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ABSTRACT 

The efficiency of electrochemical technology in treating water contaminated by complex organic 

pollutants has been widely investigated. Notwithstanding, it is still necessary to develop 

technologies capable of producing efficient and economically viable electrodes. In this context, the 

electrochemical oxidation using mixed metal oxide (MMO) anodes is a promisor alternative for 

wastewater treatment. However, the production of these anodes through thermal decomposition in 

electric furnaces demands a lot of production time. Here, we report an innovative method based on 

hybrid microwave irradiation to produce MMO anodes of Ti/(RuO2)0.5(IrO2)0.5 composition. The 

developed method uses simple apparatus and is faster than other conventional methods, thus 

decreasing the production costs. The anodes prepared at different calcination temperatures (300, 

350, and 400 ºC) using microwaves irradiation were characterized by scanning electron microscopy, 

X-ray photoelectron spectroscopy, and X-ray diffraction, cyclic voltammetry, electrochemical 

impedance spectroscopy, and accelerated service life tests. Besides, the results were compared with 

those obtained using the conventional heating method. The microwave-produced anodes calcined at 

350 ºC have the longest service lifetime, which is estimated as 15 years, which is 3.5-fold more than 

the conventionally-made anodes. In addition, this anode has improved electrochemical performance 

when compared with the conventionally-prepared anodes, showing the highest voltammetric charge 

(1.6-fold). Moreover, this anode removes 100% of color and 64% of TOC after 60 min of 

electrolysis of the model molecule methylene blue dye. Therefore, the developed method allows for 

producing materials with improved electrocatalytic properties and enhanced stability at short 

synthesis times.  

 

 

Keywords: Electrocatalysis; electrochemical degradation; mixed metal oxides; Pechini.  
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1. Introduction 

Mixed metal oxides (MMOs) anodes materials consist of inert substrates (commonly 

titanium) covered by a mixture of two or more metal oxides which presents improved 

physicochemical properties than their pure metallic equivalents [1]. RuO2 and IrO2 are widely 

studied since they combine the excellent electrocatalytic activity of RuO2, and the high stability of 

IrO2 [2]. These materials constitute an important class of solid electrocatalysts [3] that are mainly 

used in the chloro-alkali industry [4], in the production of oxygen and hydrogen in water electrolysis 

[5] and that have received attention for water and wastewater treatment [6].  

Desirable characteristics considering the industrial application of these anodes are elevated 

surface area, high electrocatalytic activity, physical and mechanical stability, long service lifetime, 

and facile synthesis. Thus, the optimization of these electrodes is of great importance [7,8], existing 

many synthesis methods such as sol–gel method [9], decomposition of chlorides [10], and the 

Pechini method [11]. Commonly, the calcination step is performed in furnaces, characterized by a 

large temperature gradient to be established [12].  

The use of hybrid microwave irradiation has become quite attractive and is used in organic 

synthesis [13], crystallization of nanotubes [14], the sintering of ceramics [15], among others [16]. 

Recently, three-dimensional carbon chemically modified electrodes were produced using hybrid 

microwave heating with properties enhanced [17]. Hybrid microwave heating can be performed 

using a susceptor material (SiC). Initially, SiC absorbs the microwaves heats up quickly, and it 

transfers the heat to the sample through. Volumetric heating through microwaves and the heat 

provided by SiC produces a more uniform temperature distribution in the volume of the sample, 

reducing the thermal stresses [13].  
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Thus, hybrid microwave heating has several advantages, such as uniform heating of the 

samples, accelerate diffusion mechanisms, improve the mechanical properties of a solid, increase 

the heating rates, minimize electrical energy expenditures, and synthesis times [18]. Hence, it is 

becoming a promising alternative for the synthesis of MMO anodes.  

As mentioned before, the MMO presents characteristics that motivate its application in the 

electrochemical oxidation of wastewater containing diverse organic compounds. In particular, for 

effluents from the textile industry, because this is one of the most polluting industry sectors in terms 

of volume, color, variety (more than 100,000 commercially available types) and complexity of its 

released wastewater, with annual production estimated at 7 × 105 h [19]. The dyes present in these 

wastewaters have a complex structure, high organic load, and can be carcinogenic [20]. Azo dyes 

are the most commercialized among the different classes of dyes and are well-known for their high 

resistance to conventional treatments [21]. These wastewaters also contain large amounts of NaCl 

(50–80 g L–1) [22] resulting from the dyeing processes for dye fixation. Thus, the electrolysis of 

these organic pollutants mediated by chlorides becomes very promising for the treatment of these 

wastewaters [23,24]. Methylene blue (MB) is a cationic dye classified as an alkaline dye, widely 

used in dyeing paper, wool, silk, and cotton. Besides, it is still used in tissue pigmentation 

(cells/tissue staining) and prescription against malaria [25]. However, excessive exposure can lead 

to severe serotonin toxicity, hypertension, dizziness, severe headache [25], and other illnesses [26]. 

Furthermore, it is necessary to develop electrodes materials less expensive to spread the application 

of anodic oxidation and to achieve the industrial application of electrochemical advanced oxidation 

processes [20]. 

Here we synthesized Ti/(RuO2)0.5(IrO2)0.5 anodes by the Pechini method using both a hybrid 

microwave and a conventional heating method in order to compare them. The electrodes were 
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physically (scanning electron microscopy, X-ray diffractometry, and X-ray photoelectron 

spectroscopy) and electrochemically (cyclic voltammetry, linear voltammetry, accelerated lifetime, 

morphology factor and electrochemical impedance spectroscopy) characterized. Moreover, the 

electrocatalytic efficiency of the most promising anode was evaluated towards the electrochemical 

degradation of the MB textile dye used here just as a model compound.  

 

2. Experimental section 

The reagents used in the pretreatment of the Ti substrate, in the synthesis of the anodes, and the 

electrochemical characterization were ruthenium (III) chloride hydrate (RuCl3 xH2O, 99.99%), 

iridium chloride (IrCl3 xH2O, 99.0%), ethylene glycol (EG) (99.8%), sulfuric acid (95.0–98.0%) and 

oxalic acid (99.5%) all from Sigma-Aldrich®. The anhydrous citric acid (CA) (99.5%) from Vetec®, 

sodium sulfate (99.0%) and hydrochloric acid (38.0%) were purchased from Neon®. Furthermore, 

to test the electrocatalytic efficiency of the electrodes, methylene blue (82%, Sigma-Aldrich®) and 

sodium chloride (99%, Neon®) were used. All solutions were prepared with ultrapure water (Gehaka 

MS 2000 system). 

The precursor solutions were prepared according to the Pechini method [11] to produce the 

Ti/(RuO2)0.5(IrO2)0.5 anodes. First, EG was heated up to 60 ºC with the subsequent addition of CA. 

After the complete dissolution of CA, the metallic salts were added using an EG:CA:Metal molar 

ratio of 10:3:1 and then heated up to 90 °C under mechanical agitation until the total dissolution of 

the salts. In order to remove impurities and ensure better adhesion of the films, the titanium 

substrates were pre-treated in HCl (20%) for 15 min at 110 ℃, followed by 10 min in C2H2O4 (10%) 

at 90 ℃, finally washing the supports with ultrapure water. 
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The anodes production was performed using either an electric furnace (here denoted as the 

conventional method - CM) and by microwave hybrid (here denoted as hybrid microwave method- 

MW). To produce the anodes made by conventional heating, an electric furnace EDG 3P-S muffle 

model 3000 was used. After painting the precursor solution over the substrate, the anodes are 

transferred to the furnace and treated first at 130 ºC for 30 min for solvent evaporation, then at 250 

ºC for 10 min for layer adherence and finally the calcination at 300 ºC, 350 ºC or 400 ºC at a heating 

rate of 5 ºC min–1 to eliminate any remaining organics. This procedure was repeated four times until 

the deposited mass attains a value of 1.2 mg cm–2 [27]. For the microwave heating, a domestic 

microwave from Consul (700w and 2.45 GHz) was used. In order to perform the hybrid heating 

(Fig. 1) and to achieve homogeneous surfaces, a box of insulating bricks was used and, inside it, 

SiC plates (suppressors) that present high dielectric constant (εr = 9.7) was employed [18].  

 

 

Fig. 1: Scheme of hybrid heating apparatus with microwave irradiation.  

 

The electrodes are inclined at 45 degrees during thermal treatment, and the irradiation was 

applied for 18, 23, and 28 min to achieve 300, 350, and 400 ºC, respectively. Comparably to 
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conventional heating, the heating procedure was repeated four times until the electrodes reached a 

mass of around 1.2 mg cm–2. 

The diffraction patterns were obtained in a Brucker D8 Advance diffractometer using 

irradiation Cu Kα ( = 0.15406 nm) in the range of 20º < 2θ < 80º, with a scan rate of 0.02º min–1. 

Scanning electron microscopy (SEM) analyses were performed using a JEOL JCM 5700 microscope 

at a 10 kV voltage with 500× and 2000× magnification. X-ray photoelectron spectroscopy (XPS) 

measurements were carried out by a Thermo Scientific K-Alpha+, spectrometer a monochromated 

with Al Kα X-ray source radiation (hν = 1486.6 eV) and a spot diameter of 400 m at base pressure 

below of 5 × 10−7 Pa. Binding energies the spectra were referenced against the C 1s component of 

adventitious carbon at 284.6 eV. Peak energies were given with an accuracy of 0.1 eV. The spectra 

were deconvoluted using a Levenberg–Marquardt algorithm of the CasaXPS software. 

The electrochemical measurements were performed in a potentiostat/galvanostat (Autolab, 

model PGSTAT30), with a single compartment electrochemical cell composed of three electrodes: 

platinum counter electrode, Ag/AgCl reference electrode (KCl, 3 mol L–1) and the produced 

Ti/(RuO2)0.5(IrO2)0.5 anodes as a working electrode. All electrochemical characterizations were 

carried out in 0.5 mol L–1 H2SO4 solutions. Cyclic voltammetry measurements were carried out in 

a potential range from 0.2 to 1.2 V vs. Ag/AgCl at a scan rate of 40 mV s–1. The voltammetric charge 

was obtained after the integration of the cyclic voltammetry curves, and the result multiplied by the 

inverse of the scan rate. According to the methodology proposed by Da Silva et al. [28], the 

morphology factor and capacitance were calculated by cyclic voltammetry at different scan rates 

(10–300 mV s–1).  

Electrochemical impedance spectroscopy (EIS) experiments were performed covering the 

frequency range 0.01 Hz – 10 kHz with a logarithmic distribution of 10 frequencies per decade using 
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a sine signal amplitude of 5 mV. The potential applied in the EIS measurements was the potential 

regions of onset of the oxygen evolution reaction observed for each electrode (1.1V vs. Ag/AgCl). 

Accelerated service life tests were performed in 1.0 mol L–1 H2SO4 solution with an applied current 

density of 1.0 A cm–2. The anodes were considered deactivated when the measured potential reached 

10 V. Wang et al. [29] have developed a relationship between anode service life (𝑆𝐿) and current 

density (i) can be represented by Eq. 1. 

 

𝑆𝐿 = 𝑆𝐿𝑎(𝑖𝑎 𝑖𝑒)⁄ 𝑛
                                                                                                                            (1) 

 

Where, 𝑆𝐿𝑎 is an accelerated service life, 𝑖𝑎 is the accelerated current (1 A cm²), 𝑖𝑒 is the 

current during electrolysis (0.30 A cm²), and 𝑛 is a coefficient and varies according to the electrolyte 

used (H2SO4 = 1.3). 

The oxidation of MB dye was carried out in a 220 mL electrochemical glass cell under 

stirring at 1000 rpm, controlled and monitored by a DC Power Supply PS 5000 ICEL for the 

potential application, using a platinum counter electrode. At pre-determined time intervals, samples 

were collected, and 20 µL of a NaHSO3 solution (0.5 mol L–1) was added immediately to quench 

the residual oxidants. The degradation efficiency was evaluated by modifying different parameters. 

Initially varying the electrolyte in 0.1 mol L–1 Na2SO4 with addition of 0, 10, 20, and 30 mmol L–1 

NaCl, applied potential of 5, 10, and 15 V (i = 6, 25, and 54 mA cm-2) and pH 2, 6 and 10. MB 

absorption spectra were obtained by using a UV-Vis Hach DR 5000 spectrophotometer for analysis 

of compound concentration and discoloration during treatment. MB concentration was monitored 

using a calibration curve determined at 664 nm. The discoloration was analyzed from the curve 
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integration value obtained by a spectral scan in the range from 400 to 800 nm. The percentage of 

color removal was calculated by using Eq. 2. 

 

𝐶𝑜𝑙𝑜𝑟 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) =  
𝐴0−𝐴𝑡

𝐴0
 𝑥 100                            (2) 

 

Where, 𝐴0 and 𝐴𝑡 there are the absorbance initial and final at the initial time and the time t, 

respectively. 

The removal of total organic carbon (TOC) content was calculated using Eq. 3, where TOC0 

and TOCt are the TOC values at the initial time and time t, respectively. The analyses were 

performed on a Shimadzu TOC analyzer, model TOC-L. 

 

𝑇𝑂𝐶 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) =  
𝑇𝑂𝐶0−𝑇𝑂𝐶𝑡

𝑇𝑂𝐶0
 𝑥 100        (3) 

 

Energy consumption (EC) was calculated as a function of TOC removal, as shown in Eq. 4, 

where E is the applied potential (V), I is the applied current (A), Δt is the electrolysis time (h), and 

V is the volume (L). 

 

𝐸𝐶 =
𝐸𝐼𝛥𝑡

𝑉(𝑇𝑂𝐶0 −𝑇𝑂𝐶𝑡 )
                                 (4) 

 

Mineralization current efficiency (MCE) was calculated using Eq. 5 [30]. Where F is the Faraday's 

constant (96.485 C mol–1), and Δt is the electrolysis time in s. 
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MCE = [
(𝑇𝑂𝐶0 −𝑇𝑂𝐶𝑡 )2.87

 8𝐼𝛥𝑡
] . 𝐹𝑉                   (5) 

 

3. Results and discussion 

3.1. Physical characterization 

Figure 2 shows the SEM images of the electrodes Ti/(RuO2)0.5(IrO2)0.5 prepared by conventional 

(CM) (Fig. 2b, 2d, and 2f) and microwave (MW) (Fig. 2a, 2c, and 2e) heating. The films prepared 

by both methods display a typical "cracked-mud" morphology, which results from the different 

expansion rates between the titanium substrate and the metal oxide film during the calcination 

process [7,31]. On the other hand, probably due to the rapid heating of the microwaves, the films 

obtained are more homogeneous than anodes produced conventionally. 
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Fig. 2: SEM images of Ti/(RuO2)0.5(IrO2)0.5 anodes made by microwave heating at (a) 300 ºC (c) 

350 ºC and (e) 400 ºC and by conventional heating at (b) 300 ºC, (d) 350 ºC and (f) 400 ºC. SEM 

images with a magnification of 500× (inset with a magnification of 2,000×). 

 

The X-ray diffraction (XRD) patterns (Fig. 3) show, according to the Joint Committee on 

Powder Diffraction Standards (JCPDS), ruthenium oxide (JCPDS 40-1290) and iridium oxide 

(JCPDS 15-087) peaks. The most prominent peaks are from the metallic Ti of the substrate. 

Ruthenium and iridium present similar cationic radius (0.620 and 0.625 Å, respectively) and their 

oxides have the rutile-type crystal structure with peaks corresponding (110), (101), (211) and (002) 

relative to the angles at 28, 34.7, 52 and 54 degrees, respectively [1]. Therefore, mixed RuO2–IrO2 

phases are easily formed [32], as found in this work. 
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Fig. 3: XRD patterns of Ti/(RuO2)0.5(IrO2)0.5 anodes synthesized using (a) microwave and (b) 

conventional heating. 

 

The electrodes prepared by conventional heating have more defined peaks than the 

microwave-made anodes, which may suggest a higher degree of crystallinity. In order to confirm 

this, crystallite sizes were calculated according to the Scherrer formula. Values were found to be 

lower for the microwave prepared anodes (7.3, 7.3, and 8.9 nm for 300, 350, and 400 ºC) when 

compared with those obtained for furnace prepared (12.0, 11.2, and 9.3 nm for 300, 350 and 400 

ºC). Rapid heating and cooling may justify such behavior during microwave heating that may hinder 

oxide crystallization [32]. The XRD results revealed that both methods ensure the formation of 

desired oxides.  

XPS analyses were performed to explore the oxidation state and surface composition of 

samples treated at 350 ºC. XPS survey scans identified Ru, Ir, Ti, C, and O, for both electrodes 

calcined at by conventional and microwave methods (Fig. S1 and S2 (without Ti)). The survey 

spectra of the coating made by the conventional method show a lower intensity of the Ru and Ir 

peaks compared to the spectra of the microwave-made anode.  
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The atomic ratios between Ru and Ir are close to the expected nominal value of 50:50. 

However, the coating prepared by the microwave method contained a higher amount of oxygen and 

a lower amount of C (Table 1). The concentration level of carbon of the microwave sample is in the 

range usually observed in an ex-situ analysis for surface contamination by adventitious carbon. 

These data suggest that for the anodes calcined at 350 ºC, the microwave method is more appropriate 

to eliminate the carbon from the precursor solutions during the coating preparation. 

 

Table 1: Elemental composition obtained by XPS for the developed samples treated at 350 °C. 

Method Coating Atomic concentration (%) 

Microwave 

Ru 18.8 ± 0.6 

Ir 19.2 ± 0.5 

C 17.7 ± 1.6 

O 44.3 ± 0.9 

Conventional 

Ru 12.0 ± 0.5 

Ir 10.0 ± 0.4 

C 43.9 ± 2.1 

O 34.1 ± 1.3 

 

The deconvoluted high-resolution Ru 3d spin-orbit spitted spectra (Fig. 4) (Ru 3d5/2 and Ru 

3d3/2) revealed for both electrodes the presence of Ru4+, RuO6+ and RuO8+ oxidation states centered 

at 280.8 eV, 281.9 eV, 283.4 eV, and 286.7 eV [33-36], which overlap with the C 1s spectrum of 

residual carbon (Fig. 4a and 4b) [37]. The presence of a higher concentration of carbon affects 

primarily the conventionally prepared anode with components assigned to hydrocarbon, alkoxy, and 
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carboxyl groups at 284.7 eV, 286.4 eV, 288.8 eV, respectively [38]. The fitted Ir 4f spin-orbit spectra 

show the presence of the predominant metallic phase but also the Ir4+ oxidation state and a satellite 

peak (Fig. 4c and 4d) [39]. The predominance of iridium on the electrode surface can directly 

influence its service lifetime. It is important to note that Ti was found only in the electrode produced 

by the conventional method, confirming that the MW produces improved recovering of the 

substrate. The main modifications of the bonding environment that can be observed are the higher 

intensities of the Ru2+ and the Ir0 sub-peaks and lower carbon content of the sample prepared by the 

microwave method, suggesting a distinct electrochemical activity of this electrode compared to that 

conventionally treated. 

 

Fig. 4: Deconvoluted Ru 3d high-resolution spectra of Ti/(RuO2)0.5(IrO2)0.5 anodes synthesized at 

350 °C using a) microwave and c) conventional heat treatment, and fitted Ir 4f high-resolution 

spectra for Ti/(RuO2)0.5(IrO2)0.5 anodes synthesized using b) microwave and d) conventional 
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method. 

3.2. Electrochemical Characterization 

Cyclic voltammetry profiles were obtained for the anodes prepared within a potential range of 0.2–

1.2 V versus Ag/AgCl (Fig. 5). For electrodes synthesized at 300 °C, two oxidation state changes 

are few visible at 0.4, and 1.0 V versus Ag/AgCl which can be attributed to the Ru (III)/Ru (IV) and 

Ir (III)/Ir (IV) transition (represented in Fig. 5a), as reported by Mattos-Costa et al. [1]. According 

to the literature [35-40], the voltammograms of pure Ru or Ir electrodes are well defined, clearly 

showing the anode and cathode peaks related to the redox pairs. However, in MMOs, these peaks 

are not very pronounced when compared to the voltammograms of their respective pure oxides. 

Because of this, in the voltammograms recorded for the anodes calcinated at 350 and 400 ºC, the 

anodic and cathodic peaks are not observed. Such behavior may have occurred due to the 

displacement of the peaks by the formation of the valence bond between the Ir and Ru oxides [41].  
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Fig. 5: Cyclic voltammograms recorded at 40 mV s–1 for the Ti/(RuO2)0.5(IrO2)0.5 anodes prepared 

using conventional and microwave heating at temperatures of (a) 300 (b) 350 and (c) 400 °C in 0.5 

mol L–1 H2SO4 electrolyte. 

 

The electrocatalytic activity of MMO anodes depends fundamentally on the number of active 

sites accessible to the electrolyte. Thus, the total voltammetric charge density (q*) can be considered 

as a relative measure of the electrochemically active area or the number of active sites in the 

electrocatalytic layer of the MMOs [31]. Therefore, the higher the q* values, the greater is the 

electrocatalytic activity. In this sense, the anodes made by MW display the highest values q* for all 

temperatures (Table 2). The q* values obtained for the Ti/(RuO2)0.5(IrO2)0.5 anodes made by 
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microwave heating at 300, 350, and 400 ºC are 1.4, 1.5, and 1.3 times higher than CM anodes at 

their respective temperatures.  

Dória and coworkers [27] synthesized Ti/RuO2 electrodes with different layer thicknesses 

(8.2, 13.7, and 16.5 μm) and compared them with a commercial DSA. Characterizations performed 

in acid media showed the voltammetric profile characteristic of ruthenium-based electrodes. As the 

number of layers (8, 14, and 20) increased, the voltammetric charge decreased (17.8, 12.6, and 8.8 

mC, respectively) and the size of the crystallite (27.1, 27.1, and 39.5nm) increased. These outcomes 

were directly related to longer heat treatment time. As a consequence, and due to the rapid time of 

thermal treatment, the anodes synthesized here by microwaves obtained small crystallite size, which 

results in higher voltammetric charges. 

Santos et al. [32] synthesized Ti/(RuO2)0.5(IrO2)0.5 anodes by using CO2 laser and 

conventional heating methods. The laser-prepared anode displayed a crystallite size 3.9 times 

smaller and a voltammetric charge 1.7 times larger than the conventionally-prepared anode. Such 

behavior was directly related to the rapid thermal treatment (about 15 min per layer). In this context, 

it has been reported that low crystalline oxides have higher values of voltammetric charge, thus 

corroborating the results obtained in this work. 

According to Audichon et al. [42], voltammetric current density values of MMOs increase 

commonly when crystallite/particle size is smaller, because of increasing active sites favoring 

charge-storage at the surface of the anodes. The results observed in the present study are well-

correlated with the previously observed from XRD results. 

Moreover, regarding the active sites present at the anode surface, Audichon et al. [43] have 

shown that reactions occur at all active sites when low scan rates are used because the electrolyte 

can diffuse throughout the electrocatalytic layer. Thus, at high scan rates, reactions take place only 
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at the most accessible active sites. Consequently, the morphology factor (φ) is related to the regions 

of the layer that are most difficult to access, and the influence of the porosity of the film can be 

determined according to Eq. 6 [28].  

 

𝜑 =  
𝐶𝑑,𝑖

𝐶𝑑
            (6) 

 

 Where Cd,i and Cd represent the internal and the total surface capacitance of the film, 

respectively. The value of φ can range from 0 to 1, with values close to 0 indicating that the internal 

sites of the electrode have a small influence on total differential capacitance, and values close to 1 

indicate that the electrode has a large internal area.  

Table 2 shows that in all cases, higher values of φ are obtained for conventionally made 

anodes when compared with the microwave made anodes. Thus, it can be stated that conventional 

heating yield surfaces with higher porosity, or still deeper cracks than microwave heating. However, 

when analyzing the number of active sites, an enormous amount of external active sites for 

microwave-made anodes can be observed, which can be attributed to higher film roughness [32, 44, 

45]. Thus, corroborating the SEM data (Fig. 2), where microwave heating produced rough surfaces. 

 

Table 2: Effect of the temperature and the synthesis method of the developed MMO anodes on the 

total voltammetric load (q *), total differential capacitance (Cd), external (Cd,e), and internal (Cd,i), 

and morphology factor (φ). 

Anode 

q* 

(mC cm–2) 

Cd 

(mF cm–2) 

Cd,e 

(mF cm–2) 

Cd,i 

(mF cm–2) 

φ 

(Cd,i /Cd) 
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300 conventional 87.28 47.05 2.19 44.86 0.95 

350 conventional 99.47 59.4 7.49 51.91 0.87 

400 conventional 86.25 37.6 5.49 32.11 0.85 

300 microwave 119.92 73.37 17.58 55.79 0.76 

350 microwave 143.50 74.96 23.70 51.26 0.69 

400 microwave 108.85 55.43 41.72 17.10 0.24 

 

Figure S3 shows the dependence of the voltammetric capacitive current density, jc, with the 

scan rate, ν, for the Ti/(RuO2)0.5(IrO2)0.5 anodes. Two linear segments are observed in the domains 

of high and low scan rates, respectively. Such behavior is similar to that observed in the literature 

for highly rough films [8,43,46]. Additionally, at low scan rates, the current densities for the 

conventionally and microwave made anodes are similar, but at higher scan rates, the current 

densities for microwave made anodes are much higher. Therefore, the external capacitance values 

are higher, thus influencing the morphology factor more than the internal capacitance, corroborating 

data in Table 2. 

EIS measurements were performed for all the developed anodes (Fig. 6). All spectra exhibit 

poorly developed semicircles in the Nyquist diagrams. Such behavior is associated with roughed 

surfaces, characteristics of thermally synthesized oxide films [32,47]. Additionally, it is known that 

the arc size corresponding to the charge transfer resistance, where the smallest arc indicates a higher 

charge transfer on the electrode surface [37].  
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Fig. 6: Nyquist diagrams of Ti/(RuO2)0.5(IrO2)0.5 electrodes taken in 0.5 mol L–1 H2SO4 solutions at 

25 °C. Anodes prepared by using (a) microwave and (b) conventional heating 

 

Microwave-made electrodes, regardless of the calcination temperature, have smaller arcs 

(Fig. 6a) than the conventionally-made anodes (Fig. 6b), which is related to improved charge 

transfer on the surfaces of these electrodes [49,50]. Moreover, considering the calcination 

temperature, the use of the intermediate temperature during microwave heating produces electrodes 

with the lowest resistance to charge transfer. Instead, for anodes made by using conventional 

heating, the use of the lowest studied temperature leads to low charge transfer resistances. 

Accelerated service life tests were performed in order to analyze the stability of the MMO 

anodes. A current density of 1.0 A cm–2 was applied to perform these analyses with the conventional 

and microwave-made anodes in 1.0 mol L–1 H2SO4 solution (Fig. 7). The MMO anodes are 

considered deactivated when a rapid increase in potential occurs, reaching 10 V [10].  
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Fig. 7: Accelerated service life tests made for the Ti/(RuO2)0.5(IrO2)0.5 anodes obtained after 

conventional and microwave calcination in 1.0 mol L–1 H2SO4 electrolyte at 1.0 A cm–2. 

 

Microwave heating drastically increased the lifetime of the anodes, which were 2.1, 3.8, and 

1.9 times longer for anodes calcined at 300, 350, and 400 ºC, respectively than the conventionally 

prepared ones. The longer service life observed for the microwave-synthesized anodes can be 

attributed to the more homogeneous previously seen in SEM images (Fig. 2). As a result, the 

presence of multiple cracks on the conventional anode surfaces facilitates the penetration of the 

electrolyte solution through these cracks and accelerates film corrosion [32].  

Santos et al. [32] synthesized Ti/(RuO2)0.5(IrO2)0.5 composition anodes using a CO2 laser and 

by conventional heating. The use of CO2 laser (as well as the use of microwave, the method used in 

this work), produced anodes with surfaces that are more compact and with longer lifetime (1.6 

times), compared to the conventional Pechini method. Additionally, by using the equation proposed 

by Wang et al. [29], we can estimate the service lifetime. For the 350ºC microwave-synthesized 
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electrode, the lifetime is about 15 years. It is showing a considerable duration when compared to 

existing studies in the literature (8 and 12 years) [35,47].  

The challenge in environmental electrochemistry is to produce highly electrocatalytic, 

cheap, and mainly durable anodes. Notably, the hybrid heating using microwaves improved the 

electrochemical characteristics of the electrodes, especially the lifetime. Since the electrode made 

by hybrid heating using microwaves at 350 °C displayed the most extended service life and the best 

physicochemical characteristics. Thus, this electrode was chosen to prove the efficiency of the 

anodes made here in degrading the methylene blue dye just used here as a model of pollutant. 

 

3.3. Electrocatalytic efficiency towards the degradation of the model pollutant 

The efficiency in the electrochemical degradation of organic compounds using MMO anodes 

depends on several parameters such as anode composition, electrolyte, pH, temperature, potential, 

and applied current. Thus, we studied the influence of pH, NaCl concentration, and the potential 

applied to the degradation of MB using the anode with the best physicochemical characteristics (i.e., 

350 ºC - microwave heating) (Fig. 8). 
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Fig. 8: (a) Effect of NaCl concentration on color removal of solutions MB dye, using (▼) 0.1 mol 

L–1 Na2SO4, (■) 0.1 mol L–1 Na2SO4 + 10 mmol L–1 NaCl, (●) 0.1 mol L–1 Na2SO4 + 20 mmol L–1 

NaCl and (▲) 0.1 mol L–1 Na2SO4 + 30 mmol L–1 NaCl in 10 V and pH 6. (b) Effect of the voltage 

applied on color removal being (■) 5 V, (●) 10 V and (○) 15 V in 0.1 mol L–1 Na2SO4 + 20 mmol 

L–1 NaCl media at pH 6 and (c) Effect of pH on color removal, being (♦) pH 2, (●) pH 6 and (□) pH 

10 V, and applying 10 V and 0.1 mol L–1 Na2SO4 + 20 mmol L–1 NaCl electrolyte in MBo 50 mg L–

1. 

 

The electrolyte used is a very relevant parameter in the electrochemical removal of organic 

compounds. Fig. 8a shows the discoloration, without and with NaCl (0, 10, 20, and 30 mmol L–1) 

added to the 0.1 mol L–1 Na2SO4 solution as a function of the charge applied. In the absence of NaCl, 

only 59.0% of the color was removed, whereas, in the presence of NaCl, all conditions showed 

complete color removal after one hour of electrolysis. Likewise, increasing NaCl concentration 

increases the rate of dye discoloration, while the removal of TOC (Table 3) was slightly higher for 

the 20 mmol L–1 NaCl solution (see Fig. S4). This fact can be attributed to oxidation by active 

chlorine species since electrolyzes in the presence of Cl– ions lead to in-situ chlorine (Cl2) 
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production, and the formation of dissolved active chlorine species, leading to oxidation of the dye 

within the solution. The higher the chloride concentration, the higher is the generation of active 

chlorine species, leading to the increasing degradation efficiency of the organic compounds; 

however, a large number of active chlorine species also can lead to the formation of intermediate 

compounds even more resistant to electrochemical oxidation [50]. Therefore, it is vital to study and 

optimization of the NaCl concentration. 

Without NaCl, oxidation of MB occurs predominantly at the electrode surface, through the 

chemisorbed oxidizing species generated by water oxidation, which means the process depends on 

mass transport, limiting the oxidation of the dye. Nevertheless, these oxides have a lower oxidation 

capacity than physisorbed hydroxyl radicals [51, 52]. Therefore, neither the complete discoloration 

nor the TOC removal is attained in the absence of chlorides. 

Increased TOC removal occurs with increasing NaCl concentration until 20 mmol L–1. 

Despite the high efficiency in color removal in the presence of chlorides, recalcitrant organochlorine 

compounds can be generated by oxidation. A similar result was found by Panizza et al. [53] during 

MB removal, which increased the NaCl concentration increased the removal of TOC. Therefore, 

here, this condition led to lower energy consumption (609.8 kWh kg–1) and higher mineralization 

current efficiency (15.0%) (Table 3). Consequently, the optimum condition for electrolyte 

concentration was 20 mmol L–1 NaCl.  

 

Table 3: Effect of variables: NaCl concentration (C0NaCl), applied voltage (E), and pH on energy 

consumption and current efficiency in the process of electrochemical oxidation of MB. 

Variables  TOC removal (%) EC (kWh kg–1) MCE (%) 

C0NaCl 10.0 56.0 930.3 9.6 
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(mmol L–1) 20.0 64.0 609.8 15.0 

30.0 60.0 842.1 11.0 

E (V) 5.0 35.0 139.4 32.1 

10.0 64.0 718.0 12.0 

15.0 55.0 2426.3 5.5 

pH 2.0  33.0 2869.2 3.1 

6.0 64.0 808.0 11.0 

10.0 20.0 966.1 9.2 

 

Note that despite complete color removal, the maximum TOC removal was 64.0% (20 mmol 

L–1 de NaCl). This behavior shows that it is simpler to remove color by cleavage of chromophore 

groups, which results in discolored intermediates in the solution [53]. For this reason, discoloration 

occurs faster compared to the removal of the organic charge since the oxidation of aromatic rings 

takes relatively longer times. Besides, for TOC removal, organic carbon must be converted into 

carbon dioxide [54].  

Similar behavior was found by Liu et al. [55], where the TOC removal profile showed 

exponential behavior. In the first 90 min, rapid COD removal was observed, later TOC removal was 

slow. These authors concluded that the breakdown of aromatic groups into aliphatic compounds is 

slow. Thus, achieving full-color removal was possible, but achieving complete mineralization was 

not. Another determining factor of the efficiency of the electrochemical oxidation process is the 

applied potential. It determines which reactions will occur within the solution, and the electrolysis 

kinetics interferes with energy consumption and process cost. 
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Fig. 8b shows the effect of voltage variation (5–15 V) on the discoloration of the MB 

containing 0.1 mol L–1 Na2SO4 and 20 mmol L–1 NaCl solution. As for the NaCl concentration, there 

is an optimal voltage value. At 5 V, there was incomplete discoloration; at 10 and 15 V, total 

discoloration occurs within 60 min of electrolysis. Thus, increasing the potential from 5 to 10 V 

favored the removal of color; however, applying 15 V shows a lower rate of discoloration. This 

behavior shows that, at 15 V, despite generating a greater amount of oxidizing species, these species 

are also consumed, favoring parallel reactions, such as oxygen evolution [41] and the oxidation of 

active chlorine into ClO3
– and ClO4

– [56] instead of dye oxidation reactions. 

TOC removal behavior (Table 3) is similar to color removal as a function of applied 

potential. Therefore, the use of 10 V promoted both faster discoloration and more significant TOC 

removal (64.0%). Data in Table 3 suggest that the current is mainly directed to the oxidation of the 

MB at the 5 V potential, and the increase in potential decreases the current efficiency due to the 

influence of parallel reactions. However, degradation performed at 5.0 V does not achieve full-color 

removal, and degradation at 15.0 V in addition to consuming more energy has low efficiency too. 

Thus, the most promising potential for removing color and TOC is 10.0 V, which has an energy 

consumption of 718.0 kWh kg–1.  

The pH of the solution is an essential factor in the electrochemical treatment of organic 

compounds, as it can determine the oxidizing species present in solution. There is still no consensus 

on the influence of pH on organic degradation efficiency. These divergences can result from the 

differences in the electrolytes, organic compounds, and electrode material [57-60]. However, in 

general, acid pH favors the degradation reaction because the hydroxyl radical presents higher 

oxidative capacity at lower pH according to the Nernst equation [61]. Also, the deactivation of 
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hydroxyl radicals leading to O2 formation is disadvantaged at acid pH [51]. Therefore, it is necessary 

to evaluate the influence of pH on the degradation efficiency of organic compounds. 

The pH of the electrolyte solutions was an essential factor for the electrochemical oxidation of MB 

using the Ti/(RuO2)0.5(IrO2)0.5 anode, especially in the TOC removal parameter (Fig. 8c). Three pH 

conditions were investigated, two pH-adjusted solutions - at alkaline medium (pH 10) or acidic (pH 

2) and another condition with the initial solution without pH adjustment (pH 6). Note that the 

discoloration is favored at pH 10 or 2, and under all conditions, total color removal occurs. 

Conversely, at pH 6 there was a more significant removal of TOC (64.0%), and at pH 10 it was the 

lowest removal of TOC (20.0%). The low removal of TOC at pH 2 led to higher energy consumption 

(2869.2 kWh kg–1) and lowered the current efficiency (3.1%). In NaCl medium, the variation in the 

initial pH affects the active species of the electrogenerated chlorine and its oxidation potential [63]. 

It is known that at pH < 3, the species chlorine (Cl2) are predominant, while at pH 3–7.5, it is 

hypochlorous acid (HClO) and for pH > 7.5, the hypochlorous ion (ClO–) and among these the HClO 

has the highest oxidation potential [64]. Then, Cl− mediated oxidation of dyes with these species is 

expected to be faster in acidic than in alkaline medium [19, 20]. From this, the pH directly influences 

the efficiency of the process, thereby corroborating with the data found in this work, where tests 

conducted at pH 6 exhibit the best results. 

In this work, the removal of TOC was favored at pH 6 followed by pH 10, leading to higher 

TOC removals, lower energy consumption, and higher mineralization current efficiency (Table 3). 

Saaidia et al. [60] also studied the efficiency of discoloration and removal of COD from MB 

solutions; they observed that increasing pH decreases the system efficiency (PbO2 as the working 

electrode and stainless steel as the counter electrode, in Na2SO4 medium). The study also showed 
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that the current density, the temperature, the support electrolyte concentration, and the stirring speed 

influence the efficiency of both MB discoloration and mineralization. 

The TOC removal was favored at pH 6. According to Martínez-Huitle et al. [63], the pH 

value can have several effects, as in the homogeneous decomposition of oxidants, as is the case of 

the reaction between hypochlorous acid and hypochlorite (ClO + 2HClO → ClO3
- + 2Cl- + 2H+), 

which can occur at its maximum rate in almost neutral pH, in the high loss of chlorine gas for pH 

<2 and in the oxidation capacity of organics, since acid-base equilibria can produce structures with 

different behaviors in degradation. Therefore, there is no need for an initial pH adjustment of the 

solution in the optimal degradation condition. Additionally, the final pH showed variation ± 0.5, 

when compared to the initial value. The direct comparison of these results is not an easy task due to 

the different experimental conditions tested. Table 4 summarizes the experimental conditions and 

the main results reported. 

 

Table 4: Comparison of the performance of different anodes for the degradation of methylene blue. 

Anode Experimental conditions Best results Reference 

Ti/IrO2–

Ta2O5 

j = 40 mA cm−2; C0 = 100 mg L-1; 

Electrolyte = 0.02 mmol L-1 Na2SO4 + 

0.017 mmol L-1 NaCl; V = 1 L; Anode 

area = 63.5 cm²; t = 360 min 

Color removal = 100% 

COD removal = 86% 
[25] 

RuO2/TiO2 

nanotube 

arrays 

Lamp = 18 W; C0 = 8 mg L-1; Electrolyte 

= 15 g L-1 Na2SO4; V = 0.012 L; pH = 2; 

t = 120 min 

Color removal = 65% 

 [44] 

Ti/TiRuO2 j = 20 mA cm−2; C0 = 80 mg L-1; Color removal = 100% 

COD removal = 100% 
[53] 
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Electrolyte = 0.5 mol L-1 Na2SO4 +, 1.2 g 

of Cl-; v = 0.5 L; Anode area = 50 cm²; t 

= 150 min 

Ti/Pt j= 50 mA cm−2; C0 = 60 mg L-1 

Electrolyte= 0.5 mol L-1 H2SO4; V = 0.35 

L; Anode area=15 cm² t = 460 min 

Color removal = 100% 

COD removal= 80% 

TOC removal =75% 

[64] 

Ti/RuO2–

IrO2 

j = 40 mA cm−2; C0 = 100 mg L-1 

Electrolyte = 0.1 mol L-1 NaCl; V = 0.1 

L; Anode area = 1 cm²; t = 90 min 

Color removal =100% 

COD removal = 73% [65] 

La-doped 

RuO2-

TiO2/Ti 

j = 11 mA cm−2; C0 = 10 mg L-1; 

Electrolyte = 0.1 mol L-1 Na2SO4; V = 0.1 

L; Anode area = 1 cm² t=90 min 

Color removal = 75% 

 [66] 

Ti/Pt j = 400 mA cm−2; C0 = 180 mg L-1; V = 

0.4 L; Anode area = 1 cm²; t = 120 min 

TOC removal = 93% 
[67] 

Boron-doped 

diamond  

j = 30 mA cm−2; C0 = 100 mg L-1; 

Electrolyte = 0.1 mol L-1 NaCl; V = 0.5 

L; Anode area = 78 cm² 

COD removal = 100% 

TOC removal =100% [68] 

Ti/RuO2–

IrO2 

E = 10 V; C0 = 50 mg L−1; Electrolyte = 

0.1 mol L-1 Na2SO4 + 20 mmol L-1 NaCl; 

V = 0.22 L; Anode area = 2 cm²; t = 60 

min 

Color removal =100% 

COD removal = 64% This 

Work 

 

4. Conclusions 

Ti/(RuO2)0.5(IrO2)0.5 anodes were successfully synthesized by using microwave and compared with 

the anodes obtained by the conventional method. Microwave irradiation leads to compact films for 

all calcination temperatures studied. The higher voltammetric charges found for the microwave-

made anodes were attributed to smaller crystallite sizes (1.6 times) and the changes in the bonding 

environment caused by rapid heating. Furthermore, service life was extremely prolonged (increased 
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15 years) for anodes produced by microwave at 350 ºC, found as the most suitable temperature. 

Therefore, it was selected electrochemical degradation assays of the methylene blue dye degradation 

to evaluate its electrocatalytic properties. The electrocatalytic activity of the anode produced by 

microwaves was satisfactory, as removal of 64% of the TOC and 100% of the color were yielded in 

just one hour. 

Finally, the Ti/(RuO2)0.5(IrO2)0.5 anode obtained by the hybrid heating method using 

microwave irradiation is a promisor anode material capable of being efficiently employed in dye 

degradation processes. Moreover, the high electrocatalytic activity, long service life, and lower 

resistivity when compared to those obtained by the conventional method, makes this material very 

attractive for industrial MMO production. 
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