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Abstract 

 

Chlorine, which is produced industrially by the electrolysis of brine solution 

(chlor-alkali), is an important chemical in industry and is widely used in many 

applications. Currently, the most commonly used electro-catalysts for chlorine 

evolution are so-called Dimensionally Stable Anodes (DSA), based on RuO2 or its 

mixtures with valve metal oxides, which brought a revolution in technical electro-

chemistry during the past 50 years. When fabricating a RuO2 electrode, the high 

electro-catalytic activity and the low energy consumption in chlorine evolution are 

considered as the most important factors. This requirement can be satisfied with the 

development of novel heterogeneous nanostructures RuO2-based electrodes which 

can increase the accessible surface area and mass transfer. In addition, the using of 

green preparation methods for RuO2-based electrodes that can reduces the cost, 

time, and environmental compatibility is necessary. In order to develop novel 

advance nanostructure morphologies as well as novel green synthesis routes for 

preparing RuO2-based electrodes with improved chlorine electro-catalyst activities 

and understand on the mechanism of the chlorine evolution reaction at the interface 

between electrode surface - electrolyte, the following studies were conducted: 

First, effect of various fabrication conditions in thermal decomposition including 

the types of solvents, precursors, and calcination times which can produce various 

surface areas to the electro-catalytic activity of RuO2 electrode in chlorine 
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evolution was discovered. It was observed that the RuO2 electrode fabricated with 

ethanol as the solvent showed highest chlorine evolution efficiency. Using 

Ru(AcAc)3 as precursor and increase the calcination time to 3 h are also the good 

choices for increasing chlorine electrocatalytic activities. The chlorine evolution 

efficiency was not significantly related to the total voltammetric charge but to the 

outer voltammetric charge, which is affected by the morphology of the RuO2 

electrode surface. The size and number of cracks on the electrode surfaces or the 

outer voltammetric charges increased with easily evaporated solvents, decomposed 

precursors, and tensile stress under longer thermal treatments. 

Second, the design in the advanced 1-D, 2-D, 3-D nanostructure morphologies as 

nanorod, nanosheet and macroporous of RuO2-based electrodes have been 

successful achieved by using templates synthesis. The obtained nanorod, nanosheet 

and macroporous RuO2 based electrodes show enhanced about the chlorine 

electrocatalytic activities compare to the conventional nontemplated electrode, 

respectively. The chlorine evolution efficiencies increase up to 20% in case of 

nanorod electrode, 35% in case of nanosheet electrode, and 50% with macroporous 

electrode compare to the conventional one. These results are strongly attributed to 

the more outer active sites favor chlorine evolution resulting from fast charge and 

easy mass transport in nanorod, nanosheet and interconnectivity macroporous 

structures. The RuO2 nanorod with morphological features of 80 nm length, 20-30 

nm width and the RuO2 nanosheet with 40-60 nm length, 40 nm width are formed 
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on the surfaces of Ti substrates. In addition, the RuO2-TiO2 macropores structures 

of 50–600 nm in diameter with the worm hole-like and ordered cycle pore system 

were observed. These findings manifest that the templated nanorod, nanosheet and 

macroporous RuO2-based electrodes are promising anode materials for chlor-alkali 

industry in future application. 

Third, the performance enhancement both electrocatalytic and stability of RuO2-

based electrodes with chlorine evolution was attained by using novel green 

preparation routes as sonoelectrodeposition and microwave-assisted sol-gel. These 

novel green synthesis routes can also reduce the cost, time, energy consumption, 

and increase the outer active surface area, which is the main working part in 

chlorine evolution. The RuO2 electrodes prepared by sonoelectrodeposition contain 

large hemispheres, mushroom-likes with the smaller and more uniform 

nanoparticles sizes (7-10 nm) compare to the conventional one made by 

mechanical stirring electrodeposition (20-25 nm). The formation of Ru metal by-

product is inhibited using the sonoelectrodeposition method. Sonication accelerated 

the mass transport in the electrodeposition process, facile the deposition step and so 

on enhanced the quality of the RuO2 electrodes. In the same manner, microwave-

assisted sol-gel method can produce smaller size and more uniform distribution of 

RuO2-TiO2 nanoparticles with mean diameter of 8-10 nm on the big crack size 

surface compared with conventional heating method. Microwave-assisted sol-gel 
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route also has been identified as a novel and powerful method for quick synthesis 

of RuO2–TiO2 electrodes with excellent chlorine evolution performances. 
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1. Introduction 

1.1. Research background 

Chlorine is produced by the electrolysis of brine solution (chlor-alkali industry) 

and now become one of the most important chemical in the chemical industry, 

pharmaceuticals, and wastewater treatment [1-3]. Chlor-alkali process represents 

one of the most energy- and resource-intensive technological applications of 

electrocatalysis. The growth rate of chlor-alkali industry in the world through has 

increased more than 350% since last 5 decades. The demand for Cl2 supply reaches 

about 65 Mtons in 2010 worldwide, and the overall energy consumption is 

1.5×1011 kWh/year, while the most efficient membrane process consumes around 

2600-2800 kWh/Cl2 ton [4]. The total energy consumption in the chlor-alkali 

process is proportional to the total cell voltage, including thermodynamic potential 

of anodic and cathodic reactions, electrode overpotential, ohmic drop from the 

electrolyte, membrane and bubble effect, etc. From a practical point of view, a 

possible efficiency improvement of the electrolytic chlorine production and reduce 

the energy consumption become a critical issue for the sustainable development 

with multilateral significance. This way provides highly environmentally benign 

electrical devices to address the problems of climate change, the impending 

exhaustion of fossils fuels [5]. 

Dimensionally Stable Anodes (DSA®) are now become the most popular 

electrode in chlor-alkali industry. These electrodes were discovered 50 years ago 
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and are still described as one of the most striking and greatest technological 

breakthrough of the history of electrochemistry in the last century [6-10]. RuO2 is 

the main component in DSA® because of a very high catalytic activity and 

incredible stability for chlorine and oxygen evolutions [11, 12]. Most commonly, 

the active catalyst layer consists of RuO2 or mix metal oxide RuO2 + TiO2, RuO2 + 

IrO2 + TiO2 supported with metallic Ti as substrate material [13, 14]. It is critically 

needed to boost the energy efficiency in industrial processes by using selection 

electrocatalysts with improved performance [4, 5]. Thus it is a key for chemists to 

develop and evaluate new catalytic materials and accordingly new preparation 

routes to meet the continuous expansion of industrial requirements. Since their 

microstructures, phase compositions and surface morphologies are inhomogeneous, 

the electrocatalytic activities of these coatings are strongly dependent on the 

preparation conditions [13].  

The thermal decomposition methods conducted with various preparation 

parameters such as types of solvents, precursors, and calcination times have led to 

the development of the RuO2 electrode for the chlorine evolution [14]. The 

enhanced electro-catalytic activity of RuO2 electrodes is attributed to the increased 

outer surface area, which is an easily accessible region for the electrolyte, and has 

become a significant factor in chlorine evolution [14-18]. Nevertheless, it has not 

fully been investigated on how these fabrication parameters affect to the chlorine 

evolution efficiency in the RuO2 electrode prepared by thermal decomposition 

method.  
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In spite of remarkable electrocatalytic effects, there are remains a drawback in 

the conventional nanograins or nanospheres with zero dimensional effortlessly 

agglomerate under the fabrication or reaction conditions, which leads to low 

catalytic activity as well as the mass transport limitation [19]. The improvement 

electrocatalytic activity can be achieved by using the special nanostructure 

morphologies of RuO2-based electrodes which can increase the surface area as well 

as mass transfer, and so on favor the chlorine evolution. Especially one, two and 

three dimensional nanostructured materials such as nanorods, nanosheets or 

macroporous morphologies have been shown to exhibit unique properties such as 

high active surface area, fast mass transfer, charge/discharge process and high 

stability [20-22]. Previous studies suggested that attainment nanostructures of 

RuO2 nanorod or nanosheet electrodes have been obtained mostly through vacuum 

sputtering techniques [23-25] and chemical vapor deposition [26-28] in the form of 

thin films. In these methods, the high temperature (1500°C) vapor-phase processes 

are expensive and also limited by their low yield. In particular, the promising 

nanostructure materials as nanorod, nanosheet, macroporous RuO2-based 

electrodes which intend to have a controlled pore size without collapse of the wall 

structure can be simply prepared by employing soft templates based on surfactant 

has not been investigated so far for chlorine evolution. This process is easy, 

reliable, versatile, low cost and applicable to a wide variety of electrodes. 

In addition, many conventional methods were used for fabrication RuO2-based 

electrode as thermal decomposition [14], sol-gel [29], polyol [30], Adams fusion 
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[31], electrodeposition [5], chemical vapour deposition [26-28], reactive sputtering 

[23-25]. These methods still having some drawback as low efficiency, by-product 

forming, high cost, require high temperature, high electrical energy and not 

environmental friendly. As a solution, using novel green fabrication methods as 

sonoelectrodeposition and microwave-assisted sol-gel which reduces the time, cost, 

energy consumption, and so on increase the chlorine electrocatalyst activity or 

stability should be examined. By these ways, the increasing in the utilization of 

active Ru species and reducing the use of Ru noble metal can be achieved.  
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1.2. Objective of the study 

Towards this goal, the present work is aimed to synthesis the novel advanced 

RuO2-based electrocatalysts exhibit an extraordinary surface morphology which 

provides a high active surface area, improves the catalyst utilization and mass 

transfer comparing to conventional electrocatalysts, then following the 

understanding the mechanism of the electrochemical chlorine evolution. Later, the 

developments of RuO2-based electrocatalytic by using alternative green preparation 

routes with control the coating' structures, reduce the cost and time, increase the 

chlorine evolution efficiency and electrode stability has been investigated 

systematically in this study: 

1. To investigate the effect on the chlorine evolution efficiencies of RuO2   

electrodes depending upon preparation parameters in thermal decomposition. For 

this purpose, RuO2 electrodes were prepared at various fabrication conditions 

including the types of solvents, precursors, and calcination times. The coating 

layers of the metal oxides were prepared with precursor solutions containing 50 μL 

of 0.2 M RuCl3, Ru(NO)(NO3)3, or Ru(AcAc)3 (Ruthenium acetylacetonate) 

dissolved in HCl 1:1 (v:v), ethanol, or iso-propanol as the solvent and then sintered 

at 450℃ for predetermined times (1, 2, and 3 h). The total or outer voltammetric 

charges were analyzed by cyclic voltammetry (CV) and the microstructures of the 

RuO2 electrode surfaces were examined by scanning electron microscopy (SEM). 

The electro-catalytic performance of the RuO2 electrodes in chlorine evolution was 

evaluated with linear sweep voltammetry (LSV) and aqueous chlorine 
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measurements. The possible mechanisms of chlorine evolution at the interface 

between electrode surface and electrolyte were also discussed.  

2. To synthesis advanced 1-D, 2-D, and 3-D nanostructure morphologies of  

RuO2-based electrodes as nanorod, nanosheet, macroporous which increase the 

surface area as well as mass transport. For this purpose, three organic templates as 

sodium dodecyl sulfate (SDS), polyethylene glycol (PEG), polystyrene 

microspheres (PS) were used as surfactants assemblies to prepare nanorod, 

nanosheet, macroporous RuO2-based electrodes. The properties of the obtained 

RuO2-based nanorod, nanosheet and three dimensional ordered macroporous 

electrodes were compared with the conventional nontemplated electrode in 

chlorine evolution. The microstructures of as-prepared electrodes were 

characterized using scanning electron microscope (SEM), transmission electron 

microscopy (TEM), X-Ray diffraction (XRD). The electrochemical properties 

were examined with cyclic voltammetry (CV), linear sweep voltammetry (LSV), 

total chlorine concentration (DPD) methods. The electrode morphologies, active 

surface area and chlorine evolution efficiency improvement were discussed based 

on the observation.  

3. To apply novel green fabrication methods for RuO2-based electrodes which 

can reduces the time, cost, energy consumption, and so on increase the chlorine 

electrocatalyst activity and stability. For this purpose, the sonoelectrodeposition 

and microwave-assisted sol-gel methods were used to synthesis RuO2-based 

electrodes. The properties of as-prepared electrodes as morphologies, active 
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surface area, and chlorine evolution efficiency were compared with the electrodes 

prepared by conventional method without sonication or microwave-assisted. The 

properties of as-prepared electrodes were examined using scanning electron 

microscope (SEM), transmission electron microscopy (TEM), X-Ray diffraction 

(XRD), cyclic voltammetry  (CV), linear sweep voltammetry (LSV), total chlorine 

concentration (DPD) methods.     
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2. Literature review 

2.1. Chlor-alkali industry 

Chlorine is now become one of the most important chemical in the industry, 

which is produced by the electrolysis of brine solution (chlor-alkali process). The 

annually chlorine production now is about 70 million tons, which is used in a lot of 

application. Approximately 50% of the products marketed by the chemical industry 

and 85% of the pharmaceuticals, 98% water treatment plant are derivatives of 

chlorine chemistry [1-3]. Dimensional Stable Anodes (DSA) are such kind of 

catalytic electrodes for chlorine evolution, which consist of RuO2, IrO2 or a 

mixture of its metal oxides coated on metal substrate, mainly titanium. Large-scale 

use of DSA in chlor-alkali electrolysis industry came in the 1960s when Henri Beer 

invented this type of electrode, and further P.C.S. Hayfield, were then developed 

and industrialized by De Nora. From a broad point of view, electrocatalysis can be 

regarded as the search for new materials and new operating conditions in order to: 

(i) improve activity, efficiency and selectivity of electrodes, (ii) reduce investment 

and operational costs, (iii) increase the electrode or cell lifetime, and (iv) avoid 

pollution [4, 5]. Electricity is essential to produce chlorine in the chlor-alkali 

industry, which accounts for about half of the total production cost [4]. Energy 

savings arise primarily through using more efficient technologies, such as the 

replacement of the less energy-efficient mercury, diaphragm processes by the most 

energy-efficient and environment friendly membrane technology with 2600-2800 
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kWh per produced ton of Cl2 [1, 2]. This power consumption can be further 

reduced to 1600-1700 kWh per ton Cl2, if the cathode is replaced by an oxygen-

depolarized cathode in which oxygen is reduced to water in somewhat internal fuel 

cell (O2 + 2H2O + 4e− → 4OH−, Eo = 0.4 V/SHE), as shown in Figure 2-1 [32, 33]. 

Meanwhile, chlor-alkali industry is also one of the resource-intensive production 

processes, which depends highly on the use of the rare strategic metal ruthenium as 

catalysts [14]. 

In chlor-alkali process, chlorine is produced by the electrolytic of sodium 

chloride, to convert chloride ions (Cl-) into molecular chlorine (Cl2) at the anode as 

follows reactions [4]: 

Cathode: 2H2O + 2e−→ H2 + 2OH−                                          (1) 

Anode :   2Cl−→ Cl2 + 2e−                                                        (2) 

Total :     2Na+ + 2Cl− + 2H2O → H2 + Cl2 + 2Na+ + 2OH−     (3) 

Simultaneously with chlorine evolution, sodium hydroxide (NaOH) solution and 

hydrogen (H2) are produced at the cathode side, induce the increasing pH. High 

electrical efficiency is closely related with the electrocatalysis performance. High-

quality electrodes can improve the electrocatalytic activity of the desired reactions, 

such as chlorine gas evolution, but depress the electrocatalytic activity of the side 

reactions, such as oxygen gas evolution.  

The total consumption of electric power is proportional to the voltage applied to 

the cell for a given current density (the rate of electrode reaction). The cell voltage 

consists of several components [5]: 
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   (4) 

  Where V is the thermodynamic potential difference for a given anode/cathode 

reaction,   is the sum of the overpotentials for the anodic and cathodic reactions 

(which are dependent on the electrocatalysts), IR is the ohmic drop of the 

electrolyte and   is the additional ohmic drop from the membrane, gas bubble 

effect, stability of the electrode etc. 

In general, the intrinsic electrocatalytic properties of an electrode material can be 

simplified to the exchange current density and the Tafel slope. Chlorine evolution 

is characterized by a low Tafel slope about 40 mV at pure RuO2 electrode and 30 

mV with RuO2-TiO2 electrode at current densities of 200–250 mA/cm2 in 5 M 

NaCl solution at 80–90◦C. High exchange current density, low Tafel slope, and a 

high density of active sites are beneficial for electrocatalysis [4, 5, 14].  
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Fig. 2-1. Electrode potential in chlor-alkali electrolysis from NaCl aqueous 

solution as a function of current density [5].  
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2.2. RuO2-based electrodes 

2.2.1. Physicochemical properties of RuO2 

Ruthenium is a chemical element that can easily adopt various formal oxidation 

states from −II to +VIII in chemical bonds. RuO2 is a noble and expensive metal 

oxides, the price of ruthenium is about 10 times lower than that of platinum. RuO2 

reveals a complex and unique redox surface chemistry, act as a versatile oxidation 

catalyst and electrocatalysis in many applications as chlor-alkali cells, organic 

electrosynthesis, as well as electrochemical supercapacitors and photocatalysis [34]. 

RuO2 exhibits excellent corrosion resistance, electronically conducting and low 

overpotential for anodic chlorine evolution reaction [13, 14]. Roughly 10-15% of 

the annual production of ruthenium goes into the production of such DSA (in 2010 

about 3 tons) while most of the ruthenium is deployed as buffer layers and thin film 

resistors in the electronic industry (about 20 tons) [2]. The performance of RuO2/Ti 

was so outstanding that all graphite anodes were replaced by these anodes in a few 

years of their discovery [8-14].  

The electronic configuration of elemental Ruthenium is 4d75s1. In general, the 

electrons in dn oxides can quite easily be removed from the partially filled d 

orbitals so that dn oxides are considered to be much more chemically active than do 

oxides. Its first valence state is Ru3+, occurring as Ru2O3 at 0.738V vs HE. Because 

this oxidized species is insoluble in the absence of complexing agents, the metal is 

passive in the higher potential range. The next redox step is Ru4+ as RuO2 at 0.937 
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vs HE, volatile yellow ruthenium tetroxide (melting point 25.51oC, decomposition 

at 1081oC), RuO4, or soluble H2RuO5 (Ru8+, yellow hyperruthenate), depending on 

the solution pH [35]. In a DFT study, the corundum structure of Ru2O3 has shown 

to be thermodynamically less stable than rutile RuO2, but it may exist as a 

metastable phase [4, 36]. RuO2 crystallizes with rutile structure, reflecting a strong 

tendency of Ru4+ to acquire octahedral coordination, which is shown in Figure 2-2. 

Red balls are ruthenium atoms (this site is shared by other transition metal for the 

mixed oxide), and green balls are oxygen atoms. At high pressures (typical values 

of 100 GPa), the rutile structure of RuO2 transforms into the cubic fluorite structure, 

with an increase in the metal coordination number from 6 to 8. Interestingly, the 

bulk modulus of cubic-RuO2 is close to that of diamond [37, 38]. RuO2 belongs to 

the class of metallic conducting transition metal oxides whose electrical resistivity 

is 35.2 ± 0.5 μΩ.cm at room temperature, higher than that of metallic ruthenium 

(about 16 μΩ.cm). The high electronic conductivity of RuO2 is one prerequisite for 

its intensive use as electrocatalyst and electric contacts in microelectronic devices. 

The electrical resistance of RuO2 is virtually isotropic and increases with increasing 

temperature (characteristic for metallic conductivity) [39]. Within the molecular 

orbital (MO) theory two of the five d-orbitals of Ru in RuO2 are combined with s 

and three p functions of Ru to form the six hydrid orbitals eg 2sp3 [40-42].  
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Fig. 2-2. Tetragonal rutile structure (P42/mnm, space group 136) of the active 

phase [5]. 
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2.2.2. Electrochemical properties of RuO2  

The electrochemical and interfacial properties of RuO2 are of utmost importance 

for a deeper understanding of how RuO2 catalyzes electrochemical reactions. A 

number of investigations have pushed forward the idea that most of the features of 

oxide electrodes may be governed by the acid−base properties of the oxide/solution 

interface. For instance, the state of oxide surfaces depends critically on solution pH, 

which may point to the formation of surface hydroxyl complexes. Or the reaction 

order of the oxygen evolution and chlorine evolution in H+ or in OH− has often 

been found to be fractional [43-46]. Equally important for the state of the electrode 

surface in solution is the specific adsorption of anions. The acid/base properties of 

RuO2 (110) are related to the 1f-cus Ru and bridging O sites which serves as Lewis 

acid/base and Bronsted base, respectively. The potential of zero charge (PZC) is 

the potential value at which the surface is uncharged, that is, the surface dipole 

which also includes possible adlayer species is compensated. The PZC is governed 

by the strength of the interaction between the surface Ru atoms and the oxygen of 

the surface OH groups attached to it. Therefore electrocatalytic properties and the 

PZC of oxide surfaces may be intimately interconnected. Using the 

Gouy−Chapman−Stern model for the double layer, the experimental capacitance is 

composed of two capacitors in series [47-50]: 

1/C = 1/Cd + 1/Ci           (5) 

With Cd is the diffuse layer capacitance and Ci is the inner layer capacitance. The 

inner capacitance is independent of the electrolyte concentration and can be 
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extracted from concentration-dependent measurements of 1/C. Assuming a planar 

geometry of the double layer, values of Ci = 60−80 μF/cm2 are derived, while Ci is 

300−500 μF/cm2 for a spherical double layer. In an aqueous environment the oxide 

surface is normally covered by OH groups (due to water dissociation) which are 

stabilized by “co-adsorbed” and coordinated water and which mediate the 

interaction of the underlying metal ions with chemical species in the solution [48, 

49]. RuO2 in aqueous solution adsorbs water rapidly with a constant H/Ru ratio 

throughout the thickness of the oxide layer. Active sites on hydroxylated oxide 

surfaces act preferentially as Bronsted acids and bases. Hydrous RuO2 is permeable 

to protons while dry RuO2 is not. The surface response in CV (Figure 2-3) is 

related to redox reactions at the surface active sites which is assisted by proton 

exchange δH+ with the solution and electron transfer δe− according to equation [46]: 

RuOx(OH)y + zH+ + ze− → RuOx−z(OH)y+z             (6) 

This behavior plays an important role for hydrous-RuO2 when applied as 

supercapacitors. The ionic adsorption strength on RuO2 electrode is constant as the 

electrode potential is varied. There are two ways to charge an oxide surface: one is 

driven by the electrode potential, the other by the pH. While the electrode potential 

acts on the metal sites whose charge variation is compensated by proton exchange, 

the pH variation acts on the surface hydroxyl complexes whose dissociation with 

the formation of a surface charge is compensated by adsorption of ions from the 

solution [51, 52]. 
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Fig. 2-3. CV of a TiO2–RuO2/Ti coating with 18 mol% Ru, recorded in 0.5 M 

H2SO4, room temperature, 100 mV s−1 [52]. 
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2.2.3. Mechanism of chlorine evolution reaction 

The model mechanism of chlorine evolution at the electrode surface is described 

following the Volmer–Kristalik–Tafel mechanism (2002). Three different reaction 

mechanisms are distinguished according to the kinetics and the rate of the separate 

reaction steps [53]: 

    –SZ + H+ → SHZ+1                                     (7) 

    –SZ → SZ+1 + e−                               (8) 

    –SZ+1 + Cl– → –SClZ+1 + e−           Volmer-step               (9)    

   –SClZ+1 + Cl− → –SZ+ + Cl2 (g)      Krishtalik-step  (10)  

     2–SClZ+1 → 2–SZ+1 + Cl2 (g)        Tafel-step                           (11)  

Where –SZ and –SZ+1 are the non-oxidized and oxidized superficial sites in 

different oxidation states, respectively, and reaction (7) is an equilibrium step 

independent of the chlorine evolution reaction, being an intrinsic property of the 

oxide. This step explains the dependence of the electrode behavior on pH. Reaction 

(8) is the oxidation of the superficial sites (SZ), which generate the active sites 

where the adsorbed chlorine intermediate is formed from the chloride ions. In this 

step, the active sites (SZ+1) are generated as one electron is released. In reaction (9), 

the chloride ion is electro-adsorbed on the generated active sites since the active 

site is the metallic cation site to give the atomic chlorine intermediate (SClZ+1). 

There are δ and π interactions or construction from t2g orbital of the surface 
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between metal cation and p orbital of the adsorbed Cl atom. The later discharge of 

chlorine can occurs either by the reaction of an intermediate with a chloride ion or 

the recombination of the adsorbed intermediates (reaction 10, 11). These reactions 

involve the formation of the Cl-Cl and the cleavage of the bond between the 

adsorbed Cl atom and the electrode surface accompanying with the electron 

transfer. Theoretical potential decay curves were deduced for both the Tafel 

reaction (2Cl-↔ Cl2) and the Krishtalik reaction (Cl- + Clad ↔ Cl2 + e-) as a rate 

determining step in the formation of molecular chlorine. To maintain a current it is 

essential to supply reactants to the electrode surface and also remove the products 

(the mass-transfer processes, such as diffusion and convection of the reacting 

species between the electrode surface and bulk of the solution). The electrocatalytic 

properties of different oxides are correlated with the energy change involved in the 

lower → higher valency state transition [54-56]. Electrocatalysis can be expressed, 

to a first approximation, in terms of bond strength between the electrode surface 

and reaction intermediates. The concepts applied to the oxygen evolution 

electrocatalysis can thus be extended to chlorine evolution, including the 

calculation of the change in the crystal field stabilization energy for the transition 

from one surface complex to another [57-59]. 

Another mechanism of chlorine evolution can be proposed by Erenburg and 

Jansen in 1981 and 1984 [55, 56]. Since metal cations on oxide electrodes are not 

directly accessible to Cl- discharge because they are covered with surface OH 
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groups. The oxidation of the anode surface precedes the Cl- oxidation, and the Cl− 

discharge happens over adsorbed oxygen. In case removal of chlorine from the 

electrode surface, reaction 13-14 below, are the slow step. The reactant Cl- moves 

to the interface (mass transport), electron transfer occurs close to the interface 

(electron transfer reaction), the product Cl2 moves away from the anode to allow 

the fresh reactants to the anode surface: 

S-OH → S-O + H+ + e-                               (12) 

S-O + Cl- → S-OCl + e-                              (13) 

S-OCl + Cl- + H+ → S-OH + Cl2                (14) 

Figure 2-4 shows the reaction pathway of the Cl2 evolution reaction was 

investigated by combining electrochemical and Raman spectroscopy to monitor 

vibrations of the crystal lattice of RuO2 and changes in the surface concentration of 

the adsorbed species as a function of the electrode potential. It is shown that 

oxidation and reconstruction of the catalyst surface during chlorine evolution is a 

consequence of the interaction between RuO2 and water. Water (more precisely the 

OH adlayer) is understood not just as a medium that allows adsorption of 

intermediates, but also as an integral part of the intermediate formed during the 

electrochemical reaction. HClO was a crucial intermediate for the catalytic reaction. 

The vibrational modes of the crystal lattice of RuO2 were very similar to the 

vibration of the ClO bond in HClO dissolved in water [60]: 
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H2O ↔ OHad + H+ + e-                 (15) 

OHad + Cl- ↔ HClO + e-               (16) 

Rate determining step b = 40 mV dec-1 

HClO + H+ + Cl- ↔ Cl2 + H2O      (17) 

Interpretation of the derived “volcano” curve suggests that electrocatalysis is 

governed by a resonance phenomenon using a dynamic catalytic descriptor. The 

characteristic vibration of the MO bond and the maximum of the volcano curve 

corresponded to the vibration of the ClO bond in HClO [60].   
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Fig. 2-4. Overpotentials of the chlorine evolution as a function of the characteristic 

Raman shifts of the ClO bond vibration of HClO in aqueous solution [60]. 
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2.3. Factors affect to the chlorine evolution reaction 

2.3.1. The surface area 

In view of the reversibility of the chlorine/chloride electrode system, especially 

as compared oxygen, the main factor influencing the rate of chlorine evolution was 

assumed to be transfer of chlorine gas away from the electrode surface. These 

electrode systems also difference at least one other important respect, namely that 

while the chlorine system is highly reversible, the oxygen system is quite 

irreversible. It seems reasonable, therefore, to assume that in the case of chlorine 

evolution the surface process is fast and mass transfer of the gaseous product away 

from the interface plays a major role in this reaction. This is borne out by the fact 

that the low Tafel slope can apparently be maintained at high current densities if 

quite vigorous stirring is maintained [16, 18, 61]. The pores may be small, thereby 

inhibiting the transport both of chloride ions or chlorine gas. The chlorine gas 

bubble effectively blocking off the internal surface, difficult supply of Cl- to the 

inside of the pores, additional ohmic drops. The activity of the RuO2 nanocrystals 

towards oxygen evolution reaction decreases with increasing particle size, the 

activity towards chlorine evolution is insensitive to the particle size/shape [62]. The 

observed tendency indicates that the oxygen evolution is significantly affected by 

the crystal edges while chlorine evolution reaction proceeds mainly on crystal faces. 

In contrast to the oxygen evolution reaction, the rate of chlorine evolution 

apparently occurs at the external surface of these microporous electrodes [63]. The 
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internal surface area is not a critical factor in the chlorine evolution process at 

practical current density [64].  
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2.3.2. Chlorine gas bubbles behaviour  

In the electrolytic production of chlorine-soda, high current density produces 

bubbles that can cover some parts of the electrode surfaces, causing an undesirable 

decrease in mass transfer. Since the Cl2 is evolved from a highly concentrated 

electrolyte, diffusional limitation of the product is expected as a consequence of its 

accumulation in the proximity of the electrode surface. The equations of the 

steady-state polarization curve and the potential decay curve (pdc) upon current 

interruption were analysed for the electrochemical gas-evolving processes on the 

electrodes with high electrocatalytic activity under conditions when removal of 

reaction product is the rate-determining step of the overall process. The entire gas 

evolution process can be summarized into three crucial steps involving: (1) 

nucleation, (2) bubble growth, and (3) detachment. Chlorine gas bubbles generated 

at the electrode surface result in additional ohmic drop due to the shielding and 

blocking effects, which is shown in Figure 2-5. Diffusional overpotential coupled 

with the “gas-bubble effect”, that is causing the loss of active surface area due to 

the produced Cl2 gas masking active spots, introduces a decline in activity that can 

be more than 40% with respect to the initial value of the current density. 

Supersaturation of the electrolyte near the electrode surface with the produced Cl2 

and gas formation is possible even at relatively low current densities [50, 63]. The 

sample with the highest active surface area should hence produce more gas per unit 

of geometric surface area which results in higher density gradients, better natural 
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convection of the electrolyte and better penetration of the electrolyte towards the 

active spots. Thus, the increase in the volume of bubbles adsorbed per unit area 

causes a decrease in mass transfer at the electrode surface. For these reasons, there 

has been increased interest in finding electrode geometries that promote the 

detachment of gas bubbles in order to increase mass transfer and ultimately 

efficiency. It was proposed that in a regime of very high current densities, the inner 

parts of the coating start to participate in the reaction due to increased convective 

flow of the electrolyte in the pores [50, 65, 66].  
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Fig. 2-5. Log j vs. n curves for Cl2 evolution from 1M Cl- ion solution of a RuO2 + 

TiO2 anode in an active state, with (o) and without (□) stirring (298oK) [65].  
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2.3.3. Stability and mixed metal oxide electrodes 

In the electrochemical production of chlorine, high stability and high 

electrocatalysis performance are the two most important research topics for 

studying or developing electrodes and marked tendency to corrosion under high 

potential. High stability means long working life time with stable working 

performance and little contamination to the environment from the dissolving of the 

metal oxides. Proceeding from laboratory tests to the general behavior observed in 

industrial situations, the deactivation mechanism can be classified into five large 

classes, which clearly are not to be considered as rigidly separated: metal base 

passivation, coating consumption, coating detachment, mechanical damages and 

mixed mechanism. Passivation is the most frequent deactivation mechanism 

associated with operations at high current densities. Only a slight increase of the 

potential, and a different mode of gas evolution (beginning with uniform evolution 

of fine bubbles, which gradually changes to uneven distribution of large ones), 

from the surface is observed. Deactivation occurs with a sudden increase of 

electrode potential, rapidly reaches very high values, signifying a complete 

electrochemical failure. Since the typical support of activated anodes is titanium (in 

any case, a “valve” metal), the growth of an insulating TiOx film can distorts the 

Tafel line, related to the presence of ohmic drop. Insulating films can form during 

the preparation if the calcination temperature exceeds or under electrodeposition 

process (Figure 2-6). Another possibility is that the support becomes passive during 

the anodic reaction because of oxygen evolution inside the pores whose deepness 
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can reach the underlying interface. The latter effect is however expected to become 

a problem in long-term experiments. Because the usual support of activated oxide 

coated anodes is titanium, the growth of an insulating film can increase the 

potential of the system [63, 67].  

RuO2 is barely stable at high potentials. It is believed that the oxidation of RuO2 

to soluble perruthenates, ruthenates, and RuO4 is the main source of instability of 

RuO2. The dissolution rates of RuO2 raises with increasing current density and 

increasing percentage of O2 generation [4, 56, 68]. The oxygen evolution reaction 

cannot be totally suppressed and becomes a significant process (a) at high anolyte 

pH, (b) at temperatures approaching ambient and (c) at low concentration of 

chloride ions. There are several successful strategies available to minimize the loss 

of Ru. For instance, if the chlorine evolution is run in the low pH region the 

percentage of O2 evolving at the anode will be lower for thermodynamic and 

kinetic reasons and hence Ru losses via oxygen evolution can be reduced [63]. 

Corrosion can be reduced or minimized by lifting the limit of the redox reaction. 

This can be done by mixing RuO2 with other oxides. The development of the 

mixed metal oxide electrodes significantly increased the stability, current 

efficiency and operating voltages of dimensionally stable electrodes and enabled 

the introduction of new electrochemical processes [43, 69]. The multi-component 

RuTiMOx system improved effectively the stability performance with M = Ir, Sn, 

V, Ta, Ni, Ce, or can be binary, many metal oxides as TiO2-RuO2, TiO2-Co3O4, 

RuO2-TiO2-CeO2-Nb2O5, etc [70-89]. The nonconducting oxides are especially 
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attractive due to their considerably lower cost compares to the noble metal oxide, 

become economic benefit for the making of electrode. Actually, inert oxides such 

as valve metal oxides exhibit much lower voltammetric charges because the redox 

mechanism is not operating (Ti4+ in TiO2 cannot be further oxidized; the same is 

the case with SnO2, etc.). The stability of IrO2 is somewhat better than that of RuO2. 

Therefore, anodes in the chlor-alkali industry usually comprise RuO2 and IrO2 

combined intimately with TiO2 to form an anode which is mechanically robust, 

readily releases chlorine, and does not undergo passivation or severe dissolution 

with extensive use. The electrocatalytic stability of TiO2-RuO2 with variable 

concentration profiles of RuO2 has found to be higher than that of pure RuO2-IrO2 

coatings [5]. The excellent stability and performance of mixed RuO2-TiO2 coatings 

is attributed to the existence of a metastable solid solution through a charge transfer 

from the RuO2 to the TiO2. With extended usage in electrolytic chlorine cells the 

chlorine overpotential increases from 40–50 mV (fresh electrode) to 300–400 mV 

so that the RuO2-TiO2-based anode is considered to be deactivated. Because of 

their excellent chemical and electrochemical resistance under anodic polarization 

for chlorine evolution, the Ti/RuO2−TiO2 electrode can reach very long operating 

times of up to 35000 Ah cm−2 for the brine electrolysis [70, 71, 74, 89]. 
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Fig. 2-6. Sketch of the cross-section at the RuO2 coating – Ti substrate interface [5]. 
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2.4. Synthesis of RuO2 electrode 

2.4.1. Thermal decomposition 

DSA-type metal oxides can be prepared in various ways, but the most applied 

procedure in technology is the thermal decomposition of appropriate precursors, 

mainly RuCl3 salts, dissolved in suitable solvents and painted on the metal 

substrates, mainly titanium and firing the deposit in air or oxygen at 450oC [43]. 

The thermal decomposition method is preferred, due to its specialties of simple 

conduction and low cost. The painting and firing procedure is usually repeated 

some 10-12 times to produce a relatively thick conducting film. RuO2 

nanocrystalline films were produced by dip-coating, brush painting, spin coating 

techniques. Oxide electrodes prepared by thermal decomposition of suitable 

precursors consist of porous layers of sintered crystallites [43, 58]. Figure 2-7 

shows the schematic diagram for the metal-oxide electrodes fabrication process 

with thermal decomposition methods. Pretreatment on the metal substrate should 

be conducted before thermal deposition, in order to enhance the adhesion of 

produced metal oxide on the substrate. Normally, pretreatment process includes: 

first, thoroughly cleaning of the substrate by organic solvent and degreasing agent 

and second, etching of the substrate in concentrated HCl at high temperature for 30 

min to 1 h, to remove the original surface oxides and increase the surface 

roughness. The chemical composition, crystallinity and crystal grain size, surface 

morphology, electrical conductance, electrocatalysis performance, and electrode 
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stability are determined by the precursor composition, solvents and loadings, 

substrate pretreatment, and thermal decomposition parameters especially the 

temperature and duration of the preparation and calcinations processes [90, 91]. It 

is reported that RuOx exists the most when annealed at around 450oC, and 

disappears at 600oC [92]. 

Porosity and crystallite size are depended on the calcinations temperature. SnO2 

is frequently used as an additive in industrial RuO2-based electrodes to enhance 

their selectivity for chlorine evolution with respect to oxygen evolution [56]. In a 

recent paper the chlorine evolution and oxygen evolution were studied on well-

defined RuO2 nanocrystals with a typical size of 10-50 nm [93]. 
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Fig. 2-7. Schematic diagram of thermal decomposition method for making DSA 

type electrodes [90]. 

  



35 
 

2.4.2. Sol-gel  

Both thin and thick RuO2 coatings on Ti substrate can be produced by the sol−gel 

process. An approach based on the attractive sol–gel route for the preparation of 

noble metal oxides seems to be promising both electrocatalytic and stability with 

oxygen, chlorine evolutions. It has been suggested that electrocatalytic properties 

and stability of DSA can be significantly improved if the active coating is prepared 

by a sol−gel procedure, as an alternative to the commonly used preparation 

procedure that involves thermal decomposition of metal chlorides [94]. The 

improvement is due to an enlargement of the coating active surface area, increased 

contribution of the so-called geometric catalytic factor, caused by the formation of 

finely dispersed oxide particles during the sol–gel procedure. The electrochemical 

behavior for the chlorine evolution depends sensitively on the aging time of RuO2 

and TiO2 sols [95]. A typical cracked-mud catalytic layer during synthesis is 

typically achieved by inducing a large enough tensile stress in the layer. During 

sol–gel synthesis a wet layer of salt precursors of the catalyst is deposited on a 

solid substrate. After drying, the catalyst is exposed to thermal annealing to 

transform it into the active state. The volume change of the gel-body during the 

drying and thermal treatment steps is morphology of a RuO2-based DSA is 

depicted in Figure 2-8 [5]. The formation of “cracks” in a restricted by the 

substrate, which results in an internal stress that depends on the density change of 

the coating during drying and the mismatch in the coefficients of thermal 

expansion. If the internal stress is large enough, surface cracks or channel cracks 
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may nucleate and release energy. Owing to the controlled hydrolysis and 

polycondensation reactions, sol–gel synthesis of mixed oxides has shown to be 

superior to other synthesis techniques [96-98]. 
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Fig. 2-8. A typical cracked-mud morphology of a sol-gel RuO2-based DSA [5]. 
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2.4.3. Electrodeposition 

Electrodeposition has proved to be simple and versatile, one-step, film thickness 

control and cost effective method for electrode preparation [99-105]. The two key 

mechanisms that have been identified as the rate determining steps for crystal 

formation are charge transfer and diffusion of supersaturated ions or mass transport 

at the electrode surface. With cathodic electrodeposition, metal ions can be 

precipitated in the form of amorphous oxide and hydroxides which are transformed 

into the crystalline oxides by subsequent thermal treatment. Zhitomirsky succeeded 

first in the simultaneous electro-deposition of TiO2 and RuO2 onto a Ti plate in the 

form of a mixed oxide layer [106]. Since the electrodeposited films are thicker than 

those produced by painting, fewer calcinations steps are required to produce a 

similarly thick DSA coating. The electrodeposition of a metal oxide proceeds via a 

wet chemical precipitation induced by a cathodically electro-generated base seems 

very promise [46]. This method produces typical morphology with a decrease of 

the chlorine overpotential and simultaneously a reduction of the noble metal 

content can be achieved, which is favorable in terms of energy and resource 

efficiency of the chlor-alkali industry [20]. A titanium wire (Goodfellow Metals, 

99.9% purity, 0.25 cm2 geometrical area) sealed in glass served as a substrate for 

electrodeposition. It was polished with emery paper and alumina powder, washed 

with quadruply distilled water. The electrodeposition route for a metal oxide 

preparation uses a cathodic reaction to increase the pH locally near the electrode 
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surface. The main cathodic reaction to produce OH− is the decomposition of water 

under hydrogen evolution as followed reactions [48, 107, 108]: 

O2 + 2H2O + 4e− ↔ 4OH−      (18) 

2H2O + 2e− → H2 + 2OH−      (19) 

These reactions consume H2O, generate OH− and increase pH at the cathode. In 

cathodic deposition, metal ions or complexes are hydrolyzed by electrogenerated 

base to form oxide, hydroxide or peroxide colloidal particles deposit on cathodic 

substrates. Hydroxide and peroxide deposit can be converted into corresponding 

oxides by thermal treatment. The assumed reactions can be represented as: 

Ru3+ + OH− → RuOx(OH)y → RuO2     (20) 

The cathodic decomposition of water can be competed with the cathodic electro-

deposition of Ru metal: 

Ru4+ + 4e− → Ruo                                   (21) 

The anodic electrodeposition of ruthenium was carried out galvanostatically from 

a stirred solution of 1 g dm-3 RuCl3, 0.1 M HCl (Fluka, puriss.) at a current density 

of 40 mA cm-2 for 15 min at room temperature or treated by a potentiodynamic 

sweeps from -0.2 V to +1.2 V at 2 Hz for 2 min in 0.5 M H2SO4.  
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2.4.4. Templates synthesis 

2.4.4.1. Hard template  

Four general steps are needed to synthesize a porous material from a hard 

template, starting with the synthesis of a precursor solution. Although gas-phase 

molecules or solid particles can be used as precursors, solution-based precursors 

are principally used for multiple templating [21]. For the formation of a template 

inorganic material, the simplest solution-based precursor is a salt dissolved in a 

polar solvent. Metal alkoxides dissolved in aliphatic alcohols are also commonly 

used as precursors. With metal alkoxides, formation of the final inorganic material 

generally needs to be catalyzed by acid or base.  

Step two consists of filling or coating a hard template with a precursor. This is 

done by either letting a precursor solution infiltrate the void spaces of a hard 

template via capillary action (Figure 2-9, left), or by soaking a hard template in the 

precursor solution (Figure 2-9, right) [21]. Ensuring that the precursor uniformly 

fills or coats the template is a crucial part of this step. Several important things 

need to be considered in order to achieve this goal. First, the precursor solution 

should easily wet the template surface (i.e., have similar polarity). Second, the 

precursor needs to have sufficiently low viscosity so it can easily fill or coat the 

template. Additional solvent in the precursor often helps in this respect, provided 

the precursor does not become too dilute to fill adequately a template. Different 

methods that rely on the assistance of vacuum suction can also improve the 

infiltration of low viscosity precursors (and remove excess solvent). After the 
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template has been coated or filled, the precursor needs to be transformed a solid-

phase material. Chemical or thermal treatments are required for this step. Sol–gel 

chemistry is generally used to form templated inorganic oxides. In the initial step, 

hydrolysis of the salt (1) or alkoxide (2) takes place. Acid or base-catalyzed 

condensation occurs next, which produces oxo- (3) or hydroxo- (4) linkages 

between metal/metalloid atoms. Colloidal oxide clusters form during this process, 

producing a sol (a solid colloid dispersed in a liquid). Continued condensation, 

often at elevated temperatures, leads to the formation of a three dimensional gel.  

M–X + H2O → M–OH + ROH, X = Anion                        (22) 

M–OR + H2O → M–OH + ROH                                         (23) 

M–OH + XO–M → M–O–M + X–OH, X = H or R            (24) 

M–OH + M–OX → M–(OH)–M–OX, X = H or R              (25) 

Removal of the template is the final and sometimes optional step. Chemical 

etching is an option for many different templates, including oxide templates. 

Templates containing SiO2 are etched away in hot, concentrated alkali hydroxide or 

hydrofluoric acid (HF). Other metal oxide templates, such as AAO membranes, can 

be dissolved in strong acids. Suitable organic solvents are often used to dissolve 

polymeric templates. Unfortunately, it is difficult to remove all residual template 

material via etching, and several cycles of etching may need to be performed. One 

must also make sure that the etching chemical does not dissolve the porous hard 

templated material. Plasma can also be employed to etch out polymeric templates. 

A further advantage of this is that residual organic groups can be removed, and 
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infiltrated nanoparticles can be sintered together into a cohesive network. With 

polymeric templates, a common option for this final step is thermal treatment in an 

O2-containing environment (calcination). This approach is quite effective at 

removing the template; however, appropriate temperature ramps should be used to 

avoid localized heating that can disrupts the structure during combustion. The 

treatment increases the degree of condensation for the templated material and also 

helps to remove residual solvent from the structure. Proper control of the 

temperature, heating rate and hold times are critical. Excessive temperatures or 

prolonged thermal treatment can cause undesired solid-state reactions, sintering, 

and crystalline growth, leading to densification of the structure and closure of pores 

(if the template is already removed) [22].  
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Fig. 2-9. Schemes detailing the hard templating process: hard templating conducted 

using an infiltration process (left), hard templating conducted via a coating process 

(right) [21].  
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2.4.4.2.  Soft template 

The self-assembly that occurs during soft templating is a remarkable phenomena 

that involves the structuring of surfactant, precursor, and solvent molecules [21]. 

Figure 2-10 shows the schemes detailing the soft templating process, the sequence 

of steps in evaporation-induced self-assembly. Understanding the processes that 

govern self-assembly may seem daunting, but by understanding three interrelated 

topics, a solid foundation in soft templating can be gained. The most important part 

of soft templating is ensuring that micelle and a liquid crystalline phase develop. 

Two conditions have to be met before micelles can form in any solution. The 

surfactant concentration can then be increased to a narrow concentration range at 

which micelles spontaneously form. This is the critical micelle concentration (cmc); 

the second condition mentioned above. After reaching the cmc, any added 

surfactant is incorporated into micelles. Once micelles form in solution, their shape 

dictates what liquid crystalline phases can form. The shape of a micelle depends on 

the structure of the surfactant molecule. 

Adding a precursor to a surfactant-containing solution can cause fairly 

substantial changes to the self-assembly process that leads to micelle/liquid crystal 

formation. These changes are a result of the new interactions between the precursor, 

surfactant, and solvent. Flexibility in synthesis conditions, mesopore size, and 

precursor compounds are possible in soft templating by changing the surfactant. 

Fortunately, there are many surfactants that have been synthesized for their utility 

in consumer and industrial products. Amphiphilic molecules have many roles to 
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play in commercial products, such as detergents for cleaning, emulsifiers 

(including those used in latex paints), and wetting agents. While one may not be 

able to choose a soft template by reading the ingredients of a shampoo bottle, the 

rich chemistry of surfactant molecules is ready to be used in conjunction with 

inorganic and organic precursors. 

Three major classes of surfactant molecules can be harnessed for soft templating: 

cationic, anionic, and non-ionic surfactants. These surfactants are named because 

of the charge the head group does or does not carry in neutral pH solution. Cationic 

surfactants are comprised of at least one amine functional group that serves as a 

hydrophilic head group and at least one hydrophobic tail. A greater diversity of 

head groups is available for anionic surfactants, including sulfates, sulfonates, 

carboxylates and phosphates (which are attached to a hydrophobic tail). In soft 

templating, ionic surfactants typically interact with precursors via electrostatic 

interactions, including interactions with intervening ions. The structure of non-

ionic surfactants varies widely from Brij surfactants, which contain a linear alkyl 

chain connected to a hydrophilic polyethylene oxide (–CH2–CH2–O–, PEO) chain 

to block copolymeric surfactants. Tri-block polyethylene oxide -block-

polypropylene oxide–block-polyethylene oxide (PEOx–PPOy–PEOx) surfactants, 

known as Pluronics are commonly used. In water, the PPO block is sufficiently 

hydrophobic relative to the PEO block, allowing for micelle formation. Self-

assembly processes with non-ionic surfactants are primarily mediated by Van der 

Waals interactions and hydrogen bonding [22]. 
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Fig. 2-10. Schemes detailing the soft templating process, the sequence of steps in 

evaporation-induced self-assembly [21]. 
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2.4.5. Sonochemistry 

Ultrasound occurs at a frequency above 16 kHz, higher than the audible 

frequency of the human ear, and is typically associated with the frequency range of 

20 kHz to 500 MHz [109]. The frequency level is inversely proportional to the 

power output. Sonochemistry is the use of ultrasound to enhance or alter chemical 

reactions. Sonochemistry in the true sense of the term occurs when ultrasound 

induces “true” chemical effects on the reaction system, such as forming free 

radicals which accelerate the reaction [110]. However, ultrasound may have other 

mechanical effects on the reaction, such as increasing the surface area between the 

reactants, accelerating dissolution, and/or renewing the surface of a solid reactant 

or catalyst. Much of the pioneering work in the field has been done by chemists 

and physicists who have found that the chemical, and some mechanical, effects of 

ultrasound are a result of the implosive collapse of cavitation bubbles, as shown in 

Figure 2-11. Cavitation is a process in which mechanical activation destroys the 

attractive forces of molecules in the liquid phase. Applying ultrasound, 

compression of the liquid is followed by rarefaction (expansion), in which a sudden 

pressure drop forms small, oscillating bubbles of gaseous substances. These 

bubbles expand with each cycle of the applied ultrasonic energy until they reach an 

unstable size; they can then collide and/or violently collapse. The applied energies 

in this case can be several hundred times higher. Laboratory equipment uses 

frequencies between 20 kHz and 40 kHz, but cavitation can be generated well 

above these frequencies and recent research uses a much broader range [111].    
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There are two types of effects mediated by ultrasound: chemical and physical. 

When the quantity of bubbles is low - using standard laboratory equipment - it is 

mainly physical rate acceleration that plays a role. For example, a specific effect is 

the asymmetric collapses near a solid surface, which forms microjets. This effect is 

the reason why ultrasound is very effective in cleaning, and is also responsible for 

rate acceleration in multiphasic reactions, since surface cleaning and erosion lead 

to improved mass transport. Ultrasound has proven to be a very useful tool in 

enhancing the reaction rates in a variety of reacting systems. It has successfully 

increased the conversion, improved the yield, changed the reaction pathway, 

initiated the reaction in biological, chemical, and electrochemical systems. This 

non-classical method of rate enhancement, a field termed sonochemistry, is 

becoming a widely used laboratory technique. In addition, research is continually 

underway to make it a feasible option in the ongoing effort to intensify large-scale 

processes [110].  
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Fig. 2-11. Ultrasound mechanism in bubble cavitation [109]. 
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2.4.6. Microwave-assisted synthesis 

Microwave is electromagnetic radiation, whose wavelengths lie in the range of 1 

mm to 1 m (frequency range of 0.3 to 300 GHz). A large part of the microwave 

spectrum is used for communication purposes and only narrow frequency windows 

centered at 900 MHz and 2.45 GHz are allowed for microwave heating purposes. 

As is well-known, microwaves are produced by magnetrons, which are principally 

thermionic diodes with heated cathodes acting as sources of electrons. From the 

magnetrons the microwaves are generally directed toward a target (placed in so-

called microwave cavities) with the use of micro-waveguides [112]. These guides 

are usually made of sheet metal, and the intensity distribution within the 

waveguides is homogenized by the use of mode stirrers.  

Since the first reports in 1986, the use of microwave ovens became an 

indispensable tool in modern synthetic chemistry, including inorganic synthesis. In 

particular, the synthesis of nanoparticles and nanostructures, whose growth is 

highly sensitive to the reaction conditions, could benefit from the efficient and 

controlled heating as provided by microwave irradiation. A variety of materials 

such as carbides, nitrides, complex oxides, silicides, zeolites, apatite, etc. have been 

synthesized using microwaves. Microwave-assisted synthesis is generally much 

faster, cleaner, energy efficient and more economical than the conventional 

methods. The microwave heating does not only reduce the chemical reaction times 

by several orders of magnitude, but also suppresses side reactions, and thus 

improves the yield and reproducibility of a specific synthesis protocol. All these 
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features represent important parameters that have to be considered during the 

development of ‘‘greener’’ synthesis methodologies, and therefore it can be 

expected that the microwave technique will also play a fundamental role in a future 

environmentally friendlier ‘‘synthetic nanotechnology”. Accordingly, the main 

question addressed is how liquid-phase synthesis of inorganic nanomaterials can 

efficiently take advantage of the unique features of microwave chemistry. 

The energy transfer from microwaves to the material is believed to occur either 

through resonance or relaxation, which results in rapid heating. It is well-known 

that the interaction of dielectric materials with microwaves leads to what is 

generally described as dielectric heating. An understanding of the microwave 

interaction with materials has been based on concepts of the resonance absorption 

due to rotational excitation in the alignment of the dipoles (Fig. 2-12a) and of ions 

in dielectric heating (Fig. 2-12b). Due to the fact that the electromagnetic radiation 

produces an oscillating field, the dipoles or ions continuously attempt to realign 

themselves in the electric field. Depending on the time scales of the orientation and 

disorientation phenomena relative to the frequency of the irradiation, different 

amounts of heat are produced through molecular friction and dielectric loss. 
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Fig. 2-12. Two main heating mechanisms under microwave irradiation: (a) dipolar 

polarization; (b) ionic conduction mechanism [112]. 
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3. Experimental 

3.1. Fabrication of RuO2-based electrodes 

3.1.1. Substrate pretreatment 

The insoluble anodes consisting of a RuO2-based catalytic layer formed on 

titanium substrates were prepared in this study. Ultrapure water was obtained by a 

Millipore purification system (Barnstead NANO Pure, USA). Titanium foils 

(dimensional 30 x 20 x 0.25 mm, purity 99.7%, Aldrich-Sigma) were used as the 

substrate materials, of which the contaminants were removed by emery paper, 

degreased in acetone and then etched in boiling concentrate hydrochloric acid at 86℃ 

in 1 h to produce gray surface with uniform roughness. Afterwards, the titanium 

substrates were dried and freshly coated with precursor solutions. All the other 

chemicals were purchased from Sigma-Aldrich with reagent grade and used 

without further purification.  
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3.1.2. Thermal decomposition of RuO2 electrodes 

The coating layers of the metal oxides were prepared with precursor solutions 

containing 50 μL of 0.2 M RuCl3, Ru(NO)(NO3)3, or Ru(AcAc)3 (Ruthenium 

acetylacetonate) dissolved in HCl 1:1 (v:v), ethanol, or iso-propanol as the solvent. 

The precursor solutions were withdrawn and coated on the pretreated Ti substrate 

with the spreading method (controlled by pipetting) in order to obtain similar 

molecules of RuO2 metal oxides for a fair comparison. Then, the electrodes were 

annealed at 100℃ within 10 min to dry the solvents, and then sintered at 450℃ for 

the predetermined times (1, 2, and 3 h) to allow for the complete decomposition of 

the precursors and the formation of the metal oxides. The sintering temperature 

was chosen based on the previous studies which showed the highest electro-

catalytic activities [113, 114]. The amount of RuO2 catalyst loadings on these 

anodes was intended to be similar at 0.22 ± 0.01 mg/cm2. Unless specified, the 

standard condition chosen to fabricate the RuO2 electrodes was as follow: HCl as 

solvent, RuCl3 as the precursor, and 1 h calcination time. The back side of the 

electrode was covered with epoxy to prevent its exposure to the electrolytes. Table 

3-1 shows all the experimental details for fabricating the various RuO2 electrodes 

used in this study. 
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Table 3-1. The experimental details for fabricating various RuO2 electrodes. 

Sample ID Solvent Precursor 
Calcination time 

(h)  

No. 1 (Standard: HCl, 

RuCl3, 1 h) 
HCl RuCl3 1 

No. 2 (Iso-propanol) Iso-propanol RuCl3 1 

No. 3 (Ethanol) Ethanol RuCl3 1 

No. 4 (Ru(NO)(NO3)3) HCl Ru(NO)(NO3)3 1 

No. 5 (Ru(AcAc)3) HCl Ru(AcAc)3 1 

No. 6 (2 h) HCl RuCl3 2 

No. 7 (3 h) HCl RuCl3 3 
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3.1.3. Nanorod and nanosheet RuO2 electrodes 

Three difference methods were carried out for preparing the nanorod, nanosheet 

and conventional nanograin RuO2 electrodes [115, 116]. The nanorod structure was 

synthesized by using sodium dodecyl sulfate as a template. Ruthenium chloride, 

sodium dodecyl sulfate, urea, and water were mixed at a molar ratio of 1:2:10:200 

and stirred at 40°C for 2 h to obtain a homogeneously mixed solution. Urea was 

used to raise gradually the pH value of the reaction mixture because on heating at 

above 60°C urea is hydrolyzed to release ammonia and then in the quiescent state 

the precipitation occurred. After a reaction time of 10 h, the resulting mixture was 

immediately cooled to room temperature to prevent further hydrolysis of urea. 

With nanograin type, 0.1 M RuCl3 dissolved in 20 mL de-ionized water was taken 

in a two neck flat bottom flask stirred with magnetic stirrer and 20 mL of 0.1 M 

NaOH was added drop wise in a course of 3 h. For achieving nanosheet structures, 

about 0.4 g polyethylene glycol (dissolved in 20 mL H2O) was added extra with the 

same concentrations of the reactants used in the nanograin experiment  (0.1 M 

RuCl3 + 0.1 M NaOH + 0.4 g polyethylene glycol). The temperature of the solution 

was maintained at 75oC for the entire reactions. At the end of each reaction, a black 

precipitate was formed. After discarding the supernatant, the precipitates were 

centrifuged, washed many times with de-ionized water in order to remove the 

unreacted chemicals and then dried at 80◦C within 5 h, respectively. Weight 3 mg 

of sol Ru(OH)x, dissolved in isopropanol and then coated on the pretreated Ti 
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substrates. Next, the electrodes were sintered at 450℃ for 1 h to allow hydrous 

removal and formation of the metal oxides [113]. One side of the electrode was 

covered with epoxy to prevent the exposure of the electrolytes. 
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3.1.4. Three dimensional macroporous RuO2-TiO2 electrodes 

The titanium coated macroporous RuO2-TiO2 electrodes were prepared using the 

thermal decomposition method with several sizes of polystyrene (PS) microspheres 

(0.1 µm, 0.46 µm and 1.1 µm in diameter) to examine their effect on the 

macroporous structure including pore sizes. RuCl3 42 mg, TiCl3 72.5 mg 

(proportion of Ru:Ti was 30:70, % mol/mol), 0.1 mL of hydrogen peroxide 

solution (30 wt %), and 0.1 g of PS microspheres were dissolved in a solution of 3 

mL of ethanol. As a reference, coating without templated macroporosity 

(nontemplated) was prepared by dissolving Ru:Ti (30:70) as above but without PS 

microspheres present. The precursor solution was sonicated for 30 min before 

spreading onto the titanium substrates. Next, the electrodes were sintered at 450oC 

for 1 h to allow for hydrous removal and formation of the metal oxides [113]. One 

side of the electrode was covered with epoxy to prevent the exposure of the 

electrolytes. 
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3.1.5. Sonoelectrodeposition of RuO2 electrodes 

RuO2 nanoparticles were deposited onto commercial titanium substrates using an 

electrochemical deposition step followed by calcination [106-108]. Ti substrate 

was served as the working electrode (cathode). A Pt electrode (Samsung Chemicals, 

South Korea) was used as the counter electrode (anode). The electrochemical bath 

was prepared by dissolving 5 mM RuCl3 and 20 mM NaNO3 as supporting 

electrolyte (99.9 %, Aldrich) in deionized water at room temperature (25oC). 

Cathodic deposition was performed at constant current density 50 mA cm−2 

controlled by a power supply (Unicorn 1501, South Korea), under sonication at 20 

kHz (Branson 1510, USA) or mechanical stirring at 200 rpm with difference 

deposition time. Next, the electrodes were calcined at 450◦C for 1 h to allow 

hydrous removal and formation of the metal oxides. Back side of the electrode was 

covered with epoxy to prevent its exposure to the electrolytes. 
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3.1.6. Microwave-assisted sol-gel synthesis of RuO2-TiO2 electrodes 

A solution containing 40 mM RuCl3, 60 mM TiCl3, 0.2 M (NH4)2CO3, 0.1 M 

H2O2 (Sigma–Aldrich, 99%) were employed as the precursor. The metal ratio 

Ru:Ti (4:6 mol/mol) was chosen depend on the optimization of some previous 

reports to obtain highest electrocatalytic and stability performances of RuO2-TiO2 

electrodes. The pH of the mixture was maintained between 9 and 10. The mixture 

was treated under microwave irradiation (oven MARS 5, CEM Corporation, US) 

with the energy intensities of 400 W/g and 800 W/g for 20 minutes at the 

temperature 80◦C [112]. For comparison, conventional RuO2-TiO2 electrode was 

prepared using classical route by heating the mixture to 80◦C for 6 h, with a 

temperature controlled hot plate. The synthesized metal oxide nanoparticles were 

separated from solution by centrifugation under 10,000 rpm. The products were 

then washed with deionized water until free of chloride and then dried at 80◦C 

within 5 h. Weight 3 mg of sol mixtures RuO2-TiO2, dissolved in isopropanol and 

then coated on the pretreated Ti substrates. Next, the electrodes were sintered at 

450℃ for 1 h to allow hydrous removal and formation of the metal oxides [113]. 

Back side of the electrode was covered with epoxy to prevent its exposure to the 

electrolytes. 
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3.2. Surface analysis 

3.2.1. Thermal gravimetric analysis (TGA) 

A TGA instrument (Perkin-Elmer 7 - USA) was used to monitor the sample 

weight loss of the precursor solutions and record the temperature at which the 

metal oxides formed. A derivative weight loss curve can identify the point where 

weight loss is most prominent. The procedure for the thermo-analytical 

experiments was as follow: sample is placed in a small electrically heated oven 

with a thermocouple for accurate measurement of the temperature. The atmosphere 

was supplied with an inert gas to prevent oxidation or other undesired reactions. 

The precursor was evaporated at 100oC and then transferred to the TGA cell. The 

temperature was raised to 700oC using air as carrier gas. The sample was heated at 

the rate of 10oC min−1. The resultant data was finally analyzed with Pyris Version 

4.01 software.  
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3.2.2. Field emission scanning electron microscopy (FE-SEM) 

Field emission scanning electron microscopy (FE-SEM, JSM-6701F, JEOL Co., 

Japan) images a sample with a high energy beam of electrons in a raster scan 

pattern was used. The electron interacts with the sample that produces signal that 

contains information about the sample's surface topography, composition and other 

properties such as electrical conductivity. Secondary electrons (generated by 

inelastic scattering during the energy exchange between the electron beam and the 

sample) are the common type to produce the SEM signals by the interactions 

between the electron beam and the atoms at or near the sample surface. The size of 

the interaction volume depends on the electron energy, the atomic number of the 

specimen and the density of the specimen. The SEM images in this study were 

taken at a working distance of 7 mm and an accelerating voltage of 10 kV. The 

samples were positioned horizontally [116].  
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3.2.3. Energy dispersive X-ray spectroscopy (EDX or EDS) 

EDX coupled with SEM analysis is used to obtain the qualitative element 

analysis from the emission of characteristic X-rays from a specimen when a 

material is bombarded with electrons in an electron beam instrument. When the 

sample is bombarded by the electron beam of the SEM, electrons are ejected from 

the atoms comprising the sample surface. A resulting electron vacancy is then 

filled by an electron from the higher shell, and an X-ray is emitted to balance the 

energy difference between the two electrons. The EDX detector counts the emitted 

X-rays, measures their energy and quantitative determinations of the elements. 
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3.2.4. Transmission electron microscopy (TEM) 

TEM is an imaging technique with a significantly higher resolution than light 

microscopes owning to the small de Broglie wavelength of electrons. A beam of 

electrons is transmitted through an ultra-thin solid sample, interacting with the 

specimen. The transmitted beam containing information about the electron density, 

phase, and periodicity is used to form an image. In this study, crystal’s imaging 

were examined using a transmission electron microscope (TEM, JEOL 2000EXII, 

JEOL Co., Japan). The TEM samples were prepared by scraping off the coating 

using a sharp knife and collecting the powder of RuO2-based nanoparticles, then 

dispersing the powders in isopropyl alcohol. A few drops of these solutions were 

deposited on carbon film-coated Cu grids and analyzed with transmission electron 

microscope. A beam of electrons with accelerating voltage was 110 kV is 

transmitted through an ultra-thin solid sample, interacting with the specimen. The 

vacuum system was 10 Pa, tilting angles were ± 25o [117]. 
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3.2.5. High resolution X-ray diffraction (HR-XRD) 

The three-dimensional atomic arrangement in a crystal is deduced from the 

directions and intensities of the diffracted X-ray beams. Crystalline material can be 

considered as an infinite recurrence of parallel atomic planes with an inter-planar 

distance d. When a beam of monochromatic X-rays is incident on the atoms in a 

crystal, the wavelets scattered by the atoms in each plane combine to form a 

reflected wave. The interference patterns of the scattered radiation are recorded by 

a detector. In order to study the crystallinity of RuO2-based electrodes, high 

resolution X-ray diffraction pattern was obtained with the grazing incidence 

technique on a D8 Discover (Bruker-AXS, Germany) diffractometer (CuKα, λ = 

1.5406 Å). A scintillation counter detector scanned between 25o and 100o in 2θ 

with an angle of incidence was 0.5°, the working distance was 12 mm and the 

accelerating voltage was 25 kV [118]. The volume-weighted crystallite size (D, the 

mean size of the ordered domains or the mean dimension of the coherently 

diffracting domains) can be estimated from the main diffraction peak by using 

Scherrer’s equation [117]: 

 

where λ is the X-ray wavelength, β is the full width at the half-maximum 

intensity in radians, and θ is the Bragg angle.  
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3.3. Electrochemical measurement 

The electrochemical characterizations of the metal oxide electrodes were carried 

out using cyclic voltammetry (CV), linear sweep voltammetry (LSV) 

measurements [10]. The experiments were performed at room temperature in a 

conventional single compartment cell with three electrodes using a computer-

controlled potentiostat (PARSTAT 2273A, Princeton Applied Research, USA). 

The volume of electrolyte solution in the cell was 150 ml. RuO2-based was used as 

the working electrode (anode), Pt (Samsung Chemicals, Korea) as the counter 

electrode (cathode), and Ag/AgCl (in saturated KCl) as the reference electrode.   
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3.3.1. Cyclic voltammetry (CV) and active surface area 

CV is used for obtaining qualitative information about the electrochemical 

reactions of an electrode surface, such as the redox processes, heterogeneous 

electron - transfer reactions, phase formations or adsorption processes. In this study, 

CV was measured using 0.5 M H2SO4 as electrolyte. The range of scan rate was 5-

320 mV/s. The CV curves were recorded in a range of potential between 0-1 V vs 

Ag/AgCl. The pseusdo-capacitive reaction which consists of coupled redox 

transitions involving proton exchange with the solution at a broad reversible peak 

around 0.6 V vs. Ag/AgCl can be described as follows [15]: 

RuOx(OH)y + zH+ + ze− → RuOx−z(OH)y+z      (26) 

The voltammetric charge q obtained by integration of the voltammetric curves in 

the potential range with the Faradaic reaction is a measurement for the number of 

electrochemically active Ru sites, which are accessible by the electrolyte: 

 

where S (mA V cm-2) is the integrated area of the anodic branch, and υ, (mV s-1) 

is the potential scan rate.  

Total or outer active surface area can be obtained by varying the scan rate of the 

applied potential in CV.  For example, total active surface including both the inner 

and outer active surfaces can be obtained at a low scan rate. On the other hand, the 

outer active surface can be obtained at a high scan rate [15]. This is explained as 

follows: at a low scan rate, the total active surface including both the inner and 
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outer active surfaces can exchange protons with the solution, while at a high scan 

rate, the inner active surface fails to participate in this reaction. Thus, the total or 

outer active surface area can be estimated by plotting and extrapolating the 

voltammetric charge according to an infinitely low (0) and high (∞) scan rate with 

the following equations (Eqs. (1) - (3)) [15]: 

qtotal = qinner + qouter                      Eq. (1) 

q(v) = qouter + A(1/ v )               Eq. (2) 

1/q(v) = 1/qtotal + B v                  Eq. (3) 

, where: v is the scan rate; q(v) is the voltammetric charge at the scan rate v; qtotal 

is the voltammetric charge obtained at an infinitely low (0) scan rate; qouter is the 

voltammetric charge obtained at a high (∞) scan rate; qinner is related to the 

voltammetric charge of the inner surfaces, and A, B are constants. 
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3.3.2. Linear sweep voltammetry (LSV) 

LSV is a voltammetric method where the current at a working electrode is 

measured while the potential between the working electrode and a reference 

electrode is swept linearly in time. Oxidation or reduction of species is registered 

as a peak in the current signal at the potential at which the species begins to be 

oxidized or reduced. Prior to the polarization measurement, the electrode should be 

activated firstly. LSV measurements were conducted in the electrolyte containing 5 

M NaCl + 0.01 M HCl (pH = 2), which is a favored condition for chlorine 

evolution over oxygen evolution [14]. The LSV curves were recorded in a range of 

potential between 0-2 V vs. Ag/AgCl and the scan rate was 10 mV/s. 
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3.3.3. Total active chlorine concentration (DPD) 

In this study, chlorine is evolved from electrolyte contains NaCl by electrolysis 

in two electrode system. As electrochemical reaction terminated, the chlorine was 

detected immediately from the reactor. The concentration of total active chlorine 

dissolved in the solution of 0.1 M NaCl, pH = 2 as electrolyte was determined by 

the DPD (N, N-diethyl-p-phenylenediamine) colorimetric method. In this method, 

DPD is oxidized to form a purple product and chlorine concentration was analyzed 

immediately using a spectrophotometer (DR/2010, HACH Co., Loveland, US) at 

530 nm [10]. The chlorine concentrations were replicated three times and the 

average values were obtained. 
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3.3.4. Accelerated stability test (AST) 

For any electrode, life is equally important to its degradation efficiency. Only 

long service life of electrode makes the electrochemical process economic, but the 

problem is testing service life of any electrode in real conditions. Testing of an 

electrode under normal condition may takes years and years. To reduce the testing 

time from years to months or hours, AST were used to assess electrode stability. 

The stability of prepared anodes in this study was examined by AST using two 

electrode cell systems with DC power [94, 96], with a current density considerably 

higher and an electrolyte solution more dilute than those usually applied in 

industrial electrochemical conditions. It provided information about the electrode 

stability and lifetime (via the electrode potential - time dependence at constant 

current density). The experiments were performed galvanostatically at the current 

density of 1 A cm−2 in a solution of 0.5 M NaCl, pH = 2 at room temperature 

(25oC). The anode potential was recorded during the electrolysis. A suddenly 

increase of the potential implies that the anode can no longer be used in practice 

(the end of service life). 
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4. Results and discussion  

4.1. The effect on the chlorine evolution efficiencies of RuO2 

electrodes depending upon preparation parameters in 

thermal decomposition  

4.1.1. Background 

Dimensionally Stable Anodes (DSA) for not only oxygen but also chlorine 

evolutions has been widely used for over 40 years in the electrolysis industry due 

to their versatile electro-catalytic properties and stability [1, 2]. DSA electrodes 

usually consist of a Ti support coated with active noble metal oxides or their 

mixtures with other non-noble metal oxides on the surfaces [3-5]. Ruthenium 

dioxide (RuO2) is a technologically good and important electrode in chlor-alkali 

electrolysis because of its unique characteristics such as high thermal and chemical 

stability, low resistivity, and low over-potential with oxygen and chlorine 

evolutions [6-12]. Recently, the RuO2 electrode has been reported to be superior to 

the IrO2 electrode in terms of electro-catalytic properties for chlorine evolution 

because the RuO2 electrode has a lower oxygen/metal atomic fraction, a more 

positive surface charge, lower binding energy, lower resistance, and more 

hydrophilic properties than that of the IrO2 electrode [119]. Various methods have 

been used to fabricate high electro-catalytic RuO2 electrodes for chlorine evolution 

such as sputtering [23-25], thermal decomposition [14], Adams fusion [31], sol-gel 
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[29], and electro-deposition [100-103]. Among them, Ti/RuO2 electrodes have 

been mainly developed by the thermal decomposition method due to their 

convenient fabricating, cost effectiveness, high stability from the strong adhesion 

between the noble metal oxides and the substrate surfaces. 

The thermal decomposition methods conducted with various preparation 

parameters such as types of solvents, precursors, and calcination times have led to 

the development of the RuO2 electrode for the chlorine evolution. The enhanced 

electro-catalytic activity of RuO2 electrodes is attributed to the increased outer 

surface area, which is an easily accessible region for the electrolyte, and has 

become a significant factor in chlorine evolution [14-18]. The activity of the RuO2 

nanocrystals towards the chlorine evolution is insensitive to the particle size/shape, 

and chlorine evolution reaction proceeds mainly on crystal faces [62]. Nevertheless, 

it has not fully been investigated on how these fabrication parameters affect to the 

chlorine evolution efficiency in the RuO2 electrode. Thus, this study investigated 

the effect on the chlorine evolution efficiency in RuO2 electrodes depending upon 

the three major preparation parameters. The total or outer voltammetric charge was 

analyzed by cyclic voltammetry (CV) and the microstructures of the RuO2 

electrode surface were examined by scanning electron microscopy (SEM). The 

electro-catalytic performance of the RuO2 electrodes was evaluated with linear 

sweep voltammetry (LSV) and aqueous chlorine measurements. 
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4.1.2. Chlorine evolution under varying fabrication conditions 

Figure 4-1 shows the chlorine evolution expressed as chlorine concentration (a) 

with the various RuO2 electrodes fabricated with the three major parameters (Table 

3-1) and the linear sweep voltammetry (LSV) (b) for the change in solvents: No. 1 

(Standard: HCl, RuCl3, 1 h), No. 2 (Iso-propanol), and No. 3 (Ethanol), for the 

change in precursors: No. 4 (Ru(NO)(NO3)3), and No. 5 (Ru(AcAc)3), and for the 

change in calcination times: No. 6 (2 h), and No. 7 (3 h). As shown in Fig. 4-1 (a), 

the chlorine evolutions after 10 minutes for the RuO2 electrodes varied from 85 

mg/L (No. 1, Standard) to 115 mg/L (No. 3, Ethanol), depending upon the 

fabrication conditions. The highest chlorine concentrations for the three major 

parameters was obtained when the electrode was fabricated with ethanol as the 

solvent, Ru(AcAc)3 as the precursor, and 3 h as the calcination time. The chorine 

concentration increased to 35% when the solvent was changed from HCl to ethanol, 

to 13% when the precursor was changed from RuCl3 to Ru(AcAc)3 and to 22% 

when the calcination time was increased from 1 h to 3 h, respectively. The chlorine 

concentration was the highest for ethanol followed by isopropanol and then HCl for 

the solvents, Ru(AcAc)3 followed by Ru(NO)(NO3)3 and then RuCl3 for the respect  

to precursors, and  3 h followed by 2 h and then 1 h for the  calcination times. At 

this chlorine measurement condition, the oxygen evolution is suppressed by the 

increasing of oxygen overpotential and selectivity for chlorine evolution [120, 

121]. Differences in current densities from the different fabrication conditions were 
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also observed in the LSV measurements. Figure 4-1 (b) shows the current density, 

which indicates the electro-catalytic activity of the RuO2 electrode, from the made 

by different solvents in the order of ethanol > isopropanol > HCl, the different 

precursors in the order of Ru(AcAc)3 > Ru(NO)(NO3)3 > RuCl3, and the different 

calcinations times in the order of  3 h > 2 h > 1 h. The results were in good 

agreement with results for the chlorine concentrations shown in Figure 4-1 (a). 

There is a good linear relationship between the chlorine evolution and current 

density (R2 = 0.92) (Figure S1 in Appendix). Reportedly, the amount of charge that 

flows is primarily related to the chlorine concentration, showing that a larger 

current density means a larger chlorine evolution [119]. These results suggest the 

different fabrication parameters induce different chlorine evolution efficiencies and 

their corresponding LSV in the RuO2 electrodes. 
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Fig. 4-1. The total chlorine evolution expressed as chlorine concentration (a) and 

the linear sweep voltammetry (LSV) (b) of the various RuO2 electrodes fabricated 

under three different conditions for the solvents: No. 1 (Standard : HCl, RuCl3, 1 h), 

(a) 

(b) 
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No. 2 (Iso-propanol), and No. 3 (Ethanol); for the precursors: No. 4 

(Ru(NO)(NO3)3), and No. 5 (Ru(AcAc)3); and for calcination times: No. 6 (2 h), 

and No. 7 (3 h) (details in Table 1). Electrolysis conditions were as follows : 

(a) [NaCl] = 0.1 M, pH = 2, I = 16.7 mA/cm2, t = 10 min; (b) [NaCl] = 5 M, pH = 2.   
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4.1.3. Relationship between chlorine evolution - outer voltammetric 

charge 

Figure 4-2  shows the relationship between chlorine evolution and the outer 

voltammetric charges  of the RuO2 electrodes.  Chlorine concentrations and 

voltammetric charges shown in Figure 4-2 are from Figure 4-1 (a) and Figure S2-3 

in Appendix, respectively. As shown in Figure 4-2, clearly, the chlorine 

concentrations increase linearly with the outer voltammetric charges. Active sites 

for chlorine evolution facilitate the electro-catalytic performance only conditionally 

in the accessibility of the active sites for effective transport of the electrolyte [16, 

17]. Chlorine evolution is a well-known reversible and fast reaction. Thus, the 

outer surface of the electrode contributes the active sites for chlorine evolution [14-

18]. In contrast, the inner surface of the electrode is blocked by the adhered 

chlorine gas bubbles and becomes partially inactive in chlorine evolution [14, 16-

18, 98]. As shown in Figure S4 in Appendix, chlorine evolution does not follow the 

total voltammetric charge. The highest outer voltammetric charge and chlorine 

evolution for the three conditions was obtained with an electrode fabricated with 

ethanol as the solvents, Ru(AcAc)3 as the precursor, and 3 h as the calcination time, 

and correlating with the chlorine evolution efficiency. These results suggest the 

outer voltammetric charge significantly affects the chlorine evolution efficiency 

compared to the total voltammetric charge. 
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Fig. 4-2. Relationship between outer voltammetric charge and chlorine evolution of 

the RuO2 electrodes fabricated under different conditions: No. 1 (Standard: HCl, 

RuCl3, 1 h), No. 2 (Iso-propanol), No. 3 (Ethanol), No. 4 (Ru(NO)(NO3)3), No. 5 

(Ru(AcAc)3), No. 6 (2 h), and No. 7 (3 h). Refer to Table 3-1 for details on the 

fabrication conditions. 
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4.1.4. Morphology 

Figure 4-3 shows the SEM images of the RuO2 electrodes fabricated under the 

various conditions: (a) No. 1 (Standard: HCl, RuCl3, 1 h), (b) No. 2 (Iso-propanol), 

(c) No. 3 (Ethanol), (d) No. 4 (Ru(NO)(NO3)3), (e) No. 5 (Ru(AcAc)3), (f) No. 6 (2 

h), and (g) No. 7 (3 h). As shown in Figure 4-3, the morphologies of the RuO2 

electrodes appear to be diverse with the different fabrication conditions. The RuO2 

electrodes exhibited a characteristic surface morphology with a mud-cracked 

structure which is a typical morphology for electrodes prepared with the thermal 

decomposition method [4, 5, 14]. 

It is speculated that these cracks formed during solvent evaporation and precursor 

decomposition during the thermal treatment. It is clear that No. 2 (Iso-propanol) 

and No. 3 (Ethanol) have larger cracks and defects (crack size 1.5-2.0 µm) and 

these samples have a higher chlorine evolution as well as larger outer voltammetric 

charge (Figure 4-2). This difference in cracks with respect to the solvents can be 

explained by the different boiling points and surface tensions of the solvents: HCl 

(103-108oC) > iso-propanol (82.5oC) > ethanol (78oC). In general, organic solvents 

have a lower boiling points and surface tensions as well, thus, they can evaporate 

very quickly off the electrode surface, leading to deeper and larger cracks on the 

electrode surface. In contrast, No. 1 (Standard: HCl, RuCl3, 1 h) and No. 4 

(Ru(NO)(NO3)3) with smaller cracks (crack size 0.5-1.0 µm), had lower chlorine 

evolution accompanied with a lower outer voltammetric charge (Figure 4-2). One 
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explanation for these observations is that the increasing number and size of the 

cracks reduce the bubble coverage on the electrode surfaces, allowing more 

electrolytes to come into contact with the active surface area of the electrode [17]. 

The cracks are responsible for the increase in outer surface area [16]. 

The longer calcination times (No. 1 (1 h), No 6 (2 h), and No. 7 (3 h)) also 

contributed to increasing the number and size of the cracks. Under thermal 

conditions, the surface of the electrode is not stable and splits because of tensile 

stresses. This observation is consistent with previous studies reporting on the effect 

of different temperatures on electrode surfaces [16, 122]. Figure 4-4 shows the 

TGA spectra of the RuO2 electrodes fabricated with different precursors. As shown 

in Figure 4-4, the TGA spectra of the RuO2 electrode shows different 

decomposition temperatures, possibly related to the morphology of the surfaces of 

the electrodes. For example, No. 4 (Ru(AcAc)3), and No. 5 (Ru(NO)(NO3)3), which 

have more cracks on the electrode surfaces (Figure 4-3) have a decomposition 

temperature of 330oC and 350oC, respectively, while No. 1 (Standard: HCl, RuCl3, 

1 h) has the least cracks with a higher decomposition temperature of 450oC. 

In addition, the XRD spectra (Figure S5 in Appendix) of RuO2 electrodes 

fabricated under different preparation conditions. As a result, precursors reveal the 

similar diffraction peaks of RuO2 nanoparticles without the forming of Ru metal 

by-product. This is implied that the crystal and phase structures of RuO2 electrodes 

are analogoues with different precursors. 
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Fig. 4-3. The SEM images of the RuO2 electrodes fabricated under various 

conditions: No. 1 (Standard: HCl, RuCl3, 1 h), No. 2 (Iso-propanol), No. 3 

(Ethanol), No. 4 (Ru(NO)(NO3)3), No. 5 (Ru(AcAc)3), No. 6 (2 h), and No. 7 (3 h). 

Refer to Table 1 for the details on the fabrication conditions. 
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Fig. 4-4. TGA spectra of the RuO2 electrodes with different precursors: No. 1 

(Standard: HCl, RuCl3, 1 h), No. 4 (Ru(NO)(NO3)3), and No. 5 (Ru(AcAc)3). Refer 

to Table 1 for details on the fabrication conditions. 
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4.1.5. Conclusions 

In this study, the effect on chlorine evolution was investigated by focusing on the 

preparation parameters of the RuO2 electrodes which included solvents, precursors 

and calcination times using the thermal decomposition method. It was investigated 

that using ethanol as solvent played the most critical factor for increasing the 

chlorine evolution efficiency of the RuO2 electrode. Using Ru(AcAc)3 as precursor 

and increase the calcination to 3 h are also the good choices for increasing chlorine 

electrocatalytic activities. It can be explained that the increasing number and size 

of the cracks on the electrode surfaces or the outer voltammetric charges were 

caused by the easily evaporated solvents, decomposed precursors and tensile stress 

under longer thermal treatments. The chlorine evolution efficiency was not 

significantly related to the total voltammetric charge but the outer voltammetric 

charge.  
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4.2. Development templated RuO2 nanorod and nanosheet 

electrodes for chlorine evolution reaction 

4.2.1. Background 

Chlorine is an essential product and widely used in the fields of chemical 

industry, pharmaceutical, and wastewater treatment [1]. Currently, the most 

commonly used electrocatalysts for chlorine evolution are so-called Dimensionally 

Stable Anodes (DSA), which brought a revolution in technical electrochemistry [2]. 

This type of anodes usually consists of a Ti support coated by noble metal oxide 

catalysts as RuO2, IrO2 or their mixtures with valve metal oxides [3]. RuO2 

possesses excellent electrocatalytic features for chlorine evolution as low 

overpotential, low cost, enhanced selectivity, mechanical and chemical stability [4]. 

Roughly 10-15% of the annual production of Ru goes into the fabrication of such 

DSA-type [5]. Although the electrolytic production of chlorine is a well-

established industrial process, it is still necessary to further improve the chlorine 

electrocatalytic activity of RuO2 electrodes in order to reduce amount of consumed 

electrical energy [4-5]. This way provides highly environmentally benign electrical 

devices to address the problems of climate change, the impending exhaustion of 

fossils fuels [5]. In spite of remarkable electrocatalytic effects, there are remains a 

drawback in these catalysts as the nanograins or nanoparticles effortlessly 

agglomerate under the fabrication or reaction conditions, which leads to low 

catalytic activity as well as the mass transport limitation [19]. In the recently year, 
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promising heterogenous nanostructure materials are known as advance materials 

strongly improved the electrochemical properties and garnered great interest due to 

their wide range of applications such as solar cell, fuel cell, supercapacitor, catalyst 

[20, 21]. Especially one and two dimensional nanostructured materials such as 

nanorods, nanowires, nanobelts or nanosheets morphologies have been shown to 

exhibit unique properties such as high active surface area, fast mass transfer, 

charge/discharge process and high stability [22]. Previous studies suggested that 

attainment nanostructures of RuO2 nanorod or nanosheet electrodes have been 

obtained mostly through vacuum sputtering techniques [23-25] and chemical vapor 

deposition [26-28] in the form of thin films. In these methods, the high temperature 

(1500°C) vapor-phase processes are expensive and also limited by their low yield. 

In contrast, the solution phase method which is called as sol-gel can be carried out 

in soft-environments on a large scale and seems to be promising in fabrication of 

RuO2 electrode both high electrocatalytic and stability in chlorine evolution [29, 94, 

96]. Contribution of stabilizers such as sodium dodecyl sulfate (SDS) or 

polyethylene glycol (PEG) in sol-gel process for achieving desired shape is 

received a lot of attention now, proposed on the basis of surfactant induced growth 

mechanism of nanomaterial [115, 117, 123-126].  

Herein, we report the facile synthesis of RuO2 nanorod and nanosheet electrodes 

with structures templated by using PEG and SDS as surfactants assemblies. The 

properties of the obtained RuO2 nanorod and nanosheet electrodes are compared 

with the conventional nanograin electrode for chlorine evolution. The 
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microstructures of as-prepared electrodes were evaluated using scanning electron 

microscope (SEM), transmission electron microscopy (TEM), X-Ray diffraction 

(XRD). The electrochemical properties were examined with cyclic voltammetry 

(CV), linear sweep voltammetry (LSV), total chlorine concentration (DPD) 

methods.  
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4.2.2. Microstructure characteristic 

Figure 4-5 shows the SEM (a) and TEM (b) images of the obtained RuO2 

electrodes with difference morphologies: nanorod, nanosheet and conventional 

nanograin deposited on the Ti substrates. As shown in Figure 4-5 (a), the one 

dimensional nanorod structure directly grows almost in random direction rather 

than through epitaxial deposition. The rods seem stable with a single layer and 

separated with each other. On the other hand, RuO2 nanosheet electrode consists of 

hierarchical sheet nanostructures in an assembly two dimensional subunits porous 

network with high interconnectivity. The nanosheet structure is perpendicular to 

the substrate and leading to a flower-like projected view with the sheet thickness 

approximately 10 nm. The formation of pores could be attributed to the release of 

volatile gas such as H2O and CO2 during the heat treatment because of precursor 

decomposition, in which organic additives were burnt up and left behind porous 

structures. In contrast, the nanograin electrode is composed of crystal RuO2 

nanoparticles with zero dimensional. The grains are fine, agglomerated and seem in 

uniform size, which is the characteristic of sol-gel process. Overall, the RuO2 

nanorod and nanosheet electrodes are more open structures and roughness factor in 

comparison with the nanograin electrode. Clearly, the electrode morphologies are 

strongly influenced by using difference organic templates. The morphologies of 

templated RuO2 nanorod and nanosheet electrodes prepared by the sol-gel method 

were somewhat difference to that prepared by the reactive sputtering or chemical 
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vapor deposition methods, which are total perpendicular and align to the substrate 

surfaces [23-28].  

It can be seen from Figure 4-5 (b) displayed the TEM images with difference 

shape pattern of the obtained RuO2 nanorod, nanosheet, and nanograin, 

respectively. The nanorods present a core shape with a length of 80 nm and width 

of 20-30 nm were observed. The rods are polygonal prisms and continuous with a 

smooth surface, which may because the effect of thermal treatment at 450oC. 

Moreover, individual sheets about 40-60 nm length and 40 nm width are formed. 

The size of the nanosheets is uneven which might because of the growth controlled 

process due to PEG addition. The total length and width of the RuO2 nanorod and 

nanosheets are reveals a good crystallinity. On the other hand, the nanograin 

composed the aggregated nanoparticles with diameter size of about 20-30 nm are 

exhibited. Undoubtedly, the organic template precursors play a crucial role in the 

shape evolution of the RuO2 nanomaterials. These difference morphologies are 

expected the different about the electrocatalytic efficiency with chlorine evolution 

of RuO2 electrodes.  
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Fig. 4-5. SEM (a) and TEM (b) images of RuO2 nanorod, nanosheet, and nanograin 

electrodes.   
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4.2.3. XRD spectra 

Figure 4-6 shows the diffraction patterns of the obtained RuO2 electrodes with 

difference morphologies: nanorod and nanosheet and nanograin. There is a little 

difference about crystal structures of these electrodes. The most pronounce peaks 

of RuO2 are easily detected as: 110, 101 planes at 28o and 35o in all the electrodes. 

While the peak of 211 plane is very weak in nanorod electrode and the peak of 310 

plane seem not exist in the nanorod and nanosheet electrodes. Nevertheless, all 

these peaks of RuO2 were observed in nanograin electrode, which mean that the 

nanograin electrode is more polycrystallinity. The presence of sharp peaks of RuO2 

indicates the high purity and crystallinity of the as-synthesized RuO2 

nanostructures. The RuO2 peaks reveal the formation of rutile and solid phase, 

which is desired in terms of electrode stability. The forming step of RuO2 metal 

oxide can be expressed as followed: addition of NaOH or urea with RuCl3.xH2O 

forms the precipitate of Ru(OH)3 at the end of the reaction. Ru(OH)3 is unstable 

and oxidizes in the presence of air during initial heat treatment (100oC drying 

process) which form RuO2.nH2O [26]. Further heat treating the samples up to 

450oC causes the completely removal of water molecules and produce crystalline 

RuO2. Because the catalyst layers are thin, so that X-ray can penetrate through the 

coating layers and the absorption peaks of Ti metal can be realized. No evidence of 

Ruthenium metallic phase by-product was observed, which is the easy corrosion 

component in the chlorine electrolysis [52]. 
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Fig. 4-6. XRD spectra of RuO2 electrodes with difference morphologies: nanorod, 

nanosheet, and nanograin. 
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4.2.4. CV and active surface area 

Figure 4-7 shows the voltammetric charges at difference scan rate (a) cyclic 

voltammograms at scan rate 4 mV/s (b) of the RuO2 electrodes with difference 

morphologies: nanorod, nanosheet and nanograin. As shown in Figure 4-7 (a), the 

voltammetric charge decrease with the increase of scan rate, which is attributed to 

the difficulty of the electrolyte to penetrate to the inner surface of the electrode 

likes micropores, microcracks, grains boundary. Since the electrode’s 

morphologies are difference, which means that the kinetics of electrochemical 

reactions may vary on different parts of the electrode’s surface. At fast scan rate 

the protons have no time to diffuse to the less accessible areas before the scan 

direction is reversed. At low scan rate the diffusion processes reach deeper into the 

oxide structure, the voltammetric charge is larger and decreases towards a constant 

value when the scan rate is increased. The values of voltammetric surface charges 

at both high and low scan rates are higher with the templated nanorod and 

nanosheet electrodes than the conventional nanograin electrode, respectively. The 

total voltammetric charges of the nanosheet and nanorod electrodes are 121.3 

mC/cm2, 49.2 mC/cm2 compare to nanograin electrode 28.8 mC/cm2. While the 

value of outer voltammetric charges of these electrodes are 43.0 mC/cm2, 27.5 

mC/cm2 and 15.1 mC/cm2, respectively. Due to the characteristics of RuO2 nanorod 

and nanosheet electrodes in the highly open structures, roughness factor and the 

hierarchical pores with considerable interstices among them, the electrolyte is easy 
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to access inside the rod or sheet structures and thus beneficial for charge transport 

and ion diffusion compare to the conventional nanograin electrode. The nanosheet 

electrode shows biggest gap between total surface area and outer surface area, 

which could be attributed to the porous structure in the nanosheet which may 

provide more inner surface area. 

Figure 4-7 (b) displayed all CV curves of the as-prepared electrodes, which are 

almost symmetrical to zero potential line. The rectangular shape of the CV curves 

of RuO2 electrodes remains unchanged with scan rate, indicating the good 

reversibility of the system resulting from the insignificant iR (ohmic drop) loss. 

The redox proton exchange between the electrode and the acidic solution presents a 

broad reversible peak at 0.6 V vs. Ag/AgCl. The current densities of these 

electrodes in cyclic voltammograms are very consistent with the voltammetric 

charge which is shown in Figure 4-7 (a). The response current densities and sharp 

patterns in cyclic voltammograms of the nanorod and nanosheet electrodes are 

higher than the conventional nanograin electrode. Among these electrodes, the 

nanosheet electrode shows highest response current density and electrochemical 

property. 
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Fig. 4-7. Voltammetric charge at difference scan rate (a) and cyclic voltammetry at 

scan rate 4 mV/s (b) of RuO2 nanorod, nanosheet, and nanograin electrodes in 

H2SO4 0.5 M.   

(a) 

(b) 
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4.2.5. Chlorine evolution efficiency 

Figure 4-8 shows the chlorine concentrations (a) and LSV (b) of RuO2 electrodes 

with difference morphologies: nanorod, nanosheet, and nanograin. As shown in 

Fig. 4-8 (a), there are different about chlorine evolution efficiency of as-prepared 

electrodes. The RuO2 nanorod and nanosheet electrodes present higher chlorine 

concentrations than conventional RuO2 nanograin electrode. The chlorine evolution 

efficiency increase up to 35% in case of nanosheet (200 mg/L) and 20% with 

nanorod electrodes (180 mg/L) compare to the conventional nanograin electrode 

(150 mg/L). At this chlorine measurement condition, the oxygen evolution is 

suppressed by the increasing of oxygen overpotential and selectivity for chlorine 

evolution [120, 121]. Chlorine concentrations are also supported by LSV results in 

brine solution (5 M NaCl, 0.01 M HCl), which is shown in Figure 4-8 (b). At 

potentials below 1.2 V vs. Ag/AgCl, no reaction takes place, but potentials 

exceeding 1.2 V vs. Ag/AgCl cause a steady increase in measured current density, 

which indicates chlorine formation. The steady state current of nanorod and 

nanosheet electrodes seem more linear compare to the interrupt line of nanograin 

electrode at 1.8 V, which can be affected by the chlorine gas bubbles. Overall, 

RuO2 nanorod and nanosheet electrodes have higher current density in the region 

of chlorine evolution compares to the nanograin electrode. It is implied the nanorod 

and nanosheet RuO2 electrodes possess higher chlorine electrocatalytic activities 

compare with nanograin electrode. This result can be attributed to the higher outer 
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surface areas of the nanorod and nanosheet electrodes. The outer surface area is the 

main working part for chlorine evolution because of highly reversible and fast 

reaction, while the inner surface is blocked by adherent chlorine gas bubbles, and 

becomes partially inactive [14-18]. Undoubtedly, these nanorod and nanosheet 

structures could not only provide more outer electroactive sites, effective 

electrolyte-accessible channels for ion transportations, but also substantially 

improved the chlorine electrocatalytic performances.      
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Fig. 4-8. Chlorine concentrations (a) and LSV (b) of RuO2 nanograin, nanorod and 

nanosheet electrodes.  Experiment condition: 0.1 M NaCl, pH = 2, j = 16.7 

mA/cm2.                                                                                                                                                                                  

(a) 

(b) 
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4.2.6. Conclusions  

In this study, the RuO2 nanorod and nanosheet electrodes are synthesized with 

tailored architecture using organic templates and make the comparison with the 

conventional nanograin electrode. The organic template precursors as PEG or SDS 

surfactant played a major role in controlling the morphology of RuO2 electrodes. 

We have demonstrated that the templated RuO2 nanorod and nanosheet electrodes 

can be used as efficient electrocatalyst for chlorine evolution reactions, which show 

better activity than the nanograin electrode. The chlorine evolution efficiencies 

increase up to 20% in case of nanorod electrode and 35% in case of nanosheet 

electrode in comparison with nanograin electrode. These results could be attributed 

to the better mass transport of RuO2 nanorod and nanosheet electrodes in 

comparison with the conventional nanograin electrode, allow more effective 

surface area to participate in the chlorine evolution reaction. The templated RuO2 

nanorod and nanosheet electrodes are promising materials for high-electrocatalytic 

performance and reducing the energy consumption in the future chlor-alkali 

industry. 
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4.3. Fabricating macroporous RuO2-TiO2 electrodes for high 

chlorine evolution efficiencies  

4.3.1. Background 

Chlorine, which is generally produced by the chlor-alkali process, is one of the 

most important chemical species in the chemical, and pharmaceutical industry, and 

wastewater treatment [1]. In the chlor-alkali process, Dimensionally Stable Anodes 

(DSA®) have led to great success as the electro-catalysts in chlorine evolution in 

technical electro-chemistry [2, 3]. These types of anodes usually consist of a Ti 

support coated by noble metal oxides including RuO2, IrO2 or their mixture with 

valve metal oxide [4-10]. Among them, the RuO2–TiO2 binary anode has notably 

gained interest in the practical application of DSA® due to its high stability and 

catalytic performance toward chlorine evolution [5]. Nevertheless, one significant 

limitation of the RuO2–TiO2 anode is still the high energy consumption in the 

industrial chlorine production process. Thus, it is still necessary to further improve 

the chlorine evolution efficiency of RuO2–TiO2 electrode as well as reduce the 

electrical energy consumed during the reaction [4].   

The chlorine evolution efficiency of RuO2–TiO2 electrodes depends on several 

important parameters such as their surface area, composition, annealing 

temperature, etc [4, 5, 14, 94, 96]. Especially, the surface or pore structure leading 

to an increased surface area or contributing to fast mass transfer is thought to be a 

key parameter affecting to the chlorine evolution efficiency [21, 22]. For example, 
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various pathways have been investigated to enhance the surface area of RuO2 with 

hollow aerogels [127], vertical nanorods [23-26], nanosheets [115] and nanotubes 

[128-130]. In particular, a porous framework by virtue of tiny crystallite 

dimensions has dramatically emerged as the fundamental method to enhance the 

surface area of RuO2 electrodes [131-133]. The porous framework is well-known 

to contribute to the high chlorine evolution efficiency of the anode because the 

pore surface provides improved diffusional access for the electrolyte to reach the 

electrode surface, and faster transport of the evolving gas from the reactive pore 

surface due to the enhanced pore connectivity or the formation of gas channels 

inside [133-134].  

In particular, the porous framework can be simply prepared by employing hard or 

soft templates with a narrow size distribution as the pore-directing agent, which has 

been extensively investigated in the synthesis of various nanostructures and seems 

to be significantly promising [135-138]. This process is easy, reliable, versatile, 

low cost and applicable to a wide variety of electrodes. A previous study showed 

successful improvement in oxygen evolution on an IrO2 macroporous electrode 

fabricated with a SiO2 template [139]. The macroporous structure decreases the 

mass transport resistance compared with mesoporous or microporous materials by 

enabling easy access to the active surface sites for the electrolyte [137-139]. 

However, a RuO2-TiO2 electrode with the macroporous framework which intends 

to have a controlled pore size without collapse of the wall structure has not been 

fully investigated for chlorine evolution.  
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Herein, this study fabricated a highly electrocatalytically active RuO2–TiO2 

electrode for chlorine evolution using polystyrene microsphere templates (0.1, 0.46, 

and 1.1 µm) resulting in novel three dimensional ordered macroporous structures. 

The microstructures of the as-prepared electrodes were characterized with scanning 

electron microscope (SEM), transmission electron microscopy (TEM), and X-Ray 

diffraction (XRD). The electrochemical properties were examined with cyclic 

voltammetry (CV), linear sweep voltammetry (LSV), and total chlorine 

concentration (DPD) methods.  
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4.3.2. Surface analysis 

Fig. 4-9 shows the SEM (a) and TEM (b) images of the RuO2-TiO2 electrodes 

fabricated with several different sizes of PS (diameters of 0.1, 0.46 and 1.1 µm) 

compared with the nontemplated electrode. As shown in Fig. 4-9 (a), the RuO2-

TiO2 electrodes (PS 0.1 μm, PS 0.46 μm, and PS 1.1 μm) clearly exhibited three 

dimensional uniform macroporous structures, while the nontemplated electrode did 

not. In addition, the size of the macropores on the RuO2-TiO2 electrodes appeared 

to be smaller than the size of the PS microspheres. In other words, the 0.1, 0.46 and 

1.1 μm diameters of the PS microspheres led to pore sizes of ca. 0.05, 0.2, and 0.6 

μm, respectively. This observation can be explained by the contraction during the 

sintering process [132-134]. Furthermore, the distinct surface morphology of the 

macroporous electrodes (PS 0.1 μm, PS 0.46 μm and PS 1.1 μm) and the 

nontemplated electrode with it’s irregularly shaped aggregates (11-20 nm) and no 

macroporous structure was also evidently observed in the TEM images (Fig. 4-9 

(b)). This observation is in good agreement with the results of the SEM images in 

Fig. 4-9 (a). The results in Fig. 4-9 suggest that PS microspheres as templates have 

a fundamental role in the synthesis of macroporous RuO2-TiO2 electrodes. 

Fig. 4-10 shows the XRD spectra of the macroporous and nontemplated RuO2-

TiO2 electrodes. As can be seen in Fig. 4-10, the well-defined peaks of (110) and 

(111) corresponding to the polycrystalline RuO2 are clearly observed on the 

macroporous RuO2-TiO2 electrodes (PS 0.1 μm, PS 0.46 μm and PS 1.1 μm) and 
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the nontemplated RuO2-TiO2 electrode. No evidence of a Ru metallic peak was 

observed, which means that the electrodes are high purity phase structures. Their 

average crystallite sizes calculated by the Scherrer equation [117] with peaks of 

(110) were approximately 15 nm. This indicates that both the macroporous and 

nontemplated RuO2-TiO2 electrodes possessed similar crystallite structure and 

sizes despite significantly different surface morphologies.  
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Fig. 4-9. SEM (a) and TEM (b) images of the macroporous RuO2-TiO2 electrodes 

fabricated with several ranges of the PS sizes (diameter of 0.1, 0.46 and 1.1 µm) 

and without PS template (nontemplated). 

(a) 

(b) 
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Fig. 4-10. XRD patterns of the macroporous RuO2-TiO2 electrodes fabricated with 

several ranges of of the PS sizes (diameter of 0.1, 0.46 and 1.1 µm) and without the 

PS template (nontemplated). 
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4.3.3. Chlorine evolution on the ordered macroporous RuO2-TiO2 

electrodes 

Fig. 4-11 shows the chlorine concentration (a) and voltammetric charge (b) for 

the macroporous and nontemplated RuO2-TiO2 electrodes. Two important 

observations can be made in Fig. 4-11 (a). First, as shown in Fig. 4-11 (a), the 

chlorine evolution on the macroporous electrodes (180~220 mg/L) was much 

higher than that of the nontemplated electrode (145 mg/L). Second, among the 

macroporous electrodes, PS 0.46 µm, not PS 0.1 and 1.1 µm, exhibited the highest 

chlorine evolution efficiency, indicating the existence of an optimal macropore size 

for RuO2-TiO2 electrodes. For example, the chlorine concentration (220 mg/L) for 

the macroporous electrode that used PS 0.46 µm in its fabrication was higher than 

that of the macroporous electrodes that used PS 0.1 µm and 1.1 µm (180 and 200 

mg/L, respectively). Under this condition for the chlorine measurement, oxygen 

evolution is suppressed increasing the oxygen overpotential and selectivity for 

chlorine evolution [120, 121]. These different chlorine evolution efficiencies are 

further supported by the electrocatalytic activity examined by linear sweep 

voltammetry (Fig. 4-11 (b)). All the macroporous RuO2-TiO2 electrodes showed a 

higher current density as a result of the charge transfer reaction in chlorine 

evolution compared to the nontemplated electrode, and the highest current density 

was observed on macroporous electrodes that used PS 0.46 µm in its fabrication. It 
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is noted that the magnitude of the current densities was in same order of the 

chlorine concentrations on the RuO2-TiO2 electrodes (Fig. 4-11(a)).  

Fig. 4-12 shows the voltammetric charge obtained from the cyclic 

voltammograms with the scan rate (5–320 mV/s) within a potential range of 0.0–

1.0 V in 0.5 M H2SO4 (Fig S6 in Appendix) to estimate the total and outer surface 

areas of the RuO2-TiO2 electrodes [15, 52]. The total voltammetric charge 

including both the inner and outer active surfaces can be measured at a low scan 

rate. On the other hand, the outer voltammetric charge can be obtained at a high 

scan rate [15]. As shown in Fig. 4-12, it is interesting to note that the order of the 

total surface area for the electrodes was different with that of the outer surface area. 

That is, the total surface area was in decreasing order of PS 0.1 µm, PS 0.46 µm, 

PS 1.1 µm and the nontemplated electrode, while the outer surface areas was in 

decreasing order of PS 0.46 µm, PS 0.1 µm, PS 1.1 µm and the nontemplated 

electrode. Thus, the outer surface area was in good agreement with the results of 

the chlorine evolution efficiency for the macroporous RuO2-TiO2 electrodes, 

indicating that the outer surface area has a more critical role in enhancing the 

chlorine evolution efficiency than that of the total surface area, and pore size can 

affect the optimal development of the outer surface area. As mentioned earlier, the 

reason for this could be because of the increased mass transfer or the easy removal 

of chlorine gas bubbles based on the well-developed outer structure of the 

macroporous electrodes because the chlorine evolution reaction rate is very fast 



109 
 

and thermodynamically reversible [14-16]. Futhermore, it has been attributed that 

under intensive gas evolution, the inner surface is blocked by adherent gas bubbles 

and becomes partially inactive for chlorine evolution [14-18]. 
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Fig. 4-11. Chlorine evolutions (i = 16.67 mA/cm2, [NaCl]o = 0.1 M) (a) and linear 

sweep voltammetry (5 M of NaCl (pH = 2)) (b) of the macroporous RuO2-TiO2 

electrodes fabricated with several ranges of the PS size (diameter of 0.1, 0.46 and 

1.1 µm) and the nontemplated electrode. 
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Fig. 4-12. Voltammetric charges of the macroporous RuO2-TiO2 electrodes with 

scan rate fabricated with several ranges of the PS sizes (diameter of 0.1, 0.46 and 

1.1 µm) compared with that of the nontemplated electrode. 
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4.3.4. Conclusions 

In this study, we fabricated highly electrocatalytically active RuO2-TiO2 

electrodes for chlorine evolution with a structural ordered macroporous framework 

using PS microsphere templates (0.1 ~ 1.1 µm). The chlorine evolution efficiency 

of the macroporous RuO2-TiO2 electrodes was up to approximately 1.5 times 

higher than that of the nontemplated electrode at the same Ru loadings. 

Interestingly, in the macroporous RuO2-TiO2 electrode with the specific templated 

pore size of PS 0.46 µm, and not that of PS 1.1 µm or PS 0.1 µm, the outer surface 

area was the most well-developed, and it led to the highest chlorine evolution 

efficiency in this study, indicating the existence of an optimal macropore size for 

an effective chlorine evolution reaction. This result could be attributed to the 

structural properties of the macroporous electrodes providing easy mass transfer 

and removal of chlorine gas bubbles with good control over the pore size and pore 

walls connectivity. The macroporous RuO2-TiO2 electrodes can be considered as 

promising anode materials with high chlorine evolution efficiency and reduced the 

energy consumption in the future chlor-alkali industry. 
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4.4. High performance of RuO2 electrodes using 

sonoelectrodeposition method for chlorine evolutions 

4.4.1. Background 

The chlor-alkali industry produces annually about 70 million tons of chlorine 

worldwide and therefore now become one of the largest electrochemical 

technologies in the world. The chlor-alkali process is energy intensive and is the 

second largest consumer of electricity among the electrolytic industries with about 

2400 billion kWh per year [1]. RuO2 is a well-known electrode material with 

excellent electrocatalytic features for chlor-alkali industry, as the active component 

of Dimensionally Stable Anodes (DSA) [2-4]. Roughly 10-15% of the annual 

production of Ru goes into the preparation of such DSA-type electrodes [1]. Using 

alternative green method for preparation RuO2 electrode is necessary to reduce the 

cost, time, energy consumption, increase the chlorine evolution efficiency as well 

as stability [5]. Various methods for the synthesis of RuO2 electrodes were 

developed, such as sol–gel [19], thermal decomposition [14], polyol [30], Adams 

fusion [31], reactive sputtering [23-25] and chemical vapor deposition [26-28]. 

Both these methods proceed via several coating applications and calcination steps 

until the desired catalyst loading is achieved. Beside this, the high temperature 

(1500°C) vapor-phase processes in reactive sputtering or chemical vapor 

deposition are expensive and also limited by their low yield. Electrodeposition 

method has proved to be simple, versatile, one-step, film thickness control and cost 
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effective for electrode preparation [99-105]. The two key mechanisms that have 

been identified as the rate determining steps for crystal formation in 

electrodeposition are charge transfer and diffusion of supersaturated ions at the 

electrode surface [106]. The electrodeposition of RuO2-based electrode proceeds 

via a wet chemical precipitation induced by a cathodically electro-generated base 

seems very promise [107, 108, 52]. By this method, an increase of outer surface 

area, decrease of the chlorine overpotential and simultaneously a reduction of the 

noble RuO2 can be achieved [52]. 

The electrodeposition route for preparation RuO2 electrode uses a cathodic 

reaction to increase the pH locally near the electrode surface. The main cathodic 

reaction to produce OH− is the decomposition of water under hydrogen evolution 

as followed reactions [106, 52]: 

O2 + 2H2O + 4e− ↔ 4OH−                    (27) 

2H2O + 2e− ↔ H2 +2OH−                     (28) 

These reactions consume H2O, generate OH− and then react with Ru ions to form 

Ru oxide, hydroxide or peroxide colloidal particles deposit on cathodic substrates. 

Ru hydroxide and peroxide deposits can be converted in to corresponding RuO2 by 

thermal treatment. The assumed reactions can be represented as: 

Ru3+ + OH− → RuOx(OH)y → RuO2     (29) 
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In addition, the cathodic decomposition of water can be competed with the 

cathodic electrodeposition of Ru metal: 

Ru4+ + 4e− → Ruo                                  (30) 

In recent decades, the use of sonoelectrodeposition has developed rapidly, 

efficient in the preparation of various nanomaterials [109-111, 139-147]. It has 

been shown that the effects of high intensity sonication on electrochemical 

processes lead advantage to both chemical and physical effects, for example, mass-

transport enhancement, surface cleaning and radical formation. It is well accepted 

in the field that sonication decreases the diffusion layer thickness, therefore giving 

a substantial increase in limiting current. This can be attributed to the effects of 

collapse cavitation bubbles, micro, macrostreaming, increase electrolyte 

concentration at the electrode surface, and enhanced reaction rates [109-111].  

In this study, the cathodic sonoelectrodeposition of RuO2 electrodes from 

aqueous RuCl3 bath on Ti substrates for chlorine evolutions was reported for the 

first time. The properties of the obtained electrodes prepared using the 

sonoelectrodeposition method are compared with the conventional one made by 

mechanical stirring electrodeposition. The microstructures of as-prepared 

electrodes were evaluated using scanning electron microscope (SEM), transmission 

electron microscopy (TEM), and X-ray diffraction (XRD). The electrochemical 

properties were examined using cyclic voltammetry (CV), linear sweep 
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voltammetry (LSV), total chlorine concentration (DPD), and accelerated stability 

test (AST) methods. 
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4.4.2. Chlorine evolution  

Figure 4-13 shows the chlorine concentrations (a) and the LSV (b) of RuO2 

electrodes made by sonoelectrodeposition and conventional stirring 

electrodeposition. As shown in Figure 4-13 (a), there are different between the 

chlorine concentrations of the obtained RuO2 electrodes. The chlorine evolution 

efficiency increase up to 17.1% in case of sonoelectrodeposition RuO2 electrode 

(171 mg/L) compare to the one made by conventional stirring electrodeposition 

(146 mg/L) fabricated at the same deposition time of 15 minutes. Moreover, the 

chlorine concentration of the RuO2 electrode made by sonoelectrodeposition after 

10 minutes is also higher compare to the conventional one prepared after 15 

minutes. Increasing the sonoelectrodeposition time from 10 to 15 minutes, the 

chlorine concentration increases. The chlorine concentration results in Figure 4-13 

(a) are supported by the measured LSV in Figure 4-13 (b). At potentials below 1.2 

V vs. Ag/AgCl, no reaction takes place. However, potentials exceeding 1.2 V vs. 

Ag/AgCl cause a steady state increase in measured current density, which indicates 

chlorine formation. The current densities extracted from linear sweep 

voltammograms in the region of chlorine evolution show higher with the electrodes 

made by sonoelectrodeposition than the one made by conventional stirring 

electrodeposition. Increasing the sonoelectrodeposition time from 10 to 15 minutes 

the current density also increases. The increasing of chlorine evolution efficiency 

of the RuO2 electrodes made by sonoelectrodeposition may be related to the 
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increase of active surface area, which contributes to the electrochemical reaction. 

Clearly, sonoelectrodeposition has a positive role on improving the electrocatalytic 

performances of RuO2 electrodes for chlorine evolution compares to conventional 

method. 
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Fig. 4-13. Chlorine concentrations (a) and LSV (b) of RuO2 electrodes prepared by 

sonoelectrodeposition and conventional stirring electrodeposition. Experimental 

conditions: (a) 0.1 M NaCl, pH = 2, t = 10 minutes; (b) 5 M NaCl, pH = 2.  

(a) 

(b) 
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4.4.3. Surface analysis 

Figure 4-14 shows the SEM (a) and TEM images (b) of the RuO2 as-prepared 

electrodes surfaces made by sonoelectrodeposition and conventional stirring 

electrodeposition. As the displayed SEM images in Figure 4-14 (a), there are 

different about the morphologies of these RuO2 as-prepared electrodes. The 

electrodes made by sonoelectrodeposition composed of big hemispheres, fine grain 

and mushroom-like structures. A high roughness factor, island with layer by layer 

deposition in combination with an accumulation of compact surface has been 

formed with sonoelectrodeposition method while just a few of small spheres 

deposited in the conventional one. In conventional method, mass transport is 

dominated because of the limitation of the electrolyte concentration which reaches 

to the substrate. The roughness and surface coverage increase with the increasing 

of sonoelectrodeposition time, consistent with the RuO2 mass increasing in the next 

session. It was found that sonication strongly affects the surface morphology of 

RuO2 electrode. The capability of sonication to degas at the substrate/electrolyte 

interphase by in-situ cleaning due to the onset of cavitation phenomena removed all 

the hydrogen gas evolved from the surfaces, enhance the deposition process with 

the well covered deposits (Figure S7 in Appendix). Sonication waves could indeed 

thin down the diffusion layer and reduces the depletion of electroactive surface 

near the substrate, resulting in the formation of hemisphere on the existing nuclei 

[112].  
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Figure 4-14 (b) displayed the difference about the crystal size of RuO2 

nanoparticles made by sonoelectrodeposition and conventional stirring 

electrodeposition. Due to the annealing temperature, the water molecules in 

hydrous form are removed and well defined crystals of RuO2 are obtained. The 

nanoparticles size of RuO2 made by sonoelectrodeposition method is 7-10 nm in 

diameter with high dispersion, while with the conventional method is about 20-25 

nm with high agglomerates. The nanoparticles made by sonoelectrodeposition 

procedure are smaller sizes, more uniform and finer distribution than the 

nanoparticles made by conventional stirring procedure. These observations can be 

attributed to the implosion of cavitation bubbles substrate’s surface and acoustic 

streams enabling the deagglomeration and activating nucleation sites of RuO2, 

leads to fine dispersion of RuO2 nanoparticles in the coating [147]. As expected, 

there are not different between the crystal size of the electrode made by 

sonoelectrodeposition after 10 minutes and 15 minutes. This is inferred that the 

sonoelectrodeposition time is not affect to the crystal sizes of the RuO2 electrodes. 

The special surface morphologies with broad hemispheres, mushroom-likes and the 

reducing of crystal size of the sonoelectrodeposition RuO2 electrode are expected 

to fulfill the increasing of the outer surface area [52].  

Figure 4-15 shows the diffraction patterns of RuO2 electrodes made by 

sonoelectrodeposition and conventional stirring electrodeposition after 15 minutes. 

The typical peaks of rutile RuO2 metal oxide are easily detected as: 110, 101, 211, 
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112 faces in all the electrodes, while the most intensity peaks are 110 and 101. The 

RuO2 diffraction peaks of the electrode made by sonoelectrodeposition shows 

stronger intensity than the electrode made by conventional stirring 

electrodeposition, mean that the amount of RuO2 nanoparticles is higher. The XRD 

spectra suggest that the oxide nanoparticles in all case are fine and polycrystalline 

structure, which is desired in terms of electrode stability. The peak of Ru metal 

presents with the electrode made by conventional stirring electrodeposition, but not 

with the electrode prepared by sonoelectrodeposition route. Ru metal is an 

undesired phase for the chlorine evolution, since Ru metal is sensitive to corrode 

under electrolysis. The electrodeposition processes, uniform forward and backward 

diffusion of adsorbing ions and desorbing by-products respectively, occur in this 

very thin region of substrate - solution interphase. With the present of sonication, 

the cathodic water decomposition is favoured and the rate of Ru metal deposition 

decreases. The undesired cathodic Ru metal deposition also can be suppressed by 

applying high current densities [52]. Because the catalyst layers are thin, so that X-

ray can penetrate through the coating layers and the absorption peaks of Ti 

substrate can be realized. Overall, the applied sonication has a significant positive 

influence on the resulting phase formation of RuO2 electrodes. 
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Fig. 4-14. SEM (a) and TEM (b) images of RuO2 electrodes made by 

sonoelectrodeposition and conventional stirring electrodeposition.  

 

 

 

 

 

 

(a) 

(b) 



124 
 

2 (degree)

40 60 80 100

In
te

ns
ity

 (a
.u

)

0

100

200

300

400

500

600

700

(110) (101)
 Ti  

Ti

Ti

Ru metal
(110) (101)

(211)

(211)

Ti

Ti

(112)

(112)
Ti Convention-15'

Sono-15'Ti

Ti

 

Fig. 4-15. XRD spectra of RuO2 electrodes made by sonoelectrodeposition and 

conventional stirring electrodeposition.  
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4.4.4. CV and active surface area  

Figure 4-16 shows the extrapolated voltammetric charges (a) and cyclic 

voltammograms (b) from a set of RuO2 electrodes made by sonoelectrodeposition 

and conventional stirring electrodeposition. As show in Figure 4-16 (a), the 

voltammetric charges (active surface areas) decrease with the increase of scan rate, 

which mean that the difficulty of the electrolyte to penetrate to the inner surface of 

the electrode likes micropore, microcrack, and grain boundary. Since the 

formations of electrode morphologies are difference, which means that kinetics of 

electrochemical reactions may vary on different parts of the electrode surface. The 

results show that the total and outer voltammetric charges are higher in case of the 

electrode made by sonoelectrodeposition than the conventional one, respectively. 

The total and outer voltammetric charges at 15 minutes of sonoelectrodeposition 

electrode are 32.5 mC/cm2, 23.9 mC/cm2, while the values of conventional 

electrode are 22.2 mC/cm2, 14.2 mC/cm2. The higher voltammetric charges of the 

electrodes made by sonoelectrodeposition route can be attributed to the higher 

roughness factor, hemispheres, mushroom-like morphology, and decreasing of 

crystal sizes. Increasing of sonoelectrodeposition time from 10 to 15 minutes, the 

total and outer voltammetric charges increase, may because of the increasing of 

roughness factor and amount of RuO2 deposited. The voltammetric charges of the 

electrodes made by sonoelectrodeposition after 10 minutes also higher than the 

conventional one after 15 minutes. Note that the outer active surface area of RuO2 



126 
 

electrode is more importance than total active surface area for the chlorine 

electrocatalytic activity [14-18]. The outer surface area is the main working part for 

chlorine evolution because of highly reversible and fast reaction, while the inner 

surface is blocked by adherent chlorine gas bubbles, and becomes partially inactive 

[16-18]. 

As displayed in Figure 4-16 (b), all cyclic voltammetry curves of these obtained 

RuO2 electrodes are almost symmetrical to zero potential line. Note that the 

rectangular shape of the cyclic voltammetry of RuO2 electrodes remains unchanged 

with scan rate, indicating the good reversibility (redox reaction) of the system 

resulting from the insignificant iR (ohmic drop) loss. The response current density 

and sharp pattern in cyclic voltammetry enhances in case of the electrode made by 

sonoelectrodeposition than the conventional one, which mean that higher about the 

electrochemical property. The current densities extracted from cyclic 

voltammograms in Figure 4-16 (b) are very consistent with the voltammetric 

charges which are shown in Figure 4-16 (a) of these RuO2 electrodes. 
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Fig. 4-16. Voltammetric charges (a) and cyclic voltammograms at scan rate 320 

mV/s (b) in 0.5 M H2SO4 of RuO2 electrodes made by sonoelectrodeposition and 

conventional stirring electrodeposition. 
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4.4.5. Amount of RuO2 deposited 

Electrodeposition experiments revealed the formation of black deposits on all the 

Ti substrates. The amount of RuO2 nanoparticles deposited on the electrode surface 

can be measured by the film thickness or the increasing of electrode’s weight after 

and before deposition. The accurate measurement of RuO2 film thickness was not 

possible due to the rough morphology of the film. Therefore, the deposited weight 

(mg cm−2) of RuO2 film is measured instead of the thickness [106]. Figure 4-17 

shows a various weight of RuO2 films made by sonoelectrodeposition and 

conventional stirring electrodeposition at difference deposition times. It is seen that 

the deposit weight increases with time at a constant current density using the 

sonoelectrodeposition method, and maximum weight was obtained for the 

sonoelectrodeposition period of 15 minutes. For further sonoelectrodeposition time 

to 30 minutes, the deposited weight is not significant increase, which could be due 

to the empty of reactive species in the electrolytes. The weight of RuO2 

nanoparticles deposited with the present of sonication after 10 minutes (0.20 mg 

cm-2) is nearly same, while after 15 minutes (0.30 mg cm-2) shows higher than the 

conventional stirring (0.21 mg cm−2) obtained for the deposition period of 15 

minutes, respectively. Sonoelectrodeposition can produce a larger amount of RuO2 

nanoparticles deposited on the electrode’s surface compare to the conventional 

method. The increasing of deposited weight in case of sonication-assisted can be 

attributed to the higher concentration of electrolyte at the electrode surface due to 
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the removal of H2 bubble, enhance the mass transfer and deposition rate process 

[139, 140, 147]. 
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Fig. 4-17. Weights of RuO2 deposits made by the sonoelectrodeposition and 

conventional stirring electrodeposition at difference deposition times, current 

density 50 mA cm-2. 
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4.4.6. Accelerated stability test (AST) 

In the electrochemical production of chlorine, it is undoubtedly the stability that 

plays the most important role. The sustainability of the electrocatalytic capability 

strongly relies on high electrode stability. The real service life of the electrode will 

be much longer than the lifetime obtained in the accelerated stability test due to the 

much lower current density used under normal operating conditions. The electrode 

lifetime in the stability test is defined by the time at which the potential of an 

electrode suddenly escalates under galvanostatic conditions in simultaneous 

oxygen and chlorine evolution reactions. Figure 4-18 shows the time dependencies 

of the electrode potential and the appropriate differential curves for the RuO2 

electrodes prepared by the sonoelectrodeposition and conventional stirring 

electrodeposition. The potential seem lightly decrease in the initial period of time, 

correlates with the activation process. The life time of the RuO2 electrodes made by 

sonoelectrodeposition method (90 and 100 minutes) are longer than the electrode 

made by conventional stirring electrodeposition (60 minutes) under the same 

electrolysis condition. The electrode stability increase with the increasing of 

sonoelectrodeposition time from 10 to 15 minutes can be explained by the mass 

coverage enhancement.  The failure mechanisms of a RuO2 electrode are complex. 

In general, there are three mechanisms including the growth of an insulating TiO2 

layer at the coating – substrate interface that becomes less doped with the catalytic 

oxide, the removal of the catalytic material by the intense gas production, and the 
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dissolution of Ru due to formation of soluble Ru8+ species during the long-term 

electrolysis [94-96]. The morphology of the coating may favor any or all of them 

together. The RuO2 particles size is smaller and the distributions are more uniform 

in the case of the sonoelectrodeposition procedure, which produces a larger surface 

area than in the conventional method. Consequently, the rate of dissolution of the 

Ru species on the electrode obtained by the sonoelectrodeposition procedure is 

lower. In the same manner, the structures of the catalytic coating of the 

sonoelectrodeposition prepared electrodes are more compact, layer by layer 

deposition, hemisphere structure and the penetration of electrolyte toward the Ti 

substrate is limited. Then it allows less non-conductive intermediate TiO2 layer 

formation as compared to the conventional electrode. Totally, the stability of the 

electrodes made by sonoelectrodeposition is higher than conventional stirring 

electrodeposition. 
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Fig. 4-18. The AST of RuO2 electrodes prepared by sonoelectrodeposition and 

conventional stirring electrodeposition (0.5 M NaCl, pH = 2, to = 25oC, current 

density 1 A cm-2). 
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4.4.7. Conclusions 

This study reported the first time for the sonoelectrodeposition of RuO2 

electrodes for chlorine evolution. The electrodes obtained by the 

sonoelectrodeposition procedure present a strong improvement about the 

electrocatalyst efficiency and stability with chlorine evolution in comparison with 

the one made by conventional stirring electrodeposition. Sonoelectrodeposition can 

increase the outer surface area of RuO2 electrodes than the conventional procedure, 

significance for chlorine evolution enhancement. Increasing of 

sonoelectrodeposition time of RuO2 electrode, the chlorine evolution efficiency and 

electrode’s stability also increase. By using sonoelectrodeposition technique, we 

can successfully synthesize RuO2 electrodes with broad hemispheres, mushroom-

like, and compact structures. Sonoelectrodeposition method also can produce large 

amount of RuO2 nanoparticles with more uniform and smaller crystal sizes than the 

mechanical stirring procedure. Ru metal, which is undesired composition in DSA, 

is not present by using sonoelectrodedosition route. The critical effect is the 

increasing of mass transport, which is high enough to decrease the diffusion layer 

into a charge controlled system by the capable of degassing produced H2 free 

adherent surfaces.  
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4.5. A novel microwave-assisted synthesis of RuO2-TiO2 

electrodes with improved chlorine evolutions 

4.5.1. Background 

Titanium based anodes nowadays become very importance anodes in the chlor-

alkali industry, due to their excellent electrocatalytic activity for the chlorine and 

oxygen evolutions: low overpotential, low cost, enhanced selectivity, mechanical 

and chemical stability [1]. This type of electrodes usually consist of a Ti support 

coated by noble metal oxides as catalyst or their mixtures with valve metal oxide to 

prevent corrosion [2]. Mostly, the RuO2–TiO2 binary electrode is used in the 

practical application [3]. The using novel green fabrication method for synthesis 

RuO2–TiO2 electrodes now is received a lot of attention in order to enhance the 

efficiency and the environmental compatibility of this process [4]. Beside this, the 

electrode stability for a long time performance also should be considered [5]. 

Various methods for the synthesis of RuO2-TiO2 electrodes were developed, such 

as sol–gel [29], thermal decomposition [14], polyol [30], Adams fusion [31], 

electrodeposition [99-106], etc. Despite of its extensive use in industry and 

potential applications, the synthesis of RuO2-TiO2 electrode by a method giving 

high yield at the expense of less amounts of precursors or in less duration time 

needs to be considered. In this regard, an approach based on the attractive sol–gel 

route for the preparation of noble metal oxides seem to be promising in both 
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electrocatalytic and stability with chlorine evolution [94, 96]. The improvement is 

due to an enlargement of the coating active surface area, increased contribution of 

the so-called geometric catalytic factor, caused by the formation of finely dispersed 

oxide particles during the sol–gel procedure. The microwave heating, which is 

rapid, easy and energy efficient, has been used for synthesis a lot of nanomaterials 

over the two last decades, especially to improve the capacitance of RuO2 for 

supercapacitors [112, , 148-151].  

In the present study, a novel microwave-assisted synthesis of RuO2-TiO2 

electrodes using the sol-gel method is investigated for chlorine evolution 

performances. The physicochemical and electrochemical properties of the obtained 

electrodes prepared by microwave-assisted are compared with the electrode formed 

by the conventional heating procedure. The microstructures of as-prepared 

electrodes are evaluated by scanning electron microscope (SEM), transmission 

electron microscopy (TEM), X-Ray diffraction (XRD). The electrochemical 

properties are examined with cyclic voltammetry (CV), linear sweep voltammetry 

(LSV), total chlorine concentration (DPD) and accelerated stability test (AST) 

methods.  
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4.5.2. Chlorine evolution 

Figure 4-19 shows the difference about chlorine concentrations (a) and LSV (b) 

of RuO2-TiO2 electrodes made by microwave-assisted and conventional heating 

method. The chlorine concentrations are higher with the RuO2-TiO2 electrodes 

prepared by microwave-assisted synthesis method compare to conventional one by 

the order: convention < 800 W/g < 400 W/g. Increase the microwave intensity 

from 400 W/g to 800 W/g lead to decrease the chlorine evolution efficiency. The 

chlorine evolution efficiency increase up to 15.6% in case of microwave-assisted 

RuO2-TiO2 electrodes compares to the one made by conventional method. The 

increase of chlorine evolution efficiencies of the RuO2-TiO2 electrodes made by 

microwave irradiation may be related to the increase of accessible active surface 

area, which contributes to the electrochemical reaction. The decrease in 

electrocatalytic activity at high energy intensity may related to the loss of water 

molecule in RuO2, which favor aggregation process of nanoparticles, leading to 

decrease in the accessibility for the active surface sites of the catalyst. Chlorine 

concentrations in Figure 4-19 (a) are consistent with current density in the region 

of chlorine evolution measured by LSV, which is shown in Figure 4-19 (b). At 

potentials below 1.2 V vs. Ag/AgCl, no reaction takes place. However, potentials 

exceeding 1.2 V vs. Ag/AgCl cause a steady increase in measured current density, 

which indicates chlorine formation. The current densities in the chlorine evolution 

region of RuO2-TiO2 electrodes are higher with the microwave-assisted synthesis 
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method compares to conventional one. Clearly, microwave irradiation has a 

positive role on improving the electrocatalytic performances of RuO2-TiO2 

electrodes for chlorine evolution. 
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Fig. 4-19. Chlorine concentrations (a) and LSV (b) of RuO2-TiO2 electrodes made 

by microwave-assisted and conventional heating methods. Experimental condition: 

(a) 0.1 M NaCl, pH = 2, I = 16.7 mA/cm2, t = 10 minutes; (b) 5 M NaCl, pH = 2, 

scan rate 10 mV/s. 

(a) 

(b) 
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4.5.3. Microstructure analysis  

Figure 4-20 shows the SEM (a), TEM (b) imagines and XRD spectra (C) of 

RuO2-TiO2 electrodes made by microwave-assisted and conventional heating 

methods. Clearly, the electrode surfaces made by microwave-assisted at energy 

intensity 400 W/g, 800 W/g compare with the conventional heating route are 

difference, which are shown in Figure 4-20 (a). The morphology of the electrode 

made by conventional method seems mud-cracks (average crack width 1.5 µm) and 

porous, while the electrodes under microwave synthesis show the bigger crack 

sizes (average crack width is 2 µm), shaped island-gap and more compact 

structure, respectively. Each island on the microwave-assisted electrode consists of 

close-packed catalyst nanoparticles. In this case, the size of the cracks can be 

regarded as a sort of porosity whose sizes influence mass transfer into the inner 

part of the catalyst layer and proton exchange during the charge uniform assembly 

of nanoparticles architecture. The formation of the crack structure is generally 

attributed to the thermally induced tensile stress during the stage of solvent 

evaporation. The shrinkage of the xerogel body during the thermal processing is 

restricted by the underlying Ti substrate. Once the developed stresses exceed the 

tensile strength of the gel body, cracks develop to release the stress [5].  

The homogeneous distribution of nanoparticles is observed from TEM images, 

which is clearly seen in the Figure 4-20 (b). Due to the annealing temperature, the 

water molecules in hydrous form are removed and well defined crystals of mixing 
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RuO2-TiO2 is obtained. The crystal size of RuO2-TiO2 nanoparticles made by 

microwave synthesis show more uniform and smaller sizes than the electrode made 

by conventional heating method. The average diameter of RuO2 particles with 

microwave-assisted synthesis at 400 W/g are in the order of 8-10 nm, while the 

conventional heating method shows a big range from 15-20 nm of particles size. 

Moreover, the distribution of particle diameter size is bigger when the microwave 

energy increases (around 12-14 nm with microwave energy intensity 800 W/g). 

This can be attributed to the high energy absorption can lead to the agglomeration 

of nanoparticle by the reducing of hydrous. It was reported that the absence of 

structural water may result in the coalescence and growth of RuO2-TiO2 

nanoparticles to form larger crystal [151]. Note the presence of a clearly lattice 

spacing on certain particulates, corresponding to TiO2 crystallites. Ti species are 

relatively concentrated in the central portion, whereas the density of Ru species is 

slightly higher in the outer portion of this composite although the distributions of 

both Ti and Ru are uniform. The above results suggest that RuO2 and TiO2 should 

be formed independently under the sol-gel hydrothermal environment. Because 

crystalline TiO2 can be formed in aqueous media at room temperature but 

crystalline RuO2 could only be formed at 80°C under the microwave irradiation or 

thermal heating. This effect is believed to enhance the exposure of RuO2 in the 

electrolyte, leading to high RuO2 catalyst utilization [150]. The reduce of crystal 

size and the increase of crack sizes in the SEM imagines may increase the outer 

and total active surface area of the electrodes made by microwave-assisted 
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synthesis than the conventional method. In general, the microwave route produces 

RuO2-TiO2 nanoparticle can reduce the synthesis time and a better control of the 

temperature resulting in uniform RuO2-TiO2 nanoparticles which could induce the 

higher current density observed in chlorine evolution than the conventional 

procedure. The understanding of the microwave interaction with materials has been 

based on concepts of dielectric heating and of the resonance absorption due to 

rotational excitation [148]. The temperature is raised more uniformly throughout 

whole liquid volume (in-core volumetric heating) under microwave irradiation 

compare to conventional route is the explanation for this observation. 

The diffraction patterns obtained by XRD analysis for RuO2-TiO2 electrodes 

made by difference microwave energy intensities and conventional heating 

methods are shown in Figure 4-21. The XRD spectra suggest that the oxide 

nanoparticles in all case are fine and crystalline structure in a set of broad and 

nearly symmetrical peaks. This indicates the formation of a solid solution, which is 

desired in terms of electrode stability. The typical peaks of rutile RuO2 metal oxide 

are easily detected as: 110, 101 planes at about 28o and 35o in all of the electrodes. 

The most intense peak is 110. Because the catalyst layers are thin, so that X-ray 

can penetrates through the coating layers and the absorption peaks of Ti metal can 

be realized. TiO2 metal oxide crystals are presented in both anatase and rutile 

structures. No evidence of Ruthenium metallic phase was observed, which can be 

found at the higher microwave energy because of Ruthenium reduction [148]. The 
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width of the RuO2 peaks from the diffraction profiles show very consistent with the 

crystal size of the RuO2 nanoparticles measured by TEM imagines, agrees to 

Scherrer equation [117]. 
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Fig. 4-20. SEM (a), TEM (b) imagines and of RuO2-TiO2 electrodes made by 

microwave-assisted and conventional heating methods. 
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Fig. 4-21. XRD spectra of RuO2-TiO2 electrodes made by microwave-assisted and 

conventional methods. 
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4.5.4. CV and active surface area 

In order to measure the electrochemically active surface area, cyclic 

voltammetric curves were recorded in the pseudo-capacitive potential range of 

RuO2. Figure 4-22 shows the cyclic voltammogram (a) and extrapolated 

voltammetric charge values (b) from a set of RuO2-TiO2 electrodes. As shown in 

Fig. 4-22 (a), all CV curves are almost symmetrical to zero potential line. Note that 

the rectangular shape of the cyclic voltammetry of RuO2-TiO2 electrodes remains 

unchanged with scan rate, indicating the good reversibility (redox reaction) of the 

system resulting from the insignificant iR (ohmic drop) loss. The currents densities 

from cyclic voltammograms increase in case of the electrodes made by microwave 

synthesis than the conventional heating method. But the current density decreases 

when the microwave energy increase from 400 W/g to 800 W/g. 

Figure 4-22 (b) shows the extrapolated voltammetric charge q values from a set 

of RuO2-TiO2 electrodes. Since the formations of electrode’s morphologies are 

difference, an effect on the total and outer surface area should be visible. The 

surface area (voltammetric charge) decrease with the increase of scan rate, which 

mean that the difficulty of the electrolyte to penetrate to the inner surface of the 

electrode likes micropore, microcrack, grain boundary. The results show that the q 

values of the total and outer surface area increase with the order of convention < 

800 W/g < 400 W/g, respectively. This is very consistent with the current 

intensities of these electrodes in cyclic voltammograms. The increasing of the 
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crack sizes and decreasing of crystal sizes with the electrodes made by microwave 

synthesis are the explanation of this order. 

The total voltammetric charges of microwave-assisted electrodes at 400 W/g, 800 

W/g are 35.38 mC/cm2, 28.92 mC/cm2 compare to conventional electrode 26.07 

mC/cm2. While the value of outer voltammetric charges are 24.86 mC/cm2, 22.12 

mC/cm2 and 15.06 mC/cm2, respectively. Microwave-assisted synthesis method 

can improve the total and outer surface area of RuO2-TiO2 electrodes compare to 

the conventional procedure. However, when the microwave energy increases, the 

total and outer surface areas decrease because of the increase of crystal sizes. Note 

that the outer surface area is more importance that the total surface area in chlorine 

evolution [14-18]. The electrode made by microwave synthesis shows the higher 

outer surface area than conventional heating method, so that the chlorine evolution 

efficiencies are higher. 
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Fig. 4-22. Cyclic voltammetry (a) in 0.5 M H2SO4, scan rate 5 mV/s and charge 

densities (b) at difference scan rates of RuO2-TiO2 electrodes made by microwave-

assisted and conventional methods. 
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4.5.5. Accelerated stability test (AST) 

In the electrochemical production of chlorine, it is undoubtedly the stability that 

plays the most important role. The sustainability of the electrode’s electro-catalytic 

capability strongly relies on high electrode stability. Vigorous gas evolution takes 

place in the solution used in the AST. The applied conditions favor oxygen 

evolution, which makes the investigated coating less stable than under conditions 

convenient to chlorine evolution [11]. AST supply the fast information about the 

electrode’s stability. The electrode lifetime in the stability test is defined by the 

time at which the potential of an anode suddenly escalates under galvanostatic 

conditions in simultaneous oxygen and chlorine evolution reactions. Figure 4-23 

shows the time dependencies of the electrode potential and the appropriate 

differential curves for the anodes prepared by the microwave-assisted and 

conventional heating methods. The life time of the RuO2-TiO2 electrodes made by 

microwave synthesis (up to 230 minutes) show the longer service life than the 

electrode made by conventional heating method (150 minutes). The working life of 

RuO2-TiO2 electrodes made by microwave at 400 W/g is longer than 800 W/g 

under the same electrolysis condition. 

The reason for this observation could either be the larger surface area of the 

microwave-assisted prepared anodes or the different mechanisms of the catalytic 

activity loss or both. Two paths for the loss of the electrocatalytic activity have 

been suggested [94, 96]: 
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1. The erosion of the coating: simultaneous electrochemical oxidation of Ru 

species in the coating forming the soluble products move to the electrolyte. 

2. The penetration of the electrolyte through pores and cracks toward the 

substrate, which produces insulating TiO2 grains on the interface by oxidation of 

the substrate.  

The morphology of the coating may favor any or all of them together. The oxide 

particles size is smaller and the distributions are more uniform in the case of the 

microwave synthesis procedure, which produces a larger surface area than in the 

conventional method. The smaller nanoparticles sizes help the stronger coalescence 

and connectivity of each nanoparticle, increase the stability. Consequently, the rate 

of dissolution of the Ru species on the anode obtained by the microwave-assisted 

procedure is lower. In the same manner, the structures of the catalytic coating of 

the microwave synthesis prepared anodes are more compact and penetration of the 

electrolyte toward the titanium substrate is limited. Then it allows less non-

conductive intermediate TiO2 layer formation as compared to the conventional 

heating anode. Then the erosion of the microwave-assisted electrodes is lower than 

the conventional heating electrode. It should be noted that the service life 

mentioned above was obtained in the accelerated life test. Under normal operating 

conditions (e.g., at current density below 1 A cm−2), the thick electrode would be 

stable for several years according to many reports [4, 5]. 
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Fig. 4-23. The AST of RuO2–TiO2 electrodes prepared by the microwave-assisted 

and conventional heating methods. Experimental condition: 0.5 M NaCl, pH 2, t = 

25oC, current density: 1 A cm-2. 
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4.5.6. Conclusions 

The novel microwave-assisted synthesis RuO2-TiO2 electrodes by sol-gel method 

show considerably higher chlorine evolution efficiency and stability than for those 

obtained by the conventional heating method. The most importance improvement 

of microwave-assisted synthesis is the increase of outer active surface area 

compare to the conventional method. Microwave-assisted synthesis method is 

rapid, clean, cheap, resulting in uniform, small crystalline size, compact structure 

and big crack size RuO2-TiO2 nanostructures. Increasing of microwave energy 

intensity reduces efficiency, stability with chorine evolution because of the 

increasing crystal size. This research proposes a new approach for green synthesis 

the most popular RuO2-TiO2 electrode for chlor-alkaline industry in the future. 
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5. Summaries and conclusions 

This dissertation developed the novel advance RuO2-based electrocatalysts 

exhibit an extraordinary surface morphology which provides a high active surface 

area, improves the catalyst utilization and mass transfer comparing to conventional 

electrocatalysts, then followed the understanding the mechanism of the 

electrochemical chlorine evolution at the interface electrode - electrolyte. Lastly, 

the developments of RuO2 electrode by using alternative green preparation routes 

sonoelectrodeposition with control the coating structure, reduce the cost, time, 

increase the chlorine evolution efficiency and stability can be achieved: 

● The effect on chlorine evolution was investigated by focusing on the 

preparation parameters of the RuO2 electrodes which included solvents, precursors 

and calcination times using the thermal decomposition method. It was investigated 

that using ethanol as solvent played the most critical factor for increasing the 

chlorine evolution efficiency of the RuO2 electrode. Using Ru(AcAc)3 as precursor 

and increase the calcination to 3 h are also the good choices for increasing chlorine 

electrocatalytic activities. It can be explained that the increasing number and size 

of the cracks on the electrode surfaces or the outer voltammetric charges were 

caused by the easily evaporated solvents, decomposed precursors and tensile stress 

under longer thermal treatments. The chlorine evolution efficiency was not 

significantly related to the total voltammetric charge but the outer voltammetric 

charge.  
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● The RuO2 nanorod and nanosheet electrodes were synthesized with tailored 

architecture using organic templates and make the comparison with the 

conventional nanograin electrode. The organic template precursors as sodium 

dodecyl sulfate or polyethylene glycol surfactant played a major role in controlling 

the morphology of RuO2 electrodes. We have demonstrated that the templated 

RuO2 nanorod and nanosheet electrodes can be used as efficient electrocatalyst for 

chlorine evolution reactions, which show better activity than the nanograin 

electrode. The chlorine evolution efficiencies increase up to 20% in case of 

nanorod electrode and 35% in case of nanosheet electrode in comparison with 

nanograin electrode. These results could be attributed to the better mass transport 

of RuO2 nanorod and nanosheet electrodes in comparison with the conventional 

nanograin electrode, allow more effective surface area to participate in the chlorine 

evolution reaction. The templated RuO2 nanorod and nanosheet electrodes are 

promising materials for high-electrocatalytic performance and reducing the energy 

consumption in the future chlor-alkali industry. 

● Successful fabricated highly electrocatalytically active RuO2-TiO2 electrodes 

for chlorine evolution with a structural ordered macroporous framework using PS 

microsphere templates (0.1 ~ 1.1 µm). The chlorine evolution efficiency of the 

macroporous RuO2-TiO2 electrodes was up to approximately 1.5 times higher than 

that of the nontemplated electrode at the same Ru loadings. Interestingly, in the 

macroporous RuO2-TiO2 electrode with the specific templated pore size of PS 0.46 

µm, and not that of PS 1.1 µm or PS 0.1 µm, the outer surface area was the most 
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well-developed, and it led to the highest chlorine evolution efficiency in this study, 

indicating the existence of an optimal macropore size for an effective chlorine 

evolution reaction. This result could be attributed to the structural properties of the 

macroporous electrodes providing easy mass transfer and removal of chlorine gas 

bubbles with good control over the pore size and pore walls connectivity. The 

macroporous RuO2-TiO2 electrodes can be considered as promising anode 

materials with high chlorine evolution efficiency and reduced the energy 

consumption in the future chlor-alkali industry. 

● The sonoelectrodeposition synthesis of RuO2 electrodes was report for the first 

time for chlorine evolution. The electrodes obtained by the sonoelectrodeposition 

procedure present a strong improvement about the electrocatalyst efficiency and 

stability with chlorine evolution in comparison with the one made by conventional 

stirring electrodeposition. Sonoelectrodeposition can increase the outer surface area 

of RuO2 electrodes than the conventional procedure, significance for chlorine 

evolution enhancement. Increasing of sonoelectrodeposition time of RuO2 

electrode, the chlorine evolution efficiency and electrode’s stability also increase. 

By using sonoelectrodeposition technique, we can successfully synthesize RuO2 

electrodes with broad hemispheres, mushroom-like, and compact structures. 

Sonoelectrodeposition method also can produce large amount of RuO2 

nanoparticles with more uniform and smaller crystal sizes than the mechanical 

stirring procedure. Ru metal, which is undesired composition in DSA, is not 

present by using sonoelectrodedosition route. The critical effect is the increasing of 
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mass transport, which is high enough to decrease the diffusion layer into a charge 

controlled system by the capable of degassing produced H2 free adherent surfaces.  

● The novel microwave-assisted synthesis RuO2-TiO2 electrodes by sol-gel 

method show considerably higher chlorine evolution efficiency and stability than 

for those obtained by the conventional heating method. The most importance 

improvement of microwave-assisted synthesis is the increase of outer active 

surface area compare to the conventional method. Microwave-assisted synthesis 

method is rapid, clean, cheap, resulting in uniform, small crystalline size, compact 

structure and big crack size RuO2-TiO2 nanostructures. Increasing of microwave 

energy intensity reduces efficiency, stability with chorine evolution because of the 

increasing crystal size. Microwave-assisted synthesis sol-gel proposes a new 

approach for green synthesis the most popular RuO2-TiO2 electrode for chlor-

alkaline industry in the future. 
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Appendix 

Correlation between chlorine evolution and the relevant current densities 

Current density (A/cm2)

0.0 0.1 0.2 0.3 0.4

[C
l 2]

 (m
g/

L)

0

80

100

120

No. 1 (Standard)
No. 2 (Iso-propanol)
No. 3 (Ethanol)
No. 4 (Ru(NO)(NO3)3)
No. 5 (Ru(AcAc)3)
No. 6 (2 h)
No. 7 (3 h)

 

Fig. S1. The correlation between chlorine evolution expressed as the chlorine 

concentration with the various RuO2 electrodes fabricated with three different 

fabrication conditions and their relevant current densities in LSV (at 2.0 V vs. 

Ag/AgCl): No. 1 (Standard: HCl, RuCl3, 1 h), No. 2 (Iso-propanol), No. 3 

(Ethanol), No. 4 (Ru(NO)(NO3)3), No. 5 (Ru(AcAc)3), No. 6 (2 h), and No. 7 (3 h). 

Refer to Table 1 for details on the fabrication conditions. The current densities in 
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Figure S1 were extracted from the LSV in Figure 1 (b) at 2.0 V vs. Ag/AgCl, while 

the chlorine concentrations are from Figure 1 (a). 
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CV and voltammetric charge  
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Fig. S2. The representative CV (a) and voltammetric charge (b) with scan rates (5 

mV/s - 320 mV/s) for RuO2 electrode No. 1 (HCl, RuCl3, 1 h). 

(a) 

(b) 
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Figure S2 (a) and (b) shows the representative cyclic voltammogram (No. 1 (HCl, 

RuCl3, 1 h)) with the scan rates (5 mV/s - 320 mV/s) and their voltammetric 

charges (q) which were obtained by integrating the cyclic voltammograms. In 

Figure S2 (a), the current densities from the voltammograms increased as the scan 

rates increase. Note that the rectangular shape of the cyclic voltammogram was 

maintained with the increasing the scan rate, showing the good reversibility (redox 

reaction) of the system resulting from an insignificant iR (ohmic drop) loss. As 

shown in Figure S2 (b), the voltammetric charge decreased with the increasing 

scan rates, showing that less accessible surface regions that exist, like micro-cracks 

and micro-pores, are progressively not participating in the reaction at higher scan 

rates. In contrast, at lower scan rates, the diffusion process reaches deeper into the 

oxide structure, resulting in a larger voltammetric charge. The different fabrication 

conditions including the solvents, precursors, calcination times induced different 

voltammetric charges in the RuO2 electrodes.  
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Fig. S3. The voltammetric charges (q) at various scan rates (5 mV/s-320 mV/s) 

with different fabrication conditions of the RuO2 electrodes (0.5 M H2SO4 solution 

as electrolyte) with respect to the effect of the solvents: No. 1 (Standard, HCl, 

RuCl3, 1 h), No. 2 (Iso-propanol), and No. 3 (Ethanol); the effect of the precursors: 

No. 4 (Ru(NO)(NO3)3), and No. 5 (Ru(AcAc)3); and the effect of the calcination 

times: No. 6 (2 h), and No. 7 (3 h). Refer to Table 1 for details on the fabrication 

conditions. 
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Correlation between chlorine evolution and total surface area 

Total voltammetric charge (mC/cm2)

0 8 10 12 14 16

[C
l 2]

 (m
g/

L)
 

0

80

90

100

110

120

No. 1 (Standard)
No. 2 (Iso-propanol)
No. 3 (Ethanol)
No. 4 (Ru(NO)(NO3)3)
No. 5 (Ru(AcAc)3)
No. 6 (2 h)
No. 7 (3 h)

 

Fig. S4. Relationship between total voltammetric charges (total active surface areas) 

and the chlorine evolution of the RuO2 electrodes fabricated with various 

conditions: No. 1 (Standard: HCl, RuCl3, 1 h), No. 2 (Iso-propanol), No. 3 

(Ethanol), No. 4 (Ru(NO)(NO3)3), No. 5 (Ru(AcAc)3), No. 6 (2 h), and No. 7 (3 h). 

Refer to Table 1 for details on the fabrication conditions. 
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XRD spectra with different precursors 
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Fig. S5. XRD spectra of the RuO2 electrodes with different precursors: No. 1 

(Standard: HCl, RuCl3, 1 h), No. 4 (Ru(NO)(NO3)3), and No. 5 (Ru(AcAc)3). Refer 

to Table 1 for details on the fabrication conditions. 
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Fig. S6. Cyclic voltammograms of the macroporous RuO2-TiO2 electrodes (PS 

diameter of 0.1 µm, 0.46 µm, PS 1.1 µm) and the nontemplated electrode at two 

selected scan rates (5 mV/s (a), 320 mV/s (b)).  

 

(a) 

(b) 
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Fig. S7. Cathodic polarization curves of RuCl3 aqueous solution under 

sonoelectrodeposition and conventional stirring electrodeposition. 
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Figure S7 shows the cathodic polarization curves of RuCl3 aqueous solution on 

the Ti substrates under sonoelectrodeposition and conventional stirring 

electrodeposition. The Ru3+ ions in the electrolyte solution are reduced at potential 

negative than 0.2 V versus Ag/AgCl. A platform of limiting current, and the 

diffusion current of the reduction of Ru3+, appears at 0 to −0.2 V versus Ag/AgCl. 

H2 evolution occurs at potential negative than −0.2 V versus Ag/AgCl. The results 

showed that the reduced Ru3+ ions only possible when H2 and OH− are generated on 

the electrode at potential negative than −0.2 V versus Ag/AgCl. It is very 

consistent with Zhitomirsky et al.’s results [106], suggested that cathodic 

deposition is due to the reactions of Ru3+ ions with the electrogenerated base on the 

electrode. Figure S7 clearly shows that sonication affects the RuO2 deposition 

process in the potential range studied. Under sonoelectrodeposition process, the 

cathodic current shifts to the more negative region and the increasing in pseudo 

limiting current densities is observed compared to conventional stirring 

electrodeposition. It can be attributed by the highly efficient stirring, decreases the 

formation overpotential of nucleation sites at the electrode surface caused by the 

implosion of cavitation H2 bubbles. 
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