Template-made tailored mesoporous Ti/SnO2-Sb2O5-IrO2 anodes with enhanced activity towards dye removal
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Abstract
The mixed metal-oxide anode Ti/SnO2–Sb2O5–IrO2 is a prominent candidate for the electro-oxidation of organic compounds in wastewater treatment systems. The catalytic activity of this material depends on its surface morphology, which strongly depends on the synthesis method used. Hence, here we manufactured innovative Ti/SnO2–Sb2O5–IrO2 anodes using micelle templates made of amphiphilic block-copolymers and compared them with anodes made of the same composition using the Pechini method. Scanning electron microscopy, X-ray dispersive energy analysis, X-ray diffraction, cyclic voltammetry, and electrochemical impedance spectroscopy were used to characterise the morphology, composition, and electrochemical properties of the developed anodes. The "template method" produces anodes with mesoporous surfaces (11.0±4 nm of pore diameter), which enhanced the electroactive area compared with the anodes made through the Pechini method. The templated anodes are more conductive than the Pechini-made ones and are more active for removing the reactive black 5-dye from 0.1 mol dm–3 Na2SO4 aqueous solutions. The enhanced catalytic activity of the templated anode strongly increases with the addition of low concentrations of NaCl. The rate constants increase 3.9 and 4.7-fold when adding 200 ppm and 1168.8-ppm chloride, respectively. The templated anode removes 100% of the dye after only 15 min of electrolysis applying 20 mA cm–2 and leads to ~50% mineralization after 60 min of oxidation. Notably, the template anode is 3-fold more stable in accelerated service lifetime tests than the Pechini-made anode. Therefore, our study shows that Ti/SnO2–Sb2O5–IrO2 anodes made using the template method are highly promising for the electrochemical treatment of wastewater polluted with organic compounds.
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1. Introduction
One of the major challenges for electrochemical oxidation processes in large-scale wastewater treatment systems is the development of electrode materials with high catalytic activity and stability. These factors depend on both, the chemical composition of the electrode and its synthesis method, which results in different microstructural and physicochemical characteristics. Electrodes formed by mixed metal oxides (MMO) have received great attention from the scientific community due to their advantages such as high catalytic activity, low synthesis cost, ease of preparation, and dimensional stability [1, 2]. The MMO anodes are typically composed of a metal substrate (usually Ti) coated by metal oxide layers such as RuO2, TiO2, IrO2, SnO2-Sb2O5. These materials have been applied to treat contaminated waters due to their high resistance against corrosion [1].
Several synthesis methods of MMO anodes have been reported to increase their electrochemically active areas and improve their electrocatalytic activities towards the oxidation of organic compounds [1, 3]. The polymeric precursor method (Pechini method) has received significant attention for allowing the synthesis of materials at relatively low temperatures and with controlled characteristics, such as stoichiometry, homogeneity, and controlled particle size [1]. Generally, MMO anodes made by the Pechini method have cracked surfaces, in which oxygen evolution occurs both on the surface and within pores and/or cracks. Nevertheless, some authors have suggested that the presence of pores is necessary to allow sufficiently rapid removal of oxygen gas from the electrode due to the formation of gas channels within the pores [1, 3]. In this context, the development of thermal decomposition methods using copolymer templates to increase the porosity is a growing field of study [1-5]. 
Regarding the use of copolymer templates for developing films with high surface area, the control of pore size and connectivity in oxide coatings can be achieved when the oxide synthesis is done using structure-directing agents. Amphiphilic copolymer micelles are the most common agents used to synthesise mesoporous metal oxides (2–50 nm pore diameter). In a typical synthesis, a solution containing a micelle-forming copolymer, a metal oxide precursor, and a volatile solvent is deposited on a substrate, followed by calcination. When using suitable coating conditions, the volatile solvent evaporates during film deposition, while the copolymer molecules form micellar structures in a process called induced evaporative self-assembly [6]. The micelles are organised together with the partially hydrolysed and condensed oxide precursor into an ordered mesophase. Subsequent heat treatment induces crystallization of the metal oxide as well as the removal of the pore template, thus obtaining a coating of mesoporous oxides with narrow pore size distribution and nanocrystalline walls [6].
Thus, the use of porous iridium dioxide surfaces, made by a template method, significantly increased their catalytic performance towards the oxygen evolution reaction (OER) and decreased its overpotential [7]. The increased performance of porous catalysts was attributed to three main effects: (i) increasing the electrochemically active surface area provided by the mesoporous surface, (ii) improving electrolyte diffusional access to the electrode surface, and (iii) the rapid transport of the leaked gas from the pore surface due to greater pore connectivity.
The synthesis of mesoporous catalytic electrodes relevant to chlorine production via synthesis using micelles as templates has been reported so far for different metal oxides [1] including IrO2 [8, 9], RuO2 [10], and TiO2 [11]. The successful synthesis of metal-mixed oxide electrodes containing micelle-controlled ruthenium-iridium-titanium oxides has also been reported, and the influence of catalyst composition as well as mesoporous structure on the performance of chlorine production has been elucidated [4]. The mesopores were about 10 nm in diameter and formed a cubic pore system with functional pore connectivity. The use of electrodes with controlled mesoporosity doubled the electrode performance for the same catalyst composition. Thus, this methodology allows obtaining electrode films with high surface areas by using a block-copolymer-templated synthesis template. However, anodes containing antimony oxides have not been synthesised using micelle-controlled methods. It is known that tin- and antimony-oxide-based anodes are promising for the electrochemical treatment of wastewater because of their high over-potential for oxygen evolution, their ability to generate hydroxyl radicals, and the lower cost compared to that of precious metal oxides [12]. Thus, we propose the production of anodes containing antimony oxides with tailored mesoporosity to increase the catalytic activity.  
Several binary and ternary anode compositions (Ti/SnO2–Sb2O5, Ti/SnO2–Sb2O5–PtOx, Ti/SnO2–Sb2O5–RuO2, and Ti/SnO2–Sb2O5–IrO2), made by thermal decomposition technique, have shown the longest lifetime and highest activity towards the degradation of nitrophenols, being thereby highly promising for electrochemical treatment of wastewater [13]. Likewise, a Ti/IrO2-SnO2-Sb2O3 anode made using the Pechini method was greatly efficient in the removal of indigo carmine at diverse operational conditions in both a filter-press reactor [14] and a three-electrode cell of 150 cm3 volume at room temperature [15]. Hence, we propose that templated ternary anodes containing tin, antimony, and iridium should display increased stability and activity towards the oxidation of organic compounds. Therefore, we developed Ti/(SnO2)57(Sb2O5)30(IrO2)13 anodes using a block-copolymer-templated method to produce tailored mesoporosity, for the first time, and compared them with anodes of the same composition obtained using the conventional Pechini method. The developed anodes were characterised by scanning electron microscopy (SEM), X-ray dispersive energy analysis (EDX), X-ray diffraction (XRD), cyclic voltammetry, and electrochemical impedance spectroscopy (EIS). The unique properties of the template anode resulted in improved electrochemical activity towards the removal of the reactive black 5-dye (RB-5), used as a model molecule, from aqueous solutions. 

2. Experimental
2.1. Materials
The reagents used were ethylene glycol (Fischer certified), citric acid (Fischer, certified), polymer F127 (Sigma-Aldrich), ethanol (Sigma-Aldrich, certified), hydrochloric acid (Fischer, 37.0%), oxalic acid (Acros Organics, 98% anhydrous), sodium chloride (Fisher, 99.0%), sulphuric acid (Sigma-Aldrich, 95.0–98.0%), sodium sulphate (Acros Organics, 99.0% anhydrous), reactive dye black 5 (Sigma-Aldrich, Dye content, ≥ 50%). The precursors of the metal oxides used were tin (II) chloride dihydrate (Sigma-Aldrich, 99.995%), hexachloroiridate (IV) hydrate (Sigma-Aldrich, (99.9%), and antimony (III) chloride (Sigma-Aldrich, >99%). All work solutions were prepared using ultrapure water (Millipore Milli-Q system).

2.2. Preparation of anodes
[bookmark: _Hlk51223860]The substrates were pre-treated using a methodology already reported [16, 17] to remove the passive titanium oxide layer and increase the roughness of the titanium substrate by chemical attack with hydrochloric and oxalic acids. The precursor solutions used to obtain the anodes, with a nominal composition of Ti/(SnO2)57(Sb2O5)30(IrO2)13, were prepared following the polymeric precursor and the template methods. For the Pechini method, ethylene glycol was heated up to 60 °C, and then citric acid was dissolved; subsequently, the metallic precursors were dissolved in this solution at 90 °C. For the copolymer method, polymer F127 dissolved in a mixture of ethanol (5.0 cm3) and ultrapure water (0.83 cm3) was used, for later dissolution of the metal precursors. The precursor solution was brushed onto the substrates and electrodes were transferred to a furnace (Carbolite RHF 1600 with Euroterm control), where the thermal treatment varied according to each methodology.
	For the Pechini method, the anodes were first treated at 130 °C for 30 min, at 250 °C for 10 min and 450 °C for 5 min with a heating rate of 5 °C min–1. For the template methodology, the anodes were heated to a temperature of 80 °C for 3 h and then calcined at 450 °C for 5 min at a heating rate of 5 °C min–1. The precursor deposition on the substrates and further thermal treatment were repeated until the anodes reached the deposited mass of approximately 1.2 mg cm–2, which was attained after 16 and 9 steps (deposition and thermal treatment) for Pechini and Template methods. One final calcination at 450 °C for 60 min and 20 min was performed for the Pechini and template methods, respectively, to eliminate the remaining organic compounds. 

2.3. Physical Characterisation
Morphological analysis of the anodes was carried out by SEM and EDS on a Jeol JSM-6500F field emission electron microscope. The operating voltage of the electron beam was 15 kV and at a working distance of 10 cm for magnifications of ×60, ×500, ×3000, and ×5000. The formation and crystallinity of the metal oxides were evaluated by XRD in a Rigaku Smartlab diffractometer with Cu Kα radiation generated at 45 kV and 150 mA for 2θ values between 20 and 100 degrees (grazing incident) at a scanning speed of 9 degrees min–1. The average crystallite size was determined by the Scherrer equation. The contact angle measurements were carried out on a pendant drop tensiometer (Teclis Tracker, IT Concept).

2.4. Electrochemical Characterisation
The electrochemical measurements were carried out in a single compartment three-electrode cell, consisting of a working electrode (Ti/(SnO2)57(Sb2O5)30(IrO2)13 anodes of a geometrical area of 2 cm²), a Ag/AgCl (KCl, 3 mol dm–3 KCl) reference electrode, a platinum foil counter electrode (2 cm²), and a glass frit for N2 bubbling. This electrochemical system was coupled with a Potentiostat/Galvanostat (Autolab PGSTAT30 with NOVA 2.1 software). 
	Cyclic voltammetry (CV) measurements were performed at 20 mV s–1 in 0.1 mol dm–3 Na2SO4, between the potential limits from 0.4 to 1.6 V vs RHE, on the presence and absence of the dye RB-5.  Linear voltammetry (LV) studies were conducted at 20 mV s–1 at a potential range from 0.4 to 1.6 V. EIS experiments were performed in 0.5 mol dm–3 H2SO4 solution covering a frequency range from 1000 to 0.1 Hz, with a logarithmic distribution of 10 frequencies per decade and amplitude of 5 mV, applying the potential obtained, from LV data taken at the beginning of the occurrence of the faradaic OER. Several voltammetric curves at diverse scan rates (10–300 mV s−1) were conducted to estimate the morphology factor, φ, (φ = (Cd,i)/(Cd)), according to the methodology proposed by da Silva et al. [18]. Total (Cd), internal (Cd,i), and external (Cd,e = Cd − Cd,i) capacitances were obtained from the angular coefficients calculated from the linear dependence of the current density on the scan rate (j versus ʋ). These characterisations were performed using H2SO4 0.5 mol dm–3 as the electrolyte. Accelerated service lifetime experiments were carried out in 0.1 mol dm–3 Na2SO4 electrolyte solution at a fixed current density of 200 mA cm−2 until the recorded potential achieve 10 V (vs Ag/AgCl reference). 

[bookmark: _Hlk90875050][bookmark: _Hlk51226660]2.5. Electrolysis
[bookmark: _Hlk51186610]The degradation of the dye RB5 (30 mg dm–3) was performed applying 20 mA cm–2 in 0.8 dm-3 of 0.1 mol dm–3 Na2SO4 electrolyte. The effect of the addition of 0.02 mol dm–3 or 200 ppm of NaCl to the electrolyte on the oxidation efficiency was also evaluated. Under the conditions studied, the initial pH of the solutions was around 6. The samples were analysed in a Hitachi U3010 UV–Vis spectrophotometer, considering λmax value observed at 597 nm and a total organic carbon (TOC) analyser (TOC-V CPH Shimadzu Corporation).
3. Results and discussion
3.1. Physical Characterisation
The top-view MEV images with 3000× of magnification in Figure 1 display the "mud-cracked-like" surfaces for both films made through the Pechini and copolymer methods, although the latter seems more compact and with shallow cracks. Outstandingly, the high homogeneity and conductivity (discussed hereafter) of the coating surface prepared using the copolymer made it possible to increase the magnification until 100000× (Figure 1(A)) and 200000× (Figure S1) that was unviable for the coating made using the Pechini method. These images show the two-dimensional ordered mesoporous structure of the template-made anode comprising spherical and spherical-like pores of 11 ± 4 nm in diameter. Similar ordered mesoporous structures have been reported for iridium oxide [10, 19], ruthenium oxide [4], iridium/titanium-based mixed oxides [8], ruthenium−iridium−titanium oxides [20], and titanium oxide films [4], all of them synthesised using block copolymers as templates. 
EDX data (average of at least four measurements in different regions) indicate that both methods deposited the metals contained in the precursor solutions. The atomic composition of the templated anode was Sn 60.4%, Sb 31.3%, and Ir 8.3% (Fig. S2), while for the Pechini-made anode was Sn 45.9%, Sb 44.6%, and Ir 9.6% (Fig. S3). It is worthwhile to notice that these compositions are close to the nominal composition of the anodes (i.e., Sn 57%, Sb 30%, and Ir 13%). The high concentration of oxygen in the samples (from 65 to 70% atomic) suggests the formation of metallic oxides, as will be further discussed for XRD data.

[image: ]
Fig. 1. SEM images obtained for Ti/(SnO2)57(Sb2O5)30(IrO2)13 anodes produced through the template method using 100000× of magnification (A). (Inset: image with 3000× of magnification) and by the Pechini method (B) (3000×).

Additionally, elemental mapping (Back-scattered Electron – BSE mode) of the electrodes under study was done to confirm the distribution of the elements on the coating surfaces (Fig. 2). In these images, brightness differences are associated with different element proportions; i.e., darker regions indicate a lower concentration of the observed element. Note that in the Pechini-made sample (Fig. 2B), there are some darker regions in Sn, Sb, and Ir elemental mapping. Whereas for template-made anode (Fig. 2A), these darker regions are less evident, which indicates better homogeneity of metals. Additionally, a higher intensity of titanium was observed in the sample prepared through the Pechini method, evidencing a greater exposure of the substrate when using this method.
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Fig. 2. SEM images of Ti/(SnO2)57(Sb2O5)30(IrO2)13 anodes produced using the template method (A) and the Pechini method (B) (500× of magnification). Left: Images obtained using BS mode; Right: elemental mapping obtained in BSE mode. 

Fig. 3A shows the contact angle measurements for both anodes studied. A hydrophobic surface, with a contact angle of 88 ± 2.8°, was found for the anode produced via the template method; while for the anode produced through the Pechini method (Fig. 3B), a hydrophilic surface was observed (contact angle of 24.6 ± 5.8°). The hydrophobic behaviour seen for the template-made anode can be related to a more compact surface and its nanometric porous structure (pores of 11 ± 4 nm in diameter), as seen in Fig. 1A. As already demonstrated for MMO anodes, the hydrophobicity of their surfaces, resulting from nanoscale structures, hinder water adsorption, thereby improving the oxidation efficiency towards organic compounds [21]. Therefore, it is expected that the template anode should display different EOR behaviour than the Pechini-made anode and improved effectiveness in the removal of the RB-5 dye.

[image: ][image: ]
Fig. 3. The contact angle of the coating's surfaces of Ti/(SnO2)57(Sb2O5)30(IrO2)13 anodes produced via the template method (A) and by the Pechini method (B).

Notably, unlike several amorphous metallic oxide films made using a block copolymer method and calcined at temperatures below 450 °C [4, 8, 10, 21], the XRD patterns in Figure 4 demonstrate high crystallinity of the oxides made using both methods, mainly for the SnO2. Note that both coatings can be well indexed as SnO2 (JCPDS Card no. 41-1445), IrO2 (JCPDS-No. 150870), and Sb2O4 (JCPDS-No. 36-1163), all in a tetragonal structure. Moreover, no separate Sb2O5 and IrO2 peaks are seen, which indicates that metastable solid solutions of Ti/SnO2-Sb2O5-IrO2 were formed. Similar results were previously reported by Chen et al. [22], which showed that solid solutions between Sb2O5, SnO2, and IrO2 are formed even at Sb contents as high as 15–25 mol percent because of the "brush-dry-bake" method employed during the synthesis. The influence of the synthesis method on the crystallite size of the anodes was also analysed considering the main diffraction peak (110). As a result, the mean crystallite size ranged from 6.9 nm for the template-made anode to 9.4 nm for the anode prepared via the Pechini method. Smaller crystallite sizes have yielded increased electroactive surface area and improved electrochemical properties of Sn-based MMO anodes [23]. Similar outcomes were observed in our study, as discussed hereafter. Markedly, EDX and XRD data demonstrated that desired metals and oxides are present in the anodes made using both methods.


[bookmark: _Hlk51179739]Fig. 4. XRD patterns taken for Ti/(SnO2)57(Sb2O5)30(IrO2)13 anodes produced through the template and Pechini methods.

3.2. Electrochemical characterisation
Despite the change in the morphology of the surface and the presence of mesoporous of the developed template-made anodes, the voltammetric profile displayed for this anode in Fig. 5(A), is quite similar to the one seen for the anode prepared using the Pechini method (Fig. 5(B)). However, the total capacitance of the developed anodes is 3-fold higher than for the Pechini-made anode indicating an increased number of overall active sites and electroactive area for the templated anode (Table 1). Nevertheless, the morphology factor for the mesoporous surface is lower (around 0.5 for copolymer versus 0.7 for the Pechini-made anode), suggesting that the pores are not too deep, and then, there is limited participation of the internal active sites in the electrocatalytic activity of the templated anodes. 
Moreover, Fig. 5 shows that the presence of the RB-5 dye (30 mg dm–3) in the electrolyte increases the voltammetric current in the region of potentials, where the OER occurs. This outcome suggests that its oxidation occurs in this potential region and is concomitant with the formation of hydroxyl radicals.
Sweeping to more positive potentials, between 1.0 and 1.65 V (inset in Fig. 5B), it is possible to identify that both the templated and untemplated (SnO2)57(Sb2O5)30(IrO2)13 films exhibit poor OER catalytic activity, characteristic commonly reported for non-active anodes [1, 2, 17]. Moreover, the inclination of the linear voltammetry profiles for the OER (Figure 6a) is different and indicates a lower resistivity of the templated mesoporous film than that for the Pechini-made film, as well as the overpotential needed for the OER, is lower in around 45 mV.





[bookmark: _Hlk51185548][bookmark: _Hlk51185623]Fig. 5. Cyclic voltammograms performed at 20 mV s–1 in 0.1 mol dm–3 Na2SO4 on the Ti/(SnO2)57(Sb2O5)30(IrO2)13 anodes prepared by template (A) and Pechini (B) methods on the presence (red) and absence (black) of the dye RB-5 (30 mg dm–3).

[bookmark: _Toc484044280]Table 1. Dependence on total (Cd), external (Cd,e), and internal (Cd,i) differential capacitances and the morphology factor, φ, with the type of heat treatment employed to obtain the Ti/(SnO2)57(Sb2O5)30(IrO2)13 anodes.
	Method
	Cd (mF cm–2)
	Cd,e (mF cm–2)
	Cd,i (mF cm–2)
	φ (Cd,i/Cd)

	Template
	0.00733
	0.00371
	0.00362
	0.494

	Pechini
	0.00236
	0.00067
	0.00169
	0.716



Another essential property of the anodes made via the block-copolymer method is their low resistivity (Fig. 6). The presence of a well-developed semi-circle for both anodes is in agreement with other SnO2-Sb-based MMOs studied in the literature [17, 24, 25]. The inset in Fig. 6 shows the equivalent circuit that represents the Nyquist plots obtained, that is RΩ(RctCdl). In this circuit, the RΩ correspond to the ohmic resistance of the supporting electrolyte, electrodes, and contacts, which are in a parallel combination with the pseudo-capacitance related to the electrical double layer (Cdl) and the resistance of the film/electrolyte solution interface. The substitution of Cdl by a constant phase element (CPE) is usually explained by the heterogeneous and rough surface of MMO anodes. Moreover, the linearity of the impedance spectra checked by the Kramers-Kronig (K-K) tests was < 10–3 for the Pechini-made anode and < 10–4 for the copolymer-made anode, which indicates a fine adjustment. Note in Table 2 that the resistance to the charge transfer is 47.2 Ω for the developed anode, whereas it is 143 Ω for the Pechini-made anode (3-fold lower). Similar data were reported by Santos et al. 2020 [17] for SnO2–Sb anodes made by the Pechini method. The EIS behaviour in acid solutions in the OEP region contains the presence of one semi-circle described by RΩ(RctCdl), as observed here. The values for the binary composition of Ti/SnO2–Sb were 210.6 Ω and 120 Ω for anodes prepared by the dissolution of metallic precursors in EG/CA of 10/3 and 6/3, respectively. The high conductivity and homogenous surface of the template anode made possible the observation of its surface by SEM using singularly high magnifications (Fig. 1 and S1). Besides, high conductivity is also essential for applications in the electrocatalytic removal of pollutants from wastewater and other polluted waters. 




[bookmark: _Toc385374]Fig. 6. Linear voltammograms performed at 10 mV s–1 and Nyquist diagrams of the Ti/(SnO2)57(Sb2O5)30(IrO2)13 anodes produced via the template and Pechini methods measured at the onset potential of the OER for each electrode. Electrolyte: 0.5 mol dm–3 H2SO4.
Table 2. The influence of the composition and the heating method on the EIS fitting data obtained for the anodes obtained after conventional and laser heating, recorded at the OER onset potential.
	Method
	E /V (vs RHE)
	Rs / Ohm
	Rct / Ohm
	CPE / F
	n
	χ2

	Template
	1.48
	1.83
	47.20
	0.03
	0.94
	6.71 × 10–4

	Pechini
	1.50
	5.62
	143.0
	0.03
	0.93
	5.92 × 10–3



	The stability of the materials is an essential factor in the view of finding practical applications.  Here, the tests were conducted in drastic conditions of electrolysis (i.e. 0.1 mol dm–3 at 200 mA cm–2), where anodes were considered deactivated when attained a drastic rise in the potential until 10 V (vs Ag/AgCl), then tests were stopped and the tests of accelerated service lifetime finished. These tests for the anodes being studied showed superior stability of anodes made using the copolymer, which lasted for ~270 h, in comparison with those manufactured by the Pechini-made anode (~90 h). This enhanced stability (3-fold higher) can be attributed to the more compact and homogeneous surface of the templated made anode, which minimises the electrolyte penetration through porous and cracks. Important achievements in terms of the durability of SnO2-Sb-based anodes have been reported in the last years in the literature. For example, Rao and Venkatarangaiah fabricated a Ti/Sb-SnO2(E)/Ni-Sb-SnO2 anode, which presented extended accelerated service life of 65.8 h in 3.0 mol L−1 H2SO4 at 200 mA cm−2 [26]. Zhang and co-workers used discated SiC heating rod to develop SiC/Sb-SnO2 anode instead of titanium, which led to a different deactivation mechanism and improved service lifetime from 19.3 h to 46.5 h in 0.5 mol L−1 Na2SO4 aqueous solution at 100 mA cm−2 [27]. Ansari and Nematollahi prepared Ti/SnO2-Sb/β-PbO2 anodes by electrodeposition and the stability was investigated in a 2.0 mol L−1 H2SO4 at 200 mA cm−2. As result anodes of Ti/SnO2-Sb/β-PbO2 last for 160 h, which is twice as long as Ti/SnO2-Sb due to the positive effect of β-PbO2 [28]. Mameda et al. fabricated a Ti-based Sb-SnO2 anode with the insertion of TiONC interlayers, which presented enhanced durability of 141 ± 22.3 in 0.6 mol L−1 NaCl at 200 mA cm−2, which was 25 times greater than conventional SnO2-Sb anode [29]. In this context, Li et al. [30] successfully developed Ti/IrO2/Sb-SnO2 electrodes by coating the pyrolysis method. The accelerated service life tests were performed by anodic polarisation of the prepared electrodes at 100 mA·cm−2 in 1 mol L−1 H2SO4 electrolyte solution at room temperature. The service life of the Ti/IrO2/Sb-SnO2 electrode was approximately 83 h (almost 30 times relative to that of the Ti/Sb-SnO2 electrode under the same condition). Hence, compared to the above-cited studies, the ternary anode of (SnO2)57(Sb2O5)30(IrO2)13 fabricated by the template made anodes presented considerable improvement in service life (~270 h measured in 0.1 mol dm–3 at 200 mA cm–2) of this type of electrodes.

3.3. Electrolysis
Both anodes made by Pechini and template methods were active in the removal of the RB-5 dye in sulphate media (Fig. 7), removing around 43% of the dye in 120 min of electrolysis. However, the kinetics of removing the dye increases when small amounts of NaCl were added to the electrolyte. Interestingly, the removal rate is higher for the templated anode during the whole time of the experiment. This enhanced activity can be a result of the improved conductivity, higher total capacitance, and homogeneous surface of the template anode, as discussed before. The rate constants increase in a factor of 3.9 and 4.7 when there are 200 ppm (3.4 × 10–3 mol dm–3) and 1168.8 ppm (20 × 10–3 mol dm–3) of chloride in the electrolyte, (Table 3), demonstrating the feasibility of the templated anode for the removal of this dye from aqueous solutions. Remarkably, the complete removal of the dye is attained at 15 min and 30 min for the anodes made using the template and Pechini methods, when using 1168.8 ppm (20 × 10–3 mol dm–3) of NaCl in the electrolyte. However, when using 200 ppm (3.4 × 10–3 mol dm–3) of NaCl in the electrolyte, almost complete oxidation of the dye (98%) only occurs at the anode made via the template method after 120 min of treatment. Furthermore, the removal of TOC obtained using Na2SO4 + 20 × 10–3 mol dm–3 NaCl was 48% and 46% for the templated and the Pechini anodes, demonstrating the high catalytic activity of the templated anode for treating wastewater contaminated with organic compounds. Moreover, it is important to recognise the role of oxidative species generated in the presence of NaCl in the supporting electrolyte, particularly hypochlorous acid (HClO)/hypochlorite ion (ClO–) which are commonly reported to be formed on the surface of MMO anodes [31]. Therefore, in the presence of chlorides, the concomitant oxidation of water and formation of active chlorine species contribute to better efficiencies towards contaminant removal.





  
Fig. 7. Analysis of the RB-5 removal measured by UV/Vis spectroscopy and performed on anodes prepared as a function of time by the template and Pechini methods (A, C) and the pseudo-first-order kinetic model fitted to the RB-5 removal by the template and Pechini methods (B, D). Conditions: 20 mA cm–2 of applied current density, 0.1 mol dm–3 Na2SO4 electrolyte with different amounts of NaCl.

[bookmark: _Hlk51186365]Table 3. Kinetics parameters obtained from RB-5 removal data in Fig. 7. The experiments were conducted using anodes prepared using the template and Pechini methods, applying 20 mA cm–2 in 0.1 mol dm–3 Na2SO4 electrolyte with different amounts of NaCl.
	Method
	Na2SO4
	Na2SO4 + 200 ppm NaCl
	Na2SO4 + 1168.8 ppm NaCl

	
	k (min−1)
	R2
	k (min−1)
	R2
	k (min−1)
	R2

	Template
	0.002
	0.902
	0.073
	0.99
	0.866
	0.952

	Pechini
	0.003
	0.94
	0.0188
	0.99
	0.183
	0.99



The results obtained here are better than reported in other studies in the literature for the removal of RB-5 using electrochemical oxidation [32-35]. For example, Vasconcelos et al. [33], reported the electrochemical oxidation of RB-5 (20 mg dm–3) using a boron-doped diamond (BDD) electrode in 0.5 mol dm–3 Na2SO4 electrolyte. They obtained the highest kinetic rate (k: 0.835 min−1) at 41.1 mA cm−2 after 90 minutes of electrolysis. Comparing with our results, 30 mg dm–3 RB-5 was removed at a similar kinetic rate (k: 0.866 min−1) at a current density two times lower (20 mA cm−2) using an electrolyte containing 0.1 mol dm–3 Na2SO4 and a small amount of NaCl (0.2 mol dm−3). Other novel materials, such as reticulated vitreous carbon (RVC) modified with PbO2 and titanate nanosheets (TiNS), have been used for the degradation of 10 mg dm–3 of RB-5 dye in 0.5 mol dm–3 Na2SO4, which enabled 98% of colour removal (k: 0.060 min−1) within 60 min at 2 mA cm−2 [32]. Saxena et al. [34] reported 97% of colour removal of 1000 mg dm–3 RB-5 dye after 120 min in 0.07 mol dm–3 NaCl electrolyte using a Ti/CoOx–RuO2–SnO2–Sb2O5 electrode at 50 A cm−2. Moreover, Harito et al. [35], recently reported a hierarchical electrode made with PbO2 on 3D titanium felt/TiO2 nanotubular array for electrooxidation of 20 mg dm–3 of RB-5 dye. Under optimal conditions (0.5 mol dm–3 Na2SO4, E: 1.5 V vs Hg/HgO, pH: 3), 98% of colour removal after 50 min (k: 0.0875 min−1) was achieved. Thus, comparing our results with other electrodes, the anode produced using the template method can even be competitive with other reported electrodes, including the BDD anode (when in the presence of small amounts of chlorine), which is well known for its high oxidation capacity and higher cost of production. 

4. Conclusions
A methodology to prepare ternary anodes containing tin, antimony, and iridium oxides with tailored mesoporosity was successfully developed in this work using a copolymer as a template. The use of the copolymer resulted in nanoporous surfaces with highly homogeneous morphology and smaller crystallite size than the anodes made using the Pechini method. Thus, the Ti/(SnO2)0.57-(Sb2O5)0.3-(IrO2)0.13 anodes displayed high total capacitance, which in turn resulted in better performance in the electrochemical removal of the RB-5 dye, especially in electrolytic media containing small amounts of NaCl. Finally, this study shows that the method developed is promising for preparing new types of electrodes with high efficiencies for the removal of organic pollutants from aqueous media.
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