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A Study of Ru0,-Co03;0,-Ti0,(60) Coating on Ti-Substrate
for Chlorine Gas Evolution @

Yao Liguang* Wang Mingxian

(Institute of corrosion and protection of metals, Academia Sinica, Shenyang 110015)

AbStraCt The chlorine gas evolution activity, electric conductivity, service life,
microstructure and surface morphology of RuQ.-Co30,-TiO-(60) coating on Ti-substrate were studied in 0
~ 30 m/o Cos0, range by steady-state polarization, X-ray diffraction, TEM and SEM methods. Active
surface area of the coating was also evaluated. The influences of coating composition, microstructure and
surface morphology on chlorine gas evolution activity and active surface area of the coating were discussed in
detail. As a result, sole rutile-type solid solution of RuO., Co;0, and TiO. which showed better chlorine
gas evolution activity, electric conductivity and service life was found in ca. 0~ 10 m/o CosO, range.
Traditional Ru0O,-TiO./Ti anodes being widely used in chlor-alkali industry could be modified by a suitable
amount of Co3O, for the benefit of reducing content of Ru as a noble metal in the coating and improving the

electrochemical properties of the anodes.

Key words Ru0:-C030,-TiO: (60) coating, Cl.-evolution activity, Microstructure, Solid

solution, Surface morphology, Ohmic polarizaton

Since the dimensionally stable anodes (DSA) were developed by de Noral'l, multicomponent
oxide-coated anodes have aroused more and more iaterest i1 electrochemical industry for their good
electrochemical properties and/or, iow cost’?/, The knowledge of coating composition, microstructure
and surface morphology and their cffects on electrochemical properties is essential for the design and
the optimization of multicomponent active oxide coating.

There have existed various studies on RuQO,, Ru0O;-TiO;, C03;0,-RuQ; (on the Co;0,-rich side)
and Co;O, coatings'!~'2]. Some of them, especial RuO,-TiO, coated anode, are widely used in chlor-
alkali industry. It was consistently confirmed that RuO, was an excellent electrochemical catalyst,
and inactive TiO, could improve the adhesion of oxide coating with Ti-substrate. Co;O, was also
proved to be an electrochemical active, non-noble, material. Nevertheless, the RuQO,-Co;0,-TiO,
coating has not been studied in detail thus far. The aim of this paper was to elucidate the behavior of
such a mixed oxide system, expecting to provide some helpful information for the improvement of

traditional RuO,-TiO,/Ti anode widely used for chlorine gas evolution. Just from such a point of view
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the 60 m/o TiO,, a classical content in the Ru0,-TiO,/Ti anode, was chosen in the mixed oxide

system.

1 Experimental

The preparation of the oxide coatings was carried out by thermal decomposition method in the
following way. 20% HCI aqueous solutions with appropriate amounts of RuCl; « xH,0, Co(NO3), *
6H,0 and TiCl; were brushed onto Ti- substrates which were degreased with acetone and then etched
in boiling oxalic acid for 5 hours, and the solvent evaporated at 150 'C for 10 min. The process was
repeated in 8 ~ 12 runs, and after each run samples were fired in air for 20 min at selected
temperatures, 350 C before the fifth run, 450 C latter. After the final run,samples were fired for
another 40 min, to complete the thermal decomposition. The TiO; content was kept at a constan value
60 m/o, the Co;O,; content varied between 0~ 30 m/o (pre-investigation showed that, CoTiO;
phése will exist in the coating if Co;O4 is more that 30 m/o0). The total amount of RuQ;, Co;O4 and
TiO, in the coatings was 107° mol/cm?. The amount of each metallic oxide in specific coating will be
indicated in parentheses in mole percent.

For electrochemical measurements, a polymethyl methacrylate H-type cell with fritted glass (G4
type )separating the study and counter electrode sections was used as electrolytic cell and Pt sheet or
graphite bar as counter electrode. Only 1 cm? area of the oxide coating was used for electrochemical
studies and the rest was isolated with Araldite glue. Potentials of the study electrodes were measured
against a saturated calomel electrode (SCE), via Luggine capillary with its tip (1 mm-inner dian:. ,
1. 5 mm-out diam. ) located about 2 mm up from the lower coating edgz and i.5 mm zway from the
coating surface. A salt bridge was inserted between the reference elecirode and Luggine capillary.

The anode polarization characteristics were studied by sieady-state galvansstatic method at 15 C
in saturated NaCl+1 mol/L HTIO, soiution which was pre-eicctrolyzed under N,-bubbling condition
prior to use and saturated by ctlotine gas in measurements. The ohmic drop in solution and oxide
coating was corrected by the current interruption technique.

For evaluation of the active surface area of the oxide coating, cyclically voltammetric studies
were carried out in 1 mol/L H,SO, solution which was deareated by bubbling N, gas for 40 min. , 0
~600 mV vs. SCE scanning range, 15 C.

X-ray diffraction, Transmission electron microscopy (TEM) and Scanning electron microscopy
(SEM) techniques were also employed for phase, microstructure and surface morphology analyses.
The TEM foils were thinned at Ti-substrate side and polished at oxide coating side by ionic thinner.

Chemicals used were all Analar grade.
2 Results and Discussion
2.1 Phase and Microstructure

The series of RuQ,-Co;0,-Ti0.(60) coatings on flat titanium sheets were examined by fast-scan

X-ray diffraction (Fig. 1). The composition of the coating varied from 0~30 m/o Co;0, at 5 m/o
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intervals. No un-indexed reflections were observed. For 0,5,10 m/o Cos0; coatings, diffraction
peaks could be assigned to a rutile-type structure, additional peaks corresponded to reflections expected
from the titanium substrate. Combined with the diffraction peaks mentioned above, the peaks of spinel
Co;0, diffraction appeared in the 15, 20, 25, 30 m/o CosO, coatings and their intensity increased
with Co;0, content. It should be emphasized that the rutile-type peaks were relatively broad and
weak, and the more Co;0; content, the broader and weaker the peaks. No evidence for separate
TiO,-and RuO,-rich phase was provided even in a more detailed analyses of the major peaks (110,
101) belonging to rutile-type structure using a slower scan rate. It was concluded that the rutile-type

phase was a solid solution consisted, at least, of RuO, and TiO,.
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Fig. 1 X-ray diffraction patterns of RuQs (47}-TiO. Fig. 2 Variation of lattice parameter a of rutile-type
(60) (a), RuO:(30)-Ca;D;{10)-TiO2{60) phase in the Ru0;-Co30,-TiO, (60) coating
(b), and Ru0:(25)-Co30,(15)-TiO2(60) (c) with Co;O4 content

coatings on Ti-substrates

Lattice parameter a of rutile type phase was measured precisely (Lattice parameter ¢ could not be
measured precisely due to the influence of diffraction peaks belonging to Ti-substrate and Co;04).
With the increasing of Co;0, content in the coating, lattice parameter a of rutile type phase decreased
rapidly and reached a minimum value at about 12 m/o CosO, composition before its obvious
increasing (Fig2). Lattice parameter a of TiO, (rutile-type) is bigger than that of RuO,. If the rutile
type phase was a dual-component solid solution of RuO, and TiO. , its lattice parameter a would
increase monotonously , according to L. Vegard’s law, with more TiO, in the solid solution as Co30,
content increased in the coating. No doubt the abnormal variation of lattice parameter a resulted from
the existence of Co;0, as the third component in the rutile-type solid solution.

TEM inspection and micro-electron-bundle diffraction showed that the microstructure of RuO,-
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more narrow cracks. As spinel Co;O4 emerged in the coating, the
number of cracks increased critically. The coating of higher

Co0304 content appeared to be more compact and homogeneous but

25r

very porous. Clearly the roughness of RuO;-Co0;04-TiO; (60)
coating is enhanced by spinel Co;0,. ; 20}

The active surface area of the oxide coating was evaluated by £
double layer capacitance value. Cyclic voltammograms of the !:_';-15_
oxide-coated electrode in N,-saturated 1 mol/L H,S0O, were E
recorded at varying scan rate in 0~600 mV vs. SCE range. The g 10t
double layer capacitance value was determined from the slope of E_
linear plot, charging current vs. scan rate. The coating with a S 5t
little of spinel Co;04 showed higher active surface area in
accordance to its roughness. But the active surface area decreased 0 5 13155535 310
linearly with Co;0O4 content increasing as more spinel Co3;0, Co;0, (mol%)

emerged in the coating., in spite of the increasing of coating  Fjg. 4 Effects of CosO, content on
roughness (Fig. 4). This implies that the active surface area the double layer capacitance

changes from roughness sensitive to composition sensitive. In other of the (Ru0:-Co304-TiO:
(60))-coated electrode in |

moi/L H-SO, at 15 C

words, the average amount of active sites in the oxide coating
decreases overwhelmingly with more emerged spinel Co30;.
2.3 Chlorine Gas Evolution

Anodic polarization curves for chlorine gas evolution at (Ru0,-Co,0; -1iC; (60)-coated titanium;
electrodes in saturated NaCl+ 1 mol/L HCIO, solutiza pre-saiuraied with chlotine ges are shown in
Fig. 5. The Ru0,-Co0;0,-Ti0,(60) cozting, .n a wide compesiticn range, are more aetive for chlorine
gas evolution than the Ru0,{40-Ti0,(6)) coating (similar to the composition of industrial anodes).
With increasing Co;O, content of the coating, the chlorine gas evolution rate increased almost
vertically to a maximum value at the maximum solubility point of Co3;O, in the rutile-type solid
solution after a slow increase, then took a sudden turn and developed rapidly prior to a relatively slow
decrease. This is directly illustrated in Fig. 6 where current densities at specific overpotentials are given
with respect to oxide composition.

Obviously, the chlorine gas evolution activity of the Ru0,;-Co;0,4-TiO, ( 60 coating is
composition-and microstructure-sensitive. This should be critically attributed to the effect of crystal
defects. The crystal structure of Co;O, is far different from that rutile-type RuO, and TiO,. When
Co,;0, dissolves in the rutile-type solid solution of RuO, and TiO,, as the quantitative X-ray
diffraction analyses has proved, severe crystal defects are introduced into the coating, and the more
dissolved Co03;0,, the more severe crystal defects. No doubt the severe crystal defects will greatly
enhance the activities of RuO, and Co;0; which are active components in the coating. So, the rutile-

type solid solution of RuQO; and TiO, saturated by Co:O; will show best chlorine gas evolution
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Fig. 5 Galvanostatic polarization curves for chiorine ags evolution Fig. 6 Effect of Co;0, content on the rate

at (Ru0Q.-Co30,-TiO- (60))-coated electrodes in saturated of chlorine gas evolution at (RuOa.-
NaCl+ 1 mol/L HClO, solution (Cl. saturated) at 15 C. Co030,-Ti0-(60) )-coated electrode at
Data corrected for ohmic drops. + ¢ + ; Ru0:(40)-TiO. a number of specific overpotentials
(60), < -+ :Ru0,(35)-Co30,(5)-TiO-(60), =+ -« . (same operating conditions as given
Ru0:(30)-C030,(10)-TiO2(60), « « -+ + .Ru0.(25)- in Fig. 5)

Co0,0, ( ls)—TlO: (60) y ---: RuO, ( 15)—C0304 (25)—Tl0:
(60), —:Ru0.(10)-Co30,(30)-TiO-. (60)

activity though the activity of pure Co.0Q, s infetior to that of Ru(,. As soon as spinel Co;O4
emerges, the amount of crysal defects in the coating would decrease remarkably. The more Co;O4
content, the bigger the size of tiie spinel Co;O4 and the less the crystal defects. And the activity of the
coating in high Co;0, range (more than 10 m/o) will deteriorate. However, the coating with a little
of spinel Coi;O, possesses higher active surface area, because the present of spinel Co;O, greatly
enhances the coating roughness. 1t is not obscure to see a shoulder after the current peak in Fig. 6.

1t was noticed, in the investigation of steady-state polarization, that the ohmic polarization value
in the coating and solution showed a slight decrease before its increase with more Co;O4 content in the
coating. A minimum value was observed at the maximum solubility point of Co;O in the solid
solution (Fig. 7).

The tip of Luggine capillary was precisely located at 1. 5 mm away from the coating surface, so
the ohmic drop in solution was a constant value at the same current. Practically Fig. 7 shows the
relative variation of ohmic polarization value in the coating and indicates that Co;O4 in rutile-type
solid solution will improve the electric conductivity of RuQO,;-Co;0,- TiO, (60) coating and reduce

ohmic drop in it. But as soon as spinel Co;O4 emerges in the coating, its electric conductivity will drop



$34 WL % BT E 4K E RuO; -Coy0,-Ti0:(60) BN R « 291 .

sharply. This seems to be also related to the crystal defect effects introduced by the Co;O, dissolved in

the rutile-type solid solution which are mentioned above.

/ 100¢

Ve/mV

RN

0 5 10 15 20 25 30 0—"%5 10 15 20 25 30
Co0y0, (mol %) Co;0, (mol %)
Fig. 7 Polt of ohmic drop in coating and solution at 100 Fig. 8 Effect of CosO; content on the service life(t) of
mA/cm®  against CosO, content ( same Ru0.-Co30,-TiO:> (60)/Ti anode in 6 mol/L
operating conditions as given in Fig. 5) NaOH(80 C, 1 A/cm?)

2.4 Service Life

Service life value of the RuQ,-Co30,- Ti0,(60)/Ti anode, crecrated under severe condiiisns (6
mol/L NaOH, 80 C, 1 A/cm?, Pt counter electiade) , were detsrmined by recording the cell voltage
as a function of time during slccirolysis under galvanastatic conditions. The service life value was the
time before cell-voltage increascd snarply.

Also, the severe service life test results indicated that the service life of ( RuQ,-Co304- TiO.
(60))-coated electrode varied in a similar way to the chlorine gas evolution rate (Fig. 8). It increased
with Co;O, in rutile- type solid solution and deteriorated with spinel Co;0;.

These results implied that traditional RuQ,- TiO,/Ti anode being widely used in chlor-alkali
industry could be replaced by RuQ,;-Co3;O4- TiQ,/Ti anode in which Co,0, content should be so high
as to reach, or exceed slightly, its maximum solubility point in the rutile-type phase. Thus, not only
the content of noble ruthenium in the coating is to be reduced to a relatively lower extent, but also the
anode chlorine gas evolution activity, service life and ohmic drop of the coating, etc. , will be
improved.

3 Conclusion

Sole rutile-type solid solution of RuQ,, Co;0, and TiO,, and spinel Co3O; and the solid solution

exist in ca. 0~ 10 and 10~30 m/o Cos0, range respectively in the Ru0,-Co0;0,-TiO, (60) coating
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system. The chlorine gas evolution activity, electric conductivity and service life of the coating
increase with more Co;0, in the rutile-type solid solution until Co;O, is saturated. These properties
deteriorate with the emerging of spinel Co;04. Both the roughness and the active surface area of the
coating are greatly enhanced by a little of spinel Co;O4. In a relatively wide composition range, the
rate of chlorine gas evolution, electric conductivity and service life of (Ru0,-Co0;04-TiO, (60))-
coated electrodes are higher compared with the (RuO.(40)-TiO,(60))-coated electrodes. Evidently
Ru0;-TiO; coated anodes could be modified by adding a suitable amount of Co;0;.
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