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Abstract

An anodic electrocatalyst has been optimized as follows: It has a titanium substrate
with a catalyst of RuQ,/TiO; and is designed for use in caustic-chlorine cells, chlorate cells,
sea water electrolysis and similar applications. Its performance was rated by measuring
the anodic potential at constant current versus time, by Tafel curves and by the durability
(time to failure). Charging currents, electrode charge and crystal structure were also
investigated and interrelated with the catalyst activity., The processing variables used to
alter the properties were the mole fraction of RuQ; in the coating, thermal treatment
(temperature and time) and the catalyst loading. It has been pointed out that there exists
an interrelating optimum for the mixed RuQO,/TiO, rutile phase structure, its composition
(mole fraction) and the total amount (catalyst loading) as a function of thermal processing
conditions (both time dependence and temperature) with steady-state polarization charac-
teristics (electrocatalytic activity), corrosion stability and the life-time, which mutually

coincide and make the basis for the optimization of catalytic coating.

Introduction

Catalytically activated titanium anodes and semi-permeable cationic mem-
branes for chlorine cells are among the most important recent achievements
in electrochemistry (1~4). For this reason, much work has been done on
titanium electrodes during the last fifteen years, enriching the field with
many reliable papers (5~75). The present study describes the optimization
of an electrocatalyst for titanium anodes intended for use in chlorine and
chlorate cells, sea-water electrolysis, etc.

The main criteria for electrocatalytic activity is the electrode overpotential
as a function of current density, duration of electrolysis and the amount of
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noble metal. The best coating gives the smallest overpotential, the greatest

lifetime at this overpotential and the minimum usage of precious metal, under

industrial current density conditions. Several processing and structural fea-
tures of the coating have been investigated in order to correlate them with
the activity and durability. These are:

(a) The effect of the molar % of RuQ, in the RuQ,/TiO, mixture on the
crystal structure, surface state and catalytic activity as a function of time.

(b) The effect of the catalyst’s temperature and baking time during thermal
processing on its corrosion stability and catalytic activity, both being
measured over a period of time.

(c) The effect of the catalyst loading on the catalyst’s crystal structure,
activity and durability. This effect was measured at the optimum RuQ,
mole %.

Correlating the activity and durability measurements with the processing

variables and structural properties led to a composition, loading and heat

treatment which gave the optimal catalytic activity and durability.

Experimental

To obtain reproducible data and draw reliable conclusions, special care
was taken to process the electrodes under strictly identical conditions. The
smooth titanium substrate was first roughened to increase its surface area
and provide better coating adhesion. Best results were obtained by shotblast-
ing with small steel balls (0.1 to 1.0 mm dia). This gave good surface
development with smooth rounded edges whereas sandblasting gave sharp
edges (where the coating corrodes faster) and deeply embedded particles which
were not completely removed by subsequent pickling.

The roughened samples were thoroughly degreased in ethanol saturated
with sodium hydroxide at room temperature. After rinsing with distilled
water, they were pickled for about 20 minutes in boiling 20% HCl. To
remove other impurities, the samples were briefly immersed in warm 10%
HNO,, rinsed thoroughly in distilled water and dried in hot air.

As a solvent for the catalyst, water, butanol, anisole and isopropanol
among others were tested. Isopropanol was chosen because its low surface
tension gave uniform catalyst distribution while its high vapour pressure
allowed rapid drying (25). RuCl;-3H,O (Johnson and Matthey) was first
dissolved in 202 HCI, dried completely and then dissolved in isopropanol
together with TiCl, (Merck) to produce a solution containing 10 g/L based on
the pure metals (25). All chemicals were reagent grade purity. This solution
was painted onto the titanium samples in successive layers until the desired
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loading was attained. Each layer was dried at 50°C (which provided the best
catalyst microdistribution) and then heated in air to 450°C for about 10
minutes, Drying at higher than 50° gave a porous film that was less mecha-
nically stable. Usually five layers gave a metal loading of about 10 g/m?.
The loading was varied by applying fewer or more layers and the % RuO,
was varied by making up solutions of different compositions but with the
same total metal concentration. The final baking was carried out in an
electric furnace at 500°C for 60 minutes. A Phillips PW 1730 diffractometer
with a vertical goniometer PW 1050 and a static non-rotating sample
carrier was used for X.ray diffraction analyses. This had a 35kV, 20 mA
power supply for copper excitation, and an AMR graphite monochromator.
Phases were identified by reference to ASTM tables.

Steady state polarization and linear potential sweep measurements were
carried out with the usual electrical set-up consisting of a potentiostat {(Stone-
hard, model BC-1200), a PAR function programmer (Model 175), an XY
recorder (Houston Instruments) and an oscilloscope (Tectronix, Model 564-B).
The cell for both anodic polarization and cyclic voltammetry was a simple
glass vessel (about 250 m¢) with a double wall mantle for thermostatic tem-
perature control (£0.2°C). The test electrodes were square plates with 1 cm?
exposed geometric area on each side. They were mounted vertically and
centred inside a Winkler platinum gauze cathode. Anode potentials were
measured vs. a SCE by a VIVM (Keithly 610 C) but are reported vs the
SHE. The tip of the Luggin capillary was about 0.3 mm in diameter and
nearly touched the anode. Electrode potentials were corrected for ohmic
losses by the interrupter technique and therefore represent true chlorine
evolution potentials. The electrolyte was either concentrated (300 g/L) or
dilute (30 g/L) sodium chloride in tripledistilled water. Lengthy polarization
measurements to assess the durability of the catalysts were carried out in
the same vessel at constant current, temperature, pH and electrolyte con-
centration.

Results and Discussion

1. X-ray Diffraction Analyses of the Catalytic Coating

X-ray diffraction analyses were carried out for all RuQ, concentrations
from 0 to 100%. Figure 1 is typical of a nearly optimal coating and shows
peaks from the titanium substrate and from the rutile solid solution of
RuQ,/TiO, whose d values are between those of the pure components (RuO,
and TiO,) (5, 29, 35, 37-40). Note the three peaks of the three rutile
orientation planes (110) (20=27—28°), (101) (26=35—36°) and (211) (26=
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Fig. 1. X-ray diffraction radiograph for the composite electrocatalyst with
optimal 40 mol. % in RuO; fraction.
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Fig. 2. The composite presentation of relative intensities for diffraction peaks of
mixed rutile phase (the reflections for (110) rutile orientation plane), integral
anodic charge and the anodic potential at constant current density (3kA-
m~2) in function of molar RuO, fraction in RuQ/,;TiO; catalytic coating.
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53 —54°). The absence of other peaks shows that all of the RuQ, is present
with TiO, as a solid solution with a rutile crystal structure. Diffraction peaks
for anatase, which forms by thermal decomposition of pure TiCl, at 500°C,
is found only in a coating with less than 5 mole % RuQO, Some non-
stoichiometric titanium oxides may form below 409 RuQO, giving rise to
indistinct peaks.

While X-ray diffraction has revealed the chemical composition of the
coating, changes in the d values show a remarkable divergence from Vegard’s
law. Figure 2 shows how relative peak intensities due to rutile depend on
the %RuQO, The fraction of rutile in the solid solution as shown by these
peaks increases nearly linearly with Z%RuQ, until at about 40% only rutile
is present in the coating. A dense homogeneous rutile structure is known
to provide good electrocatalytic properties for chlorine evolution. (10)

2. Electrocatalytic Activity vs %RuQ,

Electrocatalytic optimization of the coatings was carried out by obtaining
polarization curves under the conditions used in industrial chlorine production
(NaCl 300 g/L at 80°C and pH 2.0 to 2.5) (Fig. 3). Tafel lines at 40% RuO,
or greater nearly coincide over a wide current density range (35). At 30
to 409 RuO, the plots from 0.01 to 1.0 kA/m? have two slopes, 30 mV/

o E(V)
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Fig. 3. Polarization characteristics for RuQ,/TiO, catalytic coatings of
titanium anodes in brine (NaCl 300 g-dm—3, pH=2.0, 80°C) as a
function of their composition for chlorine evolution reaction.
0—65-100 mol. % RuQO; ~—40mol. % RuO,; @—25mol. % RuO,,
A —10mol. % RuQ,;, v—5 mol. % RuO,.
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decade at lower current densities and 40 mV/decade at higher ones. This
substantiates the mechanism proposed by Erenburg et al. (58, 59, 76, 77)
The higher the RuQ, content, the greater the current density range with the
lower Tafel slope. At less than 30 mole % RuQO,, the Tafel slopes become
progressively greater at low current densities and deviate from linearity at
high current densities, the deviation being more pronounced and beginning at
lower current densities as the % RuQO, decreases.

Figure 2 shows the effect of % RuQO, on the anode potential at 3 kA/m?2
It can be seen that the potential drops sharply as the % RuOQ, increases to
about 409, after which it asymptotically approaches its lowest value. This
behaviour dramatically shows the scope for electrocatalytic optimization by
changing the coating composition.

3. Surface Properties of the Coating as a Function of % RuQ,

It is well known that linear potential sweep voltammograms elucidate
some surface properties of active coatings (18, 20, 26, 42). Figure 4 shows
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Fig. 4. Linear potential sweep voltammograms for various compositions
of Ru0Oy/TiO; coating onto titanium anodes.
a—100 mol. % RuQ;, b—65 mol. % RuQ;, c—40 mol. % RuQ, and
the total amount of 10g-m=2 in Ru+Ti (NaCl 300g-dm—3,
pH—2.0, 80°C). Potential sweep rate 50 mVs—L
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how the voltammograms in brine change with the % RuQ, Both the total
area contained by the curves and the current peaks for Cl, and H, evolution
increase with increasing RuO,. The charging currents between the two
gas-evolving reactions are unusually high. Above 40% RuQ,, the charging
currents in the double layer region increase linearly with the RuQ, The
shape and potential of the current peaks, however, do not depend on the
coating composition. This suggests that ruthenium atoms are the sole active
centers for electrolysis and that their energy state and electroactivity are
independent of the composition. TiO, is then an inert diluent in the rutile
structure and does not affect the properties of the ruthenium atoms. This
is the reason that the gas evolution potentials do not change with the %
RuO, even though the current density increases.

The charging currents and the electrode charge in the double layer region
between the two gas evolving reactions are of particular interest. Both of
these reflect the state and activity of the coating and both change with the
% RuQ,. The electrode charges were calculated by integration of the charg-
ing currents from the voltammograms in the region from 0.44 to 1.04 volts.
Figure 2 shows how the charge depends on the % RuO, (42). There are
three distinct charging regions, 0 to 10%, 10 to 40% and 40 to 100%.

At more than 40% RuQO; the coating consists solely of rutile with vary-
ing concentrations of RuQ, The linear increase of charging current with
concentration is due to the increase in concentration and probably to an
increase in porosity and hence of true surface area (43). Rutile coatings
have the highest activity, giving a wider current density range with low
Tafel slopes characteristic of barrierless chloride discharge as well as a wider
total region of linear Tafel lines.

Figure 2 shows that the amount of rutile in the coating increases linearly
with % RuQ, in the 5 to 30% region (35, 39). The activity as shown by
the electrode potential curve in Figure 2 has the same dependence. In addi-
tion, the electrical conductivity increases with RuQO, as the nonstoichiometric
TiO, and the non-homogeneous crystal structure decrease (5). The low
conductivity at low RuO, concentrations causes the higher Tafel slopes and
the deviations from linearity.

The presence of anatase TiO, at less than 5% RuO, also isolates the
active centers and decreases the electrode charge. The intermediate region
of constant electrode charge is probably due to a surface layer of rutile
having a constant composition with nonstoichiometric titanium oxides under-
neath. Returning to Figure 2, it can be seen that the electrode reaches its
optimal activity at 40 mole % RuQ, and above.
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4. Durability as a Function of % RuQ,

The change in the anode potential with time has been measured for
chlorine evolution at 3kA/m? 80°C and constant brine concentration to
simulate industrial conditions. Figure 5 shows the anode potential versus
time for various RuQO, concentrations.

In all tests, the potential increased gradually at first, then more rapidly
until at 1.4V vs. S.H.E. there was a sudden electrode polarization accom-
panied by deterioration of the coating. These long term experiments show
that durability is at a maximum at 40 mole % RuQ, and decreases rapidly
below 20%.

The extremely rapid corrosion below 20 mole % RuQO, is probably due
to further oxidation of the titanium substrate by anodically evolved oxygen.
During thermal treatment, such coatings become enriched in titanium oxides
with high electrical resistivity so that active RuO, centres are rather isolated.
The TiO, acts as a site for further growth of the insulating layer which
finally separates the catalyst from the substrate, causing the electrode to lose
its activity (71, 72).
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Fig. 5. The anode potential-time function at constant current density in
brine electrolysis for various coating compositions.

0—10 mol. % RuO,;, ®—20 mol. % RuQ,, []—40 mol. % RuOQ;,
A—80 mol. % RuQO,, A—100 mol. % RuO; (3 kA-m~—2, NaCl 300
g+dm—3, pH 2.0-2.5, 80°C).
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At RuO, concentrations higher than the optimum, on the other hand, the
rate of oxygen evolution increases (35, 79) so that the rate of oxidation of
the substrate is increased. The more dense and homogeneous the coating,
the slower the oxygen penetration and resulting electrode failure. The
growth of an intermediate TiO, layer is consistent with the experimental
fact that coatings enriched in RuQ, down to the substrate show the greatest
durability (69). It is noteworthy that at potentials more positive than 1.4V
vs. S.H.E., RuO, dissolves very rapidly resulting in immediate anode passiva-
tion (78).

Continuous tests simulating industrial conditions certainly afford reliable
data on anode durability but require two or more years per test. For this
reason, a shorter test was desirable and the following method has been
employed concurrently with the previous one. The test anode was operated
at a high current density (30 kA/m? at room temperature in dilute brine
(30 g/L). These conditions give a potential greater than the critical value of
1.4V where corrosion of the coating occurs within a few hours (Figure 5).
In addition, high oxygen evolution in the dilute brine accelerates the rate of
corrosion (70, 75). Figure 6 shows the duration of electrolysis before the

20r
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Fig. 6. The short stability test for the RuOy/TiQ; catalytic coating
ploting the total stability time (r(h)) as the duration before
the sudden potential jump at 30kA-m—2 in function of coating
composition. (The electrolysis conditions : NaCl 30 g-dm—3,
25°C).
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sudden increase in potential, plotted against the % RuQ, This accelerated
corrosion test, lasting less than 10 hours also gives a maximum durability
between 30 and 60 mole %. Either method can be used as an indicator of
corrosion stability and catalyst durability.

5. Catalytic Activity as a Function of Baking Temperature

The effect of temperature was determined by X-ray diffraction and by
measurements of durability and catalytic activity. X-ray diffraction revealed
that above 102, RuQ,, temperatures between 300 and 600°C give a homo-
geneous solid solution of rutile structure. Above 700°C, the peaks are split,
corresponding to rutile RuQO, and rutile TiO, (29, 40). With concentrations
less than 109% RuQO,, temperatures between 300 and 600°C give anatase
TiO, while above 700°C only rutile TiO, is found (29, 35, 38~40). Below
300° there is probably incomplete conversion of TiCl, to TiO, as shown by
the small diffraction peaks for the mixed rutile structure in active coatings.

The mixed RuQ,/TiO, rutile coating thus has a limited temperature
range in which it is stable (5). This conclusion is in agreement with the fact
that no solid solution is formed when RuQO, and TiO, are heated above
800°C for 100 hours or more, and that the mixed oxide formed at lower
temperatures separates into its two components when heated strongly in
an oxygen atmosphere. This change can be followed by observing the
gradual shift of the diffraction peaks toward larger angles (15). Lower
temperature treatment of the mixed crystal gives a decrease in peak width
corresponding to a growth in crystal size. At 700°C average crystal lengths
are 75nm compared to 15nm at 300°C.

The duration of thermal processing is another decisive variable for con
trolling the coating structure. An increase in time has an effect similar to
that of an increase in temperature, i.e. increase in crystal size, increase in
amount of conversion of chlorides to oxides below 300°C, increase in the
separation of the mixed crystals into their components at high temperatures
and an increase in oxidation of titanium. Titanium oxidation forms an in-
sulating TiO, layer between the substrate and the active layer and eventually
destroys the performance of the anode. It has been observed that an increase
in oxygen concentration in the furnace also has an effect similar to an increase
in temperature.

Catalytic activity and polarization properties depend on the coating struc-
ture and hence on the formation temperature and time (13, 14, 26, 29, 45, 57).

In Figure 7, anodic potentials are plotted against the logarithm of the
current density for coatings with 40% RuO, which have been processed at
various temperatures from 300 to 700°C. Between 400 and 500°C the
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Polarization characteristics of titanium anodes catalytically activated

by 40 mol. % RuO; as a function of temperature for their thermal
processing in chlorine evolution reaction.

@ —300°C, 0—400-500°C, v—600°C, ~—700°C (Electrolysis conditions
NaCl 300g-dm-3, pH 2, 80°C).

Fig. 8.
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The effect of temperature for thermal processing of titanium anodes
on their potential at constant current density and for an optimal
composition of catalyst (40 mol. % RuQ,). (Electrolysis conditions.

NaCl 300 g-dm~3, pH 2, 80°C, 3 kA-m—2),
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Fig. 9. ~The integral amount of anodic charge within the double layer region

accounted from cyclic voltammograms in function of temperature for
thermal processing of titanium electrodes (40 mol.% RuQy).

coating potentials are low and follow a linear Tafel plot up to 10 kA/m?2
At higher and lower processing temperatures, the potentials are initially
somewhat higher and rise above the Tafel slope at current densities that
are lower as the temperature becomes further from the ideal. In Figure 8
the electrode potential at 3 kA/m? is plotted against formation temperature
and this clearly shows the optimum temperature. At both lower and higher
temperatures the activity decreases but above 600°C the catalyst durability
decreases and the activity decreases more rapidly with time.

Cyclic voltammograms have the same shapes and potentials for all
formation temperatures but the current peaks between the H; and Cl, evolu-
tion potentials decrease as the temperature increases. The anodic charge in
the double layer region decreases rapidly with rising temperature until about
500°C when it becomes more nearly constant. This behaviour is caused by
decreased surface area due to sintering and smoothing as well as by oxida-
tion of titanium to insulating TiO, at higher temperatures.

Corrosion stability is greatest between 400 and 550°C with a gradual
decrease at higher and lower temperatures. The accelerated corrosion test
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Fig. 10. The short stability test for the catalytic coating (40 mol. % RuQ,)
ploting the total stability time (¢(h)} as the duration before the sudden
potential jump at high current density in function of temperature
for theamal processing of titanium electrodes. (Electrolysis conditions :
0.5M NaCl, 25°C, 30 kA-m—2),

(Figure 10) shows maximal durability in the same temperature range as
the lowest potentials (Figure 8).

6. Activity and Durability vs Catalyst Loading

The effect of catalyst loading was investigated for 40% RuQ, coatings
treated at 500°C. X-ray analyses have shown that for loadings less than
3 g/m? an intermediate layer of TiO, appears during thermal treatment while
above 3 g/m? there is only rutile mixed crystal. Tafel plots for chlorine
evolution are displayed in Figure 11 for 4 loadings. Below 5 g/m? the Tafel
lines are shifted up as the loading decreases and increase in slope at higher
current densities. Above 5g/m? the position of the Tafel line is constant
(13, 62) but an increase in slope can be seen at about 3 kA/m? for the 5 g/m?
sample although not for the 6.5 g/m? one. Electrode potentials at 3 kA/m?
are plotted against loading in Figure 12 with the optimum lying between 5
and 10 g/m?*

The loading or thickness of the coating also affects its durability. Figure
13 shows the decrease in lifetime under membrane cell conditions when the
loading is lowered to 3 and 1g/m2 The TiO, layer formed during thermal
treatment grows during electrolysis and eventually passivates the electrode
especially for thin coatings which do not protect the substrate from anodic
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Polarization characteristics of titanium anodes at optimal coating
molar composition (40 mol. % RuQg) for the chlorine evolution
reaction in function of total catalyst amount and thermal
processing at 500°C.

®—15, 10 and 65g-m~2; O-5g-m~2; ~—3g.m~2%; v—1g-m~?
(Electrolysis conditions: NaCl 300 g-gm=3, pH 2, 80°C).
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Fig. 12. The effect of total amount of catalyst (40 mol. % RuO,) on the

potential of titanium anodes at constant current density for the
chlorine evolution reaction (Electrolysis conditions: NaCl 300 g-
dm-3, pH 2, 80°C).
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Fig. 13. Titanium anode time—potential function for the chlorine evolution
reaction at constant current density and an optimal coating composi-
tion (40 mol. % RuQ,) in dependence of the total amount of catalyst.

0-15g-m~2; o—5g-m~2; ®—3g-m~? and [} —1g-m-2 (Electrolysis
conditions : NaCl 300 g-dm=3, pH 2, 80°C, 3kA:m~2).

oxygen as well as thick ones. Loadings greater than 10 g/m? have been
shown to develop cracks during heating as revealed by SEM photographs.
For this reason coatings of more than 15g/m? corrode faster and have a
shorter lifetime than those with the optimal loading of 10 g/m?.

Conclusions

Correlation of structural features, processing variables, polarization char-
acteristics and durability of the electrocatalytic coating revealed the conditions
(% RuQ,, loading, thermal treatment) necessary to obtain anodes with optimal
properties. This work has also elucidated the mechanism by which anode
failure occurs and shown that the coating composition and structure determine
the catalyst activity and durability.
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