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Abstract—The kinetics of the iodine-tri-iodide-iodide electrode in acetonitrile has been investigated
in the temperature range from 0 to 30°C. Current/voltage curves were determined using a platinum
rotating disk electrode working at 200 to 3000 rpm. The anodic and cathodic current/voltage
curves are characterized by two well defined waves. The total reactions related to the first and second
anodic waves are respectively
- =1+ 2e
and
217 =31, + 2,

while the reverse reactions represent the second and first cathodic waves respectively. The diffusion
coefficients of the diffusing species have been evaluated.

Current/voltage curves in the region preceding the limiting cd exhibit a measurable irreversibility.
The kinetic parameters related to the activated process were determined, and the kinetics of the
reactions interpreted in terms of reaction mechanisms that involve an ion plus atom reaction as rate
determining step for the anodic process and the reverse reaction for the cathodic process.

Résumé—La cinétique de I'électrode d’iode, tri-iodure, iodure dans I'acétonitrile a été étudiée a
des températures comprises entre 0 et 30°C. Les courbes courant/voltage furent déterminées en
employant une électrode de disque tournant de platine fonctionnant de 200 jusqu’a 3000 tours p.m.
Les courbes courant/voltage anodiques etc athodiques sont caratérisées pard eux vagues bien définies.
Les réactions totales par rapport aux premiére et deuxiéme vagues anodiques sont respectivement :
- =13+ 2e
et
20, =3I, + 2¢,

tandis que les réactions inverses représentent les deuxi¢me et premiére vagues cathodiques respective-
ment. Les coefficients de diffusion des différentes especes ont été évalués.

Les courbes courant/voltage dans la région qui précéde la densité limite du courant montrent une
irréversibilité considerable. On a déterminé les paramétres cinétiques relatifs au processus activé et
la cinétique des réactions a été interpretée sur la base de mécanismes de réaction comprenant une
réaction d’ion plus atome comme étape régulatrice dans le processus anodique et la réaction in-
verse pour les processus cathodique.

Zusammenfassung—Die Kinetik der Iod/Triiodid/Todid-Elektrode wurde bei Temperaturen von 0
bis 30°C untersucht. Mit einer rotierenden Scheibenelektrode aus Platin wurden Strom/Spannungs-
kurven im Bereich von 200 bis 3000 UpM aufgenommen. Die anodische und die kathodische Strom/
Spannungskurve werden durch zwei definierte Wellen charakterisiert. Die Gesamtreaktionen fiir die
beiden anodischen Wellen sind:
AI-—I;~ +2e

und

2I;-—3I, + 2e¢
wihrend die beiden kathodischen Wellen von den Riickreaktionen herriihren. Die Diffusions-
koeffizienten der verschiedenen Teilchen wurden bestimmt.

* Manuscript received 7 March 1968.
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Die Strom/Spannungskurven weisen unterhalb des Grenzstromes eine messbare Irreversibilitéit
auf. Die kinetischen Parameter des aktivierten Prozesses wurden bestimmt. Fiir die Reaktionen
wurden Mechanismen angenommen, die als geschwindigkeitsbestimmenden Schritt im anodischen
Vorgang eine Ion-plus-Atom-reaktion, und dle umgekehrte Reaktlon im kathodlschen Vorgang
enhalten. .

INTRODUCTION

THE ELECTROCHEMICAL behaviour of the iodine-iodide electrode was mvestlgated in
different organic solvents, covering a wide range of dielectric constants.! The
polarographic study of those systems showed the existence of two polarographic
waves related to both the anodic and cathodic processes.

Some recent investigations®3 on the kinetics of the electrode reactions involving
the iodine-iodide couple in dimethylsulphoxide (DMSO) on platinum electrodes
showed that appreciable activation polarization contributions are involved, and the
evaluation of the kinetic parameters made it possible to interpret those electrode
reactions in terms of a reaction scheme comprising an electron-transfer reaction as the
rate determining step.

As far as those results are concerned it was thought that they were not limited to
DMSO solutions and that a similar behaviour could be expected in other organic
solvents. Therefore it was interesting to attempt to elucidate the kinetics of the iodine—

tri-iodide-iodide electrode in acetonitrile (ACN), which is also an aprotic solvent
having at 20°C a dielectric constant of 36 and a viscosity of 3-45 x 10-3 poxse at
25°C.

Previous voltammetric studies? on platinum electrodes of solutions containing
iodine, sodium iodide and trimethyl ammonium tri-iodide in ACN demonstrated that
the current/voltage curves involved at least two well-defined waves, both for the
anodic and cathodic reactions. The total reactions related to each wave were definitely
established, indicating that the current/voltage curves were more complex than the
expectations for a simple reversible electrode process.

More recently,’ the difference of half-wave potentials deduced from the two anodic
waves determined during the voltammetric oxidation of iodide to iodine in nitro-
methane, in acetone and in ACN as solvents, on a platinum-wire rotating electrode,
was related to the magnitude of the stability constant of tri-iodide ion in those solvents.

On the basis of these prev1ous studies and taking into account that the stability
constant related to tri-iodide ion formation in ACN is known,7 the present paper
refers to experiments involving both the kinetic study of the anodic and cathodic
processes occurring on a rotating platinum-disk electrode, in order to deduce the
likely mechanisms of the reactions.

EXPERIMENTAL TECHNIQUE

The arrangement of the experimental set-up was essentially the same as previously
described.2 To obtain reproducible results the platinum working electrode was
carefully polished with a suspension of alumina in alcohol before each run. The
rotation speed of the disk was changed from 200 to 3000 rpm. Its constancy was
maintained within 0-5 per cent by means of an electronic control of the driving
motor.®

As reference electrode, either a platinum electrode dipped into the redox system
or a silver/silver-iodide electrode was used. The latter was prepared by electrolysing
a solution of sodium iodide in ACN, employing a silver anode and a platinum cathode.



Kinetics of electrochemical reactions on Pt of I,-Nal in CH,CN 337

Electrolyte solutions were prepared from analytical reagents. The ACN (Carlo
Erba) was conveniently purified by successive distillations at a reduced pressure, the
vapour passing through dry potassium hydroxide. Solvent purification and soiution
preparation were made in an all glass apparatus under a dry nitrogen atmosphere.

Solutions prepared either with iodine, iodide or with both chemicals were employed.
For the latter, the ratio of iodine to iodide was varied from 0-05 to 3 thereabouts.
The concentrations of the solutions used were evaluated by conventional analysis.

Viscosities of some solutions are shown in Table 1.

TABLE 1. VISCOSITY OF SOLUTIONS
25°C Cyacwo,» 0-4 M

Ci, Crar » x 10
M M cmis
— 0-00367 0-4908

0-0230 00273 04911
— 0-0287 0-4999

0-1280 0-0323 04927

0-0151 0-0081 0-5034

Sodium perchlorate was employed as ¢ _mport_ing
n

was about 0-4 M. Experiments were performed in the temperature range from
0 to 30 4- 0-1°C. '

ele trolytg; its concentration

'RESULTS

Current/voltage curves were obtained either potentxostatxcally or galvanostancally
at different rotation speeds and temperatures, covering a voltage range of about 3V,
according to the electrochemical stability of the solvent. Between successive runs
at a constant rotation speed, the working electrode becomes more polarizable, causing
a shift of current/voltage curves. This effect, caused by some sort of film formation
on the electrode surface, was minimized by polishing the working electrode before
each run. It was reflected in the non-coincidence of current/voltage curves traced
by changing the current upwards or downwards. The current/voltage curves are
shown in Figs. 1-4, corresponding to the anodic as well as the cathodic reactions
under a wxde range of expenmental conditions. The overvoltage, 7, is defined as the
absolute difference between the actual electrode potential E, related to apparent cd 7,
and the equilibrium electrode potential, E,.

As shown in Fig. 5, the hysteresis effect is particularly remarkable in the second

cathodic wave. Currant/voltaoce ecnrveg traced back Avl-"kif at constant current. a
WEALLLAIAL /WAL ‘Vu‘r’ ¥ vltuav WL VWD VAGWWAE UibWaAL WALV “llvub, “

larger overvoltage than that obtained when the curves are traced in the forward
direction. The hysteresis loop is more marked at longer sweeping times, as shown in
Fig. 6.

At the highest negative potentials once the limiting current of the second cathodic
wave is reached, an apprecxab}o decrease of current occurs, the electrode approaching
a passive state. It is interesting to see that the electrode passivation disappears if
oxygen is bubbled though the solution during the cathodic experiments.

The anodic and cathodic current/voltage curves involve two well defined waves,
in the potential range investigated as early observed in the voltammetric study of

Al AL cnlitinng 132 AN 4 Whan anhitin At aimine an avrsace AL T A AL oen
luuxuc—xuuluc solutions in ACN.* When solutions uuutauuus air CXCess Ox 10aiac arc
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F1G. 1. Anodic current/voltage curves.
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FiG. 2. Anodic current/voltage curves.
Cra1 = 0-0095 M. Ag/Agl reference electrode; Cyacio, = 0-4 M. 30-2°C.
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F1G. 4. Cathodic runs at different temperatures.
CIz = 0-0093 M; CN;O]_O‘ = 04 M.
a, 0°C; b, 11-7°C; ¢, 28-5°C.
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FIG. 6. Cathodic current/voltage curves obtained by changing current upwards and

downwards, with different sweep times as indicated.
Cy, = 0:0071 M; Cyar = 00304 M; Crao10, = 0-4 M. 25:0°C.
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used, two anodic waves and only one cathodic wave are observed, whereas if an excess
of iodine is present, two cathodic waves and only one anodic wave are observed.

The four limiting currents, at a constant composition, increase linearly with the
square root of the rotation speed, w(rad/s), as shown in Figs. 7-10.

When solutions containing plain iodine are used, the first and second cathodic
limiting currents, at a constant rotation speed, increase linearly with iodine concentra-
tion, whereas, when solutions containing plain iodide are used, the anodic limiting
currents increase linearly with iodide concentration.

T ! 1 ;

1000

KA

ILdv

500

20
w2, (rad/s)/2

F1G. 7. Dependence of the first anodic limiting current on w?/2,
Cracro, = 04 M. 25:0°C
Cr, Cxar

1 0-0073 M 0-0305 M
2 0-0024 M 00275 M
3 — 0-0184 M
4 0-0023 M 0-0244 M
5 0-0080 M
6

00187 M 0:0252 M

In the case of solutions containing iodine and iodide at any ratio, the only
limiting current, either anodic or cathodic, which is observed, depending on the species
in excess, also increases linearly with the concentration of the latter. The concentra-
tion dependence of the limiting currents is shown in Fig. 11.

The limiting currents increase with temperature and these dependences fit
Arrhenius plots. The experimental activation energies, AE,, related to the convective
diffusion processes are assembled in Table 2.

INTERPRETATION AND DISCUSSION

The total electrode reactions
Iodide ion, iodine and tri-iodide ion dissolved in ACN are the three reacting
species that participate in the electrochemical reactions, being related by the
equilibrium
I— + 12 = 13-- (1)
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FiG. 9. Dependence of the first cathodic limiting current on w'/%.
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FiG. 11. Dependence of the limiting cd on concentration of reacting species.
1, 2nd cathodic l.cd vs Cy4-. 3, 1st cathodic 1.cd vs free iodine concentration.

2, 2nd anodic 1.cd vs Cry- 4, 1st anodic l.cd vs free iodide-ion concentration.
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TABLE 2. EXPERIMENTAL ACTIVATION
" ENERGIES RELATED TO THE
CONVECTIVE-DIFFUSION PROCESSES

(AE)1a 1700 - 500 cal/mol
(AE)s 1900 4 500 cal/mol
(AE),c 1950 -+ 500 cal/mol
(AE,)sc 2000 + 500 cal/mol

Its equilibrium constant, is about 107 at 25°C,% so that it is much higher than that
corresponding to the equilibrium in aqueous solutions. Hence, equilibrium (1) in
ACN is markedly shifted towards tri-iodide ion formation, as compared to aqueous
solutions. This fact is responsible for the existence of the two waves both in the anodic
and cathodic/current voltage curves. For the solutions containing iodide only, the
following total reactions are related to the first and second anodic waves, respectively,*

A-=1I742e ¥))

and
Ay =3I, + 2. 3
Similarly, the following total reactions are involved in the first and second
cathodic waves, respectively, particularly for those solutions containing only iodine,

3, + 2e =21~ 4)
and
I~ + 2e =3I &)

When solutions containing different ratios of iodide to iodine are employed,
in general three of the four reactions (2) to (5) occur. If the iodide/iodine concentra-
tion ratio is greater than 1, no appreciable iodine concentration exists and the current/
voltage curve is characterized by the appearance of two anodic waves related
respectively to reactions (2) and (3) and only one cathodic wave corresponding to
reaction (5). If that concentration ratio is less than 1, the iodide-ion concentration
is negligible, yielding consequently two cathodic waves related to reactions (4) and
(5) and only one anodic step related to reaction (3).

According to reactions (2) to (5), if the limiting currents are due to convective-
diffusion controlled processes, as a first approximation the following conclusions
may be drawn. The first anodic limiting current should increase linearly with the
iodide-ion concentration. The first cathodic limiting current should increase linearly
with the iodine concentration, and, finally, the second anodic and cathodic limiting
currents should depend linearly on tri-iodide ion concentration. The latter, taking
into account the magnitude of the equilibrium constant of (1), must be taken as equal
to the iodine concentration in the solutions containing an excess of iodide ion, while
it must be taken as equal to the iodide-ion concentration in the solutions containing
an excess of iodine. These interpretations are in good agreement with the experimental
results shown in Fig. 11.

Evaluation of diffusion coefficients

The linear dependence of the limiting currents on the square root of rotation
speed, at constant composition and temperature, indicates a convective—diffusion
kinetic control, at least within their corresponding overvoltage regions. Therefore,
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from that relationship and the application of Levich’s equation for the rotating disk
electrode for the kind of process,? the diffusion coefficients of the iodide ion, iodine
and tri-iodide ion in ACN can be evaluated. The diffusion limiting current, 7,4,
is related to the diffusion coefficients D,(cm?/s) of the reacting species, i, by

I, s = 0-62nFD¥30*/2C, v~1/84, ©)

» being the kinematic viscosity of the solution (cm?/s), n the number of electrons per
mol deduced from the corresponding total reaction, C; , the bulk concentration of
i (molefcm?®), and A the apparent electrode area (cm?). Values of D, for the three
species are shown in ‘Table 3, where the Einstein—Stokes ratios, D7/T, and solvo-
dynamic radii, r,, are also assembled.

" TABLE 3
D; x 10° DT x 10*° r
Species Wave Total reaction n cm?/s gem/fs® °K A
I- Anodic (1) A-=1"+2e 2/3 1-68 2:31 317
I, Cathodic (1) 3L, + 2e = 2I,~ 2/3 1-91 2:61 2-80
I~ Cathodic (2) I, 4 2e =3I 2 1:37 1-88 3-89
Iy~ Anodic (2) 2 =3L+2e 1 1-55 2:13 344

The diffusion coefficients of the reacting species in ACN solutions are larger than
those earlier found for those species in DMSO solutions, as a consequence malnly
of the lower viscosity of the former solvent.

The iodine Einstein-Stokes radius is very close to the radius of the iodine molecule
(r,,1, = 267 A), suggesting a likely participation of a bare iodine molecule in the
cathodic process occurring at lower overvoltage. The larger Einstein—Stokes radii
of the iodide and triiodide ions should be related to its solvation state in the ACN
solutions.

Departure from a purely convectivediffusion control

If currents read at a fixed potential, in the overvoltage region preceding the
limiting current region, are plotted against the square root of the rotation speed, a
clear departure from a straight line is observed, as would correspond to a purely
convective—diffusion-controlled process. These deviations, which are shown in
Figs. 12 and 13, are definite indications of the existence of an activation polarization
contribution in the electrode processes.®-10

To evaluate the contribution of each polarization, the results are treated with the
equations derived for intermediate kinetic processes occurring on a rotating disk
electrode. For this case, the relationship between the cd and the rotation speed,
with first-order kinetics, is given by the equation:

1 1 1
}"'I_L Bol2’ 0

where I is the maximum cd approached when the rotation speed becomes infinite;
Bis a constant that depends on the concentration of the diffusion species, being equal
to I, 4w’ When w—> oo, the rate process comes only under a kinetic control,
depending on the electrochemical reactions occurring within the electrical double
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FiG. 12. Plots of I vs w'/2,
a, First anodic wave. Cy, = 0:0023 M; Cyq1 = 00244 M; Cyacio, = 0-4 M. 25:2°C;
7, =160mV, b, Second anodic wave. Cp, = 00185M; Cga = 00110 M;
Cracto, = 04 M; 25-0°C; 7, = 100 mV.
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F1G. 13. Plots of I vs w'/®,

a, First cathodic wave. Cy, = 00133 M; Craci0, = 04 M; 25-0°C; %, = 100mV.
b, Second cathodic wave. Cr, = 00133 M; Cyaci0, = 04 M; 23-1°C; 5, = 100 mV.
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FiG. 14. Plot of 1/I vs 1/w'/*, Oxidation of iodide ion.
Cr, = 00187 M; Cyar = 00252 M; Cracio, = 04 M. 25°C.

10%7, pA!

o 5 10 15 20 25
10%w/s  (s/rad)

Fi1G. 15. Plot of 1/I vs. 1/w!/*, Oxidation of tri-iodide ion.
C1, = 0:0200M; Cya1 = 00122 M; Cracr0, = 0-4 M. 24-9°C.

layer. When this situation is reached the concentration of the reacting species on the
electrode surface becomes equal to its concentration in the bulk of the solution.

If the reaction orders are either 0-5 or 2, the corresponding equations relating
current and rotation speed are respectively

=1~ (4)(
and

Equations (7), (8) and (9) were compared with the experimental results. With
data taken at high overvoltages, (7) yields a good straight line at a fixed overvoltage

when 1/1 is plotted against 1/w'/%, having a slope 1/B. These sets of straight lines
are shown in Figs. 14-17.

5
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Fi1G. 16. Plot of 1/I vs 1/w'/2. Reduction of iodine.
Cr, = 0:0208 M; Cxa = 00097 M; Cxacio, = 04 M, 25-0°C.
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FiG. 17. Plot of 1/ vs 1/w'’2, Reduction of tri-iodide ion.
Cr, = 00133 M. Cracio, = 04 M. 25°C,

In the application of this calculation procedure a further correction, involving
the pseudo-ohmic drop, was made. As a matter of fact, the I, values are actually
related to an overvoltage which comprises an ohmic contribution. The latter was
evaluated from

on by

— T ——— R, 10

o, L (10)
as described in a previous publication.? The pseudo-ohmic resistance in the present
case was about 40 Q. After the proper correction, the actual activation polarization,
7, was known and plotted according to Tafel’s equation

RT

RT
(nk)aa =———1In (Io)x + Ea—)z?ln

(2)oF
as shown in Figs. 18-21. (f), and (&), are respectively the exchange cd and transfer
coefficient of process x. The kinetic parameters derived from the experimental results,
including the reaction order, p, obtained from Figs. 18 and 21, and the Tafel slopes,
by, are assembled in Tables 4 and 5. The activation energies calculated from the

I, an
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Cracio, = 04 M. 25°C.
C Cxar
1 oo023m 00244 M
2 —_ 0-0080 M
3 00113 M 0-0251 M
4 00187 M 0-0252 M
T T
|
2
200}~ =
4
>
E 5
&
100 .
,/’::’::C'
et
”//,://;// /,//
DA 71 ] !
15 20 25 30 35
log I, puA

FiG. 19. Tafel plots. Oxidation of tri-iodide ion.
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TABLE 6. ACTIVATION ENERGIES DERIVED FROM THE DEPENDENCE
OF (I)), oN T

Todide-ion oxidation 5200 4- 500 cal/mol
Tri-iodide-ion oxidation 4860 £ 500 cal/mol
Todine reduction 4400 - 500 cal/mol
Tri-iodide-ion reduction 4600 + 500 cal/mol

temperature dependence of (I,), are presented in Table 6. The magnitudes of the
four exchange cds are nearly the same.

Possible reaction paths related to the anodic and cathodic processes

The possible reaction paths are presented considering first each process involved
in the anodic and cathodic wave.

First anodic wave. Let us start with the first anodic wave where the reaction
depends principally on the iodide ion concentration. Considering the reaction
mechanisms already postulated for the discharge of halide ions in aqueous solutions!-13
and the formal analogy with the mechanisms for the hydrogen evolution reaction,4
the following reaction schemes for the iodide ion discharge are presented:

IF4+S=MS +e (Ta)
MS +(MS =1, + 28 (IIa)
L+1I"=1L) (1l1a)
and
IF+S={S+e (Ib)
MS+I=I,+S+e (11b)
I, + I = L) (I1Ib)

where S represents an active site on the metallic electrode surface. From the kinetic
standpoint reaction schemes a and b offer various possibilities as far as the rate
determining step is concerned. To deal with these possibilities a quasi-steady state
for the concentration of reaction intermediates is assumed.

Case (i). Reaction Ia is the rate determining step followed by reaction Ila. Let
C;- and Gy, respectively by the iodide-ion and iodine concentration in the electrical
double layer; Cy,, the concentration of iodine atoms on the electrode surface; X,
the degree of surface coverage by iodine atoms. The overvoltage 7 is actually equal
to A¢ — Ady, where A is the difference between the potential, ¢y, and the outer
potential, ¢,1%and Ady,is the same difference atequilibrium. Assumingasymmetrical
reaction co-ordinate (8 = 0-5) the rate equations for each step are respectively

Bra = K1uCi— (1 — X) exp [7F/2RT] = Ay, (1 — X), (12)
T1a = kX exp [~ F[2RT] = 4y,X, (13)

and
Oa = knaxz = A X’ %, 14)

Assuming furthermore that the rate of dissociation of molecular iodine at sufficiently
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high overvoltages is negligible, if a quasi-steady state is established and reaction is
the rate determining step, we have

‘ZIIa > Ela + ZI& (15)
and -
AIa > AIaa (16)
yielding
Ap, \2
X= ( = "‘) . an
2AII&
Therefore, the rate equation in terms of the cd is
T = Fk;, Cy- exp [9F/2RT). (18)
As the rotation speed approaches infinite, (18) becomes
' T, = FE.,Cyi- exp [nF/2RT]. 19

Hence, the Tafel slope, by, for case (i), under a negligible surface coverage by reac-
tion intermediates, is 2RT/F and a first-order reaction with respect to iodide-ion
concentration is obtained. Equation (19) thus agrees in principle with the experimental
findings.

Case (ii). Reaction IIa is the rate determining step preceded either by Ia or Ib.
The kinetic analysis of case (ii) leads to second-order kinetics with respect to iodide
ion and a Tafel slope equal to RT/2F. Consequently case (ii) must be discarded as a
possible reaction mechanism.

Case (iii). Step Ib is rate determining, followed by ITIb. The rate equations related
to each step are

B = Ap(1 — X), (20)
?Ib = ZIbX’ (21)

and .
By = ki Cr-X exp [1F[2RT] = A X. (22)
Under a quasi-steady state for X, and taking into account (20) and (21), (22) becomes
Y= AmAn )

Ay + Ay, + A

If Ib is the rate-determining step and the intermediate desorption occurs through
reaction IIb, the corresponding rate equation in terms of cd is

T, = 2Fky,,Cy- exp [9F/2RT]. (24)

This equation is similar to that derived for case (i), again agreeing with the experi-
mental results.

Case (iv). Reaction IIb is rate-determining, preceded either by Ia or Ib. This
mechanism is represented by the following conditions

Ay <Ap + Ap (25)
and
A, < Ay, (26)
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where the latter implies a high degree of surface coverage. Taking into account (25)
and (26) in (23), the rate equation is

T = 2Fk;p,Cr- exp [7F[2RT], @n

involving again first-order kinetics with respect to iodine concentration and a Tafel
slope of 2RT/F.

On the other hand, if a low degree of surface coverage prevails, Ay, < Ay, and
the rate equation becomes

- km »
Iy, = 2F 22 ky1y Ci-2 exp [37F/2RT]. (28)
Tb
The latter comprises second-order kinetics with respect to iodide ion concentration
and a Tafel slope of 2RT/3F.

Second anodic wave. Formally the same mechanisms already analysed for the
first anodic wave are also valid for the second, corresponding to the discharge of
tri-iodide ion. ‘

Considering total reaction (3) and equilibrium (1), the following set of consecutive
reactions are very likely related to the oxidation of tri-iodide ion:

I~ = 21, + 2I), (Ic)
I-4+S=(S +e, (IIc)
DMS + MS =1, + 28, (I1lc)
and
(213~ = 21, + 2ID), (Id)
I-4+S=(S +e, (I1d)
IF+MS=L+S+e (I11d)

Both reaction schemes comprise the initial dissociation of the complex ion, which
stability is determined by the equilibrium constant, K;, defined as

G, x G-
KI = '—'———CI _ . (29)

The rate equations previously derived can be extended to the reaction involved

in the second anodic wave as follows. _
Case (i). If either reaction IIc or IId is rate-determining, followed by IIlc or
ITId respectively, the corresponding rate equations are

T, = Rk, G exp [nE[2RT], (30)
I
or : .
Ty, = 2Fky;,Cy- exp [nF[2RT]. @1

Case (ii). ReactionIIId is rate-determining. For a degree of coverage approaching
1, the rate equation is

- . Cp-
I, = 2FK kg CL exp [7F/2RT} (32)
I,
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and, on the other hand, for a degree of coverage approaching zero, it is

. 2
Iy, = 2FKykrzg 5&; exp [37F|2RT]. (33)
Ig
r,qua.uOﬁS \:) H ) and (3 \34 _’y‘ n principle, kinetic parameters which agree with those

experimentally derived.

First cathodic wave, The likely reaction schemes involved in the electrochemical
reduction of molecular iodine are those comprising the reverse reactions already
described for the oxidation of tri-iodide ion, according to the total reaction (4).

Case (i). Reaction Iic is the rate determining step preceded by step Iilc. If the
degree of surface coverage approaches 1, then the rate equation is

1, = 2Fky, exp [—nFJ2RT), (4

which predicts a zero-order reaction with respect to iodine concentration On the
contrary, if the degree of surface coverage approaches 0, the rate equation is

I, = 2F ( Fre \lc Ci2exp [—nF|2RT] (35)
L \ o, } o s

which indicates a half-order reaction with respect to i iodine concentration. Neither

(34) nor (35) agree with the experimental results.

Case (ii). Reaction IId is rate-determining, preceded by reaction IIId. Applying
the previous procedure, the following limiting rate equations are obtained, respectively,
when X — 1 and X —0,

I,, = 2Flyyq exp [~ FJ2RT] (36)
and
« L ckmay G
T,=2F sk =1 exp [—3nFJ2RT]. 37
kina Cr-

Case (iii). Reaction IIId is rate-determining, followed by IId. The rate equation is

Ir = 2Fknmcr- €Xp [—nFIZRT] (38)

involving a Tafel slope equal to 2RT/F and first-order kinetics with respect to iodine
concentration.

Second cathodic wave. As regards the second cathodic wave, the same considera-
tions as for the second anodic wave apply. If reaction IIIb is in equilibrium and
scheme b comprising reaction IIb as rate-determining step is obeyed, the rate equation
for the process involved is

«-— - C. _

IL=2FKIkIIb C:S exp ["'— nF/ZRn. (39)
T4 2ememlina Bect Andan Lrlwating wwith macman b dor adida tam Anmnambentioae oo Aveasa:
it uuyuca AJLTUVLULL ALLIVLUILD wuu IUD}WUL w LLI'I.UUIUG 1V vwiksduuatlivn, CAPCII‘

mentally observed, and a Tafel slope of 2RT/F.

Mechanisms of the iodide-tri-iodide—iodine electrode in ACN

To explain the kinetics of the iodide-tri-iodide-iodine electrode in ACN, in terms
of a reaction mechanism, the anodic and cathodic processes must be considered as
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complementary processes. This implies that the anodic and cathodic reaction
mechanisms must involve the same reaction either in the one or in the other direction
as the rate-determining step. Furthermore, if the occurrence of two anodic and
cathodic waves is due principally to equilibrium reaction (1), which is fast enough as
compared to other reactions, the same rate-determining step should be responsible
for the kinetic behaviour of all the reactions comprised in the four waves observed in
the current/voltage curves. After these considerations, deduced from the experimental
facts, it appears that the processes involved in the first anodic and in the second
cathodic waves are satisfactorily interpreted by the reaction scheme b, comprising,
under a high degree of coverage at large anodic overvoltages, reaction IIb as the
rate-determining step. Similarly the processes related with the second anodic wave

A tha firet cathadi a e 1 1 1
and the first cathodic wave occur very likely according to the reaction scheme d,

involving reaction IIId as the rate-determining step. Hence, only one rate-determining
step, for the forward and reverse direction, produces the kinetic control of the electrode
processes as a whole. These mechanisms satisfy also first-order kinetics with respect
to the reacting species as found in the experiments, and the acceptable coincidence
01 I.fle t‘:XCnaugc bub.

Reaction mechanisms b (IIb) and d (IIId) imply a stoichiometric number, »*,

equal to 1. This number is actually obtained with the Tafel slope and the relationship

bTF(na + n:ﬂ)

p¥ = —
RT

(40)

where n* is the number of electrons transferred in the steps preceding the rate-
determining step and n, the number of electrons participating in the latter. In applying
equation (40), Tafel slopes equal to 2RT/F are taken for both cathodic reactions, while
for the anodic reactions the slope 2RT/3F must be considered for referring the comple-
mentary reactions to the same degree of surface coverage.

No full coincidence between the theoretical kinetic parameters and the experimental
ones is however observed, as the Tafel slope related to tri-iodide ion reduction is
nearly twice the predicted value. This anomalous slope on the other hand must be
related to the hysteresis effect observed in the current/voltage curve.

A possible interpretation of the high cathodic Tafel slope in terms of an unsym-
metrical reaction co-ordinate is unacceptable, since the effect is absent in the comple-
mentary anodic reaction, as deduced from its Tafel slope. Consequently the dlﬁ'erence
of the theoretical and experimental second cathodic Tafel slopes should be assigned
to an additional process interfering with the electron-transfer reaction at high

cathodic overvoltages.
A Tafel slone of about ART!F could he due to a film formation on the electrode

43 2Qila iUPV Ul aUUuUL Tiis j0 VUG UL GUL WU QLTI AULILRGUIVEL ULl WUS WISV U

surface,'® whlch causes an additional energy barrier to the electron-transfer reaction.
Film formation, within the cathodic overvoltage region, in the present circumstances
might be related in part to the fact that at negative potentials the ionic reacting species
are repelled from the electrical double layer, yielding an accumulation of neutral

thhar A alanala tha alanter~d
ayuuu.o, cither iodine atoms or molecuics, on the ¢lectrode surface. A reverse *y‘"e of

interaction between the electrode surface and the ionic species must occur during the
anodic reactions; no hysteresis is then observed. Hysteresis is thus a typical effect
of the cathodic reaction.
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However, if the accumulation of either iodine atoms or molecules is the principal
cause of the hysteresis, it is difficult to imagine in the rotating disk electrode how the
hysteresis loop increases with the sweep rate of potential. Furthermore this hypothesis
suggests that the same sort of effect should occur with the same reaction in other
aprotic solvents, but this is not the case, as far as DMSO is concerned, where the
hysteresis observed in the second cathodic wave is just the reverse.l’ These facts
favour an interpretation based on a non-conducting film formation. Therefore the
hysteresis must, in the present case, be closely related to a passive state on the
electrode at the higher cathodic overvoltages reached in the experiments. Undoubtedly,
this permanent passivation is caused by a poorly conducting film, as the activity of
the electrode is recovered by just repolishing its surface. The existence of the effect
is not surprising, since at very high cathodic overvoltages electrochemical decomposi-
tion of the solvent takes place. Particularly for ACN, radicals formed by molecule
decomposition react, yielding under certain conditions organic polymers. If this
type of reaction also occurs on the electrode, it would explain the fact that oxygen
prevents the film formation. Oxygen may react in two distinct ways, probably
simultaneously. Either it is reduced on the platinum cathode or it acts as a scavenger
of radicals yielded by solvent decomposition, avoiding thus the formation of a non-
conducting film on the electrode.

It is probable that the above mentioned complication, related principally to tri-
iodide reduction, involves also a further contribution of non-homogeneity of the
electrode surface, as suggested for aqueous solutions,!! related perhaps to its state of
oxidation. Nevertheless under the present experimental conditions no reliable
conclusion can be drawn as far as this point is concerned.

Finally, the conclusion is that the reaction mechanism related to the four waves
found in the current/voltage curves are formally analogous, probably involving
a symmetrical reaction co-ordinate and the participation of the same activated complex.
It is also very likely that the same reaction mechanisms apply to the kinetics of the
iodine-tri-iodide-iodide electrode in other organic solvents, particularly dimethyl-
sulphoxide.l?
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