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Noble-metal-oxide-based coatings have successfully replaced many of the conventional anode 
materials in industrial electrochemical processes. The performance characteristics of these 
mixed-oxide electrodes have been.found to be improved by the inclusion of non-noble-metal- 
oxide components, Of these, the addition of Sn02 to RuO2-Ti02 has attracted much attention. 
In the present paper, the morphology change imparted by gradual replacement of Ti02 by 
Sn02 from the RuO2-Ti02 (30/70) coatings is reported. Scanning electron microscopic 
examination and porosity determination reveal that significant modifications take place in the 
surface structure, and the surface layer tends to become compact at SnO 2 concentration above 
30 mol% Sn02. 

1. Introduction 
Mixed-oxide coatings of the dimensionally stable an- 
ode (DSA) type consist of (apart from noble-metal and 
valve-metal oxides) various non-noble-metal oxides, 
which impart certain desirable characteristics, such as 
stability and selectivity [l, 2]. The inclusion of tin 
oxide, though patented in 1973 [33, has only been the 
subject of some basic studies recently [4-8]. In pre- 
vious papers, the structural variations of the ternary 
(Ru-Ti-Sn) mixed oxides of various compositions 
were reported [5, 6]. The present work relates to the 
changes observed in the morphology of these coatings 
as a function of the ratio of TiO 2 to SnO2 in the mixed 
oxide, while the RuO2 content is kept constant at 
30 mol %. 

2. Experimental procedure 
Mixed-oxide electrodes were prepared, as described in 
[5, 6], on pre-treated titanium and nickel strips. 

The texture of the mixed-oxide-coated titanium sur- 
faces were examined by scanning electron microscopy 
(SEM, JEOL, Japan). 

The porosities of the oxide-coated samples at differ- 
ent thicknesses were compared by measurement of the 
rate of corrosion of the substrate using the electrodes 
prepared on a nickel base. 

The corrosion measurement was carried out in a 
0.5 M sulphuric acid solution using a H-type cell fitted 
with a platinum counter electrode. The instru- 
mentation consisted of a potentiogalvanoscan (Wen- 
king, PGS 81) in combination with a logarithmic- 
output current sink (Wenking, MLS 81) and an 
(x-y)/t-recorder (Rikadenki). The electrolyte was 
deaerated with purified nitrogen before each experi- 
ment, and the working electrode was allowed 60 min 
to attain a steady potential after which the potential 
was scanned at the rate of 0.1 mV s-1 
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3. Results  
SEM micrographs of the oxide coatings are presented 
in Fig. 1. The highly cracked configuration of 
RuO2-TiO2 seems to be retained up to 20 mol % tin 
oxide (Fig. la-b). There is then a steady increase in 
the number of islands with a simultaneous decrease in 
the cross-sectional dimension of the cracks. The 
RuO2-SnO 2 (30/70) shown in Fig. if has practically 
minimum breaks in the surface continuity. Fig. lc to 
f indicate the gradual change in the surface morpho- 
logy - from a honeycomb structure to a fairly compact 
and smooth surface, having only microcracks and 
pores. 

From the potentiodynamic corrosion curves of the 
electrodes coated with the series of oxide compositions 
of various loadings, the corrosion current, (Icor), was 
obtained. The variation of Ico, with the oxide loadings 
of the coatings is shown in Fig. 2. The rate of corro- 
sion initially decreased and after a certain thickness it 
became constant. The amount of the oxide loading 
after which I~o, is almost constant is given in Table I. 
This critical loading can be seen to be higher for 
RuO2-TiO 2 than for the other compositions contain- 
ing SnO2. 

Fig. 3 shows I~o~ values, at a constant loading of 
1.6 mgcm -2, as a function of the concentration of 
SnO 2. The corrosion rate drops only gradually at 
lower additions of SnO2, while the decrease is signific- 
ant above 30 mol % SnO 2. 

4. Discussion 
4.1. Surface examination 
The surface structure of the thermally produced 
RuO2-based coatings depends on several factors, such 
as the concentration of the coating solution, the 
nature of the solvent, the technique used to apply the 
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Figure 1 SEM micrographs of the mixed-oxide films (RuO2-TiO2-SnO2) for the following molar percentage ratios: (a) 30/70/0, (b) 30/50/20, 
(c) 30/40/30, (d) 30/20/50, (e) 30/10/60, and (f) 30/0/70. 

coating, the temperature, the heating rate and atmo- 
sphere and the nature of the substrate [9]. Generally, 
these coatings have a "cracked-mud" morphology [5, 
10-12]. The surfaces shown in Fig. 1 for coatings with 
0-30 mol % SnO/ reveal the qualitative similarities 
with the surface usually observed. This type of struc- 
ture is due to solvent evaporation, as well as due to the 
difference in the thermal coefficient of expansion be- 
tween the substrate and the coating, which induces 
mechanical stresses that are not compensated for by 
the rigidity of the oxide layer [13, 14]. 

As the tin-oxide content increases further, the crack 
width narrows, bringing the islands close together. 
This is attributed to the decreasing crystallinity, as 
observed from the X-ray diffraction (XRD) analysis 
[6], at decreasing ratios of TiO2 to SnO2 in the mixed 
oxides. Increasing substitution of TiO 2 with SnO2 
reduces the grain size, with a simultaneous tendency 
towards compaction. The amorphous nature of the tin 
oxide (as indicated from its ability to form transparent 
film 1-15]) enables it to provide a better distribution 
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and coverage of the surface. The physical properties of 
the constituent oxides, as shown in Table II [16-18], 
help in understanding this type of structure develop- 
ment. It will be observed that: (i) RuO 2 and SnO2 have 
almost equal specific gravities whereas those of RuO/ 
and TiO2 differ widely; and (ii) the coefficient of linear 
expansion for SnO/is almost half that for TiO2, and 
the cubical expansion for SnO/is one-third of that for 
TiO2. Moreover, SnO2 and RuO2 have almost the 
same cubical expansion. The size of the islands and the 
width and depth of the crevices decrease significantly 
above 30 mol % SnO2. A similar observation has been 
reported in the case of the binary RuOz-TiO 2 system, 
wherein the concentration of the RuO 2 determines the 
microprofile 1-19]. The fairly smooth and compact 
texture of the binary RuO2-SnO/(Fig. If) was also 
observed previously [20]. Usually the size of the pores 
and cracks decrease with increasing thickness. But, 
under constant loading, the thickness of the mixed- 
oxide layer decreases with increasing percentages of 
tin oxide and the surface structure still tends to be- 
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Figure 2 The effect of the oxide loading (mgcm -2) of the mixed- 
oxide coatings on the corrosion rate for an electrolyte of 0.5 M 
H2SO 4 and a temperature of 303 K. The following compositions 
(in mol%) of RuO2-TiO27SnO2 were used: (1) (30/70/0, 
(2) (30/50/20), (3) (30/40/30), (4) (30/30/40), (5) (30/10/60), and 
(6) (30/0/70). 

TABLE I Effect of the coating composition on the critical load- 
ing 

Electrode Limiting 
RuO2/TiO2/SnO 2 oxide 
(mol %) loading 

(mg cm- 2) 

30/70/0 0.78 
30/50/20 0.75 
30/40/30 0.68 
30/30/40 0165 
30/10/60 0.54 
30/0/70 0.45 
Nickel 

come compact. This leads to the conclusion that the 
modifications in the surface structure is definitely 
attributable to the presence of tin oxide and its micro- 
crystallinity. 

4.2. Porosity 
Usually, the porosity of metallic coatings on metal 
substrates are evaluated by: (a) a microscopic method, 
(b) a ferroxyl test (for steel substrates), or (c) corrosion- 
rate measurements [21-23]. In the present investiga- 
tion, the last method was adopted. To suit the ana- 
lysis, a nickel substrate was chosen, because of the 
complexity of titanium corrosion. Employment of a 
nickel substrate for this type of study has already been 
reported [19, 23]. 

The variation in the corrosion potential and current 
of the substrate with respect to the porosity of the 
overlying coating has been utilized in a study of 
electroplating [24] as well as for oxide coatings [25]. 
As it is not the aim of this study to evaluate the 
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Figure 3 The change in the corrosion rate as a function of the SnO 2 
content at an oxide loading of 1.6 mgcm -2. 

TABLE II Some physical properties of RuOz, TiO2 and SnO2 

Sample Property RuO2 TiO 2 SnO 2 
number 1-16] [17] [18] 

1 Specific gravity 7.05 4 . 2 5  6.6-6.9 
2 Linear expansion 

( x 10-6) 
(273-319 K) 

Along a-axis 9.0 9.19 4.0 
Along c-axis 1.7 a 7.14 4.8 

3 Cubical expansion 
( x 10 -s) 1.6 3.2 1.3-1.6 

aContraction. 

absolute values of the porosities, the relative corrosion 
rate as a function of the oxide loading and the com- 
position was evaluated. 

Penetration of the electrolyte through the coating 
had been previously observed, by observing the rate o f  
change of the stationary potential [19], and also by 
spectroscopy [26]. Thus, the corrosion-current values 
are definite indications of the extent of through-poros- 
ities of the coatings. The sizes of the pores and cracks 
attain a constant minimum above a limiting value of 
the thickness, as revealed by Fig. 2 where lcor is con- 
stant after a certain loading. This limiting loading 
indicates the minimum thickness required to produce 
a coating of a composition with practically no 
through-pores and cracks. This critical thickness var- 
ies with the composition of the coating, as shown in 
Table I, where other parameters were maintained at 
constant values throughout. An increase in the tin- 
oxide content decreases the corrosion rate; in other 
words, the electrolyte diffusion through the coating 
and its attack on the substrate is gradually inhibited 
(Fig. 3). The observations in the SEM micrographs 
corraborate the results of the porosity changes with 
the SnO2 content. Since the solvent and the substrate 
are uniformly the same for all the types of the oxide 
layers examined, the determining factors in the devel- 
opment of the observed morphologies must be not 
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only the glass-forming nature of the tin oxide but also 
a probable change in the crystallization process at 
different ratios of titanium and tin oxide. 

5. Conclusion 
In the Ru-Ti-Sn mixed-oxide coatings, the morpho- 
logy and porosity of the coating is largely controlled 
by the ratio ofTiO 2 to SnOz when the RuOz compon- 
ent is kept constant. The higher the tin-oxide content 
is, the more compact is the layer. 
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