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Abstract 
SnO2-based anodes have been widely used in heterogeneous catalytic processes, 
particularly in the anodic oxidation of wastewater containing recalcitrant organic 
materials. This review covers the application of SnO2-based anodes for the treatment of 
various wastewater sources, including phenols, dyes, landfills, and petroleum refinery 
wastewater, via direct anodic oxidation. The key operating parameters affecting anodic 
oxidation are summarized, the oxidation process mechanisms are elucidated, and typical 
methods for preparing these electrodes are described. This comprehensive review 
demonstrates that SnO2-based anodes can efficiently degrade organic pollutants in 
wastewater and confirms their high oxidation capacity and dimensional stability. Despite 
these excellent properties, the performance and durability can be further enhanced via 
novel doping strategies, innovative fabrication methods, and hybrid material designs, 
such as combining SnO2 nanotubes with TiO2 nanotubes. These emerging approaches 
provide pathways for the scalable and energy-efficient deployment of SnO2-based anodes 
in industrial wastewater treatment and sustainable operation applications. 
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Introduction 

Currently, wastewater treatment management is considered a complex problem and a decisive 

factor in evaluating the sustainable improvement of recent industrial practices and applications, with 

basic measures being important for achieving a clean environment. Most environmental 

contaminants can be successfully removed or converted into new nontoxic products using one or 

more treatment methods, including physical, biological, and chemical approaches. Depending on the 

quality of the polluted water and the chemical composition of the existing organic compounds, 
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wastewater treatment methods are complex and variable. Compared with biological and physical 

methods, the removal of contaminants via chemical approaches is more efficient and easier to control. 

Contaminant removal techniques have received widespread attention for treating various types of 

wastewater. Furthermore, because industrial waste frequently comprises inorganic and organic 

compounds with highly diverse characteristics, a broad treatment strategy is not feasible [1]. 

The typical technologies used to generate these radicals include electrical discharge processes, 

thermal activation, chemical reaction pathways, catalytic reactions, illumination/irradiation, and 

electrochemical activation [2,3]. 

Numerous advanced oxidation processes (AOPs) have been used to treat wastewater (Figure 1). 

Electrocatalytic oxidation (anodic oxidation) has attracted considerable interest for treating 

wastewater and is considered an excellent approach for degradation, especially for contaminants  

that are extremely resistant to oxidation [4]. 

 
Figure 1. Classification of advanced oxidation technologies. Reproduced from [4] Article ID 2107939,  

licensed under CC BY 

Anodic oxidation is a more efficient and eco-friendly method than other electrochemical 

processes because it does not require large amounts of chemicals, thereby reducing the production 

of secondary contaminants; thus, no additional accessories should be required. However, anode 

materials represent the major factor affecting the efficiency of anodic oxidation. Many researchers 

have tested various anodic materials, such as glassy carbon [5], RuO2 [6], Pt-Ir [7], fibre carbon [8], 

manganese dioxide [9], Pt-carbon black [10], porous carbon felt [11], stainless steel [12], reticulated 

vitreous carbon [13], boron-doped diamond (BDD) [14] and SnO2 [4]. Among these types, tin oxide 

(SnO2) is considered a powerful, cost-effective, and eco-friendly anodic material for treating 

wastewater [4]. Table 1 compares SnO2-based anodes and other relevant electrodes used in 

wastewater in terms of chemical oxygen demand (COD) removal, stability, current efficiency, and 

energy consumption. The comparison confirms that SnO2-based anodes are considered the second-

best option after BDD [15-17].  

Based on the comparisons presented above, this review will further investigate the application 

of anodic oxidation for wastewater treatment, the influence of key parameters on the efficiency of 

this process, and the ability of SnO2-based electrodes to serve as effective anodic materials. The 

properties, preparation methods, stability, and application of these materials for treating various 

types of wastewater are described to provide a comprehensive understanding of the importance of 

these anodes. The challenges in their applications and future improvements are also presented. 
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Table 1. Comparison of SnO2-based anodes with relevant anodic materials in wastewater treatment 

Anode type 
Typical  

COD removal, % 
Stability 

Energy consumption, 
kWh kg-1 COD 

Current  
efficiency, % 

Remarks 

SnO2-based 
anodes 

60 to 95 (according 
to characteristics of 

wastewater) 

Good but 
variable 

8 to 14 (in many 
papers; can be 

reduced by doping) 

5 to 30  
(moderate) 

Cost-effective 
anodic materials 

and easy to 
fabricate 

BDD anodes 
Higher than 85 based 
on wastewater type 

High and 
robust 

1.5  

Over 40 
(decreases in 

performance as 
current density 

increased) 

High cost and 
difficulty of 

adoption in the 
manufacturing 

industry 

PbO2 anodes 
70 to 90 based on 
wastewater type 

Moderate 
Variable, higher than 

that in BDD 
Moderate 

Pb leaching 
during operation  

(toxic impact) 

Mixed metal 
oxide, such as 

RuO2/IrO2 

50 to 90 based on 
wastewater type 

Good 8.7 to 11.4 Moderate 
Cost of noble 

metals is a factor 

Wastewater treatment by electrochemical oxidation 

Mechanism of anodic oxidation 

Anodic oxidation of organic contaminants present in wastewater can be accomplished via two 

routes: direct and indirect oxidation. Organic compounds can be oxidized directly at the anode 

surface via electron transfer, which generates physisorbed or chemisorbed •OH radicals from either 

hydroxyl ion or water oxidation (Equations (1) and (2)) [4]. 

OH- → ⦁OH + e-  (1) 

H2O → ⦁OH + H+ + e-   (2) 

This route is called direct anodic oxidation. In the other route (indirect anodic oxidation), organic 

compounds are degraded in the bulk of a solution by oxidizing reagents generated anodically, where 

O3, Cl2, ClO-, peroxide, and persulfate act as mediators for oxidizing organic compounds [18]. 

Reactive chlorine species, such as Cl2, ClO- and HClO, are produced from the oxidation of chloride 

ions (Equations (3) to (5)) and represent the most active mediator because high-concentration 

chlorine ions already exist in wastewater [19]. 

2Cl- → Cl2 + 2e- (3) 

Cl2 + 2H2O → 2HClO- + 2H+ + 2e- (4) 

Cl- + 2OH- → ClO- + H2O + 2e- (5) 

Figure 2 illustrates the mechanism of anodic oxidation on mixed metal oxide anodes. 

Direct anodic oxidation is an attractive approach because no chemicals that can generate 

secondary pollution are added [20,21]. However, this method may suffer deactivation due to the 

formation of a polymer layer on the anode surface [6]. 
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Figure 2. Mechanistic schemes of anodic oxidation: (a) direct method and (b) indirect method. Redrawn by 
the authors based on ref.[18]. Notes: R, target pollutants; MO, mixed metal oxide anode with chemisorbed 

active oxygen; M(⦁OH), mixed metal oxide with physically adsorbed active oxygen 

Parameters affecting anodic oxidation 

Various operating conditions influence the removal of organic contaminants by anodic oxidation 

in aqueous solutions. The most common operating conditions include the nature of the supporting 

electrolyte and its concentration, current density, pH, initial concentration of organic contaminants, 

temperature, and presence or absence of metallic cations [21,22]. 

Impact of supporting electrolyte  

The commonly used supporting electrolytes include NaCl, NaNO3, NaClO4, Na2SO4, Na2CO3 and 

KCl [23]. Asim et al. [24] used 3D-Ti/Sb-SnO2-Gr electrodes and adopted two types of supporting 

electrolyte, namely, KCl and Na2SO4, to evaluate the effect of the supporting electrolyte on the 

degradation efficiency of 2,4-dichlorophenol (2,4-DCP). The degradation rate was faster with KCl, 

with a removal efficiency of 83 %, whereas it was 81 % with Na2SO4 (Figure 3).  

 
Time, min 

Figure 3. Effect of supporting electrolyte on the degradation of 2,4-DCP by 3D-Ti/Sb-SnO2-Gr electrodes in 
0.5 M Na2SO4 and KCl. Redrawn by the authors based on ref.[24] 
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However, at longer times, the removal efficiency can reach 99.9 % for Na2SO4, and direct anodic 

oxidation by •OH is primarily responsible for the degradation of 2,4-DCP. 

Li et al. [25] examined the effect of supporting electrolytes on the degradation of aniline using 

different tin oxide anodes (Figure 4). The colour changed during electrolysis, i.e., the colour of the 

electrolyte first turned light brown, followed by dark brown, light yellow, and finally, colourless in 

both electrolytes. A dark brown colour appeared at 1 h in the case of Na2SO4 and at 0.5 h in the case 

of NaCl for Ti/Sb-SnO2. Their findings confirmed the fast removal of aniline in the NaCl electrolyte. 

 
Figure 4. Effect of the supporting electrolyte on aniline removal using different types of tin oxide anodes. 

Operating conditions: current density of 20 mA cm−2, 500 mg L−1 aniline and 5 wt.% of supporting electrolytes. 
Redrawn by the authors based on ref.[25] 

Impact of organic pollution concentration 

An essential parameter in the removal of organic contaminants via anodic oxidation is the initial 

pollutant concentration. Zhou et al. [26] examined how the initial concentrations of benzophenone-3 

(BP-3) and its intermediate (4-OH-BP) affect the rate at which they are degraded. The rate constant 

(k) values of BP-3 were 0.236, 0.175, 0.083, 0.052 and 0.035 min−1 at initial concentrations of 2, 5, 10, 

20 and 40 mg L−1, respectively; for 4-OH-BP, the corresponding k values were 0.308, 0.205, 0.113, 

0.063 and 0.028 min−1 at initial concentrations of 2, 5, 10, 20 and 40 mg L−1, respectively. Increasing 

the starting concentration prevented BP-3 and 4-OH-BP from degrading (Figure 5). 

The influence of the starting concentration on the removal efficiency has been the topic of many 

studies [27,28]. Their findings showed that high pollutant removal rates can be achieved at low 

concentrations. 

     
 Time, min Time, min 

Figure 5. Influence of the initial concentrations of BP-3 and 4-OH-BP on removal efficiency via anodic 
oxidation. Redrawn by the authors based on [26] 
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Impact of current density 

An appropriate selection of current density within the anodic oxidation system preserves a 

specific level of current efficiency while eliminating contaminants and decreasing energy consump-

tion [29]. Li et al. [30] used Ti/Sn-Sb/PbO2 in their treatment study on coal gasification wastewater 

(CGW) at current densities ranging between 20 and 60 mA cm−2. The reduction in the TOC level of 

CGW at various current densities is shown in Figure 6. The ability of the electrocatalytic oxidation 

system to remove TOC increased markedly with current density, but the reaction rate slowed due 

to rapid consumption and oxygen evolution (side reactions) of the reactants. 

Abd and Abbar [31] evaluated the performance of a Cu/SnO2-Sb2O5 anode electrode for COD 

removal in hospital wastewater at different current densities (5, 10, and 15 mA cm2) (Figure 7). 

 
Time, min 

Figure 6. Mineralization of coal gasification 
wastewater (CGW) at different current densities. 

Redrawn by the authors based on [30] 

 
Time, min 

Figure 7. Influence of current density on the decay of 
COD during electro-oxidation of hospital wastewater 
using a Cu/SnO2-Sb2O5 anode Reproduced from [31], 

licensed under CC BY 4.0 

Past studies have shown that increasing the current density improves the COD removal efficiency 

(74.6 to 86.6 %) and increases the current density (to 15 mA cm-2). However, this efficiency 

improvement is accompanied by a significant increase in energy consumption (from 1.43 to 6.13 

kWh kg-1 COD) at the aforementioned current density. 

Effect of the initial solution pH 

Many researchers have examined how the initial pH influences the degradation process. Past findings 

suggest that the initial pH is vital for the electrocatalytic degradation of organic compounds. As pH can 

alter the catalyst surface charge in wastewater treatment and the morphology of degraded species, 

solution pH is frequently a key parameter influencing the removal of organic pollutants [32,33]. 

However, results from prior work varied, even contradicting one another, which may be attributed to 

differences in the electrode materials examined and in the structures of the organic pollutants. Cao et 

al. [28] used Ti/SnO2-Sb-Cu to investigate the effects of the initial pH on the colour and COD removal 

of methylene blue (MB) (Figure 8) and found that a high removal of COD could be obtained at a low 

pH. Abd and Abbar [31] used Cu/SnO2-Sb2O5 to examine the effect of initial pH on the COD removal 

efficiency from hospital wastewater, and three pH values (3, 7 and 9) were evaluated at a constant 

current density of 10 mA cm-2 (Figure 9). A pH of 3 resulted in the highest COD removal efficiency of 

85 %, whereas a pH 9 resulted in the lowest removal efficiency of 79.66 %. 
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Time, min 

Figure 8. Effect of initial pH on the decolorization efficiency of methylene blue (MB). Redrawn by the authors 
based on [28] 

 
Time, min 

Figure 9. Influence of pH on COD decay during electro-oxidation of hospital wastewater using a Cu/SnO2-
Sb2O5 anode. Reproduced from [31], licensed under CC BY 4.0 

Temperature effects 

Panizza et al. [34] used BDD anodes to investigate the influence of temperature on COD and color 

removal during the direct oxidation of MB. Increasing the temperature from 20 to 40 °C effectively 

removed COD. Un et al. [35] used Ti/RuO2 anodes and found that organic removal rates increased 

with increasing temperature during the electrochemical oxidation of olive mill wastewater. The 

temperature did not affect direct oxidation but strongly influenced indirect oxidation when the 

aforementioned two parameters were considered simultaneously. 

Typical designs of electrochemical reactors 

The optimal design of electrochemical reactors (ECRs) is the most important factor in the successful 

operation of electrochemical oxidation of organic pollutants, as it can increase process efficiency and 

reduce energy requirements. The design and configuration of ECRs directly influence the mass and 

heat transfer mechanisms and the fluid flow and mixing within reactors [36]. Recent studies provide 
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evidence of advancements in ECR designs, and optimizations of these configurations have focused on 

improving mass-transfer efficiency by increasing the contact area between fluids and electrodes; 

however, most of these configurations are still at the laboratory stage or at the pilot scale [37]. During 

the design stage of ECR, many criteria should be considered. First, the design procedure should comply 

with electrocatalytic requirements and be highly feasible, with simple operation and maintenance; 

second, the electrode material should be readily available and easy to use, and the reactor should be 

environmentally friendly and versatile [36]. 

In general, ECRs can be classified based on the reactor structure, mode of operation, flow type, 

and electrode configuration (Figure 10). 

 
Figure 10. Reactor configurations of ECRs Reproduced from [37], licensed under CC BY 4.0 

The simplest ECR configuration is a tank reactor with two plate electrodes inserted into a 

rectangular tank. This design is widely used for wastewater treatment due to its simplicity. However, 

tank reactors are difficult to apply at industrial scales due to their small volume and short-duration 

operation, as well as the difficulty of determining the impacts of mass transport and flow 

regimes [38]. Reactors with distinctive designs, such as filter-press ECRs (plate-frame reactors) and 

tubular ECRs, have been designed to improve spatiotemporal efficiency and enhance mass transfer. 

The plate-frame reactor usually consists of many plates as electrodes, with frames enclosing them 

in a parallel configuration [39]. Compared with the tank type, the plate-frame ECR has a higher space 

utilization rate, lower pressure loss, and lower cell potential due to the closer electrode spacing, 

indicating decreased energy consumption [40]. Tubular ECRs use tube-shaped electrodes in a tank. 

The traditional type consists of an anode rod inside an outer cathode tube, forming a concentric 

tubular cell. Compared with water in the tank-type design, the water in the traditional type has a 

more uniform current distribution and higher polarity [36]. Tubular ECR has been successfully used 

to degrade organic contaminants in wastewater, particularly highly concentrated contaminants, 

such as pharmaceutical, petroleum refinery, dye, and food manufacturing wastewater [41-44]. 

Recently, rotating electrodes and turbulence promoters have received widespread attention [36]. 

With respect to the mode of operation, ECRs can operate in batch, batch-circulation, and continuous 

modes. In the first two modes, the ECR is operated for a fixed time by cycling until the required level 

of pollutant degradation is attained. These two modes are appropriate for small-scale pollutant 

treatment, but they suffer from low treatment capacity. Continuous ECRs are typically operated in 

single-pass mode, with contaminants in the influent contacting the electrodes in series or parallel. 

The continuous mode is preferable from an engineering perspective because it offers numerous 

benefits, such as cleaner products, faster reactions, and greater safety and ease of scale-up, 
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compared with batch reactors [37]. In general, 2D and 3D electrodes are used for anodic oxidation. 

The 3D-ECR is composed of a granulated material packed as a bed between a 2D flat-plate electrode 

and operates in flow-through or flow-by mode [45]. The bed can be fixed or fluidized, with the latter 

providing a larger activation area and a higher mass transfer rate [46]. 

SnO2-based electrodes 

Properties of SnO2 

Two oxidation states of tin (Sn) exist because of its dual valence. The first is 2+, represented by 

stannous oxide (SnO), whereas the second is 4+, represented by stannic oxide (SnO2) [47,48]. SnO2 

has a tetragonal rutile structure with space group D4h14 (P42/mnm) [47]. One unit cell is composed 

of six atoms, two of which are Sn and four of which are oxygen [48]. 

Pure SnO2 has high electrical resistance; thus, it is unsuitable for electrode fabrication [49-51]. How-

ever, when SnO2 is mixed with Ar, B, Bi, F, P and Sb, its conductivity increases significantly [52-55]. 

Antimony (Sb) is commonly used as a dopant in anodic oxidation applications [56,57]. Transparent 

electrodes composed of doped SnO2 films are found in a variety of applications, including gas 

detectors, high-efficiency solar cells, transparent heating elements, and far-infrared detectors [58]. 

SnO2 doped with Sb is classified as a “nonactive” anode because of its high O2 evolution overpotential, 

which results in poor catalysis for O2 evolution reactions. However, this feature encourages the 

conversion of organic matter to CO2 [59]. Sb-doped SnO2 electrodes are efficient for wastewater 

treatment, particularly for the oxidation of organic compounds [60,61]. Another benefit of using SnO2 

is its lower cost compared with other precious materials, such as platinum and BDD [62]. 

Methods for fabricating SnO2 electrodes 

Various methods for preparing Ti/SnO2-Sb electrodes, such as sol-gel, thermal decomposition, 

hydrothermal, electrodeposition, sputtering, dip-coating, ultrasonic atomization decomposition, 

and self-assembly, are currently available. Different preparation methods affect the microstructure 

and performance of the Ti/SnO2-Sb electrode [63,64]. Table 2 presents the various manufacturing 

methods and their methodologies and characteristics. 

Table 2. Methods for preparing tin oxide anodes  

Manufacturing method Methodology Characteristics 

Chemical vapor 
deposition 

SnO2 film produced via vapor phase 
caused by chemical reactions 

High cost with uniform surface 

Thermal decomposition 
High temperature is applied to 

decompose Sn-precursor 
Low cost but needs many multilayer 

coatings 

Hydrothermal 
High temperature is applied under high 

pressure 
Ability to produce pure and highly 

crystalline material but entails high cost 

Sol-gel dip-coating 
technique 

High temperature is applied without a 
colloid solution 

Low cost but needs many multilayer 
coatings 

Spray pyrolysis 
A precursor solution is deposited on 

surface of electrode under carrier gas 
High cost with a uniform surface 

Electrodeposition 
Tin oxide films are deposited on anodic 

or cathodic electrodes 
Low cost but produces nonuniform 

deposition 
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Chemical vapor deposition 

Chemical vapor deposition (CVD) was used to deposit a high-purity tin oxide thin film. The 

ingredients in the vapor phase were mixed in a reaction chamber, and a chemical reaction was 

induced, causing the mixture to be adsorbed onto a heated substrate, yielding a solid film [4]. The 

temperature of the substrate is important because it affects the formation of various reactions. 

Changing the gas phase composition can also produce a variety of gradients or variable coatings [4]. 

Yao et al. [63] applied CVD to create Ti/SnO2 anodes at 550 °C from a precursor composed of SnCl4 

and H2O as a gas phase mixture. The electrodes exhibited a high overpotential for O2 evolution, a 

compact microstructure, and good activity toward contaminant oxidation. The surface quality of the 

electrode prepared by this method could be controlled, but the high cost of precursor materials 

limited their use in Ti/SnO2-Sb synthesis. Scott et al. [64] used mist CVD to create SnO2-Sb thin films, 

thereby reducing the cost and throughput limitations of the CVD method (high-vacuum technique). 

This technique was based on a nonvacuum, solution-based method that included aerosol-aided 

transport using ultrasonically generated aerosols from simple precursors composed of aqueous Sn 

and Sb. Another technique called combustion CVD was used to prepare SnO2 on a quartz substrate 

at atmospheric pressure with heating set to 850 to 1150 °C [65]. 

Thermal decomposition 

The thermal decomposition method is based on the heat treatment of tin and antimony chlorides 

on a titanium electrode. Chlorides are dissolved in isopropanol to prepare a precursor solution. The 

surface of the titanium sheet (substrate) is coated with the precursor solution, placed in an oven, 

and heated. As chlorides are unstable at high temperatures, they are converted to mixed oxides. In 

general, the thermal decomposition method consists of three steps: substrate pretreatment (Ti), 

application of the coating precursor solution, and thermal treatment [66,67]. 

Sol‒gel dip-coating technique 

The sol‒gel dip-coating approach can be achieved by dissolving SnCI2·2H2O and SbCl3 in absolute 

ethanol and separately stirring and heating the two solutions in closed vessels, followed by 

evaporating them until dryness to obtain two powders. In a previous study, two powders were 

mixed in ethanol at the doping ratio, with stirring and heating at 50 °C for 2 h [68]. The substrate 

was dipped in the obtained solution, dried at 100 °C, re-dipped into the solution, dried, and heated 

at 600 °C [68-70]. Different precursors, such as SnCl4 and tin alkoxide, can be used as reacting 

materials when fabricating SnO2 nanostructures, and colloidal nanoparticles can be combined with 

a chemical solution (i.e. sol) to form a gel (an integrated network) [70]. However, the use of tin 

alkoxides is avoided because of their high cost and high moisture sensitivity. By contrast, the use of 

SnCl4 as a precursor entails low-cost and simple control processes. In conclusion, despite the ability 

of the sol‒gel process to prepare SnO2 nanoparticles [70,71] and nanotubes [72], the morphologies 

of the nanostructures are constrained by the difficulty of template fabrication, especially when 

various shapes and sizes are considered. 

Spray pyrolysis 

Correa-Lozano et al. [73] employed spray pyrolysis to prepare Ti/SnO2-Sb2O5 anodes, using N2 as 

the carrier gas. The precursor solution was prepared by dissolving SnCl4·5H2O and SbCl3 in an 

ethanol/HCl (32 %) solvent. The nozzle was positioned 17 cm away from the substrate, and the 

temperature was set between 400 and 700 °C. Thin films of nanostructured SnO2 were deposited 

on glass substrates by spray pyrolysis using a precursor composed of SnCl4·5H2O [74,75]. The 
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product was polycrystalline with a pure phase. Ong et al. [75] used spray pyrolysis with a precursor 

composed of SnCl4·5H2O to synthesize thin films of nanostructured SnO2 deposited on glass 

substrates. Increasing the precursor concentration improved the grain size of the films. Further-

more, the growth of the film started at temperatures above 270 °C. Hence, the substrate 

temperature plays an essential role in film formation and crystallinity. 

Hydrothermal treatment 

In recent years, hydrothermal synthesis has been widely used to prepare nanomaterials, thereby 

improving microstructures and increasing surface areas. Researchers have attempted to apply this 

method to prepare DSAs. Deng et al. [76] prepared a Ti/SnO2-Sb anode with a microsphere structure 

composed of nanosheets via a hydrothermal method. The prepared electrode was compared with 

a sample prepared by thermal decomposition for MB removal. The results confirmed that the MB 

removal rate reached 100 % with the designed electrode, and its performance was significantly 

superior to that of the thermal decomposition electrode. Man et al. [77] fabricated a tin oxide (SnO2) 

electrode in two steps: a hydrothermal method to form tin oxide nanostructures, followed by a 

thermal decomposition method to incorporate cerium and antimony into the nanostructures. The 

Ti/Ce−Sb−SnO2 NF anode performed excellently at removing organic contaminants, such as MB. The 

proposed technique achieved a colour removal efficiency of up to 100 % and a mineralization 

efficiency of up to 91.45% within 90 minutes, demonstrating its greater stability and longer lifetime 

than those of techniques using non-doped electrodes. 

Electrodeposition 

Electrodeposition, considered a superficial approach for preparing tin oxide anodes, has been 

applied extensively. The deposition conditions, including the Sn source, pH, current density, and 

temperature, substantially affected the surface morphology of the dispersions and their adhesion 

properties [4]. 

a) Anodic methods 

SnO2 films were synthesized by anodizing Sn sheets in a voltage range of 6 to 50 V with an 

ethylene glycol-based electrolyte [78]. SnO2 substrates were crystallized at temperatures below 

200 °C, and the thicknesses of the polycrystalline structure ranged between 250 and 690 nm [78]. 

The process of producing tin foils with a mesoporous SnO2 spherical structure and a tuneable 

particle size was also investigated (i.e. the sample was electrochemically anodized in an electrolyte 

composed of NH4F and NaOH in ethylene glycol) [79]. Yamaguchi et al. [80] prepared a tin oxide film 

by electrochemically anodizing a tin film deposited on a fluorine-doped tin oxide electrode. 

Columnar-type pore-channel tin oxide films (50 nm) with optical transparency were successfully 

obtained in other studies [81,82]. 

b) Cathodic methods 

Chang et al. [83] synthesized nanostructured SnO2 films on a copper substrate via cathodic 

deposition. Films with relatively low crystallinity were deposited at 85 °C. After thermal treatment 

under vacuum for 4 h at 400 °C, the SnO2 nanocrystals formed a structure with a grain size of 4 to 

7 nm and were composed of a tetragonal configuration. Porous surface films were prepared at 

current densities of 5-15 mA cm-2. Other conditions for fabricating nanocrystalline two-layered SnO2 

coatings from HNO3 solutions at 85 °C were also investigated [84-86]. 

Lai et al. [87] used a rigid template of nanoporous polycarbonate membranes in 1D nano-

structures for the electrodeposition of SnO2 nanotubes. Spray and Choi [88] investigated the use of 

surfactants, such as sodium dodecyl sulphate (SDS); introduced SDS to form Sn4+ ions with a well-
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ordered arrangement, serving as the skeleton of the SnO2 film; and produced mesoporous 

frameworks via cathodic deposition [89]. 

Stability/degradation of SnO2-based electrodes 

The long-term stability of SnO₂ anodes remains a major obstacle to their industrial application 

due to the interplay of multiple degradation mechanisms under typical anodic polarization 

conditions. The deactivation of SnO2 anodes can be attributed to a variety of factors, such as the 

formation of a resistive layer separating the coatings from the substrate, the formation of a passive 

layer over the external coating, or the selective loss of the catalyst to the electrolyte. Furthermore, 

the SnO2-Sb2O5 electrodes undergo deactivation when nonconductive films of Sn(OH)2 form on the 

surface of the anodes [62]. The electrochemical dissolution of SnO₂, particularly at high oxidation 

potentials and in acidic environments, is a major failure pathway, as Sn(IV) can become unstable 

and be released as ions (Sn²⁺/Sn⁴⁺). The effect of this process is amplified in the presence of 

structural defects, grain boundaries, and complex anions, leading to a gradual decrease in the 

thickness of the SnO₂ layer and eventual exposure of the substrate [90]. 

Interfacial oxidation at the titanium-tin oxide (Ti/SnO₂) contact surface, another pathway for 

anode failure, plays a crucial role in anode disruption caused by coating defects such as micropores 

or microcracks. In these cases, the titanium substrate undergoes direct anodic oxidation, thereby 

forming an insulating titanium dioxide (TiO₂) layer that increases interfacial resistance and 

contributes to coating detachment [91]. Surface passivation is another failure pathway. In this case, 

the adsorption of polymer compounds formed by the oxidation of organic pollutants during anodic 

oxidation blocks active sites and inhibits the generation of hydroxyl radicals. These reactions result 

in partial rather than complete oxidation, increasing energy consumption [92]. The leaching of 

dopants, particularly antimony and lead, is a crucial aspect, as they are typically added to enhance 

the electrical conductivity and catalytic activity of tin oxide. Under prolonged electrolysis, 

pentavalent antimony (Sb⁵⁺) may be reduced to the more soluble trivalent antimony ions (Sb³⁺), 

while lead dissolves as divalent lead ions (Pb²⁺). These reactions decrease electrical conductivity and 

catalytic efficiency, raising environmental concerns due to the release of toxic ions [92].  

The aforementioned degradation pathways are closely interconnected: dopant leaching reduces 

thin-layer conductivity, causing a localized overvoltage that accelerates tin dissolution; thinning of 

the layer increases the substrate’s susceptibility to oxidation; and surface passivation increases the 

required operating voltage, intensifying the corrosion process. Thus, the degradation of tin oxide 

(SnO₂) anodes is inherently nonlinear and often characterized by an initial quasi-stable state, 

followed by a rapid decrease in performance [92]. 

Integrating degradation pathways with material design strategies is crucial for improving the 

stability of tin dioxide-based anodes. Tin dissolution, resulting from high anodic potentials and poor 

lattice stability, can be effectively reduced by doping with polyvalent elements (i.e. antimony, nickel, 

or cerium). This approach improves the electronic conductivity and strengthens the tin-oxygen 

framework, thereby reducing the localized overpotential and slowing dissolution kinetics [93]. 

Oxidation and surface flaking are also inhibited by the introduction of intermediate barrier layers 

(e.g. titanium dioxide or antimony-doped interlayers), which suppress oxygen diffusion while 

enhancing surface adhesion, preventing the formation of insulating oxide layers. Surface 

passivation, caused by the accumulation of insulating reaction media, can be mitigated by 

nanotechnology materials, such as porous films and nanotubes. This method increases the 

electrochemically active surface area, enhances mass transfer efficiency, and preserves available 
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active sites during operation [94]. Furthermore, dopant leakage, a major factor in electrode 

degradation, can be reduced through co-grafting strategies (Sb-Ni or Sb-Ce) and improved heat 

treatment. These techniques enhance dopant incorporation into the crystal lattice and minimize 

dopant mobility under operating conditions [94]. Combining these strategies facilitates targeted 

control of the structure, interface, and shape of materials, enabling selective mitigation of various 

degradation mechanisms. This method underscores the importance of integrated material design 

to achieve long-term electrode stability. 

Several researchers have proposed methods to increase the stability of SnO2-based electrodes 

and to prevent the formation of passive layers externally. One method involves incorporating 

additive metal oxides into the SnO2-Sb2O5 film to significantly increase the service lifetime of SnO2-

Sb2O5 anodes [94-96]. For example, adding IrOx to a mixture of SnO2-Sb2O5 increases the service 

lifetime of anodes, lasting 1600 h in 3 M H2SO4 solution at a current density of 1 A cm-2 [95]. Different 

metal oxides have been incorporated into Sb-doped SnO2 anodes to increase their lifetime [62]. 

Adams et al. [62] employed thermal decomposition to fabricate four types of SnO2-based anodes: 

Ti/SnO2-Sb2O5, Ti/SnO2-Sb2O5-IrO2, Ti/SnO2-Sb2O5-RuO2, and Ti/SnO2-Sb2O5-PtOx anodes. Among 

these electrodes, Ti/SnO2-Sb2O5-IrO2 demonstrated the longest service lifetime (155 days) at a 

current density of 160 mA cm-2 in 0.5 M NaOH solution. Correa-Lozano et al. [73] demonstrated that 

the existence of an IrO2 film between the SnO2-Sb2O5 layer and the Ti substrates can extend the 

electrode service lifetime. Coteiro et al. [97] investigated the effect of a solvent on the stability of a 

ternary oxide Ru-Ti-Sn electrode formed via thermal decomposition. The use of isopropanol as a 

solvent increased stability and eliminated tin loss. 

Application of tin oxide anodes in wastewater treatment 

For anodic oxidation-based wastewater treatment, three types of anodes have been utilized 

comprehensively: tin oxide groups, lead oxides and BDD. Each of these anodes has distinct 

performance-stability trade-offs [62,93,98]. The trade-offs among the SnO2, PbO2, and BDD anodes 

are summarized in Table 3. 

Table 3. Tradeoffs across SnO2, PbO2, and BDD anodes 

Property BDD Lead oxide Tin oxide 

Oxygen evolution 
overpotential 

Very high (best option) High High with dopants 

Rate of hydroxyl radicals 
generation 

Extremely strong but 
nonselective 

Strong Strong 

Mineralization efficiency Very high High High 

Selectivity Very low Moderate Moderate 

Electrical conductivity Very high Moderate 
Moderate when doped 

with Sb or Nb 

Service lifetime Very long Medium 
Limited up to 

hundreds of hours 

Environmental risk Very low High due to lead leaching Low 

Industrial scalability Limited Established but regulated Promising 
 

BDD is the best method, but it is costly and has limited scalability. Additionally, BDD suffers from 

several limitations, including carbon corrosion at high anodic potentials, microcrack formation, and 

surface fouling due to the adsorption of intermediates [99,100]. 

SnO2 anodes are attractive because of their low cost, ease of scaling, and ability to generate 

physisorbed OH, which leads to high oxidation efficiency when handling refractory pollutants. 
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However, SnO2 anodes suffer from Sn and dopant loss in addition to the formation of TiO2 insulation 

in the case of Ti substrates [101]. Hence, the industrial application of SnO2 anodes requires advanced 

materials engineering strategies to enhance interlayer design and dopant optimization. This review 

outlines the most recent applications of tin oxide anodes in wastewater treatment and their 

corresponding mechanisms. 

In general, SnO2-based anodes are used to treat various types of organic pollutants, including 

phenols, dyes, landfill leachate, and petroleum hydrocarbons. Table 4 presents the treatments of 

different pollutants via anodic oxidation using SnO2-based anodes 62,96,102-121. A comparison 

of the COD removal efficiencies under different operating conditions is also presented. 

Table 4. Performances of various types of SnO2-based anode wastewater treatment via anodic oxidation 

Electrode 
material 

Pollutants Optimum conditions 
Current 

density range, 
mA cm-2 

Removal 
efficiency, % 

COD 

Energy 
consumption 

Accelerated 
lifetime, h 

Ref. 

Binary oxide anodes 

Ti/Sb2O5-SnO2 

Dye: orange II 
750 mg L-1 orange II, 2 g L-1 

Na2SO4, 6.25 Ah L-1,  
200 A m-2, 30 °C 

10 to 20 27 - 
12  

(1000 A m-2) 
[102] 

Dye: reactive 
red HE-3B 

Reactive red HE-3B  
(1,500 mg L-1),  

COD (920 ppm) 2 g L-1 
Na2SO4, 6.25 Ah L-1,  

200 A m-2, 30 °C 

10 to 20 22 - - [103] 

2-chlorophenol 

COD (1000 ppm)2-chloro-
phenol (400 to 600 mg L-1) 
phosphoric solutions, flow 

rate 1 cm3 s-1, 25 °C,  
16 mA cm-2, time 500 min 

8 to 16  70 - - [104] 

Glucose 
1 g L-1 glucose1 M H2SO4, 

90 mA cm-2, 25 °C,  
time 24 h 

37.5 to 90  30 - - [105] 

Phenol 
1000 mg L-1, 30 mA cm-2, 

pH 12, 0.25 M Na2SO4,  
8 Ah 

- 100* - - [106] 

Phenol 
10 mM, 50 mA cm-2,  

pH 12.5, 70 °C 
- 71 - - [107] 

Cyanide 
1 mmol L-1 KCN, 1 mol L-1 

K2SO4, 4 mmol L-1 KCl,  
25 °C; pH 12, 16 mA cm-2 

5 to 90  ND - 
44  

(16 mA cm-2) 
[108] 

Cypermethrin 
50 mg L-1, 80 mA cm-2,  

T = 25 °C, pH 5.4 
40 to 80  76 - - [109] 

TiO2-xNCs/ 
/Sb−SnO2 

Dye: rhodamine 
B methylene 
blue, methyl 

orange, alizarin 
yellow 

20 mg L-1, 10 g L-1 Na2SO4, 
30 mA cm-2, time 2 h,  

40 °C 
-- 

RhB - 78.2* 
MB - 67.6* 
MO - 63.4* 
AYR - 47.8* 

1.9 kWh m-3 
9.3 kWh m-3 

19.2 kWh m-3 
6.1 kWh m-3 

23  
(100 mA cm-2) 

[110] 

SnO2-Sb2O3 Phenol 
150 mg L-1 phenol,  

3 g L-1 NaCl, T = 30 °C, pH 3; 
25 mA cm-2, 3 h 

10 to 25  100 - - [111] 

Ti/SnO2-Sb DOX 
5 mg L-1 doxorubicin,  

0.1 M Na2SO4, T = 25 °C,  
7.7 mA cm-2, 1 h 

- 42* 
1.128  

kWh gTOC
-1 

- [112] 

Ti/SnO2-RuO2 
Alizarin cyanin 

green(ACG) 

150.0 mg L−1 ACG, 2 g NaCl, 
T = 25 °C, 3 mA cm-2,  

time 40 min 
1 to 4  

51.3 
80.4** 

- 
40  

(500 mA cm-2) 
[113] 

Ternary oxide anodes 

Ti/Ti0.5Ru0.45 

Sn0.05O2 
Landfill 

leachate 

780 ppm COD,  
266 mg L-1 NH4Cl,  

flow rate 420 dm3 h-1,  
40 mA cm-2, time 8 h 

- 35 150 kWh m-3 - [114] 
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Electrode 
material 

Pollutants Optimum conditions 
Current 

density range, 
mA cm-2 

Removal 
efficiency, % 

COD 

Energy 
consumption 

Accelerated 
lifetime, h 

Ref. 

Ti/Sn-Pd-Ru 
oxide 

Landfill 
leachate 

4100 to 5000 ppm COD, 
1000 ppm BOD,  
266 ppm NH4Cl,  

2500 ppm chloride,  
15 A dm-2, 7,500 ppm 

chloride added, time 4 h 

50 to 150 92 - - [115] 

Ti/RuO2-SnO2-
Sb2O5 

Dye: reactive 
Black-5 

100 mg L-1 reactive black-5, 
2 g L-1NaCl ,50 mA cm-2, 

time 1 h, pH 2 to 3 
- 

55 
98**  
37* 

0.35kWh 
mgCOD

-1 
- [116] 

Ti/IrO2-SnO2-
Sb2O5 

Dye: indigo 
1 mM indigo, flow rate  

0.2 L min-1, 0.05 M NaCl,  
7 mA cm-2), time 8 h 

- 100 1.78 kWh m-3 - [117] 

Ti/RuO2-TiO2-
SnO2 

Petroleum 
hydrocarbons 

15 g L-1 NaCl, 25-30 ppm 
benzene + toluene + ethyl 
benzene + xylene, 5 ppm 

phenol, 0.25 L h-1,  
89 mA cm-2, time 2.3 h 

- 98% 4.84 kWh m-3 - [118] 

Ti/SnO2-Sb2O3- 
PtO 

Aniline 
80 ppm aniline, 225 ppm 

COD, 10 g L-1 Na2SO4, 
pH 11, 15 mA cm-2, 1 h 

- 88.9 - -- [96] 

Ti/SnO2-Sb2O5-
IrO2 

2-Nitrophenol 
0.05 to 0.275 mM2 -NPh, 

0.5 M Na2SO4, 80 mA cm-2,  
time 3 h, pH 2 

16 to 120  70** ----- 
155 days 

(160 mA cm-2) 
[62] 

Quaternary metal oxide anodes 
Ti/Ru-Ti-Sb-

SnO2 Pt/Ru-Ti-
Sb-SnO2 

p-benzo-
quinone 

100 mg L-1p-benzoquinone, 
200 mA cm-2, time 64 h 

- 98.94 - - [119] 

Ti/TiONTs/SnO
-Sb-Bi/NATO 

Dye: methy-
lene blue (MB) 

40 mg L-1 MB, time 30 min,  
T = 25 °C, 30 mA cm-2 

- 
72.9 

94.5** 
- 

37 min 
(1 A cm-2) 

[120] 

Ti/TiO2-RNTS/ 

/SnO2-Sb-Ni-La 
Oily 

wastewater 
1 M H2SO4, T = 30 °C,  

pH 7, 10 mA cm-2 
- 72.02 - - [121] 

*TOC, %; **colour, %; ND= No data 
 

Regarding the oxidation of phenol and its derivatives, several studies have shown that Ti/SnO2-

Sb2O5 anodes exhibit superior oxidation performance compared with PbO2, IrO2, RuO2, and Pt anodes. 

Kotz et al. [106] found that Ti/SnO2-Sb2O5 anodes oxidized phenol fivefold more efficiently than Pt 

anodes. Comninellis [107] found that Ti/SnO2-Sb2O5 has the highest phenol removal rate of 71 % 

compared with PbO2, IrO2, RuO2 and Pt. Grimm et al. [122] found that Ti/SnO2 achieved better phenol 

removal than PbO2. Polcaro et al. [104] found that the Ti/SnO₂ electrode exhibited superior per-

formance, achieving a 50% Faraday yield for 2-chlorophenol oxidation compared with the PbO₂ anode.  

A common strategy for improving the performance of SnO₂ anodes involves incorporating catalysts 

or intermediate layers. Noble metal oxides, such as RuO₂, IrO₂ and PtOx, are introduced into  

SnO₂-Sb₂O₅ matrices to enhance electrode stability and catalytic activity. Adams et al. [62] found that 

the Ti/SnO₂-Sb₂O₅-IrO₂ electrode showed superior performance compared with the Ti/SnO₂-Sb₂O₅- 

-RuO₂ and Ti/SnO₂-Sb₂O₅-PtOx electrodes during nitrophenol oxidation due to its long lifetime. 

Tin oxide (SnO₂)-based anodes have been extensively studied in the oxidation of aromatic 

amines, such as aniline. Comparative experiments by Li et al. [96] using graphite, titanium/platinum, 

and modified SnO₂ electrodes demonstrated that SnO₂-doped materials can efficiently oxidize 

aniline. Fugivara et al. [108] showed that Ti/SnO₂-Sb₂O₃-PtO facilitates the conversion of inter-

mediate compounds resulting from aniline oxidation (i.e. azobenzene derivatives and aniline 

phenols) to final mineralization products, such as carbon dioxide and water. These results 

demonstrate that modified SnO₂ anodes enhance the oxidation and mineralization pathways during 

electrochemical processing. 
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Anodic oxidation using SnO2-based anodes has been successfully applied to treat landfill leachate 

containing high levels of organic pollutants and ammonium. Studies in this field have used various 

tin dioxide anodes, with tin, palladium, and ruthenium trioxide anodes regarded as the most 

effective materials for achieving high removal of COD and ammonium. Chiang et al. [115] used four 

types of anodes, namely, graphite, PbO2/Ti, binary (Ru-Ti oxide-coated titanium), and ternary Sn-

Pd-Ru (SPR) oxide-coated titanium, with the latter achieving the highest COD removal rate (92 %) 

and complete ammonium removal. In another study, three anodes (BDD, PbO2, and a Ti-Ru-Sn 

ternary oxide [TiRuSnO2]) were used, with the latter achieving 35 % removal of organic matter and 

65 % removal of ammonium [114]. However, comparative studies have found that, despite the good 

performance of the SnO2 anode, BDD anodes exhibit higher oxidation efficiency under certain 

operating conditions. 

The electrochemical treatment of wastewater from the dye industry is another major application 

of tin oxide (SnO₂)-based electrodes. Ti/SnO₂-Sb anodes are promising materials for dye oxidation 

because they generate strong oxidizing species, thereby achieving significant decolorization and the 

required COD removal [96,123,124]. 2-Naphthol was degraded using BDD, PbO₂ and Ti-Ru-Sn 

ternary oxide anodes, with all anodes used to efficiently oxidize this material within the specified 

potential range under stable supporting electrolyte conditions [126-128]. However, studies compar-

ing different anodes often show that BDD electrodes provide relatively high mineralization efficiency 

due to their high oxygen generation potential and ability to generate hydroxyl radicals [125]. In 

addition, the polymer films formed on the surface of tin oxide or BDD anodes during dye oxidation 

can contaminate these electrodes and limit their long-term performance. 

Recent studies have focused on improving tin oxide (SnO₂) electrodes via advanced structural 

design. The introduction of intermediate layers of titanium dioxide (TiO₂) nanoclustered assemblies, 

addition of dopants (niobium oxide (Nb₂O₅), or bismuth-containing oxides), and electrode morpho-

logy improvements have significantly enhanced electrode performance [110,113,120,129-132]. 

These modifications promote OH generation, reduce charge-transfer resistance, and extend 

electrode lifetime. In certain cases, these strategies have resulted in several times the electrode 

lifetime compared with conventional SnO₂ electrodes. 

Tin oxide (SnO₂)-based anodes have been successfully used to treat petroleum hydrocarbons and 

petrochemical wastewater [118,119]. Studies indicate that electrode structure, operating parameters, 

and hydrodynamic conditions significantly affect treatment efficiency. Advanced self-assembling tin 

oxide (SnO₂)-based anodes have demonstrated high oil-removal efficiency and significantly higher 

degradation rate constants than conventional electrodes [130]. Zhao et al. [130] used a highly active 

titanium/tin oxide-antimony (Ti/TiO₂-RNTS/SnO₂-Sb-Ni-La) self-assembled anode for petrochemical 

waste treatment. This anode features a dense structure, a high oxygen potential (2.17 V), and a low 

charge transfer resistance (5.36 Ω). Improving these properties resulted in an oil removal rate of 

97.88 % under optimal conditions. Compared with conventional tin oxide electrodes, the degradation 

rate constant of this anode increased by a factor of 2.67, and the electrode's service life increased by 

a factor of 8.60. Furthermore, the use of pulsed-current electrochemical oxidation reduced electrical 

power consumption, thereby improving process efficiency. 

Many researchers have studied the treatment of wastewater from petroleum refining processes 

and have demonstrated the good performance of tin oxide anodes. Recently, Al-Tamimi et al. [131] 

used an innovative design prepared via cathodic deposition, which is characterized by its ease of 

scale. The prepared electrode reduced COD with a removal efficiency of 79 % and decreased energy 

consumption. 
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In general, tin oxide (SnO₂)-based anodes have strong potential to be used for the electro-

chemical oxidation of a wide range of organic pollutants, including phenols, dyes, petrochemicals, 

oil refinery pollutants, and leachate from landfills. Their oxidation ability is significantly influenced 

by electrode composition, structural modifications, and operating conditions. Key design principles 

derived from published work include selecting the appropriate dopant, optimizing the electrode 

shape, and controlling electrochemical parameters to maximize oxidation efficiency while 

maintaining electrode stability. 

Challenges, improvement, and future application of SnO2-based electrodes 

SnO2-based anodes offer multiple advantages, but their relatively short service life and instability 

limit their industrial applications. Many researchers have attempted to improve the service life and 

catalytic efficiency of these anodes through modification techniques, such as doping or structural 

changes, to increase the bonding strength between the substrates and the surface-active layers. 

Modification by doping 

Doping SnO2-based anodes with different elements improves their electrocatalytic activity [5]. The 

doping elements used for modification include rare-earth metals (Ce, La, Nd, Eu, and Dy) [133-135], 

precious metals (Pt, Ru, and Ir) [136,137], and iron-group metals (Fe, Co, and Ni) [136,138]. Zhu et 

al. [134] reported that adding Ce, La, Eu and Dy improves the catalytic activity of anodes, resulting 

in the highest oxygen evolution potential and longest surface life for Ti/SnO2-Sb-La. Li et al. [135] 

reported that adding Pd increases the service lifetime by more than 40-fold compared with that of 

Ti/SnO2-Sb. Yang et al. [136] reported that modifying Ti/SnO2-Sb with Fe and Ni enhances the 

anodes' electrocatalytic activity in degrading phenol. Berenguer et al. [137] studied the effects of 

adding Pt and Ru onto Ti/SnO2-Sb and compared them with those of Ti/RuO2. The addition of Pt 

resulted in the best electroactivity and high current efficiency, whereas the addition of Ru led to a 

remarkable increase in stability. 

Structure modification 

Methods for modifying the structure of SnO2-based anodes include active-layer modification and 

intermediate-layer structural modification. The first method is achieved by changing the prepara-

tion of the SnO2 layer, and the second by adding an intermediate layer to enhance the binding 

between the substrate and the active layer [4,138]. Wang et al. [139] prepared SnO2-based anodes 

with 3D hierarchical flower-like structures. Compared with traditional SnO2 anodes, this modifi-

cation resulted in a larger active surface area, lower charge-transfer resistance, and a higher oxygen 

evolution potential. 

Recent studies have focused on the preparation of nanostructured SnO2-based anodes, such as 

nanorods, nanotubes, and honeycombs, to increase mass transfer rates and surface areas. An 

ordered-stack microstructure of SnO2/TiO2 nanotubes was fabricated by combining anodic oxidation 

to construct TiO2 nanotubes with a modified surfactant-assisted sol-gel method to develop a tin 

oxide microstructure [140,141]. This type of electrode resulted in excellent electrocatalytic and 

photothermal activities owing to the strong bonding between the SnO2 layer and the Ti substrate. 

Another type of SnO2-based anode with excellent oxidation capability is a sieve-like macroporous 

Sb-SnO2/TiO2NTs prepared via a block copolymer-based soft-template technique [141,142]. 

Compared with traditional anodes, the proposed anode has a larger electrochemical surface area, 

lower reaction activation energy, and lower electrochemical impedance [141,142]. Given the 

excellent properties of nanostructured tin oxide anodes, further studies should be conducted to 
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optimize preparation methods. The goal is to develop advanced electrochemical oxidation 

approaches that use tin oxide anodes as the sample material. 

A comprehensive evaluation of anode technologies should consider electrochemical performance, 

capital and operating costs, environmental risks, and scalability. Tin oxide (SnO2)-based anodes offer 

competitive material and manufacturing costs (typically 25 to 300 US$ per m²) compared to current 

DSA electrodes (approximately 3,000 US$ per m2), but their stability issues necessitate frequent 

replacement, increasing their lifecycle cost [143]. Lead oxide (PbO2) anodes are relatively cost-

effective and have high oxidizing capacity, but the risk of lead ion (Pb2+) leakage and associated 

regulatory restrictions complicate their industrial use. BDD anodes offer unparalleled durability and 

minimal additive leakage, but their high manufacturing cost (typically 5,000 to 25,000 US$ per m2) and 

the need for specialized fabrication infrastructures limit scalability; however, they are suitable for 

high-value wastewater treatment applications [144]. The durability of the electrodes is a critical factor 

in the industrial adoption of tin oxide anodes, as degradation affects operating costs and process 

reliability. Accelerating the lifetime of Ti/SnO2 anodes typically ranges from 10 to 1000 h; by 

contrast, BDD anodes have a lifetime of up to 5000 h. Improving the durability of tin oxide anodes 

is a top research priority and can be enhanced through doping or structural modification. However, 

the use of tin oxide anodes raises environmental concerns due to the leaching of antimony and 

doping elements during operation, with antimony not to exceed 0.2 mg L-1 [145]. Long-term 

operation requires post-treatment or monitoring of metal concentrations. Energy consumption is 

another important factor in the industrial feasibility of using tin oxide anodes. Studies indicate that 

the energy consumption of anodic oxidation treatment ranges from 5 to 80 kWh m-3, which is higher 

than that of electro-Fenton or ozonation processes [145]. Reducing this energy by improving mass 

transfer and current efficiency is a successful strategy for the industrial adoption of SnO₂ anodes. 

Additionally, the factors affecting different manufacturing methods must be studied to address the 

limitations of using tin oxide anodes. These factors include low current efficiency, short service life, 

anode material flaking, and the risk of chlorinated byproduct formation. Addressing these 

limitations will allow for the gradual adoption of tin oxide anodes in industrial applications. 

Conclusions 

Electrochemical oxidation has emerged as a promising approach for addressing a wide range of 

environmental pollution issues, particularly wastewater treatment. SnO2-based anodes are 

equipped to degrade organic pollutants in wastewater, and their high oxidative capacity and dimen-

sional stability have been confirmed. However, the use of SnO2-based electrodes in wastewater 

treatment requires the optimization of operational parameters, such as current density, pH, 

electrolyte composition, and chloride addition, prior to achieving optimal performance. SnO2-Sb 

electrodes are typically fabricated on titanium substrates, where various surface preparation 

techniques improve adhesion and performance. Substrate properties and different fabrication 

methods, including the sol-gel method, influence layer structures and longevity. Many studies have 

confirmed improved performance of doped SnO2 anodes as hydroxyl (OH-) generation increases. 

Despite these excellent results, several challenges remain. In general, issues related to deactivation 

mechanisms and long-term stability have limited the industrial application of the aforementioned 

anodes. Dopant leaching and surface passivation also require further investigation. Energy 

consumption remains a major obstacle in economic evaluation, particularly in the treatment of 

wastewater with high COD. Many studies have proposed novel doping methods to enhance the 

electrochemical stability of anodes. A promising strategy involves combining titanium dioxide 
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nanotubes with SnO2 catalysts to produce microstructured titanium dioxide-based anodes with 

exceptional stability and oxidation capacity. However, further research is needed to improve the 

preparation methods for tin oxide anodes. In addition to improving the anode material, cell design 

to optimize anodic oxidation in tin oxide-based anodes should be considered. Most studies have 

relied on nonpartitioned cell designs despite several drawbacks, such as reduced overall efficiency 

due to competing species at the anodes, which hinder the reduction reaction at the cathode. A two-

chamber cell design offers promising performance, and further research in this direction is 

recommended. Exploring the design of a hybrid reactor by combining anodic oxidation with electro-

Fenton, photo-Fenton, photocatalysis, and membrane separation can also significantly improve 

removal efficiency and reduce energy consumption. Integrating anodic oxidation with renewable 

energy systems, such as photovoltaic cells, represents a promising path toward sustainable 

operation, particularly in regions with abundant renewable energy sources. 

Another area for further research is the development of new manufacturing and modification 

methods. Currently, most synthesis processes are based on sol‒gel reactions, which require multiple 

repetitions to achieve layers with reasonable coverage. Simple chemical synthesis routes might reduce 

the cost of the final electrode materials while improving performance in wastewater treatment. 

The results of this review showed that tin oxide (SnO2)-based anodes are a viable alternative for 

wastewater treatment via anodic oxidation, provided that moderate current density, low capital 

cost, and the potential for large-scale electrode fabrication are identified as key operational 

priorities. Tin oxide anodes are attractive for treating large volumes of wastewater, where the ease 

of electrode fabrication and economic considerations outweigh the high power requirements for 

oxidation. In these cases, tin oxide anodes provide adequate contaminant removal within 

acceptable ranges of material and energy costs. 

However, with respect to high mineralization efficiency with long-term stability, BDD is pre-

ferable because of its wide potential range, indicating high hydroxyl radical (⦁OH) generation. 

However, these advantages are limited by BDD’s high manufacturing cost and the complexity of its 

steps. Overall, the choice between tin oxide and BDD should be guided by a balance between 

economic feasibility and high oxidation requirements. The treatment objectives and operating-

condition constraints for the target wastewater are also important considerations. 

SnO₂ electrodes are suitable for use as industrial anodes, as they can be used in applications 

requiring high oxidation capacity at a reasonable cost, provided appropriate material design 

strategies are employed to mitigate dissolution, passivation, and interfacial degradation. 
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