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Abstract

The first layer of active coating made from a rutile-structured solid solution of ruthenium and titanium dioxides having an average crystal grain
size of 30 nm was thermally deposited on an adequately prepared titanium metal substrate. Then, at a temperature of 500 °C, the second layer was
formed on the first layer from a mixture of amorphous particles of metallic platinum and rutile-structured iridium dioxide nanocrystals having an
average crystal grain size of 26 nm.

Rutile phase nanocrystals are characterized by a high density of chaotically distributed dislocations and high internal microstrain values. The
coatings exhibit a compact granular morphology without cracks on the surface. Their catalytic activity is similar to that of conventional DSAs for
the anodic oxidation of chloride ions from both concentrated and dilute sodium chloride solutions. The anodic current efficiency both during
chlorate formation and active chlorine production was several percentage points higher in electrolyzers containing these anodes than in those
containing DSAs. The catalytic activity of anodes having these coatings is about 50 mV lower than that of DSAs and about 350 mV higher than that
of lead/antimony alloy electrodes, for oxygen evolution from acid sulfate solutions (0.5 mol dm ™ H,SO,) characteristic of processes for the
production of some metals. An accelerated corrosion test showed that the stability of the double-layer anodes is about twelve-fold higher than that

of conventional DSAs.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Dimensionally stable anodes (DSA) have a wide use in the
electrochemical industry, i.e. in chlor-alkaline and chlorate
electrolysis as well as in cells for active chlorine production
[1-37]. These processes generally use conventional DSAs
composed of a titanium metal substrate coated with a thin active
layer of rutile-structured 40 mol.%RuQO, and 60 mol.%TiO,
nanocrystalline solid solution by thermal deposition [1-37].
Conventional DSAs also have a high catalytic activity for oxygen
evolution from acid sulfate solutions. However, their active layer
relatively rapidly dissolves in these solutions. A poorly
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conductive titanium oxide layer is simultaneously formed in
the titanium metal—coating interphase [38—41]. Therefore, these
electrodes cannot be used in electroplating and metal electro-
winning or in proton exchange membrane water electrolysis.

DSAs coated with an active layer of iridium dioxide or a
nanocrystalline mixture of iridium dioxide and metallic
platinum have a higher corrosion stability as compared to
conventional DSAs in electrolytic chlorine, chlorate and active
chlorine production. Moreover, with the use of these anodes,
chlorine, chlorate and active chlorine are obtained at higher
anodic current efficiencies [42-47]. However, the price of these
anodes is higher due to a higher price of iridium and platinum
salts than that of ruthenium salts.

Recently, research into the development of active coatings
showing a high corrosion stability and high catalytic activity for
oxygen evolution from acid sulfate solutions has been
intensified for their use in electroplating and metal electro-
winning as well as in proton exchange membrane water
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electrolysis [48—60]. These studies mostly focus on coatings
containing nanocrystals of metallic platinum, iridium and
ruthenium dioxides, and oxides of some non-precious metals
(SnO,, Sb,0s, and Ta,0s) [48-60].

The objective of this study was to develop novel active
coatings made from metallic platinum and ruthenium, iridium
and titanium oxides, and examine their microstructure and
electrochemical behavior in chloride and acid sulfate solutions.

2. Experimental

Al0g m~2 active film of a 40 mol.%Ru0,, 60 mol.%TiO,
solid solution was thermally deposited on an adequately
prepared titanium metal substrate [12—-14]. A 2% solution of
H,PtClg and IrCl; (referring to plain metals) in 2-propanol was
deposited onto the first layer. The Pt to Ir ratio was 60—40. After
deposition of the solution, the electrode was dried at 50 °C until
complete evaporation of the solvent. Upon solvent evaporation,
the electrode was heated for 10 min at 450 °C. The solution
deposition process and the thermal treatment of the electrode
were repeated until a 6 g m 2 coating (referring to plain metals)
was made. Following the last deposition of the solution, the
electrode was thermally treated for 60 min at 500 °C. The
coating obtained is dark gray. An X-ray analysis was employed
to examine its crystalline structure using a Philips diffract-
ometer equipped with a graphite monochromator and Cu Ka
radiation. The morphology of the coatings was examined using
scanning electron microscopy, SEM (JEOL.JSM 5300
equipped with an EDS-QX2000 spectrometer).

Electrochemical measurements were performed in a
standard 1.0 dm® glass electrochemical cell containing a
saturated calomel electrode which was used as the reference
electrode and placed in a separate compartment. A 4 cm? plate
and a 25cm” titanium metal plate served as the working
electrode and the counter electrode, respectively. A standard
electrical circuit composed of a programmer equipped with a
potentiostat (RDE3 POTENTIOSTAT Pine Instrument Co.,
Grove City, PA), an X-Y recorder (Hewlett Packard 7035 B)
and a digital voltmeter (Pro’s Kit 03-9303C) was used in the
experiment. The solutions were prepared from triple-distilled
water and Merck chemicals. The anodic current efficiency
for chlorate and active chlorine production was determined
based on the composition of gaseous mixtures created in
electrolytic cells [7]. Potentiometric titration with sodium
arsenate(Ill) was used to determine the content of active
chlorine in the solution [7].

3. Results and discussion

Upon deposition of the first layer, X-ray diffraction analysis
was made for its phase structure (Fig. 1).
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Fig. 1. X-ray diffraction pattern for the 40 mol.%RuO,, 60 mol.%TiO, com-
posite electrocatalyst.

The X-ray diffraction pattern shows peaks for the rutile-
structured solid solution of RuO, and TiO, as well as peaks for
different crystalline planes of the titanium metal substrate
(Fig. 1 and Table 1).

No peaks for pure RuO, and pure TiO, are observed in the
X-ray diffraction pattern. This suggests that these dioxides do
not form separate phases and that their total amounts are present
in the solid solution having a rutile crystal structure. The
average crystal size is 30 nm. The rutile phase is characterized
by a relatively high density of chaotically distributed
dislocations and high internal microstrain values.

EDX spectra show that the coatings also contain small
amounts of chlorine, as confirmed in previous studies [1,5,55].
The residual chlorine increases internal microstrains, causing
dislocations. Chlorine atoms most likely replace oxygen atoms
in the crystal lattice, thereby ensuring the formation of Ru**
ions.

Upon thermal deposition of the second layer, X-ray analysis
was used to determine the phase structure of the double-layer
coating. Apart from the peaks for the titanium metal substrate
and those for the solid solution of RuO, and TiO,, the X-ray
diffraction pattern shows the existence of peaks for the rutile
phase of IrO, (Fig. 2, Table 2).

The lattice parameters of IrO, are slightly distorted from
those for pure IrO, by about 0.2%. This may be the result of the
inclusion of small quantities of residual chlorine or due to other
irregularities in the normal lattice arrangement associated with
non-stoichiometric composition. Residual chlorine atoms in the
crystal lattice probably serve as a replacement for oxygen
atoms thereby ensuring the emergence of Ir** jons. The
resulting Ir** ions serve as active centers for some electro-
chemical reactions. The rutile phase of IrO, is characterized by
a high density of chaotically distributed dislocations and high

Table 1

Peak structure.

Peak number 1 2 3 4 5 6
Structure RuO, + TiO, (1 10) RuO, +TiO, (10 1) Ti (100) Ti (002) Ti (10 1) and RuO, + TiO, (1 1 1) and (2 0 0) Ti (102)
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Fig. 2. X-ray diffraction pattern for the composite electrocatalyst containing RuO,, TiO,, IrO,, Pt.
Table 2
Peak structure.
Peak no. 1 2 3 4 5 6 7
Structure Ti(201) RuO, + TiO, (21 2) Ir0, 212) Ti(112) RuO, + TiO, (32 0), IrO, (32 0) Ti (103) Ti (110)
8 9 10 11 13 14 15 16
RuO, + Iro,211) Ti(102) Ti(101),RuO,+ Ti(002) Ti(100) RuO,+ IrO, (101)  RuO, +TiO, (1 10),
TiO,(211) TiOx(111) IrO, (11 1), TiO, (101) IrO, (110)

RuO, + TiO,(2 0 0) IrO, (20 0)

internal microstrains. The average crystal size of this phase is
26 nm.

The X-ray pattern presented in Fig. 2 does not show
pronounced peaks for metallic platinum and its oxides.
Comninellis and Vercesi [61,62] report that the thermal
decomposition of H,PtClg results in PtO, with x less than 0.2,
i.e. a composition close to metallic Pt. This suggests that the
platinum in the coating mostly occurs in the metallic state,
exhibits an amorphous structure and has cluster-shaped particles
most likely distributed in the IrO, rutile phase matrix. EDX
spectra show that the atomic ratio of platinum to iridium in the
coating is almost identical to that in HPClg and IrCl; solution.

The morphology of the coatings is affected by the method of
their formation. The coatings formed at 500 °C exhibit granular
morphology with no cracks on the surface. The coatings formed
at temperatures higher than 550 °C develop cracks. An increase
in temperature results in an abrupt increase in both the number
of cracks and crack width. The accelerated cooling of
electrodes after the thermal treatment induces the development
of a large number of wide cracks [5,6,63]. The cracks on the
anode surface enhance anode degradation. Both the electrolyte
and the anodically evolved oxygen penetrate the crack and
reach the titanium metal substrate, oxidizing it and forming
poorly conductive titanium oxides. The oxides that develop in
the titanium metal—coating interphase cause anode passivation
[5,6,38-41,64-69].

The real surface area of conventional DSAs is substantially
larger than the geometric surface area [1,2,5-7,55,58,68,69].

Their real surface area comprises a rough outer surface area and
an inner surface area composed of a micropore-containing
surface area and a crack-like surface area [21,68]. The real
surface areas of double-layer coatings were estimated using
voltammetric charges obtained by current integration over time
within the potential range of 0.25V to 1.25V from cyclic
voltammograms obtained for the 0.5 mol dm™> H,SO,
solution. Fig. 3. presents the cyclic voltammogram of the
RuO,, TiO,, IrO,, Pt anode.
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Fig. 3. Cyclic voltammograms of the RuO,, TiO,, IrO,, Pt electrode in 0.5
H,S0, at 25 °C. Potential sweep rate 100 mV s~ .
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Fig. 4. Integrated voltammetric charges for: ll — RuO,, TiO,, IrO,, Pt

electrodes as a function of the thermal treatment temperature; @ — IrO,
electrode.

The shape of the cyclic voltammogram is similar to that for
polycrystalline platinum. This implies that the surface of the
active double-layer coating is enriched with platinum atoms.
Based on both the size of the peak for the desorption of
adsorbed hydrogen atoms and the position of the potential of
the maximum oxide reduction peak, the double-layer coating
surface was roughly estimated to contain about 65 at.% of
platinum atoms.

Fig. 4. presents the voltammetric charge as a function of
temperature for active double-layer RuO,, TiO,, IrO,, Pt
coating formation. For illustration purposes, the same figure
shows the charge value for the IrO, coating formed at 500 °C.

Fig. 4 shows that the voltammetric charge of the RuO,, TiO,,
IrO,, Pt anode is approximately eleven times lower than that of
the IrO, electrode formed at the same temperature. RuO,
coatings and coatings of a solid solution of RuO, and IrO, also
have a considerably higher voltammetric charge as compared to
the double-layer RuO,, TiO,, IrO,, Pt coating. Da Silva et al.
[55] and Yi et al. [31] found that increasing platinum content in
the platinum and iridium dioxide coating induces a decrease in
its voltammetric charge, suggesting that the platinum present
hampers crack formation and micropore development, thereby
leading to the formation of relatively more compact coatings.
The thermal process of coating formation at 500 °C probably
results in the formation of platinum clusters that position
themselves around IrO, crystal grains. These clusters prevent
crack development around IrO, crystal grains, hold back their
further growth, cause the formation of a large number of
chaotically distributed dislocations and induce increased
internal microstrains in the grains. The good contact and the
large contact area between amorphous platinum clusters and
iridium dioxide nanocrystals likely contribute to the effect of
the exchange integral i.e. energy of exchange between platinum
nuclei and iridium nuclei on the electronic state of their atoms.
All of the effects analyzed determine, in a particular way, the
electrochemical behavior of RuO,, TiO,, IrO,, Pt coatings.

Fig. 4. shows an abrupt decrease in the amount of anodic
charge with increasing temperature within the temperature
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Fig. 5. Polarization characteristics of catalytic coatings of titanium anodes for
chlorine evolution reaction: [l — 40 mol.%RuO,, 60 mol.%TiO,; @ — RuO,,
TiO,, IrO,, Pt (300 g dm > NaCl, pH 2, ¢ = 80 °C).
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Fig. 6. Polarization characteristics of catalytic coatings of titanium anodes for
the anodic oxidation of chloride ions: ll — 40 mol.%RuO,, 60 mol.%TiO,; @ —
RuO,, TiO,, IrO,, Pt; (30 g dm™3 NaCl, pH 7, t = 25 °C). ¥ — 40 mol.%RuO,,
60 mol.%TiO,; A — RuO,, TiO,, IrO,, Pt (20 g dm ™3 NaCl, pH 7, 1=25°C).

range of 300-500 °C, as opposed to the very slow decrease in
the 600-800 °C interval. At higher temperatures, the sintering
effect is more pronounced; hence the reduction in both the real
surface area and the anodic charge.

The catalytic activity of the novel double-layer RuO,, TiO,,
IrO,, Pt electrode was examined for the reaction of anodic
oxidation of chloride ions both from concentrated (Fig. 5) and
dilute solutions (Fig. 6).

The diagrams in Figs. 5 and 6 show that the double-layer
RuO,, TiO,, IrO,, Pt coating has a high catalytic activity,
similar to that of a conventional DSA, for the anodic oxidation
of chloride ions from concentrated and dilute solutions of
alkaline chlorides.

The anodic current efficiency during electrolytic chlorate
production in cells using RuO,, TiO,, IrO,, Pt anodes is several
percentage points higher than in cells using conventional DSAs.
The gaseous mixture exiting the chlorate cell containing RuO,,
TiO,, IrO,, Pt anodes during the electrolysis of 200 g dm >



M. Spasojevic et al./Ceramics International 38 (2012) 5827-5833 5831

100

92}_h_ M
“I . ‘\M—M

84 |

t (%)
o
\\

O

80 |

76 |

72 T T
1 2 3 4 5 6

Ccx10*(mol dm™)

Fig. 7. Anodic current efficiency as a function of hypochlorite concentration:
Bl - 40 mol.%Ru0O,, 60 mol.%TiO,; @ — RuO,, TiO,, IrO,, Pt (30 g dm™3
NaCl, pH 7.5, =25 °C, j= .0 kA m™ ).

NaCl, 500 g dm ™~ NaClO5 and 3 g dm > Na,Cr,O5 solution at
t=85°C and pH 6.7 and at j = 3.0 kA m > contains 1.3-1.5%
oxygen, whereas the gas exiting the DSA cells contains 2.4—
3.0% oxygen.

The anodic current efficiency for active chlorine formation
by the electrolysis of dilute solutions of sodium chloride is
about 4% higher in electrolyzers containing RuO,, TiO,, IrO5,
Pt than in those containing DSA (Fig. 7).

Anodic current losses during chlorate formation and active
chlorine production are attributed to the diffusionally con-
trolled anodic oxidation of active chlorine (BC and DE) (Fig. 7)
and activation-controlled anodic oxidation of water (AB and
AD) (Fig. 7) [7]. Cells containing RuO,, TiO,, IrO,, Pt anodes
have a higher anodic current efficiency due to the higher
activation overpotential of the anodic oxidation of water at
these electrodes as compared to the overpotential at DSAs
(Fig. 7).

The potential use of RuO,, TiO,, IrO,, Pt anodes in the
production of some metals (Cu, Zn, etc.) from their dilute acid
sulfate solutions was examined. The catalytic activity was
determined by recording polarization curves for oxygen
evolution from the solution 0.5moldm > H,SO,,
0.6 mol dm > CuSOy, (Fig. 8).

For comparison purposes, Fig. 8 shows polarization curves
not only for RuO,, TiO,, IrO,, Pt anodes but also for DSA and
conventional industrial lead/antimony alloy electrodes
(Pb(Sb)). Fig. 8 shows that, within the current density range
characteristic of the production of some metals (Cu, Zn, etc.)
from their dilute acid sulfate solutions, the catalytic activity of
DSA is about 50 mV higher than that of RuO,, TiO,, IrO,, Pt
anodes. However, conventional Pb(Sb) anodes have about
350 mV lower catalytic activity. During electrolysis, Pb(Sb)
anodes corrode and contaminate the solution, due to which
metals containing small amounts of lead, rather than plain
metals, are obtained on the cathode.

The stability of a conventional DSA, a titanium anode
containing a 60 mol.%Pt, 40 mol.%IrO, coating and a novel
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Fig. 8. Polarization characteristics for oxygen evolution for: A —Pb (Sb); ll —
40 mol.%Ru0,, 60 mol.%TiO,; @ — RuO,, TiO,, IrO,, Pt (0.5 mol dm™3
H,SO0,, 0.6 mol dm™> CuSO,, 1 =25 °C).

double-layer RuO,, TiO,, IrO,, Pt electrode was estimated
using the accelerated corrosion test. The test involved
monitoring of the dependence of the change of the anode
potential on the time of electrolysis of 0.5 mol dm~> H,SO,
solution at 25 °C and at current density of 1000 mA cm 2.
During the initial interval of time, the potential gradually
increases. After a while, there is a sudden increase in the
potential. The size of the initial interval of time denotes the
anode stability time. The rapid corrosion test shows that the
stability of RuO,, TiO,, IrO,, Pt anodes is about twelve times
that of conventional DSAs and about two times that of titanium
anodes coated with 60 mol.%Pt, 40 mol.%IrO,. Our future
research will focus on identifying reasons for the higher
stability of double-layer anodes as compared to titanium anodes
coated with 60 mol.%Pt, 40 mol.%IrO,. The compact second
layer formed of iridium dioxide and metallic platinum most
likely prevents the dissolution of RuO, and hence pore
development. The interlayer made of the solid solution of
ruthenium and titanium dioxides provides good adhesion of the
coating to the titanium metal substrate. The good adhesion and
lack of pores prevent the formation of poorly conductive
titanium oxides in the titanium metal-coating interphase and,
hence, anode passivation.

The results presented suggest that the titanium anode
containing an active double-layer RuO,, TiO,, IrO,, Pt coating
can be used in the electrochemical production of chlorine,
chlorate and active chlorine and some metals from their dilute
acid sulfate solutions due to its high catalytic activity, good
selectivity of electrochemical reactions and high corrosion
stability.

4. Conclusion

A double-layer nanostructured electrochemically active
coating was thermally deposited on a titanium metal substrate
at 500 °C. The first layer of the coating was made from rutile-
structured nanocrystals of a solid solution of ruthenium and
titanium dioxides, 40 mol.%Ru0,, 60 mol.%TiO,, with the
average crystal grain size of 30 nm. The second layer consists
of a mixture of amorphous particles of metallic platinum and
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rutile-structured iridium dioxide nanocrystals having an
average crystal grain size of 26 nm.

Nanocrystals of both rutile phases are characterized by a high
density of chaotically distributed dislocations and high micro-
strains. The double-layer coatings exhibit a compact granular
morphology. The coatings obtained at 500 °C develop no cracks
on the surface. The catalytic activity of the anodes containing
these active coatings is almost identical to that of DSAs for
anodic oxidation of chloride ions from both concentrated and
dilute sodium chloride solutions. The anodic current efficiency of
both chlorate and active chlorine electrolyzers using double-
layer electrodes is several percentage points higher than that in
electrolyzers which use conventional DSAs.

The catalytic activity of the double-layer coating is about
50 mV lower than that of DSAs and about 350 mV higher than
that of conventional lead/antimony alloy electrodes, for oxygen
evolution from acid sulfate solutions. An accelerated corrosion
test showed that the stability of the anodes with double-layer
coatings is about twelve-fold higher than that of conventional
DSAs.
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