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Data so far published on the thermodynamics of sodium amalgams and chloride solutions allow us to 
calculate the reversible potential for the electrolysis of brines at concentrations and temperatures 
corresponding to industrial processing. Data are also reported for the electrolysis of hydrochloric 
acid solutions. Kinetics of chlorine discharge and passivation phenomena on Pt, Pt-Ir and oxide- 
based electrodes are reviewed, in relation to the use of dimensionally stable electrodes, on titanium 
supports. The electronic conduction of RuO2 and other oxides is also discussed. 

Introduction 

The production of chlorine is continually ex- 
panding, the average annual growth rate being 
8 ~  for the U.S.A. during the 1959-1969 decade. 
Again in the U.S.A., chlorine production in- 
creased by 11.2~ from 1968 to 1969, the record 
value being 9,427,000 tons [1]. The Italian pro- 
duction of chlorine for 1969 was 782,806 tons with 
an increase of 4 ~  with respect to 1968 [2]. 
About 60~ of the chlorine produced is utilized 
by the plastics industry, chiefly for P.V.C. pro- 
duction [3] which leads to hydrochloric acid as a 
by-product. The chemical conversion of hydro- 
chloric acid into chlorine (Deacon process and 
derivatives) or into organic chloroderivatives 
(oxychloridation process) has not, so far, reached 
such proportions as to be significantly competi- 
tive with the electrolytic production of chlorine. 

With regard to the electrolytic production of 
chlorine from hydrochloric acid solutions, a 
process which is still in the course of develop- 
ment, its interesting aspects are chiefly linked 
with pollution problems. In fact, electrolysis 
is the simplest way, well utilizable on a small- 
scale, for disposing the by-product hydrochloric 
acid and avoiding expensive treatments for the 
neutralization of dumps. 
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The electrolysis of sodium chloride solutions 
in diaphragm cells has undergone important 
modifications during the last decade, implying 
increases of both current densities and cell 
currents, but leaving nearly unchanged the 
specific consumptions per kg of chlorine. Table 1 

Table 1. Some typical data on the evolution of diaphragm 
cells. 

Year 1940 1950 1970 

Power d.c., kWh/ton 
C12 3,370 3,640 3,450 

Current/cell, kA 25 25 70 
Anodic current 

density A/m z 900 1,200 1,300 
Voltage across cell, V 4"4 4"75 4"5 

in particular indicates the decrease in specific 
consumptions recently obtained, in spite of the 
increase of current densities, by means of the 
introduction of non-consumable electrodes 
(DSA). 

As can be seen in Table 2, the evolution of the 
mercury cells was even more significant. The 
introduction of silicon rectifiers permitted a 
large increase in cell currents together with a 
drastic reduction of mercury hold-up; further, 
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Table 2 Some typical data on the evolution o f  mercury cells 

Year 1950 1970 

Power d.c., kWh/ton C12 3,600 3,400 
Anodic current density, A/m 2 3,700 13,000 
Mercury consumption gg. 

Hg/ton Clz 1,000 50 
Mercury hold-up kg/kA cell 57 12 
Current/cell kA 30 500 

the introduction of non-consumable titanium 
electrodes permitted a reduction in the specific 
consumption in spite of the large increase of 
current densities. 

From the data in Tables 1 and 2 it is evident 
that, due to the present high demand for chlorine 
from the chemical industries, the recent techno- 
logical evolution has been oriented towards an 
increased production capacity by the plants and 
to the reduction of the specific power consump- 
tion, a reduction which could, however, have 
been made possible by new technologies. 
During the last decade, in the Laboratory of 
Electrochemistry and Metallurgy of the Univer- 
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Fig. 1. Activity coefficients of aqueous HCI. Ranges of 
temperature and molality covered by Harned and Ehlers 
[5], Mussini et al. [6], and Randall and Young [7]. 

sity of Milan, a research programme has been 
developed with the aim of obtaining basic 
thermodynamic and kinetic data as necessary 
supports for the improvement of the technology 
of the electrolytic production of chlorine. 

As concerns Electrochemical Thermodyna- 
mics, a survey of the data now available leads 
to the following synopsis. 

The standard potential of the chlorine elec- 
trode, which was known only at room tempera- 
ture, was recently determined over a range up to 
80~ [4]. Fig. 1 shows the present overall situa- 
tion for the determination of activity coefficients 
of hydrochloric acid at high concentrations and 
temperatures. For the activity coefficients of 
sodium chloride solutions, data at low tempera- 
ture (obtained from emf methods) and data at 
high temperature (boiling point method) were 
available. Recently, as shown in Fig. 2, it has 
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Fig. 2. Activity coe~cients of aqueous NaCI. Ranges of 
temperature and molality covered by Janz and Gordon 
[8], Smith and Hirtle [9], Mussini and Pagella [10], 
Harned and Nims [11 ], ~ d  Scatchard and Prentiss [12]. 
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Fig. 3. Transference numbers of aqueous NaCI. Ranges 
of temperature and concentration covered by Allgood and 
Gordon [13], and by Mussini and Pagella [10]. 

been possible, by the emf method, to obtain the 
data for high NaC1 concentration up to 70~ 
The transference numbers of sodium chloride 
solutions are, at present, known over the con- 
centration and temperature ranges visualized in 
Fig. 3. The data on the sodium activities in 
sodium amalgams are now also known at higher 
concentrations and temperatures, as shown in 
Fig. 4. 
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Fig. 4. Activity coefficients of sodium in amalgam. 
Ranges of temperature and amalgam composition cov- 
ered by Mussini et aL [14], and by Dietrick, Yeager and 
Hovorka [15]. 

Thus a reconsideration of the fundamental 
and applied aspects of the electrochemistry of 
chlorine must be based on the data concerning 
the operating conditions for the industrial 
production of chlorine which have been obtained 
only recently. 

Thermodynamics of processes of electrolysis in HCI 
solutions 

The solution of this problem was made possible 
by the setting up of hydrogen and chlorine 
electrodes capable of working satisfactorily in 
concentrated and hot solutions of HC1, i.e. under 
conditions where the solubilities of AgC1 and 
Hg2C12 in HC1 make it impossible to use 
silver-chloride or calomel electrodes. By use of 
the hydrogen electrode [16], a development of 
porous electrodes for fuel cells [17], a very 
extended surface for the triple contact solution- 
catalyst-gas may be obtained. It consists of a 
horizontal porous-graphite disc on the upper 
surface of which stands a layer of platinum 
black kneaded with a small amount of PTFE 
(Fig. 5). The high reversibility of this hydrogen 

Fig. 5. Structure of the hydrogen electrode: A, porous 
graphite disc; B, screw stem of impermeabilized graphite; 
C, gas inlet stopcock; CL, catalyst layer; E, electrical 
connection; H, hydraulic seal; R, to second half-cell; S, 
solution; SL, solution level; T, tube connecting to 
hydraulic seal; TD, Teflon drop network; VO, vacuum 
oil layer on solution. (From G. Bianchi et al J. Electro- 
chem. Soe., 112 (1965) 921.) 
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electrode is demonstrated by an exchange current 
as high as 30.0 mA/cm 2 in 6"06 M HC1 at 25~ 
Stability and reproducibility turn out to be better 
than 30 #V when the electrode is freshly pre- 
pared, and better than 10/zV after ageing. 

The chlorine electrode [4] has been developed 
by making use of  the corrosion resistance of  
platinum-iridium alloys, with 4 5 ~  iridium, in 
concentrated and hot chlorine-saturated HC1 
solutions. The impossibility of obtaining such 
alloy in the form of wires or sheets has been 
overcome by preparing it by thermal decomposi- 
tion of platinum and iridium salts on a tantalum 
sheet. The electrode has been constructed accord- 

D 

Fig. 6. Structure of the chlorine half-cell: A, electrode 
substrate consisting of a tantalum foil coated with a Pt-Ir 
alloy; B, electrical connection to potentiometer; C, 
polytetrafluoroethylene plug; D, connection to the silver/ 
silver-chloride half cell; E, solution level; F, chlorine 
inlet; G; chlorine outlet. (From G. Faita et al J. Electro- 
chem. Soc., 114 (1967) 340.) 

ing to the scheme in Fig. 6, leading to an ex- 
change current of  16 mA/cm 2 in 1.75 HC1 at 
25~ Stability and reproducibility of these 
chlorine electrodes was better than 10 #V. 

The cell H2/HC1/C12 was used for two comple- 
mentary purposes, in one case [18] keeping a 
constant HC1 concentration in solution and 
varying the partial pressure of chlorine, in the 
other case [6] keeping a constant chlorine pres- 
sure but varying the HCI concentration. 

For a HC1 solution in the presence of chlorine 
the following equilibria exist 

C12 (gas)+C1- (aq) ~ C13 (aq) (1) 

C12 (aq)+C1- (aq) ~ CI~ (aq) (2) 

with corresponding equilibrium constants K 1 
and/s Ifpcl~ is the partial pressure of chlorine, 
m is the molal concentration of HC1 in solution 
and ~ is the corresponding mean molal activity 
coefficient (obtained at different temperatures as 
explained below) the emf of the above cell is 
given by 

R T 2 R T  In (m7 • E = E~ + ~ - l n  ( P c i ) -  F 

R T  
+ --if- In (1 + Klpc12) 

in terms of equilibrium (1), Ed being the standard 
potential referred to the C12 (gas)/C1- couple. 
Rearranging, after linearizing the last logarith- 
mic term, 

Table 3. Standard potentials of  the chlorine electrode, referred to the C12 (gas)/Cl- (E~) and to the Cl2(aq)/Cl- (E~) 
couples, and equilibrium constants of  reactions (1) and (2), at various temperatures.* 

t(~ Er(V)  E~(V) KI K2 

25 1.35827+0.00002 (a) 1.396+0'002 (a) 0.0119+_0"0009 (a) 0.215_+0-022 (a) 
1.35852 (b) 1"39 (c) 0"010 (d) 0"176 (d) 

0.191 (e) 
40 1.33910_+0'00002 (a) 1.384_+0"004 (a) 0.0064_+0'0009 (a) 0"18_+0"03 (a) 

1.33919 (b) - -  - -  - -  
60 1.31154_+0.00001 (a) 1.366_+0"006 (a) 0.0032_+0'0007 (a) 0-14 _+0'03 (a) 

1.31144 (b) - -  - -  - -  
80 1.28172+_0'00001 (a) 1.344_+0"036 (a) 0.0012_+0'0010 (a) 0.07_+0.06 (a) 

1.28153 (b) - -  - -  - -  

* Sources of data as indicated. (a) from ref. [18]; (b) from ref. [6]; (c) from ref. [19]; (d) from ref. [20]; (e) from 
ref. [21]. 
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E F  
+ 2 In (m7 •  �89 In (Pc12) = 

R T  

FE~  
- R T  +KlPcI2 

is obtained. 
Then by plotting ~P against Pcl2 one should 

(and actually does) obtain straight lines corres- 
ponding to the different temperatures of  experi- 
ments. The slopes of these straight lines give/s 
while from the intercepts at Pcl~ = 0 one gets 
E& (cf. Fig. 7). From parallel determinations of 
chlorine solubility at various Pcl2 and tempera- 
tures, it is also possible to deduce the Kz values. 
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Fig. 7. Simultaneous determination of EG for the couple 
C12 (gas)/C1- and of/s for the process CI2(g)+CI- = 
CI~ by extrapolating the function W to Pczz = 0. 
(From A. Cerquetti et al., J. ElectroanaL Chem., 20, 
(1969) 411.) 

H2, I atm[ HC1, 1M[ C12, p atm 
Cl2(gas) + CI- (aq) ~ Cl-(aq) /s = mclgTcl~/ 
(Pcl2mcl-,Ycl -) 
C12(aq) + C1- (aq) ~ Cl~(aq) /s = mc~'c{;/ 
(mc127c~2mc~-,ycl- ) 
E = E~+(RT/2F)lnpc~2-(2RT/F ) In (my• 
ln(l + Klpcx2) 

(EF/RT) + 21n(my +)ncx- �89 In Pc~2 = (FE~/RT) + 
K~pc,z = q~ 

Kz = (1 + KxPc12)/Tc12(mc12 tot  "+" mct2 to t/(K1Pcl2)-- mHCl) 

Results are summarized in Table 3 and the 
standard potentials of the chlorine electrode 
shown in Fig. 8, with an indication of the data 
available in the literature. 
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Fig. 8. Standard molar potentials of the Cl2C1--electrode 
at various temperatures. Sources of data as indicated. 
�9 from [4, 6, 18]; • from [7, 22, 23, 24, 25, 26]. 

From the present determination of the 
equilibrium constants K 1 and 1s it is verified that 
the formation of  CI~ ions has negligible effects 
when using reduced partial pressures of chlorine. 
Optimum conditions as far as the precision of the 
analysis of the chlorine-nitrogen mixture and 
the virtual absence of CI~ ions in solution are 
concerned are obtained by working with 0-1 
atm. of chlorine diluted with nitrogen. The 
specification of this optimum condition and the 
knowledge of  the standard potentials of  the 
chlorine electrode at various temperatures 
enabled us to use the hydrogen-chlorine cell for 
the emf-based determination of activity co- 
efficients of hydrochloric acid at concentrations 
up to 11 molal and at temperatures up to 80~ 
(cf. Fig. 9). 

All the required data being thus available, one 
can calculate the reversible potentials for the 
electrolysis of HC1 solutions as functions of 
HC1 concentration at various temperatures 
(Fig. 10). 
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Fig. 10. Reversible voltages for the electrolysis of HC1 
at various concentrations and temperatures. 

Thermodynamics of the processes of electrolysis 
in NaCl solutions 

The basic experimental problem was mainly the 
setting up of a sodium amalgam electrode cap- 
able of  working satisfactorily even at high 

Pt  

Ag/AgCWCt- ("~ II NK ~ II C3 Ag/AgCt/Ct- 

S II IIS 

Fig. 11. Diagrammatic representation of the cell Me(Hg) 
MeCI/AgC1]Ag with details of the apparatus for prepara- 
tion and storage of alkali metal Me amalgams. (From 
T. Mussini and A. Pagella, J. Chem. Eng. Data, 16 (1971) 
49.) 

temperatures. The electrode assembly adopted 
here has also served for studying thallium and 
calcium amalgams, and is of  the flowing amalgam 
type [27], as shown in Fig. 11. The compartment  
for amalgam preparation and storage consists 
of a vessel A for the electrolytic production of the 
amalgam and of a vessel C for the dilution of the 
amalgam with pure mercury spilt f rom B and F, 
respectively. The amalgam, after mixing and 
storage in C, is transferred by hydrogen pressure 
into the vessel D which feeds the capillaries for 
the measurement cells F. Each of these cells 
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consists of  the amalgam flowing from the 1.oo 
capillary, of the NaCl solution and of the silver 
chloride electrode. The special shape of the 
bottom of each cell F permits us to avoid the 
decomposition of the amalgam dropped down 0.90 

to the bottom which could cause significant 
modifications of  the NaC1 solution composition. 

From the emf of the above cell at various con- l 
centrations of  NaCI in solutions and of  sodium ~ 0.80 

in the amalgams, it is possible to obtain the 
value of the standard potential E~,(ng ) of the 
sodium amalgam at each temperature of  
experiment, by a double extrapolation at o.7o 
mNaci--r0 and at xNa~0. Once E~qa(Hg ) is deter- 
mined, the activity coefficients fNa of sodium in 
the amalgam are readily obtained (see Fig. 12). 
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I o~2 / -06  1 

7 oo8 / _ -io, 

0.04 - - /  ~ ~ __zso~ 7o~c r 02  
/ / ~ 25~ I 

oiL , /~ / ,  , , , I . . . . . . . . . . .  
0002 0004 0008 0008 001 0.05 

mole froction of sodium 

Fig. 12. Activity coefficients of sodium in amalgams. 
Sources of data as indicated: o, zx from [14]; Z from [15]. 

On the basis of  the combined knowledge of 
E~a(Hg ) and f N .  it is then possible to obtain the 
activity coefficients of  NaC1 solutions shown in 
Fig. 13. Using the latter, it is possible to deter- 
mine the transference numbers of NaC1 (Fig. 14) 
from the emf's of  a transference cell formed by 
two silver-chloride electrodes dipping into two 
NaC1 solutions at different concentrations. 
Knowledge of all these data is necessary for the 
interpretation of the processes of electrical and 
mechanical transport through diaphragms in 
diaphragm cells and across the cathodic limiting 
layer in mercury cells. 

The combined knowledge of  the standard 
potentials of chlorine and sodium amalgam, and 
of the activity coefficients of  sodium amalgams 
and NaC1 solutions allow us to calculate the 
reversible potentials for a mercury cell cor- 
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Fig. 13. Mean molal activity coefficients of NaC1. 
Sources of data as indicated: o, a from [10]; x from ll 1 ]; 
+ from [91. 
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Fig. 14. Cation transference number of aqueous NaCI at 
various concentrations and temperatures. (From T. 
Mussini et al., Chemica e Industria 52 (1970) 1187.) 

responding to the conditions of cell inlet and cell 
outlet (Table 4). 

With the same cell assembly as above, the 
activity coefficients of  calcium amalgams [27] 
and of  CaC12 solutions [10] have also been 
measured. Thus it is possible to calculate the 
potentials for the cathodic discharge of  Ca + + 
ions from CaClz (0.75 g/l) at 70~ in the case of 
a calcimn amalgam containing 2 ppm Ca, the 
Ca + + discharge potential is -1 .919 V (NHE), 
only 45 mV more negative than the discharge 
potential of Na + corresponding to the conditions 
of the cell outlet (200 g/1 NaC1). It is now 
evident that any factor leading to an excessive 
impoverishment of  the brine may cause the 
simultaneous discharge of sodium and calcium. 
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Table 4. Reversible voltages for the electrolysis of  NaCl solutions in mercury cells 

Concentration of  NaCl Concentration of  Na E~ev at 70~ V 
in brine in amalgam anode cathode* whole cell 

Inlet 310 g/1 0"001~ w/w + 1.241 - 1"677 2'918 
(5.3M) (Xr~ = 8.7 • 10- s) NHE NHE 

Outlet 

200 g/1 0"2% w/w + 1 "263 - 1-874 3"138 
(3'4 M) (X rqa = 1"71 • 10- 2) NHE NHE 
240 g/1 0"2yo w/w + 1"256 - 1"867 3"123 
(3"65 M) (XNa = 1"71 • 10 -2) NHE NHE 

* These values can be compared with the reversible potentials for the cathodic discharge of calcium, 
to form a calcium amalgam from a calcium chloride solution at 70~ see below 

Concentration of  CaCI2 
solution 

Concentration of  Ca 
in calcium amalgam 

Reversible potential 
for the discharge of  Ca 

0"75 g/1 10 ppm - 1.942 V (NHE) 
0.75 g/1 5 ppm - 1.932 V (NHE) 
0-75 g/1 2 ppm -1.919 V (NHE) 

Anodic discharge of chlorine 

Types o f  electrodes 

During the last few years some important 
advances in caustic-soda technology have been 
made in connection with the introduction of 
new anode materials based on titanium sup- 
ports. The advantages of the new (so-called 
'permanent ' )  anodes arise because they are non- 
consumable and, moreover, they do not need a 
continuous regulation of the inter-electrode 
distance. In addition titanium anodes can be 
obtained in peculiar geometrical forms (e.g. 
expanded metals) which are especially suitable 
for the chlorine evolution and rapid separation 
from the solution [28, 29, 30]. 

The new electrode materials for the brine 
electrolysis came from two research lines, one of 
which led to the titanium electrodes coated with 
noble metals of  the platinum group (especially 
Pt, Pd, Ir, Rh), and the other led to the titanium 
electrodes coated with oxides of  noble metals 
(particularly Ru and It). Literature on the 
kinetics of  the anodic discharge of chlorine 
[31, 32, 33, 34] does not provide an exhaustive 
interpretation of the industrial chlorine processes 
because of the undervaluation of the slow 
phenomena of  electrode passivation occurring 

at high current densities for very long times. One 
should indeed recall that the current densities 
for the chlorine discharge in some cases can now 
reach 1.5 A/cm 2 and thus produce tumultuous 
evolutions of  gas, which lead to several difficult 
experimental problems. In the author 's  labora- 
tory systematic researches were carried out on 
the anodic evolution of chlorine, using a 
rotating disc electrode which permitted a rapid 
removal of  the gas bubbles and a control of the 
mass transfer processes. Under these conditions, 
it was possible to obtain stable and reproducible 
currents and potentials even when working at 
0.3 A/cm 2 current densities. Measurements were 
freed from ohmic drop errors by using the usual 
oscillographic method based on current inter- 
ruption. 

Platinum and platinum-alloys electrodes 

The first problem concerns the passivation 
phenomena accompanying the discharge of  
chlorine at pure platinum anodes, as shown in 
Fig. 15. It  is seen that (i) the anodic potential 
for the chlorine evolution at platinum rapidly 
increases with increasing current density (curve 
A); (ii) the potential increase is irreversible; (iii) 
at high current densities the potential continues 
to increase slowly with time (curve C). The 
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Fig. 15. Phenomena of platinum passivation during 
anodic discharge of chlorine from a saturated NaCI 
solution at 70~ (From G, Bianchi, Atti Giornate 
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Fig. 16. Influence of NaCI concentration on the passiva- 
tion of titanium-platinum electrodes. Solution pH = 3 
(temperature 30~ with a gaseous phase containing 1% 
Clz. Rotation speed of rotating-disc electrode (10 mm 
diameter) was 2,800 rpm. 

platinum passivation is not favoured by low 
pH values [34] and high concentrations of 
chloride ions (Fig. 16). Fig. 17 further shows that 
the platinum passivation begins to arise even at 
0.1 to 0.2 V overvoltages and becomes complete 
at 0-5 overvoltages. In the 0-2-0-5 V overvoltage 
range the platinum passivation establishes itself 
more rapidly, at a given overpotential, when the 
high rotation speed of the rotating electrode 
makes the mass transfer phenomena between 
solution and electrode surface faster. One ex- 
planation of these phenomena could well be 
that the platinum passivation is not caused by a 
direct discharge of O H -  ions, in which case it 
should be independent of mass transfer phenom- 
ena in solution, but by C10- ions getting on the 
platinum surface where they form oxychlor- 
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Fig. 17. Influence of diffusional phenomena on the pas- 
sivity of Ti-Pt electrodes, depending on the NaCI con- 
centration and the rotation speed of the rotating-disc 
electrode. Supporting electrolyte: 1 M HC104 at 30~ in 
contact with a gaseous phase containing 1% C12. (From 
G. Faita et al, J. Electrochern. Soc., 116 (1969) 928.) 
�9 0.02 NaCI 
�9 0.02 NaC1 
zx 0.07M NaCI 
�9 0-07M NaC1 
v 0.14M NaCI 
�9 0"I4M NaC1 

m = 850 rpm electrode: Ti/Pt 
m = 2,800 rpm electrode: Ti/Pt 
m = 850 rpm electrode: Ti/Pt 
m = 2,800 rpm electrode: Ti/Pt 
m = 850 rpm electrode: Ti/Pt 
m = 2,800 rpm electrode: Ti/Pt 

ides directly [37]. Another explanation relies 
upon a mechanism of electrochemical oxidation 
of  C10-  ions to C103 leading to evolution of  
oxygen which may remain partly chemisorbed 
on the platinum surface: 

6C10- + 6OH - -o2C10 3 + 4C1 - + ~-Oz 

+ 3H20 + 6e 

(E,~v = 0.7 V, NHE). 
In any case the platinum passivation depends on 
the CIO- ion concentration in the bulk solution 
(C12 + H z O ~ C 1 0 -  + C1- + 2H +, pH dependent) 
as well as on C10- ion transport onto the electrode 
surface. In the case of pure iridium electrodes 
the passivity phenomena disappear; in the case 
of platinum-iridium alloys the passivity phenom- 
ena attenuate with increasing iridium percentage 
as shown by the results in Fig. 18. The different 
behaviours of platinum and iridium can be 
explained by considering the oxygen chemisorp- 
tion at platinum to be characterized to some 
extent by irreversibility, which is not the case for 
iridium and platinum-iridium alloys [38]. 

The voltammetric sweeps in Fig. 19 clearly 
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Fig. 18. Anodic overpotential as a function of time in a 
0'1 M NaC1 solution at pH = 3 and at 30~ in contact 
with a gaseous phase containing 1~o C12. Rotation speed 
of the rotating-disc electrode was 2,800 rpm. Constant 
current density = 8 mA/cm2; o = Ti/Pt; �9 = Ti/Pt-Ir 
(0.5~); A = Ti/Pt-Ir (2~); �9 = Ti/Pt-Ir (4~); �9 = 
Ti/Ir. (From G. Faita et al., J. Electrochem. Soc., 117 
(1970) 1333.) 
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Fig. 19. Voltammetric sweeps (0"5 V/sec) in 2.3 M H2SO4 
at 25~ (a) platinum electrode; (b) iridium electrode. 
(From M. W. Breiter, Electrochim. Acta, 5 (1961) 145.) 

show that at iridium electrodes the anodic forma- 
tion and the subsequent cathodic reduction of 
chemisorbed oxygen occur at nearly equal po- 
tentials (correspondence of anodic and cathodic 
currents, at 0.8 to 1.4 V). In the case of  platinum, 
however, the anodic currents are zero until the 

potential falls to 0-9 V. In other words, within 
the 0.9-1.4 V range, chemisorbed oxygen gradu- 
ally accumulates on platinum since in that poten- 
tial range a chemisorbed oxygen formation, but 
no reduction, can take place. 

It was shown [39] that the anodic evolution of 
chlorine at either non-passive platinum or 
platinum-iridium alloys occurs following the 
scheme: 
(a) C l - ~ C l , a s + e  
(b) 2Claas~Clz, 
the step (b) being rate-determining, with a Tafel 
slope of 0.030 V/decade. The irreversible oxygen 
chemisorption takes up sites on the electrode 
surface making them unavailable for the (b) 
chlorine evolution reaction, a 2nd order process 
with respect to Clad s (i.e. to the sites) which is 
thus necessarily markedly slowed down. In the 
case of  the anodic chlorine discharge from acid 
solutions, the surface coverage by chemisorbed 
oxygen is quite small even for platinum elec- 
trodes, thus step (b) is fast and step (a) becomes 
rate-determining [40]. Although a small amount  
of  iridium suffices to prevent the platinum pas- 
sivation, in practice higher iridium amounts (20- 
30~o) are used to obtain electrodes of  high 
chemical resistance. Fig. 20 confirms that only 
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Fig. 20. Time dependence of the anode potential for the 
evolution of chlorine. Constant current density = 1 
A/cm2;NaCl = 310g/l;pH = 3 ; T =  70~ �9 = Ti/Pt- 
Ir (5~o); [] = Ti/Pt-Ir (10~); A = Ti/Pt-Ir (20~); 
�9 = Ti/Pt-Ir (30~). (From G. Faita et al., J. Electro- 
chem. Soc., 117 (1970) 1333.) 

with iridium amounts greater than 2 0 ~  is it 
possible to obtain electrodes whose potentials 
remain constant even over electrolysis times of 
thousands of hours. 

When electrolysing HC1 solutions [41] cor- 
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rosiou phenomena at anodes are more severe 
and the maximum chemical resistance is obtained 
with 45~  iridium-platinum electrodes [4]. 

Titanium-based oxide electrodes 

The second research line concerned titanium 
electrodes with oxide coatings (particularly 
ruthenium oxide) showing metallic-type conduc- 
tivity. The titanium support apart, this idea is 
not completely new, as cast magnetite electrodes 
were already largely in use in caustic-soda plants 
before graphite electrodes gained ground. Fig. 
21 illustrates the electrical conductivities of 
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Fig. 21. Transition metal oxides with metallic conduc- 
tivity. Data from [42] for FeaO4 ; from [43] for IrO2 and 
RuOz; all other data from [44]. Electrical conductivity 
of silver is reported for comparison purposes. 

some metal oxides, as contrasted with the 
conductivity curve for a typical metal, silver. It is 
seen that ruthenium, iridium and titanium oxides 
have negative temperature coefficients for the 
electric conductivity (this is typical of a metal- 
type conductance) within the whole temperature 

range. For other oxides such as magnetite and 
Ti203 the metal-type conductance only occurs at 
temperatures much higher than room tempera- 
ture. At lower temperatures there is a transition, 
and these oxides behave as semiconductors with 
positive temperature coefficients of the conduct- 
ance (activated conduction). Other oxides having 
a metallic behaviour and showing a transition 
with decreasing temperature are the vanadium 
oxides (VO, V2Oa and VOz). 

From this survey, the striking attractiveness 
of the ruthenium, iridium and titanium oxides 
for the realization of electrodes for the anodic 
discharge of chlorine is obvious. Indeed, their 
electronic conductance is accompanied by a 
strong chemical inertia which is related to the 
absence of an electric field penetrating inside the 
oxide influencing lattice bonds. The chemical 
adsorption of anion, i.e. the first step for the 
subsequent chemical attack, may take place pre- 
ferentially on the cationic positions of the oxide. 
In the case of an oxide with no electronic con- 
duction, the anion adsorption leads to a surface 
with a localized electric charge which can weaken 
the neighbouring lattice bonds, whereas in an 
electronic-conduction oxide the electric charge of 
the adsorbed species is uniformly distributed and 
shared in the bulk oxide. The electronic conduc- 
tion also removes electric gradients in the bulk 
oxide and hinders any anionic migration which 
could, in the long term, lead to a breakdown of 
the oxide lattice structure. From the electrodic 
standpoint, it was shown that the anodic dis- 
charge of chlorine at RuO2 electrodes proceeds 
along an electrochemical-chemical mechanism 
quite analogous to that observed at non- 
passive platinum or iridium which implies the 
intervention of the Clads species. The RuO2 
electrode properties and performances depend on 
the preparation methods (materials, i.e. RuC13; 
temperatures; oxygen partial pressures) as 
shown by studying the behaviour of appropriate 
redox systems [45, 46, 47, 48]. This fact leads us 
to believe that the RuOa electrode behaviour 
might be significantly affected by both some 
stoichiometric imbalance and the transition 
between the metallic behaviour (orbitals over- 
lapping) to the semiconductor behaviour. It was 
shown that the behaviour of bulk RuOa is differ- 
ent from that of RuOz in the form of a film ob- 
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tained by thermal decomposition [49], see Fig. 
22. An interesting feature is that the temperature 
coefficient of  the electric conductivity of  RuOz 
deposited as a thin film on silica corresponds to a 
semiconductor's behaviour (activated conductiv- 
ity) in the very range of temperature where 
RuO2 electrodes find industrial applications. 
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Fig. 22. Electrical conductivity of RuO2 film on silica for 
different temperatures of decomposition (From S. 
Pizzini, Paper No. 32 presented at the Fall Meeting of the 
Electrochemical Soc., Atlantic City, N.Y., October 1970). 

Even the morphology of  the RuOz film surface 
is markedly affected by both the preparation 
temperature and the substrate nature [50]. For  
deposits obtained by thermal decomposition of 
RuCla on silica at 450~ it is seen that the film 
has a honeycomb structure, where the single 
cells are separated by narrow and deep channels 
(Fig. 23; ESMx3000) .  The interior of  any 
single cell is empty (or partially filled with 
amorphous material) as one can observe in the 
same figure, where the inside of  a cell is also 
shown. The porosity of  the walls of  the cells 
increases (Fig. 24: ESM x 3000) as the tempera- 
ture of  preparation (or of  annealing) increases 
and large cracks appear, mainly on the upper 
walls of  the cells. At this temperature (,~ 850~ 
small single crystals begin to grow in the chan- 
nels between cells, up to a size of  tens of  pm, 
provided that enough time elapses. X-ray dif- 

fraction patterns confirm that the RuO2 deposits 
obtained by thermal decomposition at lower 
temperatures (-~500~ are amorphous, the 
crystalline habit appearing only after long an- 
nealing at ~ 800~ 

Many problems concerning properties of  
oxide-based electrodes (including the so-called 
'bronzes') are still open to speculation. However 
it already seems clear that these new electrodes 
did introduce an innovation even into the most 
classical electrochemical technologies, such as 
that of  caustic-soda. 
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