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Preface

This paper is a review of the study on the theory of the current-
voltage curve in polarography and the mechanism of the reduction
process of hydrogen ion at the dropping mercury electrode, which was
carried out by the present author, partly in collaboration with N.
Tanaka, during 1948 and 1952. OQOur study on the eurrent-voltage curve
from the standpoint of the chemical kinetics might be considered as the
first attempt to interpret theoretically the properties of so-called ir-
reversible ” waves together with the works of H. Eyring—L. Marker—
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T. C. Kwoh® and R. Goto—I. Tachi®, and the application of our theoretical
treatment to the reduction process of hydrogen ion brought some light
into the mechanism of this electrode process.

Recently a great progress has been made in this field of polarography
by some investigators, and some assumptions used in our theory have
been criticized. Needless to say that these new theories are highly
valuable in the analysis of the polarographic waves and the mechanism
of the electrode reaction. Although, under such a circumstance, it would
be very desirable to review the results of these theories, it is unfortu-
nately out of the limit of the present paper. At any rate, it should be
insisted here that, inspite of the new development of the theory and
technique in polarography, many polarographic electrode processes still
remain in total lack of any reasonable interpretation.

The present author should like to take this opportunity to thank
Prof. San-ichiro Mizushima and Assist. Prof. Nobuyuki Tanaka for their
great encouragement and valuable suggestions in the completion of this
study.

Part I. Theory of the Current-Voltage Curve

We owe to J. Heyrovsky and D. Ilkovie® the first theoretical inter-
pretation of the current-voltage curve (c-v curve) in polarography. In
1935, they derived the formulae for the c¢-v curve under the assumption
that the electrode potential of the dropping mercury electrode (DME)
is represented by the Nernst equation and the current flowing is deter-
mined by the rate of diffusion of reducible or oxidizable substances.
The Nernst equation, however, can be strictly applied only to the electrode
where no current flows, in other words, where the condition of the
thermodynamic reversibility is maintained. In polarography, the current
is always flowing at the DME, and this means that the process at the
DME is not in the equilibrium. This difference between the potentiometry
and polarography makes the assumption of Heyrovsky and Ilkovic on
the electrode potential of the DME somewhat doubtful. In fact, the
application of their results has been limited only to the polarographic
waves which are called to be “reversible”, and all other waves, called
to be “irreversible”, have been set aside without any theoretical inter-
pretation. Under this circumstance, it seems very valuable to analyse
the c-v curve from a different viewpoint so that some theoretical inter-
pretations can be given even to the irreversible waves.

The electrode process at the DME in polarography is a kind of
complex electrochemical reactions consisting of many elementary processes.
In the simplest case, this process involves the diffusion of the substances
“and the electron-transfer reaction (redox reaction) at the electrode, the
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rate constant of the latter is a function of the electrode potential. By
analysing the electrode precess at the DME by the method of the chemical
kinetics®, a new derivation of the formulae for the c-v curve can be
carried out under the following assumptions:

i) The overall process is in a stationary (or steady) state in a sense
of the chemical kinetics.

ii) The current flowing is represented by the rate of the redox
reaction.

iii) The migration current is negligible because of the presence of
indifferent electrolytes in excess.

The results of the theoretical consideration and some experimental
evidences will be reviewed in the following sections.

1. Owxidation-Reduction of Simple (or Hydrated) Metal Ions™

i. Derivation of General Formulae

Let us consider the simplest redox reaction represented by Eq. (I-1),
in which no side reaction occurs at the electrode surface,

Mm+ +ne 2 Mm=—nd+ (I—l)

where M™* and M®-™* are the oxidant and reductant of simple metal
ion, respectively, and » is the number of electrons which participate in
the redox reaction. Assume the existence of a potential barrier between
the initial state, the oxidant M™*, and the final state, the reductant
M@-»+ If the free energy difference of the initial and activated states
and that of the final and activated states are represented by 4F, and
AF, respectively, the difference of 4F, and 4F, is the free energy dif-
ference of the initial and final states represented by 4F,.

In the absence of any external potential, the rate constants of the
forward and reverse processes are written as follows:

forward : SE e~ AFVET —

(I-2)
reverse :

FT APy RT _
7 2
where s is a constant concerning the nature of the electrode surface,
k the Boltzmann constant, Z the Planck constant, and 7 the absolute
temperature. (Hereafter, the process from the left-hand side to the
right-hand side of the reaction formula is called “ forward” and the
process from the right-hand to the left-hand is called “reverse”). If
the particular potential V is applied to the electrode against the bulk
of solution and V is assumed to act completely between the initial and
final states of the redox reaction, the two rate constants must be written
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as follows:

forward : k"™ VFET—, B

- (I-3)
reverse: ™1~ OVFIET —p

aV is the fraction of total applied potential V' which promotes the
forward reaction, and, therefore, (1—«a)V retards the reverse.

The current flowing, I, is assumed to be determined by the rate of
the electron-transfer reaction represented by Eq. (I-1). If the activities
of the oxidant and reductant at the electrode surface are represented
by [4,] and [Az], respectively, I is expressed by Eq. (I-4):

I=nF{5,E[A]—k.ELAx]} (1-4)

where F' is the Faraday constant.

The redox reaction at the electrode surface is accompanied by the
diffusion processes of the oxidant and reductant between the electrode
surface and the bulk of solution, because of the change of activities of
these substances at the electrode surface. When the overall process,
consisting of these diffusion processes and the redox reaction at the
electrode surface, is in a stationary state, the rates of diffusion processes
are equal to that of the redox reaction. In such a case, the current
flowing can also be represented by the diffusion process of the oxidant,
namely :

I=nFK([C.]° —[C)=nF JIf" ([4,]° —[AD=nFK, ([4]°—[4] (I-5)

0

K/)=K.[f,
or by that of the reductant, namely:

I=nFKx(Crl— [CR]O):'}ZFI;R ([Az]—[A:1°)=nF Ky ([Ax]—[4:]°) (1-6)

K=K/ fr

where [4,]° and [4z]° are the activities of the oxidant and reductant
in the bulk of solution, [C,], [Czl, [C.]°, [Czl° are the concentrations of
the oxidant and reductant at the electrode surface and in the bulk of
solution, and f, and f; are the activity-coefficients of the corresponding
substances, respectively. K, or Kz is a constant concerning the rate
constant of each diffusion process.

From Egs. (I-4), (I-5) and (I-6) the general equation for the current
I and the electrode potential V is obtained:

E.

A)° — [Ag]ot

T—n Ko Ex' (B[ A,]° — 6, B[ Ar]°) _ ) Ry
wBn Ky + 6K, + Ko Ky 1, 1 16K

—+
K,/ &Lk, K ek

1-7
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[A1PE 4,10
—nF oo by (1-7")

1 k. F; + 1 4 1

K, k.E, k.E, Kz
This equation could be analysed in more detail by using the concept of
the rate-determining step of the complex reaction. Let us consider the
magnitudes of the rate constants, K,, K3/, t.F: and k.FE, in Egs. (I-7)
and (I-7'). K, and K., which depend on the diffusion coefficients of
the oxidant and reductant in the solution, might be regarded to be
independent of the electrode potential and almost equal in their magni-
tudes. On the other hand, &, and &,E, are the functions of the
electrode potential that is continuously changed in polarography. There-
fore, these values should be compared in the particular potential region
separately. In the present treatment, the total c-v curve is divided
into three parts according to the value of V, 4.e., t.E.=k,E, (Part A),
k0 >k,E, (Part B), and .F,<k,E, (Part C).

it. Diffusion-controlled Case

The «diffusion-controlled” case is defined as the case in which the
conditions, rE,>K, and #.E,>K,, are maintained in the potential
region where k. F,~k,E,. By introducing these conditions into Eqgs. (I-7)
and (I-7’), Eq. (I-8) is obtained for the formula of the c-v curve in
Part A:

A,1° — [AomEs
[4.]° — [4z] ol

K,/ +K,/ Kokl
k. By

I=nFK, K (1-8)

By rearranging Eq. (I-8) using the relation,

kably _ (V' — Vo) FIRT
o

where V, equals 4F,/RT, ¢.e., the normal oxidation-reduction potential
of the system, the electrode potential V can be represented in terms of
the experimentally determinable quantities as

o V-VOFRT _ Ky’ nFK/[4,]°—1
K, I+nFK;/[As]°

The limiting case, where the difference of V and V, is large, should
be considered (Parts B and C). In Part B, k. E; is much larger than
k.F, (V is much more negative than V;), and the general equation is
reduced to

(1-9)

nFE A =nFE[C]° =), | (I-10)
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which shows that the current is independent of the electrode potential
in this region. This represents nothing but the diffusion current of the
cathodic wave. In Part C, k,F, is much larger than «.E; (V is much
more positive than V;), and the general equation is reduced to

I=—nF Ky [Az]®=—nFK]Crl=a)z | (I-11)

which represents the diffusion current of the anodic wave.
From Egs. (I-9), (I-10) and (I-11), the equation,

V=V FIRT _ Kz’ (1s)o—1 (I-12)
K, I—(1)x

is obtained for the c-v curve in a form most generally used in polaro-
graphy.

Eq. (I-12) is identical with the equation for the reversible wave
which was derived by Heyrovsky and Ilkovic using the Nernst equation
for the electrode potential of the DME. This result means that the
“reversible” case in Heyrovsky-Ilkovic’s treatment corresponds to the
¢« diffusion-controlled ” case in the present classification.

i. Activation-controlled Case®

Derivation of the Formula.

The “activation-controlled ” ecase is defined as the case in which the
conditions, k<K, and k FE,<K;, are maintained in the potential
region where k. E, =k, F,. As mentioned before, the whole ¢-v curve is
divided into three parts according to the value of the electrode potential.

Part A. kE.=k,E,....Byapplying the conditions for the activation-
controlled case to Egs. (I-7) and (I-7’), the equation for the c-v curve
in this potential region can be written as

I=nF{nE[A]° —nE[A1°Y (1-18)

From this equation it can be said that the current flowing at such a
potential is determined only by the rate of the electron-transfer process.
Part B. k. E,>k,E,....For convenience, this part is further divided
into two regions.
(a) mEy=K,)....In this case, k.,E,/x.E; is nearly equal to zero.
Under these conditions, the equation for the c-v curve in this potential
region can be derived from Eq. (I-7), namely :

IanKo’/ﬁEl[Ao]o
K, + k.

(b) kE>K,/....In this case, r,F,/rF, obviously tends to zero.
Hence, Eq. (I-7) is reduced to Eq. (I-10), which represents the limiting
case and corresponds to the diffusion current in polarography.

- From Eqgs. (I-14) and (I-10), it can be said that, in Part B—(a), the

(I-14)
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current is dependent on the characters of the oxidant, but it is inde-
pendent of those of the reductant, and that Part B-(a) corresponds to
the reduction wave of the system under consideration.

Part C. k.E, <k.E,....By the same treatment as for Part B, the
equations for the anodic wave and anodic limiting current are obtained
from Eq. (I-7) as follows:

(@) rkE=K,

S KR,K'ZEZ[AR]O _
I=—nF K 1 0., (I-15)

(6) #.E>Ky....The same equation as Eq. (I-11) is obtained for
the limiting current. , :

These equations (I-13), (I-14), (I-15), (I-10) and (I-11) represent
the whole c-v curve due to the electrode process which proceeds at the
DME under the conditions described in this section.

Theoretical Analysis of the Curve.

The Electrode Potential where the Current is FEqual to Zero....In
Part A of the c-v curve there must be such a point where the current
flowing is zero, 4.e., I=0. From Eq. (I-13) the condition for this point
is obtained as

[B] AP
iy dr=0 [Ag]°
or N

Iie"(V” VO)F/RT} — [Ao]o v (1—16)

r=0 [A4x]°

This suggests the possibility that, if [4,]° and [4z]° are known and the
potential [V];., is determined from the experimental curve, the normal
oxidation-reduction potential V; of the system can be obtained from the
experimental results. In effect, however, it will be somewhat difficult
to determine the correct value of V, by this method, because the current
flowing in this potential region is usually very small and the inclination
of the curve at the point [V],., is also very small as shown later.

Half-wave Potential....There are two half-wave potentials in the
whole ¢-v curve, ¢.e., the half-wave potentials of the cathodic part and
anodic part. By introducing Eq. (I-10) into Eq. (I-14), the equation,

EIE].:*KD,I
Id)o—I
or (I-17)
BT (AR g gy,
naF'\ RT skT - (y,—1

can be obtained for the c-v éurve of cathodic wave. At the half-wave
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potential the current flowing is one half of the limiting current, namely :

I=(I),/2 (I-18)
From Eqgs. (I-17) and (I-18) the condition for the cathodic half-wave
potential is derived as follows:

(o] 1,), =50’
2

or (I-19)
RT (AF, , 1 b g )
naF\ RT + T

[V](Id)o =
2

Eq. (I-19) shows that the half-wave potential of the cathodic wave
under the conditions of the activation-controlled case depends on the
constant K,” and the free energy of activation 4F), and that it will be
a particular constant for the oxidant concerned so long as the value of
a remains constant.

As for the anodic half-wave potential, analogous equations can be
obtained, <.e.:

["‘72E2](Id)R =K'
2
o (I-20)
__ RT (4F b g,
IV](I,;)R nl—a)F \RT skl )

The Log-plot Analysis (The Relation between log I/(I,—1I) and V)....
From Eq. (I-17) it is obvious that the relation between log I/(I;—1) and
V must be linear and the absolute value of the tangent of this line is
RT/naF or RT[n(l—a)F according to the cathodic or anodic part,
respectively. If this relation is plotted and the tangent of the line is
determined, the value of a can be calculated. In the case when the
redox reaction concerned involves one electron and the process is diffusion-
controlled, the theoretical inclination of the above relation must be
0.059 volt at 25°C. If the experimental result deviates from this value,
it might be concluded that the process does not proceed under the
conditions of the diffusion-controlled.

First Derivative of the C-V Curve (Tangent of the Curve)....
Differentiating Eqgs. (I-13), (I-14) and (I-15) with respect to the electrode
potential V, the tangents of the c-v curves of Parts A, B and C are
represented as follows :

Part A.

g—{-,= - nﬁ’% (a[A,1°0 B+ (1~ )rE[A1°)  (I-21)
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Part B.
I nF ., K,[A]°
— P g g B TA° 1-22
av_ " RT TR, wBy (1-22)
Part C.
dI nF , K/[A,]°
= —nl - —(1—-a)K, ki, —B R 1-23
av RT( @)Kk, 2(KR/+1€2E2)2 ( )

From Eqgs. (I-16) and (I-21) the tangent of the c-v curve at the point,
I=0, can be obtained as

d[] nk’ °
al — —nF _
d o n. mlEl[Ao] (I 24)

The tangent at the cathodic half-wave potential is derived by the ap-
plication of Eq. (I-19) to Eq. (1-22):

al :I nk naF'
oL — —nF EJA1° = —nF 22 K 'TAT° 1-25
[dV a0, M gppt AL = —nk o KA (1229)
2
Let us compare the two tangents (I-24) and (I-25) with each other.
Dividing Eq. (I-25) by Eq. (I-24), Eq. (I-26) is obtained, unless the
value of « is extremely small:

7]
AV JZao x
2 aK,’
_ o 1 (1-26)
[dI] Al
aVir=o

From this result, it can be said that the cathodic wave is far steeper
than the wave of Part A.

Second Derivative of the C-V Curve (Inflection Point of the Curve)
....By calculating the second derivatives of Eqgs. (I-13), (I-14) and
(I-15) with respect to the electrode potential V and by making these
derivatives equal to zero, the conditions for the inflection points of the
c-v curve are obtained as follows:

Part A.
ko . % A,]°
[fchj ]mn. pt. A - (1—a) % Aljo (1-27)
Part B.
[£1E Jinn. e 8 =K, (1I-28)
Part C. -
[£2FsJiner. pt. c =K' (1-29)

It is pointed out from these equations that the inflection point of
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cathodic or anodic wave is identical with the corresponding half-wave
potential. , _

From the results described above, it can be expected that these
equations for the c-v curve under the conditions of the activation-
controlled case will account for the nature of some types of so-called
“irreversible” waves which have not yet been interpreted.

w. FExperiments to the Theory—Analysis of the
Reduction Wave of Titanic Ion®

The oxidation-reduction wave of the mixture of titanous and titanic
ions in the medium of hydrochloric acid has been studied by R. Strubl®.
In this irreversible wave, the oxidation wave is separated from the
reduction wave, and the half-wave potential of the former is different
from that of the latter. It has also been shown by Kalousek’s method®
that the rate constant of the oxidation process of the reduction product
of titanic ion in the medium of sulfuric acid might be very small in
the potential region where the reduction wave appears”. These facts
suggest that the overall electrode process of the reduction of titanic
ion does not proceed under the conditions of the diffusion-controlled
case, but under the conditions of the activation-controlled one.

A typical reduction wave of titanic ion is shown in Fig. 1, and a
result of the log-plot analysis of the wave is shown in Fig. 2. The

2 -
20
Q.
2 L
Q
2
Q
E
4 ]0 ™
[y
®
5
Q -
[
O e -07  -08  -09 -0
-04 -08 -08 -0
o Volt »s. N.C.E. Volt vs. N.C.E.
Fig. 1. Reduction wave of Tit*-ion in Fig. 2. Relation between logI/(Iz—1I)
0.065 N H,SOq. and V.

latter gives a straight line, from the inclination of which the value of
« can be calculated by using Eq. (I-17). It is found out that the
limiting current of the reduction wave is proportional to the concentra-
tion of titanic ion and that the half-wave potential is constant inde-
pendent of the concentration of titanic ion over the concentration range
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from 0.125 %1072 to 1.000 x 10~ mole per liter. All experimental results
are summarized in Table 1. The good agreement between the experi-
mental results and the results of the theoretical consideration will
suggest that the basic assumptions in the present theory are essentially
correct.

Table 1.
Ti¢+-Concn., Ve, volt Ko,
mole/l Za, amp vs. N.C.E. amp/mole/l &

1.000x10-3 2.04 %106 —-0.828 2.10x10-8 0.58~0.56
” ” 2.02%x » —-0.827 r ” 0.57~0.56
0.500% 7 9.95%10-7 —0.826 2.06x% 7 0.62
0.250x «» 5.07x » —0.829 2.11x » 0.61
0.125% » 2.44x n —0.820 2.03x 0.67

It should be noted that the half-wave potential of the reduction
wave changes with the change of concentration of indifferent electrolytes,
such as sulfuric acid, hydrochloric acid, ammonium sulfate and potassium
nitrate, in the solution. The experimental results are, though qualita-
tively, in accord with the change of the half-wave potential which is
calculated on the consideration that the activity-coefficient of titanie ion
changes with the change of the ionic strength of the solution. How-
ever, from the present study it can not be decided whether this change
of the half-wave potential is only due to the change of the activity-
coefficient of the titanic ion or not. It is probable that ¢-potential at
the surface of the electrode would play an important role as discussed
by A. Frumkin'® in such an electrode process.

v. A Note on the “ Reversibility” in Polarography

In polarography, such a wave, which can be interpreted by the
equation derived by Heyrovsky and Ilkovic®, has been called ¢ reversible”,
and all the other waves, which show deviations from their equation,
have been called “irreversible”. This terminology comes from the fact
that Heyrovsky-Ilkovic’s equation is derived from the Nernst equation
which rests on the assumption of the thermodynamic “reversibility 7.
The process at the polarographic electrode, however, is not a thermo-
dynamic one, but is a kinetic one as mentioned in the previous section.
It has been shown in the kinetic treatment of the c-v curve that the
Nernst equation can be applied to the electrode potential of the DME
as an approximation if the conditions of the diffusion-controlled case
prevail in the overall electrode process. This result is rather self-
evident,  because under such conditions the overall electrode process is
in a state of partial equilibrium. Even in this case, however, the
overall process might not be a “reversible process”, because the electron-
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transfer process is accompanied by diffusion processes which are not
reversible, although the electron-transfer process itself represented by
Eq. (I-1) might be a kind of “reversible changes” in a sense of Gug-
genheim'.

In the chemical kinetics, the term “reversible” is used, as in the
“reversible reaction”, to distinguish a process which might reach a
state of equilibrium from such processes which might go to apparent
completion in one direction. But as H. S. Taylor has pointed out in
his text-book on physical chemistry, “there is no reason to believe that
any reaction is not reversible, at least for the purpose of theoretical
considerations ”'», Therefore, it should be noted that the term “revers-
ible” in the chemical kinetics does not have any absolute meaning as
in the thermodynamics.

Because of these reasons, the use of the words “reversible” and
“irreversible” in polarography can not get rid of the lack of strictness
and clarity. In this respect, the classification of the polarographic
waves into “diffusion-controlled ” and “activation-controlled” cases ac-
cording to the rate-determining step of the overall process under a
particular condition is undoubtedly in a preferable position.

In the following schematical table, the relation between x.E\, k.FE,
and K, in the various potential regions is shown under the condition
that there is no reductant in the bulk of solution. The correspondence
between the type of the electrode process and the actual polarographic
¢-v curve can be seen from this table, e.g., the electrode process at the
potential where k,E,=k,F, corresponds to the region of the reduction
wave in the diffusion-controlled case, but such an electrode process
corresponds to the region of the residual current in the activation-
controlled case.

- Table 2.
,fé Type of electrode process Diffusion-controlled case Activation-controlled case
-~
I
aéb kel > Kol £ Ey > Ky £ B D> Ky'!
o Reduction Region of diffusion current | Region of diffusion current
3
g kB e~ K,/
ET Rigion of reduction wave
—
=]
% K B e ko Flp £ By D> Ky nE K K,
s Equilibrium Region of reduction wave | Region of residual current
s
5 1By < Ko BBy < K,'
§ Oxidation Region of residual current
=
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2. Oxidation-Reduction of Complex Metal Ions™

2. Derivation of General Formulae

There are various possible types of the electrode reactions which
involve complex metal ions, but in the present treatment only the
reaction which consists of the oxidation and reduction from one ionic
oxidation state to the other, is taken up as an example.

The redox reaction of a complex metal ion may be represented by

MX ™= 7% 4 e 2MX ™% 4 (p— )X~ (I-30)

where X-? is the complex-forming substance. For simplicity, the dis-
cussion is restricted to the case in which the above reaction occurs
through the following steps :

Decomposition of the complex ion,

k
MX -2+ > Npm+ 4 pX -2 (I-31)
k, \
Redox reaction, '
2 o8
M™* 4 pe —= MM-m+ : (I-32)
[
Formation of the complex ion (reduced form),
k
M(m—-n)+ +QX‘—b 23 MXq(m—pb— n)+ (1_33)
k,

M™* and M®™-™* are the simple (or hydrated) metal ions and %, k., %
and k, represent the rate constants for each process, respectively. The
terms, kK., k.F,, 4F', 4F,, V and « employed in the following treatment
have the same meanings as described in the previous section.

By taking into consideration the existence of diffusion processes of
the concerning substances and by assuming the condition of the stationary
state in the overall process, the current flowing can be written as
follows :

T=nFE ([Cog]° — [Cos]) =nF%([ACo]° ~[Aso])

co

=nFK o' ([Aool® —[Asol), Koo'=Kol f co (1-34)

I=noF ([ Aol — o[ AL A1) =nF (k) [Awol — E'[A4,]) (I-35)
k'=ok, , Iy =ok,[AL]”

I=nF (k. E[A,] —k.E.[Az]) (I-36)

I=noF (k[ Al Azl — kL Aor]) =nF (ks [Azl — ./ [Acz)) (I-37)

kgl—z—o'kg[AX]q Py k4,EO'k4
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I=nFK, ([Csr]l—[Cyrl®)=nF" ifm ([Aor] —[Acx]?)

OR

=nFKC,’R([ACR]—[AC’R]O)’ K&REKOR/fUR (1_38)
1=nr X = ([Cel~[Cal%) =nF——E— Kr  ([41-[4:1°)
p f X( - )
— A-[4:1°) , K/=K,|f: (1-39)

In these equations:

[Ceols [Csol®: the concentrations of the oxidized complex ion at the
electrode surface and in the bulk of solution.

[Corl, [Corl®: the concentrations of the reduced complex ion at the
electrode surface and in the bulk of solution.

[Cil, [Cs]°: the concentrations of the complex-forming substance
at the electrode surface and in the bulk of solution.

[A]: the activities for each of the corresponding terms.

[4,]: the activity of ion M™* at the electrode surface.

[Az]: the activity of ion M ™+ at the electrode surface.

S i the activity-coefficients for each of the corresponding terms.

o: the constant concerning the nature of the electrode.

From these relations, the general formula for the current I and
the electrode potential V is obtained as

I=nF KooK ox(k1ksE1E1[Aao]o k; kdﬁzE [Ao R]o) - (1_40)
Eks K oo Ko + k1 B I K o m (i Koo) + ko Eokey’ Koo(ks+ K GR)

Dividing the numerator and denominator of the right-hand side of Eq.
(I 40) by KoKy kikwe Ey, Eq. (I-40) can be reduced to,

I [Ac]° ~ [E][Aogl° Cay

e (gt ) g )

4

AO’OO A(}Ro
—nF [E][ 1"~ Aol (I-41")

1 1 1) 1 < 1 1
] b o QR
[, o] (KCR k'  [EI\NKg k1>

in which,

kEx E AN _ [k E5]
E ="t y . =22 , 3 1’; = ==
[k B ]= i [k ]= ; [E] A

[£.E;] and [k.E,] can be regarded as to represent the overall rate
constants of the reduction and oxidation processes at the electrode
surface represented by Eq. (I-30). It is mentioned here that if the
solution is bufferized with respect to the complex-forming substance,
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the quantity [A4,] is equal to [A4;]° in these equations. Eqgs. (I-41) and
(I-41’) are the general formulae for the polarographic wave due to the
redox reaction of the complex metal ions under the mechanism desecribed
above.

1. Formulae of the C-V Curve obtained when the Decomposition
Rate of Complex Ions is Very Rapid

When the rate constant of the decomposition of the complex ion at
the electrode surface is much larger than that of the diffusion process,
i.e., KoLk and K;,<k;, Egs. (I-41) and (I-41’) are reduced to

I=mn F*_[Aoo] ° "‘1[E ][AO'R] 01 (1_42)
TN Sy N
1 v
— JAy]°—[A4cz]°
—nF [E][ 1 LAl (I-427)

1 1 1 1
+ + 2
[’GzEz]n Ko [E] Koo

These equations are quite similar to Egs. (I-7) and (I-7’) in their forms,
so that a similar treatment to the redox reaction of a simple metal ion
can be carried out.

Diffusion-controlled Case.

This is a case in which the conditions, [k £/ ]>Kj and [k.E]>Kiz,
are maintained in the potential region where [k, E;]=[r.F,]. Under these
conditions the relation between the current and the electrode potential
takes the form:

I
[4co]° — ;

[E]= 7—7@7%’: (1-43)
nF K,

in the potential region where [k.F\]<[k.E.].
When [«.E,] is much larger than [k,F,], the current is represented
by

I=nFK o[ Aoo)° =nF K[ Cool°=(La)oo (I-44)
while, when [£,E;] is much smaller than [k.E.],
I=—nFK;[A:z]°= —nF KozlCorl° =)o (1-45)

These relations represent the limiting currents which are controlled by
the diffusion process. ’
From Egs. (I-43), (I-44) and (I-45) the following equation is derived ;
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_ Kor La)oo—1
Ko,'o I"‘ (Id)GR

This is quite the same as the formula which has been obtained for the
reversible wave based on the Nernst equation.

The detailed discussion on the half-wave potential and the other prop-
erties of such a wave has been set down by J. J. Lingane.

[E] (1-46)

Activation-controlled Case.

This is a case in which the conditions, [xE\]|<K/}, and [k E < Ky,
are maintained in the potential region where [k, E|=[r.E,]. The theo-
retical treatment can be made in the same way as in the activation-
controlled case of a simple metal ion.

Part A. [k B ]=[k,F,]....In this potential region, Eq. (I-42) is
reduced to

I=nF{[sE][Acol® — [k, ][ Ace]®} (1-47)

from which the condition for the point where the current is zero is
obtained as

Acol®
E = [ col 48
[Blrav= 30 (1-48)
Part B. [k.F1]>[k.E]
(a) [kE]=K}, ....Here, the equation which represents the c-v
curve is
K[

E Pt
= R LA —1

(1-49)

From this relation, it is obvious that the properties of the wave in this
region are independent of the oxidation process.

(b) [EEI>Kio....In this case, the same equation as Eq. (I-44) is
obtained for the limiting current due to the reduction process.

By introducing the condition for the limiting current into Eq. (I-49),
the following relations, which represent the c-v curve due to the re-
duction process, are obtained : ‘

, 7
E ) —
(5B ]=Kg, Tea—1 (I-50)
or
__RT skT _ \_ . RT

naF' " (La)oo—1 " naF

where I means the dissociation constant of the oxidized complex ion
and is equal to ki/k,.
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For the half-wave potential, the relations

[IclEl](Id)C’OZK(;O (1—52)
2
and
RT skT , RT AR
[V](IdT)oo =‘naF(ln +In/l"—1In KGO> —p - In[4,]— nalé’
(I-53)

are obtained. If «, [A;] and the ionic strength of the solution are
constant, the half-wave potential is a characteristic constant of each
complex ion and is independent of the activity of this ion. This result
is quite the same as in the case of a simple metal ion.

From Eq. (I-53) it can be said that the relation between [V,
2

and the logarithm of activity of the complex-forming substance is a
straight line, the tangent of which is px 0.059/na volt at 25°C. Conse-
quently, the coordination number of this complex ion, p, will be calculated
by determining the tangent of this relation and the values of # and «.
It is necessary to notice that if the overall electrode process is diffusion-
controlled the tangent of the above relation is (p—g¢)x0.059/n volt,
while the tangent of the activation-controlled one is »x0.059/na volt
and is independent of gq.

Eq. (I-50) shows that the relation between logZ/(I;—I) and V is a
straight line whose tangent is 0.059/na volt at 25°C, provided 4F}, p,
« and [A;] remain constant. The value of a can be obtained from the
measurement of the tangent of this log-plot, if the value of n is known.

Quite the same discussion as described above can be applied to the
case where [ E,]<[k.E,] (Part C), and it can be shown that this part
corresponds to the oxidation wave.

All considerations on the activation-controlled case mentioned above
are made under the assumptions that (i) K;,<k; and K;,<k; and (ii)
[k <L K and [5,E]< K¢y, when [k, ]=[k.E,]. From the first assumption,
it is expected that the limiting current, being verified to be the same
as the diffusion current by the above theoretical treatment, is repre-
sented by the Ilkovic equation. The second assumption means that the
overall rate constant of the reduction process is much smaller than
that of the diffusion of the ion at the electrode potential where the
rate constants of the forward and reverse processes are nearly the same.
The overall rate constant of the reduction process, [k, /], is accelerated
by %, and k. E, but retarded by %j;, which is clearly shown by the relation,
[k.E]=Fkwx.Elk;. If the rate constant of the reaction corresponding to
the transfer of electrons between the ion and electrode, x.F), is assumed
to be very rapid, k; must be much larger than k; and .£, in order to
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fulfil the requirement of the second assumption, because k; is much
larger than K, according to the first assumption. This condition will
be established when the relating complex ion is very stable in the
solution, 4.e., I' is very small, and it can be said that the more stable
the complex ion, the larger the irreversibility is, as far as the electrode
process proceeds according to the mechanism mentioned above.

1t. Formulae of the C-V Curve obtained when the Decomposition
Rate is Slower than that of the Diffusion

Let us consider the case, in which the conditions, K;,>k; and
Kiz>k;, are maintained. Egs. (I-41) and (I-41’) can be then reduced
to '

I= nF[AlG'o]o —_ EE] [AO'R]O (1_54)
fomtt i
Acol® —[Aoz]°

__nF[E][ i (I-54")

1 1 1 1

Bl EE] K

These equations are the same as Eqs. (I-42) and (I-42') except that the

constants, K, and K/, in the latters are replaced by %; and k.. There-

fore, a completely analogous consideration to the previous section can

be made in the present case, providing both of % and £k, are the
constants independent of the electrode potential.

Decomposition-controlled Case.

This case is defined as that which corresponds to the diffusion-
controlled case in the previous section. The equation for the c¢-v curve
in the potential region, where [k, F,|=[k.E.], is represented by

Aol — [E1[Agy]° (1-55)
1
ke
and the limiting currents are
I=nFE[Aco)l =)0 (I-56)
I=—nFklAcxl"=)cr (I-57)

for the reduction and oxidation waves, respectively.

Activation-controlled Case.

From Eqs. (I-47)-(I-53) the following relations can be obtained
directly by introducing %7 and %; in place of K,, and K/,.

Part A. [sFE]==[k.F,]
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I:nF([ElEl][Aoo]o — [ 1[Az]°)
This equation is the same as Eq. (I-47).
Part B. [k.F]>[k.E,]
(@) [rlezh: | .
[=nprAcl” (I-58)
1, 1 |
ky [k EL]

(b) [kEI>k:....In this case the limiting current, which is re-
presented by Eq. (I-56), appears.

Part C. [k E|<[k.E,]....This part corresponds to the oxidation
wave. The equations obtained will be omitted in the present treatment.

According to the results obtained above it is said that, when the
rate constant of the decomposition process is much smaller than that
of the diffusion, the limiting current is determined by the rate of the
decomposition of the complex ion at the electrode surface and it is
obviously smaller than the limiting current which is determined by the
diffusion process. Such a limiting current determined by the kinetic
term corresponds to the “kinetic current” mentioned by R. Brdicka
and others™. '

w. FExperiments to the Theory—Reduction Wave
of Nickel-thiocyanate Complex'®

The results of the theoretical consideration on the redox reaction of a
complex ion—especially, under the conditions of the activation-controlled
case—have been applied to the analysis of the reduction wave of nickel-
thiocyanate complex ion in the various media. In spite of the most
complicated behaviours of the reduction wave of this complex ion, a
possible mechanism on the reduction process at the DME has been
suggested by such a treatment. This analysis is undoubtedly presenting
an example how some properties of the so-called “irreversible” wave
of a complex ion could be interpreted by the present method. The
details of the results, however, are very complicated and are out of the
scope of this paper.

3. Application of the Theory to Organic Substances—
Reduction Wave of Pyruvic Acid™

The polarographic study on the pyruvic acid and phenylglyoxylic
acid was carried out, at first, by O. H. Miiller'®, and recently by R.
Brdicka™. The latter has explained the appearance of the double-wave
by introducing the conception of the “kinetic current”. He assumed
that, in the bulk of solution, the dissociated anions of these organic
acids, A-, and the corresponding undissociated molecules, HA, are kept
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in the equilibrium according to the following equation,
ks
A- + H*Z2HA : (I-59)

and that the undissociated molecules are reduced at a more positive
potential than the dissociated anions. At the electrode surface, the
undissociated molecule combines with the electrons giving the reduced
ion, R=, which reacts with the hydrogen ions getting the reduced
molecule, RH,, 7.e.:

>R~ (1-60)

(I-61)

It is also assumed that the stationary state with respect to the un-
dissociated molecule at the electrode surface is maintained by the
diffusion process from the bulk of solution and by the recombination
reaction at the electrode surface (the forward reaction of process (I-59)).

Using this assumption on the mechanism of the reduction process
of pyruvic and phenylglyoxylic acids, the equations for the c¢-v curve
of such a process will be derived first, and then the results obtained
will be applied to the analysis of the change of the half-wave potential
with the change of pH of the solution and to the calculation of the
free energy of activation of process (I-60).

By the analogous method to the previous treatment, the relation
between the current flowing and the electrode potential under the
present conditions is derived as follows, provided the solution is well
bufferized :

L4,1° —[E][4rs,]°

I—2F (1-62)
1 ( 1 p ( 11
+ LV E (L + L
mer ) E (g )
é—]mor—mwz °
=2F 1 1 7 3 7 (1I-62%)
_ +<—,+—, +—~(——,+ p,)
[ks £2,] Kz k) [EI\K, ks
_ ks k; Ky F,]
El=-"5 _nFE, , =" B El=Ltf] 1 63
22 i+, KLy [k2H05] ki@ 2 [£] A ( )
::Zi
=7

Ly=2Fo (k[ A g+ [ Au] — ki[An ) =2F (k[ A1 — k[ Aza]) (1-64)
ki=ok Ap+],  ki=ok,
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[4]°, [4]: the activities of the corresponding substances represented
by their subscripts in the bulk of solution and at the electrode
surface. The subscript “,” corresponds to the oxidized form.

K’EK/ f: K is a constant concerning the diffusion process and f
is the activity-coefficient.

ik, k.E,, k.E,: the terms concerning the rate constants of the
corresponding processes.

o: the constant concerning the nature of the electrode.

Eqgs. (I-62) and (I-62’) are quite analogous with those of the complex
metal ion, Eqs. (I-41) and (I-41’). The meaning of p in Eq. (I-64) will
be discussed later.

Let us consider the special case in which the terms %, and %; are
comparable with K, and K% in their magnitudes. This case is subdivided
into two cases, one of which corresponds to the activation-controlled
one. The condition for this case is that k,, k;, K, and K% are much
larger than [x,F,] and [,E;] at the potential region where [k.F]=2{r.F,].
Considering the various experimental results on pyruvic acid, the re-
duction process of this substance seems to proceed under the conditions
of the activation-controlled, and the discussion will be limited only to
this case. By the same method as described before, the equations for
the reduction wave can be obtained as follows:

Part A. [k Ei]lek.Fy]

I=2F ([, E5][A4,]° ~ [k E5][ A rz,1°) (I-65)
Part B. [k FE]>[k.E.]
(@) 1/[kE]=1/K,+p[k;

[=2p. [AJL° (1-66)

A[:cllEl] +( I;; * lf;)

(b) 1/[kE LYK, +p[k;. ... In this case, the limiting current of the
reduction wave is obtained as:

k(1)
I),="3"%o 1-67
(Z K+ oK (I-67)
Part C. [k.E]<[k.E,] ....This is the potential region for the
oxidation wave, and all discussions on this part are omitted in this
paper.
The limiting current is considered to be the sum of the term (I,),,

due to the diffusion process of the undissociated molecule HA and the
term I, which is attributed to the recombination reaction (I-59), s.e.,

(L)o=La) ga+ Ik‘ : (I-68)
By the definition of p, Eq. (I-64), the relation
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o T _ (1= L)
), ),
is derived. If [A4,,]° is the activity of the undissociated molecule in

the bulk of solution, the term (Z;),, can be written as,
(Id)HA=2FKz/7[AHA]O

Taking into consideration that in the bulk of solution the dissociation
equilibrium is maintained, p can be represented as below by means of
the relations mentioned above:

[AH+]

(I)o_(I )o——'—_—

— [ i [A+1+ 1" (I-69)
(Il 0

(Id)ozzFKtlJ[Ao]o
I' means the dissociation constant of the molecule, HA, and is equal to
kiks. When (1,),, (I,),, I" and [4,+] are known, the value of p can be
calculated by Eq. (I-69). By introducing this equation into Eq. (I-67),
the equation, which is quite the same as has been set down by R.
Brdicka® for the kinetic current, can be derived.

Rate Constant of the Recombination Reaction.
From Eq. (I-67) %; is obtained as

K, -
ky=ocks[Ay+]=-—"0"0 I-70
e l= =, (1-70)

According to R. Brdicka, K. Wiesner® and J. Koutecky'® the constant
o can be represented by the following relation:

s=qe 1077 (I-71)
_/ D 1-72
=y . | (1-72)

where
q: the surface area of the DME in em?.
p:  the thickness of the reaction layer at the electrode surface
in cm.
D: the diffussion coefficient of the depolarizer.
From Eq. (I-72), the relation for £,

k =Q‘f“5)‘7 sec-*(mole/l)! (1-73)

is obtained. Since the value of (u¢k;) is calculated from Egs. (I-70) and
(I-71), the value of the rate constant, %;, can be determined by Eq.
(I-78) from the experimental results.

* In this case the unit of the concentration is mole per liter.
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Relation between log I/((I),—1I) and V, and Half-wave Potential.
Eq. (I-66) shows that the log-plot analysis should be a straight line
whose tangent is 0.059/2« volt at 25°C, if the value of «a is constant.
By introducing the relation, I=(I)),/2, for the current at the half-
wave potential, Eq. (I-74) can be derived for the half-wave potential
from Eq. (I-66) together with relation (I-63) and the definition of 77,
i.e.:

BT | ohy([Ag*1+ 1)
2aF  ok[Ay+]1+pK,

const = KT (1118@ —In K;_AFH)
2 h RT

«

Now, let us consider the relation between V;, and pH of the solution.
Representing the half-wave potentials corresponding to the hydrogen
ion concentrations [A4,+], and [Ay+], by (Vi.), and (Vi,),, respectively,
the change of the half-wave potential with the change of pH can be
represented by,

Vija = const—

(1-74)

_ _ _RT . ([Ax+ly+ D)ok An+1a+ Kips) ~
ke = b =A™ et Dbl ot Koy )

It is evident from Eqs. (I-74) and (I-75) that, when the value of pH
is sufficiently large, the value of Vi, is independent of pH and reaches
a constant value (Fig. 8). This
fact is considered to be charac-
teristic of the reduction wave
obtained wunder the present
conditions. '

—
(%)

&b

S
[

. Calculation of the Change of the
Half-wave Potential and the
Value of AF.

The theoretical results de-
rived above are applied to the ' a
experimental data on the re- a
duction waves of pyruvic and -~
phenylglyoxylic acids obtained

HALF - WAVE PO/ElelAL_ vOoLIS v§ N.(lIE‘

T

by Brdicka®. The log-plots of 1
these waves are straight lines oH
and from the tangents of these Fig. 3. Relation of the half-wave potential

lines the values of « are calcu- and pH of the reduction wave of pyruvic acid:
lated to be 0.28 and 0.84-0.54 O the values calculated from Eq. (89); A, the

. : . experimental values obtained by R. Brdicka.
for pyruvic and phenylglyoxylic

acids, respectively. Only the discussion on the reduction wave of pyruvic
acid will be carried out in the following, because it is quite doubtful
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whether Eqgs. (I-74) and (I-75) can be applicable or not to the present
purpose, unless « remains constant.

After having been determined the value of «, the term uk; is
calculated by Eqgs. (I-70) and (I-71), the mean value of which is 3.2 x 10°
over the range of pH 4.95-6.81. For the value of /7, 4x10® is used
and the other terms are calculated from Brdicka’s data. By using these
values, the change of V,, with that of pH is calculated from Eq. (I-75),
the results of which are compared with the experimental data obtained
by Brdicka (Table 3 and Fig. 3). The half-wave potential of the wave
at pH=5.20 (—1.180 volts) is used as the standard in the present
calculation. Table 3 shows that the theoretical results are in good
agreement with the experimental results.

Table 3.
AV eale., AV, obs., AVyy cale., AVi obs.,
pH mV mV pH mV mV
3.95 127 114 5.59 - =35 -35 .
4.19 102 90 5.91 —60 —60
4.58 61 65 6.24 -79 —80
4.95 24 28 6.48 -89 —~80

5.20 — — 6.64 -93 —_—

Introducing the vales of «, pks;, p and others into Eq. (I-74), the
value of the free energy of activation of the forward process of reaction
(I-60), 4F, can be calculated. In the case of pyruvic acid the results
obtained over the range of pH 4.95-6.48 are shown in Table 4. The
constancy of the value of 4F, suggests that the theoretlcal treatment
discussed in this section is essentially correct.

Table 4.
pH k Vip, volt AFy, kcal
4.95 —~1.152 22.7
5.20 —-1.180 22.7
5.59 -1.215 22.9
5.91 —1.240 22.9
6.24 —1.260 22.9
6.49 —1.260 22.7

mean value.... 22.8

Part II. Mechanism of the Reduction Process of Hydrogen Ion™

The study of the reduction wave of hydrogen ion at the DME is
not only very important in the field of polarography, but also it seems
to be highly valuable from the general standpoint of the study of
hydrogen overvoltage, because the DME has some advantages over the
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usual stationary electrodes. It is well known that at the DME a very
good reproducibility can be obtained in the redox processes of many
metal ions and organic substances because of its continuous renewal of
the surface. The use of the DME, therefore, makes it possible to ignore
the historical effect of the electrode, and it can be expected that some
obstacles in experiments, which appear in the use of the stationary
electrodes, are eliminated. (

The mechanism of the reduction process of hydrogen ion at. the DME
was mainly investigated by J. Tomes®™, J. Novak® and J. Heyrovsky®
in 1987, and recently by J. Kuta*. The experimental results obtained
by them, however, seem to be too complicated to be satisfactorily
explained by the theory of Heyrovsky and Ilkovie® on the polarographic
c-v curve. As shown in the previous part, the basic assumption on
the electrode potential made by Heyrovsky and Ilkovic in their derivation
of the equation for the c-v curve can only be applicable to the electrode
process which is diffusion-controlled. It is quite doubtful whether the
conditions of the diffusion-controlled case prevail or not in the reduction
process of hydrogen ion at the DME. Therefore, we could not go further
into the mechanism of this reduction process as far as we stick on
the theory of Heyrovsky and Ilkovic.

The great advances in the experimental technique and theoy of
polarographic waves have been made during these ten years. The use
of the cathode-ray oscillograph® and the method of Kalousek® have made
it possible to examine the so-called “reversibility ”* of the electrode
process. A new concept of the polarographic limiting current including
the “kinetic current” has been introduced by R. Brdicka and others'™,
and the revised Ilkovic equation for the diffusion current has been
derived by several investigators®. In collaboration with N. Tanaka,
the present author had introduced a derivation of the equation for the
c-v curve from the standpoint of the chemical kineties, the details of
which have been discussed in the previous part. These facts might
throw a new light on the analysis of the mechanism of the reduction
process of hydrogen ion at the DME.

In the following sections, the theoretical consideration will be carried
out first on the various possible mechanisms, and, then, the experimental
properties of the reduction wave of hydrogen ion will be discussed in
comparison with the theoretical results.

1. General Remarks on the Hydrogen Overvoltage

Many theories have been presented to interpret theoretically Tafel’s
equation®,

* See Part I-1-v.
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‘ N=a—blog,

where 7 is the overvoltage at the current density ¢, and @ and b are
the constants. These theories can be classified into three types—namely,
(i) the slow discharge theory, (ii) the recombination theory, and (iii) the
electrochemical theory—according to the rate-determining step. In the
slow discharge theory® the rate-determining step is the discharge
process of hydrogen ion (II-1), while in the recombination theory* the
process of the formation of molecular hydrogen (II-2) is the slowest
step.

k By
H*+e¢ez—H (I1-1)

[N

k,
H+H kz H, (11-2)
In the electrochemical theory of J. Horiuchi and others®, the following
reduction process is assumed :

o1 By
H* +e¢e—H, (I1-3)

Kok, '

(A)

(B) H, + H* 2 H (1-4)

Hf + e—H, (1I-5)

H,: the hydrogen atom adsorbed on the electrode surface.

in which the rate-determining step is process (II-5). The mechanism
which is assumed by Heyrovsky to interpret the polarographic e-v curve
of hydrogen ion is similar to that of the electrochemical theory, but in
this case “molarization” process (II-4) is the rate-determining step®.

In general, the hydrogen atom which is produced, H or H,, will
disappear from the electrode surface by various processes, ¢.e., recom-
bination process (I1I-2), molarization process (I1I-4), the diffusion process
of H itself, and so on. As far as the reduction process is concerned,
the problem which of these processes is predominant will be determined
by the magnitudes of the forward rates of these processes. For example,
if the rate constant of the forward process of (II-2) is larger than those
of the diffusion process of the hydrogen atom from the electrode surface
and the other processes, process (II-2) will be the predominant reaction
to consume the hydrogen atom produced. On the other hand, if the
diffusion process of the hydrogen atom is much faster than the rates
of the other processes, the hydrogen atom will disappear from the
‘electrode surface mainly by the diffusion of itself.
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It is assumed throughout the following discussion that the overall
electrode process is in a stationary state. It is to be mentioned here
that the electrode potential is used in the present treatment instead of
the overvoltage. '

2. Derivation of the Equations for C-V Curve
1. Mechanism (A)

One Hydrogen Ion participates in Process (II-1).

Let us assume the electrode process as represented by (A). The
rate constants, k. E., &,F,, k, and k,, have their usual meanings. This
process is accompanied by the diffusion processes of the hydrogen ion
and the molecular hydrogen produced between the electrode surface and
the bulk of solution. By the same consideration discussed in the previous
part, the current flowing can be represented as follows under the
condition of stationary state:

I=FKz+([Cyz+]°—[Cx+]) =FEz+([An+]° —[Az+]) (11-6)
Kyr=K,+ / Fur

I=2FK 4,([Cy,]—[Cy,]°)=2FK7,([Az,]—[4z,]°) (II-7)

Kz =Kg,|fx, | '

I=F (s, E\[Ay+]1—k.F[AL]) (I1-8)

[=2F (A —K[Ag]) , K=ok, K=ok, (11-9)

where

[C]°, [C]: the concentrations of the substances represented by
their subseripts in the bulk of solution and at the electrode
surface, respectively.

[4]°, [A]: the activities of the substances represented by their
subscripts in the bulk of solution and at the electrode surface,
respectively.

K'=K/[f: K is the constant concerning the diffusion process, and
f the activity-coefficient.

o: the constant concerning the nature of the electrode.

We can neglect the existence of the migration current in the following
treatment, because of the presence of the excess of supporting electrolyte
in the polarographic studies.

From Egs. (II-6), (II-7), (II-8) and (II-9), the general equation for
the c¢-v curve due to the discharge of hydrogen ion under mechanism
(A) can be expressed as,
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_ FE[A+1° —1\_ r o Ki, 1))
I FK1E1< e ) Fi,E, <2FKH <2FKEZ[A52 el

I'=h,/k, (I1-10)

Diffusion-controlled Case....The diffusion-controlled case is defined as
the case, in which &, E; and k,E,/™"* are much larger than Kz+, Kz, or
k; at the electrode potential where ,E\cz,E,I*. Under this condition,
Eq. (II-10) can be reduced to

(szg )Z: 2 Kn 1 (FEp[Ag+]° -1y

K1 By F (Kg+)»* I’ 2FKg,[A5,1° + K;jz I+1
When the activity of the hydrogen molecule in the bulk of solution
is equal to zero, the following equation for the reduction wave can be

obtained from Eq. (II-11), by introducing relation (II-13) for the limiting
current, .e.: ‘

(11-11)

V= const — Ez In— 1

(L—1Iy
I,=FKz+[A;+]° (I1-13)

From this equation it is shown that the relation between V and
log I/(I,—1)* is linear and that the condition for the half-wave potential
is represented by

(11-12)

Vs const’ + R_FT Inl, (11-14)

This equation means that the half-wave potential is not independent of
the limiting current but it shifts to a more positive one as the limiting
current increases.

Activation-controlled Case....In this case it is assumed that #. £, is much
smaller than K+ at the electrode potential where rE\~k,E,[™?. In
this potential region the current flowing is negligibly small. When the
electrode potential becomes more negative, the current due to the re-
duction process appears. Under this condition, the second term of the
right-hand side of Eq. (II-10) can be neglected in comparison with the
first term and the reduction current can be represented by

FE[A1°—1
FK,+
I,=FK+[A,+]°

I=FE1E1

(II-15)

This relation is quite the same as that’ for the reductlon of a
simple metal ion in the activation-controlled case, the characteristics of
which have been discussed in the previous part.
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Two Hydrogen Ions participate in Process (II-1).

" If we assume that each of two hydrogen ions takes an electron
simultaneously and the hydrogen atoms thus produced combine with each
other to form a hydrogen molecule at the electrode surface, the fol-
lowing equation for the discharge reaction should be used instead of
process (I1I-1), ¢.e.:

k2
2H* + 2¢ —2H a1-1")

[
According to this process the current flowing is represented by
I=2F (. [A +P—k.EJA ) (II-16)

Using Eq. (II—16) instead of Eq. (II-8), the general equation for the
c-v curve can be obtained as:

FEy[Ag]°—1 ) —9F%, T, ( r
TR, 2F Ky,

I=28%. B (2FE ALY+ KH I+1))

(I1-17)

Diffusion-controlled Case....The results obtained in this case are quite

the same as Eqgs. (1I-12), (II-13) and (II-14).

Activation-controlled Case....In this case the following relation for the

reduction wave is derived from Eq. (II-17):

RT In I

F ([,—-1I)
I,=FK,+[A,+]°

This relation shows that the half-wave potential becomes more positive

as I, increases.

V= const —

(I1-18)

. Electrochemical Mechanism

According to the electrochemical theory, the reduction mechanism
of hydrogen ion is represented by Process (B). In this case, besides
Eqgs. (II-6) and (II-7) due to the diffusion processes, the current flowing
can be written as follows:

I=F(k,E\[Az+]— k. B[ Ar,]) (I1-19)

I=F(k[An[Aa+]—E[Az,*]) (I1-20)
K=ok, , ~ ki=ok,

I=F(k:s 5[ Ay, +] — kB[ Ag,]) (I1-21)

s Es__ski_;l‘ ~ AFyRT ,~ BVF(RT

5 Fye=s kZ’ ~ AFyRT (1~ B)VFJRT
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AF; and 4F, are the free energies of activation of the forward and
reverse reactions of process (I1I-5), respectively, and £ has a similar
meaning to «.

Rate-determining Step is Process (11-5).

If we assume that process (II-5) is the slowest step of processes
(IT-8), (1I-4) and (II-5) in the potential region where the reduction
wave appears, Eq. (II-22) for the c¢-v curve can be derived from Egs.
(11-6), (II-7), (I1I-19), (II-20) and (II-21):

I |y BB K (A T = 1~ Ko [ K A =D = F (i YioFd
FPly(K g+ )k, E,
2F Ky [Ax,1°+1 }
2F Ky,
By taking into account the condition of the activation-controlled case,
the second term of the right-hand side of Eq. (II-22) can be neglected
in the potential region of the reduction wave, because r.J,~0 under
this condition, and Eq. (II-22) can be reduced to Eq. (II-23):
1

— k., (I1-22)

1 kB,

FRy+[Ag+1° ~I)(FKg+[Az+]° —I— Kp+I)]—F 1
K - DK A I K D= P 2
I—FEsEg ~
Fzﬁzﬁ;zEz
kg B,
(11-23)

Furthermore, it seems reasonable to assume that k,F,[x.F, is very small
in this potential region and that I is much larger than Ky+I. By
assuming these facts Eq. (II-23) can be simplified as,

[—iEy L FEplAr]° =1y

(KE+)2 F["ﬁzEz

k. Y
When the electrode potential is sufficiently negative, the limiting current,
which is represented by -Eq. (II-13), appears. From these equations

the following equations for the c-v curve and the half-wave potential
are derived, <.e.:

(I1-24)

V=const—— L _1n__1 ‘ (1I-25)
A+pF (LI
and |
RT
Vijp=const’ + In I, 11-26
| =CONS Tepr ™t ( )

These results are qualitatively similar to those obtained from Eqgs.
(I1-12) and (11-14).

Rate-determining Step is Process (I1-3).
Let us consider the case in which the rate constant of the reverse
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reaction of process (II-3), k,E,, is negligibly small in comparison with
that of the forward reaction, £, in the potential region of the re-
duction wave, and that the rate constants of the forward reactions of
processes (II-4) and (II-b) are sufficiently large. In this case the ad-
sorbed hydrogen atom, H,, produced in process (II-3) will instantaneously
react with H* and an electron to give a molecular hydrogen. Under
this condition the reduction current can be represented by the equation,

R et §

K+
I=FKy+[A;+]1°

This result is quite the same as that of the reduction of a simple
metal ion in the activation-controlled case. As far as the reduction
process is concerned, processes (II-4) and (II-5) do not play any role in
the present case, but, if the oxidation process of H, is considered,
these processes have an important effect on the c¢-v curve.

wi. Slow Discharge Mechanism of the Adsorbed Hydrogen Ion

Let us assume that only the hydrogen ions adsorbed on the electrode
surface can be neutralized. This assumption seems plausible because
it has been pointed out by J. Weiss that only H,O* ion on or very
near to the surface of the electrode can discharge®. The structure of
the double layer near the electrode is considered to consist of two energy
barriers, one of which is between the solution side, S, and the adsorbed
state, A, and the other is between the adsorbed state and the electrode
side, E (Fig. 4).

As mentioned before, there may be
various processes which will take place
after the neutralization of hydrogen
ion, e.g., the recombination of hydrogen
atoms, the combination reaction of hy-
drogen atom and hydrogen ion, ete.
However, if it is assumed that the rate _ : , :
constant of the oxidation process, i.e., 5 i P E
the process from E to A, is negligibly
small in comparison with that of the
process from A to E in the potential
region of the reduction wave, the equation for the reduction wave is
not influenced by the processes which follow the neutralization reaction.
For convenience, let us call this mechanism “the slow discharge
mechanism of the adsorbed hydrogen ion”.

Under these conditions the overall electrode process of the discharge
of hydrogen ion is represented as follows:

Fig. 4. The energy barrier between
the electrode and the solution.
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H* (bulk of the solution) diﬁ'uSi(iE H+* (surface)

adsorption
H* (surface) PE— H* (adsorbed)
desorption

k.7, reduction
H+* (adsorbed) — = H (surface)
K.k, oxidation

H (surface) — disappears from the electrode surface by
some processes. ‘

According to these processes the current flowing can be written by
the next equations:

I=FKz+(Ap+]°—[Az+]D) » Ku+=Kg+/fu+ (I11-26)
I=F(5:E [ Ag,+]— kL[ Ag]) (11-27)

k. Fi=s kkT ¢~ 4FYRT o~ ViF|RT

anzzskT ~ AF3/RT | V,F|RT

h

where 4F, and 4F, are the free energies of activation of the redox
process, V; means the difference of the electrical potential between the
activated state, C, and the adsorbed state, A, and V, means the dif-
“ference of the electrical potential between the electrode surface, E, and
the activated state, C, respectively (Fig. 4). [A4m,+] is the activity of
the hydrogen ion adsorbed on the electrode surface. According to the
assumption mentioned above, we can neglect the second term of the
right-hand side of Eq. (II-27) in the potential region of the reduction
wave, and, therefore, Eq. (II-27) can be reduced to the following as an
approximation,

I=F, B[ Amy+] (II-28) -

Now, let us assume that the adsorption equilibrium of the Freundlich
adsorption isotherm type prevails between the adsorbed ion and the ion
in the solution side. If the effect of the electrical potential difference,
V. between the adsorbed state, A, and the solution side, S, is taken
into consideration, this equilibrium can be represented by

[Ame]=TAy+T exp (— ‘;f ) | (11-29)

y<1
where r and » are the constants of adsorption.

From Eqs. (II-6), (II-28) and (II-29) the equatlon for the c-v curve
can be obtained as
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, Vo F\_ (FKjy+) I
Ej ex (— o F_ (FKy 11-30
#.E exp RT) o ey R L)
by which it is easily shown that at a sufficiently negative potential the
limiting current, which is represented by Eq. (II-13), appears. If theA
relation between the electrode potential, V, and the terms, Vi, V,
and V,,

V=Vt Vit V,, = Vit V,=a'V
a’ . a proportional constant,
and Eq. (II-13) are introduced into Eq. (II-30), the following equation
is obtained for the reduction wave:

V= const— f—; In IZI_ -+ fg (v—1) In (I,—T) (I1-31)

in which

—R,ZI;(———%Z; +In7y+ Ins+ In = kT

+1nF—yln (FK};+)>

Table 5.
Mrﬁggf" ggf_gﬁil Formula for C-V Curve Log-plot Vipvs. Iy I
A-(I)
. RT I
Diff. H+* +e2H V=const— log T, -1 unsym. (L) pos. I4
Act. H +HZ2H, V =const — RT log 1 sym. indep. v
ak’ -1
A-(IT)
. RT I
Diff. {2H+ + 26 22H V =const— log (T— 1) unsym. (L) pos. 4
L —
RT I
Act. 2H 2 H, V =const - N log T~ 1) unsym. (L) pos. ”
Electrochem.
He H+* +e 2 H, V =const — IRTF log ! 5 unsym. (L) pos. ”
{Ha M o Lror ™ @D
I .
(I1)8 Hyt+ e 2 He V= const—a—F— log I,-T sym. indep. ”
Slow
H,* +eZ2H
A[();SCh { ¢ < V =const— R log unsym. (U) neg. ”
3 H + HZH, I —-1)

H+* Ion

Diff.: The diffusion-controlled type. Act.: The activation-controlled type.

unsym. (L): The lower half of the wave is steeper than the upper half.

unsym. (U): The upper half of the wave is steeper than the lower half.

sym.: There is a center of symmetry at half-wave potential, i.e., the relation between
log I'/(I;—1I) and V is linear.

pos.: Vi, shifts to more positive with the increase of I;.

neg.: Vi, shifts to more negative with the 1ncrease of I;.

indep.: Vip is 1ndependent of I;.

a: Rate-determining step is process (II-5).

b: Rate-determining step is process (II-3).
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It is quite clear that the relation between log I/(I,—I) and V is not
linear in this case. By using the definition for the half-wave potential,
i.e., I=I/2, the condition for the half-wave potential can be represented
by

V., = const’ + R/T (=1 InlI (11-32)
a'l’
,__ RT < AR, kT
b = — ==L 4] 1 In ==
COns S\ BT +Iny +Ins+1n 3

+1In F—pIn (FK+)—(v—1) 1n2)

The half-wave potential changes to a more negative potential as the
limiting current increases, because the term (v—1) is usually negative.

All results on the properties of the e-v curve of hydrogen ion,
which have been discussed so far under the various mechanisms of the
- reduction process, are summarized in Table 5.

3. Experimental Properties of the Reduction Wave of
Hydrogen Ion

A well-defined reduction wave of hydrogen ion as shown in Fig. 12
is obtained in the system of dilute HCl in 0.1 N KCI solution. The

apparatus used in this study is a manually operating polarograph similar
to that used by J. J. Lingane and I. M. Kolthoff*®». The electrode
potential of the DME*

stopper stopper .
against a reference ele-

gas inlet o

T

=, ctrode (N. C. E.) is measured
c‘{_e‘eii; by a potentiometer, and

B the current flowing is meas-
ured by an over-damped
galvanometer. A specially
designed all-glass polaro-
graphic cell as shown in Fig.
5 is used to avoid the con-
tamination from the rubber
connections. The reference
electrode and the anode are
connected with the cell-
solution by h-type sat. KCI-
agar-bridges. The part be

Fig. 5. All-glass polarographic cell assembly: of a h—type brldge is filled

A, anode; B, h-type sat. KCl-agar-bridge; C, polaro- with sat. KCl-agar and the
graphic cell; R, reference electrode (N. C. E.). cell-solution is sucked into

* The capillary constant of the DME used throughout the experiment was 1.028 mg2/3
sec—1/2 at the height of the mercury reservior of 53 cm.

N UHTIIHIIH'IlmllllllHHHHHIHULLHJII‘




March 1955 Studies on the Electrode Process in Polarography 273

the side-tube abed to make a junction at point b. By this method the
effect of the high concentration of KCI in agar on the cell-solution can
be reduced to a negligible amount.

The relation between the limit-

ing current, 7, and the concentration 120f
of hydrogen ion, [C;+]°, is a straight g‘m.o—
line as shown in Fig. 6 over the 2 8of
concentration range from 0.039 to 3 60f
1.95 millimoles per liter. This re- 4o
lation is represented by the equation, 20r
L—a[Cpe? 02 0406 08 10 12 14 16 16 20

, [Cr+]°, millimole/]

@=6.04 microamp/millimole/! " Fig. 6. The relation between I and
(II-83)  [Cz*]° at 25°C.

Fig. 7 shows the relation between I, and the effective hydrostatic

pressure applied to the DME, P, which

90|
/ is represented by

=016,/ P +2.0  (II-34)

801 . . .

€ if we express P in em Hg and I; in
é microamp. It is well known that the
=10k kinetic current is independent of the

effective pressure, P. According to
the recent theory on the diffusion
current®, it is represented by the

i
100

70 Y .
' a0 93§cmyz equation,
Fig. 7. The relation between I; and AD egls
v p: (O, data obtained by the manual Id=605nCD”2m213t1/6(1+ m3 )
apparatus; x, data obtained by the
Heyrovsky-Shikata type polarograph. (II-35)

where
n: the number of electrons which participate in the redox reaction.
C: the concentration of depolarizer in the bulk of solution in
millimole per liter.
D: the diffusion coefficient of the depolarizer in the medium under
investigation in em? per sec.
m: the weight of mercury flowing from the DME in mg per sec.
t: the drop-time in sec.
A is a constant and equal to 39 or 17 according to Lingane-Loveridge
and Kambara-Tachi or Strehlov-Stackelberg, respectively. This equation,
which is called as the revised Ilkovic equation, requires that the relation
between I, and P is described by,

Li=a+a/ P (11-36)
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where @, and a, are constants. The experimental result, represented
by Eq. (II-34), is quite similar to the theoretical relation (I1-36). This
suggests that the limiting current of hydrogen ion in the present system
is not a kinetic current but a diffusion current.

This conclusion is also confirmed by the temperature coefficient of
the limiting current. The temperature coefficient of the limiting current,
if it would be a diffusion current, can be calculated from the Ilkovie
equation by assuming that the temperature coefficient of the diffusion
coefficient is obtained from that of the limiting ionic conductance, 2°,
by means of the Nernst equation. The result is represented by the

equation®®,
1 dId:’ [ 1 di° ] *
= =0.0053
[Jd AT bos T 205 G s

According to B. B. Owen and F. H. Sweeton®®, the temperature coeffi-
cient of 21° of hydrogen ion at 25°C is equal to 0.015, from which the
temperature coefficient of I, of hydrogen ion, provided it is assumed to
be a diffusion current, is calculated to be nearly equal to 0.018 at 25°C.
The result obtained from the revised Ilkovic equation differs from that
of the Ilkovic equation only by the following additional term,

d log (1+ AD"m=%¢1%)  AD"Pm-15gHe { (1 d/2°+ 1) 1 dm}
aT 1+ ADPm gl 2\2°dT T T/ 3m dT

in which the temperature coefficient of the drop-time is neglected. By
considering this additional term, the temperature coefficient of I, of

hydrogen ion is 0.015, if 4—39 and [1 dm] ~0.0037 are used.

298

Table 6 and Fig. 8 show the experimental results on the temperature

Table 6. Temperature Coeflicient of I;.

Temp. 7, °C I;, microamp dI;/d+, microamp/°C /1) dI/d7), % dlog I;/dr, % -

[Cz*]°=0.78 millimole/!

5 3.74 0.0866 2.32 1.01
15 4.46 0.0612 1.37 0.61
25 5.03 0.0526 1.05 0.43 -
35 5.44 0.0316 0.58 0.24
45 5.72 0.0240 0.42 0.17
[Ca+]°=1.95 millimole/
5 9.25 0.15 1.62 0.68
15 10.6 0.12 1.13 0.52
25 L 117 0.11 0.94 0.44

* In this case, the temperature coefficient means the value which is obtained by dividing
the slope of the relation between I; and T at 25°C, (dI;/dT)ys, by I, at 25° (Table 6,
column 4).
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coefficient of I, of hydrogen ion in a medium of 0.1 NV KCl solution over
the temperature range of 0 to 50°C. From these data the temperature
coefficient of I, is found to be nearly

equal to 0.010 at 25°C, which is in 1080
comparatively good agreement with i
the theoretical value obtained under
the assumption that the limiting
current of hydrogen ion is a diffusion
current. If this might be a kind

of kinetic currents, the temperature 0 R
coefficient should be much larger z.°C

: ig. 8. f temperature on
than those in Table 6. Fig. 8. The effect o
© able I;: a, Iy vs. v; b, logI; vs. =. [Cg*]°=

From the above discussion, it is (.78 millimole/l.
almost doubtless that the limiting
current of hydrogen ion in the present system is a diffusion current.
The next question is whether this diffusion current of hydrogen ion is
represented by the Ilkoviec equation or better by the revised one. From
the Ilkovie equation, it is expected that the diffusion current constant,
Ljm?*?¢'°, should be independent of m~°¢'°. Experimental result, as
illustrated in Fig. 9, clearly shows that this is not the case in the
present system, and suggests that
}- x . the revised Ilkovie equation could
o be a better approximation. The
) ° value of A in Eq. (II-85) can be
obtained from the slope of this re-
x lation (Fig. 9). If the value, 8.0x
10-° em?*/sec, is used for Dy+ in 0.1
N KCI solution, 4 is calculated to
be equal to about 35, which is quite
reasonable.
The diffusion coefficient of hy-
drogen ion in 0.1 N KCl solution,
Iz 3 d 515 which was used in the above calcu-
me % mg*ssec’ lation, is computed by the Onsager’s
Fig. 9. The relation between the diffu- limiting law for the diffusion co-
sion current constant and m—1/3¢1/s, efficient®®. As the concentration of
the diffusing ion is generally very
small in comparison with that of the supporting electrolyte whose
composition is sensibly constant in the polarographic study, the diffusion
coeflicient of hydrogen ion under the present condition can be represented
as follows according to this law:

2°g+ RT o A°g+|Zg+|v%e o/ 4 =
Dy+=2 2" 1074 BT LETUE ()9 T —1vd -
| Zgr | F? 3D 1/1000 pET (@) V'I

Bl

=~ ~
=) o
1
X

" Jy/m*% % microampy mg?s sec™z
o
o
\
2
x
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d(wE'*')—-_'—( IZE"" )( ﬁlZK+IAOK+ + |Zgz“l2°gl“ >
(ZK“"i + iZGl‘[ IZH+ l’(ox“" + IZK“"MOH* ‘ {ZH’FMOUL‘ + lZm“ I'{Oﬂ‘f
I'=Cyx+Zy++ Cp+Zir + Copy-Zpy-22Cr+ Ly v + Ciy- Ziy -

in which A° is the ionic conductance of the corresponding ion, Z the
valency, C the concentration in mole per liter, D the dielectric constant,
v the velocity of light, and e the electric charge.

Although the agreement between the theoretical predictions of the
Onsager’s limiting law and the experimental results was stated not to
be exact and only reasonably satisfactory by L. J. Gosting and H. S.
Harned®, it seems more appropriate to use this limiting law rather
than to use the Nernst equation for the diffusion coefficient of the
individual ion in the polarographic study.

If we assume the value, 8.0x10-°cm?/sec, thus obtained for Dy,
the number of electrons, which participate in the redox process of
hydrogen ion, is obtained as follows from Eq. (II-33):

n=1.09 (from the Ilkovie equation)
n=0.72 (from the revised equation, A=39)
n=0.89 (from the revised equation, A=17)

This result proves the assumption that » is equal to one in the reduction
process of hydrogen ion at the DME. '

Inversely, if we assume that » is equal to one, the polarographic
diffusion coefficient of the hydrogen ion in 0.1 N KCI solution can be
calculated by the Ilkovic equation or the revised one, i.e.:

Dyp+=9.5x%x10"°cm?/sec (from the Ilkovic equation)
Dy+=4.8 ' r (from the revised equation, A=39)
D;+=6.6 '/ " (from the revised equation, A=17)

So far, the properties of the limiting current have been mainly
discussed. However, the properties of the reduction wave, e.g., the
log-plot analysis of the c¢-v curve, the nature of the half-wave potential,
are more important in analysing the mechanism of the reduection
process. Now the question arises as to whether the overall electrode
process, which produces the reduction wave of hydrogen ion in the
present system, would be activation-controlled or diffusion-controlled.
This may be replied by the application of the Kalousek’s method®. It
has been known that an apparent oxidation current appears when the
Kalousek’s method is applied to such a reduction process like of Pb**
ion in KOH solution which is considered to be diffusion-controlled. In
the case of the reduction wave of hydrogen ion, however, no oxidation
current can be observed. This excludes the possibility of the existence
of any electrochemically active hydrogen species at the surface of the
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electrode, which can be easily oxidized. If the reduction product could
be easily oxidized at the potential region of the reduction wave and would
not escape from the electrode surface instantaneously, the oxidation
current should appear as in the case of Pb**-ion, when the Kalousek’s
method is applied. Under this circumstance, it seems possible to conclude
that the overall electrode process of hydrogen ion in 0.1 IV KCI solution
at the DME is a kind of the activation-controlled type.

This conclusion is also supported 1
by the relatively large temperature '
coefficient of the half-wave potential,
namely it changes to more positive -1 60
by about 0.003 volt per degree as
the temperature of the cell-solution
increases over the range of 0 to
50°C (Fig. 10 and Table 7). If the
overall process would be diffusion- o620 3 4 X
controlled, the temperature co-
efficient of the half-wave potential
expected should be much smaller®.

NCE.

Vi, volt s
o
=7

Fig. 10. The effect of temperature on
Vijp. [Ca+]°=0.78 millimole/l.

Table 7. The Effect of Temperature on the Reduction Wave of the Hydrogen Ion

Temp. I, Vi, volt -
T, °C microamp  vs. N.C.E. o v AF, keal

[Cr*]°=0.78 millimole/l

2.2 3.50 ~1.636 0.56 0.76 32.3
10.2 4.18 1.589 0.50 0.64 31.1
11.2 4.24 1.598 0.57 0.68 32.7
14.0 4.37 1.605 0.48 0.71 29.8
21.7 4.83 1.585 0.58 1.0 32.0
24.7 5.05 1.561 0.53 1.0 30.1
31.7 5.33 1.544 0.53 0.73 31.5
36.5 5.43 1.533 0.58 1.0 32.0
41.7 5.64 1.527 0.46 0.49 30.3
50.9 5.84 1.498 0.54 0.68 32.3

[Cz*]°=1.95 millimole/! '

1.5 8.56 1.638 0.46 0.67 28.9
20.5 11.2 1.591 0.49 0.75 29.8
27.8 12.0 1.567 0.47 0.52 30.1
36.5 12.3(?) 1.550(?) 0.45(?) 0.61(?) 29.1(?)
45.2 13.4(?) 1.530(?) 0.64(?) 0.77(?) 35.3(?)

When we refer to Table 5 in the previous section, it is quite
obvious that the relation between the limiting current and the half-
wave potential and the log-plot analysis are ecrucial in deciding the
mechanism of the reduction process. The half-wave potential of hydro-
gen ion becomes more negative as the concentration of hydrogen ion
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Table 8. The Effect of the Concentration of the Hydrogen
TIon on the Reduction Wave

+70 -
mi{gglo%eﬂ micrIé;unp vzl/i(l.‘(’)(.)g. o v AF, kcal
0.039 0.136 —-1.540
0.078 0.390 1.545
0.137 0.738 1.546 0.59 32.0
0.195 1.04 1.559 0.66 34.9
” 1.22 1.553 0.49 28.7
" 1.07 1.555 0.52 29.6
0.390 2.31 1.562 0.46 0.58 29.4
” 2.32 1.565 0.42 0.39 29.1
0.585 3.60 1.561 0.53 0.74 31.5
0.780 4.79 1.572 0.51 0.69 30.6
” 4.66 1.568 0.58 0.76 33.0
” 4.76 1.568 0.48 0.47 30.8
0.975 6.03 1.574 0.45 0.59 29.6
1.37 8.24 1.587 0.46 0.52 29.6
v 8.10 1.570 0.44 0.56 28.7
1.95 11.4 1.577 0.50 0.49 31.1
" 11.8 1.581 0.42 0.63 29.8

in the bulk of solution, [Cz+]°, or I, becomes larger over the concentra-
tion range of 0.039 to 1.95 milli-

I.SOO: S moles per liter (Fig. 11 and Table
y :';sgr ° 8). From the straight line as shown
= stk in Fig. 11, the relation between V,,
o 1sof and I, is found to be represented by
;,g 1,550} Vip=—1.687—0.022 log I,

1.540}2 . .. .

08 06 0402 0 +02 +04+06 +08 +10 where I, is in amp and V;;, in volt.
log [, microamp The relation between log I/(I,—I)
and V is not linear and an apparent

Fig. 11. The relation between V7, and L . ;
log I;. deviation from a straight line ap-

pears in the more negative potential
region than the half-wave potential as shown in Fig. 12. This result
means that the upper half of the reduction wave is steeper than the
lower half. This deviation, however, is not clear when the concentration
of hydrogen ion is less than about 0.5 millimole per liter.

These results are not in agreement with those obtained by the
previous investigators. J. Tomes™ reported that V,, of hydrogen ion
of the dilute solution of HCl in 1 N KCl or CaCl, solution became to
be more positive with the increase of the diffusion current according
to the relation 4V, /4 log I,=0.028 volt. Quite recently, it was mentioned
by J. Kuta®® that V. of hydrogen ion in the system, HCIl or H,SO, in
0.1 N solutions of supporting electrolytes (KCl, KBr, K,SO, and BaCl,),
is independent of the concentration of the acid. As for the log-plot of
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the c¢-v curve, he stated that this relation was a straight line whose
tangent is nearly equal to 2RT/F. It must be noted that, although
the results on the relation between
V.. and I, obtained by J. Tomes ,
and by the present author are in /"
considerable contradiction, the /

120

[<2]
o
T

same deviation in the log-plot
analysis as mentioned above was
also observed by Tomes, which
was represented by the following
relation :

(Viu—= Vi) = (Vip— Vipa)
—+0.006 volt ey
=12 -4 -16 -18

in which V;, and V;, meant the V, volt uws. NCE.

electrode potentials wherel=1/4 I, Fig. 12. Polarogram of the hydrogen ion
and I=3/4 I,, respectively. J. Kuta of dil. HCl in 0.1 N KCI solution and the
attributed the discrepancy be- log-plot analysis of the wave. [Cg*]°=0.78
tween his results and those of J. Millimole/.

Tomes to the possibility of the existence of maximum of the second
kind in 1 N solution of the supporting electrolyte. At any rate, further
investigation on the c¢-v curve of hydrogen ion in the solutions of various
supporting electrolytes is necessary to make clear these points.

I, microamp
s

(el
(o)

4. Discussion

The properties of the reduction wave of hydrogen ion in 0.1 N KCl
solution are summarized as follows:

(i) The limiting current is controlled by the diffusion process,
2.e., it is a diffusion current.

(ii) One electron participates in the redox reaction of a hydrogen
ion. '

(iii) The overall electrode process in the potential region of the
reduction wave might be activation-controlled.

(iv) The half-wave potential becomes more negative as the limiting
current increases.

(v) The log-plot of the reduction wave is not a straight line.
The upper half of the wave is steeper than the lower half.

By referring to Table 5, it is concluded that these results could
only be interpreted by assuming the “slow discharge mechanism of the
adsorbed hydrogen ion” for the electrode process.

The equations for the c-v curve and the half-wave potential under
this mechanism, Eqs. (II-31) and (II-32), have been already discussed
in the previous section. The values of the constants, a’ and v, can be
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obtained from the experimental data on the c¢-v curve by writing Eq.
(IT-31) in the form of Eq. (II-37) and by determining a,, @, and a, in
this equation by the least square method :

- VO:ao + alA ‘l“ a2B

RT I RT
A=—"-1 Y B="-"1 - I1-37
e — In (I~ 1) (I1-37)
a15—17 ’ a,= l—_,—y y ay=const
a «

Now, let us analyse the constant, a,, in Eq. (II-37) more closely.
This involves the free energy of activation of the forward process of
the redox reaction, 4F), and the constant ¥ in the equation of the
adsorption isotherm, Eq. (II-29). According to the theoretical derivation
of the Freundlich adsorption isotherm®>, r and » can be represented as
follows : '

r=exp(L) 42 1) (11-38)
=1 (11-39)

¢ is a constant in the equation of state of the adsorbed layer, namely,
FA=4¢RT, in which F' is the surface pressure and A is the surface
area. f’(T) is a function of temperature and can be considered to be
equal to the free energy of adsorption, —4F, (Fig. 4). If we neglect
the term 1/i—1 against f/'(7)/RT, Eq. (II-38) is reduced to

r—exp (-4 (I1-38)

From Eqgs. (II-31) and (II-38’), the following equation is obtained
for the constant a,:

-
AR uRT RT RT RT kT
=== 1 FK; In 7 1
o T n(FKyz+) + F n + In s+ —— TF n ~— =
(I1-40)

—_—>
AFP=AF,+ AF,

where A_l;' is the difference of the free energy between the activated
state of the redox process, H* (adsorbed) = H (surface), and the solution
side, S, in Fig. 4, and can be considered as the free energy of activation
of the overall discharge process of hydrogen ion, H* (solution) -» H
(surface). If we assume that FK;+ is nearly equal to F' K+, the terms
a’, v and FKy+ in Eq. (II-40) can be obtained from the experimental
data. The constant, s, can be approximately represented by the
relation?,



March 1955 Studies on the Electrode Process in Polarography 281
sqep-10-3

=% x 0.85 x m**t** (em?)

in which m is the weight of mercury flowing from the DME in g per
sec and ¢ the drop-time of one drop in sec. In the above relation ¢
means the mean surface area of the DME, and # the thickness of the reac-
tion layer at the electrode surface in ¢m which is assumed to be approx-
imately equal to 107 e¢m according to R. Brdicka. Using these values,

A?’ can be calculated from the constant, a,, obtained from Eq. (II-37).
In this case, the current is expressed in amp and the value of the
electrode potential referred to a normal calomel electrode is used.

The numerical values of a’, v and ZIZ?' calculated from c-v curves
obtained under various conditions are shown in Tables 7 and 8. The
values of a’ are in the range of 0.4 and 0.6, but those of » diverge
over the range of 0.4 to 1.0. If we consider that v is the exponent in
the equation for the adsorption equilibrium and may be influenced by
a slight change of the condition of the electrode surface and solution,
such a divergence in the values of v seems to be rather reasonable.

—
The fairly good constancy of the values of 4F, which are obtained
under the various conditions, can be considered as one of the supports
which prove the correctness of the present assumption on the discharge

process of hydrogen ion. The value of A_l?’ can be also determined by
the relation between V;;, and log I, according to Eq. (II-32). As (v—1)/a’
is obtained from Eq. (II-82), both of «’ and v can be settled provided
either one of them is known. If we assume that «’ is nearly equal to

0.5, the value of AF is calculated by this method to be equal to about
30 kcal/mole, which is in good agreement with the values mentioned in
Tables 7 and 8.

In the end of this discussion, a brief consideration about the effect
of the effective pressure applied to the DME, P, on the half-wave
potential will be set down. In 1937, J. Novak® reported that the
double increase of P caused a shift of V;, to a more negative potential
by 13 millivolts, while recently J. Kuta®*® found that this shift was
equal to 18 millivolts. This change of V,, with the change of P can
be expected from Eq. (II-32). In this equation, the terms, log I, and
log (FFK;+) are the functions of P, but the term log s is independent
of P because s is proportional to m*?¢** which is independent of P.
As mentioned before, the limiting current of hydrogen ion in the present
system is proportional to the square root of P (Eq. (II-34)). Under
these conditions, the following relation between V,, and P can be derived
from Eq. (I1I-32):
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RT
2’ F

Vip=const (P)— InP (I1-41)

in which const(P) is a constant independent of P. As «a’ is in between
0.4 and 0.6, it can be said from Eq. (II-41) that V;, shifts to a more
negative potential by about 18 millivolts with the double increase of
P, which is in accordance with Kuta’s experimental result. In this
discussion it is assumed that «’ and » are independent of P.

From the discussion carried out so far, it is obvious that all the
property of the c-v curve of hydrogen ion in 0.1 N KCI solution can
be satisfactorily interpreted by assuming the mechanism of the reduction
process as follows: First, the hydrogen ion is adsorbed on the surface
of the DME, and, next, the adsorbed hydrogen ion is reduced to the
hydrogen atom under the condition of the activation-controlled process.
In this case it is assumed that the equilibrium state represented by
the Freundlich adsorption isotherm exists between the hydrogen ion in
the neighbourhood of the electrode surface and the adsorbed hydrogen
ion in the adsorbed layer. The results obtained by the application of
the kinetic treatment of the c-v curve to the hydrogen wave give us
the coneclusion that the discharge process of hydrogen ion of dilute
hydrochloric acid in 0.1 N KCI solution will proceed according to the
“gslow discharge mechanism of the adsorbed hydrogen ion”.
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