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Electrochemistry of Iodine
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The results of studies of redox processes irusystems which include iodine are generalised. The adsorption of iodine on
metals is discussed, and the relationship between the type of adsorption and the electrode reactions of the iodine is
examined. 190 references.
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I. SPECIFIC ADSORPTION OF IODIDE IONS

The adsorption of iodide ions on different electrodes from
different media has been fully investigated 1" 7 2. The main
aim of that work was to determine the structure of the elec-
trical double layer (EDL) and, in particular, the effect of
the specific adsorption of the ions on various electrode
processes (metal dissolution, hydrogen evolution, etc.) . In
this Section we shall attempt to generalise (qualitatively)
data on the adsorption of iodide ions on metals in order to
explain the general features of the adsorption: this is an
essential preliminary to any discussion of the kinetics and
mechanism of the redox reactions of iodine.

The rate of an electrochemical process is strongly depend-
ent on the structure of the EDL, which is determined by the
nature of the adsorption of the reacting ions on the electrode
surface. The adsorption type (especially in the case of
specific adsorption) depends on the one hand on the stability
of the complexes (or chemical compounds) formed by the
adatoms (or ions) with the surface atoms of the metal elec-
trode at the ψ' potential1, and on the other hand it depends
on the primary hydration (or solvation) number2 of the ion in
the bulk of the solution. The adsorption of iodide ions from
different media and on different electrodes is determined by
these factors.

On mercury electrodes3"7 the adsorption of iodide ions
causes an increase in the capacity of the EDL, 3 an anomalous
change in zero-charge potential with the logarithm of the con-
centration of I~ (the Esin—Markov effect),5 a lowering of the
electrocapillarity maximum (accompanied by a negative
shift)1»3, a decrease in hydrogen evolution overvoltage (η )

H 2

in acid solutions'*»^ linear decrease in heat of adsorption with
increase in surface coverage6, and a shift of the ψ' potential
towards more negative values'*'7. If the formation of the
surface compound results in a full (or partial) loss of charge
by the iodide ions the EDL capacity should decrease, and
conversely if as a result of the low stability of the surface
complex the iodide ions accumulate in the fixed part of the
EDL the capacity should increase.

The negative shift of ψ' (which lowers η ) and the
H2

increase in capacity suggest a weak chemical interaction
between Hg and I". In this case the I~ anions are adsorbed
in the ionic "condenser plate" of the EDL, where they gener-
ate a negative ψ' potential and (according to the slow dis-
charge theory) they increase the rate of evolution of hydro-
gen. However, it has been shown experimentally8 that the
negative shift of ψ' is not accompanied by an accumulation of

H+ ions on the mercury surface: this suggests8 that the
influence of I" and other anions on this electrode is not
primarily the ψ' effect but a substantial lowering of the
activity coefficient of the activated complex. Another impor-
tant factor on the mercury electrode is the mutual repulsion
of the I~ ions chemisorbed on the surface, i .e. the high
mobility of these ions on the uniform mercury surface6.

There can be no doubt that the number of ions in the EDL
depends on their degree of solvation (hydration) in the solu-
tion. Hence the observed sequence of specific adsorbability
(Cl~ < Br" < I") from water solutions, which applies to almost
all metals, is invariably ascribed to decreasing hydration.
In contrast to their behaviour in protonic solvents (water,
methanol, acetic acid, etc.), iodide ions are easily solvated
in dipolar aprotic solvents such as dimethylformamide (DMF),
dimethylsulphoxide (DMSO), acetone, and acetonitrile9.
This difference is sharply reflected in the specific adsorption
of I~ at the mercury—electrolyte interface with non-aqueous
solvents. For example, the surface activity of iodide anions
at the mercury—DMF interface is lower than at the mercury-
water interface1 0 '1 1 '1 1*, and the lowering of surface tension
caused by the adsorption of I~ on an uncharged mercury
surface in water is greater than in DMF.1 0 The difference
is even more marked if we compare water with formamide10.

Damaskin and coworkers1 0 '1 1 ascribe this effect to competi-
tion between the adsorption of I~ anions and the adsorption of
solvent molecules. Obviously, we must again allow for the
strong solvation of I~ in aprotic solvents, since the differ-
ence in solvation energy of the anions decreases in the series
from C r to I~ in water, but increases in DMF.1 1 The free
energy of adsorption of I" on an uncharged mercury surface
from aqueous solutions is 37.1 kcal mole"1, as compared with
29 kcal mole""1 for solutions in DMF under the same conditions.
In comparison with the mercury—water interface, the mutual
repulsion of specifically adsorbed anions is stronger at the
mercury /DMF, n mercury-N-methylformamide (MFA),12

mercury/formamide15, and mercury/DMSO interface 1 3 ' 1 6: this
is shown by the decrease in the second virial coefficient (B)
when DMF is replaced by water.

Under certain conditions even organic surface-active ions
have very little effect on the adsorption of I~ on mercury7 '1 7.

On iron, cobalt, and nickel. In contrast to its adsorption
on mercury, the adsorption of I~ on solid metals (especially
Fe, 1 8 - 2 1 * C o , 2 5 ' 2 6 and Ni 2 7 ~ 2 9 ) j s due to the formation of a
strong M—1~ chemical bond. Iodide ions chemisorbed on an
iron surface 1 8 ' 1 9 ' 2 1 have a passivating effect on the metal:
η is increased1 9 '2 2, and the ionisation reaction is sup-
pressed 2 0. The capacity of the iron electrode decreases more
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than two-fold in the presence of even very small amounts of

KI (0.002 N), the additional decrease caused by increasing

the KI concentration to 0.2 Ν being almost negligible21. The

decrease in capacity increases with the concentration of

H2SO4 (from 1 to 8 N ) . 2 1

The maximum number of iodide ions adsorbed on Fe has

been shown by a radioactive tracer method to be 4 χ 10~10

g-atom cm"2, corresponding to 50% coverage of the iron sur-

face. Therefore it is generally thought that the passivating

effect of I~ on Fe cannot be due to the formation of a surface

compound. However, the lowering of the double layer

capacitance of Fe from 33-35 pF cm"2 (in 1 Ν H2SC\) to

10-15 μΈ cm"2 by the addition of 0.001 mole litre"1 of KI

conclusively proves that iodide ions are chemisorbed21. It is

interesting to note that the capacity of iron in sulphuric

acid is unaffected by the presence in solution of an organic

surface-active ion (the tetrabutylammonium cation), whereas

addition of iodide ions to the same solution causes a marked

decrease (to 7-10 MF cm"2) in the capacity of the electrode19.

This is explained by the formation of dipolar Fe-I" molecules

with their negative end pointing towards the solution, which

assists the adsorption of positively charged species. The

Fe—I" surface complex is stable only in acid solutions21*.

It has also been shown that halogens adsorbed on Fe retain

some excess negative charge, though not to the same extent

as in the adsorption on mercury22. Oshe even suggests23

that the halide ions can penetrate into the surface layer of the

the iron and perturb the crystal structure.

Halide ions adsorbed on cobalt2 5 '2 6, as on iron, increase the

overvoltage of both the cathodic process (discharge of hydro-

gen ions) and the anodic process (cobalt ionisation reaction).

Increasing i a and φΆ accelerates the removal of the adsorbed

ions (together with the ionised surface atoms of the cobalt

electrode26).

Iodide ions weaken the Ni—Η bond: they displace adsorbed

hydrogen atoms from the surface and they raise η , the
H2

magnitude of the effect increasing with the concentration of

I" in solution27'28. At low concentrations of I" (lgcj- < -4)

the differential capacity of nickel decreases as the concentra-

tion of I" increases due to increasing chemisorption of I~.

Further increase in the concentration of I" brings less

strongly bound I" ions into the surface layer, and the

capacity begins to rise2 9.

On lead and tin. The adsorption of iodide ions on lead30 *

takes place in two steps. Kolotyrkin and coworkers30 have

shown that the first step consist in the (fast) penetration of

the anions into the EDL, accompanied by an increase in

capacity. In the second (slow) step a strengthening of the

bond between the anions and the surface metal atoms takes

place, and the capacity decreases. In acid solutions an

increase in the concentration of KI from 1 x 10~5 to 1 χ 10~3 Ν

increases the coverage of the lead electrode surface with

iodide ions from 0.37 to 38.5% of a monolayer. At low cover-

ages (0—15%) and increase in the number of adsorbed iodide

ions lowers η , whereas at coverages greater than 15% the
H2

effect is the opposite: in this case an increase in adsorption

produces a marked increase in η , to a level higher than

H2

the overvoltage in pure acid solutions when the coverage

exceeds 30% of a monolayer.

The surface excess of specifically adsorbed I for the same

total density of charge is lower on lead than on mercury32;

the shift in the zero-charge potential caused by iodide anions

is greater on mercury than on lead3 1 '3 3; the minimum on the

c—φ curve occurs at ΙΟ"5 Ν ΚΙ concentration on mercury3,

whereas on lead31 (and on tin3 7) it occurs at 10~3 Ν ΚΙ.

Thus it appears that the specific adsorption of I" is weaker

on lead than on mercury. A generalised model of the

EDL 3t* can be used to calculate the change in η on lead
2

caused by the adsorption of I~.

On cadmium and thallium. On a cadmium and a thallium

electrode3 0 '3 5 .as on a lead electrode, the positive swing in

potential caused by I" ions produces first a lowering and

then a rise in η . The adsorption of water dipoles with
H2

their negative end towards the electrode surface is more

marked on a cadmium than on a lead electrode36. The rela-

tive values of the energy of adsorption of the iodide ion on

cadmium (AGT°_ = -22.0 kcal mole"1) and on mercury (-37.1

kcal mole"1) are consistent with the surface excesses of

iodide ions on the two metals, and show that the iodide ion

is adsorbed less strongly on cadmium than on mercury36.

On silver. The adsorption of I" anions on the (100) face

of silver single crystals is stronger than on any other solid

electrode38. This is explained by the extremely low solubi-

lity in water of the silver halides39'1*0, which causes a

substantial (2—3-fold) decrease in the differential capacity

of the EDL, 1*° as in the case of iron. Unlike the adsorption

on Pb, the adsorption of I" on Ag causes only an increase

in η over a wide range of KI concentrations (from 10~9 to
2

10 3 g-equiv litre 1). k0

The potential corresponding to full adsorption varies

substantially with the pH of the solution. An increase in pH

at constant potential always produces a marked decrease in

adsorption: the effect is strongest in acid solutions (pH < 6),

whereas in strongly alkaline solutions the effect of pH on the

adsorption is much weaker1*0^·

Because of the very low coverage of the silver surface by

adsorbed ions (~10% of a monolayer39) the penetration of I"

into the metal lattice is thought1*0 to be unlikely. However it

has been shown1*2'1*3 that the adsorption of I~ on Ag is

accompanied by penetration into the metal lattice as a result

of the relatively fast exchange with surface atoms of silver.

On bismuth. The adsorption of I" on bismuth1*1*""1*7'50 is

lower than on mercury, but somewhat higher than on Pb 3 1

and Cd. 3 5 However, the surface activity of the iodide ions,

i.e. the magnitude of the negative shift of the minimum in the

ε,φ curve, is lower for Bi and In than for Pb and Tl. 5 1

At low concentrations of ΚΙ (<10~2 Μ) the shift in the zero-

charge potential for the (111) face of a bismuth single

crystal is smaller than for the surface of a cast bismuth

ingot, but at higher concentrations of KI (>10~2 M) the shift

becomes greater for the monocrystaliine than for the poly-

crystalline surface. The repulsion between specifically

adsorbed I anions on a (111) face with ε < 0 is substantially

higher than on the polycrystalline face, but with ε > 0 the

opposite is true. On a cast bismuth electrode the enhanced

specific adsorption is accompanied by closer approach of the

inner Helmholtz plane to the electrode surface1*1*.

The adsorption of I" on Bi is stronger from aqueous than

from methanolic solutions1*8'1*9, increasing more rapidly with

the concentration of I" in water than in methanol solutions.

Changing from water to methanol solutions of I" causes the

planes of the EDL on Bi to move apart1*8. The increase in

the distance from the outer Helmholtz plane to the surface

(x2) in methanol is accompanied by a strong (2—3-fold)

enhancement of the repulsion between adsorbed ions, caused

by the closer approach of the inner Helmholtz plane (xx) to

tA similar pH effect is observed in the adsorption of I~ on

Cu, Au, Pt, Ni, and stainless steel. On the other hand on

glass the adsorption of I" increases significantly with pH.1*1
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the electrode surface with increasing adsorption of the iodide

ion1*9. The standard free energy of adsorption AG°- on Bi is

-23.9 kcal mole""1 from aqueous solutions and -25.6 kcal mole"1

from methanolic solutions'18. The increase in AG°- on

changing the solvent from water to methanol is due essentially

to the lower solvation of the anions in the latter medium, but

there is also an effect from the change in interaction energy

of the solvent molecules adsorbed on the Bi. "*8>£i9

The adsorption of I" is weaker on Bi than on Hg even

when ethylene glycol is used as the solvent52. However,

and in contrast to aqueous, methanolic, and ethylene glycol

solutions, in DMF 5 3 and DMSO 51* solutions the surface

concentrations of specifically adsorbed anions are almost

identical on Bi and Hg. The orientation polarisation of the

DMF dipoles increases in the series Cl~ < Br~ < I", as does

also the solvation energy of the halide ions in DMF. 5 3 The

specific interaction of the solvents with the uncharged bis-

muth surface decreases in the sequence DMF > DMSO >

H2O k CH3OH > acetonitrile, and the ratio (x2 - x1)lxz which

characterises the approach of the inner Helmholtz plane to

the electrode surface increases as follows when I" is

adsorbed on Bi from different solvents: H2O < acetonitrile <

DMSO - ethanol < methanol '-. DMF.53

On. gallium the adsorption, of I" is also less than on mer-

cury, but the M—I" bond is stronger on gallium than on

mercury55. The increase in η due to the presence of Γ is

more marked on a solid than on a liquid gallium electrode56.

When gallium is melted in solutions of sulphuric or perchloric

acid containing iodides the overvoltage η immediately falls

H2

to the level for a liquid electrode in the same solution. If

the gallium is re-frozen in the same solution η increases

H2

(more slowly) to the limiting value njim. Solidification of

the gallium strengthens the bond between the halide ions and

the metal, and the effect increases with time, suggesting

a continuing expansion of the crystal lattice in solid gallium56.

The increase in EDL capacity accompanied by a shift of φ

towards less negative values was explained by Frumkin55 not

in terms of anion adsorption, though it must play a part

(even if only minor), especially in the case of I" ion, but in

terms of the adsorption of water molecules on the gallium.

It is interesting to note that on high-purity gallium (99.9998-

99.9999%) the addition of halide anions raises η , 5 7 whereas
H2

on gallium of 99.996% purity halide ions lower η . 5 a

H2

On platinum. On smooth platinum the adsorption of I"

from a 1 Ν H2SO4+ 0.01 Ν ΚΙ solution is 1.5 χ 10"9 g-ion

cm"2 of apparent surface, i.e. close to the number needed to

form a complete monolayer59. Incomplete coverage of the

platinum surface has been reported 6 0 ' 3 1. The maximum

adsorption of iodide ions on platinised platinum (at φ = 0.4 V)

is 3.7 x 10"9 g-equiv cm"2; for smooth platinum under the

same conditions an adsorption of 6.5 χ 10"8 g-equiv cm"2 was

obtained (i.e. -20 times greater than on platinised platinum

when calculated for a uniform surface)6 1. However, 2-2.5

times more hydrogen is desorbed from smooth than from

platinised platinum.

The difference in adsorption capacity between smooth and

platinised platinum is ascribed61 to faults in the lattice of

smooth platinum resulting from its technological surface

treatment. The increased irreversibility of the adsorption

of iodide on platinum, and the decreased adsorption and

increased desorption at higher temperatures, are ascribed61

to the penetration of the adsorbed particles into the under-

lying layers of the metal. Hydroxyl ions suppress the

adsorption of iodide on platinum at all potentials more nega-

tive than 1.0 V with respect to the NHE. 5 9 At high anodic

potentials (the oxygen evolution potential) in alkaline solu-

tions, however, the adsorption of iodine is substantial and

well in excess of several monolayers of I". This is

explained by the formation of a stable chemical compound

between iodine and the platinum oxides produced under those

conditions. The surface compounds are easily soluble in

acids, but they are stable in alkaline solutions even under

cathodic polarisation59. However, it is pointed out62"61* that

I" (unlike I 2

 6 2) is not adsorbed on an oxide-covered

platinum surface.

It has been reported6 5 '6 6 that in the iodide-iodine-

iodide/iodine complex system the species adsorbed on plati-

num is not 1̂  but I2 (or iodine atoms), and that the adsorp-

tion of I 2 is far greater than that of I". The double mecha-

nism (reversible, or irreversible) of the adsorption of I 2 and

I" on platinum65'66 should also be noted: I2 is adsorbed

irreversibly on the part of the platinum surface which is

free from adsorbed iodide, whereas on the regions covered

with I" or with irreversibly adsorbed I2 the further adsorp-

tion of I2 is reversible. Thus the irreversibly adsorbed

state includes I2 as well as i~.G3»65 of the various oxidised

forms of iodine the most strongly adsorbed is I", even to

the extent of displacing other adsorbed ions or molecules63'61*.

This explains the steep drop in the EDL capacity of platinum

and in the electrical conductance of the platinum—solution

interface, the decrease in the amount of adsorbed hydrogen,

and the decrease in the energy of its bond to the platinum

surface in the presence of I". 59>60>67>68

On palladium, rhodium, and iridium. The main features of

the adsorption of I~ on Pd, 6 9 ' 7 0 Rh, 7 1 and Ir 7 2 are described

by the logarithmic Temkin isotherm and Roginskii-Zel'do-

vich equation. The adsorption of I~ on palladium69 pro-

duces a new phase of the compound Pdl2. In the φ region

where the formation of compounds between I~ and the metal

is inhibited the I" ion exists at Pd-I" dipoles. Pd and Rh

surfaces, like Pt surfaces, acquire a greater positive charge

in Nal solutions than in NaBr. On Rh, as on Pt, the cover-

age of the surface by iodide increases rapidly at first and

then more slowly71. On rhodium the I" cannot compete with

oxygen for surface sites7 1. As on P t , 5 1 and on Pd, 6 9

partial charge transfer from I" to the electrode takes place

on I r . 7 2

The metals of the platinum group can be arranged in the

following order of decreasing displacement of adsorbed

hydrogen by iodide ions: Rh > Ir > Pt > Pd. The slope of

the I~ adsorption isotherms for metals of the platnium group

is thought7 1 to be determined by the simultaneous effect of

two distinct factors: the nature of the surface non-uni-

formity and the mutual repulsion forces between anions.

Thus the adsorption of iodide ions on different electrodes

is essentially chemical in nature. However, a number of

features are inconsistent with this statement: a) full cover-

age of the metal surface by adsorbed ions is only exception-

ally observed; b) the adsorption of I" on Cd, Pb, Ga, and

Bi is smaller than on Hg, and the adsorption on Ag and Pt

is greater than on Hg, in spite of the fact that the energy

of formation (in kcal mole"1) of the compounds Pbl2 (41.85),

Cdl2 (48), and Gal3 (51.2) is much higher, and that of Agl

(14.91) and Ptl^ (21.6) is much lower, than the energy of

formation of Hgl2 (25) or Hg2I2 (29);73'71* c) the radius of

the Pt atom (1.38 A) or of the Pt 2 + ionQ (0.93 A) is almost

one-half the radius of the I~ ion (2.2 A), / J and therefore the

formation of compounds of the Ptl 2 (and especially the Ptl4)

type on the surface of Pt seems unlikely.
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The metals can be arranged in the following sequence of
increasing adsorption of I": Cd (-0.402) = Tl (-0.336) <
Sn (-0.140) = Pb (-0.126) < Ga (-0.520) < Bi (+0.200) <
Hg (+0.788) < Co(-0.277) = Ni (-0.25) < Fe (-0.036) < Ag
(+0.799) s Rh (-+0.8) s Pd (+0.987) s Ir (+1.00) < Pt
(-+1.200). The numbers in brackets are the standard redox
potentials (in volts) of the metals in aqueous solutions75.
The adsorption of I~ increases as the standard potential
becomes more positive, with gallium and the elements of the
iron family as the only exceptions. Hence we may assume
that the adsorption of I~ on metals is not purely chemical,
but physicochemical in nature, i .e. dependent on the charge
of the metal surface. This hypothesis is consistent with
the finding76 that the standard free energy of adsorption of
I~ on mercury is linearly related to the positive charge on
the electrode.

The sharp drop in EDL capacity caused by the adsorption
of I~ on solid metals and the associated (partial, or full)
charge transfer from the I~ to the metal77 (especially on
metals with a strongly positive surface charge) can be
explained by the distortion of the outer electron clouds of
the adsorbed ions, resulting in a deviation from a discrete
distribution in the case of a solid electrode (in contrast to
the mercury electrode).

I I . STANDARD AND EQUILIBRIUM POTENTIALS IN SYS-
TEMS WHICH INCLUDE IODINE

is described by Eqn.(2). This assumption is confirmed by
the temperature dependence of the equilibrium potential,
i .e. 8 0

0.33

0.31

0.29

0.27

0

Ν.

-

V -- 0.50

- 0.18

-0.U6

-1.2 -1.0 -0.8 -0.6

Lg C [g-ion litre"1]

Figure 1. Equilibrium potential φρ against logarithm of the
concentration of iodide ions on platinum (1, 2) and on
graphite (3) in the presence (broken lines) and in the
absence (full lines) of naphthenic acids8 0: 1) and 3) without
supporting electrolyte, 2) in the presence of 1 Ν Na2SO,,.

The equilibrium potentials of the I2/I~ system, for the
overall electrode reaction

and of the I 3/I system, for the overall electrode reaction

are given by the Nernst equation 7 8" 8 0

(1)

(2)

(3)

(4)

In these expressions η is the number of electrons in the
overall electrode reaction, and F is the Faraday. The
standard electrode potentials (in V) of the I2/I~ system in
aqueous solutions are 0.621 8 1 ~ 8 3 or 0.628 82'8h with I 2(aq),
and 0.535 8 3 ' 8 5 or 0.536 8 2 with I 2 (s) , whereas those for the
Ι3/Γ system are 0.536 8 1 - 8 3 - 8 5 or 0.545. 82'8h

In Eqns.(3) and (4) the pre-logarithmic factor is the same
for reactions (1) and (2), since η = 2 in both cases, and is
a function of temperature only: 9φρ/9 In ([I2]/[I~]2) =
9φρ/9 In ([Γ3]/[Γ]3) = 0.02958 at 25 °C . 7 9

Increasing the concentration of I" in solution converts the
iodine into the iodine—iodide complex (1^), and the equilib-
rium potential depends not only on the activity of I" but also
on the activity of I"̂ . At constant concentration of 1̂  the
equilibrium potential of the I^/I~ system decreases exponen-
tially with the concentration of I~:

Assuming that the electrode reaction is described by Eqn.(l),
at constant I 2 concentration the rate of decrease of the elec-
trode potential with increasing I" concentration is described
by the equation

dtpjd \n[l~]= —(RT/F) .

At low and constant concentration of iodine7 8, or when no
iodine is present in the initial solution80, the experimentally
observed decrease in φρ with increase in I~ concentration
corresponds to Eqn.(5), i .e . the equilibrium in the system

At all concentrations of I the platinum7 8 '8 0 and the
graphite8 0 electrode have a positive potential (Fig.l), due to
the dipole in the Pt—1~ bond 5 9, and the potential changes are
caused not only by changes in surface coverage but also by
changes in the electrode—adsorbate interaction energy5 1 and
changes in the dipole moment of the platinum—iodide bond
brought about by the increased strength of the bond 5 9 .

The equilibrium potential of platinum becomes more positive
in the presence of 1 Ν Na2SO[( (Fig.l), evidently as a result
of a change in state of the I" in the outer Helmholtz plane
(i.e. of a change in the ψ' potential) 8 0. Naphthenic acids
also cause a positive shift in the potential of platinum in
iodide solutions (Fig.l).

On a tellurium86 and a zinc8 7 electrode in aqueous solutions
the equilibrium potential corresponding to the following reac-
tions is rapidly established:

ΖηΠ 3Γ

The standard I2/I potentials decrease as the concentration
of acetic acid increases in CH3COOH + H2O mixtures: the
effect amounts to 200 mV for a change in concentration from
0 to 80% CH3COOH. 8 8 This dependence of the standard
potential of the I2/I~ system on the concentration of acetic
acid cannot be explained by an increase in the stability of
1^, since this complex raises the potential of the system [see
Eqn.(4)].

The standard redox potentials (in V) are:

Solvent Nitromethane Acetone Acetonitrile
0.11 [82,90]

0 36 [82]
0.71 (90)
0.31 [82,90]

0.11 [82,90]

0.86(82,90]

0.06(82,90]

0.396(82]
0.65 [901
0.26 [82,90]

DMF
—0.37 182]

0.27 (82[

0.36(82,90]

The normal potentials (in V) are:

Medium Neutral
I-/IO- 0.99 [82,85]; 1.313 [81]
17IO, 1.195 [84,85]; 1.085 [81,82]

CH;,COOH

— 0.112 ί 82 J

0.344 [82J

0.273 [82,89)

Alkaline
0.49 [82,85); 0485 (83]
0,26 [82-85]
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In solutions containing chlorides φ° . = 1.19 V 8 2 > 8 3 ' 8 5

and φ° = 1.06 V 8 2>8 5 or 1.056 V. 8 3

I2 / 1Ο1 2

For the I"3/IO"3 system φ° = 1.154, 8 1 and for I2/IO7 the
following values of φ ° have been reported:

°c
°, V

25
1.1942 [91];
1.195 [82,83];
1.178[81]

37.5
1.1903 [91]

50
1.1863 [91]

E, V
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Figure 2. Potential—pH diagram for iodine 8 1 in the following
systems: a) H2/H + , b) O2/O7, 1) HIO3/IOT, 2) H I O j I O ; ,
3) IO^/HIOs", 4) HIO^/IOfT, 5^ I 2 / H I O 3 , 5') I 2 /HIO 3 and
I 2 ( s ) , 5") I 2 ( s ) / H I O 3 , 6) I 2/IO7, 6') I2/IO7 and I 2 ( s ) ,
6") I 2 ( s )/IO7, 7) I 2 / I + and I 2 ( s ) , 8) I~/I 3 , 9) r / I 2 ,
10) Γ/ΙΟ3, 11) l~/l2 and I 2 ( s ) , IV) I 7 / I 2 ( s ) , 12) I7/IO7,
12') I7/IO7 and I 2 ( s ) , 13) I + /HIO 3 and I 2 ( s ) , 14) IO7/IO;,
15) IO7/HIO4, 16) HlO3/HlOk, 17) ΙΟ^/ΙΟί", 18) ΙΟ^/ΗΙΟ^".

The pH dependence of the redox potential for various
iodine compounds is shown in Fig. 2.

I I I . REDOX PROCESSES IN I / I , AND Γ/ΙΤ SYSTEMS

1. Electrolyt ic Oxidat ion of Iodide Ions

a) Studies by Faradaic impedance and rectification methods.
The study of anodic and cathodic reaction kinetics in I2/I~
and 17ll~ systems is complicated by the strong diffusion
control of the reactions9 2. Further difficulties arise from
the adsorption of reactants and products in both anodic and
cathodic reactions, and from the large number of independent
paths available to the reactions.

Vetter9 2 showed that the overall electrode reaction (2)
takes place though the following steps:

!-->! (ads) +e

21

(6)

(7)

(8)

reaction (6) being rate-determining. The kinetic order of
the anodic reaction (p a ) with respect to I" is 1, that of the
cathodic reaction (p c ) with respect to I 2 is 1/2. This

mechanism has been used93»91* with a transfer coefficient
α = 0.6, but it was shown that at low concentrations of I~
the adsorption of I" becomes rate-determining, and that
electron transfer through a very thin adsorbed layer is slow.

Dane and coworkers95 believe that Vetter's equations92

are not generally applicable because they do not allow for
changes in the coverage of the surface by I 2 and I~ , and they
conclude that the impedance of the I2/I~ system on a Pt elec-
trode is unaffected by the adsorption of I" and I~3, the rate-
determining step being the Heyrovsky (electrochemical
desorption) reaction

I--H (ads) ->I2 + e . ( 9)

However, Tyagai's calculations96 from Faradaic rectification
data of the kinetic equations of the elementary steps [dis-
charge—recombination, reactions (6) and (7), discharge-
electrochemical desorption, reactions (6) and (9), and
recombination—electrochemical desorption, reactions (7) and
(9)], using the Langmuir, Temkin, and Frumkin adsorption
isotherms, have clearly established that the electrode reac-
tion mechanism for the Pt—I7/I" system consists of a series
of discharge—recombination reactions with a slow discharge
step, corresponding to the Langmuir isotherm.

The effect of surface non-uniformity on the kinetics of the
electrode processes was studied by measuring the Faradaic
impedance of an iridium electrode in the iodine—iodide sys-
tem9 7. The electrode reaction on iridium was shown to take
place only on active surface sites, whose size is smaller than
the thickness of the diffusion layer. The extent of blocking
of the Ir electrode increases with temperature.

b) Studies by voltammetry and oscillographic polarography.
The anodic current-voltage curves for the oxidation of T~ in
3 and 6 Μ solutions of I^SO^ show one wave corresponding to
the reversible oxidation [reaction (1)J of iodide to iodine98.
In every case, irrespective of the composition and pH of the
supporting electrolyte, this process begins at a potential of
0.55 V. A decrease in the anodic oxidation current of I" has
been observed9 9 at 0.68-0.70 V (against the NHE). Changes
in pH from approximately 0 to 12 have no effect on the poten-
tial at which the fall in current begins. This effect must be
due to a retardation of reaction (2) " o r (especially at the
higher potentials, 1.6-1.7 V) to an oxide covering of the
platinum surface9 8.

The oscillographic polarograms for the oxidation of I"
obtained at 51 °C with a potential sweep rate of ν = 0.09 V
s "-1 show a steep current rise followed by a fall1 0 0, preceded
by another clearly visible portion which becomes longer at
high temperatures and disappears at low temperatures (20 °C).
This additional feature of the polarogram is explained1 0 0 by
the evolution of liquid iodine on the electrode: the subse-
quent freezing of the iodine is responsible for the fall in
current. The surface layer of iodine consists 1 0 1 of a dense
part (next to the electrode) and a porous outer layer, and
partial dissolution of the outer layer occurs while the dense
inner layer becomes thicker. The decrease in current is due
simply to the high resistance of the anodic film of iodine
(0.18 χ 105-7.0 χ 105 Ohm cm).

A combination of oscillographic polarography and measure-
ments of light intensity against time (ρ — τ) led to the con-
clusion1 0 2 that the deposition of liquid iodine on the anode
causes ρ to decrease, and the subsequent freezing of the
layer results in a further increase in p. The maximum, and
the final decrease in p, are ascribed to the consolidation of
the iodine film.

In aqueous solutions reaction (1) is reversible on a Pt
electrode 6 3 ' 1 0 3, and in HCIO^ reaction (2) also takes place 1 0 3,
the potential of reaction (1) being more positive than that of
reaction (2). The second wave could correspond to the for-
mation of I + 103,101* or of an oxide film1 0 5 '1 0 6.
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The I ion has been studied by voltamrnetry also in other
solvents; acetic acid 1 0 7 " 1 1 0 , acetonitri le 9 0 ' 1 1 1 - 1 1 7 , DMF , 1 1 7 " 1 1 9 ,
DMSO,120 fluorosulphuric acid 1 2 1 , nitromethane 9 0 ' 1 2 2,
pyridine 1 0 1*' 1 2 3 ' 1 2 4, methanol 1 1 9 ' 1 2 5, propanol1 2 6, ethylene
carbonate 1 2 7, propene carbonate 1 2 8, sulpholane1 2 9, and
acetone 9 0 ' 1 1 3 .

Changing from water to an organic solvent does not signif-
icantly alter the mechanism of the reactions in the I2/I~
system: the oxidation of I" in different solvents may involve
either one or two steps. As Krishtalik points out 1 3 0 , a
change in the solvation energy of the electrically active ion
is not directly reflected by the overvoltage of the electrode
reaction. The indirect effect may be quite large, and lead
to an increase in the concentration of non-solvated ions and
in the stability of the II, complex ion in different (protonic,
or aprotic) solvents. The following values have been
reported for the constant of the equilibrium (8): in water

1 0 3 ; 92,ii3 i n t-butanol i o 3 · 7 3 , 1 3 1 in methanol 104·2 (or

1 0 - . 9 " ) , 125,129,131 - n i s o p r o p a n o i i o 4 · 3 6 , 1 3 1 in DMSO 1 0 4 · 9 , 1 3 1 in
acetic acid 10 5 · 0 (or 1 0 5 · 2 4 ) , 1 0 7 , 1 3 2 in acetonitrile 106·6 (or
10 6 · 7 5 , 10 4 · 0 ), 90,iii,ii3,i3i i n n i t r o m e t h a n e 1 0 6 · 7 , 9 0 in DMF
1 0 7 · 3 5 , 1 3 3 in sulpholane 10 7 ·\ 1 2 9 and in acetone 1 0 8 · 3 . 9 0

One-step oxidation of I~ is observed mainly in protonic
solvents (water, methanol, acetic acid, e t c . ) , the rate of the
anodic reaction decreasing steeply (almost two-fold) from
water to methanol and only slightly from methanol to CH3COOH
while the activation energy remains almost unaffected 1 1 9 .
In aprotic solvents (acetonitrile, DMF, DMSO, nitromethane,
e tc . ) the oxidation takes place in two steps: in the first the
1 3 complex is formed by reaction (2), and in the second it is
discharged by the reaction

2I3-— (10)

because of the greater stability of 1 3 in these solvents.
In dilute (up to 10~3 M) methanolic solutions the I" ion

shows only one oxidation wave 1 2 5 to I 2 by E q n . ( l ) , whereas
in more concentrated solutions the oxidation occurs in two
steps through the formation of 1^. In acid methanolic solu-
tions (pH 4.0) only one wave is observed [ E q n . ( l ) ] . In
weakly alkaline solutions (pH 8.5) two waves of approxi-
mately equal height are observed:

The I 2 / I " system in acetonitrile has been studied on pyro-
lytic graphite 1 1 2 by non-stationary and cyclic voltammetry,
and three oxidation waves of I" have been detected. The
first has been assigned1 1 3 '1 1 1* to the irreversible reaction (2).
The second wave is assigned to reaction (10), which is
reversible according to the cyclic voltammetry method 1 1 2 ' 1 2 7 .
When an excess of iodine is added to a solution of KI in
acetonitrile the I" is converted into l~3, and the polarisation
curve shows only the second wave with a height equal to the
sum of the heights of the two I~ oxidation waves obtained in
the absence of I 2 . l l t f Cyclic voltammetry has shown that the
height of the cathodic peak is double the height of the
anodic peak: this is explained 1 1 2 by the substantial adsorp-
tion of the electrically active I 2 species on the surface, as
pointed out in Refs.63 and 65. The second wave shows a
well developed anodic peak and a relatively small cathodic
peak at low sweep rates (v) of the potential. This is
explained by the instability of the product corresponding to
the second peak. The cyclic voltammetry plots for the
third wave do not show a cathodic wave in neutral or acid
media 1 1 2 . Oxidation of I~ by reactions (2) and (10) is
reported also in Ref.129.

In acidified pyridine four stable forms have been identi-
fied 1 2 4 : I~, I 2 , I 2 , and I + . The concentration of pyridine
(even above 3 M) has no effect on the height of the first or
the second wave in aqueous solutions, though the half-wave

potential of the second wave is shifted towards more negative
values 1 1 3 . The current decreases in the sequence pyridine >
2-picoline » 2,6-lutidine (dimethylpyridine), which is the
same as the order of decreasing basicity of these molecules.

At low concentrations of I~ (0.06 g-ion l i tre" 1 ) and
especially in the presence of Η28Ο^ the potentiodynamic
current—voltage curves 1 3 4 show two Tefel regions, corre-
sponding to reactions (2) and (1), with the limiting current
associated with the first step and the current peak with the
second. The linear portions of the <J>,lgi curves for the
first step are parallel for different concentrations of ΚΙ,
giving the order of the anodic reaction as p a = 2.

ΟΛ
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Figure 3. Anodic potentiodynamic curves in a solution
(CKI = 0.09 mole litre"1) containing sulphuric acid (pH 0.62)
in the presence (broken lines) and in the absence (full
lines) of naphthenic acids for different potential sweep
rates 1 3 6 : 1) 0.04, 2) 0.2, 3) 0.4, 4) 1.0 V min"1.

The slope of the <j>,lgi straight lines for the first step
varies with the supporting electrolyte: in a solution without
supporting electrolyte the slope is 0.042 V (a = 0.7), whereas
in 1 Ν Na2SOtl it is 0.034 V (a = 0.87). 1 3 5 ' 1 3 6 In the pres-
ence of an excess of supporting electrolyte the hydration of
the I" ions is suppressed, and this facilitates the discharge.
Thus, in the presence of 1 Ν Na2SO[| the temperature coef-
ficient of the overvoltage (dr]/dT)j decreases from 3.5 χ 10"3

to 0.85 χ 10"3 V K"1. Also, the activation energy of the
process in 1 Ν Na2SOi, is much lower than in the absence of
supporting electrolyte135. Even naphthenic acids (usually
thought to be surface-active) lower the overvoltage for the
oxidation of I~ (Fig. 3), and when both the naphthenic
acids and 1 Ν Na2SO4 are present together in solution the
oxidation of iodide on platinum becomes almost barrierless
(a = 0.97).1 3 6 However, on a graphite electrode1 3 7, and
especially on a lead dioxide anode 1 3 8, the oxidation of I" is
strongly suppressed by naphthenic acids (Fig. 4).

c) Studies by the rotating disk electrode method. The
rates of the anodic and of the cathodic process are differ-
ently affected by the speed of rotation of a disk electrode
ω: 1 3 9 a) the ί,φ curves for the anodic and the cathodic
process are asymmetric for different values of ω : b) the
anodic reaction is -10 times faster than the cathodic reaction;
c) the rates of both processes are strongly influenced by
stirring, but the effect is even more marked on the cathodic
than on the anodic process.
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At polarisation potentials <30 mV the rate of the anodic
process is almost independent of ω , but for φ > 30 mV the
rate initially increases very rapidly with ω 1 ' 2 and reaches
a constant level140 for ω ι / 2 = 115-130 min"1/2. For fixed
values of the potential and of ν the current increases with ω :
the fall in current becomes sharp, and a large number of
crystallisation centres appears on the electrode1 4 1. In a more
concentrated solution (0.5 Ν ΚΙ + 0.01 Ν I2) with ω = 580
min λ the fall in current no longer occurs, suggesting11*1 a
passivating role for the iodine film in the electrode process.

/', mA cm

2.0
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Figure 4. Anodic polarisation curves for the oxidation of
iodide ions in an artificial concentrate on a lead dioxide
electrode for different concentrations of naphthenic acids1 3

1) 0, 2) 0.65, 3) 1.02, 4) 1.30 g litre"1.

At low speeds of rotation of the electrode the overvoltage
in the initial portion of the ί,φ curve is close to that calcu-
lated by the Nernst equation ( 3 ) . 9 7 ' 1 4 2 However, as ω
increases, the contribution to the polarisation from the slow
electrochemical reaction also increases. Therefore in order
to determine the kinetic currents (ikin) for the oxidation of
I~ we must extrapolate1 4 2 the current at a given potential to
an infinitely large value of ω by Frumkin and Tedoradze's
method1 4 3, since under these conditions linear (Tafel) regions
are not found in the lgi—φ curves. Extrapolation of the
linear portions of the lgikin>ri curves to η = 0 gave the
exchange currents (i°), which were shown142 not to be equal
for corresponding anodic and cathodic processes (i^ > i£,
always).

The a a and a c values calculated from the slopes of the lin-
ear portions of the lgikin>rl curves ( i .e. the transfer coef-
ficients for the anodic and the cathodic reaction) do not add
up to 1. In solutions with c\- » c\2 we always find a,a +
a c > 1 (as high as 2 in some cases), whereas in solutions with
similar concentrations of I~ and I 2 the sum is a a + ac - 1· lh2

The order p a is 1 with respect to I~ and 0 with respect to
ΙΊ,. From these results it is concluded142 that in the l~ /l~3

system the overall electrode reaction (2) involves the two
consecutive reactions (6) and (9), and the exchange current
of the former reaction is greater than that of the latter.

The anodic oxidation of I~ becomes to a large extent irre-
versible when the solution pH is increased (pH > I ) , 1 0 4 and
it becomes reversible when the ratio c -Ic decreases (with

c ύ 2.5 χ 10 ι*).11*1* in very dilute solutions adequate kin-

etic currents are not obtained1 4 5.
The order of the anodic reaction (1) with respect to I~

depends (though only slightly) on the supporting electrolyte
present in solution1 4 2: without a supporting electrolyte
(9 lgikin/3 ΐ£°ΐ-)φ = 1-3» and in 1 Ν Na2SO^ (3 lgi^in/
3 Igcj-)^ = 1.0. This effect is explained, according to
Frumkin's theory 1 4 6, by the existence of a ψ' effect in the
I2/I~ system. Since in the presence of iodide ions the SO2"
ions are not specifically adsorbed, and the I~ ions irre-
versibly chemisorbed on Pt are not electrically active6 3, we
may assume142 that the reacting species are mostly found on
the outer Helmholtz plane of the diffusion layer, whose poten-
tial (ψ' ) varies with the concentration of the supporting
electrolyte. Also, an increase in i° with concentration of the
supporting electrolyte is possible only if ψ' is negative.

According to the present writer it is incorrect to ignore
the decrease in hydration of I~ with increase in concentration
of the supporting electrolyte. In the presence of electrolyte
the concentration of non-hydrated I" near the electrode
surface increases, and this assists the discharge act. Hence
in the presence of supporting electrolyte not only i° but also
a should increase. In the absence of molecular iodine and
under equilibrium conditions the inner Helmholtz plane con-
sists of irreversibly adsorbed I~(ads) species, and the
outer plane of non-hydrated (or partially hydrated) I ions
which are in equilibrium with the fully hydrated I' ions:

i-^r. (IDI- )
When the oxidised form I 2 is also present in the solution
(and adsorbed on the surface) the system becomes more
complex:

(12)

Obviously the exchange current will increase with the
concentration of I~ in both cases, but the dependence of the
rate of the anodic process on [I~] will be more marked for
(11) than for (12) because of the absence of 1̂  ions.
Increasing the concentration of I2 shifts the equilibria (12)
towards the formation of 1 ,̂ which lowers the concentration
of I~̂ , and should lower the limiting current of the anodic
curve (as is found experimentally139). In the absence of the
oxidsed form or with an excess of supporting electrolyte the
equilibrium (11) is strongly displaced towards the left and
the rate of the anodic process increases and becomes almost
proportional to the square of the concentration of iodide
ions 1 3 4 ' 1 3 7 .

It is interesting to consider whether adsorbed iodide can
be oxidised. If a chemical compound of the MI2 type is
formed on the surface of the metal electrode this question
cannot be answered meaningfully, but if physico-chemical
adsorption (depending on the charge on the surface) is
assumed, easy discharge of the adsorbed iodide can be
expected.

After being immersed in a solution of ΚI for some time a
platinum electrode gave a sharp current rise (at φ = 0.53 V)
followed by a slight fall. Even a second oxidation wave
(iodine to iodate) has been observed at φ = 1.19 V, and
ascribed1 4 8 to oxidation of adsorbed iodide. However, it is
strongly argued6 5 that oxidation of iodide does not take place
on a Pt electrode previously immersed in an I solution: the
adsorbed iodide is stated to be electrically inactive since the
adsorption is irreversible and the exchange reaction
I~(ads) ^ I~(sol) is slow. These views are inconsistent with
many published resul t s 9 2 ' 9 4 ' 1 4 4 ' 1 4 7 . It has been suggested1 4 9

that the absence of an anodic oxidation wave for I~ on an
electrode previously immersed in a solution of KI 6 5 could
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be due to the influence of oxygen atoms resulting from the
treatment of the platinum surface. Lukovtsev and cowork-
ers 1 1* 2 ' 1 5 0 ' 1 5 1 stress the lack of electrical activity of adsorbed
iodine.

Various additives (CIO";, CH3COO", SO2", PO^~, citrate
ion) in I solutions lower the effective activation energy
•Eeff of the anodic process , the magnitude of the effect
increasing with the concentration of the additive1 5 2. The
dehydrating action of the added ions was suggested1 5 2 as an
explanation. At the higher additive concentrations the rate
of the anodic process falls due to the adsorption of the added
ions on the platinum surface 1 5 3. Cationic additives (Hg 2 +,
Zn 2 +, Cu 2 + , Cd 2 +) lower the limiting current of both the
anodic and the cathodic process 1 5 1 by being adsorbed on the
electrode or by forming stable compounds with the iodide.

In DMF solutions the order of reaction (2) with respect to
I~ is 1, and the adsorption of Γ on the electrode has been
suggested 1 1 7 as the slow step of reaction (2), since DMF is
adsorbed on platinum more strongly than water and thus
inhibits the adsorption of I". The fall of the current in the
ζ, η curves is also explained117 by the slow desorption of
iodine from the electrode surface rather than by the formation
of a new phase (iodine film) postulated for water solutions.

As the concentration of DMF in a water + DMF mixture
increases, the overvoltage of the anodic reaction increases
gradually, reaching its highest value in pure DMF. 1 1 8 On
the anodic curves for the oxidation of I~ in a medium con-
taining relatively small additions of water to DMF (2.2 and
11 Μ Η2Ο in DMF) two I" oxidation waves are observed, as in
pure DMF. 1 1 7 As the water content of the mixed solvent is
increased, the first wave becomes indistinct, and at the
potentials of the second wave we observe a sharp rise in
current with an associated fall, as in the case (water solution)
of the formation of a surface film on the electrode 1 0 1 ' 1 1 4 .
When the concentration of DMF in the mixture is increased,
i° decreases and the sum of a a and a c changes from 2 (in
pure water) to 1 (in pure DMF). It has been suggested1 1 8

that in DMF and its mixtures with water (as in pure water)
the overall electrode reaction involves two consecutive steps:
discharge and electrochemical desorption [reactions (6) and
(9)1, wiih comparable exchange currents. The same mecha-
nism# is proposed for DMSO 1 2 0 and acetonitrile1 1 1.

d) Studies by chconopotentiometry. The kinetics of elec-
trode reactions in the I~/I2 system have been studied*5** by
the application of very short galvanostatic pulses, assuming
the mechanism of the anodic and the cathodic reaction
proposed by Vetter9 2.

The chronopotentiograms for the electrolytic oxidation of I"
in water, met.hanol, 1-butanol, 2-propanol, and acetic acid
indicate the formation of l2 by a single one-electron step101*»110.
Two-step oxidation of Γ" to I2 was observed1 1 0 in ethylene
glycoJ. acetonitrile, acetone, 1,2-dimethyloxyethane, nitro-
methane1 5 4, DMSO, and acetic anhydride. In pyridine (Py)
the anodic reactions Γ -> I and I ->- V take place1 1 0-1 1 1 in
spite of the fact that 17 is more stable than P y l 2 . 1 5 5 The
addition of Nal to a solution of I 2 in pyridine produces three
steps on the chronopotentiogram, with E1/lt values of 0.35,
0.5, and 0.9 V respectively, corresponding to reactions (2)
and (10), followed by the oxidation of I 2 to I + 1 1 0 as a result
of the dissociation of the iodine molecule in pyridine 1 2 3:

In the presence of chloride ions the oxidation of I in nitro-
methane151* takes place by the reaction

#At high positive potentials and low surface coverages the
rate-determining step of the second wave in DMSO is thought
to be the reaction 1 2 0 Π + Μ^Μ(Ι,) + e.

1-—2e-»ICl (13)

2. Electrolytic Reduction of Iodine and of the Iodine-Iodide

Complex

a) Studies by Faradaic impedance and rectification methods.
Vetter's Faradaic impedance method92 has established the
value of p c for the electrochemical reduction of iodine on
platinum by the overall reaction

and has led to the following mechanism for the process:

(14)

(15)

( 1 6 )

(17)

in which the discharge is the slow step. The same mecha-
nism has been proposed1 5 6 for the electrolytic reduction of
I^ on a porous graphite electrode in acid or neutral protonic
solvents, with the following kinetic parameters:

0 5
(for Ιϊ)

0 5 0.5 0

Pc. Pu
(for Γ)

-0.5 1

Simultaneous measurements of the Faradaic impedance and
of rectification157 have confirmed the scheme involving reac-
tions (16) and (17). The transfer coefficient of the dis-
charge step is given1 5 7 as 0.47 (±0.04), but other workers11*4'
i50,i5i r e p O r t a n a v a i u e varying regularly with the concen-
tration of iodine in solution. The rate constant of the
cathodic reduction of 17 is (1-5) χ 1.0~2 cm s" 1, 1 5 7 and it is
assumed that at low coverages by adsorbed iodine (Θ -> 0)
Pc(*2) = Pc(^) = α = 1, and the cathodic reduction of iodine
on CdS and CdSe electrodes takes place by the discharge-
electrochemical adsorption mechanism157

Ϊ = Ι-· + 1 (ads), (18;

with simultaneous rate limitation by the two electrochemical
steps.

b) Studies by voltammetry and oscillographic polarography.
The shape of the cathodic wave on the voltammetrie curves
measured on a platinum electrode is independent of the direc-
tion of the potential sweep1

The diffusion current is
proportional to the concentration of 1,, and the ratio icj/c
is 190 μΑ ηιΜ"1. In the absence of CF ions the iodine is
reduced by the reaction

but in 4 Μ HC1 the iodine exists mainly as the iodine-
chloride complex (I2C1~), and the electrode process corre-
sponds to the reaction

In 0.1 Μ perchloric acid and in the presence of 0.05 Μ
sodium cyanide the cathodic iodine reduction wave is not
observed. Iodine cyanide, formed by the reaction

tH-'- + I +ICN ,

(19)

(20)

(21)

is not reduced on platinum, and no free iodine is present 1 0 4 .
On a Pd electrode the reduction of iodine is irreversible

up to an overvoltage of ~500 mV, beyond which a steep cur-
rent rise is observed, associated158 with the reduction of the
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film of iodine on the electrode surface. When this film has
been removed the electrolytic reduction of iodine becomes
much faster, reaching the limit set by the diffusion current.
The existence of a "pre-wave" on the polarisation curve for
the electrolytic reduction of iodine on Pd is explained by the
partial blocking of the electrode at η values up to 0.5 V, so
that the observed limiting currents are lower than those for
an electrode with a uniform surface.

Since 1̂  is much more stable in DMF than in aqueous
solutions, the species which is reduced in DMF is not I 2 but
I^. 1 1 8 The potentiodynamic curve for the reduction of Ij in
DMF includes a limiting current plateau followed (beginning
at η = 0.8 V) by a decrease in current arising from the
negative charge of the reacting species1 5 9. This explanation
implies that in the presence of an excess of I 2 (and in con-
trast to the case of high concentrations of I") no current fall
should occur at potentials up to -2.0 V. During the reduc-
tion of 17 the curves plotted in the reverse direction always
lie below the forward plots. Furthermore, the depth of the
current minimum (beyond the current fall) decreases as the
potential sweep rate increases, and disappears completely at
the highest rates (v > 40 mV s"1). According to Povarov
and coworkers1 5 9, at potentials close to the equilibrium value
I 2 is reduced to 1 :̂

-2I3 (22)

and in the presence of high concentrations of KI the iodine-
iodide ion is further reduced to I" by reaction (14). These
processes take place through the adsorption of I 2 and I3 on
the electrode. At sufficiently high negative potentials the
iodine is desorbed from the surface, and subsequent reduc-
tion takes place without adsorption. "Stretched" irrever-
sible waves are observed in the reduction of iodine, and
inhibition of the reaction in the case of 17 reduction: thus
the process appears to be determined by the rate of pene-
tration of 17 into the EDL.

Two-step reduction of iodine by reactions (22) and (14)
has been observed also in acetic anhydride 1 0 7 .

c) Studies by the rotating disk electrode method. A dif-
fusion-limited current is observed1 0"'1 4 1*'1 5 1 '1 6 0 in the reduc-
tion of IJon a Pt electrode. Under both turbulent and
laminar stirring regimes a well defined plateau is observed
on the cathodic ΐ,φ curves for a 0.1 Μ I 2 + 1M KI solution
at different values of ω , and the limiting diffusion current
varies linearly1 6 0 with ω 1 / 2 , the activation energy of the
cathodic process under laminar stirring being almost one-half
the value for turbulent stirring. The activation energy of
the process (£eff) * s a ^ s o a function of the rate of rotation
of the electrode: at first Eeff increases with ω 1 ' 2 , but at the
higher values of ω (beyond oW2 = 110 s~1//2) £eff becomes
constant 1 3 9 . The rate of the cathodic process also increases
in proportion to the concentration of I 2 . 1 3 9

These results confirm that the rate-limiting process (as in
the anodic process) is the diffusion of the reacting ion
towards the electrode. But since the products of the anodic
and the cathodic process are removed from the electrode at
different rates, i .e. fairly slowly in the case of the anodic
process (iodine—iodide complex) and rapidly in the case of
the cathodic process (iodide ion), the oxidation and the
reduction processes in the I,/I~ system are affected by ω to
different extents. For ω= 3000 min"1 the rate of the cath-
odic process increases by a factor of 22.4 (as compared to
the rate for ω = 0), whereas the rate of the anodic process
increases only by 9.6. 1 3 9 However, in a solution containing
~10 times more I 2 than I~ the rate of the cathodic process is
-10 times higher than the rate of the anodic process11*0. At
high speeds of rotation the parameter ω no longer affects the

rate of cathodic reaction139'11*0, indicating electrochemical
rate control.

Because iodine is reduced with a high overvoltage on a
rotating Pd electrode1 5 8 the order p c with respect to I 2 can
be determined from the kinetic currents obtained by extra-
polation of the i"1, ω" 1 ' 2 curves to ω -> °°: for η = 100—150 mV,

PP = 1. On a Pt electrode the p c value for I and I 2 could
not be determined accurately 1 4 2 ' 1 5 8, because the slope of the
linear portions of the lgikin" Φ curves varies with the con-
centration of I" and I 2 . By using curves with similar slopes
the parameter p c was determined approximately for I" and I 2 :
Pc^2) = 1 a n d Pc^1") = " I · 1 " * 2 T n e negative order of p c

with respect to iodide suggests11*2 that the kinetic unit in the
cathodic process is I 2 rather than 17. Thus, as the potential
of the electrode is made more negative the bond between I
and I 2 in the 1̂  complex should be weakened by the repulsion
forces acting on the iodide, which favour the formation of
adsorbed atoms or molecules of iodine on the electrode sur-
face6 4.

From the initial portions of the ί,φ curves obtained in a
study11*4 of the electrolytic reduction of iodine on a rotating
Pt electrode, which gave the kinetic parameters of the catho-
dic reaction, the order p c was found to depend both on the
concentrations of I 2 and I~ and on ω. This result was
explained144 in terms of the non-uniformity of the electrode
surface. It was shown that electron transfer from the
platinum to an adsorbed iodine atom is the slow step in this
case. The height of the cathodic I 2 reduction waves on Pt is
unaffected (within experimental error) by changes in the
acidity of the solution98, but the limiting current decreases
if the time of immersion of the electrode in the solution is
increased1 5 1. These changes in current on an activated
electrode can be as high as 20-30% of the i^ value for the
first wave in a solution containing an excess of supporting
electrolyte (Na2SO lt). In solutions containing only I2 and I~
the time dependence of i^ is slighter, and decreases with the
concentration of iodine. The changes in limiting current are
ascribed1 5 1 to non-uniformity of the platinum surface, pro-
duced by the irreversible adsorption of iodine on Pt.

i, mA cm

100

50

20 60

, ππη~

Figure 5. Cathodic limiting current against speed of rotation
of the platinum electrode for a 0.2 Μ KI + 2 χ 10~2 Μ Ι 2 solu-
tion at different temperatures 1 5 0: I) 50, 2) 25, 3) 1 °C.

The surface non-uniformity of the platinum139 and of the
iridium electrode9 7 causes anomalous variations of i^ with
ω 1 ' 2 : at low temperatures (1 °C) the extrapolation of the
linear ί^,ω plots for the reduction of iodine does not pass
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through the origin1 5 0 (see Fig. 5). A quantitative interpre-
tation of this observation was proposed1 5 0 by introducing
into the Levich equation an additional term as required by
Landsberg's theory 1 6 1, independent of ω and determined by
the number of active sites on the electrode surface and on
the distance between these sites:

l/id--= 1·6lv'' ', 'nFD'''ca ll -f· InFDc , (23)

where \ΣΑη is the non-uniformity function of the electrode
surface, which increases with the non-uniformity, i.e. as
the ratio of the radius (r\) to the spacing (r 2 ) of the active
sites decreases.

According to Landsberg1 6 1 if r2 > δ (where δ is the thick-
ness of the diffusion layer) the current i^ is given by the
equation

'1.61V1''" (l -f y,Ar, ( 2 4 )

and if r} « δ , i'a is given by Eqn.(23). It is pointed out 1 5 1

that at ordinary temperatures r 2 > 6 on a platinum surface,
and therefore i(\ is given by Eqn.(24). At lower tempera-
tures the size of the active sites decreases and we have
r? <·. 6 , leading to a non-linear dependence of i(j on ω 1/2

[Eon. (28)]: a possible explanation of the decrease in
radius of the active sites at low temperatures is the chemi-
sorption ol ions on the electrode surface 1 5 0. The surface of
the iridium electrode in the 12/1~ system is partially blocked,
and the active sites are small. Therefore the variation of
icj with is as predicted by Eqn.(23). 9 7 The surface
of the palladium electrode is fairly uniform: a large number
of small active sites is present on an active palladium sur-
face. However, the number of active sites decreases with
time, and the Pd electrode becomes similar to the iridium
electrode, with relatively few, small active sites, so that for
a partially poisoned Pd electrode we can write r2 « 6 . When
the electrode surface is uniform the Eeff value for the
limiting· diffusion current is determined by the activation
energy for viscous flow, as in the case of the Pt electrode § .
However., for the Ir electrode9 7 the activation energy is lower,
and it is a function of ω . The activity of the iridium sur-
face decreases as the temperature rises: this effect is parti-
ally compensated by the increased rate of diffusion.

When zinc and mercury ions are present in solution the
time dependence of i^ is even more marked 1 5 i. At suffi-
ciently negative potentials the surface is blocked by a film
of zinc iodide, which causes a sharp fail in current, and the
electrolytic reduction of I 2 and electrodeposition of zinc are
suppressed. Mercury ions are adsorbed with the iodine,
lowering- the rate of both the anodic and the cathodic reac-
tion. Zinc ions also increase the amount of iodine irreversi-
bly adsorbed on the electrode surface, but the effect is less
marked than with mercury. Cadmium ions have a smaller
effect than Zn2 + ions on the cathodic reduction of iodine.
They are adsorbed on Pt over a wide range of potential1 6 2,
and their effect on the cathodic process is negligibly small,
but they lower the rate of the anodic process. A possible
explanation^62 is the suppression of iodine adsorption, and
hence of the rate of the electrochemical desorption (9), by
the adsorbed Cd2 + ions. The adsorption of Cu2 on Pt
prevents the formation of Pt —1~ bonds but it has almost no
effect on the amount of iodine reversibly adsorbed on the
electrode surface 1 5 1. Unlike mercury ions, which block the

§ An activation energy of 2.2 + 0.1 kcal mole x , independent
of ω , was obtained9 ' from the slope of the lgid>^ λ straight
lines. This is consistent with the published values 1 6 0 ' 1 6 3

2.08 and 1.88 kcal mole"1 respectively.

surface by forming iodine compounds, metallic mercury
deposited on a Pt surface has very little effect on the cur-
rent 1 5 1 . The presence of Cl~ ions does not affect the half-
wave potential for the reduction of I 2 to I", or the reversi-
bility of the process 1 6 4 .

The fluctuation of the limiting reduction current of I 2 is
also ascribed to surface non-uniformity165. On a platinised
platinum electrode the mean amplitude of the oscillations of
the limiting current is lower by almost a factor of two than
on smooth platinum, and decreases faster than on smooth
platinum with increase of ω . 1 6 5 Potential and current oscil-
lations have been observed81* in the I2/I~ system, and
ascribed to turbulence in the flow of electrolyte. The
adsorption of Hg2 + on the electrode surface minimises the
fluctuations in the limiting current 1 6 5 , and the adsorption
of DMF suppresses them completely. DMF solutions (unlike
water solutions) show a fall in current (after the limiting
current) accompanied by much stronger fluctuations1 5 9.

In DMF two limiting currents for the cathodic reduction of
iodine are observed, and both are free from oscillations.
These waves correspond to reactions (22) and (19). 1 1 7

Since the slopes of the Δφ, l g ( l - i/i^) plots for both
these waves are substantially higher than their theoretical
values the authors 1 5 9 conclude that the processes are irre-
versible, especially in the case of reaction (19), due to the
absence of adsorbed iodine. When an excess of I" is pres-
ent in solution the cathodic curve consists of one wave, and
the reaction is

12 (ads) (25)

In solutions containing more I 2 than I the reduction of I 2

is kinetically of the first order, and the most likely slow
step is the adsorption of iodine on the electrode surface 1 5 9.
In ethylene glycol166 and acetonitrile1 1 1 with [I2] > [Γ ], I2

and I^ are reduced successively by reactions (22) and (14).
In acetonitrile both the first and the second cathodic pro-
cess go through the rate-determining step (18). 1 1 1 In
DMSO 12° the rate-determining step is the reaction

IiT + e-vI (ads) 4 21- . (26)

In methanolic solutions1 1 9 the iodine is reduced as in aque-
ous solutions, with more marked stirring effects on the
cathodic than on the anodic process,

time

Figure 6. Effect of applying reverse current at various
points of the chronopotentiogram for the oxidation of iodide
ions 6 5.

d) Chronopotentiometric studies of the reduction of iodine
in DMSO have given results consistent with those of the
rotating disk electrode method: in particular, reaction (14)
was shown to be irreversible. However, its rate constant
determined chronopotentiometrically [(1.12—2.86) x ΙΟ"1* cm
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s 1 ] is lower than the value obtained on a rotating disk elec-
trode (6.8 χ KT1* cm s - 1 ) . 1 2 0

Contradictory conclusions as to the lack of electrical
activity of adsorbed iodine have been drawn from chrono-
potentiograms. According to Hubbard and coworkers6 3 only
reversibly adsorbed iodine can be reduced cathodically, and
the amount of electrically active iodine on the Pt surface is
much less than the strongly bound iodine. However,
Osteryoung and Anson6 5 find that the reverse (cathodic)
chronopotentiograms taken at different points of the anodic
chronopotentiogram give transition times proportional to the
amount of iodine evolved anodically and adsorbed on the elec-
trode surface (Fig.6). According to Schuldiner and Pres-
brey61* even a c depends on the number of iodine atoms
adsorbed on the Pt. The high rate of oxidation of I 2 chemi-
sorbed on PbO2 has been pointed out 6 2 .

IV. REDOX REACTIONS IN Γ/ΙΟ"
3
, Ι

2
/ΙΟ"

3
, AND

SYSTEMS

1. Anodic Processes

Unlike the electrolytic oxidation of iodide to iodine, the
deep oxidation of I" to oxygenated compounds, in particular
bv the reaction

(27)

depends on the pH of the electrolyte, as has been confirmed
experimentally. Changing the pH between 5.85 and 1.72
produced a linear shift in potential towards more positive
values 9 8 by 0.06 V for each pH unit, as required by Eqn.(27).
Further increase in acidity did not affect the potential.

Since the "reverse" voltammetry curves ( i .e . those plotted
by decreasing the positive potential after the anodic wave
corresponding to the formation of IOp do not reproduce the
wave given by the oxidation of iodide to iodate9 8 '1 0 1*, a
mechanism involving the participation of oxygen from surface
oxide layers of the platinum has been suggested 9 8 :

The current fall observed on the polarisation curves is also
ascribed to the formation of surface oxide layers on the plati-
num. It is suggested that reaction (27) takes place at 0.9—
1.2 V, whereas at more positive potentials the oxidation of I"
involves the scheme (28). It has been established11*8 that
the second anodic oxidation wave of I~ corresponds to the
deep oxidation of iodine:

I2 + 6H;,O—10c-*2IGr3+12H+. (29)

On an electrode consisting of a mixture of graphite and
azobenzene1 6 7 and on a pyrolytic graphite electrode 1 1 2 ' 1 6 8

two iodide oxidation waves have been observed: to hypoio-
dite and to iodate. The height of these waves is propor-
tional to the concentrations of I~ and I 2 , and depends on ω.
The total height of the waves is determined by the diffusion
of OH" to the electrode (for intermediate concentrations of
OH"). The electron transfer reaction for the iodate forma-
tion step is of the first order with respect to I~; with
respect to OH" the order is 0.23 at pH 6—10.6 and zero at
higher pH values. hence we may conclude that in alkaline
solutions I is discharged on the surface sites where OH~
ions are adsorbed 1 6 7 :

I- + OH-->HIO + 2

+ 6OH-->IO3-

(30)

(31)

—0H)->M— (

M—

( 3 1 a )

(31b)

(31c)

In solutions of pH > 6.5—7 free iodine cannot take part
in the anodic reaction because of its disproportionation

I- f 3H+ .

(32)

(33)

In iodic acid solutions the lgi,<j> curve for Pt, Pb , and
PbO2 electrodes 1 6 9 has two linear portions, corresponding to
two controlling steps for the oxidation of iodine to highly
oxygenated compounds by the reactions (29) and (34):

HIO3 + H2O—2e = HIO4 + 2H+, (34)

the rate of the latter reaction determining the rate of the
overall process. On a PbO2 electrode (or on anodically
oxidised lead) the iodine is oxidised by the oxidation prod-
ucts of water, and in particular by OH' radicals according
to the mechanism (31a) —(31c).

It has been shown101* that in acid aqueous solutions of I"
two anodic waves [corresponding to reactions (1) and (35)]
are obtained:

I 2e->21-' (35)

The maximum current of the second wave is equal to twice
the diffusion current of the first wave. At pH 8 the two
waves merge, but the limiting current still corresponds to
the quantitative oxidation of I~ to I + . In a medium containing
0.05 Μ NaCN and 0.1 Μ HCIO^ the I~ ion gives an anodic
wave with a height double that for an iodine solution of the
same normality:

I- + HCN->-ICN + H+ (36)

These results1 0 1* are not confirmed by chronopotentio-
metric d a t a 1 7 0 " 1 7 2 , which suggest that the second anodic
wave in the oxidation of I~ is associated with reaction (29)
rather than with the formation of I + by reaction (35), since
this wave is completely suppressed when the electrode is
polarised from an oxidation towards a reduction potential.

Measurements by the rotating disk electrode method with
a guard ring have shown161* that positively charged iodine
ions ( I n + ) are formed by the deep oxidation of I~ on a disk
electrode and are transferred by convective diffusion to the
ring electrode where they react with the I~ in solution as
follow s:

l"+ + nl-=\/2(n+\)l2 . ( 3 7 )

This explains the failure of positively charged forms of
iodine to give a reverse electrolytic reduction wave. A
mechanism involving reaction (27) was assumed161*, as in
Ref.170, on the grounds that the ratio of the limiting cur-
rents for the first and the second I" oxidation wave is six.
However, it should be noted that the participation of the Cl"
ions in the electrode process was ignored in that work 1 7 0,
though these ions are known to affect the mechanism of the
deep oxidation of I" . In the presence of a high enough
concentration of Cl~ the first anodic wave corresponds to the
oxidation of iodide to iodine [reaction (1)] followed by the
formation of the iodine—chloride complex, and the second
wave to the conversion of I2C1~ into iodine chloride101*'161*'
173~176 .

l- + 3Cl-->-2ICl2- (38)

The charge transfer processes in reactions (13) and (38)
are polarographically reversible on smooth platinum 1 7 7.
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In chloride solutions the I2C1 , IC1, IC12, and ^complexes
are stable, with [Ι2ΟΓ] /[IC1] · [I" ] > [I 2 Cf] /[I2] · [Cl"] >
[Γ 3 ]/[Ι 2 ] · [Γ] > [ICl 2 ]/[ICl]-[Cr] . 1 7 7 - 1 7 8

In methanolic solutions1 2 5 and in acetic anhydride 1 0 7 iodine
is oxidised to I , but the half-wave potentials for the oxida-
tion of I 2 to I + and for the reduction of I + to I 2 are not the
same at a given pH. In methanolic solutions the redox
couple is thought 1 2 5 to be not I 2 /I + but the iodine—iodonium
methoxide couple:

2 + 2CH3OH^2CH3OI+2H+

(39)

Iodonium methoxide is unstable and decomposes into iodates.
The insolubility of iodates in methanol and the growth of an
iodate layer cause passivation of the electrode.

In acetic anhydride 1 0 7 the iodine is initially oxidised to I + ,
and then the I + reacts further with the acetic acid

] 2 + 2CH3COOH — 2e - 2CHaICOOH + 2H+ (40)

to give monoiodoacetic acid which is decomposed in the next
step by the Kolbe reaction

CH2ICOOH - e -<- (CH2I)P -]- CO2 + H+

(CH 2 Ir-f-H ) ~MCH 3 )- + I+ .

(41a)

(41b)

2. Cathodic Processes

Iodine monochloride gives two scarcely distinguishable
electrolytic reduction waves101*'179:

2IC1- .{.2e-*

I2C1- + 2e 2\- -|- Cl"

(42)

(43)

The reduction of IC1 to I2 is reversible, whereas the reduc-
tion to Γ is reversible only for cH+ < 0.3M.16"1 The
reversibility of the reduction of ICIJ to I 2 is influenced both
by the concentration of HC1 and by the state of the electrode
surface. On smooth platinum the reduction of IC12 to I2C1~
is quasi-reversible for C^QI S 1M, and becomes fully
reversible for c^Cl = 4 Μ. 2

On the dropping mercury electrode the reduction poten-
tial of iOJ in alkaline solutions is independent of pH , but in
acid solutions it becomes less negative as the pH decreases8 2.

The electrolytic reduction of iodates in aqueous, ethylene
glycol, and propylene glycol solutions is essentially a cataly-
tic inaction , different organic or inorganic additives affecting
its rate in different ways1 8 0. Increasing the concentration
of NaClO4 lowers the reduction potential of 10^; additions
of N(CltH9)'f+ in small amounts increase the rate of reduction,
but in large amounts they inhibit the reduction by being
adsorbed on the electrode. It is clear from the polarograms
for the eiectrolytic reduction of 107 1 8 1 that gelatin, tylose,
X-100 Triton, cetylpyridinium bromide, and cetyltrimethyl-
ammoniurn bromide behave as inhibitors towards this pro-
cess, whereas N,A/-dimethyl-p-phenylenediamine, hexamine,
hydrazine, and polyethyleneimine catalyse it. It is sug-
gested1 8 1 that in acid and in neutral solutions the rate-
determining step is a one-electron process, and in alkaline
solutions a two-electron process, the slow step being the
transfer of the second electron (involving breaking of the
first bond between iodine and oxygen atoms).

Chronopotentiometric curves have been used 1 8 2 to determine
the kinetic parameters of the reduction of IO7. From the
slope of the plot of φ against lg [1 - ( ί / τ ) 1 / 2 ] , where τ is the
transition time, the authors 1 8 2 calculated the change in
valency of the I during the slow step (unity), the coefficient
α = 0.5, and the order p c = 0.5 with respect to iodates.
However, according to Vetter81* α = 0.6 and is independent of

the concentrations of IO3 and I , and the rate of the trans-
ition is proportional to the square root of the concentration
of H+ ions.

The reduction of iodate ions on platinum is strongly
influenced by the state of the platinum surface. The reduc-
tion of IO7 is found1 8 3 to be more reversible on the oxidised
than on a reduced platinum electrode. The positive shift
(by -0.4 V) of the IO^ reduction potential caused by oxidising
the electrode is explained183 by postulating a catalytic inter-
action between the oxide films on the platinum surface and
the iodate reduction process. However, the mechanism of
the catalytic effect of the oxide films is not stated, though
it is pointed out that the reduction of the oxide films begins
before the reduction of IO^. 1 8 3 The suggestion (from chro-
nopotentiometric data) that oxide films may play a catalytic
role is confirmed by voltammetry results: an additional peak
at -0.3 V in the ί,φ curves for an oxidised platinum elec-
trode, not observed for any other state of the electrode1 8 3.

A mechanism for the electrolytic reduction of IOj which
allows for the postulated catalytic effect of oxide films has
been proposed181*. The role of the platinum oxides is inter-
preted as an increase in the rate constants of the dissocia-
tive chemisorption equilibria :

IO2OH . ΙΟΙ (chem) -,- OH" (chem) (44 )

IO;(chem)+H2O. ι-ΟΗ" (45)

These catalytic changes produce substances which can be
reduced at a lower overvoltage than the starting material.

The cathodic process in an IO7 solution in 0.1 Μ HjSO^ is
catalysed also by sulphur atoms electrochemically adsorbed
on the platinum surface from a solution of H2S in 0.1 Μ
H2SO4 or of 0.1 Μ Na2S . 1 8 S By comparing the polarisation
curves for electrodes with and without a sulphur coating,
and also for electrodes covered with oxygen, we can show
that in the first case the half-wave potential (E1/2) for IO7
is more positive than in the second case, but more negative
than in the third. Hence the activating influence of sulphur
is less effective than that of oxygen. The activation of the
cathodic process by sulphur atoms has been explained185 by
an increased coverage of the electrode surface by IO~ ions in
the sulphur-covered areas, due to the formation of stable
compounds between IO7 and the adsorbed sulphur.

Vetter81* noted a strong increase in the limiting current
for the reduction of iodates at high concentrations of I 2 .
He ascribed the acceleration of the cathodic process by the
addition of 12 or by a decrease in pH to a fast (£eff = 5-10
kcal mole"1 1 8 6> 1 8 7) chemical reaction between IO^, H + , and I~
(the latter being formed by the direct reduction of IO7 or I 2 ):

ICC + 6H' -f 6e -+ I- f 3H2O ( s l o w )

51--i- IO: -: 6H+ — 3J, 31-f2O ( f a s t ) .

(46)

(47)

Anson183 rejected Vetter's conclusion8** and showed that
the reduction of IO^ is independent of pH in the pH range
1—6, even with allowance for the formation188 of iodine as an
intermediate in the reduction of IO^ by a mechanism which
includes reactions (46) and (47).

In the polarisation curves measured on a rotating disk
electrode the autocatalytic mechanism including reactions (46)
and (47) is more important at low rotation speeds (ω < 1600
min ) than at high speeds The catalytic reduction is
accelerated by increasing the concentration of IO7. 16i* The
more positive half-wave potential for the reverse plot (i.e. for
a potential sweep from the negative towards the positive
values) than for the normal plot (Fig. 7) is also explained by
the autocatalytic reduction of IOJ.161* The observation that
the direct reduction of iodate [reaction (46)] on a smooth
platinum electrode in a 1-5 Μ Η^Ο,, supporting electrolyte
requires a high overvoltage has led to the same conclusion 1 8 \
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In a hydrochloric acid medium at concentrations up to 3 Μ
the cathodic processes include reaction (46) as the rate-
determining step and the following fast reactions:

(48)

(49)

The electrochemical product I + is formed in substantial
amounts when the concentration of I 2 is much greater than
that of Γ . 1 6 *

/, μΑ

600

400

ZOO

0.6 OM 0.2 0.0

Figure 7. Reduction of ΙΟ3 in an HC1 solution (rotating
platinum disk electrode, A = 0.36 cm2, ω = 400 min λ,
ν = 0.4 min~1). Full lines denote potential sweep from (+)
to (-) , broken lines from (-) to ( + ) : 1 6 1 t 1) 0.2 Μ HC1 +
0.3 Μ NaCl, 2)-6) with added KIO [101* C K IO> m o l e litre"1:
2) 2 3) 4, 4) 6, 5) 8, 6) 10].

In an acid 0.1 Μ phthalate buffer (0.01 Μ IO^ + 0.1 Μ KC1
at pH 3.2) the catalytic effect is observed, and the current
density and the kinetic parameters of the process vary with
time1 8 8. Moderately fast stirring lowers the current at a
given potential by the partial removal of iodine. In an
alkaline 0.05 Μ borate buffer (0.01 Μ IO^ + 0.1 Μ KC1 at pH
9.2) the current density is effectively independent of time.
However, in the presence of camphor changes with time are
observed. If KI is added to the borate buffer to a concen-
tration of 0.1 Μ the current density changes with time both
in the absence and in the presence of camphor. According
to Vetter81* a different mechanism should apply in an alkaline
solution in which the iodine disproportionates according to
reaction (33).

Thus we can infer from the inconsistency of published
results on the mechanism and kinetics of the oxidation of I"
that the electrode processes in the I~/I2 system are so
dominated by diffusion-limited kinetics that io(6) and io(9)
are almost impossible to measure by any of the standard
methods. Depending on the state of the I~ in the outer
Helmholtz plane, and on the appearance of a ψ~ potential
(which is often observed, especially in the presence of a
supporting electrolyte, since I~ has "negative hydration" 1 9 0 ),
the rates of transfer of the first and the second electron in
the overall reactions (1) and (2) can be very similar. The
oxidation of I to I n + is also very important; the reduction
of IO^ to I~ is autocatalytic, but this mechanism has not been
observed in the oxidation of I" to IO7 (though it has been
observed, at least in par t 1 7 5 , during the formation of IC1 in
the presence of Cl~).
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