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Abstract—The effect of molecular chlorine diffusion upon the theoretical potential-current density refations
was calculated for chlorine evolution according to the Volmer-Tafel mechanism as well as the
Volmer—-Heyrowsky mechanism. It has been found that a minimum Tafel slope of 29.6 mV at 298 K occurs
for both mechanisms. This slope occurs for the Volmer—Tafel mechanism when either the Tafel reaction or
the chlorine diffusion, away from the clectrode surface inta the bulk of solution, is the rate-determining step,
and for the Volmer—Heyrowsky mechanism when it is the chlorine diffusion that is the rate-determining step.

Moreover, it has been established that only a careful use of both the polarization resistance at the reversible
potential and the stoichiometric number from this deduced, is allowed to elucidate the mechanism of
electrode reactions with adsorbed atomic intermediates.

NOMENCLATURE
b slope of potential-log current density relation
by hatOV < E—Eg<OQl1V
b bat —01V<E—Ep<0OV
[CI7] concentration of Cl ions in the bulk of solution
[Cl.] concentration of molecular chlorine in the bulk of
solution
D diffusion coeflicient

E electrode potential
E, reversible electrode potential
Er  E;at [Cl7]g and [Cl,]g

f constant factor; f = F/RT
F Faraday constant
h slope of overpotential-current density relation

h, hatOV <p <0006V
hy hat —0006V <y <OV
i current density

g exchange current density

4 rate constant of reaction at Eg

Ky rate constant of anedic reaction at Eg

k. rate constant of cathodic reaction at Eg

kt rate constant of Tafel recombination reaction
T rate constant of Tafel dissociation reaction

k* rate constant of reaction

kX rate constant of anodic reaction

k¥ rate constant of cathodic reaction

m mass-transfer coefficient; m = D/§

n factor; n = hi,

n, factor; n, = h,i,

n, factor; n, = h;i,

R gas constant

R, polarization resistance

T temperature

z order of reaction

23 charge-transfer coefficient for anodic reaction

o thickness of diffusion layer

n overpotential; n = E — E;

a degree of coverage with chlorine atoms

0; 6 at E,

fr  Bal Eg

Subscripts

a anodic reaction
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cathodic reaction

at the electrode surface

Heyrowsky reaction

at bulk concentrations of salution

at reference bulk concentrations of solution
Tafel reaction

Volmer reaction

<Hmmmzoe

1. INTRODUCTION

The elucidation of mechanisms of electrode reactions
are often based on Tafel slopes. Special attention is
paid to the diffusion of reacting species. However, the
diffusion of products formed electrochemically, is
generally left out of consideration. This negation can
lead to an incerrect or dubious mechanism for the
electrode reaction concerned, in particular for gas-
evolving electrodes with adsorbed atomic inter-
mediates. To explain a 30 mV Tafel slope at 25°C for
the chlorine evolution on graphite anodes{1] and on
RuQ,/TiO, anodes[2], Krishtalik et al. have pro-
posed a barrierless electrode reaction with a transfer
coeflicient & = 1.

Both the rate-determining chemical descrption
(Tafel reaction) and the rate-determining diffusion of
the evolved chlorine molecules away from the elec-
trode into the bulk of solution give a Tafel slope of
30 mV at 25°C[3].

The aim of this study is to determine the effect of
molecular chlorine diffusion on theoretical relations
between potential and current density for chlorine
evolution according to the two likely mechanisms, that
is the Voimer-Tafel and the Volmer—Heyrowsky
mechanisms.

2. THEORY AND RESULTS

The overall reaction of the chlorine formation by
oxidation of chloride ions is

2C1I7 - Cl, + 267, (1)
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In general, the two mechanisms proposed in litera-
ture are the Volmer—Tafel mechanism with two steps:
the Volmer reaction

Clm - Clgte, 2)
and the Tafel reaction
2Cl,q — Cl,, (3)

and the Volmer-Heyrowsky mechanism with two
steps:
the Volmer reaction (2) and the Heyrowsky reaction

Cl" +Cly—Cly+e. (4)

In particular, electrochemists from the U.S.S.R., eg
Krishtalik[1], propose a mechanism with three reac-
tion steps:
the Volmer reaction followed by the reactions
{Krishtalik mechanism):

Clad—’ C]:d+€7 (5)
and
ClY+Cl™ - Cl,. )

For the three mechanisms mentioned, the theor-
etical Tafel slope b and the reaction orders z with
respect to C1~ ions and Cl, molecules are represented
in Table 1[1, 2], assuming a Langmuir-type isotherm
for the adsorption of atomic chlorine and a transfer
coefficient of 0.5 for the charge transfer reactions.
Moreover, it is assumed that the diffusion of both C1~
and CI, does not affect the E/i relation. The para-
meters for the Krishtalik mechanism are only partly
obtained from[1]; see for the basic equations for the
various reactions| 3, 4].

2.1 Voimer-Tafel mechanism

The basic equations given in this and following
sections are well known[3-5].

The anodic current density for reaction (2} is given
by

iy = Fk¥y[Cl” ].(1 —0) exp[avfE]
—Fkiy0expl — (1 —ay)fE]. N

The rate of reaction (3) is denoted by the current
density i+ The electronation current density

it = 2Fky8% —2FKk5{Cl,].(1 — 0)* (8)

The total current density { = iy = ir.
The rate of the diffusion of dissolved molecular
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chlorine away from the electrode is also indicated by
the electronation current density i Assuming no
bubbles are formed, the transport of chlorine takes
place exclusively by diffusion. Using Fick’s law of
diffusion, we obtain

i= —2FD([CL,] —[CL10/
= —2Fm({C1,]-[CL1y), ©)

where the mass-transfer coefficient m = D/é.

In the following the effect of chlorine diffusion on
the E/i relation is discussed for three cases:

(1) Both the Volmer and Tafel reaction can affect the
E/i relation and [Cl,] =~ O.

(2) The Tafel reaction affects the E/i relation and
[Cl,] = 0.

(3) The Tafel reaction affects the E/i relation and
[Cl;] > O.

The reversible potential at [C1™ ]y and [Cly]g,
denoted by Ey, is used as the reference potential. The
calculations were performed for only one value of Cl~
concentration. Moreover, no concentration polar-
ization of Cl1™ occurs, so that [Cl"]=[CI"],
= [C1” Ix.

Evidently, i = 0 at Eg and [Cl, ]z. This means that,
in this case, the rate of the recombination Tafel
reaction is that of the dissociation Tafel reaction and
the rate of the anodic Volmer reaction is that of the
cathodic Volmer reaction.

Owing to these equalities, it can be deduced that

k0%

Sl (e Iy TR

(10)

and

kryfe-], L)

exp[fER]. (11)

*
cV —

Introducing [Cl;] = 0 into (9), from (8)10) it
follows:

92
0%+ {k10%(1 — ) }/{im[Cl;}x (1 — BR)Z}(’H)

f/fo,T_R =

where
g, TR=2FkT6121 (13)
After the introduction of k,y = ki, exp[ayfER]

Table 1. Theoretical parameters for the chlorine evolution at 25°C[1, 2]

Mechanism Rate-determining step

Tafel slope &

z -

C1- “cl,
(m¥)
80 & -1 -0 &-+1 6-0 F—1

Volmer—Tafel Cl” = Clyg+e” 1184 118.4 1 1 0 0

2Cly—+Cl, 29.6 @ 2 0 0 0
Volmer-Heyrowsky Cl™ = Clyg+e” 1184 1 0

Clyg+Cl~ - Cla+e” 39.5 118.4 2 1 0 0
Krishtalik ClIm = Cly+e” 118.4 118.4 1 1 0

Clyy—+ Cljy+e” 39.5 1184 1 0 0 0

Cliy+Cl™ = Cl, 29.6 o0 2 0 0 0
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into (7) it can be deduced from (7) and (11):
i= Fka’v[CI’]R{ (1 —0)expla f(E—EQ]

(1808
Ox

From (12) and (14) and by inserting oy = 0.5,
f=38838V~™! [Cl,Jg=5x10""molcm™® and
[Cl"]g= 5% 10> molcm™?, the relation between
ifigr.r and E — Eg was calculated for m = 10~ and
10?° cms ™! and for various values of kt and k, v.

Characteristic results are shown in Fig. 1. From this
figure it follows that the chlorine diffusion strongly
affects the (E — Eg)/log (i/iy 1.g) curves. To indicate its
shape, the slope b, at 0V < E—Ep < 0.1 V and the
slope b, at —0.1V < E— Eg <0V are used.

exp[— (1 —av)f(E—ERu}. (14)

a2

o E'Eﬁvv

-

0.2

as  as
Or /
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Characteristic results are given in Fig. 4. The
chlorine diffusion has no effect on the slopes b, and b,;
a decrease in diffusion rate causes a parallel shift of (E
— Eg)/log (i/ig T ) curve to lower current densities. b,
as well as b, at both values of m, are practically equal to
30 mV for 0 = 10”2 and 1073, and k varies between
107° and 10° molem %5~ 1.

From (8)-(10) it follows:

i, = o ORICLI A0/ —6r)? [Cla]e}
T 07 {k0302(1 ~6)*}/{m[Cl,]r (1 - 0)*}
(1

where the exchange current density at E_is given by
for=2Fk82 {17

To calculate the 7/i relation, the dependence of 8 on

n (4 = E—E,) has to be calculated. The Volmer

4] l)l.1 o 0.001

-12 -10 -

a8 -8
log(i | io,T, r

Fig. 1. The potentiat difference E — Eg is plotted vs log{i/i, 1,r) for chlorine evolution according to the

Volmer-Tafel mechanism for a 5 M NaCl solution containing no chlorine and for 298 K, ay = 0.5, kv

=103cms™ !, kg = 10 molem ™25 !, various 6y as well as for mass-transfer coefficient m = 10" % cms™*
{(solid lines) and 102 cms ™! (dotted lines).

Theslopes b, and byatm = 107 2and 102° cms™ ! at
ky =1 molcm™2s~ ! are given as a function of logk, v
in Fig. 2 and thoseat k, v = 10" * cms™ ! as a function
of logky in Fig. 3.

Calculations showed that for both curves the maxi-
mum of slope is 2RT/F, viz 118.4 mV at 25°C, and the
minimum R7/2F, viz 29.6 mV at 25 °C. The chlorine
diffusion does not affect the maximum and minimum
slopes.

The quasi-equilibrivm assumption can be used for
the Volmer reaction. This gives

Og
" Or+(1—Op)exp[ —((E—Ew)]’
The rate of the Tafel reaction is given by (12). The
relation between E — Eg and log (i/iy 1,p) can be ob-
tained from (12) and {15). This relation was calculated

for =388V ' [CL]g=5x%10"5molcm™?,
m = 107 % and 10%% ¢m s~ ! and for various ktand Og.

0

(1%

reaction is in quasi-equilibrium. From the rate equa-
tion for the Volmer reaction it can be deduced that

Gl

0 = 8
B:+(1_9r)exp[—f(E——Er)] (1 )
Moreover, it can be shown that
2] [} / 1 0.5
r _ R [C 2] ] (19)
1—8, 1—0g \[Cl:]x

The relation between i/i, r and 5 at || < 0.010V
was calculated from (16), (18) and (19) for €
=3888 V' [Cl,]g = 5x 10" molem ™3, m = 1072
and 10?°cms™! and wvarious [Cl,](5x107°-5
% 10" ¢ molem™3?), ky (107°-10° mols ™~ "cm " ?) and
g (107 %-0.5).

It has been found that the slope ky of the n/{ifig 1)
curve, (kp = d#/d(i/iy 1) depends on chlorine diffusion
atOg > 10 *and kr > 1 mols 'ecm™ 2 Atm = 1077
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logka y

Fig. 2. Theslope b, and b; are plotted vs log k, v for chlorine
evolution according tc the Volmer—Tafel mechanism, for a
5 M NacCl solution containing no chlorine, for 298 K, ay
=0.5 kr=1molem™?s™! @3 =102 and for mass-
transfer coefficient m = 10"2cms™! (solid lines) and
102°cms ™! (dotted lines).

as well as 10*°cms™!, the factor kvipr increases
linearly with 8, < 10~ 2 and for the investigated values
of k1. This means that at low degree of coverage the
slope of log ki, 1/log [Cl, ] is equal to 1, independent
of the chlorine diffusion.

2.2 Volmer—Heyrowsky mechanism

The anodic current density for reaction (4) is given
by the well-known relation

ig=Fk}y[Cl™].8 exp[aufE]

—Fkty[Cl]c(1 - B)exp[— (1 —ay)fE], (20}

0.08

0.04
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120 o~ e ———
/"
b s
v e
4 s
- 7
4 /
80 - Vi /
s
E / /s
5 rd I
s~ S
// //
~ by -
40 d &
—c— ——
by
o n N L —
-2 [+] 2 4 -1
log kr

Fig. 3. Theslopes b, and b, are plotted vs log k¢ for chiorine

evolution according to the Volmer-Tafel mechanism for a

5 M NaCl solution containing no chlorine, for 298 K, ay

=05k, v=10""cms™ ', g = 1072 and for mass-transfer

coefficient m = 10”2 cms ! (solid lines) and 10?°cms™!
{dotted lines).

and the total current density by

Analogously to the Yolmer-Tafel mechanism, the

electronation current density for the diffusion of
dissolved chlorine from the electrode surface is

in= —FD([Cl;]-[Cl;]o)/6
= — Fm([Cl,]—[C1]). 22

The effect of chlorine diffusion on the E/i relation is

considered for three case¢s:

(1) Both the Volmer and the Heyrowsky reaction can
affect the E/i relation and [Cl,] = 0.

(2) The Heyrowsky reaction affects the E/i relation
and [Cl;] = 0.

-2 -1

[+]
jog{i figT R)

Fig. 4. The potential difference E — Ey is plotted vs log (i/io 1 .g) for chlorine evolution according to the

Volmer—Tafel mechanism where the Tafel reaction is rate-determining, for a 5 M NaCl solution containing 5

x 10~ 2 M chlorine, for 298 K, ay = 0.5, kr = 1 molem ™25~ ', fg = 10”2, and for various mass-transfer
coefficients (for 1072, 1072, 10~ cms ™ *, solid lines, and for 10°° cms™ !, dotted lines).
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(3) The Heyrowsky reaction affects the E/i relation
and [Cl,] > 0.

As in the case of Volmer-Tafel mechanism, the
reference potential Eg is introduced and no concen-
tration polarization of [Cl™] occurs. Similarly, it is
concluded that when i = Oat Egand [Cl, ], the rate of
the anodic Volmer reaction equals that of the catheodic
Volmer reaction and rate of the anodic Heyrowsky
reaction that of the cathodic Heyrowsky reaction.

Owing to these equalities, it can be derived that k¥,
is given by (11) and

[Cl"la 6s
* L
cH aH [Cl.Jx 1—06r exp[fEg].

After the introduction of [Cl,] = 0 into (22), from
(7), (11), (20) and (22) it follows that

(23)

iy= Fk,,v[Cl‘]R{(l —0) exp [avf(E — Eg)]

_ 01 —0g)

o exp[—1 —av)f(E'-Eg)]} (24
R

and
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i _ 2Fka,}{ka,ven(1 —0Og)
OVRR T e iOr+ Ky (1 —6g)

Characteristic results are shown in Fig. 5. It has been
found that the (E — Eg)/log (i/ig yy g) curve, and par-
ticularly its slope, can be affected by chlorine diffusion.
The definitions for b, and b, are already given in the
case of Volmer—Tafel mechanism. Both the slope b,
and b, at 8y = 10"*and m = 1072 and 10°° cms ™! at
koy=2x 10" cms™! is given as a function of logk, v
in Fig. 6 and those at k,yv=2x10'cms™! as a
function of logk, y in Fig. 7.

Figures 6 and 7 show that the minima of b, and b, at
25°C are 39.5mV if chlorine diffusiecn does not
determine the E/i relation and 29.6 mV if the chlorine
diffusion co-determines the E/i relation.

Since, in this case, the Volmer reaction is in quasi-
equilibrium, it can be deduced from its rate equation
that

(26)

8= O
T g+l —6pexp[—f(E—Ep)]’
From (25) and (27) and from iypup= Fk,u

@27

Fk,u4[C1™]a0 exp [auf(E — Ex)]

25

= [ (kun[Cl 1x0e(1 — 8)}/{m{Cly1x (1 — 0} 1exp [ — (1 — &, )T(E —Ex)]

where k,y=k¥yexp[ayfEyg],

kon=kigexp[ayfER].

Since iy = iy, from (24) and (25) and by increasing
ay=oy =05 f=3888V"! [Cl]g=5x10""°
molecm™3, [C1™]g = 5 x 107 * molem ™3, @ was calcu-
lated as a function of E—Eg for m= 10"2 and
102°ems™' and for various k,p (2x107*-2
x10%cms '), k,v(2x1077-2x10°cms™ ') and
P (10~ 3-0.5). From the 6 obtained and from (21} and
(25) the relation between i/i, and E — E, was calcu-
lated where

[C17 ]z, the relation between ifiy yg and E—E£l
was calculated for oy = 0.5,f = 3888 V™!, m = 10~
and 10*°cms™!, [Cl';|R = 5% 107> molcm ™3,
[CIZ;!R =5%x10"%molem™> and various k.,
(107*-108 cms™ ') and 8y (107 *-0.5). The results are
shown in Fig. 8.

The slopes b, and b, and 6z = 1073 are given as a
function of logk, y in Fig. 9. This figure shows that
both slopes &, and b, are 395mV at k,y
<107*cms™! and 29.6 mV at k. > 16 cms™ .

To determine the stoichiometric numbers of the
species involved, for the electrode reaction, the slopes

w’ Gs a1 a5 oM 00U

oz Cr VI >
/

o1
>
of
w
o
o9
a2 PR

Fig. 5. The potential difference E — Ey, is plotted vs log{i/i, i) for chlorine evolution according to the
Volmer—-Heyrowsky mechanism for a § M NaCl solution containing no chlorine, for 298 K, ay = ay; = 0.5,

koy=10"*cms ™, k; y=10"2ems™!

, various @
(solid lines) and 10?

, and for mass-transfer coefficient m = 10”2 cms™!

cms™ ! (dotted lines).
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120 L T ——
an
>
€
= ~
~,
\\
a0 | —_ et
o i I 1 1
10 -8 -6 -a -2 [} 2

logks,v

Fig. 6. The slopes b, and b, are plotted vs logk,y for chlorine evolution according te the
VYolmer—Heyrowsky mechanism for a 5 M WNaCl solution containing no chlorine, for 298 K, oy = ag = 0.5,

ka,[—l = 20Cm5_1,GR =102

and for mass-transfer coefficient m = 1072 cms ™! (solid lines)and 10*® cms™*

(dotted lings).

of the #/i curve at very low overpotentials #, for
instance |r| < 0.01 V, are used. Also, in this case Ey is
chosen as the reference reversible potential and [C1™ ],
= [C e =[CI 1.

Moreover, the Volmer reaction is in quasi-equi-
librium.

The effect of [ Cl; ] on the slope by of the /i curve at
low overpotentials can be calculated as follows.

From Nernst's equation it follows that

Moreover, see (19)
6. By _LC]'z:I o2
1—-8, 1—-6x \[CL2]x

6y [CI™ JR
“H1—8g [Cl]g

Assuming k, = k¥, exp[agfEg] and kg = k¥y

(29)

and

koyw=k (30)

(31)

[Clz]_ — exp[26(E,— Ep)] 28) exp[ — (1 —aH)fEl] from (20), (28)-(30) we ‘obtain
[Cl:]x ' )
Cl 0.5ay
o enp [atn] = [{0a(1 — 001/0,0 0011 ({55 ) expl— 1 = zwif]
i/iO.H = . [é] ] 0.5(1+ay)
1+ {{kau[Cl g Or(1—6)}/{m[Cl]g (1 —Og}}] ([61:2];) exp [ — (1 —oy)fy]

-~
By — ]
_T {
f
f
i
o J
/
/
/
7/
/s
//
o B —
J
F-]
20 k-
20 I L 1 — wd
-8 -8 -4 -2 ]

log kg

Fig. 7. The slopes b; and b, are plotied vs logk, u for

chlorine evolution according to the Volmer-Heyrowsky

mechanism for a 5 M NaCl solution containing no chlorme,

for 298K, oy = o33 = 0.5, k, v = 2x102cms ! » Op =107

and for mass-transfer coefficient m = 10~ cms ~1 (solid
lines) and 10?°cms ! (dotied lines).

where

. _ [Clz] 0.5ay
ig.y = Fk,y[Cl ]RH,([CIZJR) . (32)

The relation between i/i, y and n was calculated
using (29) and (31). This was performed for agyg = 0.5,
f=23888V~' [CI” 11: =5x 10’ molem ™3, [Cl,]x
=5x10"%molcm™ 3, m = 10~ and 102° cms ! and
for  various BR(IO 3-0.5), [CLL](5x107%-5
x 10~ * molem ™3} and &, (10~ 7-1 cms ™ !). Charac-
teristic results are shown in Fig. 10.

It has been found that the slope Ay of n/(i/ig g} curve
is practically independent of chlorine diffusion at &, 4
<107 *ems™t

In practice, the 5 /i relation is determined, so that the
factor hyig gy is of more interest. The factors A, yio i
and h, yio y were calculated with hy y is the slope of
niijio, peurve at 0V < 5 < 0.006 V and hy y that at
0006V <y <OV

To determine the reaction order of molecular
chlorine, the dcpcndcncc of the factors hy yis g and
ha wio.pon [Cl,] is of great interest. This dependence
was determined by plotting k, wyion and h; gion
vs[CIZ] on a logarlthmnc scale The slope of log
ks pio n/log [Cl,] is denoted by n, and that of
log k, yig n/log[Cl.] by n;. Both slopes n; and n, are
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-a2 L
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—_—

-2 ]
logli fioMR)

2 4

Fig. 8. The potential difference E — E, is plotted vs log(in/iy u r) for the Volmer-Heyrowsky mechanism

where the Heyrowsky reaction is rate-determining, for a S M NaCl solution containing 5 x 10~ 3 M chiorine

and for 298 K, ay; = 0.5, k, iy = 107 % cms™ !, various 6y and for mass-transfer coefficient m = 10™* cms™*
(solid lines) and 10?° cms ™' (dotted lines).

20 — A

Q
fog kg H

Fig. 9. The slopes b, and b, are plotted vs logk, y for

chlorine evolution according to the Volmer—Heyrowsky

mechanism where the Heyrowsky reaction is rate-

determining, for a 5 M NaCl sclution containing 5 x 10" 2 M

chlorine, and for 298 K. oy = 0.5, 8g = 107 * for various

mass-transfer coefficients (for 1072 and 107! ems ™~ !, solid
lines, and 10%® cms ™!, dotted lines).

plotted as a function of logk,, at 8 = 10~ 2 and
m = 10" 2 and 10%° cms™ ' in Fig. 11 and as a function
of logfg at k,y=1lcms ' and m=10"7 and
102° cms ™ ! in Fig. 12. These figures show clearly that
the diffusion of molecular chlorine can strongly affect
the dependence of the slope of the 5/i curve on [Cl;].

3. DISCUSSION

Relations between potential and logarithm of cur-
rent density at two mass-transfer coefficients, viz

EA 28/2-C

m = 1072 and 10?°cms~! are shown in Fig. 1 for
the Volmer-Tafel mechanism, in Fig. 5 for the
Volmer-Heyrowsky mechanism, and in Fig. 8 for the
Volmer-Heyrowsky mechanism where the Volmer
reaction is in quasi-equilibrium.

The results for m = 10?° cms™! can be considered
as the ones without limitation of chlorine diffusion.
The potential/log current density curves of Figs 1, 5
and 8 are almost linear, generally over many decades of
current densities, after which they bend sharply. The
slopes of the linear section of these curves are con-
sidered as the Tafel slopes. Only the results at 25° are
discussed already.

The Tafel slope depends on many factors, eg the rate
constants of anodic and cathodic reactions, the mass-
transfer coefficient of chlorine, the chlorine ¢concen-
tration, the charge-transfer coefficient and the degree
of coverage by chlorine atoms at the reversible re-
ference electrode potential. Since only high Tafel
slopes, viz 118.4, are found when the Volmer reaction is
the rate-determining step, this case is left out of
consideration below.

For both the Volmer-Tafel and the Velmer-
Heyrowsky mechanism the same minimum Tafel slope
has been found, viz 29.6 mV. For the Volmer-Tafel
mechanism this slope has been found when the rate-
determining step is either the Tafel reaction{4, 5] or
the chlorine diffusion([3], Figs 1-3). A slope of
296mV  has also been found for the
Volmer-Heyrowsky mechanism when the chlorine
diffusion is the rate-determining step ({3], Figs 5-9).
When no limitation of chlorine diffusion occurs, a
minimum slope of 39.5 mV has been obtained for the
Volmer—Heyrowsky mechanism where the Heyrowsky
reaction is the rate-determining step. Consequently,
for the Volmer—Heyrowsky mechanism the Tafel slope
can be used to decide whether the Heyrowsky reaction
or the chlorine diffusion is rate-determining.

For chlorine evolution on anodes based on RuQ; or
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Fig. 10. The overpotential r is plotted vs i/i, y for chlorine evolution and reduction, both according to the

Volmer—Heyrowsky mechanism where the Heyrowsky reaction is rate-determining and for a 5 M NaCl

solution with various chlorine concentrations, varying between 5 x 10”2 and 5 x 10”7 > M, and for 298 K, ay

=035k, y=10"*cms™*, 6g = 10”7 and for mass-transfer coefficient m = 10~ % ems ™, (solid lines) and
10%% cms™! (dotted lines).

on, eventually, a mixture of RuQ, and TiO,, exper-
imental Tafel slopes of about 30 and 40 mV have been
found[6]. Both slopes can be explained with the
Volmer-Heyrowsky mechanism where the Volmer
reaction is in quast-equilibrium. The introduction of a
barnerless electrode reaction is not necessary for
explanation of the experimental Tafel slopes. More-
over, the formation of a C1* intermediate, proposed by
Krishtalik and Rotenbergf 1], is very unlikely owing to
its probably high heat of formation.

To elucidate the mechanism of chlorine evolution
the usefulness of the dependence of the polarization
resistance Ro[ = (d#n/di),_.o] on the chlorine concen-
tration has been determined for two values of mass-

Fig. 11. The slopes n, and n, are plotted vs logk, y for

chlorine evolution according to the Voimer-Heyrowsky

mechanism where the Heyrowsky reaction is rate-

determining, for a $ M NaCl solution containing 5 x 1072 M

chlorine, for 298 K, ay = 0.5, 8g = 107 ? and for mass-

transfer coefficient m = 10"?cms™! (solid line) and
102°cms ™! (dotted line).

transfer coefficients. For the Volmer—Tafel mechan-
ism, where the Tafel reaction is rate-determining, it has
been found that at Ay < 1072 the chlorine diffusion
does not affect the ratio between R, and [Cl,]. On the
other hand, for the Volmer-Heyrowsky mechanism,
where the Heyrowsky reaction is rate-determining, the
ratio between R, and [Cl,] depends on the mass-
transfer coefficient of chlorine (Fig. 11).

The stoichiometric number of the rate-determining
step, ie its repetition number along the whole reaction
route, is often used to elucidate the mechanism and is

given by
nF dn
=—ig o — . 33
VT RT o‘e(di ),,*0 3
15
&
g ™
3 nz
1.0
_=_— :::_\\_\\
~> ny
as " 1 D a
-3 -2 1 °

Fig. 12. Theslopes n, and n, are plotted vs log 8y for chlorine
evolution according to the Volmer—Heyrowsky mechanism
where the Heyrowsky reaction is rate-determining, fora 5 M
NaCl solution containing 5 x 10~ 2 M chlorine, for 298 K, ay
=0.5, 0p =10"° and for mass-transfer coefficient m
= 10"2cms ™! (solid lines) and 1072 cms™ ! (dotted lines).
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where i, . is the exchange current density determined
by extrapolation of the Tafel line to the reversible
potential. The stoichiometric number is obtained from
polarization resistance measurements. Hence, careful
use has to be made of both the polarization resistance
R, and the stoichiometric number to elucidate the
mechanism of the gas-evolving electrode reaction with
adsorbed atomic intermediates.
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