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The electrocatalytic activities of  R u - P t  binary oxide electrodes prepared by thermal decomposit ion 
for both  oxygen and chlorine evolution reactions (OER and CER) were investigated by cyclic voltam- 
metry (CV) and log i/E relationships (Tafel study). Both CV and Tafel studies revealed that the elec- 
trodes from the coating solutions with 60 and 20 mol % Pt  content possessed the maximum apparent  
activity for O E R  and optimal apparent  activity for CER/hypochlor i te  production,  respectively. The 
specific activity (i/q*) revealed that mixing of  the RuO2 and PtOx had no synergistic effects for 
O E R  due to the occurrence of  phase segregation, which was revealed by element mapping/surface 
morphologies and Auger electron spectroscopy. Lower current efficiencies for hypochlorite produc- 
tion were found on the freshly prepared binary electrodes (type I electrodes) than on those having 
been treated by repetitive CVs (type II electrodes). Stability testing of  both  type I and II electrodes 
was measured in 0.5 M NaC1 solution at 300 mA cm -2 for 480 h, indicating that both  type I and II elec- 
trodes are quite stable under the above conditions. 

1. Introduction 

The chlorine evolution reaction (CER), based on the 
direct anodic discharge of CI-, is one of the largest 
industrial process in electrochemisty. Although it is a 
facile reaction with low activation overpotential [1, 2], 
the oxygen evolution reaction (OER) is an unavoid- 
able side reaction, especially in low chloride ion con- 
centration and decreases the current efficiency for 
CER. In addition, hypochlorite, an important oxidiz- 
ing agent and mediator in water/wastewater treatment 
and organic synthesis, is formed from chlorine mole- 
cules in intermediate and basic solutions via: C12+ 
O H - ~  HC10 + C1- [2 4]. Thus, the development 
of electrocatalysts for this anodic process is still an 
interesting topic for electrochemists and engineers. 

Several patents [5-8] proposed that noble metal 
oxides, such as RuO2, IrO2, PdOy, PtOx, etc., mixed 
with transition metal oxides (e.g. TiO2, SnO2, ZrO2, 
etc.) exhibit electrocatalytic activities for both OER 
and CER. The sequence of noble metal oxides with 
increasing activation overpotential for CER and 
OER are shown in sequences (i) and (ii), respectively: 

Pd-~ Ru < Ir < Rh < Pt (i) 

Ru < Ir < Rh < Pd < Pt (ii) 

Saito et al. [7] claimed that for a mixed Pd -Ru-Sn  
oxide-coated electrode, palladium increases selectivity 
for CER. However, our preliminary results suggest 
that PdOy was significantly corroded in acidic chloride 
environments due to the formation of PdC12 after 
extensive C12 evolution. In addition, CER is a relatively 

reversible reaction [1, 2] and its activation overpoten- 
tial on PtOx, a more corrosion resistant material in 
acidic chloride media [9], should be close to that of 
PdOy. Therefore, based on the above information, 
mixed Ru + Pt oxide would seem to be the anodes 
of choice for CER/hypochlorite production. 

The mechanism of CER on Pt was studied by Li 
et al. [10]. Lassali et al. [11] studied the change in tex- 
tural structures of RuO2 + TiO2 by adding PtOx. 
However, the electrochemical activities of this series 
of mixed ternary oxide electrodes on both OER and 
CER have not been systematically investigated. The 
purpose of this work is to study the effect of varying 
coating solution Pt(Ru) mol % on the abilities of 
Ru-Pt  oxide electrodes to evolve oxygen and to pro- 
duce hypochlorite. The effects of degree of atomic 
mixing between Ru and Pt oxides on the electrocata- 
lytic activities for both reactions are also examined 
and discussed. 

2. Experimental detail 

2.1. Electrode preparation 

Oxides of variable composition, x mol% Pt + 
(100 - x) mol % Ru were coated on a titanium sub- 
strate (10mm x 10mm x 1.2mm) by thermal decom- 
position. The starting solution contained a total 
concentration of 0.3M H2PtC16 (Johnson Matthey) 
and RuC13 (Johnson Matthey) in isopropanol (Merck 
GR) solutions with 10% by volume concentrated HC1 
(Merck GR). The solutions were then repeatedly 
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sonicated for 15min periods in an ultrasonic bath 
(Branson Ultrasonic Co., USA). The titanium sub- 
strates were first degreased with soap and water, 
etched for 1 h in a 6M HC1 solution at 80-90°C, 
then washed with ultrapure water. After drying, the 
substrates were dipped in their respective isopropanol 
solutions, dried in air for 30 min at room temperature, 
and then dried at 85-90 °C in a vacuum furnace for 
5-10min  at a reduced pressure of 400mmHg.  The 
supports were then fired under air flow at 400 °C for 
10min. Further coatings were applied in a similar 
manner, a total of eight being used in this work. The 
final annealing treatment in hot air at 400 °C took 
one hour. The freshly prepared electrodes (type I elec- 
trodes) were doubly coated with epoxy resin and 
PTFE films and had exposed geometric areas of 
1 cm 2. Those electrodes, having been treated by 
repeated cyclic voltammetry within 0-1.5 V in either 
1 M NaOH or 0.5 M H2SO4, were denoted as type II 
electrodes. 

2.2. Material characterization 

The surface morphologies/element mapping of both 
type I and II electrodes were examined by means 
of scanning electron microscopy (SEM) (Joel JSM35 
SEM). The Auger electron spectroscopy (AES) 
measurements were performed using a Microlab 
310D (VG Scientific Ltd) spectrometer. AES depth 
profilings were performed at emission currents of 0.1 
and 8 mA with gun tensions of 10 (electron) and 3 kV 
(ion), respectively. 

2.3. Electrochemical characterization 

The electrochemical properties of this series of mixed 
Ru Pt oxide electrodes were examined by an Electro- 
chemical Analyzer system, BAS-100B (Bioanalytic 
System, Inc., USA). The electrochemical characteris- 
tics of the type I and II electrodes were examined by 
cyclic voltammetry and potentiodynamic methods. 
An Ag/AgC1 electrode (Argenthal, 3 M KC1, 0.207V 
(SHE) at 25 °C) was used as the reference, while a 
platinum wire was employed as the counter electrode. 
A Luggin capillary, whose tip was set at a distance of 
about 1-2 mm from the surface of the working elec- 
trode, was used to minimize errors due to iR drop in 
the electrolytes. All data in this work are reported 
relative to the reversible hydrogen electrode (RHE). 

The hypochlorite production setup comprised a 
Pyrex jacket cell containing 500cm 3 0.5M NaC1. 
Hypochlorite was produced at 25 °C with a laboratory 
d.c. power supply (GPC-3030D, Good Will Instru- 
ment Company Limited, Taiwan) set in galvanostatic 
mode. The anode and cathode (Ti) were fixed at a dis- 
tance of  3 cm with exposed geometric areas equal to 9 
and 9.6cm 2, respectively. Hypochlorite current effi- 
ciency was determined by the iodometric method 
[12] after 3240 C passed. 

Stability testing of both type I and II electrodes 
were carried out in a 0.5M NaC1 solution, in the 

same cell for the hypochlorite production at 25 °C, 
at an anodic current density of 300mAcm -2 for 
480h. The electrolytes for stability testing were 
renewed every 24h. The relationship between cell 
voltage and time was recorded. 

All solutions used in this work were prepared with 
ultrapure water produced by a reagent water system 
(MILLI-Q SP, Japan) at 18Mf~cm -1. In addition, 
the various solutions used for studying the electro- 
chemical behaviour of oxide reduction/oxidation 
and the electrocatalytic activities for OER and CER 
on R u - P t  binary oxide-coated electrodes were 
degassed before the experiments with purified nitro- 
gen gas for 15min. This nitrogen gas flowed above 
the solution during the voltammetric measurements. 
Solution temperature was maintained at 25 °C (with 
an accuracy of 0.1 °C) by means of a water thermostat 
(Haake D8 and G). 

3. Results and discussion 

3.1. Cyclic voltammograms 

The cyclic voltammograms of a RuO2-coated elec- 
trode in 0.5M H2SO 4 and 1 M NaOH are shown in 
Fig. 1 as curves 1 and 2, respectively. The voltam- 
metric responses of the RuO2 obtained in either acidic 
or basic solutions are similar to those observed by pre- 
vious workers [9, 13-15]. The features of high back- 
ground currents and broad peaks on both positive 
and negative sweeps were discussed previously [13] 
and were attributed to the surface redox transitions 
of oxyruthenium (i.e. RU(III) /Ru(II) ,  Ru(Iv) /Ru(I I I ) ,  
Ru(vI)/Ru(IV) and Ru(vII)/Ru(vI)). The voltammetric 
charges of these redox couples have been found to 
be directly proportional to the electrochemically 
active surface sites for OER and the hydrogen evolu- 
tion reaction (HER) [13, 16]. Therefore, the voltam- 
metric charge (q*) which, for such inert electrolytes 
as H2SO 4 and NaOH, is obtained by numerical inte- 
gration within the potential region located between 
H ER and OER on a cyclic voltammogram, is an 
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Fig. l. Cyclic voltammograms at 50 mV s 1 for RuO 2 electrodes in 
(1) 0.5M H2SO 4 and (2) 1M NaOH at 25 °C. 
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effective index in determining the electrochemically 
active surface area (EASA) of the RuO2-coated elec- 
trode. The mechanism for redox transitions of the sur- 
face oxycations has been proposed as [13, 16, 17, 25]: 

[MOa(OH)KxH20] + ~H + + 5e 

[MOa_e(OH)b+6"xH20] (1) 

where surface oxycations exchange H + (or OH- )  with 
the electrolyte solution when electron transfer occurs. 
The symbol, M, indicates a transition metal such as 
Ru, Ir, Ni, Co, etc. 

The voltammetric behaviour of a type I (freshly pre- 
pared) PtOx-coated electrode investigated in 1 M 
Na OH is represented in Fig. 2(b) since PtOx is 
unstable under cathodic polarization at 0 V in our pre- 
liminary study. Moreover, the CV curves did not 
change after these electrodes were subjected to 6-8 
cycles in the 0 -1 .5V range. These CV curves of the 
type II PtOx-coated electrodes in 0.5 M H2SO 4 and 
1 u Na OH are presented as curves 1 and 2, respec- 
tively in Fig. 2(a). In Fig 2(b), the CV diagram, in gen- 
eral, possesses several features of a normal platinum 
electrode; however, there are some different character- 
istics on this curve. First, the voltammetric charge in 
the hydrogen desorption range is much smaller than 
that in the adsorption range, indicating that a signifi- 
cant amount  of  platinum oxide is reduced in this nega- 
tive scan. Secondly, double layer charging between H 
desorption and oxide formation is not found while 
currents due to oxide formation are observed. Thirdly, 
from an examination of the first six CV curves of type 
I PtOx electrode (not shown here), voltammetric cur- 
rents of oxide formation/reduction increased in the 
first four runs, reached a maximum on the fourth 
run, then, decreased in the last two runs. Finally, the 
i/E curve in Fig. 2(a) were obtained. This observation 
suggest that the platinum oxide is more easily reoxi- 
dized and reduced in the first four CV runs because, 
during oxide reduction, the place-exchange reaction 
may result in a rougher surface/increase in the popu- 
lation of Pt adatoms on the electrode surface [21]. 

In Fig. 2(a), the voltammetric response of type I 
PtOx electrode is similar in shape to those of a Pt 
black electrode. An examination of curves 1 and 2 in 
Fig. 2(a) provides further understanding of the 
hydrogen adsorption/desorption and platinum oxide 
formation/reduction. First, three pairs of symmetrical 
peaks due to the oxidation/reduction of the strongly, 
weakly adsorbed H species and hydrogen molecules 
(with respect to decreasing electrode potential) on 
the Pt surface are clearly observed, in spite of different 
solution pH values; however, the respective charges in 
the acidic medium are different from those in the basic 
electrolyte. Results similar to the above were also 
found in the literature [18, 19] but not discussed in 
detail. Secondly, double-layer charging is clearly 
present in the acidic solution but absent in the basic 
medium. These results were attributed to the super- 
Nernstian potential/pH effect for initial formation of 
the platinum oxide [20, 21]. In addition, this phenom- 
enon is also clearly observed on the Pt black electrode 
and is attributable to a large population of  Pt atoms 
with low bulk lattice coordination number on the elec- 
trode surface [21]. On the other hand, the electronic 
structure (i.e. d-band) of  the platinum clusters with 
such a high surface/volume ratio may be different 
from that of a normal bulk Pt lattice [22]. This may 
result in the oxidative property of  this Pt cluster being 
different from that of normal bulk Pt. 

Typical CV diagrams in both H2SO 4 and NaOH 
solutions on the Ru + Pt oxide electrode with Pt 
60mol % are shown in Fig. 3. The voltammetric 
responses of type I and type II electrodes are shown 
in Fig. 3(b) and 3(a), respectively. In both figures, 
the voltammetric currents of this electrode are not 
attributable to the redox transition of the surface oxy- 
ruthenium species, since these CV curves are different 
from that of RuO2. This is due to the unstable (redu- 
cible) property of PtOx, which was reduced by the 
repetitive CV applications. In previous work [22-24], 
the oxidation and reduction on the Pd metal reduced 
from PdO are much easier than on normal bulk Pd, 
and similar results are found in Fig. 2. Thus, the 
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Fig. 2. Cyclic voltammograms at 50 mV s -1 for (a) type II PtOx elec- 
trodes in (1) 0.5M HzSO 4 and (2) 1 M NaOH; and (b) type I PtO x 
electrode in 1 M NaOH at 25 °C. 
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Fig. 3. Cyclic voltammograms at 50 mV s J for (a) type II electrodes 
in (1) 0.5 M H2SO 4 and (2) 1 N NaOH; and (b) a type I electrode with 
60 mol % Pt in precursors in 1 M NaOH at 25 °C. 
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Fig. 4. Voltammetric charges of redox transitions (q*, 1, 2) and 
hydrogen adsorption/desorption (qH, 3, 4) for type II electrodes as a 
function of coating solution Pt content in (1, 3) 0.5 M H2SO 4 and 
(2, 4)HI M NaOH. Key: (0) q* (base); (©) q* (acid); (11) qH (base); 
(D) q (acid). 

voltammetric currents on this mixed-oxide electrode 
are mainly due to Pt oxidation/reduction and hydrogen 
desorption/adsorption. In addition, the voltammetric 
responses of this series of Ru + Pt oxide electrodes 
are similar in shape to those in Fig. 2 and their voltam- 
metric currents are larger than those of the RuO 2 elec- 
trode. These results reveal the instability of PtOx. It is 
worth noting here that oxides of platinum group metals 
are unstable in the hydrogen adsorption/desorption 
region [25]. This is supported by the CVs of the PtOx 
and PdOy electrodes. In contrast, RuO2, IrO2, RhO2 
and OsO 2 electrodes are quite stable under repetitive 
cycling between the oxygen and hydrogen evolving 
regions. This is especially true of RuO2 and IrO 2 which 
were employed as cathodes for the HER [13, 26]. 

The voltammetric charges of oxide formation/ 
reduction in the 1.4-0.4V region and hydrogen 
adsorption/desorption in 0 .4-0V on the CV curves 
of type II R u - P t  oxides were obtained by numerical 
integration. These results are shown in Fig. 4 as a 
function of Pt mol % in precursors. The voltammetric 
charges of oxide formation/reduction and hydrogen 
adsorption/desorption, in general, increase with 
increasing Pt content, reach a maximum around 
60 mol %, and decrease gradually with increasing Pt 
content with the exception of the PtOx electrode. 
This indicates that the oxyplatinum sites involving 
redox transitions can be increased by mixing RuO2 
and PtOx. The occurrence of a maximum activity 
was also found for the Ru SnO2 [27], I r -Ru O  2 [9, 
13], N i - C o  oxide [28], etc. This may be due to (i) 
numerous defects in the mixed oxides, (ii) degree of 
dispersion of the PtOx within the oxides, (iii) variation 
in surface roughness, and (iv) the electronic structure 
of the deposits. Thus, many mixed-oxide electrocata- 
lysts have been investigated in the literature [9]. 

3 0 

3.2. Tafel studies for  the oxygen and chlorine evolution 
reactions 

Tafel studies for the OER on a series of type I R u - P t  
oxide electrodes were carried out in 1 M NaOH and 
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Fig. 5. Logi/E curves on type 1 electrodes in 0.5M H2SO 4. Scan 
rate: 0.5mVs 1. Pt content of coating solution is: (0) Ru2; (©) 
10%; (11) 40%; (D) 60%; (A) 90%; (~) PtOx. 

0.5M H2SO 4. Typical results for H2SO 4 are shown 
in Fig. 5. The Tafel plots, similar to those previously 
reported [13, 14], possess a change in Tafel slope 
from 60 to 120 mV decade -1 at 1.47 V with the excep- 
tion of the PtOx electrode. This phenomenon was 
attributed to a combination of three effects: (i) surface 
/ 

/gites blocked by gas bubbles; (ii) a new rate-determin- 
/ i n g  step predominating in the region of high current 

density; and (iii) a change in mechanism. The Tafel 
slope in the low overpotential region increases with 
increasing Pt content in the precursors (Table 1). 
This result is different from those of the mixed oxides 
with synergistic effects, since the dependence of Tafel 
slope for the OER on oxide composition indicates 
the degree of intimate mixing Of two/three compo- 
nents [9]. In this work the starting current density 
(denoted hereafter as is) of these mixed-oxide elec- 
trodes was obtained by extrapolating the linear Tafel 
region to 1.35 V, which is close to the decomposition 
potential of water on RuO2. The sequence of elec- 
trodes with respect to decreasing is, an index of the 
number of active sites: R u - P t  oxide with 60 tool % 
Pt (128.8 #Acre  -2) > 40mo1% Pt (58.9#Acre -2) > 
90mo1% Pt (39.8#Acm -2) > p u r e  PrO x (28.2#A 
cm -2) > 10tool% Pt (13.2#Acm -2) > RuO 2 (1.6 
#Acre  2), however, is not consistent with the vol- 
tammetric charge data. This may be due to the fact 
that the decomposition potentials of oxygen evolution 

Table 1. Tafel slope of the oxygen and chlorine evolution reactions at 
Ru Pt binary electrodes 

Pt content/mol% Tafel slope/mY decade-1 

0 2  C12 

0 47.98 55.83 
10 57.78 39.09 
40 59.81 34.77 
60 58.48 34.57 
90 63.45 35.19 

100 111.7 38.55 
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Fig. 6. Specific activities (i/q*) of  Ru  Pt oxides as a function of  
coating solution Pt content  in 0.5M H2SO 4. Current  density, i, 
was obtained from Tafel plots at 1.6V. 
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Fig. 7. Logi/E curves on type I electrodes in 3M NaCI + 0.01 M 
HC1. Scan rate is 0 . 5 m V s  ~. Pt content of  coating solutions is: 
(+) RuO2; (11) 10%mo1%; (©) 40%mo1%;  (A) 70%mo1%;  ([3) 
90mol  %; (e)  PtOx. 

on RuO2 and PtOx are different. Furthermore, the 
sequence of electrode with respect to decreasing cur- 
rent density at 1.6 V (i.e. at high OER overpotentials): 
Ru + Pt oxide with 60mol % Pt (120.5mAcm -2) > 
40mo1% Pt (102.1 mAcm 2) > 90 (54.9mAcm 2) _~ 
10 (50.5mAcro -2) _~ RuO2 (46.3mAcro -2) > PtOx 
(2.7 mA cm -2) is not consistent with that of q*, either. 
This is due to the fact that the oxygen evolving mechan- 
isms/rate-determine steps on RuO2 and PtO2 are differ- 
ent (see Tafel slope data in Table 1). Based on the above 
results, voltammetric charge (q*) can not be considered 
as a good index in estimating the suitability for OER of 
the Ru-Pt  binary oxide system, although both q* and 
the Tafel study reveal that the occurrence of maximum 
activity is at the electrode with Pt 60 mol %. 

The specific activities (i/q*) of various R u - P t  
oxides for the OER [9], where i is obtained at 1.6 V 
from the Tafel plots, are shown in Fig. 6 as a function 
of Pt content in the precursors. The specific activity of 
Ru-P t  oxide decreases sharply and becomes approxi- 
mately constant as the platinum content increases; a 
result indicative of two facts. First, platinum oxide 
is not a good electrocatalyst for the OER. Secondly, 
the mixing of RuO2 and PtOx does not take place at 
atomic scale and thus, does not possess synergistic 
effects for this reaction. Since synergistic effects often 
occur when two/three components are under atomic 
mixing [9], this does not occur for the Ru + Pt binary 
oxide system, possibly due to the fact that RuO2 is a 
rutile structure while PtO x is not [29, 25]. On the other 
hand, although synergistic effects for oxygen evolu- 
tion on the Ru + Pt oxides do not occur, this result 
is possibly favourable to CER because of the depres- 
sion of OER. 

The Tafel plots for the CER on a series of type I 
R u - P t  oxide electrodes in 3M NaCI+0.01M HC1 
solution at 25 °C, are shown in Fig. 7. The C12 evol- 
ving rate on RuO2 is lowest in the whole investigated 
potential region but is similar on the R u - P t  oxides 
at electrode potential above 1.44V. The Tafel slope 
of CER (Table 1), in general, is constant (~40mV 

decade 1), with the exception of RuO2 (60mV 
decade-i), implying that the mechanisms of CER on 
the binary electrodes are the same. These results are 
possibly due to the fact that the CER only occurs on 
the external surface [1] since this reaction has a low 
activation overpotential (i.e. a relatively reversible 
reaction). Based on the Tafel results of both OER 
and CER, the electrodes with platinum content from 
10-20mol % ought to have an optimal current effi- 
ciency for CER/hypochlorite production since they 
have low oxygen and high chlorine gas evolving rates, 
respectively. 

3.3. Current efficiency of hypochlorite production 

Hypochlorite producing efficiencies on type I Ru-P t  
oxide-coated electrodes are presented as a function 
of current density in Fig. 8. In general, current effi- 
ciency reaches a maximum at about 300mAcm -2. 
On the other hand, it decays gradually on the pure 
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Fig. 8. Current  efficiencies of  type I R u - P t  oxides for iaypochlorite 
production as a function of current density in 0.5 M NaC1 solution. 
Plat inum content: (I~) RuO2; (A) 20mo1%; ([]) 40mo1%; (0)  
60mol  %; (©) 80mol  %; ( , )  PtO x. 
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oxide-coated electrodes, especially the PtOx electrode. 
For the Ru + Pt binary oxide electrodes, the current 
efficiency of hypochlorite production decreases with 
increasing Pt content. The maximum current effi- 
ciency, 91.7%, was obtained on the Ru + Pt oxide 
electrode with 20mo1% Pt in the precursor at 
300mAcm 2. This result indicates that the oxygen 
chlorine evolution rate on RuO2 can, respectively, 
be depressed and enhanced by the presence of minor 
amounts of PtOx. 

3.4. Surface morphologies and element mapping 

Since the hypochlorite producing/chlorine evolving 
rates are strongly dependent on the external surface 
of different electrodes, surface morphologies of this 
series of Ru-P t  oxide electrodes were examined. Typi- 
cal SEM photographs of Ru Pt oxide electrodes with 
precursor Ptmol  % of 0, 20, 60, 80,100 are shown in 
Fig. 9 as (a), (b), (c), (d) and (e), respectively. In gen- 
eral, the surface morphologies of these electrodes are 

Fig. 9. SEM morphologies of type I Ru Pt oxides with Pt content: 
(a) 0, (b) 20, (c) 60, (d) 80 and (e) 100mol % in precursors. 
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Fig. 10. SEM morphology of the type I Ru + Pt oxide electrode with 
40 mol% Pt in coating solution, and its element mapping of (b) Ru; 
(c) Pt. 

not very porous but several surface cracks are 
observed. Therefore, the C12 evolution rates on these 
electrodes are approximately the same (see Tafel 
results in Fig. 7). Note  that the surface of the 
Ru + Pt oxide electrodes with 20 -40mol  % Pt, is 
covered by a thin layer of  variegated material. This 
suggests that RuO2 and PtOx are not well-mixed. 

To check the distribution of Pt and Ru on the oxide,  
element mapping of Ru and Pt was examined. 
Figure 10 shows both the surface morphology and 
element mapping of the Ru + Pt oxide electrode 
with 40 mol % Pt. The variegated material also can 
be found on the surface of  this electrode f rom the 
SEM photograph.  Pt is dispersed homogeneously 
while Ru is enriched on the variegated material. This 
reveals that RuO2 and PtOx are repulsive to each other 
and phase segregation occurs. Therefore, from the 
Tafel slope and element mapping results, it is reason- 
able to conclude that no synergistic effects for the 
OER on the Ru + Pt binary oxide electrodes are 
caused by phase segregation between these two oxides. 

3.5. Effects on the repetitive CVs pretreatment 

Hypochlori te  producing efficiencies on type I Ru + Pt 
oxide electrodes with 20 and 60 mol % Pt are presented 

as a function of current density in Fig. 11 as curves 1 
and 2, respectively. Also, curves 3 and 4 shown in Fig. 
11 are their respective current efficiencies on the type 
II  electrodes. On all curves, hypochlorite producing 
efficiency reaches a maximum at 300 mA cm -2 whether 
or not the electrodes have been cycled. The current 
efficiencies of  the electrode with 20mol % Pt (i.e. 
curves 1 and 3) are respectively higher than those of 
the electrode with 60mo1% Pt (curves 2 and 4). 
Note that the current efficiencies on these two type 
II  electrodes are respectively higher than on their cor- 
responding type I electrodes, indicating that RuO2+ 
Pt is more favourable for the CER. 

To clarify the above effects, OER and CER on both 
type I and II  electrodes were investigated by Tafel 
study. Typical Tafel plots for the OER and CER on 
type I and II  R u + P t  oxide electrodes with 
60mo1% Pt are shown in Fig. 12. A comparison of 
curves 1 and 2 for the OER indicates that this reaction 
is significantly depressed on the type I I  electrode. In 
addition, from an examination of curves 3 and 4, 
the C12 evolution rate on the type II  electrode is 
much higher than that on the type I electrode. In com- 
parison to type I electrode, the increase in chlorine 
evolving activity and decrease in oxygen evolving 
activity on type II  electrode also occurs for the 
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Fig. 11. Current  efficiencies of  Ru  + Pt oxides with Pt content equal 
to (1, 3) 20 and (2, 4) 40tool % for hypochlorite production as a 
function of current density in 0.5 M NaC1 solution. (1, 2) and (3, 
4) are for type I and II electrodes, respectively. 

PtOx electrode, while a minor increase in the oxygen 
evolution rate is found on the type II RuO2 electrode. 
The former result implies that (i) Pt reduced from 
PtOx has a rougher external surface because of the 
place-exchange reaction in the Pt oxide reduction; 
and (ii) the Pt reduced from PtOx has a lower activity 
for the OER. The latter inference is supported by the 
fact that the oxygen evolution rate/mechanisms on Pt 
are affected by the presence of Pt oxides [30]. The lat- 
ter result is attributed to the increase in active sites 
and hydrophilicity of the RuO2 produced by repetitive 
cycling [9]. 

The surface morphologies of the type II Ru-Pt 
oxide electrodes were examined by scanning electron 
microscopy. Typical SEM photographs for the elec- 
trodes with Pt 0, 20, 40, 60, 80, 100mol % are shown 
in Fig. 13(a)-(f), respectively. The surface morpholo- 
gies are very rough with many cracks. A comparison 
of Figs 13 and 9 reveals that type II electrodes have 
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Fig. 12. Logi/E curves for (1, 2) oxygen evolution and (3, 4) chlor- 
ine evolution on the Ru + Pt oxide electrode with 60moi  % Pt in 
0.5 M 112804 and 3 M NaC1 + 0.01 M HC1 solution, respectively. (1, 
3) and (2, 4) are for type I and II electrodes, respectively. Scan 
rate: 0 .hmV s -1 . 

rougher surfaces than type I electrodes; this is especially 
true of binary Ru + Pt oxide and PtO x electrodes. 
This supports the inference that the place-exchange 
reaction during Pt oxide reduction yields a rougher 
surface on type II electrodes. A comparison of 
Figs 13(b), (c), 9(b) and 10(a) reveals that the varie- 
gated structure of Ru-enriched material is more 
obvious on type II electrodes. This is possibly due to 
repulsion between RuO2 and PtOx during the reduc- 
tion process. This more obvious segregation of 
RuO2 and Pt phases also explains the higher current 
efficiencies of hypochlorite production on the type II 
Ru + Pt oxide electrodes. 

From the above results, the fact that current 
efficiencies of the hypochlorite production on type II 
electrodes are higher than on type I electrodes is due 
to: (i) Pt reduced from PtOx depresses the OER 
more significantly in comparison to its corresponding 
oxide and (ii) the CER on a RuO2 + Pt electrode is 
more favoured than on a Ru + Pt oxide electrode. 

To clarify the effect of repetitive cycling on the dis- 
tribution of Pt and Ru oxides, and depth profile of 
Pt, Ru, Ti, and O within the coating matrix was 
determined by Auger electron spectroscopy (AES). 
Typical results of both type ! and II electrodes with 
40 mol % Pt are shown in Fig. 14(a) and (b), respec- 
tively. In both figures, curves 1, 2, 3 and 4 are indi- 
cative of Pt, Ru, O and Ti, respectively. Ruthenium 
dioxide has migrated into the inner layer of the oxide 
coating and the titanium/oxide interface in Fig. 14(a). 
This is due to the fact that the crystalline structure 
of RuO 2 and TiO2 is rutile [25, 29, 31, 32] and, 
accordingly, Pt is the surface-enriched component. 
The O count gradually increases in the initial 10 ks, 
reaches a maximum at about 1.5 x 104 seconds, and 
decreases more quickly in the 20-25ks region. In 
fact, most oxide coatings usually possess bulk oxygen 
deficient and surface oxygen excess phenomena 
because of the final annealing in air [33, 34]. The 
above result indicates that during electrode prepara- 
tion, several Pt(iv) atoms were reduced to PtO and 
Pt because isopropanol (precursor solvent) may be 
oxidized by Pt(iv) species, especially at high tempera- 
ture (e.g. during drying and pyrolysis processes) [35]. 
A comparison of Fig. 14(a) and (b) reveals that 
PtOx has been reduced to Pt by the cycling since the 
count of oxygen is smaller in Fig. 14(b). In addition, 
the oxygen count also reaches a maximum at about 
15 ks indicating that RuO 2 is not reduced by cycling. 
Since the surface-enriched phenomenon of the Pt 
atoms is more obvious in Fig. 14(b), the speculation 
that during reduction of PtOx, RuO2 is repelled 
from the lattice matrix of Pt is reasonable. 

3.6. Stability testing for hypochlorite production 

Typical results of stability testing for the type II elec- 
trode with 20 mol % Pt are shown in Fig. 15. The cell 
voltage increased gradually with electrolysis time 
since CI- ions were consumed by the hypochlorite 
production. On the other hand, the value of cell 
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Fig. 13. SEM morphologies of type II Ru-Pt oxides. The Pt content is (a) 0, (b) 20, (c) 40, (d) 60, (e) 80 and (f) 100mol %. 

voltage decreased sharply to its initial value (5.3 V) 
when the electrolytes were renewed. This phenom- 
enon is not affected by the interuption of electrolysis, 
indicating that these electrodes are very stable under 
the above conditions. Therefore, the reduction of 
PtOx to Pt does not decrease the service life of  the 
Ru + Pt binary system. 

4. Conclusion 

Cyclic voltammetric results indicated that PtOx was 
reduced to Pt under repetitive cyclic vol tammety in 
the potential region between H E R  and OER. The 
maximum activity of  the Ru + Pt oxide electrodes 
for the OER was located at about  60mol % Pt in 
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Fig. 15. Stability of  the type II R u ÷ P t  binary electrode with 
20 mol% Pt in precursors. 

the precursors from both the voltammetric charges 
and Tafel studies. The specific activities and Tafel 
slopes of these mixed oxide electrodes, respectively 
decreasing and increasing with increasing the Pt con- 
tent, revealed that mixing of the R u Q  and PtO x had 
no synergistic effects for the OER. The hypochlorite 
producing efficiency reached a maximum on the elec- 
trode with 20mol % Pt. SEM photographs and ele- 
ment mapping revealed poor mixing of RuO2 4- PtOx 
and RuO2 4- Pt crystallites. AES results revealed that 
Pt is the surface-enriched element on both type I and 
II electrodes. Stability testing of type II electrodes 
indicated that the reduction of PtO~ to Pt does not 
decrease the service life of the Ru 4- Pt binary system. 
In comparison to type I electrodes, the reasons for a 
higher rate/current efficiency of the CER/hypochlorite 
production on type II electrodes are: (i) Pt reduced 
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from PtOx on the Ru + Pt oxide electrodes depressed 
the OER and (ii) rougher external surfaces of the 
RuO 2 + Pt electrodes are more favourable for the 
CER. 
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