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ABSTRACT

A simplified expression is given for the potential-time relation of
a cathodic chronopotentiometric wave which involves mixed control by
diffusion and charge-transfer. The treatment of quasi-reversible chrono-
potentiometric waves has been considered in detail. The chronopotentio-
metric behaviour of a number of partially irreversible and totallyirreversible
systems has been studied. The kinetic parameters have been evaluated
and compared.

INTRODUCTION

CHRONOPOTENTIOMETRIC equations applicable to reversible and totally
irreversible electrode reactions in the absence of kinetic complications have
long been established. 2 The evaluation of kinetic parameters for fast
electrode reactions by the single pulse galvanostatic method has been con-
sidered in detail by Berzins and Delahay®. The ‘so-called’ quasi-reversible
(partially irreversible) chronopotentiometric waves have received very little
attention. Anderson and Macero* have derived a general expression appli-
cable to quasi-reversible chronopotentiometric waves and their treatment
allows the use of concentrations other than zero for both the oxidised and
reduced forms. However numerical solution of their equation with three
unknown parameters can be best carried out only by an involved iteration
procedure either manually or by using a computer. In the present study
we have used a simplified equation applicable to a cathodic chronopoten-
tiometric wave involving mixed control by diffusion and charge transfer.
The potential-time relationship and the limiting equation for totally irreversible
reduction have been applied to the experimental data for some known
- systems and the kinetic parameters have been evaluated.
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POTENTIAL-TIME RELATOIN FOR CATHODIC WAVES
Consider a first order electrode reaction

O -|-ne =R M

involving cither two soluble specics O and R or the product R soluble in
the clectrode as in the deposition of an amalgam-forming metal on a mercury
cathode. The initial concentration of O in the bulk of the solution is C¢
and no reduction product R is present initially. The solution is unstirred
and a large excess of indiflerent clectrolyte is present in the solution so that
mass transfer 1s controlled by diffusion. It is assumed that the electrode is
planar and that conditions for scmi-infinite lincar diffusion arc satisficd.
In this treatment of constant current clectrolysis only the effect of super-
posed charge-transfer and diffusion rate-control on the potential-time curve
has been taken into account and the influence of double layer charging has
been neglected. The rate of the clectrode reaction can be written as®

i — anF (E — E,
'izi'; AT Co (0, 1) kgexp a R(T 5)
F(l — ) (E— E.
— Cu(0, ks oxp™F U~ A (E—E) @)

where * i is the magnitude of the constant current, A the clectrode area,
2 the number of clectrons involved, E the measured potential, Eg the stan-
dard potential of the system, kg the standard rate constant and a the transfer
coeflicient, Co (0, 1) and Cy (0, 1) arc the concentrations of the oxidised and
reduced species respectively at the electrode surface and other symbols have
their usual significance.

Concentrations of both O and R as a {unction of time and distance from
the clectrode surface have been obtained® by solution of the boundary value
problem and

. . 2i
Ci (0, 1) = 7t pFA Dyt B (3)
2i
Co (0, 1) == C° —~ 7t nFA Dot # “)

2i ,, ‘
Co(0:0) = s A D (7~ 1) (5)
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where Dy and Dy are the diffusion coefficients of the oxidised and reduced

species respectively, ¢ is the time elapsed after the beginning of electrolysis
and 7 1§ the transition time® given by

1 1 o
_7 n.FAZ]iDo C . ©)
Equations (3) and (5) can be written as

Gl =co[t 52]

=

» " Dy )
3
Colo, ) = CO[ "] ®)
Using relations (7) and (8), equation (2) can be rewritten as
I
nFA kg CO
= S — anF (E— Ey)
- ( 4 ) exp [ RT }
t Do\t nF(l—a)(E—Ey
(7 o) o g ©)
or
i ex anF (E — Ey)
nFA ks C° P RT
_ £\ DO\* nF (E — Eg)
== () =] 10
ie.,

l anF
(1) - ' Ao PR E-B)

= ) 11)
= Dod __7F (
l-i—(m) eXPE—T(E—-—Es)

Equation (11) is identical with the expression derived by Oldham’ for the
general galvanostatic condition using the diffusion layer concept.

From equation (10) it follows that

23RT, nFAk,C° 2
E=E+22p logTAk 23 RT

% log '[1 - (’;)* {1+ (%2)* exp % (E — Es)}]. (12)
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Equation (12) is the general expression for the potential-time curve of a
cathodic chronopotentiometric wave in terms of kg, a, Eg, Do and Dy,
This relation is valid when E is cathodic to Eg and this condition is satisfied
when
”FAQ < L
i ks

R versible Reduction

When diffusion overvoltage predominates in the electrode process, the
coniribution

anF

[ .
wFA J; co &P g (B~ Eo

duc to the charge-transfer overvoltage, if any, can be neglected in comparison
with unity and cquation (11) becomes!

1\ Do\ nF |

(T) [1 ”'“(D(:.) exp for (E = Es)] ] (13)
Simplifying

- 2-3RT /Dg Y O2-3RT ) ik

BBl ™ Iof’(l)o) T e (14)
ox

Bo.pr g 23RT rb—d

o r/4 "I'“ n 0g ﬂr (15)

where the quarter-wave potential BT, is given by

By : 2-3RT Dyt
A7 o] v A ¥ R
E";y = Es -| Ik log (Do) : (16)

The standard potential Eg for the.clectrode reaction and particularly the
diffusion coefficients D, and Dy of the oxidised and reduced specics may
not be available under the experimental conditions. It is preferable in such
cases to refer in terms of the formal standard potential Eg® of the couple
when the concentration of the supporting electrolyte is one molar and Co/Cy
is unity.
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(ii) Irreversible Reduction
When the process is totally irreversible,
Do\? nF (E — Eg)
De) PP RT

becomes negligible in comparison with unity and equation (11) becomes

(é) =1~ JFAKCo P T E— Eo ("
ie.,

B, + 23R o FAC® | 23RT o0 [y (1) 1.
or,

¢ rv 2 a1 (3] oo
where

. Co )
Eteo = By + 20T 1og TPAKCY. (19)

The same result was obtained by Delahay and Berzins? by neglecting the
effect due to the backward reaction in equation (1). From a plot of

3
E vs. log[l — (;f) J >
both kg and « can be calculated provided Eg or Es° is known.

(iii) Quasi-reversible Reduction

When the rate of the electrode reaction is controlled by both diffusion

and charge-transfer over-voltage, equation (12) should be applied and can
be written as

E—g, 423 ;{T log nFAksCO

T [ ( ) { 14 exp%ljr (E — E"T/Q}{] (20)

where the reversible quarter-wave potential E",,, is given by equation (16).
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Combining equations (19) and (20)

E =Et-o -+ 2"*5’15? log [l — (:)} { 1 -}- exp lg? (B — ETTM)}]

(21)
ie.,
E = Bro + 2oL log (1 — A)
where
A= (f_)* { 1 + exp 1’{}; (E— E%m)} : (22)

The reversible quarter-wave potential E”,,, for a quasi-reversible reduction
can be determined from anodic-cathodic polarograms or by amalgam polaro-
graphy®. A plot of E vs. log(l — A) should be linear and from the slope
and intercept both « and kg can be calculated. If the standard potential Eg
is not known, an apparent rate constant ks can be calculated using the formal
potential Ez°.

EXPERIMENTAL

Apparatus

An electrical circuit was assembled for the precise recording of potential-
time curves®. A fully transistorised constant current source was fabricated
and the electrolysis current was obtained by measuring the /R drop across
a 1 K2 G.R. standard resistance (- 0-05%). The abrupt rise in potential
in the initial portion of the E-f curve was backed-off with a Pye potentio-
meter and only the uscful segment of the E # curve was recorded at high
sensitivity. A VOM-7 (Bausch and Lomb) or Electronik-19 (Honeywell
Brown) recorder with a series input resistance of 1 M2 and a shunt resistance
of 5 K was used at recorder range 0-5 -1 mV so that the current drawn
from the cell was negligible. The transition time was obtained by graphical
methods?® and was about 30 secs in the present study.

An improved cell set-up was used and the anode compartment was
isolated from the cathode by a high-porosity sintered glass disc partition.
Platinum foil of area 1cm? served as the anode. Mercury, purified by
electrolysis and subsequent double distillation, was used as the cathode and
was contained in a perspex cup of 2 cm. diameter. The perspex cup was |
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coated with Beckmann descicote to prevent wetting of the surface. The
cathode compartment of the cell was provided with a side.arm for fitting the
Luggin capillary of a saturated calomel electrode. The tip of .the reference
electrode was kept within 1 mm of the surface of the working eclectrode.
For studies with perchlorate solutions an agar-sodium chloride salt bridge
was used. Polarographic measurements were made on a manual set-up
using a dropping amalgam or dropping mercury electrode. All solutions
were deoxygenated by bubbling tank nitrogen and the temperature was kept

at 30 -0-1°C.

Chemicals

Stock solutions (0-1 M) of zinc sulphate, nickel sulphate and cobalt
sulphate were prepared from G.R. salts using double distilled water and
were standardised by conventional methods. The stock solution of euro-
pium perchlorate (0-02 M) was obtained from pure Eu,O; (Rare Earth
Products Ltd., England). Bismuth perchlorate was obtained from A.R.
Bi (NO,);. 5H,0 by repeated fuming with perchloric acid. The final solution
(0-05 M) in 1 N HCIO, was standardised by EDTA titration. Vanadyl sulphate
(0-05M) in 1 M H,SO, was prepared from A.R. ammonium metavanadate
by SO, reduction and was standardised by oxidimetric titration after reduc-
tion to V2* state. An aliquot of VOSO, was converted to vanadous sulphate
by controlled potential electrolysis at a mercury cathode. The vanadous
sulphate was then oxidised to vanadic salt by catalytic reaction with a large
platinum foil in N, atmosphere (3 hrs.). Fresh solutions of vanadic sulphate
were prepared before use. Other reagents used were AnalaR grade.

RESULTS AND DISCUSSION

The half-wave potential of reversible polarographic waves is known2 9, 11
to be identical with chronopotentiometric quarter-wave potential. The
reversible quarter-wave potential E7,, for partially irreversible reductions,
e.g., Zn** in 1M Na,SO,, 1M ethylenediamine (En)— 0-5 M KCI
1 M NaOH — 1 MKCl, 1 MKNO, — 1 M Na OAcand BiO*in 1 M HCIO,
were determined by recording the anodic-cathodic polarograms with ;
dropping amalgam electrode. The concentrations of the depolarizer in the
solution and in - the amalgam phase were nearly equal (2mM) and since the
diffusion coefficients of Zn and Bi in the amalgam phase were not known, the
value of E,, was taken as the formal standard potential Ef° in each ;ase
For Eu*in 1 MKCl and also in 1 M NaClO,, the E;° values were determined

’
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from composite polarograms with equal concentrations 2mM) of Eu* and
Eu** in solution. The reproducibility of the E;° values was better than
4+ 0-002 V'in all the cases.

In the limiting case when #— 0 equation (20) reduces to

-3 A CO
Etmo = Es + zmangT log HFA}(SC

(19)
and this expression is applicable to both partially irreversible and totally
irreversible waves. Assuming Es° as equal to Eg, the relation between Eg.,

and current density can bc written as

2-3RT . 2°3RT . nlFACY
Et-o = Ef° + anF log kg - ~ b log ; (23)
Le.,
0-06 .. 0:06, nFAC®
AE == e log kg’ -1- an log P (24)

It is clear that a plot of

0
AEvs. log ?IF‘?C’

should be linear and from the slope and intercept « and k' can be calculated

The dependence of Ei., on cathodic current density at a constant con-
centration of the depolariser was studied for the reduction of Zn*' jn
sodium sulphate, ethylenediamine (En), sodium hydroxide and sodium
acetate (NaOAc) medium. The plot of

0
AE vs. log "F'?C

for the different systems is shown in Fig. I, and the values of « and k'
obtained therefrom are given in Table 1. The values of a and k' obtained
by other methods have also been included in Table 1 for comparison and it
can be seen that the agreement is good particularly in view of the uncertainty
and error involved in the direct recording of Eg . Further the Eg.q values
have not been corrected for (i) the /R drop duc to the resistance of the
solution between the tip of the Luggin Capillary of the reference electrode
and the cathode (i) the ohmic drop in the measuring circuit arising from the
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current drawn by the input element of the recorder. The contribution due
to (i) becomes appreciable at higher current densities and so accurate values
of « and kg’ can be obtained only from the corrected values of Fi—y. In the
present study no correction was applied to the measured potential and it is
probable that the discrepancy in the values of a is due to this effect.

2
70} Zrif amM
. 1 ™ Na2SO‘
L § 2 0.5M KCl + 1M ETHYLENEDIAMINE
1M KCt + 1M NaOH
50| 1M KNOy + 1M NaOAC
-80
>
E 30
w‘ .
<
)
- 40
4
10}
0 2,5 AIO .
’ : log nF/f\C
-10}
&
-30

FiGg. 1. Log-plot for zinc.

Accurate values of E;., can be obtained by graphical extrapolation of
the plot of Evs.log(l — A). It is clear from equation (22) that as z —0,




Kinetic Parameters From Chronopotentiometric Wuves

aEb-€ 8€-€ 650 $20-0— #€0-0 9¥Z0-0— €0 TFODHWI OgNWE
0189:€  TS-€ 85:0 $19-0 €010 €29-0 1.0 DAIW I "I NWP
SLO-T 998-0 DVOBRN WI+
1T € 1€€  erl€:0  PE-O b0 1 60:0 110-1 P10 SONM W =UZ AW}
11S-1 998-0 HO®BN W I+
€€ 65-€ wlb0 120 0Th- 1 €b1-0 00t - 1 P10 DINWI «IZANUp
o I 998-0 DY W §-0+
e18:€  €9-€ e89-0 620 SLET 010 96€- 1 6320 UI NI UZNEp
910-1 0SL-0
al'?  L6°T a0 £€9:0 910-1 $0-0 086-0 10 FOSBNIW T <UZWW{
q D q 7 DS SLA — 'TO'SSLA —  ZWyyw  "IA[01309]9
o'q odofs | &1suap aseq wor [e}oN
;Y o1 — plicidiilg}

[ 914V

vipawl Juadaffip ur suol jpjousl 10f Sy Soj pup o =17 ‘g [0 sanmw,y

RN o



288 T. P. RADHAKRISHNAN AND A. K. SUNDARAM

1.0k 1 4mM ES* IN 1M Kal
2 3mM Bi0* IN 1M HC10,

-log (1-A)
o
o

0.2

A
+0.025 +0.01F « 0.005 ~0.005 FOR 2
~0.62 -0.64. -0.67 -0.69¢ FOR 1
EIV vs. S.C.L

Fic. 2. Plot of log™(1—A) vs. E.

] MV N 0
1 4m IN 1M .H2$ A
2 4mMES* IN M NaClQ;
1.0F +1072M HCIO,
]
-l
-
< osf
LA
[ S
[
2
]
0.2t
0.7 0.8 0.9 FOR 2
0.5 0.6 0.7 FOR 1

-E,V vs. S.CE,

Fig. 3, Log-plot for V¥ and Eu®t,
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log(1 — A) —0 and the intercept of the plot should give E;-, whereas «
could be obtained from the slope. The chronopotentiometric reduction
of Eu* in I MKCI and bismuthyl perchlorate in 1 M HCIO, were studied
and the plot of E vs.log(1 — A) is given in Fig. 2. The values of « and kg’
calculated from the plot are in good agreement with those reported in the
literature (Table I).

1 M KI
2 1M KBr
3 1M KCi
3
®
1.0
~1N
v
——
-]
S o6t
'
0.2+
o 1 1 1 A
1.00 - 105 110 118 1.20

- E, V vs. S.C.E.

FiG. 4. Log-plot for 4 mM Niz+,
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When exp nF (E — E",,)/RT is negligible in comparison with unity,
equation (21) reduces to cquation (19) and the latter expression is valid for
irreversible reductions. This condition is virtually satisfied when ks < 10~
cm./sec. The plot of

w1~ (]

for the reduction of V3" in 1 M H,8O4 and Eu*" in 1 M NaClO, -|- 0-01 M
HCIO, is given in Fig. 3 and from the slope, intercept and Ef° the valeus

1 IM KNO3
2 1M Kzso‘
1
1.OF
i)
-~
~{r
]
sm.__:,:..-.J
S o6}
3
C2r
] T T S PRI S St L [E TR——
1.0 11 1.2 1.3 1.4

~E,V vs, S.C.E.

Fig. 5. Log-plot for 2 mM Co®*,

of a and ks were calculated (Table TI). For V& in1 M H,S0,, Ef® was
taken as — 0-541 V vs S.C.E.2* whereas for Eu** in 1 M NaClO, -+ 0-01 M
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ned polarographically was — 0-602 -+ 0002 V },Jfg'
S.C.E. inagreement with — 0601 V vs. S C.E. reported b.y Timmer et al.**.
The kxinetic parameters for these systems are comparable yvﬂ}h those reported
by other workers and it has been pointed out that deviation fr.on} expecf:ed
béha\'iour is due to double layer'® and adsorption effects®. It 1s 1nte:rest1ng
-rve that for Eu?t in 1 M NaClO, medium the value of log k' is close

10 obse : '
to the average of the values observed®®-20 with and without double-layer

correction.

The reduction of Ni?* in 1 M KCl, KBr and KI and Co® in 1 MK,S50,
and KNO, are totally irreversible in nature. The plots of

E vs. log [1 — (1—{)%]

are shown in Figs. 4 and 5. Latimer® reports a value of — 0-491 V vs. S.C.E.
for the standard petential of the couple Ni*f — Niand — 0-518 V »s. S.C.E,
for Co-- — Co system respectively. With the latter values and from the
E._, values obtained graphically the kinetic parameters (Table II) for these
systems were calculated.

HCIC, the value determi
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