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ABSTRACT 

The design of highly efficient catalysts to produce hydrogen peroxide (H2O2) through oxygen 

reduction reaction (ORR) is crucial to make electro-Fenton (EF) and photoelectro-Fenton (FEF) 

processes feasible for real wastewater treatment. The aim of this thesis was to develop and 

optimize low metal catalysts supported on Printex L6 carbon (PL6C) to achieve high selectivity 

for the production of H2O2 (SH2O2). The feasibility of a novel design of gas diffusion electrodes 

(GDE) operating at flow-by reactor for treating real effluents contaminated with pesticides was 

also aimed studied in this thesis. In Chapter I, a catalyst containing a <1 wt.% Pd loading 

modifying PL6C matrix (Pd1%/PL6C) was developed, which achieved high SH2O2 (~90%) and an 

overpotential gain at the onset reaction of 320 mV compared to the matrix unmodified. This effect 

was explained thanks to the low metal content and the large interparticle spacing of Pd 

nanoparticles that avoided the readsorption mechanism of H2O2. The Pd1%/PL6C was efficiently 

applied for the removal of 0.5 mmol L-1 of methylparaben in 8 minutes by the PEF process at j = 

33.3 mAcm¯
2. However, it was noted that the functional groups of the carbon matrix had an effect 

on the partial positive charge of the metal nanoparticles. Then, an alternative support based on 

ZrO2 dispersed in PL6C was developed in Chapter II through microwave assisted hydrothermal 

synthesis (MAH). The material consisting of 5.1wt.% ZrO2 was obtained in the optimum 

condition of the MAH synthesis, exhibiting 88.8% of SH2O2. Apart from being stable in acidic 

media, the ZrO2/PL6C support material exhibited a 140 mV gain on the overpotential of ORR 

onset. Thus, the use of ZrO2/PL6C as a hybrid substrate suitable for noble metal nanoparticles 

was evaluated in Chapter III as a catalyst for H2O2 production. Instead of Pd, Au nanoparticles 

were used in order to study the interaction between the noble metal nanoparticle and the hybrid 

support. The electrochemical results revealed that the Au_ZrO2/PL6C showed excellent catalytic 

performance by showing a SH2O2=97% with an early reaction onset of 350 mV compared to bare 

PL6C. For H2O2 production assays, the Au_ZrO2/PL6C-modified GDE produced 600 mg L-1 

compared to 374 mg L-1 for the Au/PL6C catalyst at j = 50 mA cm-2, confirming its higher 

catalytic effectiveness. The Au_ZrO2 GDE was also effectively applied in a continuous flow-by 

reactor for the complete removal of 10 mg L-1 of Carbaryl contained in the real effluent after 6 

minutes using the PEF process. Although the presence of H2O2 scavenger species on real 

wastewater, the high performance of the catalyst provided sufficient H2O2 concentration to 

achieve homogeneous ●OH for the complete removal of the pollutant. Therefore, it is expected 

that the contributions present in this thesis can contribute to further advances in the development 

of materials and systems for producing high-efficiency H2O2 that enables wastewater treatment 

by using electrochemical technology. 

Keywords: Hydrogen peroxide. Oxygen reduction reaction. Modification of carbon-based 

materials. Gas diffusion electrode. Electrochemical advanced oxidation process. Flow-by reactor. 

Real wastewater. 
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RESUMO 

O desenvolvimento de catalisadores altamente eficientes para produção de H2O2 através da reação 

de redução do oxigénio (RRO) é crucial para viabilizar os processos electro-Fenton (EF) e 

fotoelectro-Fenton (FEF) para o tratamento de efluentes reais. O objetivo desta tese foi 

desenvolver e otimizar catalisadores com baixo teor de metais suportados em carbono Printex L6 

(PL6C) para alcançar uma elevada seletividade na produção de H2O2 (SH2O2). Além disso, esta 

tese também teve como objetivo avaliar a viabilidade da implementação de um novo modelo de 

eletrodo de difusão gasosa (EDG) aplicado em um reator de fluxo para o tratamento de efluentes 

reais contaminados. No Capítulo I foi desenvolvido um catalisador contendo um carregamento de 

<1% Pd sobre a matriz PL6C (Pd1%/PL6C), que alcançou alta SH2O2 (~90%) e um ganho de 320 

mV no início da reação em comparação com a matriz não modificada. Esse efeito foi devido ao 

baixo teor de metal e pelo grande espaçamento entre as nanopartículas de Pd, que evitaram o 

mecanismo de readsorção de H2O2, impedindo sua redução indesejada a H2O. O Pd1%/PL6C foi 

eficientemente aplicado para a remoção de 0,5 mmol L-1 de metilparabeno em 8 minutos pelo 

processo FEF a j = 33,3 mA cm-2 em escala laboratorial. No entanto, constatou-se que os grupos 

funcionais da matriz de carbono causaram um efeito de carga positiva parcial das NPs metálicas. 

Então, um suporte alternativo baseado em ZrO2 disperso em PL6C foi desenvolvido no Capítulo 

II por meio de síntese hidrotérmica assistida por micro-ondas (MAH). O material composto por 

5,1% de ZrO2 (m/m) foi obtido na condição ótima da síntese MAH, exibindo 89% de SH2O2. Além 

de ser estável em meio ácido, o material de suporte ZrO2/PL6C apresentou um ganho de 140 mV 

no sobrepotencial do início da ORR. Assim, o uso de ZrO2/PL6C como um substrato híbrido 

adequado para nanopartículas de metais nobres foi avaliado no Capítulo III. Em vez de Pd, foram 

usadas NPs de Au para facilitar o estudo da interação entre a nanopartículas e o suporte híbrido. 

O Au_ZrO2/PL6C apresentou um excelente desempenho catalítico exibindo SH2O2=97% com um 

ganho no início de reação de 350 mV em comparação com o PL6C puro. Nos ensaios de produção 

de H2O2, o EDG de Au_ZrO2/PL6C alcançou 600 mg L-1 em comparação a 374 mg L-1 pelo 

Au/PL6C em j=50 mA cm-2. O EDG de Au_ZrO2/PL6C foi empregado com eficácia em reator de 

fluxo para a completa remoção de 10 mg L-1 de Carbaryl contido em efluente real após 6 minutos 

usando o processo FEF. Embora efluentes reais contenham espécies sequestradoras de H2O2, o 

alto desempenho deste catalisador forneceu concentração suficiente de H2O2 para obter ●OH 

homogêneo durante o processo FEF para a remoção completa do poluente. Portanto, espera-se 

que as contribuições apresentadas nesta tese possam contribuir para avanços futuros no 

desenvolvimento de materiais para a produção de H2O2 com alta eficiência que permita a 

viabilidade do tratamento de águas residuais utilizando tecnologia eletroquímica. 

Palavras-chave: Peróxido de hidrogênio. Reação de redução de oxigênio. Modificação de 

materiais carbonáceos. Eletrodo de difusão gasosa. Processos oxidativos avançados 

eletroquímicos. Reator de fluxo. Efluente real.
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INTRODUCTION 

1. Motivation 

The arrival of the Industrial Revolution triggered a huge increase in environmental 

pollution, whereas the huge increase in the global population is leading to alarming levels 

of pollutants in water bodies. This is a consequence of the growing number of new 

products designed to ensure the food supply, human health and social well-being. Due to 

their chemical composition designed to be stable under severe conditions, synthetic 

compound especially from the antibiotics, hormones, dyes, and pesticides classes are 

classified as persistent organic pollutants (POP). Also triggered by the high chemical 

stability of the contaminants, the conventional treatment model has not shown adequate 

efficiency for the complete removal of POP from industrial, hospital, and urban 

wastewater. Consequently, part of the wastewater that returns to its cycle as drinking 

water, still contaminated, potentially causing harmful effects to living beings over the 

years. These effects are mostly related to the carcinogenic and endocrine disrupting action 

that synthetic organic compounds can cause to human even at low concentrations. Further 

barriers in removing POP are due to the conventional treatment that using oxidizing 

chlorinated species can also produce organochlorines considered to have a high 

carcinogenic potential, while biological treatment plants have been reported to produce 

super-resistant bacteria. Thus, the development of a novel and highly efficient technology 

for wastewater treatment has become extremely crucial (1–5). 

 

2. Electrochemical advanced oxidative process (EAOP) 

The advanced oxidative processes (AOP) have been developed over recent 

decades as an alternative technique for wastewater treatment. AOP are based on the 

production of highly oxidizing radical species, such as the hydroxyl radical (●OH), that 

has a higher reduction potential (E0 = 2.80 V vs SHE) compared to oxidizers commonly 

used, as ClO− (E0 = 1.48 V vs SHE). The advantage of using AOP for wastewater 

treatment can be attributed to the high potential of ●OH to mineralize organic matter, 

producing CO2, H2O and inorganic ions. Besides, if not fully mineralized, the degradation 

by-products produced by AOPs become more oxygenated and thus may be easier to be 

biodegraded in nature (6–8). According to the literature, the most popular method for 

obtaining ●OH is using the Fenton reaction that involves the activation of H2O2 by Fe2+ 

species as shown in Eq. 1. 
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Fe2+ + H2O2 → ●OH + OH− + Fe3+     (Eq. 1) 

However, the ferric ions (Fe3+) produced by the Fenton reaction can lead to 

complexation with short-chain carboxylic acids, named Fe(OOCR)2+, that makes iron 

species unavailable on the homogeneous solution. Numerous authors have investigated 

the use of UV radiation or sunlight radiation in photo-Fenton and solar photo-Fenton 

processes as very efficient approach for the photodegradation of Fe(OOCR)2+ capable of 

regenerating Fe2+ species (Eq. 2). In addition, the regeneration of Fe2+ species can also 

proceed chemically by reacting back with H2O2 from Eq. 3 and 4 (9,10) 

 

Fe(OOCR)2+ + h → Fe2+ + CO2 + R•    (Eq. 2) 

Fe3+ + H2O2 → Fe2+ + H+ + HO2•     (Eq. 3) 

Fe3+ + HO2• → Fe2+ + H+ + O2     (Eq. 4) 

 

The low concentration of solubilized iron allowed of 0.3 mg L−1 for drinking water 

up to 15 mg L−1 present in wastewater discharges, as well as the slow kinetics of chemical 

and photochemical regeneration of Fe2+ species features iron as a limiting reagent for the 

Fenton reaction. So, the coupling of AOPs with electrochemical technology, the so-called 

electrochemical advanced oxidative processes (EAOP), has brought significant progress 

to these processes. One of them was the electrochemical regeneration of Fe2+ by direct 

electron transfer at the electrode surface as seen in Eq. 5. The coupling of the Fenton 

reactions to electrochemical regeneration of Fe2+ species is named as electro-Fenton 

process (EF) (9–12) 

 

Fe3+ + e- → Fe2+     (Eq. 5) 

 

Several authors have reported efficient removal of organic compounds using EF 

and photo-electroFenton (PEF) processes at low concentrations of Fe2+ due to the fast 

kinetics of electrochemical regeneration of Fe2+ species (7–10,13,14). On the other hands, 

one of the most important challenges to increase the efficiency of EAOP draws attention 

to the mode of production and use of the most common chemical precursor of •OH, the 

hydrogen peroxide (H2O2). A significant improvement in electrochemical technology 
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applied in advanced oxidation processes, apart from Fe2+ regeneration, is the versatility 

of decentralized H2O2 production (15–18). 

The large-scale industrial production of H2O2 occurs by the autooxidation process 

of anthraquinones. This approach consists of using high-pressure reactors with H2 and O2 

gases to catalyze the hydrogenation and oxidation of anthraquinones in an organic 

solvent, leading to the production of H2O2. However, such this batch synthesis mode 

requires the purification and distillation steps to transport concentrated H2O2 (highly 

explosive), so this method is considered impractical for environmental applications. 

Additionally, as the required concentrations of H2O2 for wastewater treatment using the 

EF and PEF process reach a maximum of 2% (w/w), decentralized or in situ approaches 

to produce H2O2 are strongly recommended (16). One method that has been widely 

studied to produce decentralized H2O2 for wastewater treatment involves electrochemical 

reduction of molecular O2 through the oxygen reduction reaction (ORR). This 

advantageous method is recognized as environmentally friendly given the high 

availability of O2 in atmospheric air and due to the use of electrons as a green reagent.   

 

3. Oxygen reduction reaction (ORR) 

The ORR is a selective electrochemical reaction that involves the cathodic 

reduction of molecular oxygen by different reaction pathways producing H2O2 via 2 

electrons (Eq. 6) or H2O via 4 electrons (Eq. 7). The production of H2O2 is expected to 

occur via the 2-electron pathway, but if the product remains adsorbed on the catalyst 

surface, a further 2e- reduction can consume the H2O2 to produce H2O (Eq. 8). 

 

O2 + 2H+ + 2e− → H2O2    (E0 = 0,695 V vs SHE)           (Eq. 6) 

O2 + 4H+ + 4e− → 2H2O   (E0 = 1,229 V vs SHE)             (Eq. 7) 

H2O2 + 2H+ + 2e− → 2H2O   (E0 = 1,760 V vs SHE)                  (Eq. 8) 

 

Since the reaction pathway resides in the energy adsorption between the ORR 

intermediates and the electrode surface, Figure 1 supports a better understanding of the 

possible ORR pathways and how each product can be obtained. Several authors justify 

their choices of electrode materials of desired selectivity towards H2O2 based on the 

mechanisms presented in Figure 1 (16,19–23). 
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Figure 1. a) Schematic diagram of the oxygen reduction reaction including the formation 
of the reaction intermediate; b) The models of Griffths, Bridge and Pauling for the 
adsorption of O2 on the surface (M) of the electrochemical catalyst. 

 
Source: Adapted from Katsounaros et. al. (21) and Yeager et. al (20). 

 

In Figure 1a, the * denotes that the chemical species is adsorbed onto an active 

site of the catalytic material. The initial step of the reaction is therefore considered crucial 

in determining the selectivity of the material. According to the literature, O2 can interact 

with the active site of the catalyst using one or two of its oxygen atoms depending on the 

interaction strength among the O2 and the surface to produce *O2 (Eq. 9). 

 

O2 + * → *O2      (Eq. 9) 

 

Yeager in 1984 and 1986 showed distinct models for the adsorption of O2 on 

catalytic carbonic, metal, and metallic complex surfaces (19,20). The summarize models 

for O2 adsorption on the surface of catalysts (M) is presented on Figure 1b. All three 

models can occur for metal catalysts, but only the Bridge (24) and Pauling (25) models 

are feasible for carbon-based catalysts, according to Gartes and Weiss et. al (26). The 

models of O2 adsorption onto the (M) indicate that both the Griffith and Bridge models 

has a double oxygen interaction with the catalyst, whereas in the Pauling model only a 

single oxygen atom is involved. Considering that each model is dependent on the 

interaction energy between O2 and the catalyst, a strong interaction causes O2 adsorption 

to tend to follow the Griffith (27) or Bridge models, resulting in the pathway of O-O bond 

breaking to produce the intermediates O* and OH* (Eq. 10). 
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*O2 + H+ + e- → *O + *OH      (Eq. 10) 

 

 This step will lead to the reaction pathway to produce *OH that follows the 4-

electron transfer reaching the production of H2O as the major product (Eq. 11 and 12). 

 

*O + H+ + e- → *OH      (Eq. 11) 

*OH + 2H+ + 2e- → H2O     (Eq. 12) 

 

On the other hand, a not strong interaction energy between the oxygen and the 

catalyst surface or a steric hindrance (e.g., due to the presence of a competing adsorptive 

species) can result in O2 adsorption following the Pauling model involving a single 

oxygen atom. In this pathway, the intermediate produced is the *OOH. As described in 

the literature, the *OOH specie must interact weakly with the electrode surface for ORR 

to produce H2O2
* as displayed on Eq. 13 (16,21). 

 

*OOH + H+ + e− → H2O2
*     (Eq. 13) 

 

Once the reduction of O2 leads to the production of H2O2*, the energy interaction 

between the specie and the electrochemical surface should decrease, allowing for the 

release of H2O2 into the solution. If both the *OOH and the H2O2* species remain strongly 

adsorbed on the surface, further dissociation can occur, resulting in the formation of *OH, 

as shown in Eq. 14 and Eq. 15, and the production of H2O, as showed in Eq. 12. 

 

*OOH + * + H+ + e− → 2*OH    (Eq. 14) 

H2O2
* + * → 2*OH     (Eq. 15) 

 

Thus, cathodic catalyst that presents properties to promote the reduction of O2 via 

2e− pathway is extremely relevant for the development of electrochemical technologies 

for the decentralized production of H2O2.  

 

4. Selective catalysts for H2O2 production 

Catalysts based on Au, Ag, or Hg are thought to interact weakly with oxygen. This 

weak interaction renders these surfaces incapable of breaking the O=O bond, thereby 

tending to reduce O2 to H2O2 formation via a 2e− pathway (15,28,29). Unfortunately, the 
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ecological damage caused by mercury derivatives and the high cost and scarcity of 

precious metals make large-scale application of such catalysts impractical. On the other 

hand, several studies have shown that amorphous carbon-based materials have high 

selectivity for H2O2 production. This occurs due to the small particle size, large surface 

area, surface edges and the presence of functional groups that activate the ORR for H2O2 

production (30–33). The oxygen and nitrogen functional groups found in carbonaceous 

materials are summarized according to their acidic or basic nature in Figure 2. 

 
Figure 2. Principal oxygen and nitrogen functional groups found on the surface of carbon 
materials. The nature of the acidic group is highlighted in red, and basic groups in blue. 

 

Source: adapted from Donoeva et al (34).  
 

Yeager et al. reported that the functional group is recognized to be the main 

activator for the O2 adsorption in carbonaceous materials (19). This is attributed due to 

the highly electronegativity of these functional groups, which induces charge 

redistribution from adjacent carbon atoms that act as an active site for O2 adsorption 

towards selective H2O2 production. However, the amorphous nature of the material 

associated with its limited charge-transfer capacity leads to reduced electrochemical 

activity of the carbon-based catalysts for the ORR when compared to metal-based 

catalysts. This represents a significant drawback for their application to H2O2 

electrogeneration, especially given the high levels of energy consumption reached using 

such catalysts in electrochemical reactors. On the other hand, amorphous carbon-based 



Introduction 
_____________________________________________________________________________ 
 

23 
 

materials demonstrate significant potential as supports for nanoparticles. The functional 

groups of carbon matrix also play an important function as support for metallic modifiers. 

They exhibit excellent stability in aqueous media, covering a wide pH range, and facilitate 

the easy recovery of the metal through complete combustion. (38,55,56). Given the 

mentioned properties, different strategies have been developed to reduce de overpotential 

of ORR in carbonaceous materials, including its modification using heteroatoms as -O,  

-N, -F, -S (35–38), using redox organic compounds (39–41), metal complexes (42–45), 

metal nanoparticles (46–48) and metal oxides (49–54).  

Furthermore, Donoeva et al. previously reported that the predominance of basic 

functional groups onto the carbon surface resulted in the transfer of positive charge to the 

nanoparticles present on the surface of the material. Then, due to its high 

electronegativity, oxygenated species tend to show high affinity for positive active sites 

and repulsion for negative one, as illustrated in Figure 3 (34,38). In this way, the feature 

of carbon-based material functionalization for use as ORR catalyst and nanoparticle 

support should go towards materials with predominantly positive charges. The Printex L6 

carbon (PL6C) has proved to be an excellent cathodic material for the electrochemical 

production of H2O2 due to its surface catalytic properties (17,31–33,57). Apart from its 

high surface area and small particle size, the high degree of functionalization of PL6C 

makes it highly selective for peroxide production and an excellent support material for 

metallic particles. 
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Figure 3. Representative scheme of the charges acting on the surface of carbonic catalysts 

according to the predominance of (a) basic and (b) acidic groups. 

 

Source: adapted from Donoeva et al. (34) 
 

Several approaches are found in the literature to design effective strategies using 

modifiers to improve the electrochemical activity and selectivity of carbon materials 

towards H2O2 production. An attractive approach was found by Fortunato et al. when 

evaluating the electrochemical matrix based on graphene nanoribbons (GNR) modified 

by Palladium nanoparticles. Fortunato and co-workers found that a very active noble 

metals (such as Pd) display high selectivity to obtain H2O from the reduction of oxygen 

as a result of the phenomenon of H2O2 readsorption on the Pd surface, promoting a further 

reduction of H2O2 to H2O. High selectivity for H2O production was observed in materials 

with the catalytic surface containing high Pd loading and close interparticle distance, 

thereby favoring the H2O2 readsorption processes. On the other hand, the GNR matrix 

containing a low Pd content displayed larger interparticle distance which disfavors the 

readsorption of H2O2 on the metal. Thus, the material with low loading of Pd showed 

higher selectivity for H2O2 production in the electrochemical studies. The same strategy 

was used in Chapter I of this thesis entitled “Low Pd loadings onto Printex L6: synthesis, 
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characterization and performance towards H2O2 generation for electrochemical water 

treatment technologies” as an innovative way for high production of H2O2 by modifying 

the Printex L6 carbon matrix using low loading of Pd. Also in this chapter, the 

accumulation of H2O2 in an electrochemical lab-scale was evaluated to assess the 

degradation of methyl paraben using electro and photoelectron-Fenton processes. 

As far as the studies containing modifiers are concerned, oxophilic materials such 

as oxides from transition metals, apart from providing a contribution to the 

electrochemical stability of the carbon support, have also been widely used to collect 

positive charge from the surface of carbon catalysts, facilitating the release of H2O2. 

Several authors have shown promising results from the modification of carbonaceous 

substrates with metallic oxides towards the increase of the electrochemical activity and 

selectivity for H2O2 production (49,51–53,58). Zirconium shows one of the most 

oxophilic tendencies among the transition elements, suffering electron loss from its 4d2 

and 5s2 orbitals to form ZrO2 and reaching its maximum oxidation state as Zr4+. 

Moreover, the low cost and non-toxic composition contribute to make ZrO2 a suitable 

model catalyst for the modification of carbonic substrates (49,58,59). 

Although the synthesis of metal oxides supported on carbon-based substrates can 

occur by different methodologies, the most common is by thermal decomposition route. 

The thermal decomposition method of polymeric precursors has proven to be highly 

efficient to obtain metal oxides with crystalline phases well-defined by the burning 

temperature (49,51,60). However, the use of temperatures above 500 ºC may compromise 

the structure of the carbon-based substrate and also affect its degree of functionalization, 

thus driving down the efficiency of the catalyst towards H2O2 production. Therefore, the 

development of new approaches to synthesize metal oxides in the presence of 

carbonaceous materials has been strongly encouraged. The microwave-assisted 

hydrothermal method (MAH) has emerged as an alternative for attaining modified carbon 

composites due to the low synthesis temperature required and the rapid nucleation of 

oxides on the surface of the material. In Chapter II of this Thesis entitled “Sustainable 

microwave-assisted hydrothermal synthesis of carbon-supported ZrO2 nanoparticles for 

H2O2 electrogeneration”, we evaluated the different parameters of MAH synthesis to 

develop an optimal ZrO2-based catalyst supported on PL6C with high efficiency for H2O2 

production in acid medium. Thus, further theoretical background and advantages of MAH 

synthesis will be better described in Chapter II. 
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Going deeper into materials engineering, several studies have shown synergism 

between different classes of modifiers, such as organometallic compounds, bimetallic 

alloys, MOF, single atoms, etc., to promote enhanced catalysis of H2O2 production in 

carbonaceous materials (46,61–67). Organometallic modifiers have shown excellent 

results as carbonaceous support modifiers for ORR since they involve the catalytic 

contribution of the organic ligands in addition to isolate the metal center in the structure. 

Recently, Cordeiro Junior et al. demonstrated that the incorporation of 5% cobalt 

porphyrin into the carbonaceous matrix of the gas diffusion electrode (GDE) resulted in 

an increase of H2O2 production from 177 to 333 mg L-1 over the unmodified GDE after a 

90-minute electrolysis performed in a high conductivity acidic media (68). Thus, one can 

see that several material engineering approaches have been extensively explored aiming 

to enhance the catalysis of carbonaceous materials towards H2O2 production. From a 

different perspective, an interesting strategy to produce catalysts with improved 

properties for obtaining H2O2 is using noble metals supported under non-noble metal 

particles to modified carbon-based supports. This strategy makes use of metal oxides as 

a shield for the positive charge from the carbon surface in order to control the size and 

distribution of the noble metal nanoparticles while improve their catalytic efficiency for 

H2O2 production. Thus, Chapter III of this thesis entitled “Using Au NPs anchored on 

ZrO2_carbon black toward more efficient H2O2 electrogeneration in flow-by reactor for 

carbaryl removal in real wastewater” has focused on the development of a catalyst highly 

selective for H2O2 production based on Au nanoparticles supported on a ZrO2/PL6C 

hybrid material (developed in Chapter II), so called Au_ZrO2/PL6C.  

 

5. Gas diffusion electrodes (GDE) 

Apart from being versatile for the anchoring of metal-based modifiers, the use of 

amorphous carbon-based materials offers significant advantages for H2O2 production due 

to the ability to shape porous 3D electrodes, the so-called gas diffusion electrodes (GDE). 

The GDE are pointed out as model electrodes for H2O2 production in light of its high 

efficiency in the directly reducing oxygen in aqueous media, despite the low solubility of 

O2. The reason behind this lies in the porous structure of the GDE that allows the constant 

renewal of gaseous reagents on the catalytic surface, thereby producing a triple interface 

(exhibited in Figure 4) that does not depend on the mass transport of O2 such as it is found 

in conventional electrodes (17,18,69–71).  
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Figure 4. Schematic of the GDE triple interface by connecting the gas chamber with the 
aqueous environment. 

 

Source: the author 
 

Different authors have reported investigations using GDE for H2O2 

electrogeneration achieving concentrations ranging from 100 - 1000 mg L-1 in both acidic 

and basic media at higher conductivity solution. Furthermore, the use of GDE in 

electrochemical systems (including lab and pre-pilot scale) for the successful removal of 

POP from simulated aqueous matrices has also been reported (17,18,52,68,72,73). 

However, the application of GDE in real wastewater faces challenges, such as reduced 

efficiency for H2O2 production in low conductivity matrix. Also, the presence of organic 

and inorganic impurities in real effluents can also affect the stability of the GDE, reducing 

its catalytic efficiency (69,73). Therefore, it is a major challenge to continuously optimize 

GDE designs to ensure their stability and catalysis in real wastewater matrix for H2O2 

production. In fact, those new GDE arrangements that facilitate use of carbon-based 

materials modified with metal oxides or nanoparticles have been strongly encouraged for 

application in real wastewater treatment. The Au_ZrO2/PL6C catalyst was also 

incorporated into the surface of a new design of GDE supported on carbon cloth as a 

means of evaluating the influence of scale-up systems for H2O2 production. The modified 

GDE was also investigated coupled with an anode of boron doped diamond (BDD) 
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present in a pre-pilot plant for the treatment of a real sewage effluent contaminated with 

Carbaryl pesticide using electrochemical advanced oxidative processes. 

The results presented in these 3 chapters of this thesis were obtained during 6 years 

of research funded by CNPq (grant #134370/2017-1) and FAPESP (grant FAPESP 

2017/23464-3 and 2021/10973-2). In summary, the chapters focus on the major subject 

of using different strategies for developing high efficiency cathodic materials for H2O2 

production. Then, innovative findings in the areas of sustainable inorganic synthesis, 

materials engineering towards the development of catalysts for H2O2 production and 

electrochemical catalysis in real systems applied to wastewater treatment have been 

addressed in this document. 
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Chapter I 

____________________________________________________ 

Low Pd loadings onto Printex L6: Synthesis, characterization and performance towards 

H2O2 generation for electrochemical water treatment technologies 
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Investigation, Methodology, Supervision, Writing - original draft, Writing - review & 

editing. Marc Ledendecker: Conceptualization, Supervision, Writing - review & editing. 

Marcos R.V. Lanza: Conceptualization, Supervision, Funding acquisition, Writing - 

review & editing. 

 

The present study evaluated the catalytic performance of low loading of Pd nanoparticles 

disposed on a Printex L6 carbon matrix in order to facilitate the production of H2O2 in 
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� H2O2 generation using less than 1 wt
% of Pd nanoparticles on Printex L6
carbon black.

� Treatment of 0.50 mM methyl para-
ben by EAOPs based H2O2 generation.

� 100% of pollutant removal by EF and
PEF processes.

� Main by-products detected: 3 aro-
matic compounds and 1 short-chain
carboxylic acid.
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a b s t r a c t

In order to enhance hydrogen peroxide (H2O2) electrogeneration, a catalyst based on less than 1 wt% of
Pd nanoparticles dispersed onto commercially available Printex L6 carbon black (PCL6) is proposed and
synthetized. The material was characterized by physico-chemical and electroanalytical methods,
demonstrating high activity with a 320 mV lower onset potential compared to pristine PCL6 and high
stability after 5000 potential cycles. Its performance places it among the most efficient bi- and mono-
metallic electrocatalysts for H2O2 production. When testing the accumulation of H2O2, a 1.69-fold molar
increase was observed for Pd1%/PCL6 compared to PCL6. Different electrochemical advanced oxidation
processes based on H2O2 generation have been performed to oxidize and remove pollutants as exem-
plarily shown on methyl paraben in Na2SO4 solution as model pollutant. A boron-doped diamond
electrode was used as anode while Pd1%/PCL6 was tested in a rotating ring disk electrode (RRDE) and gas
diffusion setup. Pollutant degradation followed a pseudo-first-order reaction kinetic in the following
order: anodic oxidation along with H2O2 generation (AO-H2O2) < AO-H2O2/UVC < electro-Fenton
(EF) < photoelectro-Fenton (PEF). The best mineralization performance was found for PEF due to the
photodecarboxylation of Fe (III) complexes with UVC light, while the process with lowest energy
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consumption per order was EF with 0.488 kWh m�3 order�1. At the end of the work a route for pollutant
mineralization was suggested.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogen peroxide (H2O2) plays a critical role in a wide range of
industrial, commercial, and domestic applications, including
wastewater treatment (Campos-Martin et al., 2006; Pesterfield,
2009; Edwards et al., 2015; Jiang et al., 2018). Technologies based
on the in-situ electrochemical H2O2 production via the oxygen
reduction reaction (ORR, Eq. (1)) represent an environmentally
friendly way to generate H2O2, overcoming its transportation and
storage drawbacks (Carneiro et al., 2017).

O2 þ 2Hþ þ 2e� / H2O2 (1)

Electrochemical advanced oxidation processes (EAOP) based on
H2O2 such as anodic oxidation with H2O2, (AO-H2O2), electro-
Fenton (EF) and photoelectro-Fenton (PEF) allow the generation
of reactive oxygen species such as hydroxyl radicals (�OH) (Brillas,
2020; Moreira et al., 2017). This strong oxidizing agent (E�(�OH/
H2O) ¼ 2.80 VSHE) is capable of non-selectively convert organic
pollutants to less toxic products or even total mineralization to
carbon dioxide, water and inorganic ions (dos Santos et al., 2018a).
In the last decade, the H2O2-EAOPs have been widely used in the
treatment of dyes (Brillas and Martínez-Huitle, 2015; dos Santos
et al., 2020, 2016; Nakamura et al., 2019; Paz et al., 2018), pesti-
cides (Carneiro et al., 2018; Dominguez et al., 2018; Rosa Barbosa
et al., 2018; Fdez-Sanrom�an et al., 2020), and pharmaceutics
(Dirany et al., 2012; Ganiyu et al., 2016; Zhang et al., 2019; Lima
et al., 2020) in synthetic and real effluents (dos Santos et al.,
2018a; Ganiyu et al., 2018; Ren et al., 2020). However, an obstacle
being faced in the electrochemical production of H2O2 and its
coupling to EAOPs is the development of efficient catalyst materials
that selectively reduce O2 to H2O2 (Fellinger et al., 2012;
Siahrostami et al., 2013; Verdaguer-casadevall et al., 2014). Active
and selective ORR (electro)catalysts to form H2O2 must have suffi-
ciently strong interaction with O2 so that the reaction can occur on
the catalysts surface without breaking the intermolecular O]O
bond (Lobyntseva et al., 2007; Fellinger et al., 2012; Siahrostami
et al., 2013; Choi et al., 2014; Verdaguer-casadevall et al., 2014).
An ideal catalyst should demonstrate high selectivity, activity and
stability at low costs. Recent studies demonstrated that the metal
loading in the carrier material affect the activity and selectivity
toward ORR (Inaba et al., 2004; Schneider et al., 2008; Nesselberger
et al., 2013; Fabbri et al., 2014; Taylor et al., 2016; Fortunato et al.,
2018). At low metal loading, the selectivity for H2O2 increases
and the OeO bond breakage is suppressed. As an example, the
group of Arenz (Nesselberger et al., 2013) evaluated the effect of Pt-
particle proximity on the catalytic ORR activity. They noticed a
decrease in ORR activity with increase of the inter particle distance
(ipd). The diffusion-limited current decreased at lower cluster
density (increasing ipd), suggesting a shift of the ORR mechanism
from 4ee to 2ee. Fabbri and co-workers (Fabbri et al., 2014) sup-
ported different Pt loadings onto carbon and realized that the
transition from dispersed Pt nanoparticles to extended surfaces
strongly influences ORR selectivity. Highly dispersed nanoparticles
promote significantly the production of H2O2.

Effects on selectivity caused by varied catalyst loading and ipd
were also suggested for Pd (Fortunato et al., 2018; Mittermeier

et al., 2017). Catalysts with different Pd loadings and different ipd
onto different carbon supports have been synthesized and tested
(Fortunato et al., 2018). Low Pd-catalyst loadings (<2 wt%) and high
ipd (>125 nm) achieve selectivities to H2O2 close to 100% at low
overpotentials resulting in high mass activities. The strong inter-
action between carbonaceous materials and metal nanoparticles
(catalyst-support interaction), which may be responsible for
changes of metal cluster electronic properties, becomes a key
contributor to achieve the observed catalytic performance as well
as the long-term stability (Fortunato et al., 2018; Ma et al., 2013).
Carbon materials such as graphene and carbon black have been
reported to be selective towards H2O2 in alkaline (Assumpç~ao et al.,
2011; Wu et al., 2017; Han et al., 2019; Jiang et al., 2019; Kim et al.,
2019; Cordeiro-Junior et al., 2020) and acidic (Fellinger et al., 2012;
Zhang et al., 2018; Kim et al., 2019; Melchionna et al., 2019) me-
dium, mainly due to their oxygenated and nitrogenated functional
groups. However, in acidic conditions, the ORR typically takes place
at high overpotentials (Cordeiro-Junior et al., 2020; Daems et al.,
2014; Fellinger et al., 2012; Lu et al., 2019). Additionally, oxygen-
ated and nitrogenated functional groups in carbon materials offer
ample anchor sites to stabilize metal catalysts.(Antolini, 2012;
Barros et al., 2015; Fortunato et al., 2016, 2018; Luo and Alonso-
Vante, 2015; Ma et al., 2013).

In this work, a highly active, selective and stable catalyst toward
the production of H2O2 is synthetized and evaluated using less than
1 wt% of Pd nanoparticles (NPs) well dispersed onto commercially
available Printex L6 carbon black (PCL6), a carbonaceous material
with oxygenated and nitrogenated functional groups (Assumpç~ao
et al., 2011). The Pd1%/PCL6 catalyst was analyzed by physical
characterization techniques and electroanalytical methods. Besides
the significantly enhanced activity/selectivity/stability compared to
commonly applied carbon black and Pd-based materials, the nov-
elty of the here described study lies in the fact of the in-situ pro-
duced H2O2 in a gas diffusion electrode (GDE) setup was evaluated
and used to catalyze the degradation of methyl paraben (MetP),
chosen as exemplary organic pollutant. MetP is a well-known
endocrine disruptor with potential harmful effects to environ-
ment and human life when incorrectly disposed (Dionisio et al.,
2020; Gmurek et al., 2015; Steter et al., 2016). The performance of
the catalyst in the electrogeneration of H2O2 was evaluated galva-
nostatically, following the pollutant concentration, its mineraliza-
tion and formed by-products and a mineralization route was
suggested. The energy consumption per order was determined as
well.

2. Experimental section

2.1. Reagents

MetP with 99% purity was acquired from Supelco. The salts and
precursor solutions employed were palladium chloride (PdCl2),
sulfuric acid (H2SO4), potassium sulfate (K2SO4), sodium sulfate
(Na2SO4), ascorbic acid (AA) and dimethylformamide (CH3)2NC(O)
H), all acquired from Vetec. Sodium sulfate (Na2SO4) and Iron (II)
sulfate heptahydrate (FeSO4$7H2O) were of analytical grade and
supplied by Sigma-Aldrich. All solutions were prepared with ul-
trapure water obtained from a Milli-Q system with resistivity
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>18 MU cm at 25 �C. All other chemicals used for analysis were of
analytical grade or HPLC grade provided by Sigma-Aldrich.

2.2. Synthesis of Pd1%/PCL6

Firstly, the Printex carbon (PCL6, from Evonik®) was thermally
treated at 120 �C for 24 h. Pd1%/PCL6 electrodes were synthesized
by the hydrothermal procedure proposed in Fortunato et al., 2018.
Briefly, 160 mg of PCL6 were dispersed with 3 mg of PdCl2 in 20 mL
of ultrapure water under ultra-sonication bath for 1 h. Afterwards,
themixturewas heated up to its boiling point using a hot platewith
magnetic stirring. Subsequently, 78 mg of AA (previously solubi-
lized in 2 mL of water) were added. After 5 min, the heating was
stopped and the mixture was kept stirring for 2 h. The formed
nanocomposite was washed 15 times by centrifugation to remove
the unreacted species present in themixture, and finally dried in an
oven at 60 �C overnight. In order to have a gas diffusion electrode
(GDE) to perform EAOPs, a carbon cloth (PW03 - 33”wide, 80 yards
long - average 15.6 pounds per roll, acquired from Plain Weave
Fabric) with geometric area of 2.7 cm2 was used as substrate to the
deposition of the produced film of 200 mg cm�2 by dropping 206mL
of 2.5 mg mL�1 catalyst solution and addition of 100 mL of a Nafion
0.1% on isopropanol solution. Afterwards, it was dried under N2-gas
flow for 2 h in an open system.

2.3. Physico-chemical characterization methods

To perform transmission electron microscopy (TEM) and
scanning-TEM (STEM) experiments, the catalyst dispersion was
drop-casted onto a TEM grid constituted by a lacey carbon film on a
copper grid (300-mesh acquired from Electron Microscopy Sci-
ences). TEM and STEM analyses were conducted using a FEI TECNAI
G2 F20 HRTEM microscope at 200 kV. For the determination of Pd
loading, a TGA-50 thermogravimetric analyzer (Shimadzu) was
used; samples of 2e5 mg were placed under a synthetic air 5.0 FID
gas flow (50 mL min�1) at temperatures ranging between 25 and
900 �C, at a heating rate of 10 �Cmin�1, using alumina crucibles. The
X-ray photoelectron spectroscopy (XPS) analyses were performed
using a Scienta Omicron ESCA þ spectrometer.

The Al Ka line (energy ¼ 1486.6 eV) was used as excitation
source operating at 20 kV and 25 W. The binding energies were
calibrated using the C1s signal (284.6 eV) as reference. The Shirley
method was used to subtract the inelastic noise from the narrow
scan (High-resolution) spectra. The composition (at. % and mass
conc. %) of the surface (<5 nm) was estimated by using the (rela-
tive) peak area proportions compensated by Scofield atomic
sensitivity factors (accuracy of ±5%) (Scofield, 1976) from the nar-
row scan spectra. For the Pd 3d region spectrum, deconvolution, a
Voigt type function with Gaussian and Lorentzian (in a proportion
of 70:30) combinations was used. Structural characterization was
carried out based on X-ray diffraction (XRD) measurements. The
XRD measurements were performed with the aid of a Bruker X-ray
diffractometer model D8 Advance, operating at 40 kV and 40 mA
(1.6 kW), using Cu-Ka radiation (l ¼ 1.540501 Å/8,047 keV). The
scan rate applied was 0.02� s�1 in 2q, and silicon powder was
employed as reference.

2.4. Treatment of MetP by EAOPs

Assays were performed in a bench scale electrochemical cell
with an external jacket for thermostatic water recirculation at 25 �C
(dos Santos et al., 2016). Pure oxygen (O2) was coupled to the GDE
to ensure the fed of O2 gas at 500 mL min�1 in order to electro-
generate H2O2 from Eq. (1). A boron-doped diamond (BDD) thin
film with a geometric area of 3.0 cm2 was used as anode. The

interelectrode gap distance was kept around 1.0 cm. Before each
experiment, both anode and cathode were activated by using a
50 mM NaSO4 at pH 2.5 and j ¼ 100 mA cm�2 during 60 min (dos
Santos et al., 2019).

Electrolysis at constant current density (j) at 33.3 mA cm�2 was
performed at an Instrutherm DC power supply FA-2030 coupled to
Instrutemp ITMDB 100 Am and InstrutempMDB-450 voltmeter. All
experiments were carried out with 150 mL of 0.50 mM MetP so-
lution with 50 mM Na2SO4 as support electrolyte. Before electrol-
ysis, the solution pH was adjusted to 2.5 using a pH-meter ION
pHB500 with a diluted H2SO4 solution. Acidic conditions are
considered the best for Fenton’s reactions, since it avoids the pre-
cipitation of iron. All the processes were performed under pH 2.5, in
order to maintain the same operating conditions for comparison
between the different EAOPs.

Different concentrations Fe2þ (0.1, 0.25 and 0.50 mM) were
tested to perform EF and PEF treatment. In PEF, the solution was
illuminated with a 5W UVC lamp (Pen-Ray model 11SC-2.12) that
provided 19 W m-2 of irradiance.

2.5. Analytical techniques

The H2O2 concentration was determined by the Molybdate
method where the absorbance of the colored complex formed with
H2O2 and (NH4)6Mo7O24 was measured at l ¼ 350 nm using a
Shimadzu UV-1900 spectrophotometer (Lima et al., 2020). This
value allowed the calculation of the percentage of current efficiency
(CE) following the Faraday’s law (Eq. (2)):

CEH2O2
ð%Þ¼2 F CH2O2

Vs

I t
� 100 (2)

where 2 corresponds to the number of electrons needed to the
reduction of O2 to form H2O2, F to the Faraday constant
(96,487 C mol�1), CH2O2

to the H2O2 concentration in mol L�1, Vs to
the volume of the solution in L, I to the applied current intensity in
A, and t to the reaction time in s.

The concentration of MetP was determined on a high-
performance liquid chromatography (HPLC) system equipped
with a Phenomenex Luna C18 (250 � 4.6 mm, 5 mm) column and a
Supelcosil C18 (4 mm � 3.0 mm i.d.) pre-column at 35 �C and
coupled to an SPD-20A UV detector selected at l ¼ 258 nm. The
mobile phase consisted of an aqueous solution containing water-
acetonitrile mixture (60/40, v/v) at a flow rate of 1.0 mL min�1.
The retention time for MetP was 6.3 min. The acid intermediates
were analyzed by ion exchange chromatography. The ion exchange
column used was Metrosep Organic Acids (250 mm/7.8 mm) from
Metrohm, whereas a diluted H2SO4 solution (5 mmol L�1) was
employed as the solvent in 20 mL sample injection and 20 min of
running. Analyzes were performed on an 850 Profissional IC ion
chromatograph (Metrohm) using a conductivity detector. Total
organic carbon (TOC) was obtained using a Shimadzu TOC-VCPN
equipment and its removal is given by Eq. (3). All withdrawn
samples before HPLC and TOC analyzes were filtered with 0.45 mm
filters (chromafil Xtra PET-45/25). The experiments were carried
out in duplicate and figures related to degradation and minerali-
zation show the error bar related to the 95% confidence interval.

TOC removal ð%Þ¼ TOC0 � TOCf
TOC0

� 100 (3)

The percentage of mineralization current efficiency (MCE) was
calculated from Eq. (4):
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MCE ð%Þ¼ nFVDðTOCÞexp
4:32� 107 m I t

� 100 (4)

where 4.32 � 107 is the conversion factor
(3600 s h�1 � 12,000 mg C mol�1), m is the number of carbon
atoms of MetP molecule (m ¼ 8). The number of electrons (n) for
the mineralization process was taken as 34 considering the theo-
retical mineralization for the MetP (Steter et al., 2016) (Eq. (5)):

C8H8O3 þ 13H2O / 8 CO2 þ 34 Hþ þ 34 e� (5)

In order to follow the evolution of by-products of MetP degra-
dation by gas chromatographyemass spectrometry (GC-MS), the
samples were extracted in CH2Cl2 using a flow of 1 mL of N2(g) to
concentrate the organic compounds for analyses. This analysis was
executed in a gas chromatograph GC-2010 Plus coupled to a mass
spectrometer QP2020 (Shimadzu), equipped with an automatic
sampler model AOC-6000. The column used was a non-polar
capillary Rtx-5MS (30 m � 0.25 mm � 0.25 mm) (Shimadzu) and
Helium (purity 99.999%) was the carrier gas applied at a flow rate of
1.0 mL min�1. The initial temperature of the oven was 36 �C for
1 min, increased to 320 �C at 5 �C min�1, hold for 10 min, totaling
67.80 min of analysis. There was a solvent cut time of 3 min. The
injection volume was 1 mL of the liquid sample. The injection
temperature was 250 �C and splitless injection was used. The mass
spectrometer, equipped with an electron impact source (EI), was
operated in SCAN mode at 70 eV of electronic energy. The ion
source and interface temperatures were 230 and 280 �C,
respectively.

3. Results and discussion

3.1. Physico-chemical characterization

Compared to metal-based materials, commercial PCL6 typically
demonstrates relatively low activity toward ORR while the selec-
tivity towards H2O2 both in alkaline (Assumpç~ao et al., 2011; Barros
et al., 2015) and acidic (Cordeiro-Junior et al., 2020) medium is
rather high. Specifically at low pH values, the ORR takes place at
high overpotentials emphasizing the need for better catalysts
(Cordeiro-Junior et al., 2020; Lu et al., 2019). Its surface composition
contains oxygen, sulfur, and nitrogen functional groups
(Assumpç~ao et al., 2011) that can assist to control the dispersion
and the interaction with metallic species (metal-support interac-
tion) (Antolini, 2012; Barros et al., 2015; Fortunato et al., 2016,
2018; Luo and Alonso-Vante, 2015; Ma et al., 2013). As aforemen-
tioned, Pd at low loadings (<2 wt%) and high ipd can achieve se-
lectivities towards H2O2 close to 100% with low overpotentials
(Fortunato et al., 2018). In this context, we combined these two
effects (low metal loading and abundant carbon material with
relatively high metal-support interaction) to produce an efficient
catalyst toward H2O2 production via ORR. The challenge lies in
distributing low amounts of Pd NPs homogeneously onto the car-
bon surface to obtain an ipd over 100 nm. The strategy proposed by
Fortunato and co-authors (Fortunato et al., 2018) was used to tune
the Pd loading so that high selectivities towards H2O2 can be
achieved.

In Figs 1 and 2, the physico-chemical characterizations of the
different catalysts are shown. For Pd1%/PCL6, a low Pd amount
(~0.6 wt%) resulted in highly dispersed Pd nanoparticles in the size
range of ~5.5 nmwith octahedral and spherical shapes and edge-to-
edge interparticle distances around 170 nm, as shown in Fig. 1aef
(c.f. Table S1). The HR-TEM image (Fig. 1e) reveals lattice fringes of
0.22 nm (on average) which is expected for (1 1 1) face-centered

cubic (fcc) planes of crystalline Pd (Fortunato et al., 2018; Saha
et al., 2011; Venarusso et al., 2018; Vukmirovic et al., 2011). A
metal loading of 0.9 wt% was obtained by thermogravimetric
analysis (c.f. Fig. 2a). The diffractograms (Fig. 2b) evidence the
presence of less than 1 wt% of Pd on PCL6 showing the patterns of
fcc crystalline with peaks (1 1 1), (2 0 0), (2 2 0), (3 1 1), and less
visible (2 2 2) for Pd (Boone and Maia, 2017; Kabir et al., 2016; Saha
et al., 2011; Venarusso et al., 2018, 2016). The presence of a char-
acteristic broad peak (0 0 2) at 2q ¼ 25.9�, associated to the
graphitic structure of the carbon support (Boone and Maia, 2019,
2017; Kabir et al., 2016), is also observed. To resolve the surface
characteristics, XPS measurements were performed. The XPS sur-
vey spectra (Fig. 2c) shows only peaks in the C 1s and O 1s regions
due to the low Pd amount.

The narrow-scan spectrum in the Pd 3d region (Fig. 2d) exhibits
the expected spin-orbit splitting and binding energy of metallic Pd
species (Pd0 3d5/2 at ~335.4 eV, Pd0 3d3/2 at ~341.0 eV, c.f. Table S3),
and as well as the spin-orbit splitting for oxidized Pd species (Pd2þ

3d5/2 at ~337.6 eV, Pd2þ 3d3/2 at ~343.0 eV, c.f. Table S3). The XPS
analysis was not able to detect a signal in the Cl 2p region (Fig. S2),
although we do not rule out the presence of Cl adsorbed to the Pd
surface since halides can adsorb strongly to Pd surfaces enhancing
H2O2 production. (Damjanovic et al., 1967; Markovi�c et al., 1999;
Schmidt et al., 2001; Su et al., 2018; Yan et al., 2011). High-
resolution XPS quantification reveals ca. 0.10 at% Pd (¼0.87 wt%,
c.f. Tables S1 and S2), which corresponds well to thermogravimetric
analysis.

3.2. Electrochemical profile and ORR performance

Fig. 3 presents the CVs, RRDE, and RDE responses for PCL6 and
Pd1%/PCL6. The CV obtained in N2-saturated solution for the syn-
thesized materials (Fig. 3a) reveals that in the absence of Pd, the
characteristic quinone/hydroquinone peaks (at ~0.2 V) from the
carbon surface (Fortunato et al., 2018; Jukk et al., 2013) are
observed. Under O2-saturated conditions, an additional peak
at ~ �0.2 VAg/AgCl was observed corresponding to the reduction of
molecular oxygen. When ~1 wt% Pd is present (c.f. Fig. 3b), in N2-
saturated solution, the characteristic polycrystalline Pd surface
processes of hydrogen underpotential deposition (HUPD) (�0.4 and
0 VAg/AgCl) are observed. Due the low metal loading (and presum-
able Cl-speciations on the surface), Pd oxidation in the potential
region of 0.5e1.0 VAg/AgCl is suppressed. Careful inspection of the
corresponding oxide back reduction region (0.45e0.25 VAg/AgCl)
reveals the expected oxide reduction peak at ~0.34 VAg/AgCl. Under
O2-saturated condition, with ~1 wt% of Pd onto PCL6, the ORR peak
appears at a potential ~500 mV more positive than the bare carbon
matrix (c.f. Fig. 3a and b). For Pd1%/PCL6, a lower potential limit
of �0.4 VAg/AgCl was selected due the hydrogen production at lower
potentials. Additionally, the electrochemically active surface area
(ECSA) determined from the electrical double-layer capacitance
revealed comparable surface areas for both catalysts. In the pres-
ence of Pd NPs, the ECSA decreases ~10% in comparison to pure PCL6
(78.4 vs. 86.5m2 g�1

catalyst, respectivelydc.f. Table S4), which could
be related to not fully covered glassy carbon areas.

Fig. 3c shows the linear sweep voltammetry in RRDE configu-
ration. The samples were tested towards the production of H2O2 by
scanning the potential from0.1 to 1.0 VAg/AgCl under O2 saturation in
0.1 mol L�1 K2SO4 at pH 2.5. For pure PCL6, the onset potential for
ORR occurs at ~0 VAg/AgCl. The disk current density achieves the
diffusion-limited values at ~ �0.7 VAg/AgCl. The ring current den-
sities are comparably large in comparison to the disk current
densities, evidencing large H2O2 production amounts. From RRDE
results, the potential dependent selectivity towards H2O2 (SH2O2) in
the course of the ORR could be obtained, and the responses are
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shown in Fig. 3d. The SH2O2 for PCL6 reaches ~84% over the
measured potential range from�0.9 V to�0.15 VAg/AgCl, in line with
previously reported results (Cordeiro-Junior et al., 2020). As stated
before, Pd-loadings >2 wt% typically favor full reduction to H2O. To
test our hypothesis, PCL6 was modified with 20 wt% Pd (Pd20%/
PCL6) and tested towards the production of H2O2.

As expected, 20 wt% of Pd leads to a drop in selectivity to ~10%
over the measured potential range from �0.2 to 0.3 VAg/AgCl (c.f.
Fig. 3c and d). Additionally, one part of Pd20%/PCL6 was physically
combined with 9 parts of PCL6. Here, the 2% Pd-loading leads to a
drastic increase in H2O2 selectivity of over 80% (c.f. Fig. 3c and d).

Additionally, a set of LSV curves recorded at different rotation
rates are presented in Fig. 3e and f. Below�0.6 VAg/AgCl (Fig. 3e), the
ORR is controlled by mass transport limitations for PCL6. For Pd1%/
PCL6, the mass transport region is not well defined due the
hydrogen evolutionwith occurs concomitantly below�0.2 VAg/AgCl.
From these curves, the electron transfer number (nK-L) at different
potentials was estimated (see details in Support Information). PCL6
and Pd1%/PCL6 have average nK-L values of 1.9 and 2.9, respectively,
supporting the high selectivity for 2-electron-transfer ORR on both
catalysts. In order to evaluate the electrochemical stability perfor-
mance for the catalyst surfaces, changes in the activity and selec-
tivity were monitored by RRDE before and after 5000 cycles
between �0.2 and 0.5 VAg/AgCl at a scan rate of 0.5 V s�1 and the
results are presented in Fig. S4. In general, no drastic changes in
electrocatalytic behavior, in terms of activity and selectivity, are
observed for PCL6 and Pd1%/PCL6. The CVs prior to and after sta-
bility tests (c.f. Fig. S4b) show small differences in the electro-
chemical behavior, suggesting high stability of the carbon
structures. Fig. S5c compares the electrocatalytic performance of

Pd1%/PCL6 with other noble metal-based state-of-the-art catalysts
reported in literature in terms of kinetic current densities to H2O2
as a function of applied potential. Pd1%/PCL6 shows high stability
while maintaining high activity and selectivity relatively close to
the most active Pd- and Pt-based catalysts. We point out that Pd1%/
PCL6 is easily synthesized, demonstrate high reproducibility and
can be produced on a large scale by using commercially available
carbon black materials as well as omitting any toxic metal which
would be detrimental in wastewater treatment devices.

3.3. MetP treatment by H2O2-based EAOPs

3.3.1. Electrochemically generation and accumulation of H2O2

After establishing a greater picture on the potential dependent
selectivities via RRDE, in real applications, higher current densities
are sought after. By using a gas diffusion setup (GDE), the oxygen
reduction is not limited by the solubility of oxygen in the liquid
electrolyte and oxygen can be fed directly in gaseous form to the
catalyst’s surface. The GDE setup allows the application of practical
relevant current densities. The GDE cathode was fabricated by
deposition of Pd1%/PCL6 onto a PW03 substrate. For comparison,
PCL6/PW03 was studied. These experiments were accomplished
with 150 mL in sulfate medium at pH 2.5, j ¼ 33.3 mA cm�2 and
25 �C. After 180 min of electrolysis, the maximum H2O2 concen-
trations varied between 1.33, 5.27 and 8.89 mM for PW03, PCL6/
PW03 and Pd1%/PCL6/PW03, respectively (Fig. 4a). For PCL6 on
PW03, the generation of H2O2 was increased by a factor of 3.9
compared to the bare PW03 substrate. For Pd1%/PCL6, the H2O2
generation was increased by a factor of 6.7 which is in line with
RRDE results.

Fig. 1. Representative (a and c) virtual high-angle angular dark field (images reconstructed from electron diffraction patterns), (b and d) bright-field STEM, and (e) HR-TEM images
of Pd1%/PCL6. (f) Size distribution histograms and interparticle distance (ipd) for Pd1%/PCL6.
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Fig. 4b shows a decrease in current efficiency (CE) over time.
This effect is most pronounced for Pd1%/PCL6/PW03 with 36.9% and

23.9% CE after 20 and 180 min, respectively. For PCL6/PW03, the CE
drops to 21.6% and 14.1%, respectively. H2O2 is not inert in solution

Fig. 2. Physico-chemical characterization of PCL6 and Pd1%/PCL6 catalysts. (a) Thermogravimetric responses. (b) XRD patterns. (c) Survey XPS spectra for PCL6 and Pd1%/PCL6. (d)
Narrow scan XPS spectrum for Pd 3d regions of Pd1%/PCL6 catalysts.

Fig. 3. (a, b) Cyclic voltammograms obtained in N2 and O2-sat 0.1 mol L�1 K2SO4 at pH 2.5 for GC electrodes modified with PCL6 and Pd1%/PCL6 (scan rate: 50 mV s�1; scans started
at 1.0 VAg/AgCl). (c) Linear sweep voltammetry in an RRDE configuration scanning the potential at 5 mV s�1 and 900 rpm in O2-sat 0.1 mol L�1 K2SO4 at pH 2.5 (scans started at �0.9
or �0.2 VAg/AgCl). (d) SH2O2

during the ORR at varying potentials (obtained from the corresponding RRDE data). (e, f) Linear sweep RDE results scanning the potential at 5 mV s�1

recorded in O2-sat 0.1 mol L�1 K2SO4 at pH 2.5 solution at various rotation rates. Insets: corresponding K-L plots.
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and might be oxidized to hydroperoxyl radicals (HO2�) (Eq. (6)) at
the surface of the BDD anode, decreasing the overall CE (dos Santos
et al., 2018b). This behavior has already been observed with other
materials such as Pt and dimensional stable anodes (DSA) (Alcaide
et al., 2020; Fajardo et al., 2019). Pd1%/PCL6/PW03 possesses the
lowest energy consumption (EC) per kgH2O2 with 59.4 kWh
kg(H2O2)�1 (Fig. 4c), followed by PCL6/PW03 with 110.3 kWh
kg(H2O2)�1, and the bare PW03 substrate with 396.1 kWh
kg(H2O2)�1.

BDD þ H2O2 / BDD(HO2�) þ Hþ þ e� (6)

3.3.2. MetP degradation and energy consumption per order
Based on the promising results obtained with Pd1%/PCL6/PW03,

its performance towards the degradation of organic pollutants was
tested on 0.50 mM MetP at pH 2.5, j ¼ 33.3 mA cm�2 and 25 �C by
AO-H2O2, AO-H2O2/UVC, EF and PEP. After 180 min of treatment,
AO-H2O2 leads to the lowest MetP degradation rate of 51.6% as
shown in Fig. 5a. Conversely, AO-H2O2/UV attains almost total
degradation (95.8%) under similar operating conditions.

The kinetic rate constants (k1) fit well a pseudo-first-order ki-
netic model (c.f. Fig. 5b), with values of 6.90� 10�5 s�1 (R2 ¼ 0.991)
and 2.28 � 10�4 s�1 (R2 ¼ 0.989) for AO-H2O2 and AO-H2O2/UVC
respectively. In the AO-H2O2 process, the greatest contribution to
the MetP degradation is the physiosorbed �OH formed at the BDD
anode surface from water electrolysis (Eq. (7)) (dos Santos et al.,
2019; Garcia-Segura et al., 2018). The electrogeneration of H2O2
does not show any significant effect on the degradation of MetP,
since H2O2 itself is considered a relatively weak oxidant (E�(H2O2/
H2O) ¼ 1.76 VSHE) (dos Santos et al., 2018b), as well as HO2�. For AO-
H2O2/UVC, the kapp increased by a factor of 3.3 and that can be
related to additional generation of �OH radicals formed from H2O2
photodecomposition by UVC irradiation (Eq. (8)) (Moreira et al.,
2017; Xu et al., 2019). MetP alone is relatively stable against UVC
light (Fig. 5a) and only 12.7% degrades after 180 min.

BDD þ H2O / BDD(�OH) þ Hþ þ e� (7)

H2O2 þ hn / 2 �OH (8)

EF and PEF processes promote total degradation in less than
10 min (Fig. 5c). This rapid degradation is due to BDD(�OH) and the
additional generation of high amounts of homogeneous �OH in the
bulk by Fenton’s reaction (Eq. (9)), that react rapidly with MetP. The
necessary Fe2þ ion for Fenton’s reaction can be regenerated by Eq.
(10) and low catalyst concentrations can be used (Brillas, 2020;
Garcia-Segura et al., 2014).

These processes should have an optimal ratio between H2O2
concentration generated and Fe2þ added. Therefore, various Fe2þ

concentrations were tested (data not shown) in order to determine
the ideal amount of this catalyst. We found that concentrations
over 0.25 mM Fe2þ, excess of Fe2þ may scavenge �OH present in
solution (Eq. (11)) (dos Santos et al., 2018c; P�erez et al., 2015). The
obtained constant kinetics (k1) were 5.52 � 10�3 s�1 (R2 ¼ 0.997)
and 7.85 � 10�3 s�1 (R2 ¼ 0.992) for EF and PEF (c.f. Fig. 5d),
respectively.

Fe2þ þ H2O2 þ Hþ / Fe3þ þ �OH þ H2O (9)

Fe3þ þ e� / Fe2þ (10)

Fe2þ þ �OH / Fe3þ þ OH� (11)

H2O2-based EAOPs can be compared in terms of the amount and
costs related to the electrical energy per order required to reduce
the concentration of the contaminant by one order of magnitude in
a unit volume as shown in Eq. (12) (Garcia-Segura et al., 2020;
Montenegro-Ayo et al., 2019):

EEO
�
kWh m�3order�1

�
¼
6:39� 10�4

�
Pcell þ Plamp

�

Vsk1
(12)

where 6.39� 10�4 is a conversion factor (1 h/3600 s/0.4343), Pcell is
the power of the electrochemical cell and Plamp is the power of the
lamp both inW, Vs is the solution volume in L and k1 is the pseudo-
first order rate constant in s�1. The values of EEO were 0.488 and
1.27 kWhm�3 order �1 for EF and PEF, respectively. The EEO for EF is
by a factor of 2.6 lower compared to PEF, despite the fact that PEF

Fig. 4. Influence of different cathodes on (a) accumulated H2O2 concentration vs time
(b) current efficiency and (c) energy consumed per kg H2O2 using 150 mL of 50 mM
Na2SO4 solution at pH 2.5 and 25 �C, using ( ) PW03, ( ) PCL6/PW03 and ( ) Pd1%/
PCL6/PW03/gas diffusion.
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has a 30% higher k1 value compared to EF. From our results, the EF
process seems the most economical viable process to degrade MetP
in a real application.

3.4. MetP mineralization and by-products identification

As shown in Fig. 5e, the TOC removal was performed to evaluate
the mineralization of 0.50 mMMetP (48 mg L�1 TOC). AO-H2O2 and
AO-H2O2/UVC reached poor mineralization of 26.1% and 38.4%,
respectively. The rate of TOC decrease is usually lower than the
degradation rate due to the formation of by-products. Therefore, a
longer treatment time is necessary to achieve high mineralization.
In the EF process, during the first 90 min, the mineralization had a
sharp decrease attaining a value of 45.9%, remaining practically
constant afterwards. This behaviormay be because of the formation
of Fe(III)-carboxylate complexes, formed during the degradation of
MetP. These complexes are stable and highly resistant to the attack
of �OH radicals (Antonin et al., 2015; Sopaj et al., 2016). For PEF, the
process led to the best mineralization, with 90.1%. This can be
explained by the photodecarboxylation of Fe(III)-carboxylate spe-
cies (Fe(OOCR)2þ) via Eq. (13), along with the additional Fe2þ

regeneration and �OH production from the photolysis of FeOH2þ by
Eq. (14) (Brillas, 2020; dos Santos et al., 2018b):

Fe(OOCR)2þ þ hn / Fe2þ þ H2O2þ R� (13)

FeOH2þ þ hn / Fe2þ þ �OH (14)

Fig. 5f reveals that the higher MCE values are related to the
processes with higher oxidation capacity, following the order
PEF > EF > AO-H2O2/UVC > AO-H2O2. During treatment, MCE
remained constant for the AO-H2O2 and AO-H2O2/UVC processes as
a consequence of their low mineralization power. However, MCE
decreased for the others processes, in e.g. PEF to 38.7% and 21.5% at
30 and 180min, respectively. This is probably due to the decrease of
organic matter with formation of recalcitrant by-products, as re-
ported by other authors (Alcaide et al., 2020; Antonin et al., 2015;
dos Santos et al., 2020).

Fig. 6 shows a proposed mineralization route for MetP. Aromatic
intermediates and carboxylic acids were identified by GC-MS and
ion exclusion HPLC, respectively. Table S5 summarizes the charac-
teristics of by-products such as retention time and main fragmen-
tation (m/z). The proposed mineralization route considered only
the contribution of the heterogeneous and homogeneous �OH
formed on the surface of the BDD and Fenton’s reactions, respec-
tively. The degradation was initiated by the successive hydroxyl-
ation of 1 (MetP) that could yield the intermediates 2 (2,6-
dihydroxy-methyl ester) and 3 (2, 5 -hydroxy-methylparaben).
The attacks on the benzylic carbon atom of MetP bonded to the
carbonyl group yielded 4 hydroquinone (Gmurek et al., 2015). The
oxidation of hydroquinone causes the cleavage of the aromatic ring
producing short-chain linear carboxylic acids. Intermediate 5

Fig. 5. Effect of different H2O2 based EAOPs ( )AO-H2O2, ( )AO-H2O2/UV, ( ) EF and ( ) PEF on the treatment of 0.50 mM of MetP solutions at pH 2.5 and j ¼ 33.3 mA cm�2. (a) and
(b) MetP degradation over time; (c) and (d) Pseudo-first order kinetics; (e) TOC removal over time; (f) mineralization efficiency over time. (-) only UVC light.
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(oxalic acid) forms Fe(III)-oxalate complexes that can suffer
photodecomposition under UVC, being then converted into CO2 (Xu
et al., 2019).

4. Conclusions

In summary, this work demonstrates that 1% of Pd NPs onto
PCL6 is an active catalyst with an ~320 mV lower onset over-
potential compared to bare PCL6. The selectivity towards H2O2 was
close to 90% and its catalytic behavior was maintained after 5000
degradation cycles between �0.2 and 0.5 VAg/AgCl. Pd1%/PCL6 was
obtained in a single one-pot synthesis approach with high repro-
ducibility that can potentially be scaled up. Fundamental studies
were performed in an RRDE setup and extended to a more practical
relevant GDE setup where oxygen gas can be directly fed to the
catalysts surface. Exemplarily, the performance towards the
degradation of 0.50 mM MetP by AO-H2O2 and AO-H2O2/UVC was
tested revealing lower removal efficiencies compared to EF and PEF.
The �OH radical produced in the bulk from Fenton’s reaction
demonstrated to be more reactive. For the Fenton-based processes,
it was verified that the concentration of Fe2þ greatly affects the
performance of the processes. The technology that led to the
highest mineralization was PEF the 90.1% operating with 21.5% of
MCE. The mineralization route of MetP demonstrated the forma-
tion of three aromatic compounds and one short-chain carboxylic
acid as final by-products.
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Rotating ring-disk electrode studies 

For the rotating ring-disk electrode (RRDE) experiments, the supporting 

electrolyte employed was 0.1 mol L−1 K2SO4, at pH of 2.5, adjusted with H2SO4. All 

electrochemical measurements were performed in a three-electrode glass cell with a 

commercial rotating ring-disk electrode (RRDE) with GC disk (geometric area of 0.2475 

cm2) and Pt ring (geometric area of 0.186 cm2, and collection efficiency of N = 0.37) - 

acquired from Pine Research Instrumentation. A graphite rod and an Ag/AgCl electrode 

(3 M KCl, from Analyser Co.), separated by a Nafion membrane, were used as counter 

electrode and reference electrode, respectively. Prior to perform each measurement, the 

RRDE working electrode was polished with alumina slurries with granulometry of 0.3 

and 0.05 m. The electrode was cleaned by sonication in ultrapure water from a Millipore 

Milli-Q system with resistivity >18 MΩ cm at 25 °C, twice in isopropanol, and in 

ultrapure water again for 5 min in each solvent. Using a clean and dry disk electrode 

surface, a uniform thin film of 200 gPd/C cm−2 was subsequently generated by drop 

casting of 20 L of catalyst solution at 2.5 mg mL−1 prepared using dimethylformamide 

as solvent, and allowing the film to dry at room temperature.  

The modified electrodes were placed in an electrochemical cell containing the 

supporting electrolyte, which was subsequently saturated with the following ultrapure 

gases: N2 or O2 (purity >4.0). The electrochemical techniques employed, which included 

cyclic voltammetry (CV) and linear sweep voltammetry (LSV), were conducted using a 

Metrohm Autolab model PGSTAT-128 N potentiostat. To study the oxygen-reduction 

reaction, the Pt ring potential was kept under potentiostatic control at 1.0 VAg/AgCl in O2-

saturated electrolyte solution, while the potentials at the modified GC disks were scanned 

in the same solution at 5 mV s–1. For the rotating ring-disk electrode (RRDE) 

measurements, the experimental details are described in Support Information. The ORR 

curves were obtained by subtracting N2-background currents (in absence of O2) to 

eliminate current contributions from the electrodes in contact with the electrolyte. The 

selectivity toward H2O2 production (SH2O2) during the ORR was estimated from RRDE 

results and Eq. (S1) (Antoine and Durand, 2000; Paulus et al., 2001): 

 

𝑆𝐻2𝑂2
 (%) = 

2𝐼r 𝑁⁄

𝐼d + 𝐼r 𝑁⁄
 𝑥 100        (S1) 

Where Id is the disk current, Ir is the ring currents, and N is the collection efficiency of 

the Pt ring electrode. 



Chapter I – Supporting information  
_____________________________________________________________________________ 

43 
 

Table S1. Compositional and morphologic characteristics of Pd1%/PCL6 catalyst 
obtained from TGA, XPS, and TEM.  

Catalyst loading (µg cm-2) 200  
Pd loading (µg cm-2) 1.8  
wt. % Pd by TGA 0.9 
wt. % Pd by XPS 0.87 
at. % Pd by XPS 0.1 

particle size by TEM (nm) 5.5 ± 1.4 
ipda(nm) 170 

a interparticle distance from edge-to-edge was determined as in Ref (Fortunato et al., 
2018). 

 

 

Fig. S1. Thermogravimetric response for Pd20% /PCL6 catalyst. 
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Table S2. Surface composition of Pd1%/PCL6 catalyst determined by XPS narrow-scans. 
Peaks, positions, relative sensitivity factors (R.S.F.), and atomic and weight percentages 
of the elements. 
Peak Position (eV) R.S.F. at% wt% 

C 1s 284.60 1 90.83 87.50 
O 1s 532.95 2.93 9.06 11.63 

Pd 3d 341.00 16 0.10 0.87 
Cl 2p 198.25 2.29 - - 
N 1s 399.75 1.8 - - 

 

Table S3. Deconvolution results in the Pd 3d region for Pd1%/PCL6 catalyst. Values 
obtained from the narrow-scan XPS spectrum in inset of Figures 1F. 

Peak Group Position (eV) Content % 

Pd 3d 

Pd0 3d5/2 335.43 27.48 
Pd2+ 3d5/2 337.58 32.55 
Pd0 3d3/2 341.03 18.30 
Pd2+ 3d3/2 343.00 21.68 

 

 

 
Fig. S2. Narrow-scan XPS spectra in Cl 2p region for PCL6 and Pd1%/PCL6 catalysts. 
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Fig. S3. Cyclic voltammograms for (a) PCL6 and (c) Pd1%/PCL6 obtained in N2-sat 
0.1 mol L−1 K2SO4 at pH 2.5 at scan rates from 10 to 400 mV s−1 in a range of 0.1 V potential 
window centered at the OCP. (b and d) I/2 vs.  plots for modified GC electrodes. 
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The electrochemically active surface area values for the PCL6 (A) and Pd1%/PCL6 % (C) 

samples were calculated from the electrochemical double-layer capacitance (Cdl), in turn, 

obtained by the scan rate dependence of cyclic voltammograms, following the protocol 

reported in Ref.(McCrory et al., 2013). Briefly, Cdl was obtained by collecting CVs at the 

scan rates of 10, 50, 100, 200, and 400 mV s−1 in a range of 0.1 V potential window 

centered at the open circuit potential (Figure S3).  

 

Table S4. Estimated ECSA values by the capacitance for catalyst samples. 

Catalyst 
Capacitance 

(µF) 
Specific Capac. (µF 

cm−2)* 
ECSA (cm²) 

ECSA (m² g-

1catalyst) 
PCL6 728 17.0 42.8 86.5 

Pd1%/PCL6 659 17.0 38.8 78.4 
* The values were assumed considering the capacitance of an atomically smooth planar 

surface of the carbon-based material under acidic conditions.(McCrory et al., 2013) 
 

The RDE data shown in Figures 2E and 2F were analysed by the Koutecky-Levich (K-L) 
Eq. (S2)(Bard and Faulkner, 2001) and the number of electrons transferred per O2 
molecule, n, could be estimated: 

1

𝑗
=

1

𝑗𝑘
+

1

𝑗𝑑
= −

1

𝑛𝐹𝑘𝐶𝑂2
𝑏 −

1

0.62𝑛𝐹𝐷𝑂2
2/3

𝑣−1/6𝐶𝑂2
𝑏 𝜔1/2

     (S2) 

Where j, jk and jd are the measured current density, kinetic current density and diffusion-

limited current density, respectively, k is the rate constant for ORR (given in cm s−1), F 

is the Faraday constant, DO2 is the diffusion coefficient of O2 (assumed as 1.9×10−5 cm2 

s−1) (Davis et al., 1967), ν is the kinematic viscosity of the solution (assumed as 0.01 

cm  s−1) (Lide, 2001), CO2
b is the concentration of oxygen in the bulk solution (assumed 

as 1.2×10−6 mol cm−3) (Davis et al., 1967) and, finally, ω is the electrode rotation speed 

(given in rad s−1). 

 

  



Chapter I – Supporting information  
_____________________________________________________________________________ 

47 
 

Fig. S4. (a) Linear sweep RRDE results scanning the potential at 5 mV s−1 and 900 rpm 
in O2-sat 0.1 mol L−1 K2SO4 at pH 2.5 for GC electrodes modified with PCL6 and 
Pd1%/PCL6 catalysts before and after the stability test (scans started at -0.2 VAg/AgCl). (b) 
Cyclic voltammograms before and after the stability test obtained in N2-sat 
0.1 mol L−1 K2SO4 at pH 2.5 for GC electrodes modified with PCL6 and Pd1%/PCL6 
catalysts at a scan rate of 50 mV s–1; scans started at 1 VAg/AgCl). (c) Electrocatalytic 
performance comparison (in terms of kinetic current densities to H2O2 production as a 
function of the applied potential) of different metallic nanoparticles-based synthetized 
catalysts: Pd-Hg (Verdaguer-casadevall et al., 2014), Pt-Hg (Siahrostami et al., 2013), 
Ag-Hg (Siahrostami et al., 2013), hydrothermally produced Pd/Graphene nanoribbon 
(S1) (Fortunato et al., 2018), hydrothermally produced Pd/Vulcan carbon (S1) (Fortunato 
et al., 2018), Pd1%/PCL6 before and after the stability test [this study]. 
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Table S5. Aromatic intermediates detected by GC-MS during the degradation of 0.50 
mM MetP solution by PEF process. 

Number Chemical name Molecular structure 
tr 

(min) 
Fragmentation 

(m/z) 

1 Methyl Paraben 

HO

OCH3

O

 

24.5 
152, 121, 93, 

65 

2 
2,6-dihydroxy-

methyl ester 
 

 
26.8 

 
168, 137, 108, 

81, 69, 53 
 

3 
2, 5 -hydroxy-
methylparaben 

 

 

26,2 
168, 136, 108, 

80, 69, 55 

4 
Hydroquinone 

 

 
20.3 

 
110, 81, 59, 53 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

OH
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HO
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Sustainable microwave-assisted hydrothermal synthesis of carbon-supported ZrO2 

nanoparticles for H2O2 electrogeneration. 
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In this article, a detailed discussion on the development of microwave-assisted 

hydrothermal (MAH) synthesis to incorporate zirconium oxide (ZrO2) into the PL6C 

matrix composition has been carried out.  Each parameter of the synthesis was evaluated 

facing the growth of ZrO2 in the carbonaceous structure and its influence on 

electrocatalytic activity and stability for ORR aiming to selectively produce H2O2. 

Therefore, it could be understood how to use MAH synthesis to produce stable and H2O2-

selective electrochemical catalysts, although identifying some limitations. Here the 

authors finally reflect on the employment of a sustainable synthesis for the development 

of a mixed ZrO2/PL6C catalyst that offers future possibilities in the area of cathodic 

catalysts for electrochemical H2O2 production. 
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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Carbon-based metal oxide catalyst was
produced by sustainable MAH approach.

• ZrO2-5.1 wt% on PL6C presented a gain
of 140 mV in E1/2 and SH2O2 of 88.8%.

• Particles dispersion, ECSA, and oxide
loading are key elements to consider in
ORR.

• ZrO2/PL6C presented kapp values for
H2O2 production ~2x higher than bare
PL6C.

A R T I C L E  I N F O
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A B S T R A C T

This work proposes the use of a novel green and fast (<1h) route for the construction of electrocatalysts by 
microwave-assisted hydrothermal synthesis using carbon-supported metal oxide for H2O2 electrogeneration. 
Using ZrO2 supported on carbon black Printex L6 (PL6C) as a non-toxic model catalyst, the present study 
evaluated different synthesis conditions and their effects on ORR activity and selectivity via the application of the 
rotating ring-disk electrode (RRDE) and gas diffusion electrode (GDE) techniques. RRDE results showed that the 
optimized ZrO2/PL6C catalyst presented improvements in catalytic performance of 140 mV in the E1/2 for ORR 
and in selectivity for H2O2 production of 88.8% compared to the unmodified PL6C (78%). The improved elec
trocatalytic performance was attributed to the high dispersion of small ZrO2 nanoparticles (~7 nm) in direct 
contact with the carbon support which helped increase the ECSA values. GDE results showed that ZrO2/PL6C was 
responsible for doubling the kapp values of H2O2 production and for the reduction of energy consumption by 
about 150 kWh g− 1 compared to the unmodified matrix. Key insights related to the construction of carbon-based 
metal oxide catalysts and the optimization of ORR are discussed further in the work aiming at providing useful 
contributions for future investigations and applications.   
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1. Introduction

Hydrogen peroxide (H2O2) is a versatile oxidizer which is widely
employed for industrial, commercial, and domestic purposes [1,2]. 
Considered a green oxidizer, H2O2 has also been intensively applied in 
the environmental area [3–5]. Commercial H2O2 is mostly produced by 
the conventional method based on the oxidation of anthraquinone; this 
mechanism has been subject to criticism due to the environmental, lo
gistic, and safety problems involved in this conventional process of H2O2 
production [3,7,8]. For small scale and on-site applications, such as in 
the case of water treatment which typically requires low concentrations 
(<0.1 wt%), the use of decentralized or in situ methods of H2O2 pro
duction has been found to help effectively overcome the risks involving 
the transport, storage, and dilution of H2O2 presented by the conven
tional method [3]. The electrosynthesis of H2O2 via oxygen reduction 
reaction (ORR) has drawn considerable attention as a decentralized and 
environmentally friendly mechanism for H2O2 production [4]. Howev
er, due to the slow kinetics of ORR and the possibility of leading to the 
production of H2O instead of H2O2, the successful implementation of 
H2O2 electrosynthesis still depends on the development of economically 
viable materials that are able to catalyze ORR in an efficiently selective 
manner [4,9–11]. 

Platinum (Pt) and Palladium (Pd) are regarded the most active ma
terials for ORR; however, due to their strong interaction with oxygen 
and oxygenated intermediates, these materials tend to break the O=O 
bonding mechanism, and this gives rise to the production of H2O as the 
main product of reaction in a 4-electron pathway (O2 + 4H+ + 4e− → 
2H2O) [12,13]. In contrast, Au, Ag, Hg or C-based materials are found to 
be less active and tend to reduce O2 to H2O2 via a 2-electron reaction 
pathway (O2 + 2H+ + 2e− → H2O2) as a result of their weaker inter
action with oxygen [3,13–15]. Different synthesis strategies have been 
investigated with a view to blending the high activity of Pt and Pd with 
the high selectivity demonstrated by Au, Ag, Hg, and C [16–20]. How
ever, the scarcity and high costs of these materials make real large-scale 
applications of noble metal-based catalysts unfeasible. As an alternative, 
several studies published in the literature have investigated the func
tionalization or modification of carbonaceous materials with a view 
toward improving their catalytic performance [8,21,22]. The fact that 
carbon materials, such as carbon black, are cheap to obtain, they are 
economically viable to be employed as catalysts when it comes to 
large-scale applications; furthermore, these materials have been shown 
to exhibit high selectivity toward H2O2 production [8–10,18,23–26]. On 
the other hand, unmodified carbon-based materials have been found to 
present low ORR activity in acidic medium; as such, they have been 
found to consume high amount of energy in the H2O2 production process 
[9,10,18,23–26,28,29]. 

Several noble metal-free modifiers for carbon matrices have been 
intensively investigated aiming at enhancing their ORR activity and 
selectivity, as well as their electrochemical stability in acidic medium 
[29–35]. Carbon modification through the application of low loadings of 
metal oxides, such as ZrO2 (1–5 wt %) on graphene [36] or carbon black 
[37], Nb2O5 (15 wt %) on carbon black L6 [32], V2O5 (7 wt %) on 
Vulcan XC, and CeO2 (2–25 wt %) on different carbonaceous matrices 
[38–41], has been found to promote synergistic effects which help 
improve ORR activity and selectivity of the carbon-modified materials 
used in H2O2 production. In the absence of a general consensus on the 
issue, studies published in the literature regarding the use of 
carbon-modified materials have attributed the improvement in ORR 
activity and selectivity to several factors including increased active area, 
wettability of the electronic surface, and the oxophilic character of the 
chemical species. 

Although the thermal method is the most common route for the 
production of metal oxides [37,41,42], the typical application of high 
temperature (over than 500 ◦C) required in this method limits its use for 
the synthesis of carbon-supported metal oxides due to the carbon 
oxidation process involved. As an alternative, hydrothermal routes have 

gained considerable popularity among researchers in the field; this 
technique is conducted with low toxicity solvent and requires relatively 
lower temperature conditions (<200 ◦C). The water at high pressure and 
temperature presents low viscosity, and this contributes to an increase in 
the solubility of ionic species, leading to the rapid formation of oxide 
nuclei [32,36,43,44]. Advances in the hydrothermal technique have 
given rise to the microwave-assisted approach where microwave is used 
as a source of energy. The microwave-assisted hydrothermal synthesis 
method (MAH) can be considered an energy-saving and environmen
tally green method due to three factors: 1) fast production of oxides 
(10–60 min); 2) homogeneous heating without loss by dissipation; and 
3) the use of water as solvent [45–48].

In this work, we propose the use of a novel, green and fast (<1h)
microwave-assisted hydrothermal synthesis route for the production of 
functionalized carbon-supported metal oxide catalysts employed in the 
electrosynthesis of H2O2. Based on the use of zirconium oxide supported 
on carbon black Printex L6 as a non-toxic (in comparison with other 
transition metals) [49] model catalyst for ORR, the study sought to 
optimize the synthesis conditions by varying the synthesis parameters 
(including metal precursor concentration, synthesis time, temperature, 
and pressure) and investigating the effects of these parameters on the 
ORR activity and selectivity via the use of the rotating ring-disk elec
trode technique. The use of the optimized catalysts resulted in greater 
H2O2 electrogeneration, which was validated by the gas-diffusion elec
trode technique. Key insights related to the construction of the 
carbon-supported metal oxide catalysts are presented as well as novel 
contributions for future investigations and applications. 

2. Experimental

2.1. Chemicals

All reagents used for conducting the experiments were of analytical 
grade and were used as received. The reagents employed included the 
following: metallic precursor salt (ZrO2)2CO2.H2O (Alfa Aesar), Printex 
L6 pigment carbon (PL6C, Evonik do Brasil Ltda), sulfuric acid (Vetec, 
97.8%), isopropyl alcohol (Vetec, 99.5%), potassium sulfate (Sigma- 
Aldrich, 99%), potassium hydroxide (J. T. Baker, 99%) and 60% w/w 
poly(tetrafluoroethylene) (PTFE) dispersion (Uniflon). All solutions 
were prepared using ultrapure water from a Milli-Q system with re
sistivity >18 MΩ cm and temperature of 25 ◦C. 

2.2. Microwave-assisted hydrothermal synthesis (MAH) 

The MAH method proposed by Moreira et al. [46] was adapted in 
order to incorporate ZrO2 on carbon black electrode support (PL6C). 
Initially, an amount of 0.180 g of the metal precursor (ZrO2)2CO2.H2O 
was dissolved in a minimum amount of HNO3 (10 mL) under sonic 
stirring. Afterwards, 1.0 g of Printex L6 carbon and 11.0 g of KOH, which 
yielded an oxidizing medium of 2 mol L− 1 in a total volume solution of 
100 mL, were added to the solution; the solution was then kept under 
mechanical stirring for 20 min. The mixture was subsequently placed in 
a 140 mL Teflon reactor, making sure that 80% of its volumetric capacity 
was used before it was placed in the microwave for the hydrothermal 
reaction to occur. 

The MAH procedure was optimized by varying the synthesis pa
rameters: the percentages of the metal precursor Zr employed were 5, 10 
and 15 wt% in relation to the quantity of PL6C; the periods of synthesis 
applied were 10, 20, 40, 60, and 120 min; and the temperature levels of 
120, 140 and 160 ◦C, with 2, 4 and 7 atm of pressure, respectively, were 
used. The microwave oven used for the synthesis of ZrO2 was adapted 
from the Panasonic® commercial device, model NN-ST354WRU, of 25 L 
and operated at maximum power of 800 W. The microwave reactor was 
made of Teflon and was hermetically sealed; this meant that tempera
tures above the boiling point of solvents could be applied on the 
equipment, modifying the pressure of the system. The synthesized 
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material was washed by centrifugation with ultrapure water at least 5 
times and then left to dry overnight at 80 ◦C. 

2.3. Electrochemical studies of ORR 

Electrochemical assays were performed in a rotating ring-disk elec
trode (RRDE) via the application of the porous microlayer technique on 
the disk electrode. The RRDE tip was composed of a glassy carbon (GC) 
disk and Pt ring (efficiency collection (N) = 0.37), acquired from Pine 
Instrumentation. A microlayer of the catalyst with loading of 200 μg 
cm− 2 was formed on the GC disk (geometric area = 0.2475 cm2) by 
drop-casting 25 μL of a solution previously prepared from 2 mg of the 
catalyst powder, 0.5 mL of water, and 0.5 mL of isopropanol. 

The electrochemical measurements were performed using a bi- 
potentiostat PGSTAT 128 N from Metrohm AUTOLAB coupled to a 
rotation module - PINE model AFMSRCE. The cyclic voltammetry (CV) 
analyses were performed in the potential range of − 0.8 to 1.0 VAg/AgCl 
and scan rate of 50 mVs− 1. The ORR was studied by linear sweep vol
tammetry (LSV) in the range of 0.4 to − 0.8 VAg/AgCl, at scan rate of 5 
mVs− 1 and rotating speed of 900 rpm. The CVs and LSVs were performed 
in both N2- and O2-saturated 0.1 mol L− 1 K2SO4 (pH 2.5) used as 
electrolyte. 

The electrochemically active surface area (ECSA) values were 
determined by the double-layer capacitance (Cdl) method based on the 
work of Jaramillo [50]. To estimate these values, CVs were obtained at 
several scan rates (5, 20, 50, 100, and 200 mV s− 1) starting from the 
more positive to negative direction in N2-saturated 0.1 mol L− 1 K2SO4 at 
pH 2.5 in 0.1 V potential range centered at the open-circuit potential 
(OCP). The working electrode was kept for 10 s at each vertex potential 
at the beginning of each scan. The capacitance values were calculated as 
follows: 

Cdl =

((
ΔI
2

)

=

(
Ia − Ic

2

))/

υ (1)  

where Ia and Ic are the anodic and cathodic currents at the OCP, and υ is 
the potential scan rate. ECSA values were obtained by dividing the Cdl 
values by the specific capacitance (Cs) of the solution (17 μF cm− 2) [50]. 

2.4. Materials characterization 

The loading of ZrO2 was determined by thermogravimetry analysis 
using a TGA-50 thermogravimetric analyzer (Shimadzu). The samples 
(~5 mg) were burned under a synthetic air 5.0 FID gas flow (50 mL 
min− 1) at temperatures ranging between 25 and 900 ◦C, at a heating rate 
of 10 ◦C min− 1. The X-ray fluorescence (XRF) technique was used for the 
conduct of qualitative analyses aimed at determining the loading of 
ZrO2. The XRF analysis was performed using an X-ray fluorescence 
spectrometer - PANalytical - Model: MiniPaI4. 

The morphological characterization of the catalysts was performed 
by scanning electron microscopy (SEM) and transmission electron mi
croscopy (TEM). The SEM analysis was conducted using the Jeol JSM 
7500F model microscope. The TEM analysis was conducted using FEI 
TECNAI G2 F20 HRTEM microscope, operating at 200 kV. The TEM 
samples were prepared by dripping the catalyst solution onto a 300- 
mesh copper TEM grid (Electron Microscopy Sciences). 

The structural analysis of the catalysts was conducted by X-ray 
diffraction (XRD) using a Bruker X-ray diffractometer model D8 
Advance, which was operated under the following conditions: 40 kV and 
40 mA (1.6 kW), Cu-Kα radiation (λ = 1.540501 Å/8,047 keV), scanning 
rate of 0.02◦ s− 1 in 2θ, with Si powder used as reference. 

The surface chemistry of the catalysts was analyzed by X-ray 
photoelectron spectroscopy (XPS) using Scienta Omicron ESCA +
spectrometer Al Kα line (energy = 1486.6 eV) as excitation source at 20 
kV with 25 W. The binding energies of the survey spectra were cali
brated based on the C 1s signal at 284.6 eV. The inelastic background of 

the high-resolution spectra was subtracted by the Shirley method. The 
Voigt-type function, with Gaussian and Lorentzian combinations (in the 
proportion of 70:30), was used for the deconvolution of Zr 3d, C 1s and 
O 1s regions. 

2.5. Accumulation of H2O2 in the bench-scale electrochemical cell 

The analysis of the electrogeneration and accumulation of H2O2 was 
performed using the gas-diffusion electrode (GDE) technique. The assays 
were carried out in a bench-scale electrochemical cell with 3 electrodes, 
which consisted of a GDE used as the working cathode electrode, a 
platinized titanium plate used as counter electrode, and Ag/AgCl (3 mol 
L− 1, Analyzer Co) used as reference electrode. The GDE cathode was 
produced based on the adaptation of the work of Valim et al. [31] (see 
details in Supplementary Information). The electrolysis assays used for 
the production of H2O2 were performed potentiostatically with the aid 
of the PGSTAT 128 equipment - from Metrohm AUTOLAB, coupled to a 
booster current module (BSTR-10A). A cell volume of 250 mL and 0.1 
mol L− 1 K2SO4 (used as electrolyte) at pH = 2.5 (adjusted with sulfuric 
acid) were used in all the experiments. 

The quantification of H2O2 was performed by the photometric 
method through the complexation of 0.5 mL H2O2 with 4.0 mL 
(NH4)6Mo7O24 solution using UV-1900 spectrophotometer (acquired 
from Shimadzu). Under this method, hydrogen peroxide reacts with 
molybdate, generating a yellowish stable complex (peroxymolybdate) 
which is quantified by UV–Vis spectrophotometry at wavelength = 350 
nm [51,52]. The CH2O2 values were used for calculating the energy 
consumption (EC) based on Eq. (2) below: 

EC
(
kWh kg− 1)=

1000 Ecell I t
VS CH2O2

(2)  

where Ecell is the potential of the electrochemical cell (in V), I is the 
current for each potential applied (in A), t is the time of electrolysis (in 
h), and Vs is the volume of the solution (in L). 

3. Results and discussion 

3.1. Effect of initial Zr precursor concentration 

Fig. 1a presents a schematic illustration of the stages involving the 
MAH synthesis method. Further features of MAH synthesis and advances 
over conventional hydrothermal methodology are detailed in the sup
plementary material. Thus, initially, the zirconium precursor concen
tration was varied between 5 and 15 wt%, while the temperature, pH, 
and MAH reaction time were fixed at 140 ◦C, 12, and 40 min, respec
tively. The effects of these changes in parameter conditions on the 
structure, morphology, and metal oxide loading are shown in Fig. 1b–f. 

The SEM images (Fig. 1b–d) show the successful incorporation and 
the morphologies of ZrO2 nanoparticles supported on PL6C. Small ZrO2 
nanoparticles (NPs) can be found widely dispersed on the carbon sup
port; this implies the occurrence of a high interaction between the metal 
oxide and the carbon support. The TEM images (Fig. S1) clearly show 
that the ZrO2 NPs, characterized by an almost spherical shape, are in 
direct contact with the PL6C. These images also suggest the formation of 
agglomerates in some regions. The SEM images obtained in back- 
scattered electron (BSE) imaging mode (Figs. S2) point to an increase 
in the loading of ZrO2 with higher initial concentrations of the zirconium 
precursor. The MAH process conducted using concentrations above Zr-5 
wt.% Zr led to the formation of large porous agglomerates (c.f. Fig. S1), 
which reached up to ~1 μm (at 15 wt% of Zr). 

The EDX spectra (Fig. S3) for 15 wt% Zr/PL6C and control PL6C 
matrix (with 0 wt% of Zr) show the presence of Zr (as the main metal in 
the composition), in addition to carbon and oxygen which belong to the 
carbonaceous material. SEM images in BSE mode (Fig. S3) for control 
PL6C matrix (with 0 wt% of Zr) and PL6C with 15% wt. of Zr evinced the 
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incorporation of ZrO2 oxides by the MAH method. The negligible pres
ence of potassium can be attributed to the KOH residues from the syn
thesis procedure. The results obtained from the thermogravimetric 
analyses (Fig. 1e) showed that, for the synthesis conducted using 5, 10, 
and 15 wt% of Zr, only 1.6, 5.1, and 12.3 wt% of Zr loading, respec
tively, were effectively incorporated into the catalysts. The use of higher 
initial concentrations of Zr (10 and 15 wt%) contributed toward greater 
efficiency in the incorporation of the metal oxide nanoparticles; this can 
be attributed to the agglomeration of particles (c.f. Fig. 1, S1 and S2), 
which is fueled by the absence of surfactant or other structuring agent 
during the synthesis process. The adsorbed oxygenated anions (i.e. hy
droxyl and carbonate) and the small Zr particles formed previously act 
as a favorable anchor point for the Zr ions available in the solution to be 
crystallized rather than to produce new clusters on the PL6C [53]. 

The results obtained from the crystallographic analysis by X-ray 
diffraction for the 15 wt% Zr/PL6C sample (Fig. 1f) showed the presence 
of four major broadened diffraction peaks at 2ϴ = 30.1◦, 34.9◦, 50.3◦, 
and 59.9◦ which corresponded to the following crystalline planes: (1 1 

1), (2 0 0), (2 2 0) and (3 1 1), respectively. This XRD pattern can be 
associated to an overlapping of the peaks related to cubic, orthorhombic, 
and tetragonal crystalline features; the pattern indicated that the ZrO2 
nanoparticles were formed by a mix of these three crystal phases [37,54, 
55]. Also, the peak at 25.9◦ was found to be related to the plane (0 0 2) 
which corresponded to graphitic structures that are typically present in 
carbon materials [32,37,56]. The result obtained from the XRD analysis 
was found to be in line with other previously reported results obtained 
for ZrO2 structures [37]. 

Fig. 2 shows the electrochemical characterization and the assessment 
of ORR activity and selectivity toward the production of H2O2 for the 
materials synthesized under the MAH method. The voltammetric pro
files (Fig. 2a) showed the predominance of the capacitive characteristic 
typical for carbonaceous materials with high surface area for all the 
curves. One can notice the presence of a redox couple peaks centered at 
~0.3 VAg/AgCl which corresponded to the quinone groups of the PL6C 
matrix [30,57,58]. As expected, no peaks related to the ZrO2 species 
were detected in the CV profiles. Nonetheless, an increase in current was 

Fig. 1. (a) An illustrative scheme of the microwave-assisted hydrothermal synthesis. SEM images of (b) 5, (c) 10 and (d) 15 wt% of ZrO2/PL6C; (e) thermogravi
metric analysis of the ZrO2/PL6C catalyst produced from the application of different initial Zr precursor concentrations; (f) XRD pattern for ZrO2/PL6C catalyst 
produced from the initial Zr precursor concentration of 15 wt%. 
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observed in the presence of ZrO2; this was attributed to the highly 
porous structure of ZrO2, as observed in the TEM images (Fig. S1), which 
led to an increase in the surface area of the catalyst. In fact, the result 
obtained from the determination of the electrochemically active surface 
area (ECSA) by the capacitance method (c.f. Fig. S4 and Table S1) 
showed a significant increase in the ECSA value from 85.6 m2 g− 1, for 
the unmodified PL6C, to 128.2 m2 g− 1, for the modified 5.1 wt% 
ZrO2-PL6C. 

The LSV curves presented in Fig. 2b show the ORR electrocatalytic 
performance of the catalysts synthesized in this work. One can observe 
that all the samples modified with ZrO2 exhibited a relatively higher 
ORR activity compared to the unmodified PL6C. This higher ORR ac
tivity was evidenced by the shift of the curves to more positive poten
tials, which was reflected in the average catalytic improvement of 115 
mV in the half-wave potential (E1/2) following the modification of the 
carbon matrix with ZrO2. To find out whether H2O2 was eventually 
formed during the ORR, the Pt ring electrode was kept fixed at 1.0 V; this 
is regarded a favorable potential for the oxidization of H2O2. The LSV 
curves obtained for th Pt ring electrode are shown in Fig. 2c. The LSV 
curves related to the ring confirm that, despite slight variations in the 
currents, all the materials exhibited high selectivity for H2O2 generation. 
Based on the data related to the disk, the ring currents and Eq. (3) below 
- proposed by Paulus et al. [59], we were able to estimate the selectivity 
of the material with respect to H2O2 generation (SH2O2) during the ORR. 

SH2O2 =
2ir/N

id + ir/N
100% (3)  

where id is the current of the disk, ir is the ring current, and N is the 

collection number for the ring electrode (N = 0.37, as provided by the 
manufacturer of the RRDE system). 

Fig. 3d shows the relation between the loading of ZrO2 on the carbon 
support and its effect on the ORR activity, in terms of half-wave po
tential (E1/2), and on selectivity toward H2O2 production (SH2O2). The 
results obtained showed that the incorporation of ZrO2 on the PL6C led 
to an increase in ORR activity and the initial selectivity of PL6C was 
found to be over 85%. The material derived from the application of 10 
wt% of Zr on PL6C, which effectively led to the incorporation of 5.1 wt% 
of ZrO2 on the carbon matrix, exhibited the best catalytic performance 
with 88% of SH2O2 and an improvement in catalytic performance of 
~140 mV (in the E1/2). The improvement observed in the electro
catalytic performance can be attributed to the following factors: 1) the 
presence of highly dispersed small particles on PL6C; and 2) the increase 
in ECSA, which helped improve the access to the catalyst surface [60] 
(one cannot rule out the influence of the oxophilic character of ZrO2 
[61] - its ability to dislocate the electrons from PL6C, which may in
fluence ORR activity on the carbon surface). 

However, one needs to point out that an increase in the ZrO2 loading 
led to a slight decrease in both E1/2 and SH2O2; this is likely due to the 
increase in the surface resistivity and the formation of large agglomer
ates [60]. Studies published in the literature suggest that given that the 
metal oxide has typically low conductivity, the small particles, which 
are in direct contact with the highly conductive carbon support, are the 
only particles that can effectively participate in the ORR [60]. Thus, 
striking a balance between the dispersion of the particles, the ECSA, and 
the oxide loading is key to improving the ORR catalytic activity of 
carbon materials via modification with metal oxide. 

Fig. 2. (a) Cyclic voltammograms obtained from the application of N2-saturated 0.1 mol L− 1 K2SO4, with pH = 2.5 (H2SO4 adjusted), at scan rate of 50 mV s− 1 and 
potential window ranging from 1 to − 0.8 VAg/AgCl. (b) Linear sweep voltammetry in RRDE curves for the disk electrode obtained in O2-saturated 0.1 mol L− 1 K2SO4, 
with pH = 2.5 (H2SO4 adjusted), at scan rate of 5 mV− 1 and potential window ranging from 0.4 to − 0.8 V at 900 rpm. (c) The values of the currents obtained for the 
Pt ring electrode during the potential scan on the disk electrode. The ring potential was kept at 1.0 VAg/AgCl. (d) Correlation between improvement in catalytic 
performance (in terms of E1/2), selectivity for H2O2 (SH2O2), and wt.% of ZrO2 on PL6C. 
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Fig. 3. SEM images in SE mode for the ZrO2/PL6C catalyst produced under different MAH synthesis in (a) 10, (b) 40 and (c) 120 min. (d) Dark-field STEM image and 
particle size distribution (inset) for the ZrO2/PL6C sample produced in 40 min. (e) ZrO2 wt.% on carbon vs. MAH time plot. Data obtained by XRF quantification. 

Fig. 4. (a) Cyclic voltammograms obtained in N2-saturated 0.1 mol L− 1 K2SO4, pH = 2.5 (H2SO4 adjusted), at scan rate of 50 mV s− 1 and potential window ranging 
from 1 to − 0.8 VAg/AgCl. (b) Linear sweep voltammetry in RRDE curves for the disk electrode obtained in O2-saturated 0.1 mol L− 1 K2SO4, pH = 2.5 (H2SO4 adjusted), 
at scan rate of 5 mV− 1 and potential window ranging from 0.4 to − 0.8 V at 900 rpm; (c) The values of the currents obtained for the Pt ring electrode during the 
potential scan on the disk electrode. The ring potential was kept at 1.0 VAg/AgCl. (d) Correlation between improvement in the catalytic performance (in terms of E1/2), 
selectivity toward H2O2 (SH2O2), and synthesis time. 
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3.2. Effect of microwave-assisted hydrothermal synthesis time 

After determining the optimal concentration of the metal precursor 
(at 10 wt% of Zr) of the assessed percentages, the microwave-assisted 
hydrothermal synthesis time was the second relevant synthesis param
eter that needed to be evaluated. Microwave-assisted hydrothermal 
synthesis was performed in 10, 20, 40, 60 and 120 min aiming at pro
ducing ZrO2 crystallites on the carbonaceous matrix; the changes in the 
material structure were monitored by SEM, TEM, and XRF analyses, as 
shown in Fig. 3. 

SEM images presented in Fig. 3a–c shows that the duration time of 
the MAH synthesis plays an influential role on the nucleation-growth 
process. Although all the samples presented very similar structures, 
the SEM images on BSE mode (see Fig. S5) showed an increase in the 
number and size of ZrO2 particles crystallized on PL6C as the synthesis 
time was increased. For illustrative purposes, the dark-field STEM image 
(Fig. 3d) obtained for the catalyst treated for 40 min under the MAH 
synthesis method shows a wide distribution of small ZrO2 nanoparticles 
with average size of 7.5 ± 1.7 nm (c.f. inset in Fig. 3d) on the carbon 
matrix and a formation of few agglomerates of particles. As expected, 
the XRF quantification (Fig. 3e) analysis indicates that the duration time 
of the MAH synthesis process directly influences the loading of the metal 
oxide crystallized on the carbon matrix. The analysis of the slope of ZrO2 
wt.% vs. synthesis time plot shows that the oxide crystallization process 
has a relatively slow kinetics (deposition rate ~ 0.04 wt%ZrO2/C min− 1); 
in addition to that, the synthesis time needs to be greater than 3 h for all 
the Zr4+ available in the reaction media (10 wt %) to be theoretically 
crystallized. 

Fig. 4a shows the voltammetric profiles for the catalysts produced 
under different synthesis times. One will notice that, for all the synthesis 
times investigated, the presence of ZrO2 led to an increase in the 
capacitive currents of the modified PL6C in comparison to the unmod
ified PL6C. However, the application of periods of time longer than 40 
min led to a slight decrease in the capacitive currents, which can be 
attributed to the formation of large oxide particles and a consequent 
decrease in the surface area. These voltammetric responses are in good 
agreement with the SEM and TEM images shown in Fig. 3a–d and S5. 

Fig. 4b shows the results obtained from the analysis of ORR activity. 
The LSV curves related to the disk electrode (Fig. 4b) show the 
enhancement of the ORR activity as the synthesis time is increased up to 
40 min. In longer synthesis times above 40 min, the improvement in 
ORR activity is found to stabilize while a slight decrease in ring currents 
is observed (Fig. 4c). The correlation between the improvement in cat
alytic performance (in terms of E1/2), selectivity toward H2O2 (SH2O2), 
and MAH synthesis time (Fig. 4d) shows that the ZrO2/PL6C catalyst 
produced in the synthesis time of 40 min exhibits the highest ORR ac
tivity with E1/2 improvement of ~135 mV and the highest selectivity for 
H2O2 generation (88%). These results help confirm the hypothesis that 
an increase in ZrO2 loading on the carbon matrix leads to an increase in 
surface resistivity due to the formation of large agglomerates of oxide 
particles that are in poor contact with the conductive carbon support 
and which effectively do not take part in the reaction. 

To investigate whether the synthesis procedure caused changes in 
the catalytic properties for ORR of bare PL6C, the control carbon matrix 
(with 0 wt% of Zr) was subjected to the same synthesis conditions in the 
absence of the metal precursor. Interestingly, even after the control 
material has been exposed to high pressure in a highly alkaline condi
tion, the RRDE results (c.f. Fig. S6) showed no substantial changes in the 
electrocatalytic behavior for ORR. 

3.3. Effect of temperature and pressure 

After determining the optimal parameter conditions for the initial 
metallic precursor concentration (fixed at 10 wt%) and synthesis time 
(fixed at 40 min), another key parameter was also subjected to analysis - 
the temperature of synthesis. It is worth noting that variation in 

synthesis temperature and pressure may lead to conformational changes 
in the oxide structure, and this may affect the catalytic performance. 
Thus, the following temperature levels were applied to the Teflon 
reactor in the microwave oven: 120, 140, and 160 ◦C; these temperature 
levels corresponded to the following pressure levels: 2, 4 and 7 bar. The 
morphological and structural changes in the ZrO2/PL6C catalyst were 
monitored by SEM, TEM and XRD techniques, as shown in Fig. 5. 

The SEM images (Fig. 5a–c) obtained show that the synthesis tem
perature plays an influential role on the deposition of the ZrO2 nano
particles; this implies that an increase in temperature leads to an 
increase in both the particle distribution on the PL6C and the size of the 
particles. The EDX spectra presented in Figure S7 shows that an increase 
in temperature resulted in higher amounts of crystallized ZrO2. A further 
analysis of the surface morphology by TEM (Fig. 5d–f) showed the 
presence of large agglomerates of ZrO2 when the synthesis procedure 
was conducted above the temperature of 140 ◦C. The structural analysis 
of the catalysts by XRD (Fig. 5-g) showed the presence of a similar XRD 
pattern, with a mixture of cubic, orthorhombic, and tetragonal crystal
line features for all the ZrO2/PL6C catalysts. However, a careful look at 
the diffractograms (c.f. Fig. 5h) showed a decrease in intensity of the 
secondary peaks at 2ϴ = 32.4◦, 49.2◦, 55.2◦, 74.5◦, and 81.9◦, which 
corresponded to the orthorhombic crystal system, as the synthesis 
temperature was increased; this shows that the crystallization occurs 
preferentially in cubic and tetrahedral forms [37,54]. In line with other 
reports published in the literature [46,53], these findings suggest that 
the temperature and pressure of the MAH synthesis affect the 
nucleation-growth process of the metal oxide on the carbon matrix, and 
this leads to preferential crystallization in certain crystalline systems. 

Fig. 6a presents the voltammetric profiles related to the catalysts 
treated at different MAH temperature levels (and pressure). The ZrO2/ 
PL6C catalyst produced at 120 ◦C exhibited a voltammetric behavior 
similar to the unmodified PL6C, while the catalysts produced at 140 and 
160 ◦C presented greater capacitive currents in comparison with the 
unmodified PCL6; this shows that the use of MAH temperatures above 
120 ◦C leads to higher loadings of ZrO2 on the carbon matrix. These 
voltammetric responses are in agreement with the results obtained by 
SEM, TEM and EDX analyses (c.f. Fig. 5 and S7). 

The electrocatalytic performance in ORR related to the ZrO2/PL6C 
catalyst produced at different MAH temperatures are shown in 
Fig. 6b–d. The LSV curves related to the disk electrode (Fig. 6b) showed 
that the ZrO2/PL6C catalysts produced above the temperature level of 
120 ◦C exhibited higher ORR activity. However, the ring curves (Fig. 6c) 
showed that the ZrO2/PL6C produced at 160 ◦C exhibited the lowest 
current for H2O2 generation (~75 μA vs 160 μA for the catalyst produced 
at 120 ◦C, and 150 μA for the catalyst produced at 140 ◦C). The corre
lation between the improvement in catalytic performance, the selec
tivity toward H2O2, and the MAH synthesis temperature (Fig. 6d) 
showed that the ZrO2/PL6C catalyst produced at 140 ◦C exhibited the 
highest ORR activity (E1/2 gain of ~140 mV) with selectivity for H2O2 
production of about 90%. These findings clearly show that striking a 
balance between high dispersion of the nanoparticles, surface area, and 
the loading of the crystallized metal oxide is primarily important if one 
seeks to improve the ORR catalytic activity of carbon materials via the 
modification of the materials with ZrO2. 

3.4. Further investigation of the optimized catalyst 

To further investigate the physicochemical properties of the opti
mized ZrO2/PL6C catalyst produced by the MAH synthesis technique 
(under the following optimal conditions: 10 wt% of initial Zr concen
tration, 40 min of synthesis time, and temperature of 140 ◦C - which 
presented the best electrocatalytic performance for H2O2 generation), 
the following analyses were conducted: TEM, selected area electron 
diffraction (SAED), X-ray photoelectron spectroscopy (XPS), and long- 
term stability test. The high-resolution TEM image obtained for the 
optimized ZrO2/PL6C catalyst (Fig. 7a) showed that the small ZrO2 

M.S. Kronka et al.                                                                                                                                                                                                                              

Chapter II 
______________________________________________________________________________

57



Materials Chemistry and Physics 267 (2021) 124575

8

nanoparticles were in direct contact with the PL6C carbon support. The 
ZrO2 nanoparticles exhibited lattice fringes measuring 0.29 nm on 
average; this is typically expected for (1 1 1) diffraction plane in the 
predominant face-centered cubic structures [52]. Furthermore, the 
selected area electron diffraction pattern shown in Fig. 7b exhibited a 
polymorphic and low crystallinity profile for the catalyst material due to 
the high amount of amorphous carbon Printex L6 in the material 
composition. The electron diffraction pattern presented the diffraction 
planes (1 1 1), (2 2 0), (2 0 0) and (3 1 1); this can be attributed to the 
predominance of the cubic phase of ZrO2 [36,37]. 

XPS analysis was performed aiming at investigating the surface 
chemistry of the optimized catalyst. The XPS survey spectrum (c. f. 
Fig. 7d) shows the peaks related to the C1s, O1s, O KLL, and Zr 3d re
gions, discarding the presence of any contaminant. The XPS narrow 
spectra for the Zr 3d region (Fig. 7d) shows the oxidized form of Zr with 
the expected spin-orbit splitting (3d3/2 and 3d5/2) and binding energy 
typically attributed to oxidized Zr species [37,62]. The aforementioned 
mentioned doublet with binding energies at 184.2 and 181.9 eV show 
that zirconium is predominantly in its oxidized form - Zr4+, which can be 

attributed to ZrO2. It is expected that the oxophilic character of ZrO2 acts 
as a driving force for the displacement of electron charges from the 
PL6C; this may lead to changes in the O2 adsorption on the carbon 
surface [32,37,40]. The results obtained from the XPS analysis demon
strate the efficiency of the microwave assisted hydrothermal synthesis in 
terms of producing the oxide of interest. 

The presence of Zr in its oxidized form (Zr4+) in the catalyst 
composition indicates that no further oxidation of the metal is possible, 
and this greatly enhances the electrochemical stability of the catalyst. In 
order to evaluate the electrochemical long-term stability of the opti
mized ZrO2/PL6C catalyst, changes in both ORR activity and H2O2 
selectivity were monitored before and after the application of 5,000 
voltammetric cycles in the potential range of − 0.5 to 0.5 VAg/AgCl, at 
scan rate of 1 V s− 1. As can be seen in Fig. S8, the LSV curves before and 
after the long-term stability test for the ZrO2/PL6C catalyst show that 
the ORR activity and selectivity toward H2O2 production are found to be 
stable even after the application of 5,000 voltammetric cycles; this 
evidently points to the high electrochemical stability of the catalyst in 
acidic condition. Table S2 summarizes the main results obtained for the 

Fig. 5. SEM images in (a–c) BSE and SE (inset) mode, (d–f) TEM images, and (g–h) XRD pattern for the ZrO2/PL6C catalyst produced at different MAH temperatures.  
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optimized catalyst ZrO2/PL6C; which are compared with results previ
ously reported for other catalysts based on metal oxides supported on 
carbon. It is worth to note that the optimized catalyst as well as the 
synthesis method proposed here presented advantages with respect to 
the other catalysts (and their synthesis methods), such as being greenest 
(uses water as solvent under a lower temperature), produced rapidly, 
and it demonstrated the highest activity-selectivity combination for the 
H2O2 electrogeneration. 

3.5. H2O2 electrogeneration using the gas diffusion electrode approach 

After the optimization of the synthesis parameters of the catalyst and 
a rigorous analysis using the RRDE mechanism, a study was conducted 
aiming at investigating the catalytic activity of the optimized ZrO2/PL6C 
catalyst in terms of H2O2 generation using the gas diffusion electrode 
(GDE) approach. Based on the GDE technique, one is able to evaluate, in 
a more realistic condition, the catalytic performance of different mate
rials and the impacts of the use of these materials on energy consump
tion (EC). The gas diffusion electrode technique is regarded more 
appropriate for real application due to its ability to overcome the limi
tations imposed by mass transport [8,63,64]. The ability of the GDE to 
supply oxygen molecules directly to the electrode-solution interface 
rules out the need for employing O-saturated solution, thus increasing 
the efficiency of H2O2 generation while minimizing the need for elec
trodes with large surface area [8,63–65]. The GDE cathodes were pro
duced from the following materials: PL6C, ZrO2/PL6C, and PTFE 
(provides physical stability to the electrode) (Fig. S9 presents informa
tion related to the construction of the GDE). Figure S10 show the profiles 

related to H2O2 electrogeneration evaluated potentiostatically at − 0.8, 
− 1.2, − 1.6, and − 2.0 V. The electrolytic curves for both the PL6C and 
the ZrO2/PL6C electrodes exhibited a sharp increase in H2O2 concen
tration in the first 30 min of electrolysis up to the point where an almost 
constant concentration plateau occurs - this is typically attributed to the 
presence of electrochemical parasitic reactions [51,66], which mainly 
consist of further reduction of H2O2 on GDE (H2O2 + 2H+ + 2e− → 
2H2O) and counter electrode oxidation [3,67]. Over all, both of the 
GDEs (PL6C and ZrO2/PL6C) presented significant production of H2O2 
in the electrolysis at more negative potentials; however, the ZrO2/PL6C 
presented greater catalytic activity under all the potentials investigated. 
For comparison purposes, in the electrolysis performed at − 2.0 VAg/AgCl 
for 90 min, the ZrO2/PL6C produced 570 mg L− 1 of H2O2 whereas the 
unmodified PL6C produced only 250 mg L− 1. 

To further investigate the kinetics and the energy consumption levels 
related to the electrogeneration of H2O2 for the PL6C and ZrO2/PL6C 
electrodes, the kinetic parameters [51,66] and the energy consumption 
(EC) were estimated and compared (see Table S3). In the electro
generation of H2O2 at − 2.0 VAg/AgCl, the carbon-based ZrO2 catalyst 
showed kinetics values ~2 times higher than the bare PL6C catalyst, 
further providing a decrease of 150 kWh g− 1 of energy consumption. A 
detailed discussion on the H2O2 electrogeneration using the GDE 
approach can be found in the Supplementary Information. 

4. Conclusion 

The present work reported the successful synthesis of electrocatalysts 
derived from carbon-supported metal oxide for H2O2 electrogeneration 

Fig. 6. (a) Cyclic voltammograms obtained using N2-saturated 0.1 mol L− 1 K2SO4, pH = 2.5 (H2SO4 adjusted), at scan rate of 50 mV s− 1 and potential window 
ranging from 1 to − 0.8 VAg/AgCl. (b) Linear sweep voltammetry in RRDE curves for the disk electrode obtained in O2-saturated 0.1 mol L− 1 K2SO4, pH = 2.5 (H2SO4 
adjusted) at scan rate of 5 mV− 1 and potential window ranging from 0.4 to − 0.8 V at 900 rpm; (c) The values of the currents obtained for the Pt ring electrode during 
the potential scan on the disk electrode. The ring potential was kept at 1.0 VAg/AgCl. (d) Correlation between the improvement in catalytic performance (in terms of 
E1/2), selectivity toward H2O2 (SH2O2), and the temperature applied in the MAH synthesis process. 
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through the application of a novel, green and fast mechanism based on 
the microwave-assisted hydrothermal synthesis approach. The loading, 
dispersion, size, and preferential crystallography of the carbon-modified 
ZrO2 nanoparticles was optimized by adjusting the synthesis parame
ters, such as metal precursor concentration, synthesis time, temperature, 
and pressure. The results obtained from the RRDE analysis showed that 
the optimized catalyst produced from ZrO2-5.1 wt% on the PL6C elec
trode support presented a catalytic improvement of 140 mV (in terms of 
E1/2) with respect to ORR and selectivity for H2O2 production of 88.8% 
compared to the unmodified PL6C matrix, which exhibited 78% of H2O2 
production. 

The catalytic improvement in ORR can be attributed to the following 
factors: 1) the presence of highly dispersed small particles (~7 nm) on 
the PL6C electrode support; and 2) the increase in ECSA, which 
improved the access to the surface of the catalyst. The presence of ZrO2 
in the modified ZrO2/PL6C electrode causes a displacement of the 
electrons from PL6C, and this may lead to changes in the adsorption of 
O2 on the carbon surface. Through the application of the GDE assays, the 
results obtained related to H2O2 production helped confirm the superior 
catalytic performance of the modified ZrO2/PL6C over the unmodified 
PL6C. These findings can provide useful insights regarding the con
struction of carbon-supported transition metal oxides for future in
vestigations and applications of sustainable catalyst materials for ORR 
and H2O2 electrogeneration. 
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Fig. 7. (a,b) HR-TEM images, (c) selected area electron diffraction pattern, and (d) XPS survey spectrum for the optimized ZrO2/PL6C catalyst. Inset: Narrow XPS 
spectrum for the Zr 3d region. 
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Supplementary data to this article can be found online at https://doi. 
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Experimental Details for the accumulation of H2O2 in the bench-scale 

electrochemical cell  

The GDE cathode (with geometric area of 20 cm-2) was produced from the 

following: 1) 7 g of structural mass containing carbon black PL6C homogenized with 

40% of PTFE; 2) 1 g of catalytic mass containing the ZrO2/PL6C (or unmodified PL6C) 

catalyst homogenized with 20% of PTFE; and 3) a commercial carbon cloth PW03 on top 

of the cathode which provides physical stability to the catalytic layer. The proposed 

methodology developed in this work was based on the adaptation of the work conducted 

by Valim et al. (2013) [1]. All the electrolysis assays related to the GDE were conducted 

in a bench-scale electrochemical cell with capacity for 250 mL solution. The electrolysis 

assays were conducted potentiostatically at -0.8, -1.2, -1.6, and -2.0 V vs. Ag/AgCl under 

constant O2 flow of 0.2 bar.  

 

Complementary results and discussion on effect of initial Zr precursor 

concentration 

The microwave-assisted hydrothermal synthesis method generates an abrupt 

increase in water temperature, especially due to the high source of power employed in the 

process, and requires a few minutes for the reaction to complete. The reaction time 

required under the MAH method is equivalent to 24 - 48 hours of reaction under a 

conventionally autoclave heating method [2–6]. Microwave radiation affects the 

orientation of the polar molecules of the solvent, and this, in turn, leads to an increase in 

the molecular agitation in the system. The greatest advantage of the microwave-assisted 

hydrothermal method lies in the uniformity of heating it provides compared to the 

conventional heating method, which occurs from an induction heating source, leading to 

a temperature gradient in the system [2–6]. The changes in the synthesis parameters of 

the ZrO2/PCL6 catalyst were made so as to boost the catalytic activity for ORR and the 

selectivity toward the production of H2O2. 
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10 wt.% Zr on PL6C 15 wt.% Zr on PL6C 

  

   

Figure S1. Bright-field STEM and TEM images for 10 wt.% Zr and 15 wt.% Zr on PL6C. 
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Figure S2. SEM images of (b) 5, (c) 10 and (d) 15wt.% of ZrO2/PL6C from backscatter  
electrons (BSE) mode. 
 
 

 

Figure S3. SEM images with magnification of 1000 x (inset: magnification of 10.000 x) 
in BSE mode and EDS spectra for (a,b) control PL6C (0 wt.% Zr) and (c,d) 15 wt.% 
Zr/PL6C. 
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Figure S4. Cyclic voltammograms obtained from the application of N2-saturated 
0.1 mol L−1 K2SO4 (pH = 2.5), at several scan rates for (a) bare PL6C, and (b) 10 wt.% Zr 
on PL6C. I/2 vs. scan rate plots for (c) bare PL6C and (d) 10 wt.% Zr on PL6C. 

 

 

Table S1. Estimated ECSA values by capacitance for the catalysts investigated. 

Catalyst Capacitance 
(µF) 

Specific Capac. (µF 
cm−2)* 

ECSA (cm²) ECSA (m² g-

1catalyst) 
PCL6 750 17.0 42.8 85.6 

ZrO2/PCL6 1150 17.0 67.6 128.6 
*Values considering the capacitance of flat and smooth surfaces of carbonaceous 

materials [7]. 
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Complementary results on effect of microwave-assisted hydrothermal synthesis time 
 

 
Figure S5. SEM images of (b) 5, (c) 10 and (d) 15wt.% of ZrO2/PL6C from backscatter 
electrons (BSE) mode. 
 
 
 

 
Figure S6. Results obtained from the electrochemical synthesis using microwave in the 
absence of the metallic precursor. (a) Cyclic voltammograms obtained from the 
application of N2-saturated 0.1 mol L-1 K2SO4, pH=2.5 (H2SO4 adjusted), with scan rate 
of 50 mV s-1, potential window ranging from 1 to -0.8 VAg/AgCl. (b) Linear sweep 
voltammetry in RRDE curves for the disk electrode obtained from the application of O2-
saturated 0.1 mol L-1 K2SO4, pH=2.5 (H2SO4 adjusted), with scan rate of 5 mV-1 and 
potential window ranging from 0.4 to -0.8 V at 900 rpm; (c) The values of the currents 
obtained for the Pt ring electrode during the potential scan on the disk electrode. The ring 
potential was kept at 1.0 VAg/AgCl. 
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Complementary results on effect of temperature and pressure 

 

 

Figure S7. EDX spectra for ZrO2/PL6C catalysts produced at (a) 120, (b) 140, and (c) 
160 oC of MAH synthesis temperature. 
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Complementary results related to the topic: Further investigation of the optimized catalyst 

Table S2. Comparing the catalyst composition, synthesis approach, and electrocatalytic performance for ORR in terms of onset potential (Eonset vs. RHE) and selectivity to 

H2O2 production (in %) for reported metal oxide-based electrocatalysts. 

Catalyst composition Synthesis conditions Performance of the ORR 

Ref 
Oxide 

Carbon-based support 

material 
Method Solvent 

Timea 

(min) 

Temperature 

(oC) 
Electrolyte 

Eonset 

(VRHE) 

Selectivity 

(%) 

5.1 wt.% 

ZrO2 

Carbon black Printex L6 

(PL6C) 

Microwave-assisted 

hydrothermal 
Water 40 140 

0.1 mol L-1 K2SO4 

(pH = 2.5) 
0.33 88.8 * 

5.0 wt.% 

ZrO2 

Carbon black Printex L6 

(PL6C) 

Polymeric 

precursors (Pechini) 

Ethylene glycol + 

citric acid 
30 500 

0.1 mol L-1 K2SO4 

(pH = 2.0) 
0.32 84.2 [8] 

1.0 wt.% 

ZrO2 

Reduced graphene oxide 

(rGO) 

Classic 

hydrothermal 

Anhydrous 

ethanol 
180 150 

0.1 mol L-1 K2SO4 

(pH = 2.0) 
0.31 89.5 [9] 

15.0 wt.% 

Nb2O5 

Reduced graphene oxide 

(rGO) 

Classic 

hydrothermal 

Anhydrous 

ethanol 
180 150 

0.1 mol L-1 K2SO4 

(pH = 2.0) 
0.32 85.3 [10] 

7.0 wt.% 

V2O5 
Carbon black Vulcan XC 

Polymeric 

precursors (Pechini) 

Ethylene glycol + 

citric acid 
120 400 1 mol L-1 NaOH ~0.80 (-) [11] 

4.0 wt.% 

CeO2 
Carbon Black Vulcan XC 

Polymeric 

precursors (Pechini) 

Ethylene glycol + 

citric acid 
120 400 1 mol L-1 NaOH ~0.79 88 [12] 

5.0 wt.% 

Fe3O4 
Graphene Co-precipitation Water + NaBH4 20 90 1 mol L-1 NaOH ~0.81 64 [13] 

5.0 wt.% 

Fe3O4 

Carbon Black Printex L6 

(PL6C) 
Co-precipitation Water + NaBH4 20 90 1 mol L-1 NaOH ~0.76 68 [13] 

* Results obtained in the present study. a.The time related to heating (ramping) and cooling were not counted. 
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Figure S8. (a) Linear sweep voltammetry curves before and after long-term stability test 
obtained from the application of O2-saturated 0.1 mol L-1 K2SO4, pH=2.5 (H2SO4 
adjusted), at scan rate of 5 mV-1 and potential window ranging from 0.4 to -0.8 V at 900 
rpm; (b) ring current (polarized at 1.0 V) for detection of H2O2 during the voltametric test 
on the RRDE disk; (c) Selectivity toward H2O2 (SH2O2) production under several different 
potentials. 
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Complementary results and discussion on H2O2 electrogeneration using the gas 
diffusion electrode approach  
 

 

Figure S9. Structural scheme of gas diffusion electrode (GDE) used in H2O2 

electrogeneration assays. 
 

 

The bar chart in Figure S10c shows the concentration of H2O2 (C(H2O2)) as a 

function of the applied potentials for the PL6C and ZrO2/PL6C electrodes. The results 

confirm the superior catalytic performance of the ZrO2/PL6C electrode; the use of this 

catalyst led to H2O2 electrogeneration 2.2 times higher than the unmodified PL6C 

electrode under all the potentials investigated. 
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Figure S10. Analysis of H2O2 production for a period of 90 minutes using bench-scale 
electrochemical cell with 0.1 mol L-1 K2SO4 (pH 2.5), platinized titanium counter 
electrode, Ag/AgCl reference electrode, and (a) PL6C and (b) 5 wt% ZrO2/PL6C GDEs 
used as working electrodes; (c) comparison of the maximum production of H2O2 after 90 
min. 
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Table S3 presents the energy consumption (EC) and pseudo-zero order kinetics 

(kapp) values obtained for each of the electrolysis assays conducted. The kinetic values 

were obtained from the linear curve of H2O2 production for a period of 30 minutes due to 

the low influence of the parallel reactions. One will observe that an increase in the value 

of Eapplied led to an increase in the kapp value. Considering that the ORR occurs at the GDE 

triple interface (electrode/gas/electrolyte), there is an unlimited amount of O2 available; 

as such, the ORR is fully controlled by charge transfer, and the applied potential exerts a 

direct influence over the electrogeneration of H2O2. The kapp values obtained in this study 

were found to be higher for the ZrO2/PL6C compared to the PL6C under all the potentials 

investigated. The main kinetic values were recorded at -2.0 VAg/AgCl for each electrode, 

and the kinetic value obtained for ZrO2/PL6C was 2.6x10-1 mg L-1 s-1; this is, on average, 

2 times higher than that of the unmodified PL6C, which presented a kinetic value of 

1.3x10-1 mg L-1 s-1. These findings also validate the catalytic influence of ZrO2/PL6C in 

H2O2 production via the application of the MAH method. Based on the EC values shown 

in Table 1, it is worth noting that, although there was an increase in the energy 

consumption for both electrodes, the ZrO2/PL6C catalyst exhibited relatively lower EC 

values compared to the unmodified PL6C under all the potentials investigated. The 

ZrO2/PL6C catalyst reduced more than 150 kWh g-1 of energy consumption in the 

electrolysis conducted at -2.0 VAg/AgCl compared to the unmodified PL6C. 

 

Table S3. Values obtained related to energy consumption (EC) and pseudo-zero order 
kinetics (kapp) for ZrO2/PL6C and PL6C under different electrolysis potential. 

E applied 

(V) 

                     PL6C                       ZrO2/PL6C 

EC 
(kWh g-1) 

kapp 
(mg L-1 s-1) 

EC 
(kWh g-1) 

kapp 
(mg L-1 s-1) 

-0.8 85.4 3.6x10-2 72.5 7.5x10-2 

-1.2 185.0 5.3x10-2 102.8 1.5x10-1 

-1.6 269.1 8.7x10-2 141.9 2.1x10-1 

-2.0 357.6 1.3x10-1 204.4 2.6x10-1 
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CHAPTER III 

_____________________________________________________ 

Using Au NPs anchored on ZrO2/carbon black toward more efficient H2O2 

electrogeneration in flow-by reactor for carbaryl removal in real wastewater 

 

Author Contributions: Matheus S. Kronka: Investigation, Conceptualization, 

Methodology, Writing – original draft, Writing – review & editing. Guilherme V. 

Fortunato: Investigation, Conceptualization, Writing – original draft, Writing – review & 

editing. Leticia Mira: Methodology, Investigation, Writing – original draft. Alexsandro J. 

dos Santos: Investigation, Conceptualization, Writing – original draft, Writing – review 

& editing. Marcos R.V. Lanza: Supervision, Funding acquisition, Writing – review & 

editing. 

 

In this paper we exhibit the design of a material based on Au nanoparticles supported on 

the ZrO2/PL6C hybrid material (produced in Chapter II) as an active ORR catalyst 

towards H2O2 production in acidic medium. A careful discussion was conducted 

concerning the role of the oxophilic support in anchoring the gold nanoparticles, as well 

as the contribution of the characteristics of the material on its electrochemical and 

catalytic properties to produce H2O2. From this strategy, one can see that the ZrO2/PL6C, 

featuring electronegative properties, better accommodated the gold nanoparticles 

compared to the bare PL6C matrix. The Au NPs proved to be better stabilized under the 

surface of the composite containing zirconium oxides, reaching a small particle size due 

to the lower influence of the positive charge of the substrate. The fabrication of a GDE 

modified with 200 mg cm-2 of the catalysts applied in a flow-by reactor for the treatment 

of a real wastewater contaminated with Carbaryl provided the opportunity to observe the 

enhanced catalytic effect of Au_ZrO2/PL6C in a more realistic system. 

 

This article/chapter was published in Chemical Engineering Journal, v. 452, M.S. 

Kronka; G.V. Fortunato; L. Mira; A.J. dos Santos; M.R.V. Lanza. Using Au NPs 

anchored on ZrO2/carbon black toward more efficient H2O2 electrogeneration in flow-by 

reactor for carbaryl removal in real wastewater, 139598, Copyright Elsevier (2023). 
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A B S T R A C T

In the present study, we designed a highly efficient catalyst for H2O2 production using gold nanoparticles (Au 
NPs) anchored on hybrid substrate composed of ZrO2 and Printex L6 carbon (Au-ZrO2/PL6C). The higher 
selectivity of Au-ZrO2/PL6C (97%) toward H2O2 electrogeneration and its improved activity in terms of ORR 
onset potential (140 mV for more positive values) compared to Au/PL6C (80%) were attributed to the synergism 
between Au NPs anchored on ZrO2/PL6C hybrid support. The results obtained from the application of the cat
alysts for H2O2 generation on gas diffusion electrode (GDE) after 120 min of electrolysis reflected the following 
order of efficiency: PL6C (~140 mg L− 1) < ZrO2/PL6C (~235 mg L− 1) < Au/PL6C (~374 mg L− 1) < Au-ZrO2/ 
PL6C (~600 mg L− 1). Given that Au-ZrO2/PL6C exhibited the highest catalytic efficiency, this catalyst was 
employed for the removal of carbaryl (CBR) using different electrochemical advanced oxidation processes. The 
CBR degradation tests exhibited pseudo first-order kinetics, with the electro-Fenton (EF) and photoelectro- 
Fenton (PEF) processes recording the fastest removal kinetics (3.5 × 10− 2 s− 1 and 4.1 × 10− 2 s− 1, respec
tively). The PEF process exhibited the highest efficiency in terms of organic by-products mineralization; this was 
attributed to the additional photodecarboxylation of the Fe(III)-RCOOH complexes by UVC light. The aromatic 
by-products, short chain carboxylic acids, and ionic nitrogen species produced during the mineralization process 
contributed to the successful degradation of CBR. Apart from the analysis with synthetic water, the study also 
analyzed the treatment of urban wastewater spiked with CBR using a pre-pilot flow plant.   

1. Introduction

The increasingly growing global demand for food caused by the
dramatic rise in human population over the last 50 years has generated 
the need for massive production of food, and this has led to the expan
sion of agricultural production worldwide [1]. The expansion of agri
cultural activities has also given rise to widespread use of pesticides 
which have become indispensable for ensuring the large-scale produc
tion of food with high quality through the prevention and control of 
various pests and disease carriers as this contributes toward enhancing 
agricultural production by reducing crop losses and increasing crop 
yields without expanding the planted field [1,2]. According to the Food 
and Agriculture Organization of the United Nations (FAO), the annual 
global consumption of pesticides between 2010 and 2019 was >4 
million tons (on average), with China, USA and Brazil accounting for 

over 60% of the total amount of pesticides consumed worldwide [3]. 
Despite the aforementioned benefits of pesticides, their chemical com
positions contain hazardous compounds, and as such, their rampant 
application in agricultural production has contributed significantly to
ward an increase in the contamination of water bodies (through leach
ing, erosion, and so forth) and environmental pollution worldwide. In 
fact, several studies reported in the literature have detected the presence 
of pesticides in groundwater, wastewater, surface water and tap water at 
concentrations ranging from 10 to 4,000 ng L− 1 on average [4,5]. Owing 
to the hazardous compounds present in pesticides, exposure to these 
pollutants through water bodies has been found to be extremely toxic 
and these compounds can potentially act as endocrine disruptors even at 
very low concentrations. Bearing that in mind, over the last decades, 
there has been a considerable interest among researchers in the devel
opment of highly effective techniques for the treatment of water and 
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wastewater containing harmful pollutants [6–8]. 
Electrochemical advanced oxidation processes (EAOPs) are a highly 

promising technology which has been proven to be suitable for appli
cation in water and wastewater treatment. Among the wide range of 
EAOPs reported in the literature, anodic oxidation (AO) is the most 
commonly applied technique. In the AO process, organic pollutants are 
oxidized through heterogeneous hydroxyl radicals (•OH) formed on the 
surface of non-active anodes (M) after water discharge, as demonstrated 
in Eq. (1). As it has been extensively reported in the literature, boron- 
doped diamond (BDD) is the best non-active anode for water treat
ment due to its excellent electrocatalytic properties [7–11]. 

Despite the unquestionable popularity of AO, EAOPs based on elec
trochemical Fenton reactions have been reported to be the most efficient 
treatment techniques when it comes to the removal of hazardous com
pounds in water matrices [12,13]. This outstanding efficiency of electro- 
Fenton (EF) processes lies in the production of homogeneous •OH radi
cals; these radicals are generated from the activation of H2O2 using Fe2+

ions via the classical Fenton reaction (see Eq. (2)). Over the recent years, 
the technological advances made in the homogeneous production of •OH 
have sparked the interest of researchers in electro-Fenton processes due 
to the facilitated mechanism involving the electrochemical production 
of H2O2 from the selective 2-electron oxygen reduction reaction (ORR) 
using carbon-based catalysts configured as gas diffusion electrodes 
(GDE) [12–18]. Furthermore, the use of abundant, stable, and low-cost 
materials for the electrochemical production of H2O2 via inorganic 
metal-oxide photoanodes has also gained considerable traction among 
researchers in the field [19].  

M + H2O → M(•OH) + H+ + e− (1)  

Fe2+ + H2O2 + H+ → Fe3+ +
•OH + H2O (2) 

Studies reported in the literature show that carbonaceous catalysts 
have been widely employed in the composition of porous cathodes for 
H2O2 production thanks to their abundant availability, low cost, and 
high selectivity for ORR via 2e− [20–24]. However, the poor electro
chemical activity of carbon-based catalysts makes their application in 
large-scale H2O2 production unfeasible [25–28]. In view of that, the use 
of noble metal-based materials has gained enormous traction among 
researchers since these metals facilitate charge transfer and this helps 
enhance the activity of carbon catalysts. In addition to providing us with 
reactivity patterns, density functional theory (DFT) calculations have 
become an important tool in the interpretation and design of more 
efficient catalytic systems for H2O2 production [29,30]. Thermodynamic 
analysis based on DFT has shown that gold (Au) and silver (Ag) are 
among the class of noble metals that do not interact strongly with O2 and 
act to facilitate the stabilization of *OOH on metal surfaces - the prin
cipal intermediate of ORR when it comes to high selectivity for H2O2 
production[31–34]. 

While they are evidently scarce and expensive, noble metals have 
been proven to be capable of effectively resisting the drastic operating 
conditions imposed by electrochemical devices and are able to operate 
for a much longer period compared to non-noble metal-based catalysts. 
Owing to the scarcity and high costs of noble metals, new strategies have 
been developed with a view to minimizing the amount of these metals 
used in the composition of noble metal-based catalysts while preserving 
or even improving the electrochemical properties of the catalysts 
[31,32,35,36]. 

To boost the activity and selectivity for H2O2 production while 
decreasing the noble metal loading in the catalysts, some authors have 
successfully employed relatively lower amount of noble metals in 
combination with abundant transition metal (TM) oxides and carbon 
materials [30,37–39]; these studies have employed different strategies 
which involved the application of highly oxophilic TM oxides close to 
nanoparticulate Au, Pd and Au-Pd systems to synergistically enhance 
catalytic activity and influence the reaction pathway by which ORR will 
preferentially occur. Although some combination of noble metals with 

TM oxides and carbonaceous materials has proven to be able to tailor the 
electrocatalytic activity, selectivity and stability, this class of catalysts 
can still be further explored for H2O2 electroproduction. 

Thus, in the present study, we report the development of a novel 
cathode material based on gold nanoparticles (Au NPs) supported on 
hybrid substrate composed of ZrO2 and Printex L6 carbon (ZrO2/PL6C) 
and its application for the efficient production of H2O2 in wastewater 
treatment processes. ZrO2 was used as supporting material for Au NPs 
due to its catalytic behavior has been widely studied toward the elec
trochemical production of H2O2 and also for its promising electro
catalytic properties found for electrochemical oxidation [40–43]. An 
advantage of choosing ZrO2 is that its eco-friendly production via 
microwave-assisted hydrothermal synthesis on PL6C (ZrO2/PL6C) car
bon matrix has been optimized before [42]. Furthermore, ZrO2 is a non- 
toxic and electrochemically stable oxide which presents electronegative 
and oxophilic characteristics when employed as supporting material for 
noble metal nanoparticles [44]. The electrochemical characterization of 
the materials and the analysis of their electrocatalytic properties with 
respect to oxygen reduction reaction (ORR) were evaluated using a 
rotating ring-disk electrode (RRDE) system, while the kinetics of H2O2 
production was investigated using gas diffusion electrode (GDE). The 
Au-ZrO2/PL6C catalyst was used as cathode for H2O2 production in an 
electrochemical system coupled with boron-doped diamond (BDD) 
anode with a view to evaluating the removal of carbaryl pesticide using 
different EAOPs. Carbaryl has been classified as an endocrine disruptor 
present in water sources. The experimental tests targeted at the removal 
of carbaryl were carried out in a pre-pilot reactor using both synthetic 
and real wastewater effluents and the Au-ZrO2/PL6C cathode material 
[45–47]. 

2. Experimental

2.1. Reagents

The Printex L6 (PL6C) carbon black pigment was purchased from 
Evonik do Brasil ltd. The metallic precursor (ZrO2)2CO2·H2O and 
HAuCl4⋅3H2O (99%) were acquired from Alfa Aesar and Sigma Aldrich, 
respectively. Other reagents employed in the experiments included the 
following: sulfuric acid (Vetec, 97.8%), isopropyl alcohol (Vetec, 
99.5%), potassium sulfate (Sigma-Aldrich, 99%), potassium hydroxide 
(J. T. Baker, 99%), and 60% v/v dispersion of poly(tetrafluoroethylene) 
(PTFE - Uniflon). Carbaryl (99%) analytical standard was acquired from 
Sigma-Aldrich and ion chromatography standards of NH4

+, N-NO2
− and 

N-NO3
− in 1000 mg L− 1 solution were obtained from Specsol. The solu

tions were prepared using ultrapure water from a Milli-Q system with
resistivity > 18 MΩ cm at 25 ◦C.

2.2. Synthesis of ZrO2/PL6C, Au-ZrO2/PL6C, and Au/PL6C catalysts 

To obtain the hybrid Au-ZrO2/PL6C, a 2-step hydrothermal synthesis 
was employed. First, the ZrO2/PL6C hybrid substrate was synthesized by 
the microwave-assisted hydrothermal method, as described in reference 
[42]. 

In the next step, the hydrothermal syntheses (without microwave 
assistance) of the Au particles supported on ZrO2/PL6C (Au-ZrO2/PL6C) 
and on pure PL6C (Au/PL6C) were carried out based on the method 
proposed by Fortunato et al. [48] with some adaptations. Briefly, an 
amount of 32 mg of ZrO2/PL6C or bare PL6C was dispersed in 20 mL of 
Milli-Q water; this was followed by the addition of 240 µL of 0.1 mol L− 1 

HAuCl4 aqueous solution and 8.4 mg of Pluronic F-127 (structure 
directing agent of metallic NPs) into the mixture. The mixture was left in 
an ultrasonic bath (Soni-top 404A) for 40 min. Afterwards, the solubi
lized mixture was heated to 100 ◦C using a hot plate, and an amount of 
36.7 mg of ascorbic acid, which had been previously dissolved in 1 mL of 
ultrapure water, was quickly poured into the mixture. The heating was 
stopped after 5 min in boiling condition, and the solution was kept under 

M.S. Kronka et al.

Chapter III 
_______________________________________________________________________________

78



Chemical Engineering Journal 452 (2023) 139598

3

magnetic stirring for further 2 h until the Au particles were stabilized on 
the supporting material, leading to the formation of the Au/PL6C and 
Au-ZrO2/PL6C composites. After reaching room temperature, the pre
cipitates containing the composites formed were washed by centrifu
gation 10 times with Milli-Q water to remove the surfactant and were 
then dried in an oven at 80 ◦C overnight. 

2.3. Physical-chemical characterization methods 

The physical-structural characterization of the catalysts was initially 
performed using scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM). The SEM analyses were performed using a 
Jeol JSM Microscope model 7500F. To perform the TEM and scanning- 
TEM (STEM) analyses, an amount of 3 µL of a diluted dispersion of the 
catalyst powder was dripped onto a 300-mesh copper TEM grid covered 
with carbon film (Electron Microscopy Sciences). The TEM and STEM 
images were recorded using a JEOL JEM2100 LaB6 HRTEM or a FEI 
TECNAI G2 F20 HRTEM microscope operating at 200 kV. For the 
determination of the loading of metals present in the samples, 2–5 mg 
amounts of the materials were placed inside a thermogravimetric 
analyzer TGA-50 (Shimadzu) in FID 5.0 synthetic air at a flow rate of 50 
mL min− 1 and the analysis was performed under the heating rate of 
10 ◦C min− 1 with the temperature ranging from 25 and 900 ◦C. Energy 
dispersive X-ray spectroscopy (EDS) analyses were performed in order to 
define the proportions of Au and Zr in the catalyst samples. The mate
rials were placed on fluorine tin oxide plates (FTO, FlexiTec Organic 
Electronics) with 1.0 cm × 1.0 cm × 0.1 cm dimension and subjected to 
EDX analyses using ThermoNoran System Six apparatus. 

The analysis of the surface of the catalysts was performed by X-ray 
photoelectron spectroscopy (XPS) using ESCA Scienta Omicron spec
trometer operating under the following conditions: Al/Ka radiation: 
1,486.6 eV; potential: 15 kV; current density: 15 mA; and power: 225 W. 
The survey spectra were recorded using pass energy of 50 eV with in
terval of 1 eV while the high-resolution spectra were recorded using pass 
energy of 10 eV with interval of 0.1 eV. The Shirley method was used to 
subtract the inelastic noise from the high-resolution spectra of Au 4f, Zr 
3d, C 1 s and O 1 s. The narrow spectra were deconvoluted according to a 
Voigt-type function with Gaussian (70%) and Lorentzian (30%) com
binations using the Casa XPS® software. 

2.4. Thin film layer analysis in RRDE system 

Initially, the catalyst dispersion was prepared in a ratio of 2 mg of 
catalyst to 1 mL of water/isopropanol dispersant (50/50 v/v) using an 
ultrasonic bath. The microlayer was prepared on glassy carbon disk 
electrode (geometric area = 0.2475 cm2) by drop casting 25 µL of the 
dispersion. After the evaporation of the solvent with the aid of N2 flow, a 
thin film layer containing catalyst loading of 200 µg cm− 2 was obtained. 

The electrochemical assays were performed in a three-compartment 
benchtop cell using 150 mL of 0.1 mol L− 1 K2SO4 electrolyte at pH = 2.5 
(adjusted with H2SO4). The working electrode employed was a Pine 
E7R9 rotating ring-disk electrode (RRDE) composed of a glassy carbon 
disk and platinum ring (geometric area = 0.1866 cm2); Ag/AgCl (KCl 3 
mol L− 1) was used as reference electrode and a 240 mm2 platinum plate 
was employed as counter electrode. The assays were performed using 
Metrohm Autolab PGSTAT-302 N bi-potentiostat. 

The analysis of the catalysts was conducted by cyclic voltammetry 
(CV) using O2-saturated electrolyte and N2 deaerated solution in the
potential range of 1.4 to − 0.6 V vs. Ag/AgCl and at scan rate of 50 mV
s− 1. The ORR activity was investigated in a hydrodynamic system using
linear sweep voltammetry (LSV) in the potential range of 0.6 to − 0.8 V
vs. Ag/AgCl (in the disk) and at scan rate of 5 mV s− 1. The working
electrode was kept at 900 rpm. To monitor the presence of H2O2 during
the assay, a constant potential of 1.0 V was applied to the ring. The
analysis of the catalyst selectivity toward H2O2 production was per
formed based on Eq. (3) below [49]:

SH2O2 =
2ia/N

id + ia/N
× 100 (3)  

where ia represents the current from the ring electrode (in amperes (A)), 
id refers to the current observed in the disk electrode (A), and N is the 
collection number provided by the manufacturer of the RRDE (PINE - N 
= 0.37). The equation is multiplied by 100 to obtain SH2O2 in % terms. 

The accelerated stress test (AST) was used to evaluate the long-term 
electrochemical stability of the gold-based catalysts. The technique 
consisted of evaluating both the cyclic profile of the materials and their 
catalytic activity in ORR using LSV tests before and after applying 5000 
CVs in the potential range of 0.4–1.0 V vs RHE in 0.1 mol L− 1 K2SO4 
solution (at pH 2.5) saturated with O2 and scan rate of 500 mV s− 1. 

2.5. H2O2 accumulation assays in gas diffusion electrodes 

To produce the GDE, a catalytic mass was prepared in the ratio of 
40% (w/w) of PTFE / Printex L6 carbon, as reported in the literature 
[50]. Initially, an amount of 1.2 g of catalyst mass was scattered over 
120 cm2 PX30-PW03 carbon cloth (purchased from Plain Weave Fabric) 
and transferred to a metal support. The unmodified GDE (of 10 mg 
cm− 2) was produced in a thermostat hydraulic press under the following 
conditions: temperature: 270 ◦C; weight: 0.5 ton; and time: 15 min. The 
modified GDE was prepared by drop casting 40 mg catalysts solution - 
produced using 40% PTFE (w/w), on the unmodified GDE, and this 
yielded a catalyst loading of 200 mg cm− 2. The production of H2O2 was 
tested in a laboratory scale and in a pre-pilot plant with electrochemical 
flow reactor in recirculation mode under the following conditions: 

Laboratory scale: The performance of PL6C, ZrO2/PL6C, Au/PL6C 
and Au-ZrO2/PL6C in terms of H2O2 electrogeneration was evaluated by 
applying a current density (j) of 50 mA cm− 2 in 150 mL synthetic me
dium under controlled O2 flow rate (100 mL min− 1). The electro
chemical cell employed consisted of GDE – employed as cathode, and 
BDD – employed as anode, both with a geometric area of 5.0 cm− 2. 

Pre-pilot plant: The stability of H2O2 production was tested in a flow- 
by electrochemical reactor using Au-ZrO2/PL6C cathode material with j 
of 50 mA cm− 2 in 1.8 L synthetic and real media under recirculating 
solution at a flow rate of 50 L h− 1 and controlled O2 flow rate (100 mL 
min− 1). Here, the area of the GDE and BDD electrodes was scaled to 20 
cm2. 

In both systems, the experiments were conducted using Minipa MPS- 
3005B DC power supply system. 

2.6. Treatment of CBR using EAOPs 

A comparative degradation/mineralization analysis of 10 mg L− 1 

CBR was performed in a benchtop cell (with 150 mL of 0.1 mol L− 1 

supporting electrolyte) (at pH = 2.5) at fix current density (j) of 50 mA 
cm− 2 using the following EAOPs: AO, AO-H2O2, AO-H2O2/UVC, EF and 
PEF. The EF and PEF treatment processes were performed using 0.25 
mmol L− 1 concentrations of Fe2+. Different parameters were analyzed 
under the PEF process; the parameters evaluated included current 
density (j ranging from 25 to 100 mA cm− 2) and initial CBR concen
tration (5.0 to 20.0 mg L− 1). A 5 W UVC lamp (Pen-Ray 11SC-2.12 
model) was used to illuminate the solution in the PEF process and to 
perform the CBR photolysis test [35]. Optimized laboratory-scale 
operating conditions were applied to a pre-pilot plant coupled to a 16 
W UVC lamp for the analysis of CBR removal under the PEF process. The 
tests were carried out for 60 min at 50 mA cm− 2 using 1.8 L of the 
following effluents:  

- Synthetic effluent: 50 mmol L− 1 K2SO4 in Milli-Q water at pH 2.5
(adjusted with H2SO4), with conductivity of 10.5 mS;

- Effluent from sewage treatment plant collected from São Paulo State,
Brazil. The physical–chemical composition of the effluent can be
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summarized as follows: pH = 7.1; conductivity = 1.5 mS cm− 1; total 
organic carbon (TOC) = 9.2 mg L− 1; dissolved solids = 391.0 mg L− 1; 
and turbidity = 29.4 NTU. The ionic species identified were 
ammonia (NH4

+) = 5.8 mg L− 1, calcium (Ca+) = 29.7 mg L− 1, mag
nesium (Mg+) = 5.9 mg L− 1, potassium (K+) = 15.2 mg L− 1, sodium 
(Na+) = 90.7, chloride (Cl− ) = 31.2 mg L− 1, nitrate (NO3

− ) = 9.4 mg 
L− 1, nitrite (NO2

− ) = 1.1 mg L− 1, and sulfate (SO4
2− ) = 22.4 mg L− 1. 

(Additional K2SO4 was added and the pH lowered to 2.5 so that both 
solutions would have similar conductivity of 10.5 mS). 

2.7. Analytical techniques 

The quantification of H2O2 was performed by UV–vis spectroscopy 
using 350 nm of H2O2 and (NH4)6Mo7O24 complex [50,51]. The analysis 
was carried out using Shimadzu UV-1900 spectrophotometer. Using the 
amount of H2O2 produced, the energy consumption was evaluated based 
on Eq. (4), while the percentage of current efficiency (CE) was estimated 
based on the Faraday’s law in Eq. (5). See Equations (4) and (5) below: 

EC
(
kWh kg− 1

H2O2

)
=

i Ecellt
m 1000

(4)  

CEH2O2(%) =
2F CH2O2Vs

i t
× 100 (5)  

where i represents the current applied (given in amperes (A)), t is the 
electrolysis time (in hours (h) in Eq. (4) and in seconds (s) in Eq. (5)), 
Ecell stands for electrochemical cell potential (in volts, V), m is the mass 
of H2O2 produced (in kg), 2 refers to the number of electrons involved in 
the reduction of an oxygen molecule to produce H2O2, F stands for the 
Faraday constant (96,487C mol− 1), CH2O2 is the concentration of H2O2 
(in mol L− 1), and vs represents the volume of the solution (in L). 

The concentration of CBR was monitored by high performance liquid 
chromatography (HPLC) with the aid of a Shimadzu HPLC device using 
the stationary phase constituted by a Supelcosil C18 pre-column (4 mm 
× 3.0 mm i.d.) attached to Phenomenex Luna C18 column (250 × 4.6 
mm, 5 μm). A UV detector SPD-20A selected at λ = 220 nm attached to 
the HPLC system was used to monitor the concentration of CBR [52]. 
The following conditions were applied for the chromatographic analysis: 
retention time of carbaryl: 5.45 min in the mobile phase; mobile phase: 
acetonitrile/water in the ratio 60/40 (v/v); flow rate: 1.0 mL min− 1. 

The NO2
− , NO3

− and NH4
+ inorganic species were determined by ion 

exchange chromatography, as described in the literature [53]. The 
short-chain carboxylic acids were also analyzed by ion exchange chro
matography. The separation was performed using Metrosep C4 column 
(150 mm/4.0 mm) and Metrosep C4 Guardian/4.0 pre-column at 30 ◦C. 
The elution of the small chain acids was performed using 1.7 mmol L− 1 

nitric acid/0.7 mmol L− 1 dipicolinic acid at flow rate of 0.9 mL min− 1. 
The analytical curves of the carboxylic acids were constructed in the 
concentration range of 0 to 100 mg L− 1 (R2 > 0.99) using the following 
standards: acetic acid (tr = 3.90 min), formic acid (tr = 4.40 min), suc
cinic acid (tr = 14.8 min), oxalic acid (tr: 17.2 min), and fumaric acid (tr 
= 22.9 min). 

The mineralization of total organic carbon (TOC) was monitored by 
Shimadzu TOC-VCPN equipment; the mineralization was calculated 
using Eq. (6) below: 

TOCmineralization (%) =
TOC0 − TOCf

TOC0
x 100 (6) 

All samples were pre-filtered using chromafilXtra PET-45/25 0.45 
µm filters. The amount of energy consumed (EC) in CBR mineralization 
recorded under each EAOPs was calculated based on Eq. (7) below using 
the TOC values: 

EC
(
kWh kg− 1) =

Ecel I t
ΔTOC 1000

× 100 (7)  

where I stands for current (A), Ecel is the cell potential (V), and ΔTOC is 

the mass of TOC removed (kg) over time. 

3. Results and discussion 

3.1. Physical-chemical characterization of the catalysts 

Au particles were grown on bare PL6C and on the ZrO2-PL6C syn
thesized hybrid material (its surface and physical properties have been 
described in a previous study [42]) by the hydrothermal reduction 
approach. The Au particles on the substrate were produced from the 
reduction of Au3+ ions by citric acid, which is typically used in synthesis 
processes as a reducing agent [54]. The difficulty involved in the pro
duction of Au nanoparticles lies in being able to produce small and 
widely distributed particles on the substrate so as to maximize the use of 
the metal in the catalyst and avoid the formation of large-sized particles 
or large metal agglomerates. In this sense, the physicochemical char
acteristics of the support material, such as active surface area, presence 
of functional groups, heteroatoms and defects, can have a direct influ
ence on the interaction between the metal and the support material; in 
addition, these characteristics of the support material are also found to 
play a crucial role in some properties of the nanoparticle such as the 
distribution of the metal in the support material, the particle size, as well 
as the chemical attachment and stability [48,55–59]. In this context, the 
present study sought to evaluate the application of PL6C and ZrO2/PL6C 
as supporting materials for Au nanoparticles (Au NPs) and the effects of 
these materials on the electrochemical catalysis of ORR targeted at the 
production of H2O2 in acid media. 

Initially, the Au/PL6C and Au-ZrO2/PL6C catalysts were character
ized by field emission scanning electronic microscopy (FE-SEM), trans
mission electronic microscopy (TEM), scanning TEM (STEM), high- 
resolution TEM (HR-TEM), and selected area electron diffraction 
(SAED) pattern, as shown in Fig. 1a-g and S1. FE-SEM (Fig. 1a) and TEM 
(Fig. S1a) images recorded for Au/PL6C showed the catalyst charac
terized by the presence of Au particles with size of 186.7 nm (on 
average) which were poorly dispersed on the PL6C matrix. The HR-TEM 
image (Fig. 1b) obtained for the Au/PL6C catalyst showed the Au par
ticles with nanometer dimensions, as reported in the literature [21]. In 
addition, the lattice fringes with distances of ca. 0.21 and 0.23 nm can be 
seen, which are typically related to the planes (200) and (111) for face- 
centered cubic structures (fcc) of Au [39]. The selected area diffraction 
(SAED) pattern image (Fig. 1c) obtained for the Au/PL6C catalyst 
revealed the presence of polycrystal structures with (111), (200), 
(222) and (311) orientations. According to the literature, these 
diffraction patterns correspond to the polycrystalline structure of Au in 
the catalyst [60,61]. 

Clearly different from what was observed in the Au/PL6C catalyst, 
the FE-SEM, STEM, and HR-TEM images of the Au-ZrO2/PL6C (Fig. 1d-f 
and Fig. S1c-f) showed the presence of nanometric structures with pre
dominantly icosahedral and dodecahedral shapes widely distributed on 
the substrate. The Au nanoparticles in the Au-ZrO2/PL6C catalyst were 
ca. 77 nm on average (see Fig. S1c); this is roughly 2.5 times smaller 
than the size of the Au particles in the Au/PL6C catalyst. Interestingly, 
after a careful inspection of the STEM, dark-field STEM and HR-TEM 
images obtained for the Au-ZrO2/PL6C sample (Fig. 1e,f and S1), we 
found that the Au NPs were anchored on top of the ZrO2 NPs; this was 
clearly evident because the ZrO2 NPs can be easily identified in the HR- 
TEM image (Fig. 1f) by the presence of lattice fringes measuring 0.29 
nm, which are known to be typically characteristic of the d-spacing of 
cubic crystalline structure of zirconia [42]. The energy dispersive X-ray 
spectroscopy (EDX) elemental mappings of C, O, Au, and Zr obtained for 
the Au-ZrO2/PL6C catalyst (Fig. S2 and S3) also indicated that Au and Zr 
were very close to each other, and both were found to be well dispersed 
on the carbon-based matrix. However, the SAED image of the Au-ZrO2/ 
PL6C catalyst (Fig. 1g) showed a diffraction pattern with mostly crys
talline characteristics that corresponded to polycrystalline Au; this was 
similar to the SAED pattern observed for the Au/PL6C catalyst. The 
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overlap of the larger Au NPs in the small-size ZrO2 NPs may be a reason 
for the absence of the Zr diffraction pattern in the Au-ZrO2/PL6C cata
lyst. Furthermore, it is relevant to mention that reducing the Au-ZrO2/ 
PL6C catalyst synthesis procedure from 2 steps (using microwave- 
assisted hydrothermal method combined with a hydrothermal reduc
tion step) to only one step (single microwave-assisted hydrothermal 
approach) leads to less dispersion and the formation of Au particles with 
larger sizes in comparison to Au-ZrO2/PL6C catalyst produced by 2-step 
synthesis procedure (c.f. Figs. 1, S1, S2, S3 and S4). 

XPS analyses were performed in order to evaluate the surface 
chemical state of the synthesized Au-modified catalysts. The XPS survey 
spectrum of the Au/PL6C sample (Fig. 1h) showed the presence of peaks 
which corresponded to C 1s (284.5 eV), O 1s (532.6 eV), and Au 4f (85.5 
eV), while the spectrum of Au-ZrO2/PL6C exhibited in addition a small 
peak at 184.5 eV, which is typically attributed to the Zr 3d core level. 
These survey spectra rule out the presence of any other metallic impu
rities in both samples. The Zr 3d core-level high-resolution spectrum 
obtained for Au-ZrO2/PL6C (Fig. 1i) displayed the presence of the 
doublet 3d3/2 and 3d5/2 due to the spin–orbit splitting at the binding 
energies of 184.3 and 181.9 eV, respectively, which is a binding energy 
range commonly associated with the Zr4+ oxidation state of zirconium 

oxide [42]. The spin–orbit components 4f7/2 and 4f5/2 can be observed 
at ca. 84 and 88 eV in the Au 4f core-level spectra of the Au/PL6C and 
Au-ZrO2/PL6C samples (Fig. 1j); both peaks can be found to be decon
voluted into two smaller peaks each at 83.8, 84.8, 87.5, and 88.6 eV 
corresponding to the Au0 4f7/2, Au1+ 4f7/2,Au0 4f5/2, and Au1+ 4f5/2 
oxidation states. In fact, the Au+ species found in both XPS spectra for 
Au/PL6C and Au-ZrO2/PL6C samples can be explained by the partial 
charge transfer from the Printex L6 carbon basic groups (i.e., ketones 
and quinones) to the supported gold particles, as described in the 
literature [21,62]. In addition, as pointed out in the literature, small 
metal particle sizes are expected to have a higher surface energy, which 
is yet another factor that contributes to the existence of superficially 
oxidized gold particles [63]. It is worth noting however that although 
there appeared to be a close similarity between the spectra of the Au/ 
PL6C and Au-ZrO2/PL6C samples, a careful inspection of the catalysts 
spectra showed that the ratio of Au+1/Au0 intensities was 2-fold higher 
in Au/PL6C compared to Au-ZrO2/PL6C (even though this catalyst 
exhibited a smaller particle size); this shows that the presence of ZrO2 
nanoparticles in the hybrid support (a less electronegative species than 
Au) helped supply electrons and favor the metallic state of Au. 
Furthermore, a comparative analysis of the Au 4f core-level spectra of 

Fig. 1. FE-SEM, HR-TEM, and SAED images for the (a,b,c) Au/PL6C and FE-SEM, dark-field STEM, HR-TEM, and SAED images for (d,e,f,g) Au-ZrO2/PL6C catalysts, 
respectively. (h) Survey XPS spectra for Au/PL6C and Au-ZrO2/PL6C catalysts. (i) High resolution XPS spectrum in Zr 3d region for Au-ZrO2/PL6C. (j) High res
olution XPS spectra recorded in the Au 4f region for Au/PL6C and Au-ZrO2/PL6C catalysts. 
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the Au/PL6C and Au-ZrO2/PL6C catalysts pointed to a slight shift of 0.1 
eV to lower binding energy values when ZrO2/PL6C was used as sup
porting material instead of pure PL6C; this result shows that the pres
ence of oxophilic Zr exerts an influence over the electronic band 
structures of Au particles. It should be noted that the changes that occur 
in the electronic state of Au may lead to changes in the catalytic 
behavior of the material [30,64–67]. 

The metal loading in the ZrO2/PL6C, Au/PL6C and Au-ZrO2/PL6C 
carbon-based materials was evaluated using the TGA mass loss analysis 
shown in Fig S5. The Au/PL6C and Au-ZrO2/PL6C catalysts recorded 
similar metal loadings: ~12.7 wt% and ~12.8 wt%, respectively. The 
results obtained from the EDS analysis helped distinguish the Zr species 
from the Au species in the Au-ZrO2/PL6C catalyst; the EDS analysis 

revealed the following: ~9 wt% Au loading and ~ 4 wt% Zr loading - see 
Table S1. Thus, based on the results obtained, one will observe that the 
bimetallic catalyst material also exhibited lower gold loading compared 
to the zirconium-free material. In general, the use of the ZrO2/PL6C 
hybrid support contributed to the production of carbon-based catalyst of 
gold NPs with small particle size which were uniformly distributed on 
the substrate. A thorough analysis was conducted in order to evaluate 
the electrochemical behavior of the synthesized catalysts and H2O2 
electrogeneration using rotating ring-disk electrode (RRDE) and GDE. 

Fig. 2. Electrochemical analysis of the GC disk (RRDE system) modified with PL6C, ZrO2/PL6C, Au/PL6C and Au-ZrO2/PL6C catalysts. (a) Cyclic voltammograms 
obtained at 50 mV s− 1, with the application of 150 mL using N2 bubbling to deaerate 0.1 mol L− 1 K2SO4 solution (at pH 2.5). Linear sweep voltammetry curves of the 
(b) disk and (c) Pt ring electrodes obtained in a RRDE configuration at scan rate of 5 mV s− 1 and rotation of 900 rpm, using O2-saturated solution of 0.1 mol L− 1 

K2SO4 at pH 2.5 (the abscissa of Fig. 2C refers to the applied potential at the disk electrode). (d) Selectivity toward H2O2 production as a function of applied potential. 
(e) Capacity of H2O2 accumulation during electrolysis at 50 mA cm− 2 for 120 min in 0.1 mol L− 1 K2SO4 (pH = 2.5) based on the application of GDE modified with 
PL6C, ZrO2/PL6C, Au/PL6C and Au-ZrO2/PL6C and using BDD as anode. (f) Current efficiency (CE) and energy consumption (EC) values obtained from H2O2 
electrogeneration tests performed for the PL6C, ZrO2/PL6C, Au/PL6C and Au-ZrO2/PL6C catalysts. 
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3.2. Electrocatalytic performance of the materials applied for ORR aimed 
at H2O2 production 

The cyclic voltammetric (CV) profiles obtained for the glassy carbon 
(GC) electrodes modified with PL6C, ZrO2/PL6C, Au/PL6C or Au-ZrO2/ 
PL6C catalysts recorded at 50 mV s− 1 using N2 bubbling to deaerate 0.1 
mol L− 1 K2SO4 solution at pH 2.5 are shown in Fig. 2a. The CV profile of 
the PL6C-modified GC electrode exhibited mainly capacitive currents 
and quinone/hydroquinone redox couple centered at ca. 0.3 V vs Ag/ 
AgCl, which are features typically observed for carbon materials in 
acidic solutions [21,68]. After the incorporation of zirconium oxide into 
the carbon matrix (ZrO2/PL6C-modified GC electrode), the non-faradaic 
currents were drastically increased due to the formation of porous ZrO2 
nanostructures which were widely dispersed on the PL6C. In a previous 
work, we showed that the presence of ZrO2 nanostructures in PL6C 
matrix led to an increase in the electrochemically active surface area 
(ECSA) from 85.6 to 128.2 m2 g− 1, and this led to an increase in the 
capacitive current of the ZrO2/PL6C material [42]. In general, the CV 
profiles of the catalysts containing Au particles (Au/PL6C and Au-ZrO2/ 
PL6C) exhibited a decrease in capacitive currents due to the incorpo
ration of the metal in the surface of the supporting material, which led to 
a decrease in the surface area of the carbon catalyst [69]. In addition, 
one can observe the presence of faradaic peaks related to the formation 
and reduction of gold oxide species (AuOx) on the catalyst surface at the 
potentials of ca. 1.1 and 0.8 V vs Ag/AgCl, respectively [31,70]. It is 
worth noting that the presence of ZrO2 in Au-/PL6C (Au-ZrO2/PL6C) 
caused a significant shift in the onset potential of the H2 evolution (at ca. 
− 0.35 V vs Ag/AgCl) to potential values that were more negative than 
− 0.6 V vs Ag/AgCl, which typically competes with ORR when noble 
metals are employed at high overpotential [71]. 

The electrochemical analyses of ORR activity and selectivity of the 
catalysts were carried out by linear sweep voltammetry (LSV) using a 
rotating ring-disk electrode (RRDE) in O2-saturated solution of 0.1 mol 
L− 1 K2SO4 at pH 2.5. The LSV curves obtained for the disk and ring 
electrodes are shown in Fig. 2b and 2c, respectively. As expected, the 
LSV curves for the disk electrode showed that the gold-based catalysts 
(Au/PL6C and Au-ZrO2/PL6C synthesized in one and two steps) were 
more active in O2 reduction compared to the PL6C and ZrO2/PL6C 
substrates. However, a careful comparison of the Au/PL6C and Au- 
ZrO2/PL6C catalysts showed that the ORR onset potential of Au-ZrO2/ 
PL6C produced via two-step synthesis procedure was 140 mV more 
positive than that of Au/PL6C and Au-ZrO2/PL6C produced by one-step 
synthesis procedure. This anticipation of ORR points to the synergistic 
effect of the presence of ZrO2 in the supporting material on the catalytic 
activity toward oxygen reduction. The Au-ZrO2/PL6C catalyst exhibited 
a higher ORR activity even when the Au loading was about 25% lower in 
comparison to Au/PL6C (c.f. Table S1). The LSV curves of the ring 
electrodes (Fig. 2c) displayed the fraction of H2O2 produced during the 
oxygen reduction occurring on the disk as a function of the applied 
potential. In general, the LSV curves of the ring electrodes showed that 
the PL6C, ZrO2/PL6C, Au/PL6C and Au-ZrO2/PL6C materials were all 
highly selective for H2O2 production, and that the onset potentials for 
H2O2 generation coincided exactly with the ORR onset potentials of the 
disk electrodes. Based on the LSV curves of the disk and ring electrodes, 
we calculated the values related to the selectivity of the catalysts toward 
H2O2 generation (SH2O2) as a function of the applied potential – see 
Fig. 2d and Table S1. The results obtained showed that, in general, all 
the catalysts exhibited high selectivity, with SH2O2 > 82%; unsurpris
ingly, the Au-ZrO2/PL6C catalyst exhibited the highest selectivity 
(~97%). Based on Fig S6, we obtained the results for the accelerated 
stress test (AST) conducted for Au-ZrO2/PL6C. We noted a similar 
cycling profile of the material before and after AST, including preserving 
the same charge of the gold oxidation peak at ~0.8 V vs Ag/AgCl po
tential – which implies that no metal loss was recorded during the test. 
Furthermore, a similar behavior was observed for the disk and ring LSV 
curves before and after AST; this pointed to a high electrocatalytic 

stability of the Au-ZrO2/PL6C when applied toward H2O2 production. 
Thus, based on the physicochemical characterizations and electro

chemical studies, we infer that the higher SH2O2 recorded for Au-ZrO2/ 
PL6C compared to Au/PL6C must be related to the reduced positive 
partial charge on gold NPs (caused by the donation of ZrO2 electrons to 
the noble metal), which influences the interaction energy between Au 
and the adsorbed oxygen species. The optimal adsorption energy be
tween Au and especially the *OOH intermediate results in the 
enhancement of the activity and selectivity toward H2O2. Apart from 
that, the favoring of *OOH destabilizes the formation of other in
termediates, such as *O or *OH, which would lead to the production of 
H2O. 

The preliminary tests conducted using RRDE showed promising re
sults related to the selectivity of the Au-ZrO2/PL6C toward H2O2 pro
duction. The electrochemical behavior of the gold-based catalysts was 
also investigated based on the analysis of the kinetics of H2O2 accu
mulation in GDE. Fig. 2e shows the H2O2 production capacity profiles 
obtained for the different GDE modified materials investigated in this 
study. As can be observed, there was a gradual increase in H2O2 con
centration over time, with the PL6C, ZrO2/PL6C, Au/PL6C and Au- 
ZrO2/PL6C GDEs recording approximately 140, 235, 374, and 600 mg 
L− 1 H2O2 concentration, respectively, after 120 min of electrolysis. The 
pseudo zero-order kinetics for H2O2 production also indicated the su
perior catalytic performance of Au-ZrO2/PL6C (0.19 s− 1), with 1.7 and 
5-fold increase in kinetic efficiency compared to the Au/PL6C (0.11 s− 1) 
and the unmodified PL6C catalysts (0.04 s− 1). The improvement 
observed in Au-ZrO2/PL6C in terms of H2O2 electrogeneration in the 
GDE setup is found to be in full agreement with the results obtained from 
the catalytic study conducted using the RRDE. 

The current efficiency (CE) values obtained also pointed to the su
perior performance of the Au-ZrO2/PL6C catalyst in terms of H2O2 
production (Fig. S7 shows the CE profile over the electrolysis time). The 
comparative analysis of the CE values shown in Fig. 2f was performed 
using optimized values up to 20 min of reaction where there was low 
interference of H2O2 consumption reactions on the BDD anode. Looking 
at the results, it is clear that the highest H2O2 production efficiency 
obtained for the Au-ZrO2/PL6C catalyst resulted from the CE of 70% 
recorded for the catalyst compared to 52% and > 50% CE recorded for 
the Au/PL6C and gold-free catalysts, respectively. As expected, the 
higher the CE of the catalyst employed in H2O2 production, the lower the 
energy consumption (EC) - see Fig. 2f. The PL6C catalyst recorded the 
highest EC in H2O2 production (with 105 kWh kg (H2O2)− 1) after 120 
min of electrolysis, while the Au-ZrO2/PL6C catalyst exhibited the 
lowest EC (with only 22 kWh kg (H2O2)− 1 - >80% decrease in con
sumption). The results obtained from the comparative analysis of the 
catalysts presented in Fig. 2f pointed to the following order of efficiency: 
Au-ZrO2/PL6C > Au/PL6C > ZrO2/PL6C > and PL6C. 

In fact, a combination of the following factors was found to be 
responsible for the high catalytic activity and selectivity toward H2O2 
electroproduction exhibited by the Au-ZrO2/PL6C catalyst: i) the higher 
availability of active Au species on the ZrO2/PL6C hybrid substrate 
(evidenced by the smaller particle size and high dispersibility of the Au 
NPs); ii) higher metal-support interaction — propelled by the higher 
electronegative character of Zr which supplies electrons so that Au be
comes less oxidized; and iii) greater electron donation capacity of the Au 
centers prompted by the presence of ZrO2 in the hybrid matrix (evi
denced by the binding energy shift in the XPS analysis) compared to the 
Au/PL6C catalyst. Since Au-ZrO2/PL6C exhibited the best electro
catalytic performance in terms of cathodic production of H2O2 among 
the catalysts investigated in this study, this catalyst was employed for 
the conduct of further tests using electrochemical systems for the 
removal of CBR based on the application of EAOPs. 

3.3. CBR removal using H2O2-based EAOPs 

Considering the promising results obtained from the application of 
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the Au-ZrO2/PL6C catalyst for H2O2 production, the efficiency of the 
catalyst in the removal of CBR was tested based on the application of 
BDD as anode and different EAOPs with 10 mg L− 1 CBR solution (at pH 
2.5), at current density (j) of 50 mA cm− 2 and temperature of 25 ◦C. 
Fig. 3a shows the decay of the CBR over time based on the application of 
the following treatment processes: UVC, AO, AO/H2O2, H2O2/UVC, EF 
and PEF. 

First, the effect of CBR photolysis in the presence of UVC radiation 
resulted in a removal kinetics of 2.6 × 10− 4 s− 1 with only ~50% 
degradation of the compound after 60 min. Nevertheless, the photolysis 
process was found to exhibit very poor performance in terms of the 
mineralization of the organic compounds, recording only ~1% TOC 
removal; this may be attributed to radiation absorption of the compound 
in the 260–290 nm region, where it was able to degrade the CBR 
partially, but not mineralize it. The AO and AO-H2O2 processes exhibi
ted poor electrochemical performance (see Fig. 3b), with pseudo-first 
order kinetics of 3.1 × 10− 4 and 4.3 × 10− 4 s− 1 for CBR removal, 
respectively. In both techniques, the major contribution to the pollutant 
degradation was obtained from the heterogeneous •OH radicals pro
duced on the BDD surface; this is clearly indicative of the low oxidizing 
power of H2O2 [72–74]. Under the AO-H2O2/UVC process, the total 
removal of CBR was obtained after approximately 20 min of treatment. 
Owing to the presence of UVC radiation in the AO-H2O2/UVC process 
(k1 = 1.4 × 10− 3 s− 1), the removal kinetics of this treatment technique 
was 2.6-fold higher compared to the AO/H2O2 process; this is attributed 
to the synergistic effect involving the contribution of UVC light in the 
production of homogeneous •OH from the photolysis of H2O2 and the 
photodegradation of carbaryl. The high efficiency of homogeneous •OH 
in the EF process contributed toward a rapid total removal of CBR in 10 
min of treatment (k1 = 3.5 × 10− 2 s− 1). Thus, high production of H2O2 
on the Au-ZrO2/PL6C cathode enhances the production of •OH through 
both UVC radiation and Fenton reaction. As can be observed in Fig. 3c, 
the PEF process exhibited relatively faster kinetics with total CBR 
removal after only 4 min of treatment (k1 = 4.1 × 10− 2 s− 1); this 
behavior is attributed to the synergistic action involving the heteroge
neous and homogeneous •OH processes, as well as the activation of H2O2 
by UVC radiation and Fe2+ ions and the photodegradation of CBR. 

Fig. 3d shows the mineralization rate for the processes investigated; 
the rate of mineralization was found to increase in the following order: 

AO (~32%) = AO/H2O2(~33%) < AO/H2O2/UVC (~49%) < EF 
(~57%) < PEF (~90%). Fig. 3d also shows that the processes with the 
lowest mineralization rates recorded the highest energy consumption 
values, though a higher efficient treatment made the process cheaper. In 
fact, it was noted that in 60 min of electrolysis, the AO process, which 
exhibited poor electrochemical mineralization, recorded an energy 
consumption of over 100 kWh (kg TOC)− 1. The PEF process was found to 
be more efficient in CBR mineralization compared to the EF process 
because the former involved additional UV light photodecarboxylation 
process (see Eq. (8)), which is found to promote further mineralization 
of Fe(III) complexes. 

[Fe(OOCR) ]2+ + hv →Fe2+ +CO2 +R• (8) 

The EF and PEF processes recorded quite similar EC values: 47.8 and 
51.5 kWh kg TOC

− 1 , respectively. Normally, irradiated processes exhibit a 
higher energy demand due to the use of UV lamp. However, these 
similar EC results were compensated by the faster mineralization rate 
exhibited by the PEF process. 

Based on the optimal results obtained from the application of the Au- 
ZrO2/PL6C catalyst in CBR removal under the PEF process, an analysis 
was carried out in order to evaluate under which conditions of current 
density and CBR concentration the system was able to sustain its high 
performance. 

The removal of CBR normalized over time obtained from the appli
cation of different initial concentrations and current densities (j) are 
shown in Fig. 4a and b. The inset in Fig. 4 shows the pseudo-first order 
kinetics obtained for each parameter investigated. With regard to the 
different initial CBR concentrations, the application of the most diluted 
solution at 50 mA cm− 2 led to the fastest removal of CBR, in less than 2 
min of treatment (with k1 = 8.1 × 10− 2 s− 1). Solutions containing two or 
four times the initial concentration of CBR were still effectively treated, 
with total CBR removal obtained in 10 min of treatment (with k1 values 
of 5.1 × 10− 2 s− 1 and 3.9 × 10− 2 s− 1, respectively). All the TOC removal 
rates obtained at the end of 60 min of treatment were over 90% (see 
Table S2). We also noticed that the efficiency of the removal process 
decreases when there is lower concentration of CBR in the solution 
under investigation. The decrease in degradation efficiency observed in 
the presence of low concentration of the pollutant is attributed to some 
competitive reactions that occur among homogeneous oxidizing species, 

Fig. 3. (a)Analysis of the decay of 10 mg L− 1 CBR 
based on the application of different electrochemical 
treatment processes. Pseudo-first order kinetics eval
uated in acid medium composed of 0.1 mol L− 1 K2SO4 
(pH = 2.5), at current density (j) of 50 mA cm− 2 for 
the following processes: (b) UVC, AO, AO/H2O2 and 
H2O2/UVC and (c) EF and PEF. (d) Profile of the 
percentage of mineralization in relation to energy 
consumption in kWh kgTOC

− 1 obtained in 60 min of 
treatment based on the application of EAOPs with 
initial TOC of ~ 6.0 mg L− 1

.   
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which are found in excess in the solution (see Eq. (9), (10) and (11)), 
along with heterogeneous species that are formed on the anodic surface 
(see Eq. (12)) [75–78].  

2•OH → H2O2                                                                                 (9)  

H2O2 +
•OH → HO•

2 + H2O                                                           (10)  

Fe2+ +
•OH → Fe3+ + OH− (11)  

H2O2 + BDD(•OH) → BDD(HO•

2) + H2O                                         (12) 

Moreover, limitations of mass transport between the pollutant, 
which presents low concentration gradient in solution, and the anodic 
surface can also reduce the efficiency of the electrochemical oxidation 
process. Thus, we understand that the degradation of low pollutant 
concentration has become one of the biggest challenges that need to be 
overcome in future studies when it comes to the application of electro
chemical technologies for wastewater treatment [76]. 

Fig. 4b shows the results obtained from the analysis of the effect of 
current density on CBR degradation based on j-dependent kinetic pro
file. Presumably, the dependence of the applied current density on the 
degradation kinetics is related to both the cathodic production of H2O2 
and the activation of •OH adsorbed on the BDD anode; both phenomena 
are directly associated with the production of higher amount of •OH 
(homogeneous or heterogeneous) which oxidizes both the CBR and its 
by-products. Thus, increasing the j from 25 (k1 = 1.0 × 10− 2 s− 1) to 50 
mA cm− 2 (k1 = 5.1 × 10− 2 s− 1) leads to a more efficient system, which is 
5.1 times faster, when applied toward the removal of CBR. However, 
when the applied j is increased from 50 to 100 mA cm− 2 (k1 = 6.6 × 10− 2 

s− 1), the kinetics of CBR removal is found to increase by only 1.3 times; 
this increase is mostly derived from relatively faster thermodynamics 
which involves the production of H2O by reducing the adsorbed H2O2 
via a 2-electron plus pathway at very high current densities [22,79]. A 
comparative analysis of the TOC removal and energy consumption after 
60 min of electrolysis (Table S2) enabled us to find the optimal current 
density to be applied in the electrochemical process. Thus, it was 
assumed that, up to the current density of 50 mA cm− 2, the system 
behaved in a very efficient manner in terms of CBR removal. 

3.4. Identification of CBR by-products 

During the oxidation process, the TOC removal data obtained under 
the PEF process pointed to a relative resistance to complete minerali
zation of the organic matter possibly due to the generation of stable by- 
products. The GC–MS analyses of the samples enabled us to identify the 
by-products generated along the mineralization pathway. The charac
teristics of the identified by-products, such as retention time and frag
mentation (m/z), are presented in Table S3. The mineralization process 
proposed in Fig. 5 starts from the hydroxylation of carbaryl (1); this 
phenomenon yields the following compounds: 1-naphthyl (2) and 2- 

naphthyl (3), which, in turn, release methylcarbamic acid (the subse
quent oxidation of methylcarbamic acid allows the production of further 
nitrogen species, apart from CO2 and H2O). Products 2 and 3 can be 
further hydroxylated to 1,4-naphthalene dione (4) or 1,2-naphthalene 
dione (5). The opening of the naphthalene ring leads to the produc
tion of phthalic acid (6), which can allow the loss of H2O molecule to 
produce 2-carboxybenzaldehyde (7) or undergo multiple hydroxylations 
in order to produce catechol (8) and hydroquinone (9). Compounds 6, 7, 
8, and 9 exhibit high oxidation state, and this leads to the generation of 
aliphatic organic compounds after the aromatic rings are fully opened – 
1,2,3,4 butanetetracarboxylic acid (10), 3-(tert-butoxy)-3-oxopropanoic 
acid (11), and vinyl 2-ethylhexanoate (12). 

Finally, the aliphatic organic compounds are hydroxylated to short- 
chain carboxylic acids. Generally, these carboxylic acids are highly 
efficient in producing Fe(III)-complexes ([Fe(OOCR)]2+) in aqueous 
solution during electrochemical-Fenton based processes. Thus, the 
short-chain carboxylic acids were monitored by ion exchange high- 
performance liquid chromatography (HPLC). The short-chain acids 
identified were as follows: succinic acid (13), fumaric acid (14), malic 
acid (15), formic acid (16), acetic acid (17), and oxalic acid (18). The 
oxidation of CBR aromatic by-products led to an increase in the con
centration of the acid in the first 40 min of treatment- see Fig. 6a. The 
short-chain acids were expected to be converted to oxalic acid - the most 
oxidized product, just before CO2 production. The second plateau in the 
concentration of oxalic acid indicated the continued production of the 
acid after the mineralization process. The short-chain acids were 
completely transformed into CO2 and H2O after 120 min of treatment; 
this is in line with the 99% TOC removal rate obtained, except for the 
remnants of tiny amounts of formic and acetic acids. 

As suggested, the oxidation of methylcarbamic acid yields nitrogen 
species as end-products of CBR mineralization. Thus, ion exchange HPLC 
was also employed for the monitoring of ammonium, nitrate, and nitrite 
species produced throughout the PEF process. 

Fig. 6b shows that the main nitrogen ion species formed as the end- 
product of CBR mineralization was NO3

− , with its maximum concentra
tion of 0.46 mg L− 1 obtained in 20 min of treatment. Despite the simi
larity in the profile of NO3

− and NO2
− production, the low NO2

−

concentration pointed to the highly oxidative power of the processes 
employed in the system. Interestingly, after reaching the maximum 
concentration in the first 20 min of electrolysis, we noted that the 
oxidized nitrogen species for NH4

+ production were consumed; this 
phenomenon can be attributed to additional cathodic reaction of nitrite 
and nitrate reduction. Overall, the nitrogen content of all the ionic ni
trogen species (N-NH4

+, N-NO2
− and N-NO3

− ) amounted to 0.62 mg L− 1 

after 120 min of treatment; i.e., 89% of the expected total nitrogen (0.7 
mg L− 1) was identified through the mineralization of 10 mg L− 1 of CBR. 
The incomplete mass balance can be explained by the production of 
nitrogen-based unidentified volatile species [80]. In brief, apart from it 
being highly efficient for H2O2 production targeted at the removal of 

Fig. 4. (a) Analysis of the effect of initial CBR concentration using 5, 10 and 20 mg L− 1 CBR concentrations, and (b) influence of applied current density (j) = 25, 50 
and 100 mA cm− 2 on the pollutant removal profile over time based on the application of 0.1 mol L− 1 K2SO4 (pH 2.5) as electrolyte solution at j = 50 mA cm− 2. 
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Fig. 5. Proposed route of carbaryl mineralization via hydroxyl radicals based on the application of PEF process in acid medium.  
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CBR from water under the application of EAOPs, the Au NPs catalyst 
supported on ZrO2/PL6C was also found to be a promising cathodic 
material for further environmental applications involving nitrate 
reduction. 

3.5. Using pre-pilot plant for CBR removal in real urban wastewater 

Although the study of electrochemical materials applied for the 
treatment of synthetic water matrices in lab scale is essentially impor
tant for developing mechanistic concepts, this approach does not 
contribute meaningfully toward improving and consolidating our sci
entific knowledge and understanding when it comes to real water 
treatment; this is because the extrapolations are often unrealistic when 
the analytical experiments are conducted in lab scale. This observation is 
supported by recent works related to applied electrochemical processes 
for the treatment of carbaryl outlined in Table S4; one will note that all 
the studies were performed in synthetic media and on a lab scale. 
Bearing that in mind, recent research in electrochemical technologies 
has been directed toward the use of real water matrices and scale-up 
processes [12,81,82]. Taking that into account, the present study con
ducted a series of experiments using urban wastewater spiked with CBR 
in an electrochemical flow reactor pre-pilot plant equipped with Au- 
ZrO2/PL6C (cathode) and BDD (anode) - geometric area of both mate
rials: 20 cm− 2. Additional details about the setup of the pre-pilot plant 
can be found in a paper recently published in the literature [83]. Fig. 7a 
shows that the amount of H2O2 generated in the wastewater treatment 
process was ~185 mg L− 1 on average after performing five consecutive 
experiments at current density of 50 mA cm− 2. Further SEM images of 
the modified GDE (see Fig S8 of the supporting information) also showed 
a stable structure of the gold nanoparticles well distributed on the sur
face of the carbon oxide-based support after the H2O2 electrogeneration 
tests. Although the amount of H2O2 obtained was satisfactory for envi
ronmental water treatment, it was ~ 60% lower compared to the 
amount of H2O2 obtained in the synthetic medium under the same 
conditions; this can be attributed to the use of a flow reactor with a more 
realistic scale, as well as the presence of some compounds in the real 
medium, such as active chlorine species (Cl2, HClO and ClO− ) derived 

Fig. 6. Concentration of (a) small-chain carboxylic acids and (b) nitrogen 
species of NH4

+, NO3
− and NO2

− identified during 120 min of 10 mg L− 1 CBR 
degradation under the PEF process, based on the application of 150 mL of 0.1 
mol L− 1 K2SO4 (pH 2.5) as electrolyte and temperature of 25 ◦C. 

Fig. 7. (a) Stability tests related to H2O2 production 
in real wastewater effluent conducted with the aid of 
a flow reactor at applied current density (j) of 50 mA 
cm− 2 using Au-ZrO2/PL6C cathode and BDD anode. 
(b) Analysis of CBR removal and (c) TOC minerali
zation in flow electrochemical reactor based on the 
application of the PEF process at j = 50 mA cm− 2 and 
O2 flow at 100 mL min− 1 in both synthetic and real 
effluents. (d) Final values of nitrogenous and chlori
nated species detected in real wastewater effluent 
after 60 min of PEF treatment.   

M.S. Kronka et al.                                                                                                                                                                                                                              

Chapter III 
_______________________________________________________________________________

87



Chemical Engineering Journal 452 (2023) 139598

12

from Cl− oxidation, which may act as H2O2 scavengers, as can be 
observed in Eqs. 13–15 [53,84].  

H2O2 + Cl2 → O2 + 2H+ + 2Cl− (13)  

H2O2 + HOCl → O2 + H2O + H+ + Cl− (14)  

H2O2 + OCl− → O2 + H2O + Cl− (15) 

For the analysis with real water, we tested the degradation of 10 mg 
L− 1 CBR spiked in real urban wastewater. As can be observed in Fig. 7b, 
78% of the pollutant was removed in 2 min of treatment. The degra
dation test conducted using synthetic water matrix and the same amount 
of time resulted in almost 96% of CBR removal. The compound was fully 
degraded in 4 min in both real and synthetic aqueous media. The values 
obtained for pseudo-first order kinetic constants showed that the 
degradation in the synthetic medium (k1 = 2.5 × 10− 2 s− 1, R2 = 0.995) 
occurred 1.6-fold faster than in the real medium (k1 = 1.6 × 10− 2 s− 1, R2 

= 0.986). In addition, as can be observed in Fig. 7c, the mineralization 
process followed the same tendency; TOC removal of 82% was obtained 
under the synthetic medium as opposed to 71% obtained under the 
urban wastewater after 60 min of electrolysis. These results demonstrate 
that although the concentration of H2O2 electrogenerated in the real 
wastewater was lower than that generated in the synthetic medium, this 
did not inhibit the occurrence of Fenton reactions. It should be noted 
however that the presence of natural organic matter (NOM) affects the 
electrochemical system because these species compete with CBR for 
oxidants (•OH and active chlorine species); this explains why lower CBR 
degradation was obtained under the real medium. From a mineraliza
tion point of view, the results obtained seem reasonable. This is because 
the initial TOC of the real medium (15.0 mg C L− 1 = ~9.0 mg C L− 1 from 
NOM + 6.0 mg C L− 1 from CBR) was more than the double of that of the 
synthetic medium (containing only 6.0 mg C L− 1 of CBR); thus, one 
would require a longer treatment time to obtain a complete minerali
zation of all the organic compounds present in the real medium. 
Furthermore, the residual TOC (4.4 mg C L− 1) in the real medium comes 
from NOM, which is more difficult to be mineralized than CBR. NOM is a 
complex mixture of organic compounds (humic acids, lipids, carbohy
drates, etc.) which is derived from the breakdown of terrestrial plants 
and human activities [85]. 

Fig. 7d shows the final inorganic species left in the real medium after 
the electrochemical treatment. Active chloride species were converted 
into 0.20 mg L− 1 of chlorite (ClO2

− ), 0.30 mg L− 1 of chlorate (ClO3
− ) and 

0.50 mg L− 1 of perchlorate (ClO4
− ). Despite the generation of undesirable 

chlorine species (ClO3
− and ClO4

− ), the concentrations of these species 
were found to be below the concentration limits established for the 
discharge of these compounds in wastewater (=10.0 mg L− 1). >80% of 
nitrogen species were removed. At the end of the electrochemical 
treatment process, 1.0 mg L− 1 of NH4

+ and 0.78 mg L− 1 of NO3
− were 

detected; this result points to the ability of the Au-ZrO2/PL6C to effec
tively remove this kind of ions. With regard to the results obtained here, 
it is essentially important to note that before applying any type of pro
cess for the treatment of wastewater, one needs to characterize the 
medium thoroughly in order to verify what can influence the removal of 
the target pollutant. 

4. Conclusion 

This work investigated the synergistic relation between ZrO2/PL6C 
support and Au NPs. The results obtained from the RRDE analysis con
ducted in the study showed that the anchoring of gold NPs on ZrO2/ 
PL6C hybrid support (Au-ZrO2/PL6C) led to an increase in catalytic 
activity and selectivity toward H2O2 production (ORR onset = 0.34 V vs 
Ag/AgCl and SH2O2 = 97%) compared to the anchoring of Au particles on 
bare PL6C (ORR onset = 0.20 V vs Ag/AgCl and SH2O2 = 82%). The ZrO2 
species present in the Au-ZrO2/PL6C catalyst, which is less electroneg
ative than Au, helped supply electrons and favored the metallic state of 

Au NPs, which in turn boosted the catalytic activity toward H2O2 
production. 

The Au-ZrO2/PL6C catalyst also displayed the best performance 
when applied in GDE, yielding an amount of 600 mgL− 1 of H2O2 
compared to ~374, ~235 and ~140 mgL− 1 of H2O2 recorded for Au/ 
PL6C, ZrO2/PL6C, and bare PL6C, respectively. The performance of the 
Au-ZrO2/PL6C cathodic catalyst in the removal of the endocrine inter
ferent CBR was tested in an electrochemical cell coupled with BDD 
anode under the application of different EAOPs. The EF and PEF pro
cesses exhibited the highest efficiency in terms of CBR removal in less 
than 10 min of treatment; this outstanding efficiency was attributed to 
the significant production of homogeneous •OH in the bulk solution 
through Fenton reaction. In addition, the PEF process, which exhibited a 
high mineralization percentage (>90%) in 60 min and energy con
sumption of 50.8 kWh kg− 1, was found to be the most efficient process 
for the treatment of CBR; the superior performance of the PEF process 
was attributed to the synergistic action involving •OH activation via the 
Fenton reaction and UVC light, which occurs during the treatment 
process. 

The tests conducted for the removal of CBR under different experi
mental conditions (j and [CBR]) showed that: i) the process efficiency 
decreases when lower concentration of CBR is applied; and ii) the 
application of higher current densities negatively affects the removal 
process due to the presence of non-negligible parallel/non-oxidizing 
reactions. Finally, a mineralization route was proposed based on TOC 
measurements coupled with the identification of aromatic degradation 
intermediates, short-chain acids, and ionic nitrogen species as the end- 
products of mineralization. The results obtained from the application 
of an electrochemical flow reactor at pre-pilot scale for the treatment of 
urban wastewater showed that the aqueous matrix influenced H2O2 
electrogeneration and CBR degradation. Furthermore, at the end of the 
treatment process, the concentrations of inorganic species detected in 
the wastewater were found to be below the established discharge limit; 
this outcome pointed to the satisfactory efficiency of the process. Based 
on our findings, it can be concluded that the strategy proposed in this 
study, which involved the use of Au nanoparticles supported on ZrO2/ 
PL6C hybrid substrate, contributed effectively toward the cathodic 
production of H2O2 and the successful treatment of water containing 
complex matrices. 
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R. Bertazzoli, M.R.V. Lanza, Simultaneous degradation of hexazinone and diuron 

M.S. Kronka et al.                                                                                                                                                                                                                              

Chapter III 
_______________________________________________________________________________

89

https://doi.org/10.1016/j.cej.2022.139598
https://doi.org/10.1016/j.cej.2022.139598
https://doi.org/10.1038/s41893-019-0293-3
https://doi.org/10.1038/s41893-019-0293-3
https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.3390/s20082221
https://doi.org/10.1002/wat2.1090
https://doi.org/10.1002/wat2.1090
https://doi.org/10.1016/j.coelec.2020.100674
https://doi.org/10.1016/j.coelec.2020.100674
https://doi.org/10.1007/s11356-014-2783-1
https://doi.org/10.1016/j.apcatb.2020.119240
https://doi.org/10.1016/j.apcatb.2020.119240
https://doi.org/10.1016/j.scitotenv.2020.137812
https://doi.org/10.1016/j.scitotenv.2020.137812
https://doi.org/10.1016/j.scitotenv.2019.03.086
https://doi.org/10.1002/celc.201900541
https://doi.org/10.1002/celc.201900541
https://doi.org/10.1016/j.chemosphere.2020.126198
https://doi.org/10.1016/j.chemosphere.2020.126198
https://doi.org/10.1021/cr900136g
https://doi.org/10.1007/s11356-017-1039-2
https://doi.org/10.1007/s11356-017-1039-2
https://doi.org/10.1080/10643389.2013.829765
https://doi.org/10.1016/j.electacta.2017.11.048
https://doi.org/10.1016/j.electacta.2017.11.048
https://doi.org/10.1016/j.scitotenv.2020.143459
https://doi.org/10.1016/j.scitotenv.2020.143459
https://doi.org/10.1016/j.seppur.2021.120299
https://doi.org/10.1002/smll.202104561
https://doi.org/10.1002/smll.202104561
https://doi.org/10.1016/0013-4686(84)85006-9
https://doi.org/10.1016/j.jcat.2020.09.020
https://doi.org/10.1016/j.jcat.2020.09.020
https://doi.org/10.1021/acscatal.8b00217
https://doi.org/10.1016/j.ese.2022.100170
https://doi.org/10.1016/j.coelec.2022.101124
https://doi.org/10.1016/j.electacta.2013.03.156
https://doi.org/10.1016/j.electacta.2013.03.156
https://doi.org/10.1016/j.jcat.2020.06.019
https://doi.org/10.1016/j.cplett.2017.01.071
https://doi.org/10.1007/s10008-016-3181-z
https://doi.org/10.1016/j.coelec.2022.101062
https://doi.org/10.1021/acscatal.6b02871
https://doi.org/10.1021/acscatal.6b02871
https://doi.org/10.1021/ja206477z
https://doi.org/10.1002/adma.201700001
https://doi.org/10.1021/acs.chemrev.8b00726
https://doi.org/10.1021/jz301476w
https://doi.org/10.1016/j.chemosphere.2020.127523
https://doi.org/10.1016/J.IJHYDENE.2019.11.127
https://doi.org/10.1016/J.IJHYDENE.2019.11.127
https://doi.org/10.1016/j.electacta.2017.01.192
https://doi.org/10.1016/j.jelechem.2020.114746
https://doi.org/10.1021/acsami.1c22362
https://doi.org/10.1007/s12678-017-0355-0


Chemical Engineering Journal 452 (2023) 139598

14

using ZrO2-nanostructured gas diffusion electrode, Chem. Eng. J. 351 (2018) 
650–659, https://doi.org/10.1016/j.cej.2018.06.122. 

[42] M.S. Kronka, P.J.M. Cordeiro-Junior, L. Mira, A.J. dos Santos, G.V. Fortunato, M.R. 
V. Lanza, Sustainable microwave-assisted hydrothermal synthesis of carbon- 
supported ZrO2 nanoparticles for H2O2 electrogeneration, Mater. Chem. Phys. 267 
(2021), https://doi.org/10.1016/j.matchemphys.2021.124575. 

[43] A.J. dos Santos, S. Garcia-Segura, S. Dosta, I.G. Cano, C.A. Martínez-Huitle, 
E. Brillas, A ceramic electrode of ZrO2-Y2O3 for the generation of oxidant species 
in anodic oxidation. Assessment of the treatment of Acid Blue 29 dye in sulfate and 
chloride media, in: Sep. Purif. Technol., 228, 2019, p. 115747, https://doi.org/ 
10.1016/j.seppur.2019.115747. 

[44] Z. Azdad, L. Marot, L. Moser, R. Steiner, E. Meyer, Valence band behaviour of 
zirconium oxide, Photoelectron and Auger spectroscopy study, Sci. Rep. 8 (2018) 
1–6, https://doi.org/10.1038/s41598-018-34570-w. 

[45] A.O. Docea, E. Gofita, M. Goumenou, D. Calina, O. Rogoveanu, M. Varut, C. Olaru, 
E. Kerasioti, P. Fountoucidou, I. Taitzoglou, O. Zlatian, V.N. Rakitskii, A. 
F. Hernandez, D. Kouretas, A. Tsatsakis, Six months exposure to a real life mixture 
of 13 chemicals’ below individual NOAELs induced non monotonic sex-dependent 
biochemical and redox status changes in rats, Food Chem. Toxicol. 115 (2018) 
470–481, https://doi.org/10.1016/j.fct.2018.03.052. 

[46] E.H. Criteria, Environmental Health Criteria 153, Environmental Health Criteria, 
Carbaryl, 1994, pp. 1–358. 

[47] P. Spirhanzlova, J.B. Fini, B. Demeneix, S. Lardy-Fontan, S. Vaslin-Reimann, 
B. Lalere, N. Guma, A. Tindall, S. Krief, Composition and endocrine effects of water 
collected in the Kibale national park in Uganda, Environ. Pollut. 251 (2019) 
460–468, https://doi.org/10.1016/j.envpol.2019.05.006. 

[48] G.V. Fortunato, E. Pizzutilo, A.M. Mingers, O. Kasian, S. Cherevko, E.S.F. Cardoso, 
K.J.J. Mayrhofer, G. Maia, M. Ledendecker, Impact of palladium loading and 
interparticle distance on the selectivity for the oxygen reduction reaction toward 
hydrogen peroxide, J. Phys. Chem. C. 122 (2018) 15878–15885, https://doi.org/ 
10.1021/acs.jpcc.8b04262. 

[49] U.A. Paulus, T.J. Schmidt, H.A. Gasteiger, R.J. Behm, Oxygen reduction on a high- 
surface area Pt/Vulcan carbon catalyst: A thin-film rotating ring-disk electrode 
study, J. Electroanal. Chem. 495 (2001) 134–145, https://doi.org/10.1016/S0022- 
0728(00)00407-1. 

[50] J. Moreira, V. Bocalon Lima, L. Athie Goulart, M.R.V. Lanza, Electrosynthesis of 
hydrogen peroxide using modified gas diffusion electrodes (MGDE) for 
environmental applications: Quinones and azo compounds employed as redox 
modifiers, Appl. Catal. B 248 (2019) 95–107, https://doi.org/10.1016/j. 
apcatb.2019.01.071. 

[51] R.B. Valim, R.M. Reis, P.S. Castro, A.S. Lima, R.S. Rocha, M. Bertotti, M.R.V. Lanza, 
Electrogeneration of hydrogen peroxide in gas diffusion electrodes modified with 
tert-butyl-anthraquinone on carbon black support, Carbon N Y. 61 (2013) 
236–244, https://doi.org/10.1016/j.carbon.2013.04.100. 

[52] M.S. Çelebi, N. Oturan, H. Zazou, M. Hamdani, M.A. Oturan, Electrochemical 
oxidation of carbaryl on platinum and boron-doped diamond anodes using electro- 
Fenton technology, Sep. Purif. Technol. 156 (2015) 996–1002, https://doi.org/ 
10.1016/j.seppur.2015.07.025. 

[53] A.J. dos Santos, A.S. Fajardo, M.S. Kronka, S. Garcia-Segura, M.R.V. Lanza, Effect 
of electrochemically-driven technologies on the treatment of endocrine disruptors 
in synthetic and real urban wastewater, Electrochim. Acta 376 (2021), 138034, 
https://doi.org/10.1016/j.electacta.2021.138034. 

[54] Nanometal, in: Fundamentals and Applications of Nano Silicon in Plasmonics and 
Fullerines, Elsevier, 2018: pp. 169–203. doi: 10.1016/b978-0-323-48057-4.00008- 
6. 

[55] B. Zhang, L. Fan, H. Zhong, Y. Liu, S. Chen, Graphene nanoelectrodes: fabrication 
and size-dependent electrochemistry, J. Am. Chem. Soc. 135 (2013) 10073–10080, 
https://doi.org/10.1021/ja402456b. 

[56] M. Ledendecker, S. Geiger, K. Hengge, J. Lim, S. Cherevko, A.M. Mingers, D. Göhl, 
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Figure S1. TEM and HR-TEM images for the (a,b) Au/PL6C and TEM, HR-TEM and 
dark-field STEM images for the (c-f) Au-ZrO2/PL6C catalysts. The arrows indicate the 
presence of ZrO2 NPs. 
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Figure S2. Scanning electron microscopic (SEM) image of the Au-ZrO2/PL6C catalyst; 
energy dispersive X-ray spectroscopy (EDX) of carbon, oxygen, zirconium, and gold 
elements present in the catalyst sample; overlay of the elements on the PL6C support. 
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Figure S3. Scanning electron microscopic (SEM) image of the Au-ZrO2/PL6C catalyst 
produced by using one-step synthesis procedure; energy dispersive X-ray spectroscopy 
(EDX) of carbon, oxygen, zirconium, and gold elements present in the catalyst sample; 
overlay of the elements on the PL6C support. 
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Figure S4. FEG-SEM images in (first column) SE and (second column) BSE mode 
obtained for Au-ZrO2/PL6C catalyst produced by using one- and two-steps synthesis 
procedure. 

 

 

Figure S5. Thermogravimetric analysis of the PL6C, ZrO2/PL6C, Au/PL6C and Au-
ZrO2/PL6C catalysts. 
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Figure S6. (a) Cyclic voltammograms before and after the accelerated stress test, 
obtained in O2-saturated 0.1 mol L−1 K2SO4 at pH 2.5 for GC electrodes modified with 
Au-ZrO2/PCL6 at a scan rate of 50 mV s–1; (b) RRDE profile of Au-ZrO2/PL6C linear 
sweep voltammetry using the scan rate of 5 mV s1 and 900 rpm in O2-sat 
0.1 mol L−1 K2SO4 at pH 2.5 before and after the stability test. 

 

 

Figure S7. Current efficiency values obtained for the PL6C, ZrO2/PL6C, Au/PL6C and 
Au-ZrO2/PL6C catalysts relative to the time of electrolysis based on the application of 
0.1 mol L-1 K2SO4 (at pH 2.5) as electrolyte solution, current density of 50 mA cm-2, and 
temperature of 25 oC. 
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Table S1. Particle size, EDS, TG metal (unburned mass), and TG and EDS mass and atomic percentages recorded for the metal/PL6C samples. 

 a Estimated value from literature (Jorge Marques Cordeiro-Junior et al., 2020) 

b Value obtained in preliminary studies with the material (Kronka et al., 2021) 

 

 

Nanocomposite 
Particle size 

(nm) 

EDS metal 

mass (%) 

TG metal mass 

(unburned - %) 

TG and EDS 

mass (%) 

Total 

loading in 

RRDE 

Au 

loading in 

RRDE 

Onset 

(VAg/AgCl) 
SH2O2 (%) 

PL6C (control)a 18 a - 0.1 100 C 201 g cm-2 - 0.00 85 

ZrO2/PL6C b 7.5 ± 1.7 - 5.1 
5.1 Zr 

94.9 C 
201 g cm-2 - 0.13  88 

Au/PL6C 185.7 ± 27.2 - 12.7 
12.7 Au 

88.3 C 
201 g cm-2 

25.7 

g cm-2 
0.20  80 

Au-ZrO2/PL6C 77.1 ± 23.9 
74.96 Au 

25.04 Zr 
12.8 

9.6 Au 

3.2 Zr 

88.2 C 

201 g cm-2 
19.3  

g cm-2 
0.34  97 
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Figure S8. FEG-SEM images obtained in SE mode for GDE modified with Au-
ZrO2/PL6C catalyst produced by using one-step after consecutive tests of H2O2 
electrogeneration in flow-by reactor. 

 

Table S2. Total degradation time, TOC mineralization (%), energy consumption (kWh kgTOC
-1), 

and apparent kinetic constant for the concentration decay(min-1) with corresponding R-squared 
values, determined over 60 min of treatment of 150 mL CBR solution under the application of the 
PEF process using 0.1 mol L-1 K2SO4 (at pH 2.5) as electrolyte solution and temperature of 25oC. 

j 

(mA cm-2) 

[CBR]i 

(mg L-1) 

CBR removal 

time (min) 
TOC (%) 

CE 

kWh kgTOC-1 

kapp 

(min-1) 
R2 

50 5 1 92.5 74.3 4.8 0.983 

50 10 6 90.4 50.8 3.1 0.977 

50 20 8 90.0 34.4 2.3 0.998 

25 10 10 89.3 38.1 0.6 0.995 

100 10 2 94.3 60.6 4.0 0.951 



Chapter III - Supporting information 
_____________________________________________________________________________ 

99 
 

Table S3. Intermediates compounds detected by GC-MS during the degradation of 10 mg 
L-1 CBR solution under the PEF treatment process. 

Number Chemical name Molecular structure 
tr 

(min) 
Fragmentation 

(m/z) 

1 Carbaryl 

  

16.89 
201, 144, 127, 

115, 89, 51 

2 1-Naphthol 

  

12.24 
144, 115, 89 72, 

63, 50  

3 2-Naphthol 
  

12.28 
144, 115, 72, 63, 

51 

4 1,2-Naphthalenedione 

 
  

10.89 
158, 130, 104, 

76, 50 

5 1,4-Naphthalenedione 
 

 

10.89 
159,130,102, 

76, 63, 50         

 6 
3-

Carboxybenzaldehyde 
 

 

27.51 
149, 121, 105, 
77, 65, 51, 39 

7 Phthalic acid 
 

 

12.38 
149, 105, 76, 50, 

39 

8 Catechol 
 

 

7.60 
110, 92, 81, 64, 

55, 44, 28 

9 Hydroquinone 

 

7.60 
110, 81, 63, 55, 

42, 28    
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10 
Butane tetracarboxylic 

acid 
 

 

28.75 
199, 154, 126, 
108, 98, 54, 27 

11 
3-tert-Butoxy-3-

oxopropanoic acid 
 

15.30 
161, 145, 101, 

87, 50, 43 

12 Vinyl 2-ethylhexanoate 
 

15.55 
127, 109, 99, 70, 

57, 41, 29 

 

 

Table S4. Summary of recent work that applied electrochemical processes for degradation of carbaryl present in 
aqueous solutions. 

EAOP method 
Experimental 

conditions 

j  

(mA cm-2) 

Time to 
CBR 

degradation 

TOC/COD 
removal 

Ref 

Anodic oxidation 
+ Electro-Fenton 

Laboratory scale 

BDD anode 

Carbon felt cathode 

0.1 mM Fe+2 

20 mg L-1 CBR 

230 mL of solution 

50 mM Na2SO4 

pH 3 

50 ~15 min unavailable 

(Çelebi 
et al., 
2015) 

 

300 ~ 6 min 
~90% 

after 120 min 

Anodic oxidation 
+ Electro-Fenton 

Laboratory scale 

Pt anode 

Carbon felt cathode 

0.1 mM Fe+2 

20 mg L-1 CBR 

230 mL of 50 mM 
Na2SO4 

pH 3 

50 ~15 min unavailable 

 

 

 

 

(Çelebi 
et al., 
2015) 

 
300 ~6 min 

~70% after 120 
min 
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Anodic oxidation 

Laboratory scale 

Ti/RuO2 anode 

Pt plate cathode 

10 mg L-1 CBR 

30 mL of 100 mM 
Na2SO4 

30 > 120 min unavailable 

(T. É. S. 
Santos et 

al., 
2014) 

Photo-assisted 
electrochemical 

oxidation 

Filter press reactor 

Ti/Ru0.3Ti0.7O2 DSA® 
anode 

Ti-mesh cathode 

20 mg L-1 CBR 

250 mL of 33 mM 
Na2SO4 

250W mercury lamp 

40 ~60 min 
~32% after 120 

min 

(Malpass 
et al., 
2009) 

Anodic oxidation 

Laboratory scale 

Ti/Ru0.3Ti0.7O2 DSA® 
anode 

Two platinum foils 
cathodes 

10 mg L-1 CBR 

75 mL of 100 mM 
NaCl 

pH 5.3 

60 ~60 min 
96% after 120 

min 

(Miwa et 
al., 

2006) 

Anodic oxidation 

Laboratory scale 

Ti/Ir0.3Ti0.7O2 DSA® 
anode 

Two platinum foils 
cathodes 

10 mg L-1 CBR 

75 mL of 100 mM 
NaCl 

pH 5.3 

20 ~60 min 
> 99% after 120 

min 

(Miwa et 
al., 
2006) 



Chapter III - Supporting information 
_____________________________________________________________________________ 

102 
 

Anodic oxidation 

Laboratory scale 

Ti/Ru0.3Sn0.7O2 DSA® 
anode 

Two platinum foils 
cathodes 

10 mg L-1 CBR 

75 mL of 100 mM 
NaCl 

pH 5.3 

20 ~60 min 
96% after 120 

min 

(Miwa et 
al., 
2006) 

Anodic oxidation 
+ Photoelectro-

Fenton 
 

Laboratory scale 

BDD anode 
Au-ZrO2/PL6C 

cathode 

0.25 mM Fe+2 

10 mg L-1 CBR 

250 mL of solution 

100 mM K2SO4 

UVC 5W mercury 
lamp 

pH 2.5 

50 4 min 
90% after 60 

min 
* 

Anodic oxidation 
+ Photoelectro-

Fenton 
 

Pre-pilot scale 

BDD anode 
Au-ZrO2/PL6C 

cathode 

0.25 mM Fe+2 

10 mg L-1 CBR 

2000 mL urban 
wastewater 

50 mM K2SO4 

UVC 16W mercury 
lamp 

pH 2.5 

50 4 min 
71% after 60 

min 
* 

* Results from the present study 
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CONCLUSION 

In this thesis, technological updates were discussed concerning the development 

of selective catalysts based on carbon materials modied with metallic nanoparticles for 

the electrochemical production of H2O2 in acidic media.  

In Chapter I, the surface modification of the Printex L6 carbon using a low Pd 

loading (<1% w/w) result in a ~320 mV gain in the overpotential of the onset reaction. 

The selectivity towards H2O2 in the Pd1%/PL6C material was close to 90% while for high 

doping values of Pd, such as in the Pd20%/PL6C material, only 10% selectivity was found. 

This result was a consequence of the larger interparticle distance in the material 

containing low loading of Pd, which minimized the readsorption effect of H2O2 and 

favored the release of H2O2 from the surface. The optimal performance of Pd1%/PL6C for 

H2O2 production was further employed for homogeneous •OH production via EF and PEF 

processes to efficient methylparaben removal in acidic media. On the other hand, analysis 

of the catalyst surface revealed partially positively charges on the Pd NPs, suggesting a 

strong interaction between the functional groups of the carbon matrix and the metallic 

structure. Hence, Chapter II was focused to the development of a hybrid support 

incorporating metal oxides to shield the metal nanoparticles from the positive charge of 

the carbon matrix, thereby optimizing it catalytic performance for H2O2 production. 

A ZrO2/PL6C hybrid matrix was produced in Chapter II using an innovative 

approach by developing microwave-assisted hydrothermal synthesis (MAH). Different 

parameters were evaluated to find a well-dispersed material with small particle size (7 

nm) after 40 minutes of synthesis at 140 oC. The optimized ZrO2/PL6C material showed 

selectivity for the production of H2O2 (SH2O2) of 89%, similar to the unmodified carbon 

matrix. However, the high electrochemical stability in acidic media and the 140 mV 

overpotential gain at the ORR onset corroborated on the use of ZrO2/PL6C as a hybrid 

support for anchoring metal nanoparticles.  

The Chapter III studied the support of gold nanoparticles in higher amount onto 

the hybrid support, considering that the use of a low palladium content could make it 

difficult to visualize the effects of the hybrid support on metal anchoring. The hybrid 

support proved to be highly effective in anchoring Au NPs, resulting in well-dispersed 

nanoparticles with a nanometer-scale particle size of 77 nm. The oxophilic nature of ZrO2 

provided stability for the gold nanoparticles and favored the metallic state of the noble 

metal. Thus, we found an optimal Au_ZrO2/PL6C material exhibiting ~350 mV early 
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onset overpotential of reaction compared to bare PL6C, apart from achieving 97% 

selectivity towards H2O2 production. This material also proved to be highly efficient for 

H2O2 production on a laboratory scale, providing a 70% of current efficiency by 

producing 600 mg L-1 after 120 min under j = 50 mA cm-2. When applied in a pre-pilot 

system containing a flow-by reactor coupled to a BDD anode, the Au_ZrO2/PL6C proved 

to be stable for H2O2 production in a real sewage effluent. Even in a complex matrix 

containing H2O2 scavengers and inorganic contaminants that can passivate the catalytic 

surface, the Au_ZrO2/PL6C-based catalyst showed suitable results for the pesticide 

removal in less than 10 minutes of PEF process. 

Therefore, we strongly believe that interactions across different strategies towards 

modifying the carbonaceous matrices can be established to potentially find the synergy 

in order to increase the catalysis for H2O2 production. Additionally, the scalability of these 

materials towards H2O2 production during treatment of real effluents contaminated by 

persistent organics pollutants on a pre-pilot scale has been successfully demonstrated in 

the present thesis. 
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