13) are the same as for two successive reactions at a planar
electrode. The equation for spherical diffusion is thus written in terms of the equation for linear diffusion
and a correction factor R2 due to sphericity of electrode surface.

Tabulated values of R2 for various transition times ("2) as a function of Dl/2/ro values, calculated for
single species, can still be used. . .. .

The above can be generalized for an abitrary number of reducible species III solution, An equa-
tion for P number of species is given by Eq. 15,

1 [ nl F A ~1/2 Dl/2 C~ n2 FA";.1/2 Dl/2 C3
2
' np FA ~1/2 Dl/2Cgp]

I TI/2 = - 1 + 2 + ...+ 2
P Sp 2

... (15)

where,
~1/2 ( D Tf»112 2

Sf>= 1--2- --;:r + :I
p

and Tp = 1: 't'i
1=1

... (17)

o
:; 1.1..
IL
C
o

(i). O~RI'~R2

(ii).OI~RI

~~R2

(;~:::==;;;;~(ii~i)'~' ~~~I;:~~~I ~~~;;;;~~
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~
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Fig. 1 - Plot of correction factor versus r« for reaction (ii) 01 -+ R" 0 -7 R. ; (iii) 0 -+ R1 -+R2 and (iv) 0 -7 Rv Rj -7 O.

TABLE 1 - VALUFSOF CoRRECTIONFACTORSFOR CoNSTANTCuRRENT CHRONOPOTENTIOMETRYAT SPHERICALELECTRODESFOR
SECONDSTEP OF CoNSECUTIVEREACTION(ii) (r = T1 + TJ

T

o=», 0.05 0.10 0.50 1.0 2.0 3.0 4.0 5.0

0.004 1.001 1.001 1.003 1.004 1.005 1.006 1.007 1.008
0.006 1.001 1.002 1.004 1.005 1.008 1.009 1.011 1.012
0.008 1.002 1.002 1.005 1.007 1.010 1.012 1.014 1.016
0.01 1.002 1.003 1.006 1.009 1.013 1.015 1.018 1.020
0.02 1.004 1.006 1.013 1.018 1.025 1.031 1.036 1.040
0.04 1.008 1.011 1.025 1.036 1.051 1.062 1.054 1.080
0.06 1.012 1.01'7 1.038 1.054 1.076 1.093 1.090 1.121
0.08 1.016 1.023 1.051 1.072 1.102 1.125 1.126 1.162
0.10 1.020 1.028 1.063 1.090 1.128 1.157 1.163 1.204
0.11 1.022 1.031 1.070 1.099 1.141 1.173 1.200 1.225
0.12 1.024 1.034 1.076 1.108 1.154 1.189 1.219 1.246
0.13 1.026 1.037 1.082 1.117 1·167 1.205 1.233 1.267
0.14 1.028 1.040 1.089 1.126 1.180 1.227 1.257 1.288
0.15 1.030 1.042 1.095 1.136 1.193 1.238 1.276 1.309
0.16 1.032 1.045 1.102 1.145 1.206 1.254 1.295 1.331
0.17 1.034 1.048 1.108 1.154 1.219 1.270 1.314 1.352
0.18 1.036 1.051 1.115 1.163 1.233 1.287 1.333 1.374
0.20 1.040 1.057 1.128 1.182 1.259 1.320 1.372 1.418
0.25 1.050 1.071 1.160 1.228 1.327 1.404 1.470 1.530
0.30 1.060 1.085 1.193 1.276 1.363 1.450 1.537 1.624
0.35 1.070 1.100 1.226 1.323 1.465 1.580 1.685 1'790
0.40 1.080 1.114 1.259 1.372 1.537 1.676 1.813 1.952

no
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If all the reducible species present have the same concentration, Eq. 15 reduces to a simple form,

'tt1/2 A D1/2 F Co
IT;' 2 = 2S" (n1 + n2 + n3 +

Since Sf) will be essentially the same for large
1/2 A F DI/Z CoI (Tl/2 _ Tl/2) = 'tt np

P P-l 2S"

... (18)

P, transition-time for the Pth wave is given by,

... (19)

For mixtures of several substances the successive inflections are not clearly distinguishable, particu-
larly when the concentrations are too small and/or the potentials for successive electrode processes are
close. Transition-times then cannot be accurately determined. :

(b) Stepwise reduction of a single species - Consider the case, in which 0 undergoes stepwise reductions,
n,e n2eo -------+ R1 -------+ R2 (Ui)

The transition-time, "1> for the first step is given by eq. (7). At t > "1' the concentration of 0 at
the electrode surface is zero, but it continues to diffuse towards the electrode and is reduced directly
to R2 involving (n1 + n2) electrons. Simultaneously, R, formed in the first step is reduced to R2 invol-
ving n2 electrons. The current through the cell is a sum of two components. Thus,
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Fig. 2 - Plot of correction factor versus '0 for reaction (iii) when 2nl = nl; n1 = n, and n, = 2nz.

TABLE 2 - VALUES OF CoRRECTION FACTORS FOR CONSTANT CURRENT CHRONOPOTENTIOMETRY AT SPHERICAL ELECTRODE FOR
DIFFERENT TRANsrrION TIMES OF THE SECOND STEP OF STEP-WISE REDUCTION OF A SINGLE SPEClES (iii)

Dlil/ro nl=n2 nl=2nz 2n,=n.

or 0.05 0.5 1.0 2.0 0.05 0.5 1.0 2.0 0'.05 0.5 1.0 2.0

0.01 1.004 1.014 1.018 1.051 1.001 1.003 1.004 1.006 1.008 1.026 1.036 1.050
0.Q2 i.OO8 1.024 ~.036 1.099 1.002 1.006 1.009 1.012 1.018 1.050 1.072 1.102
0.04 1.016 1.051 1.071 1.150 1.004 1.012 1.017 1.024 1.034 1.102 1.144 1.206
0.06 1.024 1.075 1.105 1.174 1.006 1.018 1.026 1.036 1.052 1.154 1.218 1.313
0.08 1.032 1.099 1.141 1.198 1.008 1.024 1.034 1.048 1.070 1.204 1.293 1.420
0.10 1.040 1.126 1.175 1.211 1.010 1.030 1.042 1.058 1.086 1.260 1.370 1.529
0.11 1.044 1.137 1.192 1.246 1.011 1.033 1.046 1.063 1.096 1.284 1.408 1.583
0.12 1.047 1.150 1.210 1.295 1.012 1.036 1.050 1.069 1.104 1.312 1.447 1.646
0.13 1.051 1.163 1.219 1.319 1.013 1.039 1.054 1.074 1.112 1.335 1.487 1.703
0.14 1.055 1.174 1.246 1.344 1.014 1.042 1.057 1.079 1.122 1.365 1.526 1.764-
0.15 1.060 1.187 1.262 '1.367 1.015 1.044 1.061 1.084 1.130 1.393 1.563 1.828
0.16 1.063 1.198 1.279 1.392 1.016 1.047 1.065 1.089 1.140 1.420 1.604 1.895
0.17 1.067 1.210 1.297 1.417 1.017 1.050 1.069 1.094 1.148 1.558 1.645 1.968
0.18 1.071 1.223 1.314 1.439 1.017 1.053 1.072 1.098 1.158 1.594 1.688 2.047
0.20 1.078 1.246 1.347 1.585 - 1.019 1.055 1.076 1.108 1.174 1.668 1.771 2.242
0.25 1.100 1.309 1.433 1.628 1.024 1.071 1.097 1.131 1.221 1.672 2.002 3.211
0.30 1.118 1.365 1.451 1.913 1.029 1.084 1.114 1.156 1.267 1.755 2.388
0.35 1.139 1.428 1.622 2.184 1.033 1.096 1.130 1.185 1.313 2.007 3.131
0.40 1.158 1.490 1.746 3.056 1.038 1.108 1.147 1.226 1.359 2.247
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+ n DR {aCR) (r, t)} =_1_
2 1 Or r=ro A F

... (20)

Using Stackelberg's diffusion layer concept, Eq. (20) can be written as,

( )D [cg_ Co (r, t)] [ - CRt (r, t) ] _ 1
nl + n2 0 ~l + n2 DR1 3

2
- A F

Appropriate substitution of the value of ~ from ·-Eq. (9) yields;
1 (ni + no) D~' 2 'ftl/2 [cg - Co (r, t)]

A F = 2t1/2 [ 1 _ 'ftl/2 (.!2o~)t+ 2~(Dot ) _~ ( Dot )3/
2 + ~( Dot )2__ =". ( D~t )5/2

2 r02 3 r02 4 \ '02 15 r02 12 ro~

n2 D~'2 'ft1/2[- CR1 (ro, t)]

... (21)

At t > 1'1; Co(ro, t) = ° and at t = "1 + "2' CRl (ro,t) = 0, and rearranging,

1 _ 'ft1/2( DOTI )t+ ~( Do "I )_ ~~( Do "1 )3/2+ -....i.( D01'l )2_ ~
( ") ~'t'2 )t= nl If- n2 2 r02 3 r02 4 r02 15 r02 12

rz1 1- 'ft1/2 ( Dot )t+ ~( Do T )_~( Do T )3/2..L ~(~ )2_~~I 2 r02 3 1'02 4 1'02
I 15 ro" 12

i ( Do "I )5/2
I 102

I ( Do T )512
I t0

2

I
Again comparing with similar equations for linear diffusion, Eq. (23) may be put in the form,

I

... (23}

r -1 ... (24)

TABLE3 - VALUESOF CoRRECTIONFACTORS FORCONSTANTCuRRENTCHRONOPOTENTIOMETRYAT SPHERICALELECTRODESFOR
CuRRENT REVERSEDSTEP (iv)

't
DIII/r•

0.01 0.10 0.50 1.00 3.00 5.00 7.00 10.00

0.004 1.000 1.001 1.001 1.002 1.004 1.005 1.005 1.006
0.006 1.000 1.001 1.002 1.003 1.005 1.007 1.008 1.010
0.008 1.000 1.001 1.003 1.004 1.007 1.009 1.011 1.013
0.010 1.001 1.002 1.004 1.005 1.009 1.011 1.013 1.016
0.020 1.001 1.003 1.007 1.010 1.018 1.023 1.027 1.032
0.04{) 1.002 1.006 1.014 1.020 1.035 1.045 1.053 1062
0.060 1.003 1.010 1.021 1.030 1.052 1.066 1.078 1.092
0.080 1.004 1-013 1.028 1.040 1.068 1.087 1.102 1.120
0.100 1.005 1.016 1.035 1.050 1.084 1.107 1.125 1.148
0.110 1.006 1.018 1.039 1.055 1.092 1.117 1.137 1.161
0.120 1.006 1.019 1.042 1.059 1.100 1.127 1.148 1.175
0.130 1.007 1.021 1.046 1.064 1.108 1.137 1.160 1.188
0.14{) 1.007 1.022 1.049 1.069 1.116 1.146 1.171 1.201
0.150 1.008 1.024 1.053 1.074 1.123 1.156 1.182 1.214
0.160 1.008 1.02~ 1.056 1.078 1.131 1.165 1.193 1.227
0.170 1.009 1.027 1.059 1.083 1.138 1.175 1.204 1.241
0.180 1.009 1.029 1.063 1.087 1.146 1.184 1.215 1.256
0.200 1.010 1.032 1.069 1.097 1.161 1.203 1.238 1.287
0.250 1.013 1.040 1'086 1.119 1.197 1.251 1.303 1.397
0.300 1.015 1.047 1.102 1.141 1.233 1.308 1.402 1.656
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where,

S'=
r 1_ 1C1/2(Do :1)t+ ~(D02'T:l)_ 1C1/2(D02"1 )3/2+ _4_( Do.2"1 )2 _ ~1/2 (D02 "1)5/2(1
I 2 ro 3 ro· 4 '0 15 ro 12 ro I
I. 1_7t"1/2(D~T)l+~(DoT)_ 1C1I2(DoT)3/Z+ ~(DoT)2_ 1C1/2(Do T)5/2!
L 2 'o~ 3 '0

2 4 '0
2 15 '0

2 12 r02 J
... (25)

o + ne = Ratreoxidation due to current reversal - The process,(c) Cathodic process followed by
o <:: t < 'T:',

is followed by the reoxidation,
R - 'ne = 0 at 'T: < t < ,,'

Transition, time for the forward step is still defined by
using the current excitation function,

Eq. (5), that for the reverse step is evaluated

i(t) = I t + 11 (t - tf) ... (26)
where I and 11 determine the magnitude of current for forward and reverse steps respectively. Time t
is considered from the start of electrolysis and t, is the time after the current is reversed.

In this case, flux of R at the electrode surface is,

{
OCR (r, t)} = It+1, (t + tf)o FAD ... (27)r r=ro n

Solution of Fick's spherical diffusion Eq. (2) for R under initial and boundary conditions (3), (4) and
(27) is,

CR ('o,t)=nF~oDo {1-exp(~~t)erfc(,J~o~t )}+n:A~o {1-exp(Do~:2-t'))erfc
(-JDo (~~ t,) )} ...(28)

If the magnitude of current for forward and reverse process is equal, II should be equal to -21. Further
at t = t/ + 'T:r, CR (ro, t, + 'T:r) = 0
Hence, on rearrangement, Eq. (28) yields,

t, = (2 SO)" - 1 ... (29)
'T:r

•.s
~
Ii.

c
~
u••....
o
U

,o~0'/2
~

Fig. 3 - Plot of correction factor versus Dl/2/ro for reaction (iii) when 2nl = n.; nl = n, and nl = 2n.
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where,

. 1_ '/t
1/2 (D'<:;)t+~( D:.) ~,;1/2 (D:r )3/2 +_4_ ( D 2'<:')2 ~ '/t

i
/
2 (~~~)5/2

" 2 To 3 ro 4 . ro 15 To 12 To

S =1- '/t1)~ {D(tf+"r)t+ ~(D (tl+'<:r»)_ 7t
1/2(D (tl+tr»)312+ i(D (tr~'<:r»)2_ ,;1/2 (D (tl+"r»)5/

2

2 \ r02 3 T02 4 T02 15 r02 12 r02

... (30)

Eqs (7), (19), (24) and (29) are similar to those for planar electrodes except that these involve factor
S's. Factor S can be termed as correction to equations applicable to planar electrodes, due to sphericity
of the diffusion field. It depends on various variables e.g., diffusion coefficients of the species,
transition time and the radius of the electrodes, Variation of S's with these variables are shown
in the Figs. 1, 2 and 3. These figures indicate that values of S are practically unity for small" « 1 see),
low diffusion coefficients « 10-5 em" sec-') and large electrode radius (> 1 rom).

Under a set of experimental conditions, deviations from planar electrode equations, under spherical
diffusion conditions can easily be obtained from tabulated values of S for various values of Dl/2jro
as a function of v. (Tables 1,2 and 3)These tabulated values can help in the choice of electrode radius
and current densities to keep deviations below 1%.
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