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Effect of Cations of Alkali and Alkaline-Earth Metal Chlorides for Chlorine
Evolution Reaction

Subramanyan Vasudevan*
Central Electrochemical Research Institute, (CSIR), Karaikudi 630 006, India

The chlorine evolution reaction was conducted on a metal-oxide-coated titanium anod£TiRWUSNQ) in

neutral chloride solutions of sodium, magnesium, strontium, and barium, using steady-sfaigi) curves.

From the results, it is concluded that the chlorine evolution reaction has no dependence on the cations in
alkali and alkaline-earth metal chlorides.

Introduction De Haan AG, Germany) and Sn&H,O (33.9% Sn) (J.T.
Baker Chemical Co., USA). The salts of the aforementioned
three metals were taken in the ratio of 30 RIBD TiO,/20
SnQ, dissolved in isopropanol (Johnson Mathey, U.K.), and
tthen painted over the pretreated titanium mesh (which was
polished, degreased, and etched in a 10% oxalic acid (Johnson

The production of chlorates is one of the major electrochemi-
cal technology industries in the world. Because the evolution
of chlorine is a primary electrochemical reaction in the produc-
tion of chlorates, this reaction has spurred considerable interes
in the understanding of mechanistic and kinetic aspects of the

same, as is evident from the large amount of work done in this Ma};[heyi U.K) Zollution _l"’_l:] 363.Kt Ifor 30 mir:j) 'tc:j prtc’?‘j'é‘?fi?‘
field for alkali metal chlorided:# However, the effect of cations unitormly spread layer. The paint layer was dried a n

of alkali and alkaline-earth metal chlorides on the evolution of 2" &l oven for 10 min, to evaporate the solvent. The s_,am_ples

. . were then transferred to a muffle furnace that was maintained
chlorine has not been studied. t 673 K for 10 min. During thi iod. the heai ¢
Hence, polarization studies have been undertaken usinga or min. During this period, the heating zone o

alkaline-earth metal chlorides. The literature data availebfe the furnace vae;]s mlalnttalged W'”:ha good sup dplfy of ?r']r f;om a
on the Tafel slope for mixed-oxide-coated anodes are listed in compressor. The electrode was then removed from the furnace

Table 1 and cooled. The process of brushing the coating solution, drying
' at 353 K, and then heating in the presence of air at 673 K was
Materials and Methods repeated 68 times. After the final coating, the electrode was

heated at 723 K fol h and allowed to cool in the oven, by

A Princeton Applied Research (PAR) Model 371 Potentiostat- jisaif over a period of 8 h.

Galvanostat and a Wenking scan generator (Model VSG 83),
in combination with a Kontron digital multimeter for potential
indicating and a Model HIL 2103 multimeter for current
indication, were used. The curves were recorded using #/K Chlorine evolution reactions at the mixed-oxide-coated anode
recorder (Rikadenki, Japan). in various concentrations of sodium, magnesium, strontium, and
A two-compartment cell that has an external jacket for water barium chlorides at 303 K were performed. The typical
circulation, to maintain electrolyte temperature, was used. The polarization curves are presented in Figuresil
cathode and anode compartments of the cell, each of which has The overall reaction that describes the evolution of chlorine,
a volumetric capacity of 100 mL, were separated by a glass frit via the oxidation of the Clion, is given as
(G3). The experiments were conducted on a noble mixed-oxide- B B
coated titanium plate (RugTiO2/SnQy,) working electrode (with 2CI" —Cl, + 2e 1)
a working area of 1.0 cf), with a standard calomel electrode
(SCE) as the reference electrode and a platinum foil counter-
electrode. The temperature was maintained at 301 K. The
experiments were conducted in various concentrations—(1.0
3.0 M) of sodium, magnesium, strontium, and barium chloride
solutions, using a scan rate of 100 mV/s. The salt solution (100
cm?®) was taken in the cell and deaerated with pure nitrogen.
The electrode was allowed to attain a steady potential value
for 5 min. Polarization experiments were conducted between

the potential range of-1.0 V to +1.2 V (vs SCE), and th& 2M + 2CI" — 2M-Cl,4+ 2e  (the Volmer reaction) (2)
vs logi plots were recorded.

Results and Discussion

The steps involved in the anodic evolution of chlorine are
analogous to those in the cathodic evolution of hydrogen, ex-
cept that the ion discharge step(s) is(are) anodic. Also, the reac-
tant ion (CI) may be more strongly chemisorbed thagCH,
under certain conditions at noble-metal oxide surfaces. The
following are obvious steps and mechanisms considered by vari-
ous workerd# at metal surfaces or surface oxide sites (M).
Mechanism |I.

) _ 2M-Cl,;—2M + Cl,  (the Tafel reaction) 3)
Preparation of Noble Metal-Oxide-Coated Electrodes

In this mechanism, which is known as the Volméiafel
mechanism, the first step corresponds to the discharge of
chlorine at the free sites on the electrode surface to form
adsorbed Cl atoms. Subsequently, the adsorbed Cl atoms collide

*To whom correspondence should be addressed. Tel.: 91 4565 With each other and combine to form a chlorine molecule. Thus
227554, Fax: 91 4565 227779. E-mail address: vasudevan65@the second step is a chemical step and does not involve charge
gmail.com. transfer.

The coating solution for the preparation of the anodes was
prepared from the chlorides of three metals (viz., RuEl,0
(38.4% Ru) (Johnson Mathey, U.K.), TidR5.1% Ti) (Riedel
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Table 1. Tafel Slopes for Chlorine Evolution Reaction on Mixed-Oxide-Coated Electrodes

sample electrode electrolyte concentration (M) temperature (K) Tafel slope (mV) ref

1 RuG NacCl 3 303 38 7

2 RuG NaCl 5 303 40 8

3 RuG NaCl 5 353 30 9

4 RuG HCI + NaCl + Cl, 1.5+25 303 33 10

5 RuQy/Ir0./SNG, NacCl 4 293 32 11

6 RuQ/TiO> HCI 1 298 38 12

7 RuG/TiO, NaCl 5 293 46 13

8 Pt/SnQ/SbQ, NacCl 3 303 31 7

9 SnQ/SbO/RUO, NaCl 3 303 31 7

10 RuQ/TiOz/SNG, NaCl 5 293 40 13
Mechanism II. Mechanism Ill. A third type of mechanism was considered

M+ ClIT —M-Cly+e  (the Volmer reaction)

(4)
M-Cl,+CI"—M+Cl,+ e
(the Heyrovsky reaction) (5)

In this mechanism, which is known as the Volméteyrovsky
mechanism, the first step is the same as that in mechanism |

(i.e., Cl atoms are discharged at the free sites on the electrode’”

surface to form adsorbed Cl atoms). In the second step, another
Cl atom comes into contact with the adsorbed Cl atom and gets
discharged to form a chlorine molecule {las shown in eq

4. The second step is the charge-transfer step, thereby suggesting
a consecutive charge-transfer scheme for the reaction mecha-

nism.
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E/V vs SCE
Figure 1. E vs logi curves for chlorine evolution reaction at 303 K in a
sodium chloride solution at a scan rate of 100 mV/s: curve 1, 1.0 M (as
CI); curve 2, 2.0 M (as Cl); and curve 3, 3.0 M (as CJ.

!
1-10
E /V vs SCE

Figure 2. E vs logi curves for chlorine evolution reaction at 303 K in a
magnesium chloride solution at a scan rate of 100 mV/s: curve 1, 1.0 M
(as CI); curve 2, 2.0 M (as CI); and curve 3, 3.0 M (as C).
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by Krishtalik et al.}*"16 based on the possibile formation of
the chloronium ion (Ct):

M+ ClIT—M-Cl,+e (the Volmer reaction) (6)

M-Cly— M-Cli,+ e 7
M-:Clyy;—M+ClI" +e (7a)
M-CI, (or) CI" + CI” —Cl, (8)

According to this mechanism, the reaction proceeds first through
a fast discharge of the Clon on the surface with the formation

of adsorbed atomic chlorine, followed by oxidation to the CI
ion, which reacts rapidly to form &l The reaction order,
stoichometric number, and Tafel slope data supported this
mechanism; however, the involvement of theé @In in agqueous
solution is questionable, because of its great instability as a
strong Lewis acid in water.

Because the proposed mechanisms and also the values of the
experimentally obtained Tafel slopes differed with various
workers, the mechanism of the chlorine evolution reaction on
RuG,—TiO; electrodes, as well as on the Ruéectrode itself,
was re-examined by Janssen et>Hl.They compared the
theoretical Tafel slopes and reaction orders, with respectto Cl
and C}, with the experimental values. Because only a high Tafel
slope (viz., 118.4 mV) is observed when the Volmer reaction
is the rate-determining step, this was omitted from consideration.
For both the VolmerTafel and Volmer-Heyrovsky mecha-
nisms, the same minimum Tafel slope was observed (viz., 29.6
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Figure 3. E vs logi curves for chlorine evolution reaction at 303 K in a
strontium chloride solution at a scan rate of 100 mV/s: curve 1, 1.0 M (as
CI7); curve 2, 2.0 M (as Cl); and curve 3, 3.0 M (as CJ.
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current density of transition from region b to region c is
: determined by the exchange current density.
-1 = The observed Tafel slopes in the mixed-oxide catalysts fRuO
y TiO2/SnG) used in this work are in the range of 30 mV, which
is consistent with the reported value for the evolution of chlorine.
In the case of mixed-oxide electrodes with $nGhe

o
T

e mechanism, as reported by Iwakura et ahd Chertykovtseva
:}: o et al.}% s given as follows:
o ClI” — (RuO)—Cl,; + ¢ ©)
Tt . (Rug)—Cl,y +(Sn0G)— (RuQ) + (SnQ)—Cl,, (10)
: / 2(SnQ)—Cl,y — 2(SnQ) + Cl, (11)
1?00 T (or)

E/V vs SCE

Figure 4. E vs logi curves for chlorine evolution reaction at 303 K in _ - _ -
barium chloride solution at a scan rate of 100 mV/s: curve 1, 1.0 M (as (SnG)—Clyg + (RuG)—Clyq (SnG) + (RuG) + Cl,

ClI7); curve 2, 2.0 M (as Ci); and curve 3, 3.0 M (as C). (12)

mV). For the VolmerTafel mechanism, this slope has been Conclusion
found when the rate-determining step is either the Tafel reaction
or the chlorine diffusion. The slope is determined either by the
Tafel reaction or by chlorine diffusion. A slope of 29.6 mV
has also been observed for the Volmeteyrovsky mechanism
when the chlorine diffusion is the rate-determining step. When
no limitation of chlorine diffusion occurs, a minimum Tafel
slope of 39.5 mV has been obtained for the Volmideyrovsky
mechanism where the Heyrovsky reaction is the rate-determining (1) Hepel, T.; Pollak, F. H.; Grady, W. E. Chlorine evolution and
step. Subsequently, for the Volmereyrovsky mechanism, the  reduction processes at oriented single-crystal ReiéctrodesJ. Electro-
Tafel slope can be used to decide whether the Heyrovsky chem. Soc1986 133 69-73.

. . . . . (2) Trasatti, S. Electrocatalysis in the anodic evolution of oxygen and
reaction (slope of 40 mV) or chlorine diffusion reaction (slope .y, rine Electrochim. Actal984 29, 1503-1512.

of 30 mV) is the rate-determining step. On Ruéhd RuQ— (3) Novak, D. M.; Tilak, B. V.; Conway, B. EModern Aspects of

TiO2 anodes, experimental Tafel slopes of 30 and 40 mV, ElectrochemistryBockris, J. O'M., Conway, B. E., White, R. E., Eds,;

respectively, have been observed. Both slopes can be explaine&"e(%m; Presttsj g‘e‘g York, 1982tihpp }%S%i dine of th i of
: rasatti, . Progress In € understanding o € mechanism O

by the \./ollmeFHgyrov.s!(y. mechanism where the Volmer chlorine evolution at oxide electrodeBlectrochim. Actal987 32, 369—

reaction is in quasi-equilibrium. 382.

Apart from the aforementioned general mechanism, later (5) Janssen, L. J. Modern Chlor-alkali Technologwol. 2; Jackson,

investigators of Ru@based electrodes proposed various reac- ©- Ed-; Ellis Harwood: Chichester, UK., 1983; pp 272075. .

. . . (6) Janssen, L. J. J. Effect of molecular chlorine diffusion on theoretical

tion schemes, taking into account other parameters, such as,,

R . tential-current density relations for chlorine evolving electrofiéec-
participation of the oxide surface and pH effet&sthough the trochim. Acta1983 28, 155-163.

Based on the observed Tafel slope value in chloride solutions
of sodium, magnesium, strontium, and barium, one can conclude
that the chlorine evolution reaction has no dependence on cations
(for example, alkali and alkaline-earth metals).
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