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Abstract 
 

Electrowinning is one of the most important metal production processes, 

consuming significant amounts of electric energy worldwide. The total energy 

consumed by electrowinning in U.S.A is the order of 1-2 % of the total energy 

consumption, and this high energy consumption is caused by a high voltage of the 

electrolysis, which is mainly due to oxygen evolution reaction; it is the anodic reaction 

in electrowinning using sulfuric acid based solutions. In case of copper electrowinning, 

the overpotential of oxygen evolution is approximately 10 times larger than that of the 

cathodic reaction, i.e., metal deposition, and accounts for 25-40 % of the total cell 

voltage, when the anode comprises lead alloys which have been employed for a long 

time. In addition, the electrowinning solutions contain metal ions such as Pb(II), Mn(II), 

or Co(II) ions as a minor component, and these ions are also oxidized on lead alloy 

anodes, which are unwanted side reactions and result in anodic deposition of PbO2, 

MnOOH or CoOOH. Such oxide depositions further increase oxygen overpotential and 

reduce the anode’s lifetime, since the deposited oxides have a low conductivity and a 

low catalytic activity for oxygen evolution. Therefore, reduction in oxygen 

overpotential and suppression of anodic metal oxide deposition are much important to 

realize a more energy-efficient electrowinning process which can reduce the energy 

consumption and less metal oxide sludge originated from deposited metal oxides. 

Ruthenium oxide (RuO2) is known as the most active metal oxide for oxygen 

evolution in aqueous solutions, and RuO2-based coatings have been widely investigated 

as an oxygen evolution catalyst, in which thermal decomposition of a precursor solution 

is usually used to prepare such oxide coatings on a titanium substrate. While 

RuO2-based oxide coated titanium electrode is known to be highly catalytic for oxygen 

evolution in acidic media, there has been no practical applications of the electrode in 

electrowinning. In addition, the effects of thermal decomposition temperature on the 

RuO2-based coatings have hardly been examined. From the background mentioned 

above, I aimed in this thesis to investigate the characterization and performance of 
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RuO2-Ta2O5 coated titanium anodes prepared at different thermal decomposition 

temperatures and Ru:Ta mole ratios for electrowinning applications. The suppression 

effects to the anodic metal oxide deposition and the durability for oxygen evolution on 

these anodes were also studied. 

 

RuO2-Ta2O5/Ti anodes were prepared by thermal decomposition of precursor 

solutions containing Ru (III) and Ta (V). The temperature ranged from 260 
o
C to 500 

o
C, 

and the Ru:Ta ratio ranged from 30:70 mol% to 90:10 mol%. The characterization of the 

coatings was done with XRD, SEM and EDX. Voltammetric measurements were 

performed to obtain double layer charge, polarization curves, and Tafel slope in acidic 

aqueous solutions. Constant current electrolysis was conducted to measure the cell 

voltage during electrowinning of zinc, copper, nickel and cobalt and to evaluate the 

durability for oxygen evolution in continuous electrolysis. 

 

The catalytic coatings prepared consisted of a mixture of amorphous RuO2 and 

Ta2O5, when the thermal decomposition temperature was 280 
o
C or less. SEM 

observation revealed that the oxide coating comprised nano particles of RuO2 uniformly 

dispersed in amorphous Ta2O5 matrix. One of the most specialized points of such 

amorphous oxides was that nano RuO2 particles induced the increase in effective 

surface area and change in rate determining step for oxygen evolution, resulting in a 

significant decrease in oxygen overpotential. The amorphous RuO2-Ta2O5/Ti electrode 

prepared at 80 mol% Ru and at 260 
o
C was found to be the best performance for oxygen 

evolution; the oxygen overpotential was 0.20 V lower than that prepared at 30 mol% Ru 

and at 500 
o
C, the amorphous oxide anode showed the increase in overpotential of PbO2 

deposition. As a result, the difference between the onset potentials of oxygen evolution 

and PbO2 deposition reached 0.58 V with amorphous RuO2-Ta2O5/Ti anode, and it was 

revealed that the overpotentials of these two reactions occurring on the same anode 

were individually controlled; amorphous RuO2 works to accelerate oxygen evolution 

and suppress PbO2 deposition. The amorphous oxide anode further demonstrated that 

the cell voltage of zinc or copper electrowinning was successfully reduced by 0.7 V in 
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maximum compared to lead alloy anode and showed a high durability for oxygen 

evolution even at a high current density like 5,000 A m
-2

. In conclusion, the amorphous 

RuO2-Ta2O5/Ti anode has a high possibility for a significant electric energy saving, 

suppression of anodic metal oxide deposition and a long lifetime in various kinds of 

electrowinning processes in which the anodic reaction is oxygen evolution. 
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1.1 Electrowinning 

 

 Electrowinning (EW) is carried out in an electrolytic cell with a metal cathode 

and an insoluble anode and is the final process in production of non-ferrous metals such 

as zinc, copper, nickel and cobalt, of which the typical electrolytic cell is shown in 

Figure 1.1 [1,2]. A pair of electrodes (anode and cathode) is immersed alternately in an 

acidic aqueous solution containing metal ions extracted from ore, and all anodes and 

cathodes in the cell are connected in parallel. During electrolysis, the electrolyte is 

pumped through a series of cells and is circulated slowly, in which metal ions are 

electrodeposited on the cathode and oxygen evolution occurs on the anode, when acidic 

sulfate solutions are used. 

 

 

 

 

 

 

 

 

 

Figure 1.1 Cross-section of an electrowinning cell [1]. 

 

The reactions on the cathode and the anode and their standard potentials, E
o
, 

referred to normal hydrogen electrode (NHE) in EW are given below: 

 

Cathode  

Zinc EW Zn
2+

 + 2e
-
 → Zn  E

o
 = -0.763 V  (1-1) 

Copper EW Cu
2+

 + 2e
-
 → Cu  E

o
 = 0.337 V  (1-2) 

Nickel EW Ni
2+

 + 2e
-
 → Ni  E

o
 = -0.23 V  (1-3) 

Cobalt EW Co
2+

 + 2e
-
 → Co  E

o
 = -0.277 V  (1-4) 
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Anode 

2H2O → O2 + 4H
+
 + 4e

-
   E

o
 = 1.229 V  (1-5) 

 

Although E
o
 of zinc, nickel, and cobalt are more negative than that of hydrogen 

evolution (E
o
=0), the current efficiency of metal deposition on the cathode is high 

(90-98%) [3-6], because the overpotential of hydrogen evolution is very high on such 

metals deposited on aluminum or titanium substrates [6], so that the reduction of metal 

ions to metal occurs preferentially to hydrogen evolution, resulting in the high current 

efficiency. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 World copper mine production by concentrates (■) and SX/EW (■) 

between 1900 and 2013 [8]. 

 

Zinc EW produces 90 % or more of the world’s zinc and a high purity 

(>99.99 %) of zinc metal can be obtained at reasonable cost [7]. The production of 

copper by EW has become increasingly important in recent years, and The International 

Copper Study Group (ICSD) [8] has reported the transition of world copper mine 

production by concentrates and solvent extraction/electrowinning (SX/EW) between 

1900 and 2013, as shown in Figure 1.2; copper EW process was not performed before 

1960s, while the world copper production by EW increased from ca. 10 % in 1990 to ca. 
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20 % in 2013. There are some reasons for this; in EW, simplified flow sheets, diverse 

process integration options, and more size flexibility compared to electrorefining [9]. 

ICSD has also reported that the copper mining capacity is estimated to reach 27.5 

million tonnes in 2017, with 21 % by EW production [10]. This will be around 30 % 

higher than 21.0 million tonnes of copper produced in 2013. It seems that the volume 

and fraction of metal produced by EW are expected to more increase. 

 

 

1.2 Energy consumption 

 

 One of the issues of modern EW processes is high energy consumption, and 

this is becoming more significant with increasing demand of metal production and 

rising energy costs. Table 1.1 shows the production and energy consumption of zinc and 

copper EW, in which the total refined zinc and copper in 2013 were 13,000 kt [11] and 

21,000 kt [12] and copper produced by EW process is about 20% of total copper. 

Among EW processes, zinc EW consumes the largest electrical energy amounting to 

3,000-3,500 kWh t
-1

 [3,6,13-16]. Compared to this, the energy consumption of copper 

EW is 2,000-2,160 kWh t
-1

 [6,13,15], although copper EW needs more energy than the 

other copper production process, i.e., electrorefining (300~340 kW t
-1

) [13,15]. The 

annual energy consumption of zinc and copper EW processes in the world calculated by 

the data given above are 45,500 GWh for zinc and 9,072 GWh for copper with the 

conditions that the unit energy consumption for zinc and copper is assumed 3,500 kWh 

t
-1

 and 2,160 kWh t
-1

, respectively [6,11-13,15]. These values correspond to 4,200,000 

households and 837,000 households of electricity consumption in U.S.A. (the average 

annual electricity consumption is 10,837 kWh per household in U.S.A. [17]), and it is 

estimated that the consumption of the electricity by EW in U.S.A is the order of 1 to 2% 

of total electric energy produced [18]. Therefore, it is crucially important to explore 

energy reduction technologies for current energy intensive EW processes. 
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Table 1.1 Production and energy consumption of Zn and Cu EW in 2013 [3,6,11-16]. 

 

The most effective approach to suppress the energy consumption of EW is to 

reduce the cell voltage, because the cell voltage is directly proportional to the energy 

consumption which accounts for 60-80 % of the energy requirement of a refinery [4,16]. 

The cell voltage of EW can be expressed as: 

 

Ecell = ΔEeq + ηa + ηc + IRsolution + IRother    (1-6) 

 

where Ecell is the cell voltage, ΔEeq is the equilibrium potential difference between the 

anodic and cathodic reactions, ηa and ηc are the overpotential associated with the anode 

and cathode, IRsolution is the voltage drop in the electrolyte, and IRother is the resistance 

other than the solution resistance, such as the contact resistance between the bus bar and 

the electrodes. 

 

Table 1.2 shows the contents of the components of the cell voltage for zinc and 

copper EW [15,16,19-22]. For zinc EW, the overpotential of the anodic reaction is 

approximately 4 times larger on average than that of the cathodic reaction [16], and the 

anodic overpotential is 18-30 % of total cell voltage when the cell voltage is 3.3 V 

[7,15] which is a typical value. The anodic overpotential in copper EW is 10 times 

larger than the cathodic overpotential in maximum and account for 25-40 % of the total 

cell voltage which is usually around 2.0 V [13,19]. All these data insist that the 

reduction of the anodic overpotential is extremely important for reducing the energy 

consumption in the EW processes. 

 

Total production 

in 2013 (kt) 

Energy 

(kWh/t) 

Energy 

(GWh) 

Energy 

(household) 

Zinc 13,200 3,000-3,500 46,200 4,260,000 

Copper 
21,000 

(ca. 20 % by EW) 
2,000-2,160 9,070 837,000 
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Table 1.2 Distribution of electric energy in Zn and Cu EW [15,16,19-22]. 

 
i (A m

-2
) ΔEeq (V) ηa (V) ηc (V) IRsolution (V) IRother (V) 

Zinc 400-700 1.99 0.60-1.0 0.15-0.30 0.30-0.40 0.05-0.10 

Copper 200-300 0.89 0.50-0.80 0.05-0.10 0.10-0.50 0.05-0.15 

 

 

Furtheremore, there are also EW plants in least developed countries such as 

Africa and Sotheast Asia, in which refining companies have an important industry to 

surpport these area. Development of the technology for energy saving and low 

environmental impact will also play a significant role in national construction of the 

conflict countries in Middle East that is rich in metal resources, while it is imppossible 

to produce the metals in such area due to the political uncertainty now. 

 

 

1.3 Lead alloy anodes 

 

The high overpotential for the anodic reaction as mentioned above is due to 

low catalytic activity for oxygen evolution on lead alloys which have been employed as 

the anode’s material of commercial EW processes for about a century; the typical 

material is the alloys with several percent of antimony [23-29]. To decrease the oxygen 

overpotential of lead alloys, many researches on the composition and performance have 

been continuously performed. Clancy [23] summarized the influences of alloying 

elements on electrochemistry of lead anodes and reported the properties of 45 types of 

lead alloy anodes. The representative examples are Pb-Ag [21,22,24,25,30-33], Pb-Ca 

[24,25,34], Pb-Ca-Sn [24,27,35-37], Pb-Sr-Sn [25] and Pb-Co3O4 anodes 

[27,28,31-33,38]. Hrussanova demonstrated that the oxygen evolution potential of 

Pb-Co3O4 anode was ca. 40 mV lower than that of Pb-Sb anode and ca. 70 mV lower 

than that of Pb-Ca-Sn anode [27], although the corrosion rate of Pb-Co3O4 anode was 
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6.7 times lower than that of Pb-Sb anode [28]. The alloy with addition of silver such as 

Pb-Ca-Sn-Ag was found to prolong the service life [39] and the cobalt-added alloy, 

Pb-Ca-Sn-Co, was reported to improve the anode performance for oxygen evolution 

[24]. Some recent studies have also shown that Pb-RuO2 anode [40] and Pb-Co3O4 

coated titanium anode with SnO2-Sb2O3 interlayer [41] have lower anode potential than 

other Pb alloy anodes without such metal oxides. However, the overpotential for oxygen 

evolution is still high and a large portion of cell voltage, as described in the previous 

section. In addition, there are some disadvantages of lead alloy anodes; anodic 

deposition of metal oxide, low durability, contamination of dissolved Pb(II) ions to the 

electrolyte and the cathode deposit, and generation of hazardous by-products on the 

anode. Especially, the anodic deposition of metal oxide on the anode is required to 

suppress for EW processes [13,29,42]. 

 

1.4 Metal oxide deposition on anode 

 

 In copper and nickel EW, the electrolyte contains Pb(II) ions as an impurity, 

and Pb(II) ions are oxidized on the anode and are converted to PbO2 [25,43], as given 

below. 

 

 Pb
2+＋ 2H2O → PbO2＋ 4H

+＋ 2e
-
 E

o
 = 1.455 V vs. NHE (1-7) 

 

There is also a case that PbO2 deposited on the anode is reduced to non-conductive 

PbSO4 because of a local electrochemical cell reaction when the electrolysis is stopped, 

in which PbO2 is reduced to PbSO4 as below, 

 

PbO2＋ SO4
2-

 ＋ 4H
+
 ＋ 2e

-
 → PbSO4＋ 2H2O   E

o
 = 1.685 V vs. NHE 

         (1-8) 

 

The deposition of metal oxide is also known in zinc and cobalt EW. Zinc EW solutions 

usually contain Mn(II) ions as a minor component, because MnO2 or KMnO4 are added 
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as the oxidizer for dissolving ZnO･Fe2O3 generated in Zn(II) extraction process. Mn(II) 

ions are oxidized on the anode, resulting in manganese oxide (MnO2, MnOOH) 

deposition [43-45]. Cobalt oxide (CoOOH) deposition is observed in cobalt EW, and 

Co(II) ions which should be reduced on the cathode are also oxidized on the anode, 

which induces CoOOH generation and unwanted consumption of Co(II) ions [46]. 

These manganese oxide or cobalt oxide depositions are expressed as, 

 

Zinc EW 

 Mn
2+

 → Mn
3+

 + e
-
   E

o
 = 1.51 V vs. NHE (1-9) 

 Mn
3+

 + 2H2O → MnOOH + 3H
+ 

    (1-10) 

 MnOOH → MnO2 + H
+
 + e

-
     (1-11) 

 

Cobalt EW 

 Co
2+

 → Co
3+

 + e
-
    E

o
 = 1.82 V vs. NHE (1-12) 

 Co
3+

 + 3H2O → CoOOH･H2O + 3H
+
    (1-13) 

 

The reason why metal oxide deposition occurs is that the onset potential of 

oxidation of metal ions on the lead alloy anode is lower than that of oxygen evolution 

due to high oxygen overpotential. The deposition of metal oxide results in an increase in 

cell voltage during the electrolysis, the shortening of the anode’s lifetime, and the 

production of hazardous by-products and wastes. Therefore, it is needed to develop a 

highly catalytic anode for oxygen evolution, which replacing the existing lead alloy 

anode in view of energy and environment for EW industry. 

 

 

1.5 Oxide coated titanium anodes 

 

Metal oxide coated titanium electrodes have been widely investigated for 

insoluble oxygen or chlorine evolution anodes and have been used in industrial 

electrochemical processes such as chlor-alkali electrolysis, metal electrowinning, metal 
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recovery, electroplating, electrolytic foil production, electrosynthesis, water treatment 

and water electrolysis [47-77] since the two patents invented by Beer were issued in 

1960s [78,79], for which Lee [80] recently reported the history on the development of 

electrocatalysts for oxygen evolution from its basic studies to current industrial 

processes. Among metal oxides for oxygen electrocatalyst examined, Trasatti concluded 

that iridium oxide (IrO2) or ruthenium oxide (RuO2) have higher electrocatalytic activity 

than other metal oxides [81,82]. These anodes can be prepared by a variety of processes 

such as, sol-gel method [47,83-99], Pechini method [100-104], electrodeposition 

[105-108], metal organic chemical vapor deposition [109,110], and sputtering [111-113]. 

However, commercially utilizing anodes are currently prepared by thermal 

decomposition of aqueous or alcohol-based precursor solutions containing metal ions on 

titanium as the substrate because of its high production efficiency compared to others. 

 

1.5.1 IrO2-based anodes 

 

IrO2-based anode represents the titanium electrode covered with binary or 

ternary oxides comprising IrO2, of which the typical one is a mixture of IrO2 and Ta2O5. 

Comninellis and his co-workers [114,115] investigated the catalytic activity of 

IrO2-Ta2O5/Ti anodes for oxygen evolution with a wide range of Ir ratio from 10 mol% 

to 100 mol% and revealed that the IrO2-Ta2O5 coating at 70 mol% Ir showed the highest 

activity. This composition is now one of the standards for industrial applications of the 

anode. On the other hand, the electrocatalytic activity and durability of the anode are 

strongly affected by preparation procedure and parameters, such as pretreatment of the 

substrate, solvent, concentration, and application method of the precursor solution, 

combination of mixed oxides, thickness of the prepared oxide, and thermal 

decomposition temperature [50-58,72,87,94,102,103,116-139]. For example, 

Angelinetta [139] reported that IrO2-based anodes prepared from organic solvent 

showed better performance than those from aqueous solutions, and Krysa [116] 

demonstrated that the service life of the anode was proportional to the weight of Ir in the 

mixed oxide. 
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Commercially available IrO2-Ta2O5/Ti anodes for practical applications are 

prepared by thermal decomposition at a temperature of 450 
o
C or more and the obtained 

mixed oxide coating consists of crystalline IrO2 and amorphous Ta2O5, having lower 

oxygen overpotential than lead alloy anodes [25,29,60,105,140,141]. Msindo [25] 

examined the anode potentials of IrO2-Ta2O5/Ti anodes and traditional Pb-6%Sb anodes 

during copper electrodeposition by chronopotentiometry at a current density of 190 A 

m
-2

 and the comparison indicated that the anode potential of the IrO2-Ta2O5/Ti anode 

was ca. 20 % lower than that of the lead alloy anode. However, previously reported 

IrO2-Ta2O5/Ti anodes have been also found to be impossible to suppress the metal oxide 

deposition explained in Section 1.4. 

 

Prof. Morimitsu [142-161], my supervisor, has investigated the effect of 

crystallographic structure of IrO2-Ta2O5 coatings prepared by thermal decomposition 

method and revealed that reducing thermal decomposition temperature makes IrO2 

amorphous or less crystalline with SEM observation that the coating surface shows 

generation of ordered nano IrO2 particles of 5-10 nm. It has also demonstrated that such 

amorphous coatings have very high catalytic activity for not only oxygen but also 

chlorine evolution, so that the anode potential or the cell voltage in EW can be 

significantly decreased compared to the crystalline coatings. The reason for the activity 

enhancement is that nano IrO2 particles induce an increase in effective surface area for 

oxygen or chlorine evolution, although the effective surface area for unwanted side 

reactions, i.e., metal oxide deposition, is unchanged, thereby the anodic depositions of 

lead oxide, manganese oxide and cobalt oxide are suppressed. These effects bring stable 

and constant cell voltage, no sludge generation, and prolongation of the anode’s 

lifetime. 

 

1.5.2 RuO2-based anodes 

 

Another popular example of oxide coated titanium anode is RuO2-based anode, 

especially the titanium electrode coated with a ruthenium and titanium composite oxide, 
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RuxTi1-xO2/Ti (or expressed as RuO2-TiO2/Ti), which is the commercial anode of 

chloro-alkali electrolysis (brine electrolysis) and its excellent catalytic activity and 

stability for chorine evolution has been proven [47,48,81,82,89,108,162-169]. While the 

anode for chloro-alkali electrolysis uses crystalline oxide coatings, Prof. Morimitsu has 

revealed that the amorphous RuO2-TiO2/Ti anode prepared at low temperature thermal 

decomposition has lower chorine evolution potential than the crystalline one and can 

suppress CoOOH deposition in cobalt EW electrolytes [170]. 

 

Besides for chlorine evolution, RuO2 has been well known as the most active 

oxide for oxygen evolution. The relationship between the overpotential of oxygen 

evolution and the standard enthalpy of some metal oxides was first analyzed by Trassatti, 

and the result shown in Figure 1.3 indicated that the oxygen overpotential, η, of RuO2 is 

the lowest one among them [81]. 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Electrochemical activity for oxygen evolution at various metal oxides as a 

function of the enthalpy in acid (●) and alkaline (○) solutions [81].  

 

Rosmeisl and his co-workers also investigated the theoretical overpotential of a 

number of metal oxides using density functional theory (DFT) calculation [171-173], 

and reported the data of the overpotential as a function of standard free energy as shown 

in Figure 1.4 [173]. The result predicted that Co3O4 is slightly more active for oxygen 
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evolution than RuO2, although it was revealed that in practice, RuO2 has higher activity 

than Co3O4 [91,174].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Oxygen evolution activity trends towards for various metal oxides as volcano 

plot of theoretical overpotential vs. standard free energy of the step [173]. 

 

On the other hand, the stability of RuO2 for oxygen evolution in acidic media is 

lower than that of IrO2, and pure RuO2 is drastically deteriorated and loses its activity 

during oxygen evolution [175,176]. The reason seems to be the phase transition from 

RuO2 to soluble RuO4 at high potentials [178-189]. 

 

Therefore, various types of metal oxides including RuO2 have been tested to 

improve the stability and activity for oxygen evolution and are summarized in Table 1.3. 

In addition, the physic-chemical properties of RuO2 [113], RuO2-TiO2 [85,85], 

RuO2-Ta2O5 [237-239], RuO2-SnO2 [92,97], RuO2-IrO2-TiO2 [107] and 

RuO2-TiO2-IrO2-Ta2O5 [240] were investigated by X-ray diffraction (XRD), scanning 

electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), Rutherford 

backscattering spectrometry (RBS), elastic recoil detection (ERD), thermogravimetry 

(TG) and differential thermal analysis (DTA). 
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Table 1.3 RuO2-based coatings studied in the previous works. 

Oxide Electrolyte References 

RuO2 

H2SO4 61, 66, 68, 70, 98, 165, 175, 178-189, 191 

HClO4 102, 106, 163-165, 178 

NaCl 75, 76, 165 

NaOH 182, 190, 192 

KOH 93, 180, 193 

Na2SO4 75, 76 

RuO2-TiO2 

H2SO4 99, 108, 114, 165, 194, 195, 197, 199-201 

NaCl 89, 90, 99, 108, 165, 166, 168, 177, 197, 190 

HClO4 165, 177, 196, 200 

HCl 170 

NaOH 200 

NaClO3 166, 168 

NaNO3, Na2SO4 200 

RuO2-IrO2 

H2SO4 73,  86, 104, 176, 186, 189, 191-204 

NaOH 191 

RuO2-Ta2O5 H2SO4 114, 189, 205-210 

RuO2-ZrO2 H2SO4 112, 209 

RuO2-SnO2 

H2SO4 190, 196, 212-215 

HClO4 216 

NaOH 190, 217 
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Table 1.3 (Continued) 

Oxide Electrolyte References 

RuO2-Nb2O5 HClO4 100 

RuO2-RhO2 H2SO4 218 

RuO2-Co3O4 H2SO4 174 

RuO2-MnO2 H2SO4 63 

RuO2-NiO 

NaOH 192, 220-222 

KOH 219 

RuO2-SiO2 H2SO4 98 

RuO2-PbO2 H2SO4 41, 223 

RuO0.3PtxTi0.7-xO2 NaCl 224 

RuO2-IrO2-TiO2 

NaCl 65, 74, 108, 226 

HClO4 226,  227 

RuO2-IrO2-Ta2O5 H2SO4 187 

RuO2-IrO2-SnO2 

H2SO4 230 

HCl, HClO4, NaCl, Na2SO4 229 

KCl 228 

RuO2-TiO2-SnO2 

H2SO4 77 

NaCl 77, 233 

HClO4 231, 234 

RuO2-Sb2O5-SnO2 H2SO4 234 

RuO2-TiO2-CeO2 NaOH 235 
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Table 1.3 (Continued) 

Oxide Electrolyte References 

RuO
2
-Co

3
O

4
-CeO

2
 KOH 236 

RuO
2
-IrO

2
-SnO

2
-TiO

2
 H

2
SO

4
 76 

 

 

Among the oxide combinations in Table 1.3, RuO2-Ta2O5 has received much 

attention since Ta2O5 is chemically stable in acidic aqueous solutions and has some 

merits for prohibiting the detachment of the catalytic coating and suppressing 

passivation of titanium substrate [241,242]. It is noted that thin Ta2O5 films also have 

other applications such as dynamic memory capacitors, solid state ion sensors, and 

metal oxide semiconductor transistors [243-247] due to its wide band gap (4.3 eV).  

 

Yeo [189] suggested that the stability of RuO2 for oxygen evolution is 

improved by combination with Ta2O5 which prevents the oxidation of RuO2 and showed 

that RuO2-IrO2-Ta2O5 has higher catalytic activity than pure RuO2. Ribeiro and Andrade 

[205] demonstrated that RuO2-Ta2O5/Ti anodes (Ru:Ta = 80:20 atom%) prepared at 450 

o
C are much stable than RuO2-TiO2/Ti anodes (Ru:Ti = 50:50 atom%) for oxygen 

evolution at 750 A m
-2

 in 0.5 mol dm
-3

 H2SO4 solution. They also found that the 

catalytic activity and durability of the RuO2-Ta2O5/Ti anode prepared sol-gel (Pechini) 

method is better than that prepared by conventional thermal decomposition method 

[207]. However, all those studies were done with the mixed oxide mainly prepared at 

high temperature, by which RuO2 is crystalline. RuO2 and its composite or mixed 

oxides have been explored in supercapacitor applications; RuO2 [93,111,184,186-188] 

RuO2-Ta2O5 [209,210,238], RuO2-IrO2 [186], RuO2-SnO2 [212]. Jow and his 

co-workers [209] examined the stability and capacitance of RuO2-Ta2O5 films prepared 

by heat treatment at a low temperature of 220-300 
o
C and showed that high capacitance 

and stability were obtained with the films prepared at ca. 250 
o
C. 
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On the other hand, Trasatti and his co-workers [180,183] studied the 

electrocatalysis for oxygen evolution on RuO2/Ti electrodes prepared by thermal 

decomposition of Ru chloride or Ru nitrate solutions at a range of 260-550 
o
C and 

indicated that the double layer charge (DLC) increased with decreasing thermal 

decomposition temperature, especially in a range of 260-300 
o
C, which means that the 

effective surface area increases for oxygen evolution, and that the nitrate precursor 

showed more effective surface area than the nitrate precursor irrespective of thermal 

decomposition temperature; e.g., the former presented more than 10 times larger DLC 

than the later when the decomposition temperature was 300 
o
C. 

 

 Ma [68] and Melsheimer [175] each investigated the catalytic activity of RuO2 

coatings using nitrate or chloride precursor solutions in the temperature range of 300 
o
C 

to 550 
o
C. Those results also proved that lower temperature was effective to increase the 

effective surface area with small RuO2 particles and enhance the catalytic activity. Tsuji 

[106] prepared RuO2 coatings on SnO2 coated glasses by electrodeposition and thermal 

decomposition at 200 
o
C, 300 

o
C or 400 

o
C. As a result, RuO2 became amorphous at 200 

o
C and amorphous RuO2 had higher activity for oxygen evolution than crystalline RuO2 

prepared at 300 
o
C or 400 

o
C. 

 

While some works have been done on the effect of thermal decomposition 

temperature on electrocatalytic activity of pure RuO2 coatings, as indicated above, there 

is little information on amorphous RuO2-based binary coatings formed on titanium 

prepared by thermal decomposition method. Moreover, the effects of the 

crystallographic structure and surface morphology of such RuO2-based coatings on the 

catalytic activity and durability for oxygen evolution has not been systematically 

investigated. 
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1.6 Aim of this thesis 

 

The main aim of this thesis is to develop a novel oxygen evolution anode with 

low overpotential for electrowinning applications. For this purpose, RuO2-Ta2O5 coated 

titanium anodes were prepared at different thermal decomposition temperatures and 

Ru:Ta mole ratios, and the characterization and performance were studied with focusing 

on the relationship between the crystallographic structure and surface morphology and 

the catalytic coating performance for oxygen evolution. The suppression effects to 

unwanted side reactions and durability of the amorphous anodes were also investigated. 

 

This thesis consists of the following chapters: 

 

Chapter 1, the present chapter, describes the background and the purpose of this thesis. 

 

Chapter 2 shows the preparation of the anodes and experimental details. 

 

Chapter 3 mentions the effect of crystallographic structure and surface morphology of 

RuO2-Ta2O5 coatings prepared at different thermal decomposition temperatures on the 

catalytic activity for oxygen evolution. The cell voltages of zinc, copper, nickel or 

cobalt EW are also reported. 

 

Chapter 4 mentions the effect of Ru:Ta mole ratio of the amorphous coatings on 

catalytic activity for oxygen evolution. The pure RuO2/Ti anode is also used for 

comparison. 

 

Chapter 5 presents the suppression effect on anodic deposition of metal oxides on 

amorphous RuO2-Ta2O5/Ti anodes. 

 

Chapter 6 describes the long-term stability of amorphous RuO2-Ta2O5/Ti anodes for 

oxygen evolution and its dependence on the preparation condition. 
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Chapter 7 gives the general conclusions from Chapter 3 to Chapter 6. 
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2.1 Electrode preparation 

 

RuO2-Ta2O5 coated titanium electrodes and RuO2 coated titanium electrodes 

were prepared by thermal decomposition of precursor solutions. The main steps in the 

preparation are shown in Figure 2.1. The precursor solutions were made by dissolving 

commercially available RuCl33H2O with and without TaCl5 into 1-butanol containing 6 

vol% HCl. The ratio of Ru:Ta was ranged from 30:70 mol% to 90:10 mol% for 

RuO2-Ta2O5 coatings, and the total metal concentration was 50 g/L. Titanium substrates 

(10×50×1 mm) were degreased ultrasonically in acetone and etched in 10 wt.% oxalic 

acid solutions at 90 
o
C for 60 min, washed with distilled water, and dried. Then, the 

titanium substrate was dipped into the precursor solution at room temperature, dried at 

120 
o
C for 10 min for solvent vaporization, and finally calcined at a temperature 

between 260 
o
C and 500 

o
C in air for 20 min. This dipping-drying-calcination process 

was repeated until the desired amount of coating was obtained enough for good 

reproducibility. 

 

Figure 2.1 Preparation procedure of electrodes. 
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IrO2-Ta2O5 coated titanium electrodes and RuO2-TiO2 coated titanium 

electrodes were also prepared by the similar preparation procedure for comparison. The 

precursor solutions were prepared by dissolving H2IrCl66H2O and TaCl5 into 1-butanol 

containing 6 vol% HCl or by dissolving RuCl33H2O and Ti(C4H9O)4 into 1-butanol 

without HCl. The metal compositions in those solutions were Ir:Ta = 80:20 mol% and 

Ru:Ti = 30:70 mol%, and the total metal concentrations were 70 g/L for Ir + Ta and 100 

g/L for Ru + Ti. The thermal decomposition was carried out at 360 
o
C or 470 

o
C for 

IrO2-Ta2O5 coatings and at 280 
o
C for RuO2-TiO2 coatings. 

 

 

2.2 Characterization of the oxide coatings 

 

The crystallographic structure of the obtained oxide coatings was characterized 

by X-ray diffraction method (XRD) using Rigaku Model Ultima IV (CuK radiation 

(λ=1.541Å), 40 kV at 40 mA current). The surface morphology was observed by 

scanning electron microscopy (SEM) using a ZEISS Model ULTRA55 with in-lens SE 

detector and 5 keV acceleration voltage. The elemental distribution was analyzed using 

AMETEK Model Genesis APEX2 energy dispersive X-ray spectrometer (EDX) with 

acceleration voltage of 5 keV. 

 

 

2.3 Electrochemical measurements 

 

 Electrochemical measurements were conducted using a conventional 

three-electrode cell equipped with a KCl-saturated Ag/AgCl reference electrode and a 

platinum plate counter electrode as shown in Figure 2.2, in which the reference 

electrode’s compartment was connected to the working electrode’s one with a salt 

bridge and a Luggin capillary tip within 1 cm gap to suppress a large iR drop. The 

exposed surface area of the working electrode was limited to 1 cm
2
 by using PTFE 

holder, and the solutions were used without stirring. 
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1. Working electrode (1 cm×1 cm)    2. Counter electrode (5 cm×5 cm) 

3. Reference electrode    4. Electrolyte    5. Salt bridge 

 

Figure 2.2 Schematic drawing of a three-electrode cell for electrochemical 

measurements. 

 

 

 Reagent grade H2SO4 and distilled water were used to prepare 2.0 mol dm
-3

 

H2SO4 solution (pH = -0.38). HNO3 solutions with and without Pb(NO3)2 were also 

used to investigated the suppression effects on anodic PbO2 deposition. The pH of 

HNO3 solutions was adjusted to 0.7. The reason why HNO3 solutions were used is 

Pb(II) ions has a high solubility in HNO3. The bath temperature was held at 40 
o
C for 

H2SO4 solution and at 30 
o
C for HNO3 solutions. 

 

All measurements were done with a potentio/galvanostat (EG&G, Model 

263A) controlled by electrochemical analysis software (EG&G, Model 270). The data 

were not corrected for IR drop because it was almost zero in H2SO4 and HNO3 

solutions. 

 

 Double layer charging current and polarization curve were measured by cyclic 

1 

4 

2 3 

5 
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voltammetry in the H2SO4 solution at a scan rate of 5 mV s
-1

. Tafel slope was obtained 

from the results of linear sweep voltammetry at 0.5 mV s
-1

. Oxygen evolution potential 

was evaluated by constant current electrolysis at various current densities. Constant 

current electrolysis was also employed to determine the amount of the deposited PbO2 

deposition. 

 

 

2.4 Cell voltage measurements 

 

 The cell voltages of zinc, copper, nickel or cobalt EW were measured by 

constant current electrolysis using a two-electrode cell as shown in Figure 2.3. In the 

measurements, the RuO2-Ta2O5/Ti electrode, the amorphous IrO2-Ta2O5/Ti electrode, 

and the commercially available Pb-5%Sb alloy electrode were used as the anode. The 

cathode was zinc, copper, nickel or cobalt plate, of which the size was 4 cm
2
. The 

current density was based on the geometric surface area of the anode. The electrolyte 

composition and pH are shown in Table 2.1. All electrolytes comprised sulfates, and 

sodium hydroxide solution was used to adjust pH for nickel EW solutions. 

 

 

2.5 Accelerated life tests 

 

 The durability of RuO2-Ta2O5/Ti anodes was investigated by constant current 

electrolysis at high current density of 5,000 A m
-2

 based on the geometric surface area of 

the anode. A two-electrode cell used in this measurement is also shown in Figure 2.3, in 

which the anode was RuO2-Ta2O5/Ti and the cathode was platinum plate (5×5 cm). The 

lifetime of the anode was defined as the time at which the cell voltage reached 4 V. 
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1. Anode (1 cm×1 cm) 

2. Cathode (2 cm×2 cm in cell voltage measurements, 5 cm×5 cm in accelerated life 

tests)  

 

Figure 2.3 Schematic drawing of a two-electrode cell used in cell voltage measurements 

and accelerated life tests. 

 

 

Table 2.1 Electrolyte compositions for cell voltage measurements. 

 

 
Composition pH Temp. 

Zinc H2SO4 2.0 mol dm
-3

, ZnSO4 0.80 mol dm
-3

 -0.57 

40 
o
C 

Copper H2SO4 0.90 mol dm
-3

, CuSO4 0.60 mol dm
-3

 0.0 

Nickel NiSO4 1.3 mol dm
-3

, Na2SO4 0.70 mol dm
-3

 3.5 

Cobalt H2SO4 2.0×10
-3

 mol dm
-3

, CoSO4 0.30 mol dm
-3

 2.8 

 

1 2 
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3.1 Introduction 

 

In this Chapter, RuO2-Ta2O5/Ti anodes were prepared at different thermal 

decomposition temperatures and investigated the relationship between the 

electrochemical properties of the coatings and their crystallographic structure or surface 

morphology. The cell voltage data of RuO2-Ta2O5/Ti, IrO2-Ta2O5/Ti and lead alloy 

anodes for zinc, copper, nickel or cobalt EW are reported. 

 

 

3.2 Results and discussion 

3.2.1 Crystallographic structure 

 

Figure 3.1 (A) shows XRD patterns of RuO2-Ta2O5/Ti which were prepared at 

30 mol% Ru and calcined at different decomposition temperatures. First, three peaks at 

2θ = 38.4
o
, 40.2

o
 and 53.0

o
 were identified as titanium because the oxide coatings were 

thin so that X-ray diffraction from titanium was detected. Besides, clear diffraction 

peaks at 2θ = 28.0
o 
and 35.0

o
, corresponding to (110) and (101) of rutile RuO2, together 

with a small peak at 2θ = 54.2
o
 caused from (211) of RuO2 were observed when the 

decomposition temperature was 500 
o
C or 360 

o
C. Such diffraction peaks of RuO2 were 

weakened with decreasing decomposition temperature and finally disappeared at 280 
o
C 

or less. The results indicated that RuO2 became less crystalline at lowering temperature 

and amorphization of RuO2 occurred at 280 
o
C. 

 

Figure 3.1 (B) shows XRD patterns of RuO2-Ta2O5/Ti with 80 mol% Ru and 

obtained at different decomposition temperatures, which shows similar dependence on 

thermal decomposition temperature to those in Figure 3.1 (A). However, some weak 

diffraction peaks of RuO2 were observed at 280 
o
C in Figure 3.1 (B), which are not seen 

in Figure 3.1 (A) at the same temperature, suggesting that Ta2O5 co-existing with RuO2 

promotes amorphization of RuO2. Because RuO2 and Ta2O5 have different 

crystallographic structures and these two metal oxides are immiscible, it is reasonable 
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that Ta2O5 suppresses the growth of RuO2 crystallites, and it has been also observed for 

IrO2-Ta2O5 system [1-7]. Comparing two binary oxide systems, the amorphization of 

IrO2 occurred at 400 
o
C or less, so that the amorphous RuO2 is produced at a 

temperature which is about 100 
o
C lower than that of amorphous IrO2. This is a great 

advantage for anode production on industrial scale. 

 

 

Figure 3.1 XRD patterns of RuO2-Ta2O5/Ti electrodes prepared at different thermal 

decomposition temperature. Ru ratio: 30 mol% (A) and 80 mol% (B). ●: RuO2, △: Ti.   

 

 

Figures 3.1 (A) and (B) presents no diffraction peaks of Ta2O5 because 

crystalline Ta2O5 needs high temperature calcination above 600 
o
C, which means that 

Ta2O5 is amorphous in all oxide coatings prepared in this study. Therefore, the oxide 

coatings prepared at 500 
o
C or 360 

o
C consists of crystalline RuO2 and amorphous 

Ta2O5, while amorphous RuO2 and amorphous Ta2O5 are mixed in the coatings obtained 

at lower temperatures. 
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3.2.2 Surface morphology 

 

Figure 3.2 depicts low magnification SEM images of RuO2-Ta2O5 coatings (30 

mol% Ru) prepared at different temperatures. It is well known that RuO2-Ta2O5 and 

IrO2-Ta2O5 coatings produced by thermal decomposition show a heterogeneous surface 

which is usually described as “mud-cracked” structure [5-11]. Such a heterogeneous 

feature was observed for the RuO2-Ta2O5 coatings prepared at 500 
o
C, 360 

o
C or 300 

o
C, 

as shown in Figure 3.2, which comprises RuO2 aggregates, flat areas, and cracks, while 

the coatings obtained at 280 
o
C or 260 

o
C showed no aggregates and consisted of flat 

areas and cracks. The results coincide with the XRD results; well-developed RuO2 

particles completely disappeared by amorphization of RuO2. In addition, the number 

and width of cracks of RuO2-Ta2O5 coatings increased with decreasing decomposition 

temperature. These surface morphologies of RuO2-Ta2O5 coatings are quite similar to 

those of amorphous IrO2-Ta2O5 coatings found in the previous studies by our group 

[2,3,5-7,12-14].  

 

 Figure 3.3 depicts magnified SEM images of the aggregated RuO2 particles at 

30 mol% Ru. The aggregate obtained at 500 
o
C is like a cuboid with a pyramid top, and 

the length was 100 nm to 150 and the height was 150 nm to 250 nm. Such aggregates 

were also observed on the coating calcined at 360 
o
C, while needle-like particles of 

200-250 nm length co-existed in this case. As the temperature was reduced from 360 
o
C 

to 300 
o
C, RuO2 became smaller and changed from cuboid to needle-like form. 

Furthermore, the coatings calcined at 280 
o
C or less presented nano RuO2 particles with 

no cuboid and needle-like ones as observed on the coatings at 300 
o
C or more. Figure 

3.3 (E-2) shows such nano RuO2 particles on the coating calcined at 260 
o
C 

(magnification: 200,000), revealing the particle size is ca. 20 nm. These are in good 

agreement with the XRD results, and the amorphous RuO2-Ta2O5 coatings developed in 

this work contained nano RuO2 dispersed in amorphous Ta2O5. 
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Figure 3.2 Surface morphologies of RuO2-Ta2O5 coatings prepared at 500 
o
C (A), 360 

o
C (B), 300 

o
C (C), 280 

o
C (D) and 260 

o
C (E). Ru ratio: 30 mol%. Magnification: 

×1,000. 
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Figure 3.3 Surface morphologies of RuO2-Ta2O5 coatings prepared at 500 
o
C (A), 360 

o
C (B), 300 

o
C (C), 280 

o
C (D) and 260 

o
C (E). Ru ratio: 30 mol%. Magnification: 

×50,000 (A, B, C, D, E-1), ×200,000 (E-2). 
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 Most of the surface of the coatings of 30 mol% Ru was covered with flat areas, 

as shown in Figure 3.4, and no RuO2 particle was seen on the areas even at high 

magnification and it was independent of decomposition temperature. It seems that the 

main component of the flat area is Ta2O5 in the case, and this was supported from EDX 

elemental analysis; the flat area of the coating prepared at 500 
o
C contained only 10 

mol% Ru. 

Figure 3.4 Surface morphologies of RuO2-Ta2O5 coatings prepared at 500 
o
C (A), 360 

o
C (B), 300 

o
C (C), 280 

o
C (D) and 260 

o
C (E). Ru ratio: 30 mol%. Magnification: 

×100,000 (A, B, C, D, E-1), ×200,000 (E-2). 
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 The cracks of the 30 mol% Ru coatings are shown in Figure 3.5. The width of 

the cracks at 500 
o
C, 360 

o
C and 300 

o
C was ca. 200 nm and increased with lowering 

decomposition temperature; the width at 280 
o
C and 260 

o
C was almost double at 300 

o
C or more. Therefore, the number and width of cracks tends to increase with 

amorphization of RuO2. 

 

Figure 3.5 Surface morphologies of RuO2-Ta2O5 coatings prepared at 500 
o
C (A), 360 

o
C (B), 300 

o
C (C), 280 

o
C (D) and 260 

o
C (E). Ru ratio: 30 mol%. Magnification: 

×20,000. 
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 Figure 3.6 depicts low magnification SEM images of RuO2-Ta2O5 coatings (80 

mol% Ru) calcined at different decomposition temperatures. The coatings calcined at 

300 
o
C or more consisted of RuO2 aggregates, flat areas and cracks, which is similar to 

the results mentioned above. One of the major differences between the coatings of 80 

mol% Ru and 30 mol% Ru was found for the decomposition temperature at 280 
o
C; 

large RuO2 aggregates existed on the coating at 80 mol% Ru, while they were not 

observed at 30 mol% Ru. As for 260 
o
C, the coating consisted of flat areas and cracks 

with no RuO2 aggregates even at 80 mol% Ru. These results are in accordance with the 

XRD data, and the SEM images revealed that the number and width of cracks 

significantly increased when decomposition temperature was reduced from 280 
o
C to 

260 
o
C as similar to 30 mol% Ru coatings. However, the number of cracks at 80 mol% 

Ru was lower than that at 30 mol% Ru at the same temperature, suggesting that more 

Ta2O5 induces more cracks. 

 

Figure 3.7 depicts magnified SEM images of aggregated RuO2 particles at 80 

mol% Ru. The coatings calcined at 500 
o
C and 360 

o
C showed large cubic RuO2 

particles of ca. 150 nm in width and ca. 200 nm in height, of which the shape is similar 

to that at 30 mol% Ru at 500 
o
C, while the particles more agglomerated at 80 mol% Ru. 

The particle size became small when thermal decomposition temperature decreased 

from 360 
o
C to 280 

o
C; cube-like particles of 50-80 nm were seen at 300 

o
C and the size 

was down to 50 nm or less at 280 
o
C. The coating prepared at 260 

o
C shown in Figure 

3.7 (E) is distinctive from the others, because the surface looks like very smooth with no 

particle. It is still different from the surface of the amorphous coating at 30 mol% Ru 

obtained at 260 
o
C. 
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Figure 3.6 Surface morphologies of RuO2-Ta2O5 coatings prepared at 500 
o
C (A), 360 

o
C (B), 300 

o
C (C), 280 

o
C (D) and 260 

o
C (E). Ru ratio: 80 mol%. Magnification: 

×1,000. 
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Figure 3.7 Surface morphologies of RuO2-Ta2O5 coatings prepared at 500 
o
C (A), 360 

o
C (B), 300 

o
C (C), 280 

o
C (D) and 260 

o
C (E). Ru ratio: 80 mol%. Magnification: 

×50,000. 
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The coatings of 80 mol% Ru gave more interesting features on flat areas at 

high magnification (100,000 or more), as shown in Figure 3.8. The flat areas were 

completely covered with nano RuO2 particles of 20-30 nm for the coating at 500 
o
C, and 

the number of particles remarkably decreased as the decomposition temperature 

changed to 360 
o
C. Then the oxide coating calcined at 280 

o
C or less was seen with 

smooth surfaces and no RuO2 particles of 20-30 nm as observed with the coating of 30 

mol% Ru. Figure 3.8 (E-2) focuses on this smooth area of the coating prepared at 260 

o
C (magnification: 200,000). There is no RuO2 particle even at such a high 

magnification, while the EDX data of this region clearly indicated a high ratio of Ru. 

Therefore, it is reasonable to consider that nano RuO2 particles of 10 nm size or less, 

which is difficult to visualize at ×200,000 are contained in the flat area. This implies 

that the amorphous coating of 80 mol% Ru is expected to show more active surface area 

than that of 30 mol% Ru. In my best knowledge, no report on the nano structure of the 

amorphous RuO2-Ta2O5 coatings described above has been published before this work. 

 

 The cracks formed on the coatings of 80 mol% Ru are shown in Figure 3.9. 

The cracks on the coatings at 280 
o
C to 500 

o
C indicated 150-200 nm width, while the 

width of cracks increased when decomposition temperature was 260 
o
C (300-400 nm). 

The number and width of cracks are strongly related to durability of the anode, because 

the major reason for degradation is titanium corrosion by acidic sulfate solution 

penetrated through the cracks to titanium surface. It should be noted that the number 

and width of cracks can be controlled by the method and condition of the anode 

preparation, as described in Chapter 6. 
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Figure 3.8 Surface morphologies of RuO2-Ta2O5 coatings prepared at 500 
o
C (A), 360 

o
C (B), 300 

o
C (C), 280 

o
C (D) and 260 

o
C (E). Ru ratio: 80 mol%. Magnification: 

×100,000 (A, B, C, D, E-1), ×200,000 (E-2). 
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Figure 3.9 Surface morphologies of RuO2-Ta2O5 coatings prepared at 500 
o
C (A), 360 

o
C (B), 300 

o
C (C), 280 

o
C (D) and 260 

o
C (E). Ru ratio: 80 mol%. Magnification: 

×20,000. 
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3.2.3 Double layer charge 

 

 To evaluate the catalytic activity for oxygen evolution, cyclic voltammetry was 

first performed to know double layer charge in 2.0 mol dm
-3

 H2SO4 solution. Figure 

3.10 shows the typical cyclic voltammograms of RuO2-Ta2O5/Ti anodes at 30 mol% Ru 

(A) and 80 mol% Ru (B) at scan rate of 5 mV s
-1

. 

 

Figure 3.10 Cyclic voltammograms of RuO2-Ta2O5/Ti anodes prepared at 500 
o
C 

(black), 360 
o
C (orange), 300 

o
C (green), 280 

o
C (red) and 260 

o
C (blue) in 2.0 mol dm

-3
 

H2SO4 solution at 40 
o
C. Ru ratio: 30 mol% (A) and 80 mol% (B). Scan rate: 5 mV s

-1
. 

 

The voltammograms recorded in the potential range from 0.85 V to 1.05 V 

showed neither oxidation wave nor reduction wave, indicating no Faradic reaction 

occurs during the potential scan. Voltammetric charge calculated for a certain potential 

range can be used to estimate electrochemically effective surface area [15-22]. In this 

work, the double layer charge between 0.85 V and 1.05 V per unit geometric surface 

area (1 cm
2
), Qdl, was calculated by the following equation, 
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where i is the current density based on the geometric surface area and t is time. The 

results are summarized with thermal decomposition temperature and shown in Figure 

3.11. For the anodes at 30 mol% Ru, the double layer charge became larger with 

decreasing decomposition temperature from 500 
o
C to 280 

o
C; the double layer charge 

of 280 
o
C was 7.1 times larger than that at 500 

o
C, while the double layer charge is 

almost the same for 260 
o
C and 280 

o
C. This indicates that the effective surface area 

was significantly changed with phase transition of RuO2 from crystalline to amorphous, 

and drastically increased with generation of nano RuO2 particles. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 Dependence of the double layer charge of RuO2-Ta2O5/Ti anodes in 2.0 mol 

dm
-3

 H2SO4 solution at 40 
o
C on thermal decomposition temperature. Ru ratio: 30 mol% 

(red) and 80 mol% (blue). 

 

 The double layer charge measured with the anode of 80 mol% Ru showed a 

similar relationship with decomposition temperature to that at 30 mol%, except that the 

double layer charge increased significantly from 280 
o
C to 260 

o
C; the double layer 

charge at 260 
o
C was 16.4 times larger than that at 500 

o
C and still 3.3 times larger than 

that at 280 
o
C. This is because the phase transition of RuO2 from crystalline to 

amorphous occurred within 280 
o
C and 260 

o
C at 80 mol% Ru. The results also suggest 
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that disappearance of cube-like RuO2 particles and distinctive nano structure of the flat 

area of the coating at 80 mol% Ru induces a large difference in double layer charge. 

 

From the comparison between 30 mol% Ru and 80 mol% Ru on double layer 

charge, 30 mol % Ru is larger than 80 mol% in the temperature range from 280 
o
C to 

500 
o
C contrary to Ru ratio. However, this is not the case at 260 

o
C. At the temperatures 

more than 280 
o
C, the crystallinity of RuO2 in the coating at 30 mol% Ru was lower 

than that at 80 mol% Ru because more Ta2O5 promotes amorphization of RuO2, which 

means that the size down of RuO2 particles is more dominant to the effective surface 

area than the Ru ratio. Both the coatings of 30 mol% Ru and 80 mol% Ru have nano 

particles of 20 nm or less, especially 10 nm or less for 80 mol% Ru, so that the Ru ratio 

is the dominant factor at a thermal decomposition temperature of 260 
o
C. 

 

 

3.2.4 Polarization curve 

 

 Polarization curves for oxygen evolution of RuO2-Ta2O5/Ti anodes at 30 mol% 

Ru and 80 mol% Ru were measured by cyclic voltammetry in 2.0 mol dm
-3

 H2SO4 

solution at 5.0 mV s
-1

, and the results are shown in Figure 3.12. In this figure, oxygen 

evolution current is seen at 1.2 V or more, and there are two trends of polarization 

curves; as thermal decomposition temperature decreases, the oxygen evolution current 

increases and the onset potential shifts negatively. These are consistent with the results 

on the double layer charge; i.e., the double layer charge increases and simultaneously 

oxygen evolution is more enhanced, suggesting the increase in effective surface area for 

oxygen evolution. 
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Figure 3.12 Cyclic voltammograms of RuO2-Ta2O5/Ti anodes prepared at 500 
o
C 

(black), 360 
o
C (orange), 300 

o
C (green), 280 

o
C (red) and 260 

o
C (blue) in 2.0 mol dm

-3
 

H2SO4 solution at 40 
o
C. Ru ratio: 30 mol% (A) and 80 mol% (B). Scan rate: 5 mV s

-1
. 

 

 If the effective surface area for oxygen evolution is simply proportional to the 

double layer charge, the normalized current density by double layer change gives the 

same polarization curve, irrespective of thermal decomposition temperature and Ru 

ratio. Here, Figure 3.13 shows the polarization curves of crystalline and amorphous 

IrO2-Ta2O5/Ti anodes at 80 mol% Ir. The maximum current density of the amorphous 

anode in this figure was 47 mA cm
-2

 at 1.4 V, while that is 2 mA cm
-2

 for the crystalline 

anode. Figure 3.14 shows the normalized current density data originated from Figure 

3.13. The result demonstrates that the ‘normalized’ polarization with i/Qdl of the 

amorphous IrO2-Ta2O5/Ti anode was close to that of the crystalline anode. This means 

that as for IrO2-Ta2O5/Ti anodes, the double layer charge reflects the effective surface 

area for oxygen evolution, and the oxygen evolution current increases linearly to the 

effective surface area, suggesting that enhancement of the mass transfer process is more 

important rather than the charge transfer process. It is also noted that the amorphous 

RuO2-Ta2O5/Ti anode at 80 mol% Ru (Figure 3.12 (B)) has higher catalytic activity than 

the amorphous IrO2-Ta2O5/Ti anode at 80 mol% Ir (Figure 3.13) from the difference in 

current density at the same potential. 
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Figure 3.13 Cyclic voltammograms of crystalline (red) and amorphous (blue) 

IrO2-Ta2O5/Ti anodes in 2.0 mol dm
-3

 H2SO4 solution at 40 
o
C. Ir ratio: 80 mol%. Scan 

rate: 5 mV s
-1

. 

 

 

 

 

 

 

 

 

 

Figure 3.14 Cyclic voltammograms of crystalline (red) and amorphous (blue) 

IrO2-Ta2O5/Ti anodes constructed from those shown in Figure 3.13 by dividing the 

current density by corresponding double layer charge. 

 

The same treatment of normalization mentioned above was applied to the 

results of RuO2-Ta2O5/Ti anodes in Figure 3.12, of which the results are shown in 

Figure 3.15. The normalized curves of the anodes at 260 
o
C, 280 

o
C and 300 

o
C were 

overlapped, and the two curves of 360 
o
C and 500 

o
C are not included in the group and 
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showed lower normalized current density, in which the anode at 360 
o
C shows higher 

normalized current density than that at 500 
o
C. It is interesting that the results of 

RuO2-Ta2O5/Ti anodes are independent of Ru ratio and quite different from those of 

IrO2-Ta2O5/Ti anodes. There seems to be two important points to understand the above 

analysis on normalized polarization curves for RuO2-Ta2O5/Ti anodes; in the 

temperature range of 260 
o
C and 300 

o
C, at which amorphization of RuO2 occurs partly 

or completely and large RuO2 aggregates are little or not seen on the surface, the oxygen 

evolution current simply increases with the effective surface area which can be 

estimated by double layer charge, while the difference between the group and the other 

two (360 
o
C and 500 

o
C) implies the catalytic activity of RuO2-Ta2O5 further depends on 

the charge transfer process; i.e., the intrinsic activity of RuO2 affecting the charge 

transfer rate would be varied with the particle size of RuO2 obtained at 360 
o
C or more. 

This would be also possible to be the reason why the amorphous RuO2-Ta2O5/Ti anode 

is superior to that of the amorphous IrO2-Ta2O5/Ti anode on oxygen evolution even at 

the same ratio of the active component (Ru and Ir). 

 

Figure 3.15 Cyclic voltammograms constructed from those shown in Figure 3.12 (A) 

and (B) by dividing the current density by corresponding double layer charge. Thermal 

decomposition temperature: 500 
o
C (black), 360 

o
C (orange), 300 

o
C (green), 280 

o
C 

(red) and 260 
o
C (blue).  
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3.2.5 Oxygen overpotential 

 

From the result shown in Figure 3.12, the onset potential for oxygen evolution 

was obtained and the oxygen overpotential was also calculated by subtracting the 

equilibrium potential from the onset potential, of which the results are presented in 

Figure 3.16 and Table 3.1. Here, the onset potential was defined as the potential where 

the anodic current reached 3.0 mA cm
-2

. The standard potential for oxygen evolution 

referred to the reference electrode used in this work is, 

 

2H2O → 4H
+
 + 4e + O2     E

o
 = 1.030 V vs. Ag/AgCl sat. KCl (3-2) 

 

and the equilibrium potential (Eeq) of Equation (3-2) is expressed as follows; 

 

       (3-3) 

 

where R is gas constant (8.314 J K
-1

 mol
-1

), T is absolute temperature (313 K in this 

work), F is Faraday constant (96,485 C mol
-1

), the number of electrons involved in 

oxygen evolution is 4, and 
2Oa , H

a , and OHa
2

 are the activity of O2，H
+，and H2O, 

respectively. In the calculation, 
2Oa  was oxygen partial pressure, 2.0

2
Op ， 1

2
OHa ，

and H
a is calculated from pH of sulfuric acid solution using the following equation; 

 

H
a = 10

(-pH) 
      (3-4)  

 

As shown in Figure 3.16 and Table 3.1, the onset potential shifted negatively 

with decreasing decomposition temperature at 30 mol% Ru and 80 mol% Ru, in which 

the onset potential at 260 
o
C is ca. 0.16 V and 0.14 V lower than that at 500 

o
C for the 

Ru ratio of 30 mol% and 80 mol%, respectively. The amorphous anode (80 mol% Ru) 
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obtained at 260 
o
C showed the lowest onset potential, 1.225 V (vs. Ag/AgCl sat. KCl), 

and the lowest overpotential, ca. 0.18 V, which is much smaller than the overpotential 

(0.6 to 0.8 V) on the lead alloy anode mentioned in Chapter 1. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16 Dependence of the onset potential and overpotential of oxygen evolution on 

RuO2-Ta2O5/Ti anodes in 2.0 mol dm
-3

 H2SO4 solution at 40 
o
C on thermal 

decomposition temperature. Ru ratio: 30 mol% (red) and 80 mol% (blue). 

 

Table 3.1 Onset potential and overpotential of oxygen evolution on RuO2-Ta2O5/Ti 

anodes in 2.0 mol dm
-3

 H2SO4 solution at 40 
o
C. 

 

Onset potential Overpotential 

Ru = 30 mol% Ru = 80 mol% Ru = 30 mol% Ru = 80 mol% 

500 
o
C 1.426 V 1.363 V 0.383 V 0.320 V 

360 
o
C 1.339 V 1.317 V 0.296 V 0.274 V 

300 
o
C 1.298 V 1.275 V 0.255 V 0.232 V 

280 
o
C 1.269 V 1.257 V 0.226 V 0.214 V 

260 
o
C 1.267 V 1.225 V 0.224 V 0.182 V 
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3.2.6 Tafel slope 

 

 The results in Section 3.2.4 suggested a possible change in electron transfer 

process for oxygen evolution on RuO2-Ta2O5/Ti anodes, depending on thermal 

decomposition temperature and the size of RuO2 particles. One of the indicators for this 

is Tafel slope from the basic theory of electrochemistry. Tafel slopes for oxygen 

evolution on RuO2-based anodes in acid aqueous solutions have been extensively 

investigated as shown in Table 3.2, in which the data were obtained different conditions 

on thermal decomposition temperature, electrolyte, electrolyte temperature, current 

density range for analysis of Tafel slope. 

 

 

Table 3.2 Tafel slopes on various RuO2-based catalytic coatings in acid aqueous 

solutions. 

Ref. Oxide 

Thermal 

decom. 

Temp. 

Electrolyte Temp. 
Log 

(i / A cm
-2

) 

Tafel 

slope 

22 

RuO2(0.2)-Co3O4(0.8) 

470 
o
C 

0.5 mol dm
-3

 

H2SO4 
25 

o
C 

-3.5 ~ -2.5 40 

RuO2(0.5)-Co3O4(0.5) -3.5 ~ -1 30 

Co3O4(1) -4 ~ -3 60 

23 

RuO2 

425 
o
C 

1.0 mol dm
-3

 

H2SO4 
20 

o
C 

-6 ~ -3 41 

RuO2(0.8)-IrO2(0.2) -5.5 ~ -2.5 48 

RuO2(0.5)-IrO2(0.5) -5 ~ -3 55 

RuO2(0.2)-IrO2(0.8) -5 ~ -3.5 61 

IrO2 -5.5 ~ -3.5 58 
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Table 3.2 (Continued) 

Ref. Oxide 

Thermal 

decom. 

Temp. 

Electrolyte Temp. 
Log 

(i / A cm
-2

) 

Tafel 

slope 

24 

RuO2 

350 
o
C 

1.0 mol dm
-3

 

H2SO4 
25 

o
C 

-7 ~ -5 42 

RuO2-Ta2O5 -6.5 ~ -5 40 

RuO2-IrO2 -7 ~ -5 40 

RuO2-IrO2-Ta2O5 -7 ~ -5 40 

IrO2 -7 ~ -5 55 

25 

RuO2 

600 
o
C 

0.5 mol dm
-3

 

H2SO4 

Unknow

n 
-5 ~ -3 

35-40 

RuO2(0.6)-IrO2(0.4) 39-41 

RuO2(0.35)-IrO2(0.45) 39 

IrO2 38-39 

26 

RuO2(0.8)-Ta2O5(0.2) 

450 
o
C 

0.5 mol dm
-3

 

H2SO4 
R.T. 

-5 ~ -3 35 

RuO2(0.5)-Ta2O5(0.5) -5 ~ -3.5 44 

RuO2(0.3)-Ta2O5(0.7) -5 ~ -3.5 56 

27 RuO2(0.7)-Ta2O5(0.3) 300 
o
C 

0.5 mol dm
-3

 

H2SO4 

26±1 

o
C 

-4 ~ -3 46 

28 

RuO2 

450 ~ 

500 
o

C 

0.5 mol dm
-3

 

H
2
SO

4
 

25 
o

C 
-3.75 ~ 

 -2.75 

41.98 

±0.39 

RuO
2
(0.8)-SnO

2
(0.2) 

37.06 

±0.29 

RuO
2
(0.6)-SnO

2
(0.4) 

34.16 

±1.06 
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Table 3.2 (Continued) 

Ref. Oxide 

Thermal 

decom. 

Temp. 

Electrolyte Temp. 
Log 

(i / A cm
-2

) 

Tafel 

slope 

28 

RuO2(0.4)-SnO2(0.6) 

450 ~ 

500 
o
C 

0.5 mol dm
-3

 

H2SO4 
25 

o
C 

-3.75 ~ 

-2.75 

61.22 

±0.41 

RuO2(0.2)-SnO2(0.8) 
81.33 

±0.66 

29 

RuO2(0.3)-TiO2(0.7) 

400 
o
C 

1.0 mol dm
-3

 

HClO4 

25 ± 

0.1 
o
C 

Unknown 

42.5 

RuO2(0.3)-TiO2(0.6)-

SnO2(0.1) 
41.5 

RuO2(0.3)-TiO2(0.5)-

SnO2(0.2) 
38.0 

RuO2(0.3)-TiO2(0.4)-

SnO2(0.3) 
38.5 

RuO2(0.3)-TiO2(0.3)-

SnO2(0.4) 
37.0 

RuO2(0.3)-TiO2(0.2)-

SnO2(0.5) 
38.0 

RuO2(0.3)-TiO2(0.1)-

SnO2(0.6) 
41.0 

RuO2(0.3)-SnO2(0.7) 44.0 

30 

RuO2 

400 
o
C 

0.5 mol dm
-3

 

H2SO4 
25 

o
C Unknown 

39 

RuO2(0.9)-IrO2(0.1) 42 
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Table 3.2 (Continued) 

Ref. Oxide 

Thermal 

decom. 

Temp. 

Electrolyte Temp. 
Log 

(i / A cm
-2

) 

Tafel 

slope 

30 

RuO
2
(0.7)-IrO

2
(0.3) 

400 
o

C 
0.5 mol dm

-3

 

H
2
SO

4
 

25 
o

C Unknown 

45 

RuO
2
(0.5)-IrO

2
(0.5) 46 

RuO
2
(0.3)-IrO

2
(0.7) 49 

RuO
2
(0.1)-IrO

2
(0.9) 57 

IrO
2
 61 

31 RuO2(0.5)-TiO2(0.5) 450 
o
C 

1.0 mol dm
-3

 

H2SO4 
Unknown -3.5 ~ -2 50 

32 RuO2 

300 
o
C 

(1 hour) 0.1 mol dm
-3

 

H2SO4 
80 

o
C 

-2 ~ -1.5 65 

300 
o
C 

(3 hours) 
-2 ~ -0.5 75 

33 RuO2 

500 
o
C 

0.5 mol dm
-3

 

H2SO4 
Unknown 

-1.5 ~ 0.5 40 

450 
o
C 

Unknown 

39 

400 
o
C 40 

360 
o
C 37~38 

330 
o
C 36 

300 
o
C 34~36 

270 
o
C -1 ~ 0.5 33~35 
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Table 3.2 (Continued) 

Ref. Oxide 

Thermal 

decom. 

Temp. 

Electrolyte Temp. 
Log 

(i / A cm
-2

) 

Tafel 

slope 

34 RuO2 

500 
o
C 

1.0 mol dm
-3

 

H2SO4 
Unknown Unknown 

40.8 

475 
o
C 39.8 

450 
o
C 34.5 

425 
o
C 35.0 

400 
o
C 34.8 

375 
o
C 34.0 

350 
o
C 33.9 

375 
o
C 33.1 

350 
o
C 30.5 

35 RuO2 

400 
o
C 

1.0 mol dm
-3

 

HClO4 
25 ± 0.1 

o
C 

-4.5 ~ -3.5 39 

300 
o
C -5 ~ -3.5 40 

200 
o
C -5 ~ -4 33 

 

 

Tafel slopes of metals and metal oxides in acidic and alkaline solutions are also 

summarized by Kinoshita [36], while most of the works has been done focusing on the 

effect of Ru ratio on Tafel slope; in case of RuO2-Ta2O5 coatings, Ribeiro [26] found 

that Tafel slope decreased with increasing Ru ratio when decomposition temperature 

was 450 
o
C, although there are few report focusing on the effect of thermal 

decomposition temperature. There are only a few literatures by Ardizzone [33], 
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Melsheimer [34] and Tsuji [35] discussing the effect of decomposition temperature of 

pure RuO2 coatings on the Tafel slope, in which Tafel slope decreases with a decrease in 

decomposition temperature [33,34] and Tafel slope decreases when the phase transition 

of RuO2 from crystalline to amorphous occurs [35]. Tafel slope of RuO2-Ta2O5/Ti 

anodes prepared at different thermal decomposition temperatures has not been measured 

or reported. 

 

 

Tafel plots constructed from the polarization curves recorded in 2.0 mol dm
-3

 

H2SO4 solution at 40 
o
C at 0.5 mV s

-1
 are shown in Figure 3.17, and Tafel slopes were 

obtained from the linear region. Figure 3.18 shows a summary of Tafel slope and 

thermal decomposition temperature. 

 

 

Figure 3.17 Polarization curves of RuO2-Ta2O5/Ti anodes prepared at 500 
o
C (black), 

360 
o
C (orange), 300 

o
C (green), 280 

o
C (red) and 260 

o
C (blue) in 2.0 mol dm

-3
 H2SO4 

solution at 40 
o
C. Ru ratio: 30 mol% (A) and 80 mol% (B). Scan rate: 0.5 mV s

-1
. 
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Figure 3.18 Dependence of the Tafel slope on RuO2-Ta2O5/Ti anodes in 2.0 mol dm
-3

 

H2SO4 solution at 40 
o
C on thermal decomposition temperature. Ru ratio: 30 mol% 

(red) and 80 mol% (blue). 

 

The Tafel slope at 500 
o
C is close to that at 360 

o
C for the anodes at 80 mol% 

Ru, while a significant decrease in Tafel slope was observed as the decomposition 

temperature was changed from 360 
o
C to 300 

o
C and the lowest Tafel slope of ca. 39 

mV dec
-1

 was obtained at 260 
o
C. The Tafel slope decreased with decreasing 

decomposition temperature for the anodes of 30 mol% Ru, in which the Tafel slope 

varied from ca. 85 mV dec
-1

 at 500 
o
C to ca. 51 mV dec

-1
 at 260 

o
C. The decrease in 

Tafel slope at lower thermal decomposition temperature is consistent with the results 

observed on pure RuO2 coatings [33-35]. The Tafel slope at 80 mol% Ru was lower 

than that at 30 mol% Ru at the same decomposition temperature in Figure 3.18. A 

similar dependence of Tafel slope on Ru ratio in RuO2-Co3O4, RuO2-Ta2O5, RuO2-SnO2 

and RuO2-IrO2 coatings were reported [22,26,28,30], for which the Tafel slopes of the 

RuO2-Ta2O5/Ti anodes prepared in this study are higher than those reported by Ribeiro 

[26] as thermal decomposition temperature is same. In general, Tafel slope changes with 

the measurement conditions of polarization curve and the current range to set Tafel 

slope. Besides, the preparation method and condition of RuO2-Ta2O5/Ti anodes have a 

large influence on Tafel slope. Ribeiro used isopropyl alcohol to prepare the precursor 
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solution and the other preparation procedures of their anodes including the pretreatment 

of titanium substrates were quite different with this study, which seems to be the reason 

for the difference in Tafel slope. 

 

Various reaction pathways have been proposed for oxygen evolution, which 

depend on the electrode material and the measurement condition [36,37]. For oxygen 

evolution in acidic aqueous solutions, i.e., oxygen evolution by water decomposition, 

the following reaction steps are proposed in general for metal oxides [37], 

 

(Step 1) S + H2O ⇄ S-OH + H
+
 + e

-
    (3-5) 

 (Step 2) S-OH ⇄ S-O
-
 + H

+
     (3-6) 

 (Step 3) S-O
-
 ⇄ S-O + e

-
      (3-7)

 (Step 4) 2S-O ⇄ 2S + O2      (3-8) 

 

where S denotes the active site for oxygen evolution of the electrode and S-OH and S-O 

are the intermediates, OH or O, adsorbed on the active site. For the multi-step reaction 

as indicated above, Tafel slope, b, is expressed as [38], 

 

         (3-9) 

 

where R is gas constant (8.314 J K
-1

 mol
-1

), T is absolute temperature (K), F is Faraday 

constant (96,485 C mol
-1

), α is transfer coefficient which changes with the rate 

determining step (rds). The transfer coefficient is 0.5 as Step 1 is rds, and the Tafel slope, 

2.303RT/αF, is 124 mV dec
-1

 at 40 
o
C. Similarly, Tafel slopes are 2.303RT/F, 

2.303RT/1.5F, and 2.303RT/2F for Step 2, Step 3 and Step 4 [39], which are calculated 

to be 62 mV dec
-1

, 41 mV dec
-1

 and 32 mV dec
-1

, respectively. 

 

The RuO2-Ta2O5/Ti anodes at 80 mol% Ru in this work gave Tafel slopes of 63 

mV dec
-1

 and 67 mV dec
-1 

as thermal decomposition temperature were 500 
o
C and 360 

o
C, respectively, which suggests that the rds is Step 2. However, the anodes prepared at 

F

2.303RT
b
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260-300 
o
C showed the Tafel slopes of 39-43 mV dec

-1
, which are in the range close to 

Tafel slope given for Step 3. Therefore, the Tafel slope obtained in this work clearly 

indicates that the rds for oxygen evolution on RuO2-Ta2O5/Ti anode changes from 360 

o
C to 300 

o
C, at which the surface morphology also changes in the shape and size of 

RuO2 (Section 3.2.2). Especially, the size of RuO2 particles decreased with thermal 

decomposition temperature from 360 
o
C to 300 

o
C, which seems to strongly affect the 

rds.  

 

 On the other hand, the normalized current density (i/Qdl) at 80 mol% Ru at 360 

o
C was higher than that at 500 

o
C as shown in Figure. 3.15 (B), and the Tafel slopes of 

these two anodes were almost the same. The number of nano RuO2 particles of 20-30 

nm completely covering the flat areas of the coating at 500 
o
C decreased significantly at 

360 
o
C, at which the nano structured surface with RuO2 particles of 10 nm or less were 

formed, as shown in Figure 3.8. Therefore, the ultrafine RuO2 particles of 10 nm or less 

seem to give the active sites for oxygen evolution, which cannot be quantified by 

normalization with double layer charge and have little effect on the rds. 

 

 The change in the shape and size of RuO2 particles at 30 mol% Ru, at which 

the flat area mostly consisted of amorphous Ta2O5 matrix, is discussed with Tafel slopes 

below. The Tafel slope was 86 mV dec
-1

 at 500 
o
C, which may correspond to the mixed 

rds of Step 1 and Step 2, while the Tafel slope decreased to 68 mV dec
-1

 or 55 mV dec
-1

 

at 360 
o
C or 300 

o
C. In the same temperature range, RuO2 changed from cuboid to 

needle-like, in which both of cuboid and needle-like particles were seen at 360 
o
C. At 

lower temperatures, the Tafel slopes were 55 mV dec
-1

 at 300 
o
C and 51 mV dec

-1
 at 260 

o
C, suggesting the change from needle-like particles of 200-250 nm to nano particles of 

ca. 20 nm has no significant effect on rds. These results are consistent with the 

normalized polarization curves, as explained in Figure 3.15 (A). 
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3.2.7 Oxygen evolution potential 

 

 Oxygen evolution potential was measured by chronopotentiometry in 2.0 mol 

dm
-3

 H2SO4 solution at 100 A m
-2

, 250 A m
-2

 and 500 A m
-2

 (based on the geometrical 

surface area of the anode). Figures 3.19 and 3.20 show the chronopotentiograms of the 

anodes at 30 mol% Ru and 80 mol% Ru, in which the oxygen evolution potential is 

stable all anodes throughout the electrolysis. Table 3.3 is a summary of the results of 

oxygen evolution potential, which becomes lower with reducing decomposition 

temperature, which is in good agreement with the polarization curves shown in Figure 

3.12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19 Potential variations of RuO2-Ta2O5/Ti anodes prepared at 500 
o
C (black), 

360 
o
C (orange), 300 

o
C (green), 280 

o
C (red) and 260 

o
C (blue) during in constant 

current electrolysis at 100 A m
-2

 (A), 250 A m
-2

 (B) and 500 A m
-2

 (C) in 2.0 mol dm
-3

 

H2SO4 solution at 40 
o
C. Ru ratio: 30 mol%. 
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Figure 3.20 Potential variations of RuO2-Ta2O5/Ti anodes prepared at 500 
o
C (black), 

360 
o
C (orange), 300 

o
C (green), 280 

o
C (red) and 260 

o
C (blue) during in constant 

current electrolysis at 100 A m
-2

 (A), 250 A m
-2

 (B) and 500 A m
-2

 (C) in 2.0 mol dm
-3

 

H2SO4 solution at 40 
o
C. Ru ratio: 80 mol%. 

 

For the oxygen evolution potential at 500 A m
-2

, the difference between 500 
o
C 

and 260 
o
C in Table 3.3 is 0.51 V at 30 mol% Ru and 0.23 V at 80 mol% Ru. It is 

interesting that the potential difference at 100 A m
-2

 and 500 A m
-2

 is smaller at low 

temperature than at high temperature; e.g., they are 0.03 V at 260 
o
C and 0.10 V at 500 

o
C for the anode at 80 mol% Ru. This is reasonable, because the effective surface area 

of the amorphous anode is high so that the actual current density range is small 

compared to that examined in this study. 

 

0 1 2 3

1.3

1.4

1.5

E
 /

 V
 v

s 
A

g
 /

 A
g

C
l

Time / min

100 mA cm
–2

50 mA cm
–2

10 mA cm
–2

(A)

0 1 2 3

1.3

1.4

1.5

E
 /

 V
 v

s 
A

g
 /

 A
g

C
l

Time / min

100 mA cm
–2

50 mA cm
–2

10 mA cm
–2

(B)

0 1 2 3

1.3

1.4

1.5

E
 /

 V
 v

s 
A

g
 /

 A
g

C
l

Time / min

100 mA cm
–2

50 mA cm
–2

10 mA cm
–2

(C)



Chapter 3 

76 

 

 

Table 3.3 Oxygen evolution potentials on RuO2-Ta2O5/Ti anodes at various current 

densities. Ru ratio: 30 mol% (A) and 80 mol% (B). 

 

(A) 100 A m
-2

 250 A m
-2

 500 A m
-2

 

500 
o
C 1.57 V 1.72 V 1.88 V 

360 
o
C 1.41 V 1.47 V 1.53 V 

300 
o
C 1.35 V 1.40 V 1.46 V 

280 
o
C 1.32 V 1.35 V 1.38 V 

260 
o
C 1.30 V 1.34 V 1.37 V 

 

 

(B) 100 A m
-2

 250 A m
-2

 500 A m
-2

 

500 
o
C 1.42 V 1.48 V 1.52 V 

360 
o
C 1.37 V 1.42 V 1.45 V 

300 
o
C 1.32 V 1.36 V 1.39 V 

280 
o
C 1.29 V 1.32 V 1.33 V 

260 
o
C 1.26 V 1.28 V 1.29 V 
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3.2.8 Cell voltage 

 

 Constant current electrolysis using a two-electrode cell was performed to 

measure the cell voltage of zinc, copper, nickel and cobalt EW, for which the 

electrolytes used are listed in Table 2.1. Four kinds of anodes, amorphous 

RuO2-Ta2O5/Ti anode (Ru = 80 mol%, 260 
o
C), crystalline RuO2-Ta2O5/Ti anode (Ru = 

80 mol%, 500 
o
C), amorphous IrO2-Ta2O5/Ti anode (Ir = 80 mol%, 360 

o
C), and 

Pb-Sb(5%) alloy anode were used for comparison. The cathode was zinc, copper, nickel 

or cobalt plates (2×2 cm
2
), and the cell voltage was measured at different current 

densities.  

 

 Table 3.4 shows the measured cell voltages, and the results indicates the order 

of the cell voltage for all EW is amorphous RuO2-Ta2O5/Ti < amorphous IrO2-Ta2O5/Ti 

< crystalline RuO2-Ta2O5/Ti < Pb-Sb alloy. In case of zinc EW, the cell voltage with the 

amorphous RuO2-Ta2O5/Ti anode was 0.14 V lower than that with the amorphous 

IrO2-Ta2O5/Ti anode and 0.24 V lower than that with the crystalline RuO2-Ta2O5/Ti 

anode when the current density was 500 A m
-2 

that is the typical one for zinc EW. 

Especially, the amorphous RuO2-Ta2O5/Ti anode showed the cell voltage reduction of 

0.70 V compared to the Pb-Sb alloy anode, which corresponds to 23 % voltage 

reduction. In case of copper EW, the voltage reduction was 0.11 V by replacing the 

amorphous IrO2-Ta2O5/Ti anode and was 0.25 V by replacing the crystalline 

RuO2-Ta2O5/Ti anode with the amorphous RuO2-Ta2O5/Ti anode at 250 A m
-2

, which is 

the typical operating current density for copper EW. The amorphous also exhibited 0.67 

V lower cell voltage compared to the Pb-Sb alloy anode, which corresponds to 37 % 

reduction. Voltage reduction with the amorphous RuO2-Ta2O5/Ti anode was also 

observed for nickel and cobalt EW; it is 0.46 V or 0.33 V compared to the Pb-Sb alloy 

anode in nickel and cobalt EW, respectively, at 250 A m
-2

, which are 19 % or 13 % 

voltage reduction for each case. Consequently, large amounts of electric energy used in 

EW processes are expected to be decreased by replacing Pb alloy anodes with 

amorphous RuO2-Ta2O5/Ti anodes developed in this study. 
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Table 3.4 Cell voltages during zinc, copper, nickel and cobalt EW with different anodes 

at various current densities.  

 

[Zinc] 100 A m
-2

 250 A m
-2

 500 A m
-2

 

Pb-5%Sb 2.86 V 2.90 V 3.02 V 

Crystalline RuO2-Ta2O5 2.42 V 2.49 V 2.56 V 

Amorphous IrO2-Ta2O5 2.29 V 2.33 V 2.46 V 

Amorphous RuO2-Ta2O5 2.21 V 2.25 V 2.32 V 

 

[Copper] 100 A m
-2

 250 A m
-2

 500 A m
-2

 

Pb-5%Sb 1.75 V 1.83 V 1.92 V 

Crystalline RuO2-Ta2O5 1.33 V 1.41 V 1.51 V 

Amorphous IrO2-Ta2O5 1.23 V 1.27 V 1.38 V 

Amorphous RuO2-Ta2O5 1.12 V 1.16 V 1.22 V 

 

[Nickel] 100 A m
-2

 250 A m
-2

 500 A m
-2

 

Pb-5%Sb 2.15 V 2.48 V 2.71 V 

Crystalline RuO2-Ta2O5 2.07 V 2.25 V 2.51 V 

Amorphous IrO2-Ta2O5 1.95 V 2.11 V 2.32 V 

Amorphous RuO2-Ta2O5 1.86 V 2.02 V 2.20 V 

 

[Cobalt] 100 A m
-2

 250 A m
-2

 500 A m
-2

 

Pb-5%Sb 2.28 V 2.59 V 3.34 V 

Crystalline RuO2-Ta2O5 2.12 V 2.47 V 2.97 V 

Amorphous IrO2-Ta2O5 2.06 V 2.37 V 2.93 V 

Amorphous RuO2-Ta2O5 1.94 V 2.26 V 2.73 V 
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 As described in Chapter 1, the annual energy consumption by EW in the world 

are 45,500 GWh and 9,072 GWh in zinc and copper EW. These values correspond to 

4,200,000 and 837,000 households of electricity consumption in U.S.A. A simple 

calculation gave us that the cell voltage reduction of 23 % in zinc EW and 37 % in 

copper EW worldwide may equal to 13,800 GWh which corresponds to 1,280,000 

households of energy consumption per year in U.S.A. Therefore, a significant energy 

saving will be possible, when the anode is changed from Pb alloy to amorphous 

RuO2-Ta2O5/Ti. Moreover, this anode should be useful in other important applications 

such as chlor-alkali industry, water treatment and oxygen production. 

 

 

3.3 Conclusion 

 

The crystallographic structure and surface morphology of RuO2-Ta2O5/Ti 

anodes were strongly affected by thermal decomposition temperature; the 

crystallographic structure of RuO2 changed from crystalline to amorphous, and the size 

of RuO2 particles became smaller with decreasing thermal decomposition temperature. 

Such changes enhanced the catalytic activity for oxygen evolution in two ways. First, 

the effective surface area of the coating was significantly increased by the phase 

transition of RuO2 from crystalline to amorphous, because nano RuO2 particles were 

formed on the coating surface along with disappearance of large RuO2 aggregates. 

Secondly, the rds for oxygen evolution changed with the variation in the size and shape 

of RuO2 particles from cuboid with 150 nm or more to 80 nm or less on the coatings at 

80 mol% Ru and from cuboid to needle-like at 30 mol% Ru. These features of the 

amorphous anode accelerated oxygen evolution and resulted in the decrease in the 

anode potential, which is superior to other anode materials including the amorphous 

IrO2-Ta2O5/Ti anodes. As a result, the cell voltage for the zinc, copper, nickel and cobalt 

EW can be significantly reduced by replacing practically utilizing Pb alloy anodes with 

the amorphous RuO2-Ta2O5/Ti anodes. 
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4.1 Introduction 

 

As mentioned in Chapter 3, the catalytic activity of RuO2-Ta2O5/Ti anodes for 

oxygen evolution is improved by low temperature thermal decomposition due to the 

amorphization of the oxide coating which occurs at 280 
o
C or less. The objective of this 

Chapter is to determine the most appropriate Ru:Ta mole ratio of the amorphous 

coatings for oxygen evolution, for which the anodes were prepared at different Ru:Ta 

mole ratios at 260 
o
C. The crystallographic structure and surface morphology of the 

anodes were examined and the oxygen evolution behaviors were investigated with a 

comparison to pure RuO2/Ti anodes. 

 

 

4.2 Results and discussion 

4.2.1 Crystallographic structure 

 

Figure 4.1 shows XRD patterns of RuO2/Ti and RuO2-Ta2O5/Ti anodes 

prepared at 260 
o
C, in which no diffraction peaks of RuO2 were observed on the 

RuO2-Ta2O5 coatings at 30 mol% to 80 mol% Ru, indicating that the amorphous 

RuO2-Ta2O5 coating was obtained for the wide range of Ru:Ta ratio. It is noted that the 

diffraction peak corresponding to (100) of Ti located at 2θ = 35.1
o
 so that a small peak 

for this was seen in Figure 4.1. The diffraction peaks corresponding to (110), (101) and 

(211) of crystalline RuO2 were observed on pure RuO2 coating, so that the 

amorphization of RuO2 is promoted in a mixture with Ta2O5, as mentioned in Chapter 3. 

The peak intensity of RuO2 in pure RuO2 coating at 260 
o
C was comparable to that in 

RuO2-Ta2O5 coating at 80 mol% Ru calcined at 280 
o
C, suggesting that both the 

coatings have a similar crystallinity of RuO2. 

 

Figure 4.2 shows the XRD results constructed from those in Figure 4.1, and 

results of RuO2-Ta2O5 coatings at 30 mol%, 50 mol% and 80 mol% Ru are enlarged and 

overlapped each other, in which the broad diffraction peak observed at 2θ = 20-30
o
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becomes larger when the Ta ratio increases from 20 mol% to 70 mol%. This is 

reasonable, because crystalline Ta2O5 has diffraction peaks corresponding to (001) and 

(110) at 2θ = 22.4
o
 and 29.3

o
, respectively.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 XRD patterns of RuO2/Ti (a) and RuO2-Ta2O5/Ti electrodes prepared at 

various Ru ratio: 80 mol% (b), 50 mol% (c) and 30 mol% (d). Thermal decomposition 

temperature: 260 
o
C. ●: RuO2, △: Ti   

 

 

 

 

 

 

 

 

 

 

Figure 4.2 XRD patterns of RuO2-Ta2O5/Ti electrodes prepared at various Ru ratio: 80 

mol% (blue), 50 mol% (green) and 30 mol% (red). Thermal decomposition temperature: 

260 
o
C. △: Ti   
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4.2.2 Surface morphology 

 

Figure 4.3 depicts low magnification (×1,000) SEM images of RuO2-Ta2O5 and 

pure RuO2 coatings prepared at 260 
o
C. For all coatings, flat areas and cracks are seen 

without aggregated large RuO2 particles and the number of cracks decreases as the Ru 

ratio increases. 

 

Figure 4.3 Surface morphologies of RuO2-based coatings prepared at various Ru ratio: 

30 mol% (A), 50 mol% (B), 80 mol% (C) and 100 mol%, i.e. pure RuO2 (D). Thermal 

decomposition temperature: 260 
o
C. Magnification: ×1,000. 

 

 

Figure 4.4 focuses on the surface morphologies at high magnification 

(×200,000). As shown in Figure 4.4 (A), nano RuO2 particles of 20-30 nm were formed 

partly on the coating at 30 mol% Ru. Such particles became smaller and more uniformly 

dispersed in amorphous Ta2O5 matrix when the Ru ratio increased from 30 mol% to 80 
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mol%. In particular, the coating at 80 mol% Ru showed nano structured surface 

containing RuO2 particles of 10 nm size or less, and the RuO2 coating presented such a 

nano structure, too. The results indicate that the Ru:Ta mole ratio has a significant 

influence on nano structure of the coatings, and it is expected that a higher effective 

surface area can be obtained with increasing the Ru ratio from 30 mol% to 80 mol%. 

 

 

Figure 4.4 Surface morphologies of RuO2-based coatings prepared at various Ru ratio: 

30 mol% (A), 50 mol% (B), 80 mol% (C) and 100 mol% (D). Thermal decomposition 

temperature: 260 
o
C. Magnification: ×200,000. 

 

 

A significant difference between RuO2-Ta2O5 and RuO2 coatings was observed 

from the SEM images at ×20,000, as shown in Figure 4.5. Figure 4.5 (D) demonstrates 

that aggregated RuO2 particles of 50-80 nm are formed on the RuO2 coating, while the 

RuO2-Ta2O5 coatings at 30 mol% Ru to 80 mol% Ru have no such aggregated particles 
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even at higher magnification. This coincides with the XRD results where no diffraction 

peaks of RuO2 were observed for the RuO2-Ta2O5 coatings. It should be noted that the 

mixture of 80 mol% Ru and 20 mol% Ta has extremely uniform RuO2 dispersed in 

amorphous Ta2O5 matrix. 

 

Figure 4.5 Surface morphologies of RuO2-based coatings prepared at various Ru ratio: 

30 mol% (A), 50 mol% (B), 80 mol% (C) and 100 mol% (D). Thermal decomposition 

temperature: 260 
o
C. Magnification: ×20,000. 

 

 

4.2.3 Double layer charge 

 

Double layer charge measurements were conducted similarly to those in 

Chapter 3 for the RuO2/Ti and RuO2-Ta2O5/Ti anodes in 2.0 mol dm
-3

 H2SO4 solution. 

Figure 4.6 shows the voltammograms recorded in the potential range from 0.85 V to 

1.05 V at 5 mV s
-1

, and the double layer charge, Qdl, calculated from the 
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voltammograms are presented in Figure 4.7, in which the data of the anodes prepared at 

500 
o
C are also given for comparison. 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Cyclic voltammograms of RuO2/Ti (black) and RuO2-Ta2O5/Ti anodes 

prepared at various Ru ratio: 80 mol% (blue), 70 mol% (red), 50 mol% (green) and 30 

mol% (orange) in 2.0 mol dm
-3

 H2SO4 solution at 40 
o
C. Thermal decomposition 

temperature: 260 
o
C. Scan rate: 5 mV s

-1
. 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Dependence of the double layer charge of RuO2/Ti and RuO2-Ta2O5/Ti 

anodes in 2.0 mol dm
-3

 H2SO4 solution at 40 
o
C on Ru ratio. Thermal decomposition 

temperature: 260 
o
C (●) and 500 

o
C (○) . 
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The Qdl of amorphous coatings prepared at 260 
o
C increased as the Ru ratio 

increased from 30 mol% to 80 mol%, and the Qdl decreased markedly from 71.8 mC 

cm
-2

 to 28.6 mC cm
-2

 from 80 mol% to 100 mol% (i.e., RuO2 only); the highest Qdl was 

obtained at 80 mol% Ru, and the Qdl of the RuO2/Ti anode was smaller than that of 

RuO2-Ta2O5/Ti anode even at 30 mol% Ru. The results seem to be related with the 

surface morphologies of the coatings observed by SEM as follows. The increase in Ru 

ratio from 30 mol% to 80 mol% made RuO2 particles smaller and RuO2 dispersed 

homogeneously in amorphous Ta2O5 matrix so that the Qdl increased. The Qdl of the 

RuO2 coating was small because RuO2 particles of 50-80 nm existed on the coating, 

indicating that the coating is not amorphous structure as same as the amorphous 

RuO2-Ta2O5 coatings. Figure 4.7 further revealed that Qdl significantly increased 

irrespective of Ru ratio for all the anodes when the decomposition temperature was 

reduced from 500 
o
C to 260 

o
C. This is due to reducing particle size and the appearance 

of nano RuO2 particles on the amorphous coatings, as already mentioned in Chapter 3. 

 

 

4.2.4 Polarization curve 

 

Figure 4.8 shows the voltammograms obtained of the anodes prepared at 260 

o
C in the potential range up to 1.32 V in 2.0 mol dm

-3
 H2SO4 solution. As the Ru ratio 

increased from 30 mol% to 80 mol%, oxygen evolution current increased, indicating 

that the RuO2-Ta2O5/Ti anode at 80 mol% Ru has the highest catalytic activity for 

oxygen evolution. This is in good agreement with the results of the Qdl. However, the 

RuO2/Ti anode showed higher catalytic activity than the RuO2-Ta2O5/Ti anode at 30 

mol% Ru and 50 mol% Ru, which is contrary to the expected ones from the results of 

the Qdl. 
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Figure 4.8 Cyclic voltammograms of RuO2/Ti (black) and RuO2-Ta2O5/Ti anodes 

prepared at various Ru ratio: 80 mol% (blue), 70 mol% (red), 50 mol% (green) and 30 

mol% (orange) in 2.0 mol dm
-3

 H2SO4 solution at 40 
o
C. Thermal decomposition 

temperature: 260 
o
C. Scan rate: 5 mV s

-1
. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 Cyclic voltammograms constructed from those shown in Figure 4.8 by 

dividing the current density by corresponding double layer charge. Ru ratio: 100 mol% 

(black), 80 mol% (blue), 70 mol% (red), 50 mol% (green) and 30 mol% (orange). 
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As described in Chapter 3, the catalytic activity for oxygen evolution is 

dependent of not only the effective surface area but also the electron transfer rate, and 

the normalized current density, i/Qdl, is one of the tools to know their effects. Figure 4.9 

shows the normalized polarization curves constructed from Figure 4.8. The normalized 

polarization curves are not overlapped, which means that the difference in catalytic 

activity does not caused only by an increase in effective surface area. 

 

 For more analysis, Tafel slope was evaluated for the anodes by linier sweep 

voltammetry at 0.5 mV s
-1

 in 2.0 mol dm
-3

 H2SO4 solution at 40 
o
C. The results are 

shown in Figure 4.10, in which a linear Tafel region was observed for all anodes, and 

the order of the overpotential of oxygen evolution is in good agreement with the results 

of the polarization curves shown in Figure 4.8.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 Polarization curves of RuO2/Ti (black) and RuO2-Ta2O5/Ti anodes prepared 

at various Ru ratio: 80 mol% (blue), 70 mol% (red), 50 mol% (green) and 30 mol% 

(orange) in 2.0 mol dm
-3

 H2SO4 solution at 40 
o
C. Thermal decomposition temperature: 

260 
o
C. Scan rate: 0.5 mV s

-1
. 
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 Figure 4.11 shows a summary of Tafel slopes obtained from Figure 4.10, and 

the Tafel slope decreased when the Ru ratio increased from 30 mol% to 50 mol%, then 

was almost constant from 50 mol% Ru to 100 mol% Ru. The results suggest that the 

change of Ru ratio have little effect on the rds of oxygen evolution for the amorphous 

RuO2-Ta2O5/Ti anodes. This also means the variation in the size of RuO2 particles 

within a range of ≤ 30 nm has no considerable change in Tafel slope, while it induces a 

large increase in effective surface area. On the other hand, the dependence of Tafel slope 

on the Ru ratio seems to be independent of the trend in i/Qdl shown in Figure 4.9, 

implying that the difference of the catalytic activity is difficult to explain in term of 

Tafel slope. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 Dependence of the Tafel slope on of RuO2/Ti and RuO2-Ta2O5/Ti anodes in 

2.0 mol dm
-3

 H2SO4 solution at 40 
o
C on Ru ratio. Thermal decomposition temperature: 

260 
o
C. 
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even with discussion based on the normalized current density; i.e., in Figure 4.12, the 

catalytic activity of RuO2 decreases significantly with more Ta2O5, and the nano RuO2 

observed on the RuO2 coating seems to have higher catalytic activity than nano RuO2 of 

20-30 nm observed on the RuO2-Ta2O5 coatings at 30 mol% Ru and 50 mol% Ru, even 

though no distinct difference is seen in Figure 4.11. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 Dependence of i/Qdl recorded at 1.32 V in Figure 4.9 on Ru ratio. Thermal 

decomposition temperature: 260 
o
C. 

 

 

As mentioned above, linear relation between i/Qdl and Ru ratio was only 

observed when the anode was prepared at 260 
o
C, i.e., with the coatings comprising 

amorphous RuO2, in this work. On the other hand, it was described in Section 4.2.3 that 

many researchers have demonstrated experimentally that the double layer charge is 

proportional to the effective surface area of the oxide coating, from which the double 

layer charge represents the number of electrochemically active sites. However, these 
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catalytic activity, compared to the amorphous oxide coatings. 

 

Based on the above discussion, it can be concluded that mixing Ta2O5 to RuO2 

coating at the temperature, at which the amorphous RuO2-Ta2O5 coating is produced, 

decreases the intrinsic catalytic activity of RuO2 for oxygen evolution, but increases the 

effective surface area, so that the total balance governs the catalytic activity of the 

coatings. Consequently, the amorphous RuO2-Ta2O5/Ti anode at 80 mol% Ru has the 

highest catalytic activity for the oxygen evolution among the anodes at different Ru 

ratios. 

 

 

4.2.5 Oxygen overpotential 

 

The onset potential and overpotential for oxygen evolution measured with the 

anodes prepared at 260 
o
C are summarized in Table 4.1 and Figure 4.13, of which the 

potential data were obtained in the same way as explained in Chapter 3. The oxygen 

overpotential decreased from 0.224 V to 0.182 V at the Ru ratio of 30 mol% to 80 mol%, 

which seems to be linear to the Ru ratio, then increased to 0.198 V on pure RuO2 

coating. The data proves again that the amorphous RuO2-Ta2O5/Ti anode at 80 mol% Ru 

possesses the highest electrocatalytic activity for oxygen evolution. 

 

 

Table 4.1 Onset potential and overpotential for oxygen evolution on RuO2/Ti and 

RuO2-Ta2O5/Ti anodes prepared at 260 
o
C in 2.0 mol dm

-3
 H2SO4 solution at 40 

o
C. 

 

Ru ratio 30 mol% 50 mol% 70 mol% 80 mol% 100 mol% 

Onset potential 1.267 V 1.245 V 1.234 V 1.225 V 1.241 V 

Overpotential 0.224 V 0.202 V 0.191 V 0.182 V 0.198 V 
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Figure 4.13 Dependence of the onset potential and overpotential of oxygen evolution on 

RuO2/Ti and RuO2-Ta2O5/Ti anodes in 2.0 mol dm
-3

 H2SO4 solution at 40 
o
C on Ru ratio. 

Thermal decomposition temperature: 260 
o
C. 

 

 

 

4.2.6 Oxygen evolution potential 

 

 Figure 4.14 shows the chronopotentiograms of amorphous RuO2-Ta2O5/Ti 

anodes recorded in 2.0 mol dm
-3

 H2SO4 solution at 100 A m
-2

, 250 A m
-2

 and 500 A m
-2

, 

and the oxygen evolution potentials at the end of the electrolysis are summarized in 

Table 4.2. The oxygen evolution potential showed a clear order like Ru = 80 mol% < Ru 

= 50 mol% < Ru = 30 mol% irrespective to the current density and was reduced by 0.04 

V, 0.06 V and 0.08 V with the anode at 80 mol% Ru compared to that at 30 mol% Ru at 

100 A m
-2

, 250 A m
-2

 and 500 A m
-2

, respectively. 
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Figure 4.14 Potential variations of RuO2-Ta2O5/Ti anodes prepared at various Ru ratio: 

80 mol% (blue), 50 mol% (green) and 30 mol% (orange) during in constant current 

electrolysis at 100 A m
-2

 (A), 250 A m
-2

 (B) and 500 A m
-2

 (C) in 2.0 mol dm
-3

 H2SO4 

solution at 40 
o
C. Thermal decomposition temperature: 260 

o
C. 

 

Table 4.2 Oxygen evolution potentials on RuO2-Ta2O5/Ti anodes at various current 

densities. Thermal decomposition temperature: 260 
o
C. 

 

 
100 A m

-2
 250 A m

-2
 500 A m

-2
 

Ru = 30 mol% 1.30 V 1.34 V 1.37 V 

Ru = 50 mol% 1.28 V 1.30 V 1.32 V 

Ru = 80 mol% 1.26 V 1.28 V 1.29 V 
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4.3 Conclusion 

 

The RuO2-Ta2O5/Ti and RuO2/Ti anodes calcined at 260 
o
C comprising nano 

RuO2 particles, and of which the size decreased with increasing Ru ratio from 30 mol% 

to 80 mol%. The nano structured surface including RuO2 particles of 10 nm or less was 

formed on the whole coating at 80 mol% Ru, and this induced the highest effective 

surface area for oxygen evolution. The electrocatalytic activity of RuO2 decreased with 

increasing Ta2O5 ratio in the coating, thereby the RuO2 coating seemed to have the 

highest intrinsic activity based on the discussion with the normalized polarization curve. 

However, the effective surface area of the RuO2/Ti anode was half or less than that of 

the RuO2-Ta2O5/Ti anode at 80 mol% Ru, and the amorphous RuO2-Ta2O5/Ti anode at 

80 mol% Ru was found to be the best electrocatalyst for oxygen evolution. 
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5.1 Introduction 

 

 As described in Chapter 1, the electrowinning solutions of copper and nickel 

contain Pb(II) ions as a impurity, which is easily oxidized to PbO2 on lead alloy anodes 

or commercially available IrO2-Ta2O5/Ti anodes composing crystalline IrO2 during 

oxygen evolution. This causes the increase in oxygen overpotential, the decrease in the 

anode’s lifetime, and the production of hazardous byproducts and wastes. 

 

Prof. Morimitsu has previously reported that amorphous IrO2-Ta2O5/Ti anodes 

obtained at low thermal decomposition temperature have a low overpotential for oxygen 

evolution, but a high overpotential for PbO2 deposition, with which the voltage 

reduction for copper electrolysis can be possible with a complete suppression of anodic 

deposition of PbO2 [1-4]. On the other hand, little is known about the suppression 

effects to anodic PbO2 deposition with RuO2-Ta2O5/Ti anodes. In this Chapter, the 

performance of RuO2-Ta2O5/Ti anodes for oxygen evolution in acid aqueous solutions 

with and without Pb(II) ions, and the effects of the amorphization of RuO2 on 

suppression of anodic PbO2 deposition are discussed. 

 

 

5.2 Results and discussion 

5.2.1 Overpotential for oxygen evolution and PbO2 deposition 

 

 Cyclic voltammetry was carried out to investigate the oxygen evolution 

behavior of the RuO2-Ta2O5/Ti anodes prepared at 260 
o
C, 280 

o
C or 500 

o
C (Ru = 80 

mol%) in HNO3 solutions, and the results are shown in Figure 5.1. The oxygen 

evolution current increased and the onset potential of oxygen evolution shifted 

negatively when the decomposition temperature decreased. This is in good agreement 

with the result obtained in the H2SO4 solution mentioned in Chapter 3. Therefore, the 

results indicated that the amorphous RuO2-Ta2O5/Ti anode is more catalytic and shows 

lower oxygen overpotential in the HNO3 solution than the crystalline RuO2-Ta2O5/Ti 
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anode as well as in the H2SO4 solution. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Cyclic voltammograms of RuO2-Ta2O5/Ti anodes prepared at 500 
o
C (black), 

280 
o
C (red) and 260 

o
C (blue) in HNO3 solution (pH=0.7) at 30 

o
C. Ru ratio: 80 mol%. 

Scan rate: 5 mV s
-1

. 

 

 

 The onset potentials of PbO2 deposition on the RuO2-Ta2O5/Ti anode were 

determined by the combined measurements of constant potential electrolysis and liner 

sweep voltammetry (cathodic scan) in HNO3 solutions containing 30 wt% Pb(NO3)2, as 

shown in Figure 5.2. Constant potential electrolysis at a certain potential was conducted 

in the Pb(NO3)2 solution for 60 s, and immediately after that, the cathodic scan at 1 mV 

s
-1

 was performed. In the case, the reduction wave of PbO2 produced during the constant 

potential electrolysis is observed, when the potential is more positive than the onset 

potential of PbO2 deposition. The measurement was repeated until the cathodic wave 

was observed with changing the controlled potential to determine the onset potential of 

PbO2. 
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Figure 5.2 Determination procedure of the onset potential of PbO2 deposition. 

 

 

Figure 5.3 shows the obtained results; in the case of the anode prepared at 500 

o
C, no reduction wave was observed when the holding potential was 1.37 V, while the 

cathodic wave corresponding to the reduction of PbO2 produced during the constant 

potential electrolysis was observed when the holding potential was 1.38 V, from which 

the onset potential of PbO2 deposition was determined to be 1.38 V. These experiments 

were also performed using the other two anodes. The obtained data were summarized in 

Figure 5.4 and Table 5.1. The onset potentials of oxygen evolution were obtained from 

Figure 5.1, and it was defined as the same way as explained in Chapter 3. The results 

clearly indicate the overpotential of oxygen evolution decreases, while that of PbO2 

deposition increases, as thermal decomposition temperature becomes low. Consequently, 

the difference between the onset potentials of oxygen evolution and PbO2 deposition 

becomes larger with lower decomposition temperature; the difference on the amorphous 

anode prepared at 260 
o
C is 0.58 V, while that on the crystalline anode at 500 

o
C is 0.18 

V. 
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Figure 5.3 Cathodic polarization curves of RuO2-Ta2O5/Ti anodes after the electrolysis 

at various potential for 60 s in 30 wt% Pb(NO3)2 (pH=0.7) at 30 
o
C. Thermal 

decomposition temperature: 500 
o
C (A), 280 

o
C (B) and 260 

o
C (C). Ru ratio: 80 mol%. 

Scan rate: 1 mV s
-1

. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Onset potentials of oxygen evolution (○) and PbO2 deposition (■) on 

RuO2-Ta2O5/Ti anodes prepared at 500 
o
C, 280 

o
C and 260 

o
C in HNO3 solution with 

and without 30 wt% Pb(NO3)2 (pH=0.7) at 30 
o
C. Ru ratio: 80 mol%. 
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Table 5.1 Onset potentials of oxygen evolution and PbO2 deposition on RuO2-Ta2O5/Ti 

anodes prepared at 500 
o
C, 280 

o
C and 260 

o
C. Ru ratio: 80 mol%. 

 

 
Oxygen evolution PbO2 deposition Potential difference 

500 
o
C 1.30 V 1.38 V 0.18 V 

280 
o
C 1.22 V 1.45 V 0.23 V 

260 
o
C 1.16 V 1.74 V 0.58 V 

 

 

The dependence of the onset potentials of oxygen evolution and PbO2 

deposition on the Ru ratio is also given in Figure 5.5 and Table 5.2. The thermal 

decomposition temperature was 260 
o
C, so that all anodes comprised amorphous RuO2.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 Onset potentials of oxygen evolution (○) and PbO2 deposition (■) on 

RuO2-Ta2O5/Ti anodes prepared at various Ru ratio in HNO3 solution with and without 

30 wt% Pb(NO3)2 (pH=0.7) at 30 
o
C. Thermal decomposition temperature: 260 

o
C. 
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Table 5.2 Onset potentials of oxygen evolution and PbO2 deposition on RuO2-Ta2O5/Ti 

anodes prepared at various Ru ratio. Thermal decomposition temperature: 260 
o
C. 

 

 
Oxygen evolution PbO2 deposition Potential difference 

Ru = 30 mol% 1.23 V 1.45 V 0.22 V 

Ru = 50 mol% 1.18 V 1.65 V 0.47 V 

Ru = 70 mol% 1.17 V 1.69 V 0.53 V 

Ru = 80 mol% 1.16 V 1.74 V 0.58 V 

Ru = 90 mol% 1.21 V 1.45 V 0.24 V 

 

 

As shown in Figure 5.5, the onset potential of PbO2 deposition increases as the 

Ru ratio increase up to 80 mol%, and then exhibited a drastic decrease when the Ru 

ratio changes from 80 mol% to 90 mol%. On the other hand, the onset potential of 

oxygen evolution is a minimum at 80 mol% Ru. Therefore, it is clear that the 

amorphous anode at 80 mol% Ru is the most effective to suppress PbO2 deposition. 

 

 

5.2.2 Active sites for PbO2 deposition 

 

 Figure 5.6 depicts the surface of the crystalline RuO2-Ta2O5/Ti anode before 

and after electrolysis at 400 A m
-2

 in the 30 wt% Pb(NO3)2 solution for 10 s. The SEM 

images indicated well-developed and aggregated RuO2 particles of ca. 200 nm and flat 

areas on the surface of the anode before the electrolysis. However, after the electrolysis, 

these well-developed RuO2 particles became invisible by being covered with the other 

particles which were confirmed to be deposited PbO2 by EDX analysis, although the flat 

area remained unchanged and without such PbO2. The results demonstrate that PbO2 
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particles are selectively deposited on the well-developed and aggregated RuO2 particles. 

This is reasonable, because PbO2 and RuO2 have similar lattice parameters due to the 

same crystallographic structure (rutile structure), so that the nucleation of PbO2 is easier 

on crystalline RuO2 than on the flat area. Therefore, it can be concluded that active sites 

for PbO2 deposition are the well-developed RuO2 particles. This is in good agreement 

with the result of the onset potentials of PbO2 deposition (Figure 5.4); the 

amorphization of RuO2, i.e., the disappearance of well-developed RuO2 particles, results 

in the decrease in active site for PbO2 deposition, thereby the onset potential of PbO2 

deposition increases with decreasing thermal decomposition temperature. 

 

 

Figure 5.6 Surface morphologies of RuO2-Ta2O5 coatings prepared at 500 
o
C before (A) 

and after (B) electrolysis at 400 A m
-2

 in 30 wt% Pb(NO3)2 (pH=0.7) for 10 s at 30 
o
C. 

Magnification: ×10,000. 

 

 

5.2.3 Suppression of PbO2 deposition 

 

Constant current electrolysis at 400 A m
-2

 in HNO3 solution with 30 wt% 

Pb(NO3)2 at 70 
o
C was further done to compare the anode potentials. As shown in 

Figure 5.7, the RuO2-Ta2O5/Ti anodes prepared at 260 
o
C and 280 

o
C showed constant 

anode potential during the electrolysis, while the anode potential increased with the 

anode prepared at 500 
o
C, suggesting that anodic PbO2 deposition occurs on this anode. 

A 

1 µm 

B 

1 µm 
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The anode potentials of the RuO2-Ta2O5/Ti anodes prepared at 260 
o
C, 280 

o
C and 500 

o
C were 1.21 V, 1.29 V and 1.46 V at the end of the electrolysis, which reveals that the 

anode potential can be reduced by 0.25 V if the crystalline RuO2-Ta2O5/Ti anode is 

replaced with the amorphous anode even in the solution containing Pb(II) ions.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 Potential variations of RuO2-Ta2O5/Ti anodes prepared at 500 
o
C (black), 280 

o
C (red) and 260 

o
C (blue) during in constant current electrolysis at 400 A m

-2
 in 30 wt% 

Pb(NO3)2 (pH=0.7) at 70 
o
C. Ru ratio: 80 mol%. 

 

 

Figure 5.8 shows the XRD pattern of each anode after the electrolysis. The 

anodes prepared at 260 
o
C and 280 

o
C indicated no PbO2 deposit because the XRD 

patterns before and after the electrolysis are the same, while PbO2 was detected on the 

anode prepared at 500 
o
C, with which the diffraction peaks of RuO2 disappeared after 

the electrolysis. Consequently, the anode prepared at 260 
o
C and 280 

o
C can prevent the 

anodic PbO2 deposition, while PbO2 covers the surface of the anode prepared at 500 
o
C. 

 

The amount of PbO2 deposits was calculated from the mass change of the 

anode before and after the constant current electrolysis. Figure 5.9 shows the 

relationship between thermal decomposition temperature and the amount of PbO2. The 
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amount of PbO2 decreased with the decrease in thermal decomposition temperature, and 

the anodic deposition of PbO2 never occurs at thermal decomposition temperature of 

260 
o
C. This is because the amorphization of RuO2 strongly accelerates oxygen 

evolution and simultaneously suppresses PbO2 deposition. Therefore, the anode 

potential in copper and nickel EW can be significantly reduced with no possibility of 

PbO2 deposition on the amorphous RuO2-Ta2O5/Ti anode. 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 XRD patterns of RuO2-Ta2O5/Ti anodes prepared at 500 
o
C, 280 

o
C and 260 

o
C after electrolysis at 400 A m

-2
 for 5 min in 30 wt% Pb(NO3)2 (pH=0.7) at 70 

o
C. 

 

 

 

 

 

 

 

 

 

Figure 5.9 Amount of PbO2 deposited on RuO2-Ta2O5/Ti anodes prepared at 500 
o
C, 280 

o
C and 260 

o
C during the electrolysis 400 A m

-2
 for 5 min in 30 wt% Pb(NO3)2 (pH=0.7) 

at 70 
o
C.  
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5.3 Conclusion 

 

The amorphization of RuO2 induced the reduction in overpotential of oxygen 

evolution and the increase in that of PbO2 deposition, so that less noble anode potential 

and no possibility of PbO2 deposition were achieved with amorphous RuO2-Ta2O5/Ti 

anodes. This is because well-developed RuO2 particles which are the active sites for 

PbO2 deposition are disappeared by the amorphization, and nano RuO2 particles which 

are highly active for oxygen evolution, but non-active for PbO2 deposition are 

uniformly dispersed in the coatings. These excellent properties are valuable to improve 

the purity of electrowon metal, prolong the anode’s lifetime, reduce the maintenance of 

electrolysis process, decrease the production cost of EW, and make a low impact to 

environment. 
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6.1 Introduction 

 

The lifetime of the anode is extremely important for the practical use in EW 

processes. Despite the high catalytic activity of RuO2 for oxygen evolution, it has been 

mentioned that none of RuO2-based anodes have a sufficient lifetime for the practical 

use due to serious corrosion of RuO2 in the coatings, and IrO2-based anodes have been 

used for oxygen evolution in the last a few decades because of its good catalytic activity 

for oxygen evolution and better stability than other precious metal oxides [1-6]. It is 

also well known that the stability of IrO2 is enhanced significantly by the addition of 

Ta2O5. IrO2-Ta2O5/Ti anodes for oxygen evolution have been extensively investigated, 

in which some of them have been conducted to clarify the deterioration mechanism for 

oxygen evolution in acidic media [7-23]. In general, the deterioration of oxide coated 

titanium anodes is considered to the consumption of the active component in the coating 

and/or the formation of non-conductive titanium oxide layer on titanium. For this, 

various approaches have been examined to improve the lifetime of the anode, in which 

the durability of the anode has been revealed to be influenced by the surface 

morphology,  the coating composition, the coating’s amount, the densification of 

coating, the pretreatment of titanium, thermal decomposition temperature, and the other 

preparation procedures and conditions [1-4,7-27]. For example, the lifetime of the anode 

prolonged as the amount of the oxide coating increased [18,24,25], and the surface 

morphologies of titanium substrate affected those of the catalytic coatings and affected 

the durability of the anode [28]. The insertion of corrosion-resistant interlayer between 

the titanium substrate and the oxide coating prevented the electrolyte penetrating to the 

titanium substrate, which protects the substrate from corrosion [10,16,23].  

 

Although the durability of RuO2 for oxygen evolution seems to be lower than 

that of IrO2, there is still a possibility of the development of non-iridium oxide based 

oxygen evolution anodes, and there are many researches which have been trying to 

prolong the lifetime of RuO2-based anodes in different ways [29-42]. The RuO2-ZrO2/Ti 

anode prepared from nitrate salts showed better properties than those obtained from 
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chloride ones [40], and the RuO2/Ti anode obtained by thermal decomposition of RuCl3 

using polymeric precursor method gave higher durability than those prepared from 

isopropanol solution method [41]. It was also demonstrated that the lifetime of the 

RuO2-Ta2O5/Ti anodes increased with increasing Ru ratio from 10 atom% to 80 atom%, 

and the durability of RuO2-Ta2O5/Ti anode was much higher than that of RuO2-TiO2/Ti 

anode [42]. From the above background, this Chapter presents the durability of 

amorphous RuO2-Ta2O5/Ti anodes and the improvement by a novel method. 

 

6.2 Results and discussion 

6.2.1 Durability of RuO2-Ta2O5/Ti anode 

 

 Accelerated life tests of the crystalline and amorphous RuO2-Ta2O5/Ti anodes 

at 80 mol% Ru were carried out to evaluate the durability of the anodes for oxygen 

evolution. Figure 6.1 shows the variation in cell voltage between the RuO2-Ta2O5/Ti 

anode and the platinum counter electrode with time during continuous electrolysis at 

5,000 A m
-2

. In the measurements, the RuO2-TiO2/Ti anode (Ru = 30 mol%, 280 
o
C) 

was also used as the anode for comparison. It should be noted that the amount of the 

catalytic coating of the anodes used in this measurement was small to enable to rapidly 

determine the lifetime. 

 

 

 

 

 

 

 

 

Figure 6.1 Variation in cell voltage during accelerated electrolysis of amorphous (blue) 

and crystalline (black) RuO2-Ta2O5/Ti anodes and RuO2-TiO2/Ti anode (red) at 5,000 A 

m
-2

 in 2.0 mol dm
-3

 H2SO4 solution at 40 
o
C. 
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As shown in Figure 6.1, the cell voltage was almost stable for a certain time 

and finally increased abruptly, which was independent of the crystallographic structure 

of RuO2-Ta2O5/Ti anodes, suggesting that the anode was deactivated within a short time, 

although the cell voltage with the amorphous anode was lower than that with the 

crystalline anode. However, amazingly, the amorphous RuO2-Ta2O5/Ti anode showed a 

longer lifetime than the crystalline anode, which is more than double of the crystalline 

anode, even though the literatures reported that durability of the anode decreased with 

decreasing thermal decomposition temperature [26,27]. The results revealed that the 

crystallographic structure of the coating is one of the significant factors, as well as the 

oxide composition and amount of the coating, for the lifetime of the anode, and that the 

amorphous RuO2-Ta2O5/Ti anode prepared by this work showed a superior durability to 

the crystalline anode. 

 

The results also indicated that the amorphous RuO2-Ta2O5/Ti anode had much 

higher durability than the RuO2-TiO2/Ti anode. The cell voltage with RuO2-TiO2/Ti 

anode was gradually increased within a few hours from the current loading, although the 

initial cell voltage with RuO2-TiO2/Ti anode was close to that with the amorphous 

RuO2-Ta2O5/Ti anode. The photographs of the RuO2-TiO2/Ti anode and the amorphous 

RuO2-Ta2O5/Ti anode before and after the accelerated life test (ALT) are shown in 

Figure 6.2. After the electrolysis, the coating of the RuO2-TiO2/Ti anode was completely 

consumed and the titanium substrate was exposed. However, the amorphous 

RuO2-Ta2O5/Ti anode showed no change in surface morphology. The results implies that 

the deterioration mechanism of these two anodes was quite different and that the 

consumption of catalytic coating was much suppressed by adding Ta2O5 to RuO2 even 

in the amorphous phase. This is because Ta2O5 has a high durability for oxygen 

evolution in acid aqueous solutions and is effective to hold and stabilize RuO2 in the 

coating. 
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Figure 6.2 Overview images of RuO2-TiO2/Ti anode (A) and amorphous RuO2-Ta2O5/Ti 

anode (B) before and after the accelerated life tests at 5,000 A m
-2

 in 2.0 mol dm
-3

 

H2SO4 solution at 40 
o
C. 

 

 

 One of the major reasons for why the lifetime of the amorphous RuO2-Ta2O5/Ti 

anode has longer lifetime in the ALT than the crystalline on is related to the effective 

surface area for oxygen evolution. As explained in Chapter 3, the effective surface area 

of the amorphous anode was more than 10 times higher than that of crystalline anode, 

so that the high effective surface area of the amorphous coating can make the actual 

current density smaller than the crystalline coating even when the same current density 

based on the geometrical surface is applied. For example, when the applied current 

density is 5,000 A m
-2

, the actual current density would be 1/10 or less of the applied 

one for the amorphous anode compared to the crystalline one. 

 

Figure 6.3 depicts the SEM images of the coating surface before and after the 

ALT. About the degradation mechanism of the amorphous RuO2-Ta2O5/Ti anode, the 

SEM images show that the fresh coating consisted of the flat areas and the cracks of ca. 

200 nm width, while the width of crack was greatly extended and reached to 500 nm or 

more after the ALT. However, no significant change was observed for the flat areas. 

(A) Before (A) After (B) Before (B) After 
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Figure 6.3 Surface morphologies of amorphous RuO2-Ta2O5 coating before (left) and 

after (right) the accelerated life test at 5,000 A m
-2

 in 2.0 mol dm
-3

 H2SO4 solution at 40 

o
C. Magnification: ×1,000 (top), ×20,000 (middle) and ×100,000 (bottom). 

 

 

More detailed analysis of the coatings before and after the ALT was performed 

by EDX and the results are discussed below. The EDX analysis of the amorphous 
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RuO2-Ta2O5/Ti anode after the electrolysis at 5,000 A m
-2

 till the end of lifetime was 

carried out. Figure 6.4 depicts the SEM image and the elemental mapping images of 

ruthenium, tantalum, oxygen and titanium. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 SEM image and mapping images for ruthenium, tantalum, oxygen and 

titanium on amorphous RuO2-Ta2O5/Ti anode after the accelerated life test.  
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The SEM image shows the wide and deep crack of ca. 2 µm width in maximum, and the 

EDX images clearly indicate that titanium substrate is exposed through the wide crack, 

implying that non-conductive TiO2 layer is formed during the electrolysis. On the other 

hand, it is also revealed that Ru and Ta still exist on the coating surface even after the 

ALT. These results suggest that the lifetime of the anode is governed by the corrosion of 

the titanium substrate rather than the consumption of the coating. The wide and deep 

cracks on the coating induce the electrolyte penetration to titanium surface, which 

results in the formation of non-conductive TiO2 layer between the coating and the 

titanium substrate, i.e., the passivation of the titanium substrate occurs, causing the 

rapid increase in the cell voltage which is the indicator of the anode’s lifetime. 

Therefore, the prevention of the titanium substrate from corrosion will be helpful to 

obtain more lifetime of the amorphous anode. 

 

 

6.2.2 Improvement of durability for oxygen evolution 

 

 To improve the lifetime of the amorphous RuO2-Ta2O5/Ti anode, the 

pretreatment of titanium substrates were investigated in two ways; Sample A was etched 

in 10 wt% oxalic acid solution at 90 
o
C for 60 min followed by washing in distilled 

water, which is the basic method in this study, and Sample B was etched in 10 wt% 

oxalic acid solution at 90 
o
C for 10 min and then immersed into 5.0 mol dm

-3
 NaOH 

solution at 95 
o
C for 60 min, followed by washing with 0.1 mol dm

-3
 HNO3 solution and 

distilled water. Sample B was prepared with the similar procedure reported by Miyauchi 

and his co-authors [43-45]. 

 

Figures 6.5 and 6.6 depict the typical SEM images of the substrate surface of 

Samples A and B, respectively. The low magnification images at ×1,000 and ×10,000 

presented roughed titanium surface for both samples (Figure 6.5A, B and Figure 6.6A, 

B). However, there were a significant difference between these two samples on high 

magnification images; Sample A (Figure 6.5C, D) showed a smooth surface, while a 
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porous structure with nano-fibers of less than 100 nm in diameter was observed for 

Sample B (Figure 6.6C, D). ALT was conducted for the samples, and the results showed 

that the lifetime of Sample B was longer than that of Sample A. A high adhesion 

between the coating and the substrate (Sample B) is thought to be the reason for the 

durability enhancement. 

 

 

 

Figure 6.5 Surface morphologies of titanium plate (Sample A). Magnification: ×1,000 

(A), ×10,000 (B), ×50,000 (C) and ×200,000 (D). 
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Figure 6.6 Surface morphologies of titanium plate (Sample B). Magnification: ×1,000 

(A), ×10,000 (B), ×50,000 (C) and ×200,000 (D). 

 

 

Figure 6.7 shows the cell voltage of the improved amorphous RuO2-Ta2O5/Ti 

anode during constant current electrolysis at 500 A m
-2

, a typical value of current 

density for Zn EW. In this figure, the cell voltages of the Pb-5%Sb alloy and amorphous 

IrO2-Ta2O5/Ti anode are also shown for comparison. The cell voltage measured with the 

amorphous RuO2-Ta2O5/Ti anode and the amorphous IrO2-Ta2O5/Ti anode showed 

constant voltage during the electrolysis, while that with the lead alloy anode increased 

in the first 100 h and then slightly decreased, and became almost constant. This cell 

voltage change with the Pb alloy anode is reasonable, because PbO2 is formed on the 

surface of the Pb alloy anode in parallel with oxygen evolution, by which the cell 

voltage increases due to the increase in the resistance of the anode. 
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Figure 6.7 Variation in cell voltage during constant current electrolysis of amorphous 

RuO2-Ta2O5/Ti anode (blue), amorphous IrO2-Ta2O5/Ti anode (red) and Pb-5%Sb 

anode (black) at 500 A m
-2

 in 2.0 mol dm
-3

 H2SO4 solution at 40 
o
C. 

 

The cell voltage measured with the amorphous RuO2-Ta2O5/Ti anode or the 

amorphous IrO2-Ta2O5/Ti anode was much lower than that of the Pb alloy anode. In 

addition, the amorphous RuO2-Ta2O5/Ti anode showed lower cell voltage than the 

amorphous IrO2-Ta2O5/Ti anode. For example, the cell voltages with the Pb alloy, the 

amorphous IrO2-Ta2O5/Ti and amorphous RuO2-Ta2O5/Ti anode at 1,000 hours were 

2.51 V, 1.75 V and 1.65 V, respectively. Especially, the cell voltage with amorphous 

RuO2-Ta2O5/Ti anode was 0.86 V lower than that with the lead alloy anode and was still 

0.10 V lower than that with amorphous IrO2-Ta2O5/Ti anode. Therefore, the results 

demonstrate that the improved amorphous RuO2-Ta2O5/Ti anode has high durability for 

oxygen evolution and can keep low oxygen evolution potential for long time operation. 

 

 Figure 6.8 shows the photographs of the Pb alloy anode and the improved 

amorphous RuO2-Ta2O5/Ti anode before and after the electrolysis at 500 A m
-2

. After 

1,000 hours electrolysis, Pb alloy anode was apparently consumed, and the amorphous 

RuO2-Ta2O5/Ti anode showed no change. 
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Figure 6.8 Overview images of Pb-5%Sb alloy anode (A) and amorphous 

RuO2-Ta2O5/Ti anode (B) before and after the electrolysis at 500 A m
-2

 in 2.0 mol dm
-3

 

H2SO4 solution at 40 
o
C. 

 

 

 

Figure 6.9 Electrolyte after the electrolysis at 500 A m
-2

. Anode: Pb-5%Sb alloy (A), 

amorphous RuO2-Ta2O5/Ti (B). 

 

 

Figure 6.9 shows the photographs of the electrolytes used with each anode after 

the electrolysis, which clearly presents a significant difference that a large amount of 

sludge is observed with the Pb alloy anode, while the electrolyte was clear and no 

(A) Before (A) After (B) Before (B) After 

A B 
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sludge with the amorphous RuO2-Ta2O5/Ti anode. From the results, it is concluded that 

less anode maintenance and no production of hazard byproducts are possible by 

replacing Pb alloy anode with the amorphous RuO2-Ta2O5/Ti anode. 

 

 The cell voltage during ALT of the improved amorphous RuO2-Ta2O5/Ti anode 

at a current density of 5,000 A m
-2

 is shown in Figure 6.10. The lifetime of the 

amorphous anode before the improvement was ca. 52 hours in Figure 6.1. Under the 

same electrolytic condition, the cell voltage of the improved anode was stable for ca. 

2,000 hours, from which the amorphous anode can inhibit the substrate corrosion so as 

to prolong the lifetime drastically. It should be noted again that while the anode’s 

lifetime depends on the preparation procedure and conditions such as pretreatment of 

titanium substrate, Ru:Ta ratio, the coating’s amount, and the solvent and the additive to 

the precursor solution, this study has proven that the resulted surface morphology of the 

coatings, especially the generation and distribution nano-size of RuO2 in amorphous 

Ta2O5 matrix, is quite important for the durability. As mentioned above, the amorphous 

RuO2-Ta2O5/Ti anode is possible to reduce the number of cracks generated on the 

coating surface by the modification of the preparation procedure, so that there would be 

still a room to further enhance the durability of the amorphous anode. 

 

 

 

 

 

 

 

 

 

 

Figure 6.10 Variation in cell voltage during accelerated electrolysis of amorphous 
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6.3 Conclusion 

 

This chapter describes the degradation and lifetime improvement of the 

amorphous RuO2-Ta2O5/Ti anode, in which the main reason for the degradation is not 

the consumption of the oxide coating and is the formation of non-conductive TiO2 layer 

on the substrate caused by the penetration of the acidic solution to the substrate. A long 

lifetime of the amorphous anodes was successfully realized by modification of the 

preparation procedure to prevent the penetration of the electrolyte, and the lifetime more 

than 2,000 hours in ATL was demonstrated. The results also proved that low 

temperature thermal decomposition was possible to produce high catalytic and highly 

durable amorphous RuO2-Ta2O5/Ti anodes for oxygen evolution. 
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Chapter 7  Summary 
 

 In this PhD thesis, a novel RuO2-Ta2O5/Ti anode with low overpotential and 

high durability for oxygen evolution was developed by thermal decomposition with the 

detailed investigation on the preparation conditions such as thermal decomposition 

temperature and the oxide composition in order to replace Pb alloy anodes which have 

been employed in commercial EW processes despite its quite low oxygen evolution 

activity and stability. 

 

 The decrease in thermal decomposition temperature, e.g., at 280 
o
C, lead to the 

amorphization of RuO2 in the coating for a wide range of Ru:Ta mole ratio, and nano 

RuO2 particles, which are highly active for oxygen evolution, were uniformly dispersed 

in amorphous Ta2O5 matrix. Such nano RuO2 particles induced the increase in effective 

surface area for oxygen evolution and were more active than large and crystallized 

RuO2 observed on the crystalline coating obtained at higher temperature. The unique 

surface morphology of the amorphous anode attributed to reduce the overpotential of 

oxygen evolution and resulted in a significant decrease in cell voltage for 

electrowinning of copper, zinc, nickel and cobalt. The amorphous RuO2-Ta2O5/Ti anode 

at 80 mol% Ru calcined at 260 
o
C, which is the most active anode for oxygen evolution 

and superior to other anodes, demonstrated that the cell voltage of EW was reduced by 

0.7 V compared to lead alloy anodes and a maximum voltage reduction of 37 % was 

achieved for copper EW. A simple calculation gave us that the cell voltage reduction in 

zinc and copper EW worldwide may equal to 13,900 GWh which corresponds to 

1,280,000 households of electric energy consumption per year in U.S.A. Therefore, a 

significant energy saving will be possible, when the anode is changed from the Pb alloy 

to the amorphous RuO2-Ta2O5/Ti anode developed in this study. 

 

Another distinct feature of the amorphous RuO2-Ta2O5/Ti anodes is that nano 

RuO2 particles reduces the overpotential of oxygen evolution, but increases that of the 
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unwanted side reaction on the anode, so that the anodic deposition of PbO2 can be 

completely inhibited on the developed amorphous anode. This excellent achievement is 

valuable to improve the purity of electrowon metal, reduce the maintenance of 

electrolysis process, prolong the lifetime of the anode, and make a low impact to 

environment. 

 

The enhancement of lifetime of the amorphous RuO2-Ta2O5/Ti anodes was 

further achieved by modification of the preparation procedure and condition. The 

lifetime of the amorphous anode was more than 2,000 hours even at high current density 

of 5,000 A m
-2

, which is the data enough for practical uses in EW. The new technique on 

production of the anode is a significant step for RuO2-based anodes, which is not 

possible with other existing methods. 

 

 Furthermore, the research achievements of this thesis and the learning contents 

in relation to advanced doctoral program in Global Resource Management (GRM) are 

expected to help the establishment and development of industries and the national 

construction in least developed and disputed countries in the near future. 
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